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FOREWORD

The formation of the United States Environmental Protection
Agency marked a new era of environmental awareness in America.
This Agency's goals are national in scope and encompass broad
responsibility in the areas of air and water pollution, solid
wastes, pesticides, and radiation. A vital part of EPA's
national pollution control effort is the constant development
and dissemination of new technology.

It is now clear that only the most effective design and operation
of pollution control facilities using the latest available
techniques will be adequate to ensure continued protection of
the nation's waters. It is essential that this new technology be
incorporated into the contemporary design of pollution control
facilities to achieve maximum benefit of our expenditures.

The purpose of this manual is to provide the engineering
community and related industry with a new source of information
to be used in the planning, design, and operation of present
and future wastewater pollution control facilities. It is
recognized that there are a number of design manuals and manuals
of standard practice, such as those published by the Water
Pollution Control Federation, available in the field, and
that each of these adequately describes and interprets current
eng i neer ing practices as re la ted to tradi t ional plant des ign.
It is the intent of this manual to supplement this existing
body of knowledge by describing new treatment methods and by
discussing the application of new techniques for more effectively
removing a broad spectrum of contaminants from wastewater.

Much of the information presented is based on the evaluation and
opera t ion of pilot, demons tra t ion, and full-scale plants. The
design cri teria thus generated represent typical values. These
values should be used as a guide and should be tempered with
sound engineering judgment based on a complete analysis of the
specific application.

This manual is one of several available from Technology Transfer
to describe technological advances and new information. Future
editions will be issued as warranted by advancing state-of-the
art to include new data as they become available and to revise
design criteria as additional full-scale operational information
as generated.
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ABSTRACT

The purpose of this manual is to present a contemporary review
of sludge processing technology, with particular emphasis on
design methodology. This is a revision of a manual originally
published in October 1974.

The revised edi tion incorporates chapters on design approach,
disinfection, composting, transport, storage, sidestream
treatment, and instrumentation. Other sections have been
considerably expanded.

Design examples are used throughout the manual to illustrate
design principles.
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CHAPTER 1

PURPOSE AND SCOPE

1.1 Purpose

The purpose of this manual is to present an up-to-date review
of design information on all applicable technologies available
for treatment and disposal of municipal wastewater solids.
Wastewater solids include grit, scum, screenings, primary
sludges, biological sludges, chemical sludges, and septage.

The Federal Water Pollution Control Act Amendments of 1972
(Public Law 92-500) and the Clean Water Act Amendments of 1977
(Public Law 95-217) require levels of municipal wastewater
treatment sufficient to meet the congressional mandate of
cleaning up the nation's waterways. Through the USEPA
Construction Grants Program, financial incentives have been
provided to assist publicly owned treatment works (POTWs) in
meeting these requirements. Federal and state requirements
impact both effluent quality and treatment alternatives,
utilization, and disposal of wastewater solids.

The tasks associated with managing municipal wastewater solids
are neither simple nor cheap. In providing higher levels
or additional treatment of wastewaters, greater volumes of
wastewater solids are produced. The combination of greater
volumes of sludges, mixtures of various sludges, and more
restrictive management requirements have complicated the solids
management options available to the design engineer. These facts
require both the design engineer and the operations personnel
to give serious consideration to the interdependence of both
the 1 iquid and sol ids port ions of the trea tmen t f ac il i ty. The
need for sound wastewater solids management is significant.
Typically, solids processing and disposal costs can account for
20 to 40 percent of the total operating and maintenance cost of a
treatment facility (1). Thus, there is strong incentive to
utilize the most appropriate and cost-effective alternatives
available.

This manual supersedes the USEPA Process Design Manual for Sludge.
Treatment and Disposal, EPA 11-74-006, published in 1974. Since
1974, new wastewater solids processing techniques have developed,
existing techniques have matured, and operating experience and
data are available. Current legislation, solids management
requirements, and advances in sludge treatment and disposal
technologies warrant this revision.

1-1



•

1.2 Scope

This ma~ual has been prepared for use by professionals engaged in
the desIgn and approval of municipal wastewater solids treatment
and disposal systems. Design information presented includes:

Origins, quantities, and characteristics of municipal
wastewater treatment plant solids;

• Process descr ipt ions, inc Iud ing theory and appropr ia te
design criteria;

• Energy requirements;

• Public health and environmental considerations;

• Cost and performance data; and

• Design examples.

Some material is not included because it has been presented
elsewhere. A section on sanitary landfills has been omitted
because an EPA manual of this subject has been published recently
(2). The treatment of land utilization is abbreviated because an
EPA Design Seminar publication is available (3).

1.3 Process Classification

The manual is divided into 19 chapters, with 15 chapters
devoted to sludge processes. Addi tional chapters cover general
considerations, design approach, and sludge properties.
Figure 1-1 depicts the basic classification by process. It
should be noted that processe s wi th in class if i ca t ions overlap
to some extent. As an example, stabilization, disinfection,
and disposal also take place during high temperature processing.
The processes, as they appear on Figure 1-1, should be read in
left-to-right sequence; they do not, however, necessarily appear
in a treatment system in the order shown. Figure 1-1 is arranged
to display sludge treatment and disposal options rather than to
suggest any particular order of operations.

1.4 References

1. USEPA. Construction Costs for Municipal wastewater Treatment
Plants 1973-1977. Office of Water Program Operations.
Washington, D.C. January 1978.

2. USEPA. Process Design Manual: Municipal Sludge Landfills.
Environmental Research Information Center, Office of Solid
vlaste, Cincinnati, Ohio 45268. EPA-625/1-78-010, SW-705.
October 1978.

3. USEPA. "Principals and Design Criteria for Sewage Sludge
Application on Land." Sludge Treatment and Disposal Part 2.
Technology Trans fer, Cincinna t i, Oh io 45268. EPA-6 25/4-78
012. October 1978.
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CHAPTER 2

GENERAL CONSIDERATIONS

2.1 Introduction and Scope

Non-technical factors can heavily influence the planning, design,
construction, and operation of solids management systems, and
these non-technical considerations must be faced from the day a
project is conceived. Non-technical factors include legal and
regulatory considerations, as well as other issues, such as
public participation.

2.2 Legal and Regulatory Considerations

The thrust of this section is to describe the intent and effects
of federal legislation and to provide a reference list which
features the most current criteria. Where state and local
requirements may be involved, they are so noted.

2.2.1 Effect of Effluent Discharge Limitations
on Wastewater Solids Management

The Federal Water Pollution Control Act of 1972 (PL 92-500)
established levels of treatment, deadlines for meeting these
levels, and penalties for violators. For plants discharging to
surface waters, effluent requirements are expressed in permits
issued by the National Pollutant Discharge Elimination System
(NPDES). NPDES permits have generally mandated the upgrading of
existing treatment plants or the construction of new plants to
provide higher levels of treatment and reliability.

The law, while providing direction toward the goal of a cleaner
environment, has created problems for designers and operators of
was tewa ter treatment plants. Higher level trea tmen t generally
means a greater mass and volume of solids to be managed. Solids
treatment systems not only must handle more material but must do
so more effectively. Solids not captured therein are returned to
the wastewater treatment process and can potentially degrade
effluent quality and defeat the very purpose of the law. Thus,
stricter discharge limits have had the effect of making solids
treatment and disposal more important, more difficult, and more
expensive.
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2.2.2 Restrictions on Wastewater Solids Treatment

Wastewater solids must be managed so that laws and regulations
are not violated. Air emissions' limits and nuisance prohibi
tions are of particular importance.

2.2.2.1 Air Emissions Limits

The Clean Air Act Amendments of 1970 (PL 91-604) and 1977
(PL 95-95) contain provisions for regulating point source
emissions, for example, emissions from incinerators. USEPA
has promulgated several regulations in response to this
legislation. The most restrictive are the New Source Review
regulations (40 CFR 51-18) and Prevention of Significant
Deterioration (40 CFR 52-21) regulations. New Source Review
(NSR) regulations apply in areas where allowable levels for any
pollutant are exceeded. The regulations affect any new source
which, after installation of an air pollution control device,
could emit >50 tons per year (45 t/yr) of the offending pollutant
(controlled emission) or which could emit >100 tons per year
(91 t/yr) of the offending pollutant were there no pollution
control device or were the existing device to fail (uncontrolled
emi ss ion) • These sources are proh i bi ted unless the i r emi ss ions
can be compensated for by the reduction of emissions from other
sources within the same area. This compensation clause is known
as the Emissions Offset Policy. Relaxation of the Emissions
Offset Policy is being considered for certain categories of
resource recovery projects. Presently, few urban areas exceeding
200,000 population meet all national air quality standards.
Therefore, NSR regulations will apply to almost all urban plants,
particularly larger ones.

Preven tion of S igni f i cant Deter iora tion (PSD) regu la t ions apply
primarily to areas which are presently meeting air quality
standards. They affect 28 major stationary source ca tegories
with potential uncontrolled emissions exceeding 100 tons per year
(91 t/yr) and any other source with potential uncontrolled
emissions of over 250 tons per year (227 t/yr). Such sources are
allowed provided they use Best Available Control Technology
(BACT) to treat gaseous discharges and provided the emissions of
specified pollutants do not increase at rates greater than set
forth by regulatory schedules.

The Clean Air Act also requires "state implementation plans"
(SIPs) to regulate all significant point sources, including new
sources. SIPs generally 1 imi t emi ss ions, establ i sh emi ss ions
offset pol i cies, requ ire report ing, and establ ish penal ties and
administrative procedures. State or regional boards usually
administer the permit system.

Historically, air emissions limits have affected incinerators
more than other wastewater solids treatment processes. However,
air emission limits can affect any solids treatment system.
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Examples include sludge drying processes and the burning of
gases from anaerobic digesters either by flaring or in internal
combustion engines. USEPA has already issued New Source
Performance Standards for sludge incineration (40 CFR-~Q~150) and
"Amendments to National Emission Standards" (40 CFR~61-52).

These establish particulate air pollution emission standards and
limit mercury emissions from incinerators and dryers of wastewater
treatment plant solids. Chapter 11 contains further information
on air pollution regulations.

2.2.2.2 Nuisances

Courts have ordered municipalities to pay damages or cease
operation when wastewater solids treatment processes have been
proven to be the source of nuisances such as noise and odor.
In some cases, judgments have resulted in the permanent shutdown
of plants containing expensive equipment. Since most NPDES
permits specify that treatment plant operations be nuisance free,
this is a goal which designers and operators must strive to
achieve.

2.2.2.3 State and Local Requirements

When state and local requirements are more stringent than
federal regulations, the state and local conditions govern. Air
Pollution Criteria are the most striking example of this.
The criteria are particularly restrictive in California, where
local nitrogen oxide (NO x ) regulations may require that new
stationary reciprocating engines above a certain size be equipped
with catalytic converters (1). As another instance of local
controls, deed restrictions and local ordinances effectively
prevent sludges produced at the Easterly Plant in Cleveland,
Ohio, from being processed on the plant site (2).

2.2.3 Laws and Regulations Governing Wastewater
Solids Utilization and Disposal

2.2.3.1 Federal Water Pollution Control Act

The Clean Water Act of 1977 (PL 95-217) contains two major
provisions for wastewater solids utilization and disposal.
Section 405 requires USEPA to issue guidelines and regulations
for the disposal and reuse of wastewater solids. Guidelines and
regulations to be issued in the next few years are expected to
limit the quantity and kinds of toxic materials reaching the
general public by setting limits on the quantity and quality
of sludge di s tr ibu ted for publ i c use or appl ied to lands where
crops are grown for human consumption. The methods by which
sludge is applied to land are expected to be controlled to meet
aesthetic requirements, and groundwater protection will probably
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be requ~r~d ~t wastew~t~r so~ids disposal sites. The degree
of stablll za tlon or dl s lnfect lon for sludge is expected to be
specified, along with monitoring and reporting requirements
and design criteria. The guidelines and regulations will
probably rely on the fact that wastewater solids may endanger
the public and the environment if not properly managed,
and that requisites for use must be stricter than those for
disposal.

The other major provision is intended to encourage sludge
utilization. This provision, Section 307, requlres pretreatment
of industrial wastes if such wastes inhibit wastewater treatment
or sludge utilization. This should increase the potential for
sludge reuse.

2.2.3.2 Resource Conservation and Recovery Act

The Resource Conservation and Recovery Act (RCRA) of 1976
(PL 94-580) requires that solid wastes be utilized or disposed of
in a safe and environmentally acceptable manner. Wastewater
solids are included by definition in provisions relating to solid
waste management. USEPA is currently developing guidelines
and criteria to implement the provisions of this act. These
guidelines and criteria will fall into three general categories:
(a) treatment and disposal of potentially hazardous solid
wastes (wastewater solids are expected to be excluded from this
category in most if not all cases)~ (b) criteria and standards
for sol i d was ted i s posal fa c i 1 i tie s ~ and (c ) c r i t e ria de fin i ng
the limits for solid waste application to agricultural lands.
USEPA will issue the guidelines and criteria that relate to
municipal sludge management under joint authority of RCRA and
Section 405 of the Clean Water Act.

2.2.3.3 Toxic Substances Control Act

The Toxic Substances Control Act of 1976 (PL 94-469) authorizes
USEPA to obtain production and test data from industry on
selected chemical substances and to regulate them where
they pose an unreasonable risk to the environment. This
act, in combination with other federal legislation cited
(PL 95-217 and PL 94-580), should help reduce the amount of
pollutants discharged to the municipal system from manufacturing
processes. Of particular significance to wastewater solids
utilization is the fact that the act prohibits the production of
polychlorinated biphenyls (PCBs) after January 1979 and the
commercial distribution of PCBs after July 1979. PCBs can be
concentrated in wastewater sludges and are a chemical constituent
of concern in meeting proposed utilization criteria. Sludge PCB
levels should decrease once PCBs no longer enter the waste
treatment system.
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2.2.3.4 Marine Protection, Research and
Sanctuaries Act

Several large cities, including New York and Philadelphia,
as well as some smaller cities in the New York - New Jersey area,
dispose of wastewater solids by barging them to the ocean.
The 1977 amendments to the Marine Protection, Research,
and Sanctuaries Act of 1972, as well as other laws and
regulations prohibit disposal of "sewage sludge" by barging
after December 31, 1981. In addition, no federal construction
funds are available for wastewater solids treatment and disposal
systems that include any type of ocean disposal, either by barge
or pipeline. Therefore, no further coverage of ocean di sposal
will be made in this manual.

2.2.3.5 Environmental Policy Acts

The National Environmental Policy Act of 1969 requires that
the federal government consider environmental effects of many
actions. Municipal wastewater treatment systems, including
solids treatment, utilization, and disposal systems are covered
by this act because of their potential effect on the environment
and because they are funded by federal construction grants. Most
states have similar policy acts. The acts, which require reports
and hearings, assure that the environmental consequences of
proposed operations are considered, and also provide the designer
with a useful forum to develop public response (see Section
2.3.6). They do, however, usually lengthen the facility planning
and design process.

2.2.3.6 State and Local Reuse and Disposal
Requirements

While most states and municipalities follow federal guidelines,
many may formulate more restrictive measures. For example,
localities that apply sludge to land on which food crops are
grown may wish to analyze their sludges more frequently than
required by federal guidelines or limit sludge application rates
more severely. Many state and local regulatory agencies are
presently awaiting the issuance of federal guidelines before
finalizing their requirements.

2.2.4 The Comprehensive Nature of Section 405
of the Clean Water Act

As indicated, Section 405 of the Clean Water Act of 1977
(PL 95- 217) requ ires USEPA to promu Iga te regu la t ions govern ing
the issuance of permits for the disposal of sewage sludge
relative to Section 402 NPDES permits and to develop and publish
from time to time regulations providing guidelines for the
disposal and utilization of sludge. These regulations are to
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identify uses for sludge, specify factors to be taken into
account in determining the measures and practices applicable to
each such use or disposal (including publication of information
on costs) and identify concentrations of pollutants which
interfere with each such use or disposal.

This broad authority to issue regulations covering different
sludge management practices has been viewed as a mechanism to
allow USEPA to bring together all of the regulations that have
been or will be issued under various legislative authorities for
controlling municipal sludge management at a single location in
the Code of Federal Regulations, under the joint authority of
Sect ion 405. There fore, regula tions on air emi ss ion controls
wi 11 be iss ued under the joint au thori ty of Sect ion 405 of the
Clean Water Act and various sections of the Clean Air Act;
regulations on land disposal and land application under joint
au thor i ty wi th the Resou rce Conserva t ion and Recove ry Act;
regulations on ocean disposal under joint authority with the
Marine Protection, Research and Sanctuaries Act, and so
forth. Regulations covering practices not influenced by other
authorities (for example, horne use, give-away or sale of sludge
derived products) could be issued solely under the broad
authority of Section 405.

Thus, all regulations related to management of municipal
wastewater solids will be issued, administered, and enforced
under the umbrella of Section 405. Sludge management facilities
and practices will therefore be approved or disapproved along
with NPDES permits.

2.3 Other Non-Technical Factors Affecting
Wastewater Solids Management

2.3.1 Availability of Construction Funds

Construction of municipal wastewater solids treatment and
disposal facilities is usually financed with public money.
Currently, federal funds are used to pay for 75 percent of
grant-eligible construction costs. State contributions vary.
In addition, PL 95-217 gives projects using innovative and
alternative technologies, for example, sludge utilization and
energy recovery, a 15 percent advantage in cost-effectiveness
comparisons over projects using conventional technology. They
are also given a 10 percent bonus (to 85 percent) on federal
construction grants (3). Innovative technologies can also be
replaced with 100 percent funding if they fail within two
years. Thus, federal and state grant fund requirements may
influence to a considerable degree the sludge management system
chosen and the way a system is designed. Cost-effective design,
careful and conservative cost estimating, and clear explanations
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to decision-makers of the rationale for selected treatment and
disposal systems will assist greatly in obtaining federal and
state construction funds.

Design engineers should refer to the USEPA Construction Grants
Manual for federal grant requirements (4). In many states
these requirements are supplemented by state regulations.

Occasionally, a governmental agency may declare certain features
of a design to be ineligible for grant funding. Sometimes
these declarations are in direct contradiction with the design
engineer's opinion regarding their necessity. The designer
should be aware of these potential conflicts of opinion and
submit full documentation and justification along with the
request for funding. The design year for full loading, special
loading allowances, system reliability requirements, and facility
flexibility allowances are important parts of this documentation.

2.3.2 Special Funding Requirements

The designer must be aware of special conditions associated
with federal and state grant funding, such as "buy American"
provisions, "or equal" clauses, affirmative action in employment,
and special auditing and cost control requirements.

Competitive bidding is required for public works construction
contracts. Equipment specifications for these contracts must be
carefully written to assure that the resulting installation
satisfies the treatment and disposal requirements at minimum life
cycle costs. Where the designer knows of no equal to a specific
needed item, he should document the need for such equipment and
assure compliance with funding restrictions prior to putting
the specification out to public bid. USEPA has recognized the
designer's need to achieve better control over the equipment
to be used for wastewater treatment systems and is proposing to
issue regulations which allow prequalification of critical
equipment items.

2.3.3 Time Span of Decisions

Frequen tly, several years elapse from the choi ce of a speci f i c
process to the operation of that process. This time is usually
spent in the necessary work of completing environmental hearings,
detailed designs and regulatory reviews, and arranging for
funding, construction, and start-up. Furthermore, most
facilities must be operated for close to life expectancy to avoid
waste of construction funds. During this extende.d time span,
technology may improve, new laws may be passed, new regulations
may be issued, and economic factors may change. The engineer
must consider these possibilities for change in decision making.
He should favor processes that are sufficiently flexible to
remain useful in the face of changing technology, regulations,
economics, and sludge characteristics.
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2.3.4 Uncertainties

The selection of a specific process normally hinges on its
cost in comparison with the cost of competing processes.
Uncertainties make cost comparisons difficult. For example,
consider two competing processes, one labor-intensive, the
other requiring expensive chemicals. There are uncertainties as
to how many man-hours will be needed per ton of sludge, what
chemical additions will be required, and what future cost trends
will be. It is often difficult to predict whether labor or
chemi ca Is will be more severe ly a ff ected by inf la t ion. Labor
productivity also must be predicted. Given these uncertainties,
it may be necessary to say that "Process A is probably more
cost-effective," rather than "Process A is more cost-effective."
Cost uncertainties are usually greater for-processes that are not
widely used. There are also uncertainties in the quality of
solids that will be produced. For instance, if incineration is
selected on the basis of previous dewatering unit production
of a cake with 35 percent solids, but only 20 percent solids is
actually obtained, then the cost of incineration may become
excessive.

Experience at Kenosha, Wisconsin, where one of the first
filter presses for sludge in the United States was installed,
illustrates the difficulties of making accurate cost estimates.
pilot testing indicated that an optimal lime dose would be equal
to 12 percent of the sewage solids fed. In addition a ferric
chloride dose equal to 3 percent of the sewage solids fed was
required. Full-scale operating experience, however, indicates
a 17 percent lime dose is required; therefore, lime costs are
40 percent grea ter than anti cipa ted. Al so, in th is plant, only
part-time operator attention was anticipated, because the
units were fully automated. In practice, full time operation is
required. Maintenance costs, assumed to be nominal, have
instead been significant, averaging about $3 per ton of dry
sol ids (5).

Whenever possible, the engineer should investigate full-scale
working systems to determine actual operating conditions and
operating and maintenance costs. If there is insufficient
full-scale operating experience to estimate these conditions
and costs with confidence, the design engineer must make liberal
allowances for uncertainties.

2.3.5 The Design Team

Many factors are important in selecting and designing sludge
treatment and disposal processes, for example, capital costs,
operating strategies, and environmental effects. Different
individuals have different perspectives on wastewater solids
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management. These individuals should be heard. Therefore,
a "design team" concept is helpful. The design team should
include:

• Those involved in the day-to-day design effort; that is,
the design staff.

• An advisory committee composed of those who are not
involved in the day-to-day des ign ef fort bu t who mus t
operate and administer the wastewater solids management
system or whose services are required to implement the
des ign; for example, treatment plant operators, public
works directors, grant administrators, regulatory
officials, engineering reviewers including value
engineers, and special consultants. The advisory
committee serves in a policy-making and review role.

The advisory committee
and accurate reporting,
alternatives, including
recommendations.

should be made aware, through clear
of all aspects of sludge management
the design staff's evaluations and

The design staff should expect criticism and guidance from the
advisory committee. If a proposal or criticism appears to have
me ri t, it should be evaluated with respe ct to its ef fect on the
solids treatment and disposal scheme. If it does not, the
consequences of incorporating it into the design should be
clearly explained.

A better project will be achieved by an early exchange of views.
While responding to criticism may cause delays early in the
project, delays are small in terms of both time and cost compared
with those that would be experienced were dissatisfaction to
surface late in the project.

2.3.6 Public Involvement

Public involvement in environmental decision making is not
only wise, it is mandatory. The National Environmental Policy
Act of 1969, the Clean Water Act of 1977 (PL 95-217), and the
Resource Conservation and Recovery Act of 1976 (PL 94-580) all
require public involvement mechanisms and activities. Acceptance
of the project by residents of the community and a working
relationship between the public and the design team is essential.
Experience has shown that programs are more easily accepted
if the public understands what they are.

The relationship between the design staff and the public is
similar in many ways to that between the design staff - and the
advisory committee. The public also serves in a policy-making
and review role; it should be made aware of all aspects of
sludge manageme nt al terna ti ves and should provide cr i t ici sm and
gu idance to the des ign s taft. A means of educating the publi c
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and creating a dialog between the public and the design staff
must be established. Mechanisms for accomplishing this are the
mass media, bulletins, public hearings, and presentations to
interested groups.

Special efforts should be made to involve groups and individuals
who, from past experience, have demonstrated an interest in
environmental affairs or those who are likely to be directly
affected by the proposed project. Developing a list of
interested persons and organizations for formal and informal
notifications and contacts is a good way to ensure public
participation. The group might consist of:

• Local elected officials.

• State and local government agencies, including planning
commissions, councils of government, and individual
agencies.

• State and local public works personnel.

• Conservation/environmental groups.

• Business and industrial groups, including Chambers of
Commerce and selected trade and industrial associations.

• Property owners and users of proposed sites and
neighboring areas.

• Service clubs and civic organizations, including the
League of Women Voters.

• Media, including newspapers, radio, and television.

Public participation programs are discussed in detail in two
recent publications (6,7).

2.3.7 Social and Political Factors Affecting
Waste Export

For metropolitan areas, potential sludge disposal studies
generally include land disposal in some form by export to low
population open space. Even if these spaces are located in the
same political jurisdiction, local opposition towards accepting
the wastes of "others" is often intense. If the proposed export
is to another political jurisdiction, the opposing forces are
generally so great as to effectively preclude this option.

It is often hoped that such opposition can be overcome by public
participation and education. However, the social and political
factors at work have been demonstrated to be remarkably immune to
such efforts.
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The?e comments are not intended to preclude export options but as
a caution to designers not to be so swayed by the economic and
technical advantages of such plans that inadequate attention is
given to alternatives which have a greater possibility of being
implemented.
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CHAPTER 3

DESIGN APPROACH

3.1 Introduction and Scope

This chapter presents a methodology for the design of wastewater
solids management systems. Topics discussed include systems
approach, process selection logic, mass balance calculations,
concept of sizing equipment, contingency planning, and other
general design considerations such as energy conservation and
cost-effective analysis.

3.2 Systems Approach

Overall wastewater treatment plant performance is the sum of the
combined performances of the plant's linked components. The
actions of one component affect the performance of all the
others. For example:

• Materials not captured in solids treatment processes
will be returned in the sidestreams to the wastewater
treatment system as a recirculating load. This load may
cause a degradation in effluent quality, an increase in
wastewater treatment costs, and process upsets.

• Failure to remove and to treat solids at the same rate
as they are produced within the wastewater treatment
system will eventually cause effluent degradation and
may increase wastewater treatment operating costs.

• Hydraulic overloads resulting from inadequate solids
thickening can cause downstream solids treatment
processes (such as, anaerobic digestion) to operate less
effectively.

• The addi tion of chemicals to the wastewa ter treatment
process for purposes of nutrient and suspended solids
removal will increase the quantity and alter the
characteristics of solids which must be treated and
disposed.

It is important to understand the relationship between process
parameters and the performance of processes, for example, how
thickener feed rate affects thickener performance. It is equally
important to understand how individual processes affect one
another when combined into a system, for instance, how the
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performance of the thickener affec·ts digestion and dewa tering.
Interactions between the processes in a system are described in
this chapter.

3.3 The Logic of Process Selection

Wastewater treatment and wastewater solids and disposal systems
must be put together so as to assure the most efficient
utilization of resources such as, money, materials, energy, and
work force in meeting treatment requirements. Logic dictates
what the process elements must be and the order in which they go
together.

A methodical process of selection must be followed in choosing a
resource-efficient and environmentally sound system from the
myriad of treatment and disposal options available. The basic
selection mechanism used in this manual is the "principle of
successive elimination,1I an iterative procedure in which less
effective options are progressively culled from the list of
candidate systems until, only the most suitable system or systems
for the particular site remain.

The concept of a IItreatment train ll has been propounded as a
result of a systems approach to problem solving. However,
this concept is useful only if all components of the train are
considered. This includes not only sludge treatment and disposal
components, but wastewater treatment options and other critical
linkages such as sludge transportation, storage, and side stream
treatment. The successful devlopment of a treatment train from
a collection of individual components depends on a rigorous
sys tern s elect ion procedure, or log i c. For large pI ants, sys tern
selection is complex and a methodical approach is required.
Progressive and concurrent documentation of the procedure is
mandatory in that it prevents a cursory dismissal of options.
For smaller plants (that is, <1 MGD) the system choices are often
necessarily more obvious and the selection procedure is usually
shorter and less complex.

The general sequence of events in system selection is:

1. Selecting relevant criteria.

2. Identifying options.

3. Narrowing the list of candidate systems.

4. Selecting a system.

3.3.1 Identification of Relevant Criteria

Criteria for system selection must be pinpointed prior to system
synthesis. A listing of potential criteria for consideration is
shown on Figure 3-1. The list is not necessarily complete and
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3.3.3 System Selection Procedure

The process selection procedure consists of (1) developing
treatment/disposal systems which are compatible with one another
and appear to satisfy local relevant criteria, and (2) choosing
the best system or systems by progressive elimination of weaker
candidates. Related to these are the concepts of base and
secondary alternatives.

3.3.3.1 Base and Secondary Alternatives

A base alternative is defined as a wastewater solids management
system which, during evaluation, appears able to provide reliable
treatment and disposal at all times under all circumstances for
sludges. It therefore meets the prime criterion of reliability.

It must also satisfy the following seven conditions:

1. It must be legally acceptable.

2. sites for processing and disposal operations must be
readily available.

3. Environmental
to satisfy
jurisdiction.

and health risks must be sufficiently low
the public and all agencies having

4. It must be competitive \vith cost to other alternatives on
a first-round analysis.

5. The necessary equipment and material must be readily
available.

6. The contractor must be able to begin construction
immediately following design and have the system
operational almost immediately after construction.

7. Financing of the system must be straightforward and
assured.

A secondary alternative is defined as a wastewater solids
management system which does not meet the prime criterion of
reliability, that is, the system cannot accept all of the sludge
under all circumstances all of the time. This does not mean
secondary alternatives _are without value; they may in fact be
used to great advantage in tandem with base alternatives and
may in fact accept a greater quantity of sludge than the base
alternative. As an example, a city's horticultural market may be
insufficiently developed to accept all of the city's sludge all
of the time; therefore, horticulture cannot be considered a base
disposal alternative. However, it may cost less to release the
sludge to horticulture than to dispose of it by means of city's
base disposal alternative, for example, landfilling. The

3-6



ci ty should therefore make every effort to dispose of as many
solids as possible via horticulture, the secondary alternative.
However, should the secondary alternative fail or be interrupted
for any reason, the sludge going to the secondary system must be
readily and quickly diverted back to the base alternative, which
mus t rema in fully operational and thus immedi a tely capable of
receiving the entire sludge flow.

3.3.3.2 Choosing a Base Alternative: First Cut

The purpose of the first cut is to rapidly and with minimum
effort produce a list of candidate base alternatives which
are technically feasible and reasonably cost-effective. The
alternatives must be environmentally acceptable and implementable
in the time frame of the project. Analyses are qualitative at
this stage. The first cut involves determination of:

1. Practical base disposal options.

2. Practical base solids treatment systems.

3. Practical treatment/disposal combinations.

Determination of Practical Base Disposal Op~ion~

The method of solids disposal usually controls
solids treatment systems and not vice versa.
selection procedure normally begins when the
option is specified.

the selection of
Th us, the sys tern
solids disposal

In the first cut, feasible base disposal alternatives and
relevant criteria are set up in matrix form. An example is shown
in Table 3-1. Feasible alternatives are those which appear to be
suitable for the situation at hand. Obviously inapplicable
alternatives would not be included in this matrix. Only those
criteria which the planner see's as critical for the site at hand
should be considered in this first cut. Other, less critical
criteria can be considered in subsequent iterations, where more
in-depth investigation is needed for each of the candidate
processes.

For the hypothetical situation described in Table 3-1, nine
utilization/disposal options are considered feasible and are
set up for evaluation. The criteria most important to the site
are judged to be reliability, environmental impacts, site
availability and cost. Base disposal alternatives are judged to
be practical only if they satisfy all the relevant c~iteria.

In Table 3-1, utilization of sludge on private agricultural land
is an unacceptable base disposal alternative. Reasons for this
might be insufficient acreage or a lack of assurance that the
farmers would accept all of the sludge. Alternatives which would
seem to satisfy relevant criteria for base disposal alternatives
are utilization on public agricultural land, landfill, and
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dedicated land disposal. Before cons idering
must determine what combinations of solids
make sense for the site in question.

TABLE 3-1

these, however, one
treatment processes

EXAMPLE OF INITIAL SCREENING MATRIX FOR
BASE SLUDGE DISPOSAL OPTIONS

Relevant criteria

Utilization/disposal Environmental
, o-'p:-t_i_o_n_s R_e_l_i_a_b_i_lJ._'t--'y'--__i,~pac;!~_

Bag-market as
fertilizer

Agricultural land
(private)

Agricultural land
(public)

Forested land (pri
vate)

Forested land (public)

Give to citizens
(horticulture)

Combine with commer
cial topsoil

Dedicated land dis
posal

Landfill

a o unacceptable.

b X acceptable.

oa

o

x

o
X

o

o

X

X

x

x

X

X

X

X

X

X

x

x

x

o
o

X

X

X

X

Acceptable
for base

Cost alternative

X 0

X 0

X X

0 0

0 0

X 0

X 0

X X

X X

Determine Practical Base Treatment Systems

Table 3-2 illustrates process compatibility matrix for treatment
alternatives. Incompatible processes and processes which are not
applicable in given locations are eliminated. The combination of
drying beds and mechanical dewatering, for example, is considered
incompatible because both dewatering and drying take place on the
drying bed; mechanical dewatering is not needed. On the other
hand, the combination of incineration and mechanical dewatering
of unstabilized sludge is generally compatible, but for the
hypothetical case investigated is ruled out because of air
pollution considerations. After first-cut analysis, seven base
treatment options are considered feasible and are further
evaluated.

Determine Practical Base TreatmentjDisposal Combinations

Practical base treatment and disposal combinations are
then combined in a matrix, which is subjected to further
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culling. Table 3-3 shows the matrix of base treatment/disposal
combinations made by bringing forward the base disposal and
treatment options from Tables 3-1 and 3-2. Incompatible
combinations and systems ruled out by local constraints are then
eliminated. For example, undewatered wastewater solids are
not generally disposed of in landfills. An example of local
constraints is the ruling out of applying lime stabilized sludge
on agricultural lands because of already high soil pH.

TABLE 3-2

EXAMPLE OF PROCESS COMPATIBILITY MATRIX

Digestion options Undigested sludge options

Not stabilized
Anaerobically or

aerobically ""_":,'_""'''~,,

Final processing Mechanically Not Mechanically
step dewatered dewatered dewatered

No further processing x
a

X ab

Drying beds a x a
Heat dry X 0 a
Pyrolysis a 0 0
Incineration a a 0
compost X 0 X

Lime
stabilized

Not Mechanically
dewatered dewatered

0 X

0 a
0 a
0 0

0 0

0 0

Thermally Wet air
conditioned oxidation--,--,-

Mechanically Mechanically
dewatered dewatered

Iil
c

Iil
a a
a Iil
Iil a
0 a
a a

ax = generally compatible.

b O = generally not compatible.

c 0 = generally compatible, but ruled out by local constraints.

TABLE 3-3

EXAMPLE OF TREATMENTjDISPOSAL COMPATIBILITY MATRIX

Digested sludge options Undigested sludge options

Not Lime
Mechanically Mechanically Not mechanically Mechanically stabilized,

Viable local Mechanically dewatered, dewatered, mechanically dewatered, dewatered, mechanically

__d_~~_~~:",~P_~~~~~",~,,__d.:,.ew_'.:,.t_er_e.:,.d he.:.:.:.:t_d=rc-y c.:.:o.:,.m::.po:.:s.:,.t d_e_wa.:.:t.:,.e.:.:re:.:d d:.:r,:..Y•.:.:'n~g.:,.b:.:e_ds__----=.co.:.:m~p.:.:os.:.:t:.:ed.:.:___dew::::,,:'~

Agricultural land
(public)

Landfill

Dedicated land disposal

x· x
X

X o
o

X

X

X

x
X

X

x

ax _ generally compatible.

b SZl - generally compatible, but ruled out by local considerations.

Co _ generally not compatible.

The number of candidate base treatment/disposal
reduced. For the hypothetical case of Table 3-3,
remain for further evaluation.
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3.3.3.3 Choosing a Base Alternative: Second Cut

The purpose of second-cut analyses is to further reduce the list
of candidate systems. Analyses are more quantitative than in the
first cut, but the level of effort used to investigate each
option is not yet intensive. Information used in the second cut
is general and readily available, for ins tance, equipment cos t
curves which are not site-specific, areawide evaluation of soils,
geology, hydrology, topography and land use, and general energy
costs.

One approach is to set up a numerical rating system for the
remaining candidate systems ,such as that shown in Table 3-4.
The list of criteria to be considered may be expanded beyond
those critical criteria used in first cut analyses to encompass
the full range of criteria listed on Figure 3-1, or any fraction
of it. This follows the principle that as the list of candidate
process narrows, each will be analyzed in greater detail.

TABLE 3-4

EXAMPLE OF NUMERICAL RATING SYSTEM FOR
ALTERNATIVES ANALYSIS

Ratings of alternatives
_m_.'."_".""'_''',"''_''''_

Alternative 1 Alternative 2 Al ternati ve 3 Alternative 4
Relative

,,--,.."''''''.~-~,,- _ .•,,---
Categories and criteria weighta ARb liRe AR liR AR liR AR liR

Effectiveness
- Flexibility 4 12 18 27 5 15
- Reliability 3 15 25 25 2 10
- Sidestream effects 10 30 27 15 6 18
- Track record 5 10 14 8 9 18

Compatibility

- With existing land use
plans 8 16 16 16 14

- With areawide wastewater,
solid waste and air
pollution programs 18 15

- With existing treatment
faeili ties 20 20 24 8 32

Economic impacts
- Net direct costs 28 8 32 32 36

- Net indirect
costs 8 9 33

Environmental impacts
- Public health 35 6 30 20 6 30

Alternative n

AR WR

18
10
21
12

21

12

28

8 8

35

Administrative burdens
- Level of effort 4
- Marketing respons-

ibili ties 10 10 14 9 18
- Resel ution of juris-

dictional disputes 4 4 2

- Public relations 10 10 3

Total weighted alternative
ratingd 1,576 1,430 963 840 1,317

aRelative importance of criteria as perce';ved by reviewer; scale, 0 to 5; no importance rated zero, most important rated 5.

bAlternative rating. Rates the alternatives according to their anticipated performance with respect to the various criteria;
scale 0 to 10; least favorable rated zero, most favorable rated 10.

CWeighted rating. Relative weight for each criteria multiplied by alternative rating.

d sum of weighted ratings for each alternative.
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In the second cut, subjective judgments are combined with
technical measurements. Numerical values are ass igned to all
criteria for all alternative systems. The planner's perception
of the relative importance of each criterion is indicated on a
rating scale, say of 0 to 5, with highest ratings given to
criteria the planner considers to be of greatest importance,
and the lowest to those of least important. For example,
if reliability is highly valued for the site in question,
reliability may be assigned a relative weight of 5.

Next, each alternative system is rated according to its
anticipated performance with respect to the various criteria,
again by using a rating scale, say 0 to 10. An alternative which
rates favorably is given high scores; one which rates less
favorably is given lesser scores. For example, an alternative
which is not dependable may be rated at 2 with respect to
reI i ab i 1 i ty .

The relative weight is then multiplied by the alternative rating
to produce a weighted rating for each criteria/alternative
combination. For the examples described in the previous two
paragraphs, the weighted rating for the alternative in question
with respect to reliability is 5 x 2 = 10.

Finally, the weighted ratings are summed for each alternative to
produce a total or overall rating. Sy s terns wi th lowes t ove raIl
ratings are eliminated, with higher rated systems carried forward
for further evaluations. In the example shown in Table 3-4,
Alternatives 3 and 4 are eliminated and Alternatives 1, 2, and n
are carried forward.

3.3.3.4 Third Cut

The third cut uses the same methodology as the second, but
the number of al ternatives rema ining is more 1 imi ted; typically
to a maximum of 3 to 5--and the analysis is more detailed.
Information may include:

• Analyses of potential sludge disposal sites (soils,
geology, and groundwater).

• Local surveys to determine marketability of sludge and
sludge by-products.

• Possible effects of industrial source control/
pretreatment programs on process viability and quality of
sludge for disposal.

• Data oriented literature search.

• Detailed analysis of effect of candidate systems on the
environment (air, water, land).
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• Information developed from site-specific pilot work.

• Mass balances.

• Energy analyses.

• Detailed cost analyses.

3.3.3.5 Subsequent Cuts

Subsequent cu ts are even more detailed. Analyses are repeated
until the optimum base treatment/disposal alternative is defined.

3.3.4 Parallel Elements

By means of the procedure discussed above, a base alternative is
selected. However, the optimum system may include more than just
this base alternative. A number of parallel elements may be
i nvol ved wh ich provide flex i bil i ty , reI iabi I i ty, and operating
advantages. For example, the base alternative for the system
depicted on Figure 3-4 is thickening, anaerobic digestion,
storage in facultative sludge lagoons, and spreading of liquid
sludge on agricultural land. Parallel elements cosnsist of
the application of liquid sludge on forest land and drying
beds followed by d istribu tion for horticul tural purposes. If
horticultural and forest land outlets were each large enough to
accept all of the sludge under all circumstances and at all
times, three base alternatives are then available. If not, the
fores t land and drying beds/horticul ture appl ications would be
considered secondary alternatives.

BASE ALTERNATIVE

(_- ~A------~\

APPLICATION
ON

FOREST
LAND

ANAEROBIC FACULTATIVE SPREAD ON
THICKEN

DIGESTERS LAGOON AGRICULTURAL
LAND

~
DRYING r-+- HORTI-

BEDS CULTURE

~._---

PARALLEL LSYSTEMS

'-

FIGURE 3-4

PARALLEL ELEMENTS

3-12



The concept of providing for more than one base alternative may
at first seem contradictory but a given base alternative might
not always be reliable because unpredictable events might occur.
For example, new owners of farmland may decide they do not wish
to accept sludge, or a disaster or strike could interrupt one
method of transporting sludge to its ultimate destination. To
minimize risks, therefore municipalities may wish to provide more
than one base alternative. The selection procedure presented in
Section 3.3.3 has the advantage of clearly depicting which is the
second or even third most desirable base alternative.

Parallel base alternatives are more common in large systems,
which are generally located in urban areas where land is scarce
than in small plants, which are usually located in rural areas
where land is more plentiful and temporary storage and disposal
options therefore more numerous. Large plants may ma intain two
or three base alternatives to ensure solids disposal. Since this
may increase the cost of operation, it leads to the observation
that very large systems do not necessarily benefit from economies
of scale when it comes to wastewater solids disposal.

3.3.5 Process Selection at Eugene, Oregon

Eugene, a city of 100,000 people, is located at the southern end
of the agricultural Willamette Valley in Western Oregon. The
Metropolitan Wastewater Management Commission (MWMC) was formed
in 1977 to implement the findings of a facility planning effort
which called for the construction of a regional sewage treatment
plant. The plant~ to be constructed on the site of the existing
Eugene plant, will serve the whole metropolitan area. This area
is composed of the ci ties of Eugene, Springf ield, and urbanized
portions of Lane County.

Regionalization and upgrading of the plant to meet a 10/10 summer
effluent standard for BODS and suspended solids prior to
discharge to the Willamette River, means that sludge quantities
are drama tically increased. The plant is to serve a popula tion
of 277,000 by the year 2000. Design average dry weather flow is
49 MGD (2.15 m3/s), wet weather flow is 70 MGD (3.07 m3/s), and
peak wet weather flow is 175 MGD (7.67 m3/s).

The plant will use an activated sludge process, with flexibility
for operation in plug, step, contact stabilization, or complete
mix modes. Provision is also made for the addition of mechanical
flocculators in the secondary clarifiers and tertiary filtration
if either or both prove desirable at a later date.

It was decided early that sludge thickening would be economical,
regardless of the sludge management system which would eventually
be used. Consequently, two existing thickeners, one gravity and
one flotation, will be retained for thickening primary sludge,
waste-activated sludge, or a combination of the two.
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A key provision in the selection of a suitable sludge management
system was that the system be fully operational by the time the
wastewater treatment system is started up. This seemingly
straightforward condition was complicated by the fact that
planning for the sludge system did not start until design of the
wastewa ter treatment plant was already under way. Th is meant
that the sludge management system would be forced to f it into
an already developed plan for the wastewater treatment facility
(which is by no means unusual).

As a first cut, sludge disposal options were immediately
developed and screened for acceptability as part of a base
alternative, using a matrix similar to that developed in
Table 3-1. Practical treatment systems were identified from a
process compatibility matrix similar to Table 3-2. Practical
disposal/processing combinations were then developed in a matrix
form (as in Table 3-3). Physically incompatible or otherwise
unsuitable combinations were eliminated in this matrix. A
flowsheet was then prepared for the remaining options, with
necessary intermediate storage and transport requirements added
in. The flowsheet of alternatives for Eugene second cut analysis
is shown on Figure 3-5.
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It is worth noting that utilization on agricultural land could
not be considered as a base alternative despite the large
agricul tural acreage north of Eugene and the fact that the new
regional plant is on the north s ide of the ci ty. I t would have
been a requisite that MWMC own sufficient farmland (2,000 to
3,000 acres) to accept all of the sludge generated. The cost
of purchasing such acreage was deemed unacceptably high;
furthermore, there was oppos i tion to convert ing pr iva te land to
public land. Thus agricultural utilization was not considered
further in the search for a base alternative.

The second cut analysis was more quantitative. Information used
was general and readily available. For example, costs were taken
from current cost curves, and certain environmental impacts
were assessed from projects wi th similar disposal sys terns and
soil/groundwater conditions. With numerical data established
for each criterion, a rating table was produced similar to that
of Table 3-4. The data were developed by the project engineers,
but the ratings were analyzed extensively by the Citizens
Participation Committee (CPC) on sludge management which had been
recruited from the population at large at the very beginning of
the project. The committee was composed of various vested
interest groups, representatives of government agencies and
private unaffiliated citizens who were interested in the project.

Systems with the lowest total ratings were then eliminated.
Incineration was found to be unacceptable primarily because
it would impact the already limited dilution capacity available
during the summer in the trapped valley airshed of Eugene;
pyrolysis was eliminated primarily because of its perceived
inabi 1 i ty to meet the cons truction dead 1 i ne for plant start-up;
and lime stabilization with disposal to landfill was eliminated
primarily on a cost-effective basis. At the end of the second
cut analysis, all alternatives which could accommodate raw
sludges were eliminated, since, as indicated, most raw sludge
options (inc inerat ion, pyrolys is, 1 ime s tabil iz a tion) were not
viable and there was a strong desire to make use of existing
digesters. A decision was made to combine primary and secondary
sludge in order to avoid the cost and problems of constructing
and operating separate systems for each.

The same methodology used in the second cut was used in the
third; however, data used in the analysis were more site
specific, so that economic and environmental comparisons could be
better refined. As examples:

• Actual routes were selected to off-site facilities;
river crossings were defined, and decisions were made on
routing pipes under bridges or jacking under freeways .

• For disposal at the local sanitary landfill, estimates
were made of (1) the contribution of the sludge to
landfill leachate production and subsequent marginal
leachate treatment costs to be passed back from the
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Lane County Sol id Was te Di vi s ion to MWMC, and (2) the
actual net volume of landfill required for sludge
disposal, allowing for sludge consolidation.

• For dedicated land disposal, seasonal water tables
detailed groundwater migration patterns, as well
private well locations and depths were determined.

and
as

• Estimates were made of comparative nitrate loadings which
would eventually reach the Willamette River from treated
landf ill leachate discharge; from groundwa ter mig rat ion
from ded i ca ted land disposal; and from f il tra tes from
mechanical sludge dewatering (which is subsequently
discharged with the effluent).

• Transportation modes were
for various sludge solids
routes and distances.

analyzed in detail and cos ted
concentrations and transport

These detailed analyses still left a number of viable base
alternatives. At this point, other less tangible factors
were cons idered. These were (1) that the chosen base
alternative(s) be compatible with desired secondary alternatives,
and (2) that flexibility and reliability be provided through the
use of parallel systems. After intensive screening, it was
decided that two base alternatives would be used: spreading of
liquid sludge on dedicated land and open-air drying followed
by landfill disposal. Both alternatives included force main
transport of digested sludge from the regional treatment plant to
a remote sludge management site, where the sludge was to be
stored in facultative sludge lagoons. Liquid sludge would be
spread on dedicated land at the sludge management site. Dried
sludge would be trucked to landfill. Operations associated with
disposal (spreading, drying, and landfilling) would be carried
out during dry weather. These systems provide the desired
flexibility and reliability and are compatible with preferred
secondary alternatives.

Several variations of sludge utilization on land were adopted
as secondary alternatives, since there was a strong feeling
that sludge should be used beneficially. The alternatives of
particular interest to the Eugene-Springfield area included
agricultural use on private farm land, use for ornamental
horticulture, in nurseries and public parks, and use in a mixture
with commercial topsoils in landscaping. Sludge would be
provided to these outlets as the market demands. Variable demand
is particularly important in Oregon's Willamette Valley, where
prolonged winter rainfall and summer harvesting schedules control
the timing of agricultural sludge use.

The flowsheet for the Eugene system is shown on Figure 3-6.
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FIGURE 3-6

FLOWSHEET FOR THE EUGENE-SPRINGFIELD
SLUDGE MANAGEMENT SYSTEM

The ability to use base facilities and equipment for desired
secondary alternatives was a major consideration in selecting the
base system. In Eugene, the force main, sludge lagoons, and
application equipment to be used for dedicated land disposal
of the liquid sludge are also required for agricultural use.
Trucks to transport liquid sludge from the sludge management site
to agricultural sites will, however, be an additional expense for
the secondary alternatives.

It is hoped that eventually all sludge can be utilized on
land. As indicated, however, in Table 3-5, full agricultural
utilization of sludge is estimated to be more costly than either
of the pure disposal options. This is because more equipment is
needed to transport sludge to and spread it on the agricultral
sites than is needed for the pure disposal options. Thus, as of
1979, any system wh ich even partially incorpora tes agricul tural
utilization will be more costly than pure disposal options. This
could change if the farmers can be persuaded to pay for the
sludge.

TABLE 3-5

ESTIMATED COSTS OF ALTERNATIVES FOR EUGENE-SPRINGFIELD

Total annual cost,
million dollarsAlternativeSludge form

,--------------------------------,

Liquid Dedicated land disposal only
Agricultural utilization only

1. 03
1. 53

Dried Landfill only
Agricultural utilization only

1.14
1. 32
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At the time this manual was written (1979), MWMC was involved in
public hearings aimed at selecting a suitable sludge management
site.

3.4 The Quantitative Flow Diagram

Overall system performance is the sum of the combined
performances of the system's linked processes. This is nowhere
more clearly expressed than on a Quantitative Flow Diagram (QFD).
The QFD is used to estimate loadings to the various wastewater
treatment, solids treatment, and solids disposal processes. The
QFD is the starting point for understanding process interactions
and is nothing more than a materials balance. Although balances
can be struck for components like nitrogen, phosphorus and
chemical oxygen demand, the most useful balances are those
for suspended solids. The QFDs to be presented here are for
suspended solids. Each flowsheet has its own unique set of
balance equations. In the following pages, mass balances for a
specific, rather simple flowsheet are derived, thus illustrating
the technique. The mass balance equations are then summarized
in tabular form. Mass balance equations for a more complex and
more common flowsheet are later presented, wi thou t deri va tion.
Two worked QFDs are presented as examples. The intent is to
demonstrate the usefulness of the method.

3.4.1 Example: QFD for a Chemically Assisted
Primary Treatment Plant

The flowsheet for a chemically assisted primary wastewater
treatment plant with anaerobic digestion and mechanical
dewatering of the sludge is shown on Figure 3-7. In this
example chemicals are added to enhance the sedimentation process.
Sidestreams from the digester and dewatering units are recycled
to the primary sedimentation basin. The calculation is carried
out in a step-by-step procedure:

1. Draw the flowsheet (as on Figure 3-7).

2. Identify all streams. For example, stream A contains raw
sewage solids plus chemical solids generated by dosing
the sewage wi th chemicals. Let the mass flow rate of
solids in Stream A be equal to A Ib per day.

3. For each processing unit, identify the relationship of
entering and leaving streams/ to one another in terms of
mass. For example, for the primary sedimentation tank,
let the ratio of solids in the tank underflow (E) to
entering sol ids (A +M) be equal to XE. XE is actually
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an indicator of solids separation efficiency. The
general form in which such relationships are
expressed is:

mass of solids in stream e
xe = -m-a-s-s-of-solids entering the unit

P J
For example, Xp = K + S' XJ = E. The processing unit's

performance is specified when a value is assigned to Xe .
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FIGURE 3-7

BLANK QFD FOR CHEMICALLY-ASSISTED
PRIMARY PLANT
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4. Combine the mass balance relationships so as to reduce
them to one equation describing a specific stream in
terms of given or known quantities. In the calculation
to be presented, expressions will be manipulated until E,
the primary solids underflow rate, can be expressed in
terms of A, XE , XJ' XN' Xp, and XS' quantities which the
designer would know or assume from plant influent surveys,
knowledge of water chemistry and an understanding of the
general solids separation/destruction efficiencies of the
process ing i nvol ved. The calculation is carried ou t as
follows:

a. Define M by solids balances on streams around the
primary sedimentation tank:

E
XE = A + M

Therefore,

E
M = - - A

XE

b. Define M by balances on recycle streams:

M = N + P

N = XNE

p = Xp(S + K)

S = XSK

Therefore,

p = Xp(l + XS)K

K + J + N = E

Therefore,

and

Therefore,

M = E [XN + Xp (l - XJ - XN) (l + XS)]

3-20

(3-1)

(3-2)

(3-3)

(3-4)

(3-5)

(3-6)

(3-7)

(3-8)

(3-9)

(3-10)

(3-11J



c. Equate equations (3-2) and (3-11) to eliminate M:

E = A
(3-12)

E is now expressed in terms of assumed or known
influent solids loadings and solids separation/
destruction efficiencies.

Once the equation for E is derived, equations for other streams
follow rapidly; in fact, most have already been derived. These
are summarized in Table 3-6.

TABLE 3-6

MASS BALANCE EQUATIONS FOR FLOWSHEET OF FIGURE 3-7

E
A= 1 XN Xp (l-X -x ) (1 + XS)XE

- - J N

M
E

A= XE
-

B = (l-X
E

) (A + M)

J = XJE

N = XNE

K = E(l-X -X )J N

S = XSK

P = Xp (1 + XS)K

L = K (1 + Xs ) (l-Xp )

3-21



DEGRITTED SEWAGE
SOLIDS

299,000-_I-- 110,000A
409,000

l'

M PRIMARY B.. SEDIMENTATION -56,030 XE = 0.90 46,503 -
E

418,527

1W

N DIGESTION J..- -- 0
XJ = 0.25

104,632 -X N = 0.0

K
313,895

"
P

DEWATERING
SXp = 0.15 -

56,030 -- 59,640Xs = 0.19

L
317,505

"
TO ULTIMATE

DISPOSAL

ALL QUANTITIES ARE
EXPRESSED IN POUNDS
PER DAY

lib/day = 0.454 kg/day

FIGURE 3-8

QFD FOR CHEMICALLY-ASSISTED
PRIMARY PLANT

3-22

SOLIDS
GENERATED
BY CHEMICAL
ADDITION

EFFLUENT

SOLIDS
DESTROYED
(CONVERTED
TO GAS AND
WATER)

CONDITIONING
CHEMICALS



Figure 3-8 is a worked example in which all solids flow rates
are calculated. For this example the following information was
provided:

a. Based on estimates from facility planning studies,
average influent suspended solids loading is
299,000 pounds per day (136 t/day). Alum is added to
the degri tted raw sewage to increase capture. The
chemical solids generated as the result of alum
addition is estimated at 110,000 pounds per day
(50 t/day). The latter figure is derived from pilot
work at Seattle, Washington, where the ratio of new
solids generated/solids in untreated raw sewage was
0.37/1 when alum (A12(S04)3'14H20) additions of
110 to 125 mg/l were added to raw wastewater (1).
Therefore, A = 299,000 (1 + 0.37) = 409,000 pounds
per day (185 t/day).

b. Primary sedimentation solids capture is 90 percent of
the sum of sewage solids, chemical solids and recycle
solids which enter the basin. Note that solids
capture as usually computed (sewage solids basis
only) is only 84.4 percent, i.e.,

(1 _ effluent suspended solids) 100
influent sewage solids

= (1 - 46,503) 100 = 84.4 percent
299,000

c. Twenty-f ive percent of the suspended solids fed to
the d iges tion sys tern are destroyed, i.e., converted
to gas or water (XJ = 0.25). The number assumed is
somewhat less than the usual value used (0.30-0.40),
since the biodegradable fraction of digester feed in
this instance is low because of the large proportion
of chemical solids present.

d. Digesters are not supernated (XN = 0.0).

e. Solids capture in the dewatering units is 85 percent
(Xp = 0.15).

f. Conditioning
of digested
(XS = 0.19).

chemicals are
sludge fed to

19 percen t by we igh t
the dewatering units

When all loadings are expressed quantitatively and superimposed on
the flowsheet, the designer can begin to develop a feel for the
process. The effects of recycle loading and individual process
efficiencies on overall process performance can be assessed by
manipulation of the variables. Calculations can be done very
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rapidly when the mass balance equations (presented in Table 3-6)
are set up for solution on a computer or a programmable
calculator.

The investigator must exercise judgment in estimating the various
process efficiencies (Xe). For example, one should assume
reduced efficiencies for primary sedimentation if recyle streams
contribute large quantities of solids to the sedimentation tank,
since recycled solids tend to be less easily removed than fresh
solids from the sewer system. Their mere presence in the recycle
stream is an indication of the difficulties in separating them.

3.4.2 Example: QFD for Secondary Plant with Filtration

The example just worked was relatively simple. Figure 3-9 shows
amoxe__ complex_system-_...secondary_a_e~obic bLQlogLcal__treatment
followed by fil tra.tion. Mass balance equations for this system
are summarized in Table 3-7. For this flowsheet the following
information must be specified.

a. Influent solids (A).

b. Effluent solids (Q), that is, overall suspended solids
removal must be specified.

c. XE' XG' XJ' XN, XR' and Xs are
assumptions about the degree of
addition or destruction.

straightforward
solids removal,

d. XD, which describes the net solids destruction
reduction or the net solids synthesis in the
biological system, must be estimated from yield
data (see Section 4.3.2.4). A positive XD signifies
net solids des truc tion. A neg at i ve XD s ignif ies net
solids growth. In this example 8 percent of the
solids entering the biological process are assumed
destroyed, i.e., converted to gas or liquified.

Note that alternative processing schemes can be evaluated simply
by manipulating appropriate variables. For example:

a. Filtration can be eliminated by setting XR to zero.

b. Thickening can be eliminated by setting XG to zero.

c. Digestion can be eliminated by setting XJ to zero.

d. Dewatering can be eliminated by setting Xp to zero.

e. A system without primary sedimentation can be
simulated by setting XE equal to approximately
zero, e.g., 1 x 10- 8 XE cannot be set equal
to exactly zero, since division by XE produces
indeterminate solutions when computing E.
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QFD FOR SECONDARY PLANT WITH FILTRATION

A set of different mass balance equations must be derived
if flow paths between processing units are altered. For example
the equations of Table 3-7 do not describe operations in
wh ich the d i lu te stream from th i ckener (s tream G) is re turned
to the biological system instead of the primary sedimentation
tank.
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H = (1 - XG)F

J = X
J

(E + H)

K = (1 - X
J

- X
N

) (E + H)

L = K (1 + Xs ) (1 - Xp )
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ex = Xp (1 - X
J

TABLE 3-7

(1 - X
E

) (1 - XD)
B = XE

Y = X
G + ex (l - X

G
)

(1 - XE)EB =
XE

C
Q

1 - XR
D = XDB

F = 13 E - Q
1 - X

R

G = XGF

Where

M
E G A= - -XE

N XN (E + H)

P = Xp (1 + XS)K

XR
R =1-X Q

R

S = XSK

E =

MASS BALANCE EQUATIONS FOR FLOWSHEET OF FIGURE 3-9

o
A - (1 : X ) (y - XR)

1 _ a. - B (y)
XE



3.5 Sizing of Equipment

The QFD described in the previous section can be an important aid
to a designer in predicting long-term (i.e., average) solids
loadings on sludge treatment components. This allows the
designer to establish such factors as operating costs and
quantities of sludge for ultimate disposal. However, it does not
establish the solids loading which each equipment item must be
capable of processing. A particular component should be sized to
handle the most rigorous loading conditions it is expected to
encounter. This loading is usually not determined by applying
steady-state models (e.g., QFD calculations) to peak plant loads.
Because of storage and plant scheduling considerations, the rate
of solids reaching any particular piece of equipment does not
usually rise and fall in direct proportion to the rate of solids
arriving at the plant headworks. Consider a system similar in
configuration to that shown on Figure 3-9. If maximum solids
loads at the headworks (Stream A) are twice the average value,
it does not necessarily follow that at that instant maximum
dewatering loads (Stream K) are twice the average dewatering
load.

To pursue this further, consider the design of a centrifuge
intended to dewater anaerobically digested primary and secondary
sludge at a small treatment plant. The flow scheme is similar to
that shown on Figure 3-9. The plant is staffed on only one shift
per day, seven days per week. The digesters are complete-mix
units equipped with floating covers. Because of the floating
covers, digester volume can vary. Secondary sludge is wasted
from the activated sludge systems to a dissolved air flotation
thickener prior to digestion whenever operators are available to
operate the thickener.

As indicated, the average loadings to the centrifuge can be
defined by the QFD, but computation of the necessary centrifuge
capaci ty requires analysis of both the load dampening effect of
the storage in the d iges ters and the pI an t operating s chedu 1 e.
During periods of peak plant solids loadings, loads to the
dewatering units may be attenuated by storing portions of the
peak loadings within the digester. This can be done by either
mechanism 1 or mechanism 2 below, acting either singly or in
concert.

1. Digester volume is increased by allowing the digester
floating cover to rise.

2. Solids are allowed to concentrate and thus accumulate
within the digester (See Chapter 15, Section 15.2.2.2 for
example of storage by mechanism 2).

The effect of both mechanisms 1 and 2 is storage within the
digester of part of the load which would otherwise go to the
ce nt ri fuge. Th us peak dewa ter ing loads wi 11 not be 2.5 times
the average when peak solids mass withdrawn from primary and
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secondary sedimentation tanks are 2.5 times the average, but
some th ing le ss, for example, only 1.4 times the average value.
The degree of load dampening is a direct function of the size and
operating configuration of the digester.

Since the centr i fuge will only opera te when a t tend ed, the
"design" loading must account for this factor. The centrifuge
must be either capable of processing, during one shift, all the
sludge which must be extracted from the digester during the peak
day (for example, 1.4 times average quanti ty) or the operators
must dewater sludge for longer than one shift per day. A
judgment would be needed at this point whether to pay for
increased equipment capacity or operator overtime to handle the
peak loads. Wi th no opera tor overtime, the "des ign" centr ifuge
capacity would have to be 1.4 x 24/8 = 4.2 times the average
daily digested sludge production to account for both the effect
of sludge peaking, storage volume and only one operations shift
per day.

Note that the dissolved air flotation thickener would need to be
designed for 24/8 x 2.5 = 7.5 times the average daily rate of
waste activated sludge production if it is assumed no upstream
storage is available for dampening thickener loadings, the
thickener itself has no storage capacity, and the thickener is
only operated one shift per day.

The foregoing example shows the influence of solids peaking,
storage volume and operating strategy on the selection of
design loadings for a particular sludge handling process.
Several other factors are important in selecting the capacity a
unit must have, including:

• Uncertainties. When systems are designed without the
benefits of pilot or full-scale testing, actual sludge
quantities and characteristics as well as efficiencies of
the sludge handling system components may not be known
with certai n ty. The degree and potent ial s igni f icance
of the uncertainties must be cons idered when develop ing
design criteria. This usually has the effect of
introducing a safety factor into the design so that
reliable performance can be obtained no matter what
conditions are encountered in the full-scale application.
The magnitude of the safety factor must be determined by
the designer, based on his judgement and experience.

• Equipment reliability. Greater capacity or parallel
units must be specified if there is reason to believe
that downtime for any pa~ticular units will be high.

• Sensitivity of downstream components. If losses in
efficiency of a particular sludge handling component
at peak loading conditions would cause problems for
downstream processes, this upstream process should
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be designed conservatively.
efficiency could be tolerated,
conservative.

3.6 Contingency Planning

Conversely,
design need

if reduced
not be so

As indicated previously, flexibility to cope with unforeseen
problems is highly desirable in any wastewater solids management
system. Such problems and possible solutions include:

• Equipment breakdowns. Downtime may be minimized by
hav ing rna intenance people on call, by advance purchase of
key spa re parts, by provid ing paralle 1 proces sing uni ts
and by making use of storage.

• Solids disposal problems. These may include closures of
landf ills, unwillingness of current users to further
u til ize sludge, failure of a process to provide a sludge
suitable for utilization, strikes by sludge transporters,
and inability to dispose of sludge due to inclement
weather. Disposal problems can be reduced by providing
long-term storage and/or more than one disposal
alternative.

• Sludge production greater than expected. In some
instances this may be dealt with by operating for more
hours per week than normal or by using chemicals to
modify sludge characteristics, thus increasing solids
processing capacity.

Because of these factors, it is desirable to have more than one
process for sludge trea tment and di sposal. Of ten it is poss ible
to add considerable flexibili ty wi th modest investment. Backup
or al terna ti ve wastewa ter solids treatment processes often have
higher operating costs per ton of sludge processed than the
pr imary processes. Th is is acceptable if the al terna ti ve process
is not frequently needed and can be provided at minimum capital
cost.

3.6.1 Example of Contingency Planning for Breakdowns

Assume the plant is a 10 MGD
sludge thickening, anaerobic
dewatering as shown on Figure
include:

activated sludge facility with
digestion, and digested sludge
3-10. Pertinent design details

1. The waste activated sludge (WAS) thickener can be
operated with or without polymers. If polymers are used,
a more concentrated sludge can be produced. WAS can be
diverted to the headworks if the WAS thickener is removed
from service.
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2. Two complete-mix digesters with floating covers are
provided. Each digester has a net volume of
610,000 gallons (2,310 m3 ) at minimum cover height.
Net volume at maximum cover height is 740,000 gallons
(2,803 m3 ), thus total digester storage volume is
2 (740,000-610,000) = 260,000 gallons (984 m3 ). The
digesters are not supernated.

3. Two dewa tering un i ts are provided. Each un i t, when fed
at 90 gpm (40.8 m3/hr) can produce a 22 percent solids
cake. When the dewatering units are fed at 110 gpm
(49.9 m3/h r) a 17 percent sol ids cake is produced. The
units are fed at 90 gpm (40.8 m3/hr) unless conditions
dictate otherwise. The bulk density of each cake is
65.5 pounds per cubic foot (1,050 kg/m}).

4. The cake is trucked to ul tima te disposal.
holds 16 cubic yards (12 m3 ) of cake.

Each truck

5. A dewa tered sludge storage area of capaci ty 750 cubic
yards (574 m3 ) is available.

6. Weekends are 2.7 days long (from 5 p.m. Friday to 8 a.m.
Monday) •

Case A. All units available:

1.
_ 2 (610,000 gal) =

Digester detention time -(24,000 + 27,000) gpd 24 days.

2. Dewatering operation:

a. Weekly sludge feed = 7 (24,000 + 27,000 gpd)
= 357,000 gallons (1,350 m3 ).

Operation is carried out over
= 33 hours per week.

b.

c.

Hourly throughput =
= 10,800 gal per hr

2 x (90 gpm) (60 min/hr)

(40.8 m3/h r) •

357,000 gal
10,800 gal/hr

3.

d. 26.2 cubic yards (20.0 m3 ) of 22 percent solids
sludge cake is produced each day.

If dewatering is not operated over the weekend, then
51,000 gpd (2.7 days) = 138,000 gal (522 m3 ) of .digest~d
sludge must be stored in the digesters durlng thlS
period. Available storage which can be obtained
by letting the floating cover rise is 260,000 qallo~s
(983 m3 ). Therefore digester storage capaclty 1S
adequa te for weekend storage, includ ing long (3.7 day)
weekends.
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4. Truckloads required to haul dewatered cake = 26.2 yd 3/day
16 yd 3 /truck= 1.6 truckloads per day (11 per w~ek).

In summary, the dewatering operation can be carried out in
a normal 5-day, 8-hour-per-day week. Time is available for
start-up and shutdown and for providing good supervision.
Digester detention time is more than adequate for good digestion.

Case B. Thickener is out of service. All other units are
available. Waste activated sludge is diverted to the plant
headworks and is subsequently removed in the primary
sedimentation tank.

1. Digester detention time
short, but tolerable.

= 2 (610,000 gal)
86,000 gpd = 14 days;

2. Dewatering operation:

a. Weekly sludge feed = 7 (86,000 gpd)
(228° m3 ).

602,000 gal

b. Hourly throughput. At 90 gallons per minute,
throughput is ~0,800 gallons, per hr (40.8 m3/hr). At
110 gallons per minute, throughput is 13,200 gallons
per hr (49.9 m3/hr).

c. Operating hours required. At 90 gallons per minute
3 . . ' 602 000 gal

(40.8 m /hr), required operating hours = 10:800 gph

= 56 hours per week. This requires substantial
overtime or a second shift. At 110 gallons per
minute (49.9 m3/hr), required operating hours =
602,000 gal = 46 hours per week. This reduces the
13,200 gph

amount of overtime required.

d. If the dewatering units operate at 90 gallons per
minute (40.8 m3/hr), 26.2 cubic yards per day
(20.0 m3/day) of 22 percent cake is produced.
Operation at 110 gallons per minute (49.9 m3/hr)
produces 33.9 cubic yards per day (25.9 m3/day) of
a 17 percent solids sludge cake.

3 .

4.

If dewatering units are not run on weekends, 86,000 gall
day x 2.7 days = 232,000 gallons (878 m3 ) must be stored
in the digesters. Digester storage capacity is adequate
for normal weekends, but not long weekends.

For 22 percent cake, 11 truckloads per week are required.
For 17 percent cake, 15 truckloads per week are required.
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In summary, loss of the thickener reduces digester detention
time, increases required dewatering unit operating time and the
amount of trucking required for disposal of cake. The operation
can be managed, but with more difficulty. This example also
illustrates the value of the thickener.

Case C. One digester is out of service.
operating:

All other units are

1.

2.

3.

4.

. .. = 610,000 gal _
Dlgester detentl0n time 24,000 + 27,000 gpd - 12 days.

This is only marginally adequate. By using polymers in
the th ickener, assume waste act iva ted sludge thickness
is increased from 3.5 to 4.5 percent. Detention time is

610,000 gal
increased to 24,000 + 21,000 gpd = 14 days, still short,

but an improvement.

Dewatering operation. This is not greatly affected by
loss of the digester. It can still be operated with a
single shift and a 22 percent cake can can be produced.

Weekend storage. Without polymer addition to
the thickener, required storage volume is 2.7 days
x 51,000 gpd = 138,000 gallons (522 m3 ). One digester
(130,000 gallons or 492 m3 ) has inadequate storage
and a dewatering machine must be run part of the
weekend. If polymer is used, required storage = 2.7
x 45,000 = 122,000 gallons (462 m3 ). One digester is
marginally adequate for storage.

Eleven (11) truckloads per week are required to transport
the sludge cake.

In summary loss of a digester can be compensated for by using
polymer in the thickener.

Case D. One dewa teri ng mach ine is ou t of serv i ce.
units are available.

All other

1. Digestion is not affected.

2. Dewatering operation. Try the following alternatives:

a. Feed rate 90 gallons per

Required operating time =
hours per day, every day,
shutdown time.

minute (40.8 rn 3 /hr).
51,000 gpd = 9 4

90 gpm (60 min/hr) .
excluding start-up and

b. Feed rate is 110

operating time 110

every day, excluding

gallons per minute.
51,000 gpd = 7 8
gpm (60 mi nih r ) .
start-up and shutdown

Required

hours/day,

time.
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110 gpm (60 min/hr)
excluding start-up

c. Try adding polymers to thickener
110 gallons per minute feed rate

units. Required operating time =

= 6.8 hours per day, every day,
and shutdown times.

and maintaining a
to the dewatering

45,000 gpd

3. Weekend di ges ter storage is not an i S5 ue as dewa ter ing
units must be run seven days a week.

4. Eleven (11) truckloads are required
22 percent cake, 15 truckloads are
17 percent cake.

to transport
required for

In summary, loss of one dewatering unit will require operation of
the remaining unit for seven days a week. overtime costs will be
high.

Case E. Truck strike lasting a month. Assuming 22 percent cake,
sludge, accumulates at about 25 cubic yards (19 m3 ) a day. The
sludge storage area stockpile mu s t, therefore, be able to store
about 25 (30) = 750 cubic yards (570 m3 ) of sludge to avoid major
problems due to the s tr ike. Odors from the stockpile cou Id be
a problem.

Conclusion: The system as designed should be able to handle
contingencies.

3.7 Other General Design Considerations

3.7.1 Site Variations

Characteristics such as size and location of the plant and
solids disposal sites strongly influence the nature and cost of
treatment and disposal systems.

• Disposal may often be accomplJshed on land, thus
eliminating expensive dewatering, provided adequately
sized sites are within reasonable distances from the
treatment plant. However, dewatering is usually required
if the amount of land available for sludge disposal is
1 imi ted or if the sludge must be trucked long distances
for disposal. Sufficient land also permits long-term
storage in faculative lagoons, which can also provide
some inexpensive disinfection.

• Zoning regulations are different for different sites.

• Locations near waterways
opportun i ties for ba rge and
sludges and supplies.
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•

• Structures are less costly if founda tion condi tions are
good. Quite .often, however, wastewater treatment plants
are located ln valley bot toms, tidelands or recla imed
landfills where expensive foundations are ;equired.

Costs for labor, electricity, freight on chemicals, and
trucking can vary markedly from one region to another.

Because of these variations, the best alternative for one site is
of ten not the bes tat another site. Also, reported capi tal and
operating costs from one site must be carefully adjusted before
being used at another site.

3.7.2 Energy Conservation

As fossil fuel supplies become more scarce and more expensive,
energy conservation becomes increasingly important. The designer
should employ energy-efficient processes and recover energy from
sludges and sludge by-products, where practical.

The following points should be considered in the design of
energy-utilization processes:

• Energy from high temperature sources is generally more
useful than energy derived from low temperature sources,
since it can be put to a wider variety of uses.

• The evaporation of water in dryers and furnaces, consumes
large amounts of energy. Such processes should therefore
be provided with a well-dewatered sludge. Inert
materials such as, chemicals or ash used to condition
sludge for dewatering are, however, also energy consumers.

• Energy required for digestion and thermal conditioning is
minimized where thickening is used to reduce the water
content of process feed sludges.

• Trucking energy can be reduced if haul distances are
short and the sludge is well-dewatered.

• Energy is required for the manufacture and transportation
of chemi cals . Therefore, chemi cals should be added in
minimum amounts that are consistent with good operation.
Whenever possible chemicals should be employed which
require the least energy to produce and transport.

• Costs saved by reducing peak energy demands can be
subtantial. In some instances, a treatment plant's
electrical bills are largely determined by peak energy
loadings, as opposed to total energy consumed. The
designer should actively seek solutions to reduce
peak energy demand. Energy recovered from sludge and
sludge-derived fuel can be used for this purpose.

3-35



• Motors should be accurately sized. Motors are most
efficient when operated near capaci ty. However, motors
in wastewater treatment plants are frequently operated
far below capacity.

• Where anaerobic digester gas is util ized, gas storage
should be provided to minimize wastage.

• Recycle loads from solids treatment processes should be
minimized. Recycled loads increase the power and
chemical requirements of wastewater treatment processes.

The designer should always keep in mind, however, that true
economy is not found by minimizing specific uses of energy, but
by minimizing overall costs.

Energy recovery is discussed in Chapter 18. Energy costs for
many of the sludge treatment and disposal options are contained
in chapters descr ib ing those opt ions. A 1978 publ ica tion (2)
contains more detailed guidance on making energy-effective
analyses as well as a great deal of information on primary energy
consumption, the electricity and fuel consumed directly at the
treatment plant and secondary energy consumption, the energy
required to manufacture chemicals used in sludge treatment.

3.7.3 Cost-Effective Analyses

One of the decisive factors in process selection is cost. Cost
analyses must be carried out so that all alternatives are
evaluated on an equivalent basis. EPA has issued guidelines for
cost-effective analyses (3). Monetary costs may be calculated in
terms of present worth values or equivalent annual values over a
d ef ined pI anning per iod . Capi tal and operating and rna intenance
costs must be considered in the evaluation. Indirect costs
should be included such as loss of property taxes when private
land is acquired and incremental costs which the wastewater
treatment facility must bear when sidestreams are returned to
them. Credits for such items as crops and recovered energy
should be taken where appropriate. The discount rate to be used
in the analysis is established annually by the Wa ter Resources
Council. All construction cost data is referenced to a specific
location and year using cost indices such as the Engineering
News-Record Construction Cost Index, the EPA Sewage Treatment
Plant Index, or the EPA Sewer Construction Cost Index. Inflation
in costs and wages are not considered in the analyses, since it
is assumed all prices will tend to change over time by the same
percentage.

Cost-effective analysis for sludge treatment and disposal
systems has been discussed in somewhat greater detail in a
1979 publication (4). Present worth and equivalent annual
value calculations are discussed in References 5 and 6, among
others.
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TABLE 3-8

SOLID PROPERTIES CHECKLIST

1. Origin and type

2. Quantity

3. Concentrations

4. Chemical composition and biological properties including
biodegradability

5. Specific gravity

6. Rheological properties (e.g., viscosity)

7. Settling properties

8. Dewatering properties

9. Fuel value

10. Suitability for utilization or disposal without further
processing

TABLE 3-9

PROCESS DESIGN CHECKLIST

1. Description of process
Details of works, schematic drawing, logical location in overall

sludge treatment flowsheet.

2. Process Theory

3. Current status
Number of suppliers; usage in USA; good and bad experience and potential

for avoiding problems; advantages and disadvantages with respect to
competing processes.

4. Design criteria
Process loadings (solids and hydraulic); pilot scale investigations

(when to make them, methods, costs, limitations); special considerations
(solids origin).

5. Instrumentation specific to the process.

6. Operational considerations: Flexibility.

7. Energy impacts
Primary and secondary requirements.
Potential for energy recovery.

8. Actual performance data and case histories.

9. Public health and environmental impacts.

10. Solids production and properties.

11. Sidestream production and properties.

12. Cost information
Construction/operation (tie to ENR and EPA Construction Cost Indexes);

constraints (site-specific). Break down costs by category (labor,
electricity, etc.) so that adjustments can be made for different
conditions.
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3.7.4 Checklists

The following checklists provide information a designer must
have to design wastewater solids treatment and disposal systems.
Three checklists are provided.

1. A Solids Properties Checklist appears in Table 3-8. This
checklist summarizes required information concerning raw
solids entering the solids treatment system and solids
produced in the various processes and operations.

2. A Process Design Checkl ist appears on Table 3-9. This
checklist describes information necessary to select and
design sludge treatment and disposal processes.

3. A Public Health and Environmental Impact Checklist
appears in Table 3-10. This checklist summarizes key
interactions that must be resolved between proposed
process and the surrounding environment.

TABLE 3-10

PUBLIC HEALTH AND ENVIRONMENTAL
IMPACT CHECKLIST

1. Control of vectors (bacteria, parasites, virus, flies, rats)

2. Odor

3. Air pollution

4. Groundwater contamination

5. Surface water contamination (by run-off)

6. Soils contamination

7. Land use

8. Social-economic

9. Utilization (sludge or byproducts used beneficially)

10. Occupational safety

11. Risk of accidents involving the public

12. Control of potentially hazardous substances

13. Effects on biota including transfer and accumulation of pollutants
in the food chain

14. Use of material resources
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Designers should refer frequently to these checklists to assure
that all relevant topics are given proper consideration during
planning stages and system design. An extensive series of
checkl ists deal ing wi th wastewater solids management has also
been prepared for EPA (4). The checklists are intended to serve
as aids for the review of facility plans, for preparation of
designs and specifications and the writing of operations and
maintenance manuals.
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CHAPTER 4

WASTEWATER SOLIDS PRODUCTION
AND CHARACTERIZATION

4.1 Introduction

This chapter principally discusses the quantities and properties
of sludges produced by primary biological and chemical wastewater
treatment processes. Screenings, grit, scum, septage, and
other miscellaneous wastewater solids, including the sludge
produced in the treatment of combined sewer overflows, are
discussed briefly.

4.2 Primary Sludge

Most wastewater treatment plants use primary sedimentation to
remove readily settleable solids from raw wastewater. In a
typical plant with primary sedimentation and a conventional
activated sludge process for secondary treatment, the dry weight
of pr imary sludge solids is roughly 5 a percent of tha t for the
total sludge solids. For several reasons, primary sludge is
usually easier to manage than biological and chemical sludges.
First, primary sludge is readily thickened by gravity, either
within a primary sedimentation tank or within a separate gravity
thickener. In comparison with biological and many chemical
sludges, primary sludge with low conditioning requirements can be
mechanically dewatered rapidly. Further, the dewatering device
will produce a drier cake and give better solids capture than it
would for most biological and chemical sludges.

4.2.1 Primary Sludge Production

4.2.1.1 Basic Procedures for Estimating
Primary Sludge Production

Primary sludge production is typically within the range of 800 to
2,500 pounds per million gallons (100 to 300 mg/l) of wastewater.
A basic approach to estimating primary sludge production for a
particular plant is by computing the quantity of total suspended
solids (TSS) entering the primary sedimentation tank and assuming
an efficiency of removal. When site-specific data are not
available for influent TSS, estimates of 0.15 to 0.24 pound per
capita per day (0.07 to 0.11 kg/capita/day) are commonly used
(1). Removal efficiency of TSS in the primary sedimentation tank
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is usually in the 50 to 65 percent range (2). An efficiency of
60 percent is frequently used for estimating purposes, subject to
the following conditions:

• That the sludge is produced in treatment of a domestic
wastewater without major industrial loads.

• That the sludge contains no chemical coagulants or
flocculents.

• That no other sludges--for example, trickling filter
sludge--have been added to the influent wastewater.

• That the sludge contains no major sidestreams from sludge
processing.

As an example, if a designer estimates the TSS entering
the primary clarifier as 0.20 pound per capita per day
(0.09 kg/capita/day, and the removal efficiency of the clarifier
as 60 percent, the estimated primary sludge production is
0.12 pound per capita per day (0.054 kg/capita/day).

If relevant data are available on influent wastewater suspended
solids concentrations, such data should, of course, be used for
design purposes. Estimates of TSS removal efficiency in primary
sedimentation tanks may be refined by use of operating records
from in-service tanks or by laboratory testing. The "Standard
Methods" dry weight test for settleable matter estimates under
ideal conditions the amount of sludge produced in an ideal
sedimentation tank (3). Sludge production will be slightly lower
in actual sedimentation tanks.

4.2.1.2 Industrial Waste Effect

Suspended solids removal efficiency in primary sedimentation
depends to a large extent on the nature of the solids. It
is difficult to generalize about the effect that industrial
suspended solids can have on removal efficiency, but an example
illustrates that the effect can sometimes be dramatic. At
North Kansas City, Missouri, a municipal plant serves residential
customers and numerous major industries, including food
processing, paint manufacturing, soft-drink bottling, paper
manufacturing, and grain storage and milling. Raw wastewater
entering the plant had a IS-day average suspended solids
concentration of 1,140 mg/l that was attributable to the
industries. Primary sedimentation removed 90 percent of these
solids. The quantity of primary sludge was, therefore, about
8,000 pounds per million gallons (1,000 mg/l) of wastewater
t rea ted. Th is va lue is several time s the norma lone for
domestic wastewa ter. On two of the 15 days, removal exceeded
14,000 pounds per million gallons (1,700 mg/l) (4).
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4.2.1.3 Ground Garbage Effect

Home garbage grinders can significantly increase the suspended
solids load on a wastewater treatment plant. These solids ar-e
largely settleable. Estimates of the increased primary sludge
resulting from the use of garbage grinders range from 25 percent
to over 50 percent (1,5,6).

4.2.1.4 Other Sludges and Sidestreams

Operating experience shows clearly that the amount of sludge
withdrawn from the primary sedimentation tank is greatly
increased when sludge treatment process sidestreams such as
digester supernatant, elutriate, and filtrates or centrates
and other sludges like waste-activated are recycled to the
primary sedimentation tank. Quantifying the solids entering arld
leaving the primary clarifier by all streams is an important tool
for estimating primary sludge production when recycled sludge s
and sludge process sidestreams contribute large quantities of
solids.

4.2.1.5 Chemical Precipitation and Coagulation

When chemicals are added to the raw wastewater for removal
of phosphorus or coagulation of nonsettleable solids, large
quantities of chemical precipitates are formed. The quantity of
chemical solids produced in chemical treatment of wastewater
depends upon the type and amount of chemical (s) added,
chemical constituents in the wastewater, and performance of the
coagulation and clarification processes. It is difficult to
predict accurately the quantity of chemical solids that will
be produced. Classical jar tests are favored as a means for
estimating chemical sludge quantities. The quantities of
suspended solids and chemical solids removed in a hypothetical
primary sedimentation tank that is processing waste\.,Iater which
has been treated by lime, aluminum sulfate or ferric chloride
addition are estimated in Table 4-1.

4.2.1.6 Peak Loads

Peak rates of primary sludge production can be several times the
average. Peak solids production levels also vary from one plant
to another. Four stud ies of primary sludge production rates are
summarized and presented here.

At Ames, Iowa, (9) the wastewater is basically of domestic
origin. A university contributes about 30 percent of the
volumetric and mass loads. Storm runoff is collected and kept
separate from the domestic wastewater. For 21 years of record,
the suspended solids loads in the peak month of each year were
divided by the yearly average. The average of these ratios
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was 1.37. The average for comparison of peak days and peak
months over ten years of record was 1.59. Thus, in a typical
year, the maximum daily flow would be about 1.37 x 1.59, or
2.2 times the average. The maximum day's sludge production
was, therefore, expected to follow a simi lar pat tern and was
estimated to be 2.2 times the average value.

TABLE 4-1

PREDICTED QUANTITIES OF SUSPENDED SOLIDS AND CHEMICAL
SOLIDS REMOVED IN A HYPOTHETICAL PRIMARY SEDIMENTATION TANK (7,8)

Sludge type

Suspended solids, lb/mg

Chemical solids, lb/mg

Total sludge production, lb/mg
(kg/cu m)

No chemicgl
addition

1,041

1,041
(0.13 )

Chemical additiona
-

Limec Alumd Irone

1,562 1 1 562 1,562

2,082 362 462

3,644 1,924 2,024
(0.44 ) (0.23 ) (0.24 )

",,----

aASsumes 10 mg/l influent phosphorus concentration (as P) with
80 percent removed by chemical precipitation.

bAssumes 50 percent removal of 250 mg/l influent ~ss in primary
sedimentation.

c 125 mg/l Ca(OH)2 added to raise pH to 9.5.
d 154 mg/l A12(S04)3 . 14 H20 added.
e 84 mg/l FeC1 3 added.

Note: Assumes no recycle streams (for example, recycle of waste-activated
sludge to primary sedimentation, digester supernatant, etc.).

Secondary solids production would be cut from 833 lb/mg without
chemical addition to 312 lb/mg with chemical addition in this
hypothetical plant.

A study conducted in 1936 used data from Chicago, Cleveland,
Columbus, Syracuse, Rochester, and several other large American
cities (10) to show a typical relationship between peak raw
sewage solids loads entering a plant and duration of time that
these peaks persist. This relationship is shown graphically
on Figure 4-1. The curve is appropriate for large cities with a
number of combined sewers on flat _grades. The peaks occur at
least partly because solids deposited in the sewers at low flows
are flushed out by storm flows.

Data were collected over a five-year period from the West Point
plant at Seattle, Washington and used in a 1977 study (11). Peak
primary sludge loads of four- to ten-day durations were compared
with average loads. The duration of four days was selected
because it appeared to be highly significant to digester
operations at this plant, and because loads tended to drop after
about four days of heavy loading. The highest four-day primary
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sludge production was more than four times the normal production
from the plant's service area. Main contributors to the peak
load were:

• Solids deposits in the sewers. These deposits were
resuspended during high flows and carried to the
treatment plant. The computer-operated storage system,
which minimizes combined sewer overflows, apparently
contributed to solids deposition/reentrainment.

• Storm inflow. Measurements of TSS in storm drainage
fluctuate widely but often show over 200 mg/l suspended
solids. A large portion of the West Point service area
contains combined sewers.

• Sludge conditioning and dewatering. Problems in these
processes have caused the sidestreams to contain more
solids than usual.
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FIGURE 4-1

TYPICAL RELATIONSHIP BETWEEN PEAK SOLIDS LOADING
AND DURATION OF PEAK FOR SOME LARGE AMERICAN CITIES (10)

The fourth study, done in 1974, discussed two plants in
St. Louis, Missouri (12) . The graphs shown on Figure 4-2
illustrate the variation in daily waste primary sludge production
as a fraction of the average waste primary sludge production with
duration of that production rate for the eight months that data
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Here taken. Both of these plants have significant industrial
loads, and both serve large areas of combined storm and sanitary
sewers.
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PEAK SLUDGE LOADS, ST. LOUIS STUDY (12)

4.2.2 Concentration Properties

Most primary sludges can be concentrated readily within the
primary sedimentation tanks. Several· authors claim that a five
to six percent solids concentration is attainable when sludge is
pumped from well-designed primary sedimentation tanks (2,10,13,
14). However, values both higher and lower than the five to
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six percent range are common.
sludge concentration include:

Conditions that influence primary

• If wastewater is not degritted before it enters the
sedimentation tanks, the grit may be removed by passing
the raw primary sludge through cyclonic separators.
However, these separators do not function properly with
sludge concentrations above one percent (15).

• If the sludge contains large amounts of fine nonvolatile
solids, such as silt, from storm inflow, a concentration
of well over six percent may sometimes be attained
(11,16). .

• Industrial loads may strongly affect primary sludge
concentration. For example, at a plant receiving soil
discharged from a tomato canning operation, a primary
sludge with a 17 percent solids concentration, of which
40 percent is volatile, was recorded. Normal primary
sludge at this plant had a solids concentration of
from five to six percent solids (60 to 70 percent
volatile) (17).

• Primary sludge may float when buoyed up by gas bubbles
generated under anaerobic conditions. Conditions
favoring gas formation include: warm temperatures;
solids deposits within sewers; strong septic wastes;
long detention times for wastewater solids in the
sedimentation tanks; lack of adequate prechlorination;
and recirculating sludge liquors (18). To prevent the
septic conditions that favor gas formation, it may be
necessary to strictly limit the storage time of sludge in
the sedimentation tanks. This is done by increasing the
frequency and rate of primary sludge pumping (19).

• If biological sludges are mixed with the wastewater, a
lower primary sludge concentration will generally result.

4.2.3 Composition and Characteristics

Table 4-2 lists a number of primary sludge characteristics.
In many cases, ranges and/or "typical" values are given. In the
absence of recirculating sludge process sidestreams, the percent
of volatile solids in the primary sludge should approximate the
percent volatile suspended solids in the influent wastewater.
A volatile solids content below about 70 percent usually
indicates the presence of storm water inflow, sludge processing
sidestreams, a large amount of grit, sludge from a water
filtration plant that was discharged to the sanitary sewer, low
volatile solids from industrial waste, or wastewater solids that
have a long detention time in the sewers.
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TABLE 4-2

PRIMARY SLUDGE CHARACTERISTICS

Characteristic Range of values
Typical
value Comments ____~~fer_e_n_c_e_

pH - 8 6 1

Volatile acids, mg/l as ace
tic acid

200 - 2,000 500 1

Heating value, Btu/lb (kJ/kg) 6,800 - 10,000

10,285
7,600

Depends upon volatile content,
and sludge composition, re
ported values are on a dry
weight basis.

Sludge 74 percent volatile.
Sludge 65 percent volatile.

1

1
20

Specific gravity of individ
ual solid particles

1.4 Increases with increased grit,
silt, etc.

Bulk specific gravity (wet) 1.02

1. 07

Increases with sludge thickness
and with specific gravity of
solids.

Strong sewage from a system of
combined storm and sanitary
sewers.

1

21

BOD5/VSS ratio 0.5 - 1.1

COD/VSS ratio 1.2 - 1.6

Organic N/VSS ratio 0.05 - 0.06

Volatile content, percent by 64 - 93
weight of dry solids

60 - 80

77

65
40

40

Value obtained with no sludge re
cycle, good degritting; 42
samples, standard deviation 5.

Low value caused by severe storm
inflow.

Low value caused by industrial
waste.

22

22

22

22

11

17

Cellulose, percent by weight
of dry solids

- 15 10
3.8

1
23

Hemicellulose, percent by
weight of dry solids

3.2 23

Lignin, percent by weight of
dry solids

5.8 23

Grease and fat, percent by
weight of dry solids

6 - 30
7 - 35

Ether soluble
Ether extract

1
23

Protein, percent by weight
of dry solids

Nitrogen, percent by weight
of dry solids

20 - 30
22 - 28

1. 5 - 4

25

2.5 Expressed as N

1
23

1

Phosphorus, percent by weight
of dry solids

0.8 - 2.8 1.6 Expressed as P205' Divide
values as P205 by 2.29 to
obtain values as P.

Potash, percent by weight of 0-1 0.4 Expressed as K20. Divide
values as K20 by 1.20 to
obtain values as K.

---~_..,--<._-------------------

1 Btu/lb 2.32 kJ/kg

when the
Where
flow,

Primary sludge always contains some grit, even
wastewater has been processed through degritting.
screenings are comminuted and returned to the wastewa ter
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the fragmented screenings appear in the primary sludge. Smaller
plastic and rubber items that pass through screens also appear in
the primary sludge.

Pr imary sludge typically contains over 100 different anaerobic
and facultative species of bacteria (24). Sulfate-reducing
and oxidizing bacteria, worm and fly eggs, and pathogenic
microorganisms are typically present.

4.3 Biological Sludges

4.3.1 General Characteristics

Biolog ical sludges are produced by treatment processes such as
activated sludge, trickling filters, and rotating biological
contactors. Quantities and characteristics of biological sludges
vary with the metabolic and growth rates of the various micro
organisms present in the sludge. The quantity and quality of
sludge produced by the biological process is intermediate between
that produced in no-primary systems and that produced in
full-primary systems in cases when fine screens or primary
sedimentation tanks with high overflow rates are used.
Biological sludge containing debris such as grit, plastics,
paper, and fibers will be produced at plants lacking primary
treatment. Plants with primary sedimentation normally produce
a fairly pure biological sludge. The concentrations and,
therefore, the volumes of waste biological sludge are greatly
affected by the method of operation of the clarifiers.
Biological sludges are generally more difficult to thicken and
dewater than primary sludge and most chemical sludges.

4.3.2 Activated Sludge

4.3.2.1 Processes Included

Activated sludge has numerous variations: extended aeration;
oxidation ditch; pure oxygen, mechanical aeration, diffused
aeration; plug flow; contact stabilization, complete mix, step
feed, nitrifying activated sludge; etc (2). This manual does not
discuss lagoons in which algal growth is important or lagoons
that tend to accumulate wastewater solids or biological solids.
These methods, however, can be used for predicting activated
sludge production in highly loaded aerated lagoons where the
bacteria are maintained in solution.

4.3.2.2 Computing Activated Sludge Production -
Dry Weight Basis

The quantity of waste-activated sludge (WAS) is affected by two
parameters: the dry weight of the sludge and the concentration
of the sludge. This section describes how the dry weight of
activated sludge production may be predicted.
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Basic pr~~~ictive Equations

The most important variables in predicting waste-activated sludge
produc tion are the amounts of organics removed in the process,
the mass of microorganisms in the system, the biologically inert
suspended solids in the influent to the biological process, and
the loss of suspended solids to the effluent.

These variables can be assembled into two simple and useful
equations:

p x = (Y) (s r ) - (kd) (M)

where:

(4-1)

(4-2)

Px = net growth of biological solids (expressed as volatile
suspended solids [VSS]), Ib/day or kg/day;

Y = gross yield coefficient, Ib/lb or kg/kg;

sr = substrate (for example, BODS) removed, Ib/day or
kg/day;

kd = decay coefficient, day-I;

M = system inventory of microbial solids (VSS) micro-
organisms, Ib or kg;

WAST = waste-activated sludge production, Ib/day or kg/day;

I NV = non-volatile suspended solids fed to the process,
Ib/day or kg/day;

ET = effluent suspended solids, Ib/day or kg/day.

These equations, as stated or with slight variations, have been
Hidely used. Equation 4-1 dates back to 1951 (25). However,
different terms and symbols have been used by various authors in
expressing Equations 4-1 and 4-2. Table 4-3 summarizes some of
the terminology that has evolved. The technical literature
ref lects some incons is tency in terrni nology with the term "M."
Test results reported by various authors and presented in
Table 4-3 were derived on the basis of "M" defined as mixed
1 iquor VS S only.

To use Equation 4-1, it is necessary to obtain values of Y and
kd' While Table 4-4 summarizes several reported values for these
parameters, it is best to determine Y and kd on an individual
waste stream whenever possible.
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TABLE 4-3

ALTERNATE NAMES AND SYMBOLS FOR EQUATION (4-1)

As used in this chapter

Symbol Name Dimensions

Other symbols for
similar quantities

Other common names for
similar quantities

Y

Biological solids
production

Gross yield
coefficienta

Mass
Time

Mass
I'lass

/::,Xv.' dX/dt,
dM/dt, Rg

A, S, Accumulation, net growth,
excess microorganisms
production

Yield coefficient, synthesis
coefficient, growth-yield
coefficient

Substrate removal dF/dt, S, B, Fi, R Food, utilization, load

M

Decay constant

Microbial solids
inventory

Mass S, X, Xv

Endogenous respiration,
maintenance energy,
auto-oxidation

Microbial mass, solids under
aeration, s0lids inventory,
mixed liquor solids

aThe letter Y has also been used for the net yield coefficient Px/sro The net yield
coefficient is quite different from the gross yield coefficient.

To use Equation 4-2, it is necessary to estimate INV'
non-volatile influent solids, and ET' effluent suspended solids.
The following are generally included within the term INV:

• Non-volatile solids in influent sewage, including recycle
sludge liquors.

• Chemical precipitates--for example, aluminum phosphates-
when alum is added to the activated sludge process.

• Stormwater solids that are not removed in previous
processes (36).

• Normal non-volatile content of the activated sludge.
In the absence of sludge liquors, chemical precipitates,
and stormwater, activated sludge will be about 80 percent
volatile (less in extended aeration) at most municipal
treatment plants.

To compute ET' a small value such as 10 mg/l TSS should be
used.

The following sections discuss several factors that can influence
the production of waste-activated sludge. Section 4.3.2.3 is a
detailed example of how sludge quantities should be computed.
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TABLE 4-4

VALUES OF YIELD AND DECAY COEFFICIENTS FOR
COMPUTING WASTE-ACTIVATED SLUDGE

Gross yield Decay b Type of Scale of Temperature, Sludqe a~e, BODS removal
Reference coefficienta coefficient wastewater plant Aeration °c days calculation

_s·,_, --"."..,.~._,

25 0.5 0.055 Primary effluent Bench Air 19 - 22 2.8 - 22 Influent

26 0.70 0.04 Primary effluent pilot Oxygen Not stated 1 - 4 Influent minus
effluent

26, 27 0.67 0.06 Primary effluent Full Air 18 - 27 1.2 - I nf1 uent minus
effluent

28, 29 0.73 0.075 Primary effluent Pilot Air 10 - 16 1 - 12 Influent minus
effluent

30 0.94 0.14 Primary effluent (wastewater Pilot Air 15 - 20 0.5 - 8 Influent minus
includes dewatering soluble ef-
liquors) fluent

31 0.73 0.06 Primary effluent Pilot Oxygen 18 - 22 2.5 - 17 Influent minus

d
effluent

32 0.5 Not calculated Primary effluent (military pilot Air 0 - Long Influent
(negligible) base)

12 0.74 0.04 Primary effluent (much in- pilot Oxygen 17 - 25 2.1 - Influent minus
dustry) soluble ef-

fluent

30 1. 57 0.07 Raw degri tted including de- pilot Air 15 - 20 0.6 - Influent minus
watering liquors soluble ef-

fluent

33 1. 825 0.20 Raw degritted Bench Air 4 - 20 1 - Soluble in-
fluent minus
soluble ef-
fluent

Raw degritted Air 21 11
d

34 0.65 0.043 Bench 20 - and up Influent minus
effluent

0.70 0.048 Raw degritted Bench Air 20 - 21
d

Influent minus34 Long
effluent

0.54 0.014 Raw degri tted Full Air stated
d

Influent minus34 Not Long
effluent

35 1.1 0.09 Raw Full Air Not stated 1.1 -2.4
Influent minus

effluent

aGross yield coefficient Y, lb (kg) VSS/lb (kg) BODS'
b -1

Decay coeff1c1ent k
d

, days

c Mean cell residence time or sludge age 8m, measured as mass of mixed liquor

VSS divided by biological solids productl.on Px' Note that coeffic ients may be

somewhat different if total system inventory of VSS (mixed liquor VSS plus VSS
in clarifiprs) is used rather than just mixed liquor VSS.

dExtended aeration.

Note: All values in t.his table are for an equation of the type Px YS r - kdM (equation 4-1).

Effect of Sl~£g~Age and F/M Ratio

Equation (4-1) can
sludge age (em).

be rearranged to show the effect of the

Px =
(Y)(Sr)

(4-3)

where em M= =P x
sludge' age, days.
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Similarly, Equation 4-1 can be rearranged to show the effect of
the food-to-microorganism ratio (F/M):

Px

where:

(4-4)

C2 = coefficient to match units of sr and "F" in F/M~ if sr
is BODS removed (influent minus effluent), then C2 is
BODS removal efficiency, about 0.9~

F/M = food-to-microorganism ratio~

= BODS applied daily
VSS (mass) in system

As em increases and F/M decreases, the biological solids
production Px decreases. Sludge handling is expensive, and costs
can be reduced by using high values of em or low values of F/M.
However, there are offsetting cost factors, such as increases in
the aeration tank volume needed, oxygen requirements for the
aerobic biological system, etc. Also, as seasons change, so
may the optimum em and F/M for maximum wastewater treatment
ef f iciency. Therefore, it is des i rable to be able to operate
across a range of conditions. Obviously, trial-and-error
calculations are required to determine the least costly system.

Effect of Nitrification

Nitrification is the bio-oxidation of ammonia nitrogen and
organic nitrogen to the nitrite and nitrate forms. Compared with
processes that are designed for carbonaceous (BODS, COD) oxida
tion only, stable nitrification processes operate at long sludge
ages (em) and low food-to-microorganism ratios (F/M). Also,
ni trif ication processes are often preceded by other processes
that remove much of the BODS and SSe As a result, activated
sludge in a ni trif ication mode generally produces less waste
activated sludge than conventional activated sludge processes.
However, there is an additional component to nitrification
sludge, the net yield of nitrifying bacteria, YN' This may be
estimated at 0.15 pounds SS per pound of total Kjeldahl nitrogen
(organic plus ammonia) removed (37). YN varies with temperature,
pH, dissolved oxygen, and cell residence time. However, detailed
measurements of YN are not ordinarily required for sludge
facility design because the yield of nitrifying bacteria is
small. For example, if YN is 0.15 and if the nitrifying process
removes an ammonia nitrogen concentration of 20 mg/l and an
organic nitrogen concentration of 10 mg/l then nitrification
would add 0.15 x (20+10) = 4.5 milligrams of nitrifying bacteria
per liter of wastewater (38 pounds per million gallons). These
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quantities are small compared to other sludges. In single-stage
nitrification processes, the sludge production figures must also
include the solids produced from the carbonaceous oxidation,
computed at the em and F/M of the nitrifying system.

Effect of Feed Composition

The type of wastewater that is fed to the activated sludge
process has a major influence on the gross yield (Y) and
decay (kd) coefficients. Many industrial wastes contain
large amounts of soluble BODS but small amounts of suspended
or collo id al sol id s . Thes e was tes norma lly have lowe r Y
coefficients than are obtained with domestic primary effluent.
On the other hand, wastes with large amounts of solids, relative
to BODS' either have higher Y coefficients or require adjustments
to reflect the influent inert solids. Even among soluble wastes,
different compositions will cause different yields.

Effect of Dissolved Oxygen Concentration

Various dissolved oxygen (DO) levels have been maintained in
investigations of activated sludge processes. Very low DO
concentrations--for example, O.S mg/l--in conventional activated
sludge systems do appear to cause increased solids production,
even when other factors are held constant (38). However,
there is vigorous disagreement concerning solids production at
higher DO levels. Some investigators state that use of pure
oxygen instead of air reduces sludge production. This is
attributed to the high DO levels attained through the use of pure
oxygen (39,40). Other investigators in recent well-controlled
investigations have concluded that if at least 2.0 mg/l DO is
maintained in air-activated sludge systems, then air and oxygen
systems produce the same yield at equivalent conditions (such as
food-to-microorganism ratio) (41, 42).

Effect of Temperature

The coefficients Y (gross yield) and kd (decay) are related to
biological activity and, therefore, may vary due to temperature
of the wastewater. This variation has not been well documented
in pilot studies and process investigations. One study obtained
no significant difference due to temperature over the range
39° to 68°F (4°to 20°C) (33). However, others have observed
significant differences within the same temperature range.
Sometimes a simple exponential ("Arrhenius") equation is used for
tempera ture correct ions to Y and kd' For ins tance, it has been
stated that chemical and biochemical rates double with an 18°F
(10°C) rise in temperature. Exponential equations have been
found to be accurate for pure cultures of bacteria, but are quite
inaccurate when applied to Y and kd for the mixed cultures
found in real activated sludges (43, 44).
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For the design engineer, the following guidelines are recommended
until such time as process investigations and research efforts in
this area provide more consistent and reliable information:

• Wastewater temperatures in the range of from 59° to 72°F
(15° to 22°C) may be considered to be a base case. Most
of the available data are from this range. Wi thin this
range, there is no need to make temperature corrections.
Any variations in process coefficients across this
temperature range are likely to be small in comparison to
uncertainties caused by other factors.

• If wastewater temperatures are in the range of from 50°
to 59°F (10 0 to 15°C), the same kd value as for 59° to
75°F (15° to 22°C) should be used, but the Y value should
be increased by 26 percent. This is based on experiments
that compared systems at 52°F (11°C) and 70°F (21°C). In
these tes ts, kd was the same, bu t Y was 26 percen t
higher. (On a COD basis, Y was found to be 0.48 at 38°F
[11 ° C] and O. 38 a t 5 6° F [ 21 ° C]) ( 4 5) .

• If wastewater temperatures are below 50°F (10°C),
increased sludge production should be expected (46), but
the amount of increase cannot be accurately predicted
from available data. Under such conditions, there is a
need for pilot-scale process investigations.

• If wastewater temperatures are above 72°F (22°C), values
of the process coefficients from the range 59° to 72°F
(15° to 22°C) may be used for design. The resulting
design may be somewhat conservative.

Effect of Feed Pattern

Various feed patterns for the activated sludge process include
contact stabilization, step feeding, conventional plug-flow, and
complete-mix. For design purposes, it appears to be best to
ignore the feed pattern when estimating solids production.

Computing Peak Rate of Waste-Activated
Sludge Production

Peak solids production occurs because of unfavorable combinations
of the elements in Equations 4-1,4-3, and 4-4, presented
previously:

(4-1)

(4-3)
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(4-4)

All of these equations predict that solids production (P x )
increases with increases in sr and F/M and decreases with
increases in the mass of organisms and Gm. Also P x increases
if the gross yield coefficient (Y) increases or if the decay
coef f ic ient (kd) decreases. Each of these factors that tend to
increase P x will occur, within limits, in practice. To compute
peak solids production, the following conditions should be
assumed:

• Peak substrate removal (sr). If high efficiency of
biological wastewater treatment is maintained at peak
pollutant loading, then sr represents organics removal
a t max imum load. If sr is computed on a BODS removal
basis, then the maximum BODS removal should be used.
The duration of peak solids production will match the
duration of the peak load. Data have been published
for several plants showing variations in BODS loads
(12,47,48,49).

• Minimum value of Gm or maximum F/M. This allows the
operator to select Gm or F/M to obtain the best possible
effluent. The design average condition may be F/M = 0.3,
but an operator may obtain better resul ts at F/M = 0.5
for some specific conditions at a particular treatment
plant.

• Maximum likely value of Y.

• Minimum likely value of kd.

Also, a temperature allowance should be made if wastewater
temperatures below S9°F (lSOC) may occur during peak loads.

Solids inventory reductions are an additional type of non-steady
state condition that the designer should anticipate. It is
occasionally necessary for treatment plant operators to reduce
the mass of microorganisms (M) in the liquid treatment process by
wasting activated sludge. Wasting activated sludges helps the
operator to maintain a constant F/M in the face of reduced BODS
loadings. The wastewater-BODS load can drop rapidly if a
treatment plant serves vacation areas or industries. Wasting
activated sludge also allows the operator to take aeration tanks,
clarifiers, etc., out of service to limit solids on clarifiers,
and to prevent major loss of solids to the effluent and to
inhibit the growth of undesirable microorganisms such as
scum-causing actinomycetes (SO). Further, by reducing M, the
operator can more readily optimize bioflocculation, thereby
minimizing effluent solids, and can control air or oxygen
requirements.
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To accomplish the desired inventory reduction, solids handling
facilities must have the capacity to accept the wasted solids.
For wastewater treatment plants without major known BODS and SS
loading variations, allowance should be made in designing solids
processing facilities for the wasting of an additional two percent
of M per day and lasting up to two weeks. Such plants include
those serving stable domestic populations. Industrial loads
would be either small or unusually stable.

For plants wi th major seasonal variations in loads, allowance
should be made for wasting an addi tional five percent of M per
day and lasting for up to two weeks. Such plants serve resort
areas, college towns, etc. A similar allowance should be made
for plants that practice nitrification during only part of
the year. Lastly, for plants with major weekday-to-weekend
variations of over 2 to 1 in BODS load, and medium or high
food-to-microorganism ratios of over 0.3 during the high loads,
allowance should be made for a one-day sludge wasting of up to
25 percent of M. The plant should also be able to handle wasting
of five percent of M per day and lasting for two weeks. Plants
in this category serve major industrial systems, large office
complexes, schools, and ski areas.

Since inventory reductions are not generally practiced during
peak loading periods, these above-discussed capaci ty allowances
should be added to average solids production. The maximum rate
of waste-act iva ted sludge production is determined by whichever
is greater: production during peak loading or the sum of average
production plus inventory reduction allowances.

Occasionally, sludge is wasted in a pattern so that M increases
at some times and decreases at others. An example of such a
pattern is the withdrawal of WAS only during the daytime. The
Tapia, California, Water Reclamation Plant uses this pattern to
obtain good process control (51). Use of such patterns will, of
course, increase the maximum rate at which WAS must be removed.

Measurements of Sludge Yield Coefficients

pilot studies and full-scale operating records can provide
better data for establishing sludge production design criteria
than any general compilation of data from other locations.
Measurements of the sludge yield coefficients are of two basic
types. First, both the gross yield Y and the decay kd may be
determined. Second, observed net yields alone may be used.

Equations 4-1, 4-3, and 4-4 are used when the food-to
microorganism ratio FIM and the sludge age, em, may be expected
to vary in the prototype plant. To use these equations, it is
necessary to determine the two sludge yield coefficients, Y
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and kd' To establish these two coefficients, solids production
must be measured under at least two different conditions of F/M
and em' Equation 4-1 can be rearranged slightly to Equation 4-5:

Px
M

where:

s
= Y (M

r
) - kd (4-5)

Px/M = net growth rate = l/em days-I,

Ib(kg) BODS removed per day
sr/M = Ib (kg) VSS

This equation provides a basic straight-line relationship between
Px/M and sr/M. For each condition of operation, Px/M and sr/M
are calculated and plotted, and a straight line is drawn through
the points. The slope of the line is the yield coefficient (Y),
and the i ntercep t represen ts the decay coef f ic ient (kd). ( See
Figure 4-3.)
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NET GROWTH RATE CURVES (27)
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If the design conditions of srlM or ern are known and if solids
production can be measured under these conditions, then it is not
necessary to determine both Y and kd. Instead, a simple observed
net yield may be calculated. Equations 4-1 and 4-3 are easily
rearranged to show:

Yobs =

where:

= Y - kd/{sr/M) (4-6)

Yobs = net yield coefficient,

=
lb{kg) VSS produced

lb{kg) substrate (for example, BODS) removed

Net yield coefficients are often reported in the literature.
They are directly applicable only under the conditions of srlM
and em that occurred during the experiments; they are meaningless
unl ess srlM or ern are measured al so. For gathering da ta from
pilot plants or existing plants for use in establishing sludge
yield coefficients, several precautions should be exercised.
Either automatic dissolved oxygen (DO) control should be used in
the test or ample air or oxygen should be provided to ensure that
the mixed liquor DO concentration is over 2 mgll at all times.
Data from widely differing temperatures should not be plotted on
the same graph to determine Y and kd. Instead, data from each
temperature range should be used to determine Y and kd for that
range. Each condition of srlM or em should be maintained long
enough to obtain stable operation. To assure system stability,
a period of time equal to three times the sludge age should
elapse between tests. The designer should use the term INV in
Equation 4-2 to correct the effect of sidestreams. The percent
volatile content of the solids produced should be recorded. This
will be useful in computing the total solids in the sludge.

4.3.2.3 Example: Determination of Biological
Sludge Production

This example illustrates the use of yield factors and decay
factors. Figure 4-4 shows a flow diagram for a hypothetical
plant. The problem is to prepare an initial estimate of the
loading to the waste-activated sludge thickener. Table 4-5
contains information required for this calculation, including
average and maximum day loadings and activated sludge operating
characteristics. It is assumed that the thickener in this
example will have to handle the maximum-day waste-activated
sludge production. Peak loadings of shorter duration than the
maximum day production will be handled by storing the added
suspended solids in the aeration basins. For the purposes of
th i s exampl e, the sl udge treatment processe s such as digest ion,
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dewatering, disinfection, thermal conditioning, and chemical
conditioning have not been identified. Depending upon the
selection and design of the sludge treatment processes, the
recycle loads from such processes could have a significant effect
upon the quantities of waste-activated sludge and primary
sludge that must be processed. When they are known, the
degradable organics (BOD) and non-volatile fractions of the
recycle streams should be added to the substrate removal (sr)
and non-volatile suspended solids (INV) factors. Subsequent
calculations in Equations 4-1 and 4-2 are for the purposes of
obtaining a sludge mass balance, which includes the ef feet of
recycle streams.
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SCHEMATIC FOR SLUDGE QUANTITY EXAMPLE

Step 1. Determine BODS load to the activated sludge process.

Average day BODS load:

5.0 MGD x 8.34 Ib/MG x 190 mg/l x (1 - 0.35) = 5,150 Ib/day
1 mg/l
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Maximum day BODS load (similar calculation)

9.5 MGD x 8.34 lb/MG x 160 mg/l x (1 - 0.25) = 9,510 lb/day
1 mg/l

TABLE q-5

DESIGN DATA FOR SLUDGE PRODUCTION EXAMPLE

mg/l
mg/l

automatic

Food-to-microorganism
ratioa

Average
Maximum

Sludge thickener capture
efficiency

Average, percent
M~ximum day, percent

30
30

Value

95
85

0.3
0.5

65 (18 )

50 (10)

2.5
2.0

in aera-

Effluent limitations, 30
day average

BODS, mg/l
Suspended solids, mg/l

Dissolved oxygen
tion tanks

Average,
Minimum,
Control:

Temperature of wastewater
Average, degrees F

(degrees C)
Minimum, degrees F

(degrees C)
35
25

65
50

190
160

240
190

Value

5.0 (18,900)
9.5 (36,000)

Description

BODS removal in primary
sedimentation, percent

Average day
Maximum day

Suspended solids removal in
primary sedimentation

Average day
Maximum day

Influent BODS, mg/l
Average day
Maximum day

Influent flow, mgd (m 3/day)
Average day
Maximum day

Influent suspended solids,
mg/l

Average day
Maximum day

Usable test data for
solids production

alb (kg) BODS aPtlied daily
IE (kg) m~xed ~quor VSS

b Data from other plants must be used.

1 mgd ; 3,785 m3/day

Note: Maximum day influent BODs and suspended solids concentrations
reflect a dilution from average day data due to the higher
flow.

Step 2. Determine M, the mass of microorganisms.

Average: F/M =
BODS applied/day

VSS in system
= 0.3

M = 5,150 = 17,170 pounds VSSo.3
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Maximum day: F/M = O.S

M = 9,SlO = 19,020 pounds VSS
O.S

step 3. Determine Y, the gross yield coefficient, and kd,
the decay coefficient. No test data are available for this
waste, so estimates must be made from tests on other wastes.
For average conditions, use Los Angeles data from Table 4-4 (27):
Y = 0.67 pound (kg) VSS formed per pound (kg) BODS removed;
kd = 0.06 day -1.

For maximum conditions, use minimum temperature of 36°F (lOOe),
which produces the maximum Y value. Use the correction from
Section 4.3.2.2, which increases Y by 26 percent.

Ymax = 0.67 x 1.26 = 0.84; do not adjust kd

step 4. Determine sr (substrate removal) in units to match Y.

Average daily substrate removal:

BODS applied
Effluent BODS (assume 10 mg/l*

BODS in effluent)

Maximum daily substrate removal:

BODS applied
Effluent BODS (assume 10 mg/l*

BODS in effluent)

S,lSO Ib/day
- 420 Ib/day
4,730 Ib BODS removed/day

9,SlO Ib/day
- 790 Ib/day
8,720 Ib/BODS removed/day

step S. Determine P x , the biological solids production. Use
Equation 4-1 from 4.3.2.2:

Px = ( Y) (s d - (kd) (M)

Average:

Ib VSS produced
0.67 Ib BODS removed

Ib BODS removed
4,730 day

- (0.06 day-I) (17,170 Ib VSS) = 2,140 Ib VSS produced/day

*Allow 10 mg/l for effluent BODS, even though the plant is
permitted to discharge 30 mg/I. Activated sludge plants can
often attain 10 mg/l effluent BODS. Sludge capaci ty should be
provided for the sludge produced under such conditions.
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Maximum day, similar calculation:

(0.84) (8,720) - (0.06) (19,020) = 6,184 Ib VSS produced/day

Step 6. Compute INV (non-volatile suspended solids fed to the
activated sludge process).

Average daily input of non-volatile suspended solids:

5.0 MGD x 8.34 Ib/MG x 240 mg/l x (1 - 0.65)(0.25*)
1 mg/l

= 880 Ib/day

Maximum daily input of non-volatile suspended solids:

9.5 MGD x 8.34 Ib/MG x 190 mg/l x (1 - 0.50)(0.25*)
1 mg/l

= 1,800 Ib/day

Step .7. Compute ET (effluent suspended solids).

Average:

5.0 MGD x 8.34 lb/MG x 10 mg/l = 420 Ib/day
1 mg/l

Maximum day:

9.5 MGD x 8.34 lb/MG x 10 mg/l = 790 Ib/day
1 mg/l

Step 8. Compute waste-activated sludge (WAST) production:

From Equation (4-2);

WAST = 2,140 + 880 - 420 = 2,600 Ib TSS/day
(1,180 kg/day)
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Maximum day:

WAST 6,184 + 1,880 - 790 = 7,274 lb TSS/day
(3,302 kg/day)

Step 9. Compute inventory reduction allowance.

Inventory reduction allowance = (0.02) (17,170) = 343 lb/day
(156 kg/day)

In the present case, the inventory reduction allowance can be
small. Allow two percent of M per day. The 343 lb/day computed
here is much smaller than the difference between the average and
maximum waste-activated sludge production (Step 8); therefore, if
capaci ty is provided for maximum solids production, then there
will be ample capacity for inventory reduction. It is not
necessary to reduce inventory during peak loads.

4.3.2.4 Interaction of Yield Calculations and
the Quantitative Flow Diagram (QFD)

The example just presented demonstrates a technique for
calculating solids production on a once-through basis; that is,
any solids associated with recycle streams were not considered in
the calculation. The QFD considers the effects of recycle
streams. Before the QFD can be constructed for biological
treatment processes, an estimate of net solids destruction or
synthesis must first be made. The relationship between solids
entering and leaving the biological unit is established via the
parameter XD, which is defined as net solids destruction per
unit of solids entering the biological unit. The data and
calculations from the prev ious des ign example allow. an ini tial
estimate of XD to be made.

For the average flow:

1. Solids leaving the biological unit = Px + INV = 2,140
+ 880 = 3,020 pounds per day'

2. Solids entering the biological unit are equal to solids
in the primary effluent, which can be calculated from the
data on Table 4-4. Primary effluent solids = (1 - 0.65)
(240)(8.34)(5.0) = 3,503 pounds per day.

3. Net solids destruction = solids in ~ solids out = 3,503
- 3,020 = 483 pounds per day (219 kg/day).

4 . 483
XD = ~503 = 0.138
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For maximum day flows:

1. Solids leaving the biological unit = 6,184 + 1,880
= 8,064 pounds per day (3,661 kg/day).

2.

3.

4 .

Solids entering the biological unit = (1 - 0.50) (190)
(8.34)(9.5) = 7,527 pounds per day (3,147 kg/day).

Net solids destruction = 8,064 - 7,527 = 537 pounds per
day (244 kg/day).

x - 537 0 07
Dmax - 7,527 = •

Once XD is known, the QFD calculation can be undertaken. After
the QFD calculation is completed, the designer may wish to make
new estimates of Pxand INV' based on information derived from
the QFD calculation. For example, if the QFO calculation shows
that recycle loads are substantial, then the designer may wish to
modify estimates of sr and INV and calculate new values of Px
and INV' as indicated in Section 3.4.

4.3.2.5 Concentration of Waste-Activated Sludge

The volume of sludge produced by the process is directly
proportional to the dry weight and inversely proportional to the
thickness or solids concentration in the waste sludge stream.
Values for waste-activated sludge concentration can vary, in
practice, across a range from 1,000 to 30,000 mg/l SS (0.1 to
3 percent SS).

An important variable that can affect waste-activated sludge
concentration is the method of sludge wasting. A number of
different methods are illustrated in Figure 4-5. Sludge solids
may be wasted from the c larif ier underflmv'. I t has been argued
that wasting solids from the mixed liquor should improve control
of the process (2,35). In this case, waste sludge is removed
from the activated sludge process at the same concentration as
the mixed liquor suspended solids, about 0.1 to 0.4 percent.
This low concentration can be a disadvantage because a large
volume of mixed liquor must be removed to obtain a given wastage
on a dry weight basis. The most common arrangement involves
sludge wasting from the clarifier underflow, because the
concentration of sludge there is higher than in the mixed liquor.
Subsequent discussions in this section are based on sludge
wasting from the clarifier underflDw.

Estimating Waste-Activat~!!_SludgeConcentration

The two primary factors that affect waste-activated sludge
concentration are the settleability of the sludge and the solids
load ing rate to the sed imentat ion tank. These two factors have
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been considered in detail in the development of solids flux
procedures for predicting the clarifier underflow concentration
of activated sludge (52).

Factors Affecti Underflow Concentration

Various factors that affect sludge settleability and the
clarifier sludge loading rate include:

• Biological characteristics of the sludge. These
character ist ics may be part ially con trolled by rna in te
nance of a particular mean sludge age or F/M. High
concentrations of filamentous organisms can sometimes
occur in activated sludge. Reduction of these organisms
through sludge age or F/M control helps to produce more
concentrated clarifier underflow.

• Temperature. As wastewater temperatures are reduced, the
maximum attainable clarifier underflow sludge concentra
tion (c u ) is also reduced as a result of increased
water density. Also, temperature can affect the setting
properties of the sludge.

• Solids flux. The solids flux is the solids load from the
mixed liquor divided by the clarifier area (for example,
pounds per day per square foot). Higher rates of solids
flux require that clarifiers be operated at lower solids
concentration.

• Limi ts of sludge collection equipment. Because of the
pseudo-plastic and viscous nature of waste-activated
sludge, some of the available sludge collectors and pumps
are not capable of smooth, reliable operation when C u
exceeds about 5,000 mg/l.

• Heavy suspended solids in the sludge. If raw wastewater,
instead of primary sedimentation tank effluent, is fed to
the activated sludge process, higher C u values usually
result. Chemicals added to the wastewater for phosphorus
and suspended solids removal may similarly affect cu.
How'ever, such addi tional solids will also increase the
solids load to the clarifiers.

4.3.2.6 Other Properties of Activated Sludge

Table 4-6 contains several reported measurements of the
composition and properties of activated sludge solids. Comparing
Table 4-6 with that of Table 4-2 for primary sludge, activated
sludge contains higher amounts of nitrogen, phosphorus, and
protein; the grease, fats, and cellulose amounts, and specific
gravity are lower.
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TABLE 4-6

ACTIVATED SLUDGE CHARACTERISTICS

Characteristic
Range of

values Typical v_a_l_u_e '__C_o_rnm_e_n_t_s__ Reference

pH

Heating value, Btu/lb (kJ/kg)

Specific gravity of individ
ual solid particles

Bulk specific gravity

Color

COD/VSS ratio

Carbon/nitrogen ratio

Organic carbon, percent by
weight of dry solids

Nitrogen, percent by weight
of dry solids (expressed
as N)

Phosphorus, percent 'by weight
of dry solids as P205
(divide by 2.29 to obtain
phosphorus as P)

Potassium, percent by weight
of dry solids as K20
(divide by 1.20 to obtain
potassium as Kl

Volatile solids, percent by
weight of dry solids ,(per
cent ash is 100 minus
percent volatile)

volatile solids (continued)

Grease and fat, percent by
weight of dry solids

Cellulose, percent by weight
of dry solids

Protein, percent by weight
of dry sol ids

6.5 - 8

17 - 41
23 - 44

4.7 - 6.7

2.4 - 5.0

3.0 - 3.7

2.8 - 11

0.5 - 0.7

61 - 75

62 - 75
59 - 70

5 - 12

32 - 41

5.5

6,540
(15,200)

1. 08

1.0 + 7 x 10-8 x C

Brown

2.17

12.9
6.6

14.6
5.7
3.5

5.6

6.0

7.0

4.0

0.56
0.41

63

76

88

81

7

Can be less in high puritv oxygen
systems or if anaerobic decom
position begins.

Baltimore, Maryland

Increases with percent volatile
content

C is suspended solids concentra
tion, in mg/1.

Some grayish sludge has been
noted. Activated sludge becomes
black upon anaerobic decomposi
tion.

Baltimore, Maryland
Jasper, Indiana
Richmond, Indiana
Southwest plant, Chicago, Illinois
Milwaukee, Wisconsin (heat dried)

Zurich, Switzerland
Four plants

Zurich, Switzerland
Chicago, Illinois
Four plants
Milwaukee, Wisconsin

zurich, Switzerland
Chicago, Illinois
Four plants
Milwaukee, Wisconsin

Zurich, Switzerland
Chicago, Illinois
Milwaukee, Wisconsin

Zurich, Switzerland

Four plants
Renton, Washington (Seattle Metro),

1976 average

San Ramon, California (Valley Com
munity Services District), 1975
average

Central plant, Sacramento County,
California, July 1977 - June
1978 average'

Ether extract

Includes lignin

53, 54

55

56

57

58

55
55
55
55
55

28
55

28
59
55
59

28
59
55
59

28
59
59

28
58
60
55

61

60

61

--~-----------,--_._---_..

Several types of microorganisms are present
in activated sludge. Floc-forming (zoogleal)
species of ~ooglo~~, pseudomonas, Arthrobacter,
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Activated sludge also contains filamentous microorganisms such as
Sphaerotilus, Thiothrix, BaciJ,.lus, and Beggiatoa (62). Various
protozoa are present, including ciliates and flagellates.

4.3.3 Trickling Filters

Trickling filters are widely used in municipal wastewater
treatment. This section covers trickling filters that are used
with c lari f iers. When a clari f ier is not used, the tr ickl ing
filter effluent is usually fed to an activated sludge process.
Refer to Section 4.3.5 for such combinations.

4.3.3.1 Computing Trickling Filter Sludge
Production - Dry Weight Basis

Trickling filter microorganisms are biochemically similar to
microorganisms that predominate in activated sludge systems.
Consequently, solids production from trickling filters and from
activated sludge systems is roughly similar when compared on
the basis of pounds of solids produced per pound of substrate
removed. There are differences between the two systems, however,
with respect to solids production prediction methodology and the
pattern of sludge wasting. Attempts have been made to develop
solids production models consistent with biological theory
(47,63,64). However, presently (1979), empirical methods are
usually used for design purposes. Table 4-7 presents sludge
yields observed at several treatment plants and from one
long-term pilot study. These data are primarily based on heavily
loaded f il ters.

Equations that relate the production of suspended material in a
trickling filter can be developed in a form similar to that used
in predicting activated sludge production. The main difference
lies in the term used to define the quantity of microorganisms
in the system. In long-term studies of trickling filter
performance, Merrill (64) assumed that the total mass of micro
organisms present in the system was proportional to the media
surface area. The resulting equation for volatile solids
production was:

(4-7)

where:

Px = net growth of biological solids (VSS), pounds per day or
kg per day;

Y' = gross yield coefficient, pound per pound or kg/kg;

kd = decay coefficient, day-I;
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sr = substrate (for example, BODS) removed, pounds per day
or kg/day = BODS in minus soluble effluent BODS;

Am = total media surface area in reactor, square feet or
s q m.

Plant

Stockton, Californiah
Average of 13 months
Highest month

Lowest month

Sacramento, Cali fornia
h

9 noncanning months
Avera.ge
Highest month

canning months
Average

Dallas, Texas
Dallas, Texas
Livermore, California
San Pablo, California
seattle, Washington]

dSolids production includes both waste sludge (clarifier underflow) and clarifier effluent solids.

bpaunds volatile suspended solids (VSS) per pound BODS removed (same as kg/kg). BODS removal based
on total (suspended plus dissolved) measurements.

cpounds VSS per pound BODS removed. BODS removal based on influent total minus effluent soluble (IT-ES)
meaSurements.

dp0unds VSS per pound chemical oxygen demand (COD) removed. COD removal based on influent total
minus effluent soluble measurements.

epounds total suspended solids (55) produced per pounds 55 applied.

fPounds VS5 produced per pound VSS applied.

gPounds total BODS applied per day per 1,000 cubic feet of media.

hStocktOll and Sacramento plants have heavy industrial loads about August to October from fruit and
vegetable canneries.

iRoughing filter. For BODS basis, BODS removal was computed by B005,i'1 minus (0.5 times unsettled
BOOS, out) . 1971 average data.

jpilot studies. 55 basis was found to describe data well over a wide range of loadings. Wastewater
included some industrial load and recycle liquors from dewatering digested sludge.

The production
sludge handling

of
may

trickling filter
be expressed:

sludge requiring subsequent

WTFS = Px + INV

where:

(4-8)

WTFS = waste
day or

trickling
kg/day;

filter sludge production, pounds per
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INV = non-volatile suspended solids fed to the process,
pounds per day or kg/day;

ET = effluent suspended solids, pounds per day or kg/day.

The coefficients Y' and kd for Equation 4-7 are obtained for
a particular system by computing the slope and intercept of a
line of best fit through plotted data points for ~ vs~. VSS

m m
production data for three different trickling filter media designs
are given on Figure 4-6.

Nitrification in trickling filters causes a synthesis of
nitrifying bacteria. As in activated sludge, however, the
quantity is small. A value of 25 pounds per million gallons
(3 mg/l) has been suggested for design purposes (67). This
quantity must be added to the other solids produced by the
trickling filter.

It is known that temperature and loading rate affect sludge
production: "The quantity of excess sludge produced in a
low-rate tr ickl ing f il ter is much lower than that reported for
high-rate filters or for the activated sludge process. The lower
rate of solids accumulation may be attributable to the graz ing
activities of protozoa. The activity of the protozoa is reduced
considerably at low temperatures (47)." However, there are few
data to quantify these variations.

Peak sludge loads are produced by trickling filters. These may
be due to variations in influent load, rapid climatic changes,
and/or biochemical factors that cause unusually large amounts of
biomass to peel off from the media. The term "sloughing" is used
by some authorities to include steady state as well as peak
solids discharges. Others restrict the term "sloughing" to
unusually large discharges. In any case, peak solids loads must
be considered. Table 4-8 shows some variations due to both
unusual biomass discharges and to variations in influent load.
Table 4-9, on the other hand, shows the biomass discharge alone.
Each of the three events in Table 4-9 "occurred during periods of
light organic loadings (30 to 50 pounds BOD5 per 1,000 cubic
feet per day [0.49 to 0.81 kg/m3/day]) which had been preceded
by periods in which exceptionally heavy organic loadings
(215 to 235 pounds BOD5 per 1,000 cubic feet per day [3.48 to
3.81 kg/m 3/day]) had been applied on a sustained basis (4-14
days)" (64). Table 4-9 shows that effluent solids were much
greater than influent solids. This is quite different from
average conditions, under which effluent solids were about equal
to the influent solids.

In low-rate filters especially, there are seasonal variations in
solids production. "Slime tends to accumulate in the trickling
f il ter during winter operation and the f il ter tends to unload
the slime in the spring when the activity of the microorganisms
is once again increased" (47).
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TABLE 4-8

DAILY VARIATIONS IN TRICKLING FILTER EFFLUENT,
STOCKTON, CALIFORNIA (65)

Five
Number of Average TSS, coefficientb

percent
Period mg/l of variation ratioC

--",,-,,--'.

March-July 1976
1976d 57 144 o.28 1.5

August-September 26 187 o.33 1.6
November 1976 - March

1977 51 149 o.31 1.7

aSamples are trickling filter effluent (before sedimentation),
total suspended solids, 24-hour refrigerated composites. Flow
variations within each sample population were small; that is,
ratios in this table represent mass variations as well as con
centration variations.

bStandard deviation divided by average.

CRatio of individual sample concentration to average concentration
that is exceeded by 5 percent of the samples.

dHeavy industrial load in August and September from fruit and
vegetable canneries.

TABLE 4-':9

DESCRIPTION OF SLOUGHING EVENTS (65)

Suspended solids, Flow, gpm/sq ft Applied
mg/l loading,C Media

Duration,
Influenta lb BOD5/l, 000 specific surface,

Period Influent Effluent eu ft/day sg ft/eu ft

OCtober 22-26, 1976 114 256 0.44 2.06 33 27 d

August 5-6, 1977 132 289 0.63 1.56 50 27 d

July 3l-August 5,
Gradede

1977 147 222 0.63 1.56 50
".~_."",---_.,--

alnfluent wastewater flow divided by plan area of filter.

bReeyele flow (from trickling filter effluent) divided by plan
area of filter.

cBased on influent flow.

dPlastie sheet media, 22 ft deep.

eplastic sheet media, 22 ft deep; specific surface ranged from
25 sq ft/eu ft at the top of the filter to 43 sq ft/eu ft at
the bottom.

1 gpm/sq ft = 2.46 m3/hr/m2

1 lb BOD5/l,000 eu ft/day = 0.0162 kg/m 3/day

The amount of solids requiring sludge treatment depends on
sedimentation performance, which is usually 50 to 90 percent
removal of suspended solids. Sedimentation performance is
improved by careful design, light loads, tube settlers, and
coagulation and flocculation (19,64).

4.3.3.2 Concentration of Trickling Filter Sludge

Trickling filter sludge loadings On the secondary sedimentation
tank are typically low--5 to 10 percent of observed solids loads

4-33



to activated sludge sedimentation tanks. Trickling filter sludge
also has better thickening properties than activated sludge.
Consequently, trickling filter sludge can be withdrawn at a much
higher concentration than waste-activated sludge. Concentration
data are summarized in Table 4-10.

TABLE 4-10

CONCENTRATION OF TRICKLING FILTER SLUDGE
WITHDRAWN FROM FINAL CLARIFIERS

Type of sludge

Trickling filter,
alone

Trickling filter, com
bined with raw primary

Percent dry
solids Comments

5 - 10 Depends on solids residence time
7 in trickling filter
7 Low-rate trickling filter
3 High-rate trickling filter

3 - 4
4 - 7

3 - 6

Reference

69
13
70
70
71

2

2,69

------------_._-----_._...-

The solids flux method for predicting sludge concentration may be
used with trickling filter sludge (52). This method requires
measureme nt of ini t ial sol ids se ttl ing ve loci ty vers us sol ids
concentration. Such relationships have been reported for at
least one trickling filter process (64).

4.3.3.3 Properties - Trickling Filter Sludge

Table 4-11 con tai ns a few analyses of tr ickl ing f il ter sludge
properties. The microbial population that inhabi ts a trickl ing
filter is complex and includes many species of algae, bacteria,
f ung i, protozoa, worms, snai Is, and insects. Fil ter flies and
their larvae are often present in large numbers around trickling
filters.

4.3.4 Sludge from Rotating Biological Reactors

Rotating biological reactors (RBRs) are used for the same basic
purposes as activated sludge and trickling filters: to remove
BODS and suspended solids and, where necessary, to nitrify.
The RBR process uses a tank in which wastewater, typically
primary effluent, contacts plastic media in the shape of large
discs. Bacteria grow on the discs. The discs rotate slowly on
horizontal shafts; the bacteria are alternately submerged in the
wastewa ter and exposed to air. Excess bacteria slough from the
discs into the wastewa ter. Af ter contac ting the bacteri a, the
wastewater flows to a sedimentation tank, where the excess
bacteria and other wastewater solids are removed. These removed
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solids are RBR sludge. RBR sludge is roughly similar in quantity
by dry we igh t, nu trien t conten t, and other characterist ics, to
trickling filter sludge.

TABLE 4-11

TRICKLING FILTER SLUDGE COMPOSITION

69

71
13

71
13

ReferenceComments
"'""~""". ------------------

Depends on length of storage
of sludge in filter.

See Table 4-7

Value

64 - 86

1.5 - 5

2.9
2.0

2.8
1.2

6

0.03

Property

Nitrogen, percent of total
solids

Phosphorus as P205' percent
of total solids

Volatile content, percent of
total solids

Grease, percent of total Test slime grown in primary 72
solids effluent.

Fats, percent of total solids Ether soluble. 13

Specific gravity of individ- 1.52 73
ual solid particles 1.33 2

Bulk specific gravity (wet) 1.02 13
1.025 2

Color Grayish brown 13
Black 64

A small body of published data is available on RBR sludge
production rate from full-scale municipal installations. At
Peewaukee, Wisconsin, total suspended solids production has been
reported to be 0.62 to 0.82 pounds of total suspended solids
per pound BODS (0.62 to 0.82 kg TSS/kg) removed. The final
sedimentation tank removed 70 to 83 percent of these solids as
sludge. The biological sludge alone had a concentration of 1.S
to S. 0 percent sol ids. Other investig a tions of munic ipal and
industrial waste applications have concluded that sludge produc
t ion for the RBR process amounts to 0.4 to O. S pound of total
suspended solids per pound of BODS (0.4 to O. S kg TSS/kg BODS)
removed (74,75,76).

4.3.S Coupled Attached-Suspended Growth Sludges

There are several installations of coupled attached and suspended
growth processes in the United States. These dual processes
are usually installed where nitrification is required or where
strong wastes must be trea ted. The a ttached growth reactor is
a trickling filter or a rotating biological reactor. Its role
is to reduce the load on the suspended growth process. The
suspended growth process uses an aeration tank and a final
cIa r i fie r . Flow r e c ire u 1 at ion i susu a 11y P rae tic edar0 u n d
the attached growth reactor. Several reports describe these
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processes and note that the sludge is similar to activated
sludge, both in quantity and in characteristics (5,67,68,77,78).
The sludge characterized in Table 4-12 contains some particles
of dense solids from the attached growth reactor. These
particles may improve the thickening characteristics of the
sludge (78).

TABLE 4-12

SLUDGE FROM COMBINED ATTACHED-SUSPENDED GROWTH PROCESSES

Primary sludge mixed
.:"2~~~~ological sludge

Process Location

Solids production
lb TSS produced! Percent Percent Percent
lb BODS removed ~ ..?~ol~a~~~le_ ..~_s~lidsc--__v_o_l_at_i_le__

Roughing filter plus
nitrifying activated
sludge

Livermore, California (68) 0.98 Not stated 3.3 84

Roughing filter plus
nitrifying activated
sludge

San Pablo, California (37) 1.47 78.2 Not stated Not stated

4.3.6 Denitrification Sludge

Denitrification is a biological process for the removal of
ni trate from wastewa ter. An electron donor, carbon in primary
effluent or methanol, is added to the nitrate-bearing wastewater.
Denitrifying bacteria extract energy for growth from the reaction
of nitrate with the electron donor:

Nitrate + Electron donor (reduced state) ...
Nitrogen gas + Oxidized electron donor + Energy

Denitrification has been extensively studied, and a few
denitrification processes have been built into municipal plants.
Denitrifying bacteria can grow either in a suspended growth
system similar to activated sludge or in an attached growth
system similar to a trickling filter. Sludge production for
ordinary nitrified domestic waste is roughly 300 pounds per
million gallons (30 mgjl) of wastewater treated (37).

4.4 Chemical Sludges

4.4.1 Introduction

Chemicals are widely used in wastewater treatment to precipitate
and remove phosphorus, and in some cases, to improve suspended
solids removal. At all such facil i ties, chemical sludges are
formed. A few plants apply chemicals to secondary effluent and
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use tertiary clarifiers to remove the chemical precipitates. An
example of this arrangement is the plant at South Lake Tahoe,
California. However, it is more common to add the chemicals to
the raw wastewater or to a biological process. Thus, chemical
precipitates are usually mixed with either primary sludge solids
or biological sludge solids.

The discussion below is brief because the subject of chemical
sludges and their characteristics is discussed in detail
elsewhere (79-82). A 1979 publication provides considerable
background information on theoretical rates of chemical sludge
production, as well as actual operating data from wastewater
treatment plants employing chemicals for removal of phosphorus
(7). Also, production of chemical sludges in primary sedimenta
tion is discussed in Section 4.2.2.5.

4.4.2 Computing Chemical Sludge Production 
Dry Weight Basis

Chemicals can greatly increase sludge production. The amount of
increase depends on the chemicals used and the addi tion rates.
There is no simple relationship between the mass of the chemical
added and the mass of sludge produced. It is beyond the scope of
this manual to describe in detail the chemistry associated with
the chemicals used in treating wastewater, and the various
solids-producing reactions that can occur. However, several
types of precipi tates that are produced and must be considered
in measuring the total sludge production are listed below:

• Phospha~e precipitates. Examples are AIP04 or
AI(H2P04) (OH)2 with aluminum salts, FeP04 with iron
salts, and Ca3(P04)2 with lime (79,82,83).

• Carbonate precipitates. This is significant with lime,
which forms calcium carbonate, CaC03. If two-stage
recarbonation is used, a recarbonation sludge of nearly
pure CaC03 is formed (84).

• Hydrox ide precipi ta tes. wi th iron and aluminum salts,
excess salt forms a hydroxide, Fe(OH)3 or Al(OH)3_
With lime, magnesium hydroxide, Mg(OH)2, may form; the
magnes ium comes from the influent wastewater, from the
lime, or from magnesium salts.

• Inert solids from the chemicals. This item is most
significant with lime. If a quicklime is 92 percent CaO,
the remaining e igh t percent may be mos tly inert sol ids
that appear in the sludge.. Many chemicals supplied in
dry form may contain significant amounts of inert solids.

• Polymer solids. Polymers may be used as primary
coagulants and to improve the performance of other
coagulants. The polymers themselves contribu te 1 it tIe
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to total mass, bu t
efficiency with a
production .

they can greatly improve clarifier
concomitant increase in sludge

• Suspended solids from the wastewater. Addition of any
chemical to a wastewater treatment process affects
process efficiency. The change in sludge production must
be considered.

Quantities of the various precipitates in chemical sludges are
determined by such conditions as pH, mixing, reaction time, water
composition, and opportunity for flocculation.

Chemical sludge production, like the production of other sludges,
varies from day to day. The variation depends strongly on
chemical dosage and on wastewater flows. If the chemical dosage
is about constant in terms of milligrams per liter of wastewater,
chemical solids production will still vary, since flows fluctuate
from day to day. Changes in wastewater chemistry may also
affect the production of chemical sludge. For example,
stormwater inflow typically has a Imler alkalinity than ordinary
was tewa ter. Dur ing storms, the product ion of chemi cal sludge
will be different from production in dry weather.

4.4.3 Properties of Chemical Sludges

Chemical sludge properties are affected mainly by the precipi
tated compounds and by the other wastewater solids. For example,
a lime primary sludge will probably dewater better than a lime
sludge con ta ining substant ial amounts of was te-act iva ted sludge
solids (80). Generally speaking, lime addition results in a
sludge that thickens and dewaters better than the same sludge
without chemicals. When iron or aluminum salts are added to raw
wastewater, the primary sludge does not thicken or dewater as
well as non-chemical sludge. Iron sludges dewater slightly more
easily than aluminum sludges (79). When aluminum salts are added
to activated sludge, the sludge may thicken much better than
non-chemical activated sludge (85,86). Anionic polymers can often
improve the thickening and dewatering properties of chemical
sludges.

For efficient chemical usage, feed rates must be adjusted to
match changes in wastewater flow and composition.

4.4.4 Handling Chemical Sludges

Most of the common sludge treatment processes can be used wi th
chemical sludges: thickening, stabilization by digestion,
incineration, etc. This section summarizes information on
stabilization and also on recovery of chemicals and by-products.
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4.4.4.1 Stabilization

Lime sludges may be stabilized by a small additional dose of
lime. Lime stabilization may also be used for aluminum and iron
sludges. The lime improves dewatering of these sludges by acting
as a conditioning agent. Chapter 6 discusses lime stabilization
of chemical sludges. Dewatered lime-stabilized sludges can
usually be buried in sanitary landfills.

Digestion of mixed biological-chemical sludges is generally
feasible. Pure chemical sludge will not digest. Studies done
in 1974 and 1978, however, note significant reductions in
digestibility as chemicals were added to sludge; the studies
investigated the addition of aluminum, iron, and polymer (87,88).

4.4.4.2 Chemical and By-product Recovery

Where lime use results in calcium carbonate formation, it may
be feasible to recover lime by recalcination. Tertiary lime
treatment, as practiced at the South Lake Tahoe, California,
plant is well suited to lime recovery; a recalcination process
has been operated there for several years. Where lime is added
to raw wastewater, lime recovery is more difficult but still
possible. Lime recovery does not reclaim all of the calcium,
as some is always lost with the phosphate, silica, and other
materials that must be removed from the system. Lime recovery
reduces but does not eliminate the amount of residue for
disposal. Feasibility of lime recovery depends on plant size,
amount of calcium carbonate formed, cost of new lime, and cost of
sludge disposal (81,82).

4.5 Elemental Analysis of Various Sludges

As a rule, almost anything can be found in sludge. This section
describes trace elements in all types of sludge. Data on
concentrations of the 74 elements found in wastewater sludge are
included in References 89-95.

4.5.1 Controlling Trace Elements

It is a basic principle of chemistry that elements are not
created or des troyed bu t chemically recombined. Therefore, the
mass of each element entering a treatment plant fixes the mass
that either accumulates within the plant or leaves it. The
mass leaving the plant does so in gaseous emissions, effluent,
a special concentrated stream, or sludge. Extracting toxic
elements from sludge appears to be impractical; source control is
the most practical way to reduce toxicants.
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Trace elements are present in industrial process waste,
industrial waste spills, domestic water supply, feces and urine,
and detergents. AdditionaL trace elements are derived from:

• Chemicals in photographic solutions, paints, hobby
plating supplies, dyes, and pesticides used in households
and commercial enterprises.

• Storm inflow (this is particularly true for lead from
gasoline anti-knock compounds).

• Corrosion of water piping, which contributes zinc,
cadmium, copper, and lead (96) •

• Chemicals used in wastewater treatment, sludge
conditioning, etc. Table 4-13 shows an analysis of
ferric chloride, which is an industrial by-product
(pickle liquor) of wastewater solids treatment.

TABLE 4-13

METALS IN FERRIC CHLORIDE SOLUTIONS (97)

constituent

Cadmium

Chromium

Copper

Iron

Nickel

Lead

Silver
Zinc

2 - 3.5

10 - 70

44 - 14,200

146,000 - 188,000

92 - 6,200

6 - 90

2
400 - 2,150

aThree different liquid sources were
analyzed (43 percent FeC13).

The quantity of toxic pollutants may be significantly reduced
by source control. At Los Angeles County, metal finishing
industries were a major source of cadmium, chromium, copper,
lead, nickel, and zinc. A source control program was developed
in cooperation with the local Metal Finisher's Association. This
program was quite successful, as shown in Table 4-14, by the
general downward trend in wastewater concentrations over time.
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TABLE 4-14

PROGRESS IN SOURCE CONTROL OF TOXIC POLLUTANTS (98)

Concentration in mgjl in influent wastewater

January-June Ju 1 '.t'- December January-June
~1_97_5 1_9_75_ 1976

July-September October-December
1976 ---'1=9"'-76:-

Wastewater
pollutant

Cadmium
Chromium
Copper
Lead
Nickel
Zinc

0.037
0.70
0.45
0.40
0.31
1. 55

0.031
0.73
0.45
0.31
0.33
1. 4 8

0.029
0.78
0.45
0.34
0.35
1. 37

0.033
0.61
0.33
0.28
0.34
1. 41

0.027
0.47
0.34
0.32
0.27
1. 29

January
1977

0.019
0.43
0.30
0.34
0.21
1.17

Note: Data for Joint Water Pollution Control Plant, Los Angeles County,
California; weekly composite samples. (13).

Occasionally, elements can be converted from a highly toxic form
to a less toxic form in wastewater treatment. Chromium is a good
example of this. In its hexavalent form, it is highly toxic, but
may be converted to the less toxic trivalent form in secondary
treatment.

4.5.2 Site-Specific Analysis

The elemental composi tions of various sludges differ from one
another. I f sludges are to be reused, they should be analyzed
for a number of elements. The importance of site-specific
analysis of sludges varies with the size of the project,
regula tory requi rements, industrial act ivi ty, and the type of
reuse desired. A sampling program should recognize that:

• One plant's sludge may have 100 times or more of a
certain element than another plant's.

• There may be major variations between samples at the same
plant. A single grab sample may produce misleading
results. Careful attention to sampling and statistical
procedures will tend to reduce the uncertainty. A
detailed report on such procedures is available (99).

• Estimates of trace element sludge contamination based
on wastewater analysis are usually less useful than
estimates based on sludge testing. However, if an
element can be measured in the influent wastewater and if
flow ra tes are known, then a mass load (lb or kg per day)
may be computed. For purposes of estimating sludge
contamination, it is reasonable to assume that large
trace amounts of cadmium, copper, and zinc appear in the
sludge. Analyses of sludge and supernatant samples from
a facul tative sludge lagoon have shown that there is a
tendency for nickel and lead to be gradually released
from the sludge to the liquid phase (97).

• Sludge samples should be analyzed for percent solids
and percent volatile as well as for trace elements.
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4.5.3 Cadmium

Because it is often found in amounts that limit sludge reuse as a
soil conditioner, cadmium is a critical element. If sludge
containing cadmium is applied to agricultural cropland, some
cadmium may enter the food chain. It has been argued, with
much controversy, that the normal human dietary intake of cadmium
is already high in comparison to human tolerance limits and
that sources of additional cadmium should be strictly limited
(100,101). Table 4-15 summarizes reports on cadmium in sludge.

Chapter 18 includes a discussion of the control of sludge
application rates for the purpose of limiting cadmium levels in
soil and crops. Additional information on this subject is
provided in reference 90.

TABLE 4-15

CADMIUM IN SLUDGE

Concentration, mg/dry kg
---"---,"~,-

Standard Number of

Type of sludge Location Mean deviation Median Range samples
-"".~-_.. " ......_,,-

Digested 12 U.S. cities 89 72 65 6.8 - 200 12

Heat dried 4 U.S. cities 150 200 67 15 - 440 4

Anaerobic Various U.S. 106 16 3 - 3,410 98

"Other" Various U.S. 70 14 4 - 520 57

Not stated 42 cities in England, <200 <200 - 1,500 42

Wales (7 >200)

Incinerator ash palo Alto, California 84 68 - 99

Digested Chicago (Calumet) 10 - 35

Digested waste-acti- Chicago (West-Southwest) 340 43

vated 100
Dewatered digested Seattle (West Point) 48

approximate
primary

Cincinnati (Millcreek) l30
a 1.5lb 25

Digested

Several U.S. cities 30 15 20 20
Raw
Digested About 25 U.S. cities c 75 104 31 9 - 550 80

Raw primary Los Angeles (Hyper ion) 39

Mesophilic digested Los Angeles (Hyper ion) ~ 140
Thermophilic digested Los Angeles (HyperlOn) 120

Waste-activated Los Angeles IHyperion)c 110

Anaerobically digested Chatham, OntarioC 2.6 1.4 1.8 - 10 225

chemical and waste-
activated (3.9 per-
cent average solids) c 5 72 66 - 110 198

Anaerobically digested Simcoe, Ontario 78
chemical and waste-
activated (3.2 per-
cent) c 9 1 9- 7 - 12 40

Anaerobically digested Tillsonburg, Ontario
chemical and waste-
activated (4.2 per-
cent)

5d
sacramento, California 2.8 1.1 2.6 1.4 - 4.2

Raw primary
(Northeast)

2.6 1.2 - 4.5 5d
Raw primary Sacramento (Rancho 3.0 1.4

Cordova)
3.6 2.2 - 5.1 5d

Raw primary sacramento (Natomas) 3.5 1.1
5d

Raw pr'irnary and bio- Sacramento (Highland 4.1 1.3 3.8 2.8 - 5.9

filter Estates)
2.5 1.0 - 9.1 5d

Raw pr imary and bio- sacramento (County Sani- 3.6 3.3

fil ter tation District 6)
5d

Raw primary and bio- Sacramento (Meadowview) 3.1 1.0 2.6 2.3 - 4.4

filter

Ref.erence

89
89
90
90
91

92
93

102

94

95

95
95

103
103
103

103
99

99

99

97

97

97
97

97

97

aGeometric mean.

bspread factor for use with geometric mean.

cConcentrations reported on wet weight basis and converted
to dry weight basis.

dweekly composites of daily samples.
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TABLE 4-15

CADMIUM IN SLUDGE (CONTINUED)

Concentration, mg/dry _k..:.g _

Standard Number of
Type of sludge Location Mean deviation Median Range samples Reference

,.,~---

Raw primary and bio- Sacramento (City Main) 10.S 2.0 11 7.6 - 13 Sd 97
filter

Waste activated Sacramento (Arden) 5.4 2.6 6.7 2.3 - 7.7 Sd 97
Raw primary and waste- Sacramento (Rio Linda) 9.7 2.9 9.1 6.2 - 14 Sd 97

activated
Raw primary Sacramento (County 29 28 12 8.3 - 72 Sd 97

Central)
Anaerobically digested North Toronto, Ontario 29 60 104

ferric chloride

Anaerobically digested Point Edward, Ontario 8.S 1.9 61 104
chemical (mostly alum)

Anaerobically digested Newmarket, Ontario 7.S 4.2 S9 104
lime

Anaerobically digested Sarnia, Ontario 76 21 40 104
ferric chloride

--_.._--_.", , ..,.~...._--

aGeornetric mean.

bSpread factor for use with geometric mean.

cconcentrations reported on wet weight basis and converted
to dry weight basis.

dweekly composites of daily samples.

4.5.4 Increased Concentration During Processing

Toxic elements often are non-volatile solids that remain in
sludge after volatile solids have been removed. Removal of
volatile solids such as organic matter increases the concentra
tion of non-volatile components, expressed on a dry weight basis.
Table 4-16 shows this effect for four metals at one plant. This
increased concentration may be important if sludge reuse is
desired and if regulations limit reuse for sludge that contains
contaminants that exceed certain concentrations.

TABLE 4-16

INCREASED METALS CONCENTRATION DURING PROCESSING

Concentration, mg/kg dry weiqht

Element

Chrcmiurn
Copper
Nickel
Zinc
Number of samples

Raw primary sludge
(79 percent volatile)

110
200

46
620

(5)

Anaerobically digested
sludge

(68 p~rcent volatile)

160
340

63
930

(2)

Lagooned sludge
(56 percent volatile)

220
450

65
1,400

(30 )

Note: 1977 data, Sacramento County Central treatment plant, California. Anaerobic
digesters also receive thickened waste-activated sludge (metals content not
measured) .
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4.6 Trace Organic Compounds in Sludge

Several of the trace organic compounds found in sludge, for
example, polychlor ina ted biphenyls (PCBs), are toxic, slow to
decompose and widely distributed in the environment. Table 4-17
quantifies the amount of Aroclor 1254, a common PCB, found in
sludge. Three other PCBs, Aroclors 1242, 1248, and 1260, have
also been found in sludge (105,107,108). In 1970, the production
of PCBs for several end uses was halted in the United States
and was completely phased ou t in 1977. As of 1979, imports of
PCBs are prohibi ted except for a few special purposes. I t is
anticipated that these measures will help to reduce PCB levels in
sludge. However, products containing PCBs are still in use, and
these chemicals are widely distributed, so that several years may
elapse before PCBs become undetectable in sludge.

TABLE 4-17

AROCLOR (PCB) 1254 MEASUREMENTS IN SLUDGE

Average
concentration of

samples wi th
compound detected

Lagooned di.gested primary Sacramento (County 270
and waste activated Central)

Ra", pr imary and biofilter Sacramento, (City Main) 80

Sacramento (County Sani- 50
tat ion District 6)

Sacramento (Meadowview) 50

Sacramento, (Natomas) 60

Sacramento (County 80
Central)

Wet Dry
basis, basis, Number of

ug/l mg/kg samples
Samples with Year of sample

compound detected collection Reference

1976 105
1976
1976
1976

1977 97

1977

1977

1977

1977

1977

1977

3C 1977 106

1971-1972 89

1971-1972

1.6 Sa

1.5 5
a

1.8
.. a
0

3.8 Sa

2.0 Sa

2.4 Sa

3.5 5
a

4.8 30

3.9 10

9.3

90

81
110

74
120

50

10 U.S. cities

4 U.S. cities

Sacramento (Rio Linda)

Location

Hamilton, Ontario
Ki tchener. Ontario
Newmarket, Ontario
North Toronto, Ontario

Sacramento, CA (North-
east)

Raw primary and waste
activated

Digested

Heat dried

Undigested
Undigested (with AI)
Undigested (with Cal
Undigested (with Fe)

Raw primary

Sludge type

--_._-----

aWeekly composite of dai ly 5amples.

Because of the ir fat-soluble nature, PCBs tend to concentrate
in skimmings and scum at wastewater treatment plants. The
conventional procedure of introducing skimmings into the
d iges ter can cause higher concentrations of PCBs in the f inaJ.
sludge. Al terna t i ve disposal procedures for skimmi ngs, such as
incineration, can reduce this problem.

Table 4-18 presents data on three chlorinated hydrocarbon
pesticides found in sludge from several treatment plants.
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TABLE 4-18

CHLORINATED HYDROCARBON PESTICIDES IN SLUDGE (97, 106)

Average concentration in
samples with compound Total Samples with

Compound . S_lu_d..:.ge--'ty:.:.p_e •__P1_a_nt de_t_e_ct_e_d,--,Ing:::../_dr...::'i:.:..k...::g--,__s_a_Inp:.:.1_e_s__c_o-:Inp,-o_un_d_d_e_te_c_te_d_

1
2
5

3C

5
a

5
a

5
a

5
a

5
a

5
a

5
a

5
a

5
a

30

5
a

5
a4.4

5.5

0.6
19

O. B

0.4

LO
0.6

2.6
2.3
2.8
4.2

Meadowview
City Main

Arden
Rio Linda

County Central

Arden

Northeast

Arden

Northeast
Natomas
County Central
County Central

waste-activated

Lindanp

Hexachloroben zene Raw primary

Waste-activated
Raw primary

Technical-qradp rhlordane Raw primary
Raw primary
Raw· pr imary
Lagooned anaerobically di

gested primary and waste
activated

Waste- activated
Raw primary and waste

activated
Raw primary and biofilter
Raw primary and biofil ter

Hexachlorohen zpnp

All plants in Sacramento County, California.

aweekly composites of daily samples.

4.7 Miscellaneous Wastewater Solids

In addition to the primary, biological, and chemical sLudges
discussed in previous sections, there are several other
wastewater solids that must be properly .handled to achieve good
effluent, general environmental protection, and reasonable
treatment plant operat ions. These solids include screenings,
grit, scum, septage, and filter backwash.

When mixed with primary or secondary sludges, screenings, scum,
grit, and septage can interfere with the processing and reuse of
the sludge. Before mixing these wastewater solids with primary
and secondary sludges, design engineers should consider the
following:

• Screenings and scum detract from the final appearance,
and marketability, and utilization of sludges. They can
also clog piping, pumps, and mixers, and occupy valuable
space in digesters and other tankage.

• Scum presents a special problem when mixed wi th other
solids and subjected to gravity thickening, decanting, or
centrifugation. Under these conditions, scum tends to
concentrate in the sidestream and to be recycled to the
wastewa ter processes. Eventually some of this recyc led
scum is discharged to the effluent.

• Grit can block pipelines,
digesters and other tankage,
solids piping and processing

occupy valuable space
and cause excessive wear

equipment.

in
to
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4.7.1 Screenings

Screenings are materials that can be removed from wastewater by
screens or racks with openings of 0.01 inch (0.25 mm) or larger.
Coarse screens or racks have openings larger than 0.25 inch
(6 mm), whereas fine screens have openings from 0.01 to 0.25 inch
(0.25 to 6 mm). If openings are larger than 1.5 inches (38 mm),
the screens are often called trash racks.

Racks and screens are usually installed to treat the waste'vlater
as it enters the treatment plant. Racks and coarse screens
prevent debris from interfering with other plant equipment. Fine
screens remove a significant fraction of the influent suspended
solids and BODS' thus reducing the load on subsequent treatment
processes. In this regard, fine screens may act like primary
sedimentation tanks, although they do not ordinarily remove as
much of the solids as do sedimentation tanks. Fine screens are
usually protected by upstream coarse screens or racks.

4.7.1.1 Quantity of Coarse Screenings

Co a r s esc r e e n ingsareba s ic a 11y de b r is.
collected on coarse screens include rags,
pieces of lumber, rocks, tree roots, leaves,
and plastics.

Items typically
pieces of string,
branches, diapers,

The quantity of coarse screenings is highly variable, but most
plants report 0.5 to 5 cubic feet per million gallons (4 rol/m3
to 40 ml/m3 ) on average flows. Table 4-19 shows the quant i ties
of screenings reported for a number of communities. The quantity
of screenings depends on:

• Screen opening size. Generally, greater quanti ties are
collected with smaller screen openings. This was seen
most clear ly at Grand Island, Nebraska, where a change
from 0.5-inch to 1.25-inch (13 to 32 mm) openings
caused screenings production to drop from about 7 to
about 3 cubic feet per day (0.2 to 0.08 m3/day)(114).
Tests at Chicago, Illinois, and Adelaide, Australia,
showed this tendency also (13).

• shape of openings. For example, bar racks may have
openings 0.75 inch (19 mm) wide and over 2 feet (over
600 mm) long. Such a rack will pass twigs, ballpoint
pens, and other debris, that would be captured on a mesh
type screen with square openings of 0.75 inch (19 mm).

• Type of sewer system. Combined storm and sanitary
sewers produce more screenings than separate sanitary
sewers. This effect is especially pronounced where much
or all of the combined wastewater is treated during and
after storms, rather than being bypassed.
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TABLE 4-19

SCREENING EXPERIENCE (109, 110)

Rack or screen
opening, in.

3-3/8
3
3
3

1-3/8

1-1/2
1-1/2
1-1/2

1-1/2
1-1/2
1-1/2

1-1/4
1-1/4

1
1
1
1

1
1
1
1

1
1
1
1

1
1
1
1

1
1
1
1

1
1
1

7/8
7/8

3/4
3/4
3/4
3/4

3/4
3/4
3/4
3/4

1/2
1/2

Norwalk, Connecticut
New Haven, Connecticut
East Hartford, Connecticut
San Jose, California

New York, New York, Jamaica

Philadelphia, Pennsylvania, North
Oklahoma City, Oklahoma, South~ide

Cranston, Rhode Island

Taunton, Massachusetts
Meadville, Pennsylvania
Grove City, Pennsylvania

Uniontown, Pennsylvania
Fargo, North Dakota

New York, Wards Island
New York, Owls Head
Minneapolis-St. Paul, Minnesota
New York, Hunts Point

East Bay, Oakland, California
New York, Coney Island
New York, 26th Ward
New York, Tallmans Island

Bridgeport, Connecticut, West Side
New York, Rockaway
Waterbury, Connecticut
Bridgeport, Connecticut, East Side

Duluth, Minnesota
Austin, Minnesota
Fond du Lac, Wisconsin
Findlay, Ohio

Massillon, Ohio
York, Nebraska
Marion, Ohio
Gainesville, Florida

Marshalltown, Iowa
East Lansing, Michigan
Birmingham, Michigan

Boston, Massachusetts, Nut Island
Richmond, Indiana

Detroit, Michigan
New York, Bowery Bay
Hartford, Connecticut
Portsmouth, Virginia

Sheboygan, Wisconsin
Aurora, Illinois
Topeka, Kansas
Oshkosh, Wisconsin

Green Bay, Wisconsin
Manteca, California

Flow,
mgd

11. 75
8

4.0

65

48.2
25.0
8.32

3.5
2.5
0.8

3.0
2.7

180
160
134
120

98
70
60
40

17
15
15
14

12
9

7.2
7

5.2
5

5.0
5

4.0
3.8
1.5

125
6.2

450
40

39.0
9.7

8.0
8.0
7.5
6.0

10.0
1.5

Screenings,
cu ft/mil gal

0.17
l.0

1. 33
0.25

0.6

2.20
2.1

0.65

l.0
0.6
0.1

0.9
4.55

l.0
0.6
0.9
0.7

1.6
1.4
1.1
0.7

0.93
1.0

2.35
2.04

0.56
1.1

5
0.39

1.5
1.5
2.5
3.5

0.25
0.4
1.2

1.2
1.2

0.47
1.1
1.6

0.82

0.25
1. 42
1. 30
1.7

1.2
5.2

1 in. = 2.54 cm~

1 mgd = 3,785 m /day.
1 cu ft/mil g~l = 7.48 m3/1 x 10 6 m3 .
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• Operating practices. Where manual cleaning is used,
operators sometimes pass some screenings through or
a round the screens. Where automa t ic equipment is used,
the operating pattern can greatly affect removals (112).

• Length of sewer system. The volume of screenings removed
may double wi th a short, as opposed to lengthy, inter
ceptor sys tern. Th is cond it ion may be expl ained by the
fact that solids are more subject to disintegration with
a lengthy collection system (5). Wastewater pumping will
also tend to disintegrate large solids.

Screenings loads may increase dramatically during peak flows. It
is estimated that, at the East Bay Municipal utility District
plant in Oakland, California, the screenings load was about
10 times the average during peak flows. For the most part, this
plant services separate sanitary sewers, but the screenings load
is concentrated (110).

4.7.1.2 Quantity of Fine Screenings

Fine screens are usually used as an alternative to conventional
primary sedimentation to remove suspended solids. Screens
with 0.09 to 0.25 inch (2 to 6 mm) openings remove about 5 to.
10 percent of suspended solids from typical municipal raw
wastewater. If 0.03 to 0.06 inch (0.8 to 1.5 mm) openings are
used instead, about 25 to 35 percent of suspended solids may be
removed (5). Higher remova Is increase the dry we igh t and the
mo isture con tent of the screenings. For example, cons ider fine
screens that remove 25 percent of suspended solids from an
influent concentration of 300 mg/l. In this case, screenings are
630 dry pounds per million gallons (75 mg/l) of wastewater. If
the screenings are ten percent solids and weigh 60 wet pounds per
cubic foot (961 kg/m3 ), then the volume is 105 cubic feet per
million gallons (14.04 m3/1xl0 6 m3 ). This is over 25 times more
than a typical value for coarse screenings of 4 cubic feet per
million gallons (0.53 m3/1xl0 6 m3 ).

4.7.1.3 Properties of Screenings

If screenings have not been incinerated, they may contain
pathogenic microorganisms. They are also odorous and tend to
attract rodents and insects. Screenings have been analyzed
for solids content, volatile content, fuel value, and bulk
wet weight. Some of the reported values are summarized in
Table 4-20.

4.7.1.4 Handling Screenings

Screenings may be ground and handled with other sludges; direct
landfilled; and incinerated, with the ash disposed in landfill.
Table 4-21 summarizes the advantages and disadvantages of various
methods.
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TABLE 4-20

ANALYSES OF SCREENINGS

Solids content,
percent dry Volatile content,

solids percent
---,~",

20

Fuel value,
Btu/lb dry

solids
Bulk wet weight,

Ib/cu ft

60

Conunents

Coarse screenings. Fine
screenings may have
lower solids content.

References

5

10 - 20

8 - 23

6.1

17

acornputed.

80 - 90

68 - 94

96

96

86 7,820

40 - 60

53 - 67

Common values

Various plants, fine
screens, 0.03 to 0.12
inch openings

Thickened ground screen
ings from 0.75-inch
racks; after grinding,
screenings were thick
ened on a static screen
with 0.06-inch openings.

Dewatered ground screen
ings from 0.75-inch
racks; after grinding,
screenings were de
watered on a rotating
drum screen with 0.03
inch openings.

Fine screenings

21

13

113

113

114

1 Btu/lb dry solids = 2
3

32 kJ/ dry solids.
1 Ib/cu ft = 16.03 kg/rn .
1 in. = 2.54 ern.

Some fecal solids accompany the larger materials such as rags and
twigs. For this reason, as well as to save labor time and cost,
it is desirable to mechanize screenings handling. Also, where
coarse screen ings are landf illed or i nci nera ted, it is des irable
to use the largest rack opening that will adequately protect
downstream processes. This Hill minimize the quantity of
screenings that must be handled separately.

Screenings may be transported pneumatically (116), in sluiceways,
on conveyors, and in cans, dumpsters, or covered trucks.
Screenings-wa ter mixtures that are ground may be pumped. For
thickening and dewatering, fine static screens, drum screens,
centrifuges (113), and drum or screw presses may be used.
Chemical conditioning is not required.

4.7.1.5 Screenings from Miscellaneous Locations

Screens are occasionally used on streams other than influent
wastewater. For instance, when it is fed to a trickling filter,
primary effluent may be screened to prevent clogging of orifices
in the distributor on the trickling filter (109). At one heavily
loaded plant where regular influent screening equipment was
partially bypassed, screens installed in aeration basin effluent
channels, chlorine contact tank outlets, and other locations
prevented coarse, floating objects from being discharged with
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ef fluent (117). Another example occurred a t a plant where
sludge was discharged to the ocean. Fine screens were

prevent floatable materials from being discharged (118).
examples of the use of screens on streams other than

influent wastewater are the screening of overflow water from grit
separators and the screening of feed sludge to disc-nozzle
centrifuges to prevent clogging (113,119).

the
digested
used to
other

TABLE 4-21

METHODS OF HANDLING SCREENINGS

_______~Me...t_h_o.....d... __......•.. Disadvanta~e.: ...

1. Comminution within main wastewater stream;
handle comminuted screenings with
other wastewater solids, e. g., primary
sludge

Advantages. /0 --"---'----,.--------~

Hlghly mech~'Il.lzed, low operatJ.ng labor re- Sludge contain's screenings, which may inter-
qUiremer~t, fer with public acceptance for reuse of

sludge as a soil amendment.
Minimize~ number of unit operations Sludge probably needs further maceration or
Usually free of nuisance from flies and screening if it is to be pumped or

odors thickened in a disc centrifuge.
Widely used, familiar to plant operators If sludge is to be digested, digesters must

be cleaned more often. Plastics and
synthetic fabrics do not decompose in
digesters. Aggravates digester scum pro
blems. Ground screenings tend to
agglomerate in digesters.

Not appropriate if suspended solids removal
is required (fine screens).

Not appropriate for very large screenings
loads, especially if high grit loads are
also present (large plants, combined
sewers)

2. Removala from main stream, grinding or
maceration, and return to main stream

Similar to Method 1, except more complex
mechanically

Similar to Method 1, except Method 2 can be
designed for very large flows and screen
ings loads. Method 2 is more expensive
than Method 1 for small screenings loads.

3. Removal a from main stream, draining or
dewatering, landfi 11

Keeps screenings out of other sludges;
avoids di sadvantages of Methods I and 2.

Can be fairly well mechanized.

Transport of screenings may be difficult.
Unless carefully designed and operated,

causes fly and odor nuisances and health
hazards.

Regulations for landfill disposal may strongly
affect operations.

4. Removal a from main stream, dewatering,
incineration, landfill of ash.

Keeps screenings out of other sludges;
avoids disadvantages of Methods I and 2.

Ash is very small in volume and easy to
transport and dispose of.

If incineration is used for other sludges
and/or grit, then screenings can be
added at modest cost.

Pathogen kill

High cost if an incinerator is required for
screenings alone.

Unless incinerator is properly designed and
operated, air pollution (odor and partic
ulates) will be serious.

Not well adapted to wide fluctuations in
screenings quanti ties. unless screenings
are only a small part of the total in
cinerator load.

5. Anaerobic digestion of fine screenings
alone (not mixed with other
solids)

Digestion was tested at large scale at
MilWaukee, Wisco:1sin, but found to be
impracticaL. (115)

6. Anaerobic digestion of screenings
together with scum but separate
from other sludges

Tested at Malabar plant, Sydney, Australia,
, but found to be inoperable. Material

handling was the chief difficulty.

aMechanical removal is usually practiced at large plants. Manual removal is frequently used at small plants. The advantages
of manual removal are simplicity and low capital cost; the disadvantages are high operating labor requirements and fly and odor
problems. A common arrangement at small plants is to install a single comminutor with a manually cleaned bar rack as a standby unit.

4.7.2 Grit

heavy, coarse solids associated with raw
be removed from wastewater before primary

major processes. Alternatively, it may be

of
may
other

It
Grit is composed
wastewater.
sedimentation or

4-50



removed from primary
from the wastewater.
sand, cinders, nails,
bottle caps.

sludge after the primary sludge is removed
Typical ingredients of grit are gravel,

grains of corn, coffee grounds, seeds, and

4.7.2.1 Quantity of Grit

The amount of grit that is removed varies tremendously from one
plant to another. Table 4-22 shows grit quantities measured at
several plants. Additional values have been published elsewhere
(5,109). The quantity of grit depends on:

• Type of collection system. If a system is combined, then
street sanding, catch basin maintenance, and amount of
combined sewer overflow become important.

• Degree of sewer system corrosion. Grit may include
products of hydrogen sulfide corrosion derived from the
pipes (122).

• Scouring velocities in the sewers. If scouring
velocities are not regularly maintained, grit will build
up in the sewers. Dur ing peak flows, the gri t may be
resuspended, and the treatment plant may receive heavy
loads during peak flows.

• Presence of open joints
These permit soil around
This effect also depends
groundwater levels.

and cracks in the sewer system.
tfie~prpes f~~e~tertfi~sewer~.

upon so il charac teri st ics and

• Structural failure of sewers. Such failures can deliver
enormous amounts of grit to the wastewater system.

• Quantities of industrial wastes.

• Degree to which household garbage grinders are used.

• EfficiencLof_Cl~it removal at the treatment plant (5).

• Amount of septage.

• Occurrence of construction in the service area or at the
treatmentplan~.

It is not possible to develop a formula which allows for all
these factors. Cautious use of available information is,
therefore, recommended. It is important to recognize that
extreme variations occur in grit volume and quantity. A generous
safety factor should be used in calculations involving the
storage, handling, or disposal of grit (5). In a new system
where there are separate sanitary sewers and favorable conditions
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such as adequate scouring velocities, an allowance of 15 cubic
feet per million gallons (2 m3/1xl0 6 m3 ) should suffice for
maximum flows. On the average, the quantity of grit in waste
water will usually be less than 4 cubic feet per million gallons
(0.53 m3/1xl0 6 m3 ) for separate sewer systems, (5) but
higher values have been observed (see Table 4-22).

TABLE 4-22

GRIT QUANTITIES

Plant

Santa Rosa, California (Colle'le
Avenue)

San Jose, California

Manteca, California

Santa Rosa, California (Laguna)

Seattle, Washington (West Point)

Dublin-San R~~on, California

Los Angeles, California
(Hyperion)

Livermore, California

Gary, Indiana

Renton, Washington

~)uant i ty,
eu ft/mil '.Jal

O.HH
0.3
1.4

2.5

562
3.2
9.5

5.0
2.1

10.7

2.6

11. 2

7

2

1.0

0.3
2.4

8.6
89

1.7

4.1

7.0

Comments

l\ve rutjc. separate sewers.
Minimum month
Maximum month

Separate sewers. Older removal
systems removed less grit (0.3
and 1.4 eu ft/mil gal)

Average. Sc~aratc scwcr~.

Minimum month
Maximum month

Average. Separate sewers.
Minimum month
Maximum month

Average. Combined storm and sani
tary sewers.

Maximum day

Average. Separate sewers.

1973 average. Separate sewers.

Average over 24 months. Separate
sewers.

Lowest month
Highest month

Annual average. Combined sewers.
Highest value on test runs.

Average over 19 months before im
provements to grit removal equip
ment. Separate sewers.

Average over 12 months after im
provements.

Maximum month, following improve
ments.

kefcrchces

110

IHI

110

110

110

120

99

68

110
121

119

1 eu ft/mil gal

4.7.2.2 Properties of Grit

Grit has been analyzed for moisture, volatiles content, specific
gravity, putrescibility, (123) particle size, and heating value.
All of these depend on the kind of sewer system and the method
of grit removal and washing.
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The moisture content of grit is reported as ranging from 13 to
65 percent, and the volatiles content from 1 to 56 percent (109).
Specific gravity of grit particles varies; values from 1.3 to
2.7 have been reported (109). The range for volatile solids was
8 to 46 percent (123). Particle size for grit removed from five
plants is shown in Table 4-23, along with an analysis of digester
bottom deposits ..

TABLE 4-23

SIEVE ANALYSIS OF GRIT

percentage retained

Digester deposits,
Sieve opening, Green Bay, Kenosha, Tampa, St. Paul, Renton, Renton,

d
Los Angeles.

Sieve sizea
Wisconsin Wisconsin Florida Minnesota Washington

c
Washington California

4 4.76 1 - 7 2.5 - 13.5 o - 0.5
8 2.38 5 - 20 2.8

10 2.08 3.7 12 19.5 - 34.5 2 - 11

12
b

1. 41 7.3

~~b
0.84 9.1 12 - 53 50 - 74.5 10 - 41
0.60 28.3

40 0.42 19.8 70 71 - 88.5 27 - 62
50 0.30 29.6 2.3 20 - 67
60 0.25 90.5 - 94 60 - 76.5

6S
b

0.21 51. 7 59
80 0.18 95

100 0.149 78.2 59.3 97 - 99.9 97.5 85 - 92

150
b

0.105 77 .6
200 0.074 96.1 99.5 99.5 95 - 98 84.9

Source (109) (109) (109) <l09) (119) (119) (118)

a u . s . series, except as noted.

bTyler s€:t-ies sieve.

coried at 103°C. Four tests. Volatile contents 34 to 55 percent.

d same samples as previous column, ashed at 550°C and resieved.

Grit quality can be varied to some extent. If a "clean" grit
with very low putrescibility is desired, it may be obtained by
grit washing and operational adjustments to the grit removal
system. However, such operations may make it impossible to
remove fine sand (of less than 0.08 inch [0.2 mm]). For example,
if a separate grit washer is used, fine sand may be recycled' in
the wash water. If it is essential, fine sand can be removed
with high efficiency. However, the sand will be accompanied by
large amounts of putrescible solids. A compromise between
cleanliness of grit and high removals of fine particles is
necessary (124). If good washing equipment is used, operators
can often remove significant quantities of fine materials without
sacr i f ic ing c le anl iness . Gr i t should be regarded as containing
pathogens unless it has been incinerated.

4.7.2.3 Handling Grit

The first
from the

step in grit handling is
rna in stream of was tewa ter.
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4.7.3 Scum

Scum is the material that floats on wastewater, except where
flotation is involved. In a flotation unit, scum is incorporated
into the float. Scum may be removed from many treatment
units including preaeration tanks, skimming tanks, primary
and secondary sedimentation tanks, chlorine contact tanks,
gravi ty thickeners, and digesters. The term "skimmings" refers
specifically to scum that has been removed.

4.7.3.1 Quantities of Scum

Quantities of scum are generally small compared to those of such
wastewater solids as primary sludge and waste-activated sludge.
Table 4-24 lists some properties and quantities of scum. The
data in this table are based on scum from primary sedimentation
tanks. Scum is often removed from secondary clarifiers and
chlorine contact tanks, but there is almost no available data on
the quantities removed.

Although there is some data on the quantity of grease removed
during wastewater treatment, grease loads are not indicators of
scum quantities. As shown in Tables 4-2 and 4-3, the grease
content of primary sludge can exceed 25 percent of the total
solids. In biological sludges, it can be over ten percent.
Since the quantities of these sludges are usually large compared
to the amount of scum, it can be assumed that most of the grease
is in the sludge, not in the scum. Typically, the grease content
of raw domestic wastewater is 100 mg/l (2), but the largest
amount of scum indicated in Table 4-24 is 17 rng/l, and in many
instances, the amounts are lower. At one plant, it was estimated
that only five percent of grease was removed in the /scum. The
remainder was in the primary sludge (131).

Scum production is influenced by:

• Wastewater temperatur~~ dissolved s?lids, and pH.

• Design and operation of grease traps at commercial
~i t:cl],ens, gas stations.' and industries.

• Amount and character of septage that is mixed wi th the
wastewater.

• Habi ts of residential population and small businesses.
(Spent motor oil and cooT€ing fat are likely to

H

5e removed
as scum if they reach the sewers.)

• Preaeration and pr~~hlorination.
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• Efficiency of upstream processes in removing colloidal
grease. Th is is true for chlor ine con tact tank scum,
since chlorin~ breaks emulsiohs, allowing grease
particles to coalesce and float. Chlorine dose and
mixing may also affect contact tank scum.

• Scum that is returned from sludge handling. Anaerobic
d ige s ters usually have a s cum layer. Recyc led diges ter
supernatant may carry portions of this scum back to the
influent wastewater. Similarly, scum may be returned in
sidestreams from gravity thickening and centrifugation.

• Scum removal equipment effectiveness. Some arrangements
produce better removal efficiencies than others. Also,
some arrangements produce a scum with a high solids
content and, therefore, a small volume.

• Tendency of sludge solids to float_~~edimentation tanks
due to formation of gas bubbles.

• Process unit from which scum
sedimentation is used, most
removed there. Amounts of scum
and chlorine contact tanks
comparison.

• Actinomycete growths in activated sludge (50). These
growths may cause large amounts of solids to float in the
clarifers.

At existing treatment plants, it is often possible to
scum quant i ties from such data as scum pump operating
the frequency with which scum pits must be emptied.
calculations should always allow for large variations in
of scum.

estimate
hours or

Design
quantity

4.7.3.2 Properties of Scum

Table 4-24 contains information on. the solids content, volatile
content, fuel value, and grease content of scum. Scum usually
has a specific gravity of about 0.95 (110).

Varying quantities of vegetable and mineral oils, grease, hair,
rubber goods, animal fats, waxes, free fatty acids, calcium and
magnesium soaps, seeds, skins, bits of cellulosic material such
as wood, paper or cotton, cigarette tips, plastic and pieces
of garbage may comprise scum (110). When gases are entrained in
particles of primary and secondary sludge, these particles become
components of scum (126). At 6ne plant, ~ variation in scum
consistency was noted. At 36°F (10°C), the scum was a congealed,
clotty mass. At 54°F (20°C), it flowed freely, in a manner
similar to that of four percent combined thickened sludges (126).
Scum should not be stored for more than a few days because the
grease will begin to decompose, with a resulting odor production.
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TABLE 4-24

SCUM PRODUCTION AND PROPERTIES

___-::R"'eference
Treatment plant

Dublin-San Ramon, Calif
ornia

Quantity
(volume) ,

gal/mil gal
of wastewater

250

Quantit~~.,~ight,~

!b/mil gal mg/I of
of wastewater wastewater

Solids,
percent

volatile
solids. percent
of total solids

Fuel value.
Btu/lb dry

solids Comments

From primary sedimentation,
domestic ....aste

120

Lower Allen Township,
Harrisburg, Pa.

Northwest Bergen County,
Oakland, New Jersey

2S

31

19 2.3

From low lime primary sedi
mentation (pH 9.4 to 9.81,
after heated thickener

From gravity t.hickener

125

126

Wichita, Kansas

0.1

From primary sedimentation.
Grease is 30 percent of
skinunings after decant
ing.

Grease balls from preaer
ation tanks.

121

121

Minneapolis-St. Paul,
Minnesota

13 ,000 From pILmary sedimentation 128

East Bay, Oakland, Cal' r_
ornia

19 82 Average, ,JulV'i'rtl~ - J1,L"11P
1970b -~

129

West Point, Seattle,
Washington

29

50

13d

. 110
60

24

19

14, 000

Maximum month
Minimum month
1965 - 1966 data

As pumped from pr imary
sedimentation tanks

As aboye. after decanting;
6.4 percent grease

from sedimentation tanks
under poor conditionsc

129
129
130

131

131

131

114

110

132From primary clarifiers.
Heavy grease load from
industry

from primary clarifiers; 133
about 80 percent of
solids are grease

From secondary clarifiers: 131
(no primary)

Primary sedimentation 134

16,750

Primary sedimentation. 13'5
Heavy industrial load.

-------_._-------

95

200Salisbury, Maryland

Three New York City plants 0.3 - S 1.2 - lS 0.1 - 2 40 - 52

Jamaica, New York City 10 1.2 48

County Sanitation Districts, 81 10
Los Angeles county, CA

Albany, Georgia 3,000 140 11 0.57

San Mateo, California

Not stated

8TwO samples. About 58 percent of nonvolatile solids was calcium carbonate.

b 91 percent of total solids were oi 1 and grease. Scum from primary sedimentation, measured after decanting
in a heated unit.

CSludge was tending to float in the sedimentation tanks. Amount shown is estimate of pumpage. Skimming
system was unable to keep up with scum production under these poor conditions.

1 gal/mil gal" m
3
/1 x 10

6
m

3
3

1 lb/mil gal so 0.12 kg/l x 10 3 m
1 Btu/ lb dry solids:: :2.32 kJ!kg

or
of

Ordinarily, scum should be seen as containing pathogens.
However, some scum handling processes may disinfect. If scum
has been heated to 176°F (80°F) for decanting, incinerated,
treated with a dose of caustic soda sufficient to produce a pH
12, few pathogens are likely to remain.

4.7.3.3 Handling Scum

advantages and disadvantages of various
disposal. Progressive 9avity-type pumps have
for pumping scum, although they are unable to

grease balls (125) unless some sort of rack or
provided. Pneumatic ejectors are suitable if

interfere wi th the ,controls. Piping should be
kept reasonably warm to minimize blockages.

Table 4-25 lists the
approaches to scum
been found suitable
handle large
disintegrator is
grease does not
glass-lined and
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TABLE 4-25

METHODS OF HANDLING SCUM

Method-----
1. Mix with other sludges, digest

aerobically.

2. Mix with other sludges, digest
anaerobically.

Landfill separately

4. Burn in open lagoon

5. Incinerate in separate "Watergrate"
furnace (Nichols) a

6. Incinerate in separate single purpose
multiple-hearth furnace a

7. Incinerate in roul tiple-hearth furnace
with other wastewater solids a

8. Incinerate in fluidized bed furnace
with other wastewater solidsa

9. Reuse for cattle feed

10. Reuse for low grade soap manufacture

11. Return to influent wastewater

Advantages

Partial decomposition occurs (134), so some
of the scum does not require further
handling.

Avoids complexity of separate handling.
Widely used

Similar to Method I, above.

Low capital cost

Very low cos t.

Very small amount of ash in slurry.

Very small amount of ash

Low incremental cost
Fuel value of scum can be used to offset

fuel requirements of other solids

Similar to Method 7.

Provides reuse, not disposal (however, do
not expect revenue

Low capital cost

Same as Method 9.

Almost zero direct cost

Highly suitable for scum from chlorine con
tact tanks, secondary clarifiers, etc.
when scum is removed from primary sedi
mentation tanks

Disadvantages

May cause grease balls to form, which must be
manually removed and disposed of, and which
may increase odors.

May cause petroleum contamination of sludge,
which will interfere with reuse.

Degrades appearance of sludge if to be re
used.

May cause scum buildUp due to return of scum
containing liquors from sludge handling to
influent wastewater.

If digester is not strongly mixed, greatly
increases cleaning requirements. (119) Di
gester cleaning is expensive and
odorous; also material still requires dis
posal.

Even if digester is well mixed, a scum blan
ket will form to some extent; therefore,
digester must be physically larger (136)

Degrades appearance of sludge if to be re
used i may cause petroleum contamination.

M.ay cause scum buildup, like Method l.
Requires good decanting to avoid pumping

excess water to the digester.

May have very high operating cost.
possible odors during storage.
Requires good decanting to minimize volume

and fluidity of scum.

Severe air pollution (128); illegal under
present laws.

High capital cost, especially for small plants
Despite low emissions, may not be acceptable

to air pollution regulators.
Problems with feed systems.

High capital cost (130)
High maintenance cost
Despite low emissions, may not be acceptable

to air pollution regulators
Requires good decanting

Requires good decanting
Requires very careful feed to the furnace;

otherwise causes high maintenance and
severe smoke problems. These problems
be avoided. (137)

Unless well decanted, can tax furnace
capacity. (126)

If scum is mixed with sludge before injec
tion into furnace, unstable operation is
likely. (126)

Toxic organic materials (e.g., DDT) tend to
concentrate in grease

Erratic market demand for waste grease (133),
it may be impossible to find anyone
that wants it.

Treatment for reuse must begin within a few
days; otherwise grease begins to decompose.

Requires good decanting because of long dis
tance transportation.

Subject to interference from act~nomycete

growths in activated sludge, which increase
the amount of solids that are not grease
but are· in the scum.

Similar to Method 9, but less serious.
Caustic soda could be added at the treat
ment plant, preventing decomposition and
probably making the material more usable
to grease reclairners, but raising operating
costs.

Slight increase in hydraulic load on the
treatment plant

Inapplicable to the main source of scum
(primary sedimentation tanks if used,
secondary clarifiers if primary tanks are
not used) .

a For further information on scum incineration, see Chapter 11, High Temperature Processes.
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Piping should be heated to a minimum of 60°F (15°C). Higher
temperatures are preferred, especially if pipe sizes of less
than four-inch diameter (100 mm) are used or if pipe lengths are
substantial. Flushing connections and cleanouts should be
liberally provided. When scum is to be incinerated, a small
amount of fuel oil should be added as a convenient means of
ensuring that the scum can be pumped (137). An in-line grinder
should be provided if decanting or incinerating is to take place
(125,137).

Decanting (s impleth ickening by flotation) is occasionally used
to increase the solids content of the scum. Decanting requires
some care in design, in order to reduce the effects of unpleasant
odor and high grease and solids content in the decanted water.
At least two manufacturers market a heated decanting unit.
Heating scum to about 180°F (80°C) greatly improves the
separation of solids from water. Thus, the decanted water will
have a lower solids and grease content, whereas the thickened
scum will contain less moisture.

4.7.4 Septage

Domestic septic tank wastes (septage) may be defined as a
partially digested mixture of liquid and solid material that
originates as waterborne domestic wastes. Septage accumulates in
a septic tank or cesspool over a period of several months or
years. Normally, household wastes derive from the toilet, bath
or shower, sink, garbage disposal, dishwasher, and washing
machine. Septage may also include the pumpings from the
septic tanks of schools, motels, restaurants, and similar
establishments. Septage is frequently discharged into municipal
wastewater systems. With careful design and operation, municipal
systems can handle septage adequately (138-140).

4.7.4.1 Quantities of Septage

For Connecticut, Kolega and others (138) estimated residential
septage at 66 gallons per capita per year (250 l/capita/yr).
Some tanks were pumped only after many years of service; others
were pumped more than three times a year. Frequent pumping was
associa ted wi th seasonally high groundwater levels. Based on
the detailed observations of three tanks, Brandes recommended
designing for a septage volume of 53 gallons per capita per
year (200 l/capita/yr) (141). Others have recommended 50 to
360 gallons per capita per year (189 to 146 l/capita/year).

4.7.4.2 Properties of Septage

Table 4-26 contains a wide range of data on various constituents
of septage. Septage may foam and generally has a highly
offensive odor (140). Settling properties are highly variable.
Some samples settle readily to about 20 to 50 percent of
their original volume, whereas others show little settling.
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Significant amounts of grit may be present (140).
concentrations of total coliforms, fecal coliforms and
streptococci have been found in septage (140,141). '

TABLE 4-26

CHARACTERISTICS OF DOMESTIC SEPTAGE (140)

Large
fecal

Parameter Meana Standard
Range a Number of

deviationa samples-_....~-

Total solids (TS) 38,800 23,700 3,600 - 106,000 25
Total volatile solids (TVS) ,

percent of total solids 65.1 11. 3 32 - 81 22
Suspended solids (SS) 13,014 6,020 1,770 - 22,600 15
Volatile suspended solids

(VSS) , percent of suspended
solids 67.0 9.3 51 - 85 15

5-day biochemical oxygen de-
mand (BODS) 5,000 4,570 1,460 - 18,600 13

Total chemical oxygen demand
(CODT) 42,850 36,950 2,200 - 190,000 37

Soluble chemical oxygen de-
mand (CaDS) 2,570 b 21

Total organic carbon (TOC) 9,930 6,990 1,316 - 18,400 9
Total Kjeldahl nitrogen (TKN) 677 427 66 - 1,560 37
Ammonia nitrogen (NHrN) 157 120 6 - 385 25
Total phosphorus (Total P) 253 178 24 - 760 37
pH (units) 6.9 c 6.0 - 8.8 25
Grease 9,090 6,530 604 - 23,468 17
Linear alkyl sulfonate (LAS) 157 45 110 - 200 3
Iron (Fe) 205 184 3 - 750 37
Zinc (Zn) 49.0 40.2 4.5 - 153 38

Aluminum (AI) 48 61 2 - 200 9
Lead (Pb) 8.4 12.7 1.5 - 31 5
Copper (Cu) 6.4 8.3 0.3 - 38 19
Manganese (Mn) 5.02 6.25 o. 5 - 32 38

Chromium (Cr) 1. 07 0.64 o. 3 - 2.2 12
Nickel (Ni) 0.90 0.59 0.2 - 3.7 34
Cadmium (Cd) 0.71 2.17 <.05 - 10.8 24
Mercury (Hg) 0.28 0.79 <.0002 - 4.0 35

Arsenic (As) 0.16 0.18 0.03 - 0.5 12
Selenium (Se) 0.076 0.074 <0.02 - 0.3 13

avalues are concentrations in mg/l, unless otherwise noted.

bsoluble COD is 6 percent of total COD.

cMedian.

4.7.4.3 Treating Septage in Wastewater
Treatment Plants

When treated at wastewater treatment plants, septage is often
mixed with the influent wastewater. In some situations, however,
it is treated or pre-treated separately. Septage may also be
added directly to the wastewater sludge. Septage is delivered
from tank trucks, loaded into the system immediately, or
temporarily stored and added gradually to the wastewater or
sludge. Holding tanks for septage are therefore recommended in
many cases.
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If septage is added
wastewater solids in
following reasons:

to wastewater,
the treatment

the quantities
plant increase

of
for

all
the

• Septage contributes to grit, scum, and screenings.

• The suspended solids in the septage may be largely
removed in primary sedimentation, increasing the amount
of primary sludge. One pilot study found 5S to 6S per
cent removals of septage suspended solids (140), but
very different values might occur under other conditions.

• In biological processes, septage increases the BODS
load and, therefore, the sludge production. Furthermore,
septage may produce as much as twice the amount of sludge
per unit BODS removed as ordinary wastewater, since the
septage has a high ratio of suspended solids tO~BODS

(140).

• Addi tion of septage increases the phosphorus load at a
treatment plant. For plants which must meet effluent
limits on phosphorus, the addition of septage will
increase the necessary chemical dose. Thus, costs and
the amount of chemical sludge will increase.

At some plants, sludge thickening and dewatering properties have
been degraded by septage, but there are few data available on the
extent of the problem, and different results are obtained at
di ff erent locations. At Shrewsbury, Massachusetts, dewa ter ing
difficulties were encountered when the septage/sewage hydraulic
ratio exceeded about 0.0033 (140). Furthermore, problems
associated with bulking activated sludge may be related to
septage (140). Bulking sludge has very poor thickening and
dewatering properties. The metals content of septage may also be
high.

4.7.S Backwash

Wastewater is sometimes filtered to remove suspended solids. As
used in this section, the term "filters" includes sand filters,
dual and mixed-media filters, and microstrainers. Solids
accumulate in filters as they are removed from the wastewater.
They are subsequently removed from the fil ters by backwashing.
The volume of backwash water is great, often several percent of
the total wastewater flow. However, the quantity of suspended
solids in backwash is normally about 300 to 1,SOO mg/l (0.03 to
O.lS percent). The dry weight load is usually small compared to
those from primary, biological, and chemical sludges.

Backwash is normally returned to the influent wastewaters and
its suspended solids are removed in wastewater processes such as
primary sedimentation and activated sludge.
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When designing a plant with filters, the following measures
should be taken to allow for backwash and associated solids:

• If the backwash is produced intermittently, as is usually
the case, then a spent backwash holding tank should be
provided. Thus, the backwash need not dras ti cally
increase the f lows to be treated. Sol ids may set tIe to
some extent in the holding tank. Therefore, washout
facilities or possibly air agitation should be provided.

• An allowance for increased flow due to recycle of
backwash should be included when sizing wastewater
treatment processes.

• Filter solids should be allowed for when primary,
biological, and chemical sludge quantities are computed.

4.7.6 Solids from Treatment of Combined Sewer
Overflows

Solids generated in the treatment of combined sewer overflows
(CSOs) may be treated separately, or discharged under non-storm
conditions to the dry-weather sludge treatment and disposal
facili ties. The volumes and characteristics of solids produced
from CSO treatment vary widely. The volume of solids residuals
evaluated in a recent study ranged from less than one percent to
six percent of the raw volume treated and contained 0.12 percent
to 11 percent suspended solids (142). The volatile content of
these sludges varied between 25 percent and 63 percent, with
biological treatment residuals showing the highest volatile
content (about 60 percent).

Pesticides and PCB concentrations in the CSO sludges have been
found to be high at some locations (142). PCB concentrations as
high as 6,570 ug/kg dry solids have been measured.

Heavy metal concentrations in the CSO sludges have been found to
vary widely. The range of heavy metal concentrations for the
sites studied in reference 142 are given in Table 4-27.

TABLE 4-27

METALS CONCENTRATIONS IN
SOLIDS FROM TREATMENT OF

COMBINED SEWER OVERFLOWS (142)

Metal

Zinc
Lead
Copper
Nickel
Chromium
Mercury

Concentration,
mg/kg dry solids

697 - 7,154
164 - 2,448
200 - 2,454

83 - 995
52 - 2,471

0.01 - 100.5
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CHAPTER 5

THICKENING

5.1 Introduction

The purpose of this chapter is to provide the reader with
rational design and operating information on which to base
decisions about cost-effective thickening processes. Thickening
is only one part of the wastewater solids treatment and disposal
system and must be integrated into the overall treatment process,
so that performance for both liquid and solids treatment is
optimized and total cost is minimized (1-3).

5.1.1 Definition

Thickening is defined in this chapter as removal of water from
sludge to achieve a volume reduction. The resulting material is
still fluid.

5.1.2 Purpose

Sludges are thickened primarily to decrease the capital and
operating costs of subsequent sludge processing steps by
substantially reducing the volume. Thickening from one to
two percent solids concentration, for example, halves the sludge
volume. Further concentration to five percent solids reduces the
volume to one-fifth its original volume.

Depending on the process selected, thickening may
provide the followi ng benef i ts: sl udge blend ing, sl udge
equalization, sludge storage, grit removal, gas stripping,
clarification.

5.1.3 Process Evaluation

Although it is good design practice to pilot thickening equipment
before designing a facili ty, pilot testing does not guarantee
a successful full-scale system. Designers must be cognizant of
the difficulties involved in scale-up and the changing character
of wastewater sludge and allow for them in design.

The main design variables of any thickening process are:

• Solids concentration and volumetric flow rate of the
feed stream;
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• Chemical demand and cost if chemicals are employed;

• Suspended and dissolved solids concentrations and
volumetric flow rate of the clarified stream;

• Solids concentration and volumetric flow rate of the
thickened sludge.

Specific design cri teria for selection of a thickening process
can also be dependent on the chosen downstream process train.

Another important consideration is the operation and maintenance
(O/M) cost and the variables affecting it. In the past, O/M
costs have not been given enough attention. This should change
as USEPA beg ins to implement its new Operations Check List (4)
in all phases of the Construction Grants Program.

Finally, thickening reliability is important for successful plant
operation. A reliable thickening system is needed to maintain
the desired concentration and relatively uninterrupted removal of
sludge from a continuously operated treatment plant. Sludges are
being generated constantly, and if they are allowed to accumulate
for a long time, the performance of the entire plant will be
degraded.

5.1.4 Types and Occurrence of Thickening Processes

Thickening is accomplished in sedimenation basins; gravity,
flotation and centrifugal thickeners; and in miscellaneous
facilities such as secondary anaerobic digesters, elutriation
basins, and sludge lagoons.

5.2 Sedimentation Basins

5.2.1 Primary Sedimentation

A primary clarifier can be used as a thickener under certain
conditions. Primary sludge thickens well, provided the sludge is
reasonably fresh, solids of biological origin (for example,
waste-activated sludge) are kept to a minimum, and the wastewater
is reasonably cool. If sludge of five to six percent solids
content is to be recovered from a primary sedimentation system,
it is essential that the sludge transport facilities be designed
to move those solids. This will require short suction piping,
adequate net positive suction heads on the primary sludge pump,
suction-sigh t glass inspection piping, and a posi tive means of
ascertaining the quanti ty pumped and the concentration of the
slurry (5).
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5.2.2 Secondary Sedimentation

Thickening in secondary or intermediate clarifiers has not
been successful in the past because biological sludges are
difficult to thicken by gravity. Thickening has been improved by
using side water depths of from 14 to 16 feet (4 to 5 m), suction
sludge wi thdrawal mechanisms rather than plow mechanisms, and
gentle floor slopes, for example, 1:12. Although thickening
within a sedimentation basin can be beneficial under certain
conditions, separate thickening is usually recommended.

5.3 Gravity Thickeners

5.3.1 Introduction

Separate, continuously operating gravity thickening for municipal
wastewater sludges was conceptualized in the early 1950's (6).
Until that time, thickening had been carried out within the
primary clarifier. Operating problems such as floating sludge,
odors, dilute sludge, and poor primary effluent led to the
development of the separate thickening tank. Gravity thickeners
became the most commonly used sludge concentrating device~ now,
however, their use is being challenged by other thickening
processes.

Table 5-1 lists advantages and disadvantages of gravity
thickeners compared to other thickeners.

TABLE 5-1

ADVANTAGES AND DISADVANTAGES OF GRAVITY THICKENERS

Advantages Disadvantages
---------------_...._------

Requires largest land areaProvides greatest sludge storage
capabilities

Requires the least operational skill

Provides lowest operation (especially
power) and maintenance cost

Contributes to the production of odors

For some sludges,
- solid/liquid separation can be erratic
- can produce the thinnest least

concentrated sludge
------~.~.~.~.- ..•._" .._--------------~-,,-_ ..._-_._---------

5.3.2 Theory

Since the early work of Coe and Clevenger (7), understanding of
gravity thickening has slowly improved (8-11). The key to
understanding the continuous gravity thickening process is
recognition of the behavior of materials during thickening.
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Coarse minerals thicken as particulate (nonflocculent)
suspensions. Municipal wastewater sludges, however, are usually
flocculent suspensions that behave differently (12).

Detailed, comprehensive analysis of current gravity thickening
theory for municipal wastewater sludges is beyond the scope
of this manual; those desiring such detail should consult
Design and Operational Criteria for Thickening of Biological
Sludges (13). A short descriptive summary of current theory
I 011ow S (12) .
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IN THICKENER

~

I

OVERFLOW INFLOW
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Cj - INFLOW SOLIDS CONCENTRATION
Cb . LOWEST CONCENTRATION AT WHICH FLOCCULANT SUSPENSION IS IN

THE FORM OF POROUS MEDIUM
Cu - UNDERFLOW CONCENTRATION FROM GRAVITY THICKENER

FIGURE 5-1

TYPICAL CONCENTRATION PROFILE OF MUNICIPAL
WASTEWATER SLUDGE IN A CONTINUOUSLY OPERATING

GRAVITY THICKENER

Figure 5-1 shows a typical solids concentration profile for
municipal wastewater sludges within a continuously operating
gravi ty thickener. Sludge moving into the thickener partially
disperses in water in the sedimentation zone and partially flows
as a density current to the bottom of the sedimentation zone.
The solid phase of the sludge, both dispersed and in the density
current, creates floes that settle on top of the thickening
zone. Floes in the thickening zone lose their individual
character. They have mu tual contacts and thus become a part of

5-4



the matrix of solids compressed by the pressure of the overlying
solids. The displaced water flows upward through channels in
the solids matrix.

Generally, in decision making about thickener size, the settling
process in the sedimentation zone as well as the consolidation
proces s in the th ickening zone should be eva I ua ted; wh ichever
process (sedimentation or thickening) requires greater surface
area dictates the size of the thickener. For municipal
wastewater sludges, the thickening zone area required is almost
always greater than that for the sedimentation zone.

5.3.3 System Design Considerations

Circular concrete tanks are the most common configuration for
continuously operating gravity thickeners, though circular steel
tanks and rectangular concrete tanks have also been used.
Figure 5-2 shows a typical gravity thickener installation;
Figure 5-3 is a cross-sectional view of a typical circular
gravity thickener (14).

FIGURE 5-2

TYPICAL GRAVITY THICKENER INSTALLATION

5-5



HANDRAILING

BAFFLE
SUPPORTS

1Y," BLADE
CLEARANCE

1 ft ; 0.305 m
1 in; 2.54 em

,
HOPPER
SCRAPERS

FIGURE 5-3

~......•:...~.:.::~.i\-
SCRAPER
BLADES

--.... SLUDGE
HOPPER

EFFLUENT
LAUNDER

CROSS SECTIONAL VIEW OF A TYPICAL CIRCULAR
GRAVITY THICKENER

At minimum, the following should be evaluated for every gravity
thickener: minimum surface area requirements, hydraulic loading,
drive torque requirements, and total tank depth. Floor slope and
several other considerations will also influence the final design
of the gravity thickener.

5.3.3.1 Minimum Surface Area Requirements

If sludge from the particular facility is available for testing,
the required surface area can be found by using a settling
column, developing a settling flux curve, and calculating the
critical flux (mass loading, 1bs/sq ft/hr) for that particular
sludge (4, 13, 15). In most cases, however, the sludge to be
thickened is not available, and the designer must resort to other
methods.

Table 5-2 provides criteria for calculating required surface area
when test data are not available and pilot plant work is not
reasonable. The designer must specify the sludge type (for
mixtures, the approximate proportions should be known), the range
of solids concentrations that are expected in the thickener
inflow, and the underflow concentration required for downstream
processing. Part A of the design example (Section 5.3.4)
illustrates the use of Table 5-2 in sizing gravity thickeners.
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TABLE 5-2

TYPICAL GRAVITY THICKENER SURFACE AREA DESIGN CRITERIA
a

Influent Expected
solids underflow

concentration, concentration, Mass loadini;
Type of sludge percent solids percent solids lb/sq ft/hr Reference

__. 'M" .•_~.~• •~~",,"__
--~.'..."-----_.-

Separate sludges:
Primary (PRI) 2 - 7 5 - 10 0.8 - 1.2 16
Trickling filter (TF) 1 - 4 :3 - 6 0.3 - 0.4 16
Rotating biological

contactor (RBe) 1 - 3.5 2 - 5 0.3 - 0.4 16
Waste activated sludge

(WAS)

WAS - air 0.5 - 1.5 2 - 3 0.1 - 0.3 16
WAS - oxygen 0.5 - 1.5 2 - 3 0.1 - 0.3 17
WAS - (extended

aeration) 0.2 - 1.0 2 - 3 0.2 - 0.3 16
Anaerobically digested

sludge from primary
digester 8 12 1.0 18

Thermally conditioned
sludge:

PRI only 3 - 6 12 - 15 1.6 - 2.1 19
PRI + WAS 3 - 6 8 - 15 1.2 - 1.8 19
WAS only 0.5 - 1.5 6 - 10 0.9 - 1.2 19

Tertiary sludge:
High lime 3 - 4.5 12 - 15 1.0 - 2.5 18, 20
Low lime 3 - 4.5 10 - 12 0.4 - 1. 25 18, 20
Alum
Iron 0.5 - 1.5 3 - 4 0.1 - 0.4 20

Other sludges:
PRI + WAS u.S - 1.5 4 - 6 0.2 - 0.6 20

2.5 - 4.0 4 - 7 0.3 - 0.7 16

PRI + TF 2 - 6 5 - 9 0.5 - 0.8 16
PRI + RBC 2 - 6 5 - 8 0.4 - 0.7 16
PRI + ·iron 2 4 0.25 18
PRI + low lime 5 7 0.8 18
PRI + high lime 7.5 12 1.0 18

PRI + (WAS + iron) 1.5 3 0.25 18
PRI + mAS + alum) 0.2 - 0.4 4.5 - 6.5 0.5 - 0.7 20
(PRI + iron) + TF 0.4 - 0.6 6.5 - 8.5 0.6 - 0.8 20
(PRI + iron) + WAS 1.8 3.6 0.25 18

WAS + TF 0.5 - 2.5 2 - 4 0.1 - 0.3 16

Anaerobically digested
PRI + WAS 4 8 0.6 18

Anaerobically digested
PRI + (WAS + iron) 4 6 0.6 18

-~--""-,-

a Data on supernatant characteristics is covered later in this section.

bTypically, this term is given in lb/sg ft/day. Since wasting to the
thickener is not always continuous over 24 hours, it is a more
realistic approach to use lb/sq ft/hr.

1 lb/sq ft/hr = 4.9 kg/m2/hr
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1 gal/sg ft/hr = 40.8 1/m2/hr
1 lb/sg ft/hr = 4.9 kg/m2/hr

5.3.3.2 Hydraulic Loading

Hydraulic loading is important for two reasons. First, it
is related to mass loading. The quantity of solids entering
the thickener is equal to the product of the flow rate and
solids concentration. Since there are definite upper limits for
mass loading, there will therefore be some upper limit for
hydraulic loading. Secondly, high hydraulic loading causes
excessive carryover of solids in the thickener effluent.

Typical maximum hydraulic loading rates of 25 to 33 gallons per
square foot per hour (1,200 to 1,600 1/m 2/hr) have been used in
the past but mainly for primary sludges. For sludges such as
waste-act iva ted or similar types, much lower hydraul ic loading
rates, 4 to 8 gallons per square foot per hour (200 to 400 1/m2/
hr) are more applicable (16). Table 5-3 gives some typical
operating results. Note that the hydraulic loading rate in
gallons per square foot per hour can be converted to an average
upward tank velocity in feet per hour by dividing by 7.48.

TABLE 5-3

REPORTED OPERATING RESULTS AT VARIOUS OVERFLOW RATES FOR
GRAVITY THICKENERS (20,21)

Influent Thickened
solids solids Overflow

concentration, Hydraulic Mass concentration, suspended
Sludge percent loading, loadinq, percent solids,

Location typeb solids gal/sq ft/hr lb/sg ft/hr solids rrg/l

Port Huron, MI P+WAS 0.6 8 0.34 4.7 2,500
SheboyCj?n, \,,1 P+TF 0.3 18.6 0.46 8.6 400

P+(TF+Al) 0.5 19.0 0.73 7.8 2,000
Grand Rapids, MI \'IAS 1.2 4.1 0.42 5.6 140
Lakewood, OH P+ (1'IAS+Al) 0.3 25.8 0.6 5.6 1,400

_.,,,,,,,,~-~.""-",,,,"'_.,"'-----

aValues shown are average values only. For example, at Port Huron, MI the hydraulic
loading varies beu,een 7 to 9 gal/sq ft/hr (300-400 1/m2/hr), the thickened solids in
the underflow between 4.0 and 6.0 percent solids; and the suspended solids in the
overflow, from 100 to 10,000 mg/l.

bp = Primary sludge
TF = Trickling filter' sludge
\-<AS = Waste'-activated sludge
Al = Alum sludge

using the typical maximum hydraulic loading rates mentioned
above, maximum velocities for primary sludges are 3.3 to 4.4 feet
per hour (1.0 to 1.3m/hr) and for waste-activated sludge are
0.5 to 1.1 feet/hour (0.2 to 0.3 m/hr).

Several researchers have related overflow rates to odor control,
but odor is due to excessive retention of solids and can be
better controlled by removing the thickened sludge from the
thickener at an increased frequency.

5.3.3.3 Drive Torque Requirements

Sludge on the floor of a circular thickener resists the movement
of the solids rake and thus produces torque. Calculation
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of torque for a circular drive unit is based on the simple
cantilevered beam equation represented by Equation 5-1:

T = WR2

where:

T = torque, ft/lb

W = uniform load--this is sludge specific,
lb/ft (see Table 5-4)

R = tank radius, ft

TABLE 5-4

TYPICAL UNIFORM LOAD (W) VALUES

Truss arm W,
Sludge type Ib/fta

Primary only (little grit) 30

Primary only (with grit) 40

Primary + lime 40 to 60

Waste-activated sludge (WAS)
Air 20
Oxygen 20

Trickling filter 20

Thermal conditioned 80

Primary + l'iTAS 20 to 30

Primary + trickling filter 20 to 30

a Rake arms typically have a tip speed
between 10 to 20 ft/min (3 to 6 m/min).

1 Ib/ft = 1.49 kg/m

( 5-1)

Note that there are several levels of torque which must be
specified for a circular gravity thickener (22). Table 5-5 lists
and defines the various torque conditions.

5.3.3.4 Total Tank Depth

The total vertical depth of a gravity thickener is based on three
considerations: tank free board, settling zone (zone of clear
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liquid and sedimentation zone), and compression and storage zone
(thickening zone).

TABLE 5-5

DEFINITION OF TORQUES APPLICABLE TO CIRCULAR GRAVITY THICKENERS (22)

Running torque - this is the torque value calculated from equation 5-1
Alarm torque - torque setting, normally 120 percent of running, which tells the operator

that there is something wrong
Shut-off t~.£g~ - torque setting, normally 140 percent of running, which would shut off

the mechanism
Peak torque - torque value, determined by the supplier of the drive unit. This torque

is provided only for an instant and is normally 200 percent of the running torque

Free Board

Tank free board is the vertical distance between tank liquid
surface and top of vertical tank wall. It is a function of tank
diameter, type of bridge structure--half or full bridge--type of
influent piping arrangement, and whether or not skimming is
provided. It will usually be at least 2 to 3 feet (.6 to .9 m)
although free-board distances up to 7 to 10 feet (2 to 3 m) have
been used by some designers.

Settling Zone

This zone encompasses the theoretical zone of clear liquid and
sedimentation zone as shown on Figure 5-1. Typically 4 to
6 feet (1.2 to 1.8 m) is necessary, with the greater depth being
for typically difficult sludges, such as waste-activated or
nitrified sludge.

Compression and Storage Zone

Sufficient tank volume must be provided so that the solids will
be retained for the period of time required to thicken the slurry
to the required concentration. In addition, sufficient storage
is necessary to compensate for fluctuations in solids loading
rate.

Another consideration is that gas may be produced because of
anaerobic conditions or denitrification. Development of these
condi tions depends on the type of sludge, liquid temperature,
and the length of time sl udge is kept in the th ickener. PI ant
operating experience has indicated that the total volume in
this zone should not exceed 24 hours of maximum sludge wasting.

5.3.3.5 Floor Slope

The floor slopes of thickeners are normally greater than 2 inches
of vertical distance per foot of tank radius (17/cm/m). This is
steeper than the floor slopes for standard clarifiers. The
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steeper slope maximizes the depth of solids over the sludge
hopper, allovling the thickest sludge to be removed. The steeper
slope also reduces sludge raking problems by allowing gravity to
do a greater part of the work in moving the settled solids to the
center of the thickener.

5.3.3.6 Other Considerations

Lifting Devices

Optimum functioning of a thickener mechanism can be inhibited
by heavy accumulation of solids due to power outages or
inconsistent accumulations of heavy or viscous sludges.
Thickeners can be provided with either a manual or an automatic
lifting device that will raise the mechanism above these
accumulations. This device has not been considered necessary in
the majority of municipal wastewater treatment plants except
in applications involving very dense sludges (for example,
thermally-conditioned sludge or primary plus lime sludge).

Skimmers

Several years aso, it was rare for skimmers to be installed
on gravi ty thickeners. Today it is common practice to specify
skimming and baffling for new plants. The reason for the change
is the increased processing of biological sludges and the
inherent floating scum layer associated with those sludges.

Polymer Addition

Addition of polymer to gravity thickener feed has been practiced
at several plants (23,24). Results indicate that the addition
of polymers improves solids capture but has little or no effect
on increasing solids underflow concentration. (See Chapter 8 for
further discussion).

Thickener S rnatant

Thickener supernatant or overflow is normally returned to either
the primary or secondary treatment process. As indicated in
Table 5-3, the strength of the overflow, as measured by total
solids, can vary significantly. The liquid treatment system
must be sized to handle the strongest recycled load. (See
Chapter 16 for further discussion).

Pickets

Stirring with pickets in gravity thickeners is thought to
help consolida te sludge in the thickening zone (25). However,
the support rake mechanism usually can provide sufficient sludge
mixing to make special pickets unnecessary.
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Feed Pump and Piping

The following guidelines are applicable for feed pump and piping:

• Use positive displacement feed pumps with
speed drives for variable head condi tions and
feed control.

variable
positive

• Provide as nearly continuous pumpage as possible.

• Design piping for operational flexibility.

Thickener Underflow Pump and Piping

For variable head condi tions and typical abrasiveness of many
sludges, a positive displacement pump with variable speed drive
should be used and its operations should be controlled by some
type of sol ids sensor, for example, ei ther by a sl udge blanket
level indicator or solids concentration indicator. Pumps should
be located directly adjacent to the thickener for shortest
possible suction line. A positive or pressure head should be
provided on the suction side of the pump. A minimum of 10 feet
(3 m) should be provided for primary sludges and a minimum of
6 feet (2 m) for all other sludges. It is cri tical to provide
adequate clean-outs and flushing connections on both the pressure
and suction sides of the pump. Clean-outs should be brought to
an elevation greater than that of the water surface so that the
line may be rodded without emptying the thickener.

5.3.4 Design Example

A designer has calculated that it is necessary to thicken
a maximum of 2,700 pounds (1,225 kg) per day of waste sludge,
(dry weight). The sludge consists of 1,080 pounds (490 kg) of
primary at 4.0 percent solids and 1,620 pounds (735 kg) of
activated at 0.8 percent solids. Wasting from the primary
clarifier will be initiated by a time clock and terminated
by a sludge density meter when the sludge concentration drops
below a given value. Waste-activated sludge will be pumped from
the final clarifier 24 hours per day at 17 gallons per minute
(64 l/min).

Thickener Surface Area

Since this is a new facility and pilot testing is not possible,
the designer must utilize Table 5-2.

There are two possible thickening alternatives. The first
alternative is thickening of straight waste-activated sludge
with a maximum influent solids concentration of 0.8 percent
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solids. At maximum conditions, the designer has selected a mass
loading of 0.2 pounds per square foot per hour (1.47 kg/m 2/hr)
and will design for a 2.0 percent solids in the underflow.

1,620 Ib/day = 2
(0.2 Ib/sq ft/day) (24 hrs/day) 337.5 sq ft (31.4 m )

The second alternative is thickening a combination of waste
activated sludge and primary sludge. The density meter on
the primary clarifier will be set to allow the sludge pump to
continue as long as the solids concentration is greater than or
equal to 4.0 percent solids. The pr imary sludge pump wi 11 be
equipped with a variable speed controller and has a maximum rated
pumping capacity of 10 gallons per minute (38 l/min).

On a mass loading basis, the designer's past experience indicates
that surface area required for the combination of primary and
waste-activated sludge is less than that required for waste
activated alone. However, to assure system reliability,
sufficient surface area should be provided to thicken only
waste-activated. With the addition of primary sludge, the
expected underflow solids concentration is 4.0 percent.

Hydraulic Loading

The maximum possible hydraulic flow to the gravity thickener
would be 17 gallons per minute (1.0 l/sec) of waste-activated
and 10 gallons per minute (0.63 l/sec) of primary sludge.
The designer is cognizant of the solids recycle problem from
the thickener overflow and has selected a value of 6 gallons
per square feet per hour (250 1/m2/hr) as the maximum overflow
rate.

((17+ 10) gal/min) x (60 min/hr)) = 270 sq ft (25.1 m2)
6 gal/sq ft/hr

The area required for hydraulic loading is less than that
required for mass loading.

Since continuous operation of the sludge handling system is
essential, two gravity thickeners, each capable of handling the
sludge flow, will be provided. The minimum required area
is 337.5 square feet (31.4 m2 ), which is equivalent to a
20.7-foot (6.2 m) diameter unit. In this size range, equipment
manufacturers have standardized on I-foot (0.3 m) increments;
therefore, a 21-foot (6.3 m) diameter, 346-square-foot (32.2 m2 )
unit will be specified.
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Torque Requirements

The 30 pounds per foot (45 kg/m) value will be used for the truss
arm loading (Table 5-4). From Equation 5-1, the running torque
required is:

30 pounds x (10.5 feet)2 = 3,307 ft-lb (465 m-kg)
foot

The designer will specify a minimum running torque capacity
of 3,307 foot pounds (465 m-kg). The other torques (alarm,
shut-off, and peak) would be specified as in Table 5-5.

Tank Depth

Because both the full and the half bridge systems work equally
well and the full bridge is less expensive to install, the
designer will use a full bridge thickener mechanism that
will rest atop the gravity thickener and will have a skimming
mechanism attached.

In order to accommodate the skimming arm beneath the bridge and
allow room to perform maintenance work, the designer has selected
24 inches (0.61 m) for the freeboard in the thickener.

From past experience, the designer has selected a typical depth
of 5 feet (1.54 m) for the settling zone.

To calculate the depth of the thickening zone, it is assumed that
the average solids concentration in the zone would be 1.4 percent
solids and that one-day storage would be utilized.

The following assumptions were made in order to arrive at this
percentage:

• Only waste-activated sludge would be thickened.

• The top of the thickening zone would hold 0.8 percent
solids.

• The bottom of the thickening zone would hold 2.0 percent
solids.

• The average concentration would be equal to 0.8 plus
2.0 quantity divided by 2.

1,620 Ib of waste-activated sludge
(0.014)(8.34) (7.48 gal/cu ft)(346 sq ft)
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The total vertical side-wall depth of the gravity thickener is
the sum of the free board, settling zone, and required thickening
zone. In this case, it would be 12.36 feet (3.77 m). At this
time, no allowance has been made for the depth of the cone height
of the thickener which would reduce slightly (21 inches [.27 m]
the vertical side wall depth of the thickening zone when
subtracted from the thickening zone depth.

5.3.5 Cost

5.3.5.1 Capital Cost

Several recent publ ications have developed capi tal cost curves
for gravity thickeners (26-28). Probably the most factual
is the reference based on actual USEPA bid documents for the
years 1973-1977 (27).

Accord i ng to a USEPA Mun i c ipal Was tewa ter Trea tme n t pl an t
Construction Cost Index - 2nd quarter 1977 (27), although the
data wexe scattered, a regression analysis indicated that the
capital cost could be approximated by Equation 5-2.

C = 3.28 x l04Ql.lO

where:

C = capital cost of process in dollars

Q = plant design flow in million gallons of
wastewater flow per day

(5-2)

The associated costs include those for excavation, process
piping, equipment, concrete, and steel. In addition, such costs
as those for administrating and engineering are equal to 0.2264
times Equation 5-2 (27).

5.3.5.2 Operating and Maintenance Cost

Staffing

Figure 5-4 indicates annual man-hour requirements for operation
and maintenance. As an example, for a gravity thickener surface
area of 1,000 square feet (93 m2 ), a designer would include
350 man-hours of operation and maintenance in the cost analysis.

Power

Figure 5-5 shows annual power consumption for a continuously
opera ting gravi ty thi ckener as a function of gravi ty thickener
surface area. As an example, for a gravi ty thickener surface
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area of 1,000 square feet (93 m2 ), a designer would include a
yearly power usage of 4,500 kWhr (16.2 GJ) in the cost analysis.
Figure 5-5 does not include accessories such as pumps or polymer
feed systems.
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FIGURE 5-4

ANNUAL O&M MAN-HOUR REQUIREMENTS - GRAVITY
THICKENERS

Maintenance Material Costs

Figure 5-6 shows a curve developed for estimating circular
gravity thickener maintenance material costs as a function of
gravity thickener surface area. As an example, for a gravity
thickener surface area of 1,000 square feet (93 rn 2 ), a designer
would estimate a yearly materials cost of $375. Since this
number is based on a June 1975 cost, it must be adjusted to the
current design period.

5.4 Flotation Thickening

Flotation is a process for separating solid particles from a
liquid phase. Flotation of solids is usually created by the
introduction of air into the system. Fine bubbles either adhere
to, or are absorbed by, the solids, which are then lifted
to the surface. Particles wi th a greater dens i ty than that of
the liquids can be separated by flotation (24,29).

5-16



In one flotation method, dissolved air flotation, small gas
bubbles (50-100 wm) are generated as a result of the precipita
tion of a gas from a solution supersaturated with that gas.
Supersaturation occurs when air is dispersed through the sludge
in a closed, high pressure tank. When the sludge is removed from
the tank and exposed to atmospheric pressure, the previously
dissolved air leaves solution in the form of fine bubbles.
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FIGURE 5-5

ANNUAL POWER CONSUMPTION - CONTINUOUS OPERATING
GRAVITY THICKENERS

In a second method, dispersed air flotation, relatively large gas
bubbles (500-1000 wm) are generated when gas is introduced
through a revolving impeller or through porous media (30,31).

In biological flotation, the gases formed by natural biological
activity are used to float solids (32-34).

In vacuum flotation, supersaturation occurs when the sludge
is subjected initially at atmospheric pressure, to a vacuum
of approximately 9 inches (2'30 mm) of mercury in a closed
tank (35,36).

Al though all four methods have been used in wastewater sludge
treatment systems, the dissolved air flotation process has
been the dominant method used in the united States.
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TABLE 5-6

TYPES OF MUNICIPAL WASTEWATER SLUDGES BEING THICKENED
BY OAF THICKENERS

Primary only
Waste activated sludge (WAS) - air only
WAS (oxygen) only
Trickling filter only
Primary plus WAS (air)

Primary plus trickling filter
Aerobically digested WAS
Aerobically digested primary plus WAS (air)
Alum and ferrous sludge from phosphorus

removal
"~~ -~"~",~w,,"_" " ' ,

5.4.1 Dissolved Air Flotation (DAF)

Since the 1957 installation of the first municipal DAF thickener
in the Bay Park Sewage treatment plant, Nassau County, New York,
about 300 U.S. municipal installations (over 700 units) have been
installed. Although the principal use of the DAF thickener has
been to thicken waste-activated sludge, about 20 percent of the
ins talla tions hand le other sludge types (37). Table 5-6 1 is ts
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the types of municipal wastewater sludges currently being
thickened by DAF thickeners.

Table 5-7 lists advantages and disadvantages of DAF thickeners
compared to other major thickening equipment.

TABLE 5-7

ADVANTAGES AND DISADVANTAGES OF DAF THICKENING

Advantages Disadvantages
----------------------------_.._- ._,

Provides better solids-liquid separation
than a gravity thickener

For many sludqes, yields higher solids
concentration than qravity thickener

Requires less land than a gravity thickener
Offers excellent sludge equalization control
Has less chance of odor problems than a

gravity thickener -
Can remove grit from sludge processing

system
Removes grease

5.4.1.1 Theory

Operating cost of a DAF thickener is
higher than for a gravity thickener

Thickened sludge concentration is less
than in a centrifuge

Reauires more land than a centrifuge
Has very little sludge storage capacity

In the DAF thickening process, air is added at pressures in
excess of atmospheric pressure either to the incoming sludge
stream or to a separate liquid stream. When pressure is reduced
and turbulence is created, air in excess of that required for
saturation at atmospheric pressure leaves the solution as very
small bubbles of 50 to 100 ~m in diameter. The bubbles adhere to
the suspended particles or become enmeshed in the solids matrix.
Since the ave rage dens i ty of the sol ids-a i r aggregate is less
than that of water, the agglomerate floats to the surface. The
floated solids build to a depth of several inches at the water
surface. Water drains from the float and affects solids
concentration. Float is continuously removed by skimmers (35).
Good solids flotation occurs with a solids-air aggregate specific
gravity of 0.6 to 0.7.

5.4.1.2 System Design Considerations

DAF thickeners can be utilized
solids prior to dewatering or
aerobically digested or other
dewatering.

either to thicken wastewater
stabilization or to thicken
solids prior to disposal or

DAF thickeners can be rectangular or circular,
of concrete or steel, and can operate in the full,
recycle pressurization modes.
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Full, Partial and Recycl~Pressurization
- -

There are three ways in which a DAF system can be operated.
The first method is called "full or total pressurization."
Wi th this design, the entire sludge flow is pumped through the
pressure retention tank, where the sludge is saturated with
air and then passed through a pressure reduction valve before
entering the flotation chamber. A distribution device is used to
dissipate inlet energy and thus to prevent turbulence and limit
short circuiting. The primary advantage of pressurizing the
tot a I f I ow i s t hat i t min i mi zesth e s i z e 0 f the flo tat ion
chamber, a significant part of the capital cost. However, the
advantage of a smaller chamber may be partially offset by the
cost of a higher head feed pump, larger pressure vessel, and more
expensive operation. Operational problems may resul t from floc
shearing and clogging when sludge is passed through the pressure
regulating valve.

The second method of operation is called "partial pressuriza
tion." Wi th this design only part of the sludge flow is pumped
through the pressure retention tank. Af ter pressuriza tion the
unpressurized and pressurized streams are combined and mixed
before they enter the flotation chamber. In this arrangement
the pressuriz ing pump and pressure vessel are smaller and the
process is not as susceptible to flow variations as is total
pressurization; this is the case when the necessary pump controls
are included in the design. The size of the flotation chamber
would be the same as that for a total pressurization system.

The third method is called "recycle pressurization." Here, a
portion of the clarified liquor (subnatant) or an alternate
source ~ontaining relatively little suspended matter is
pressurized. Once saturated wi th air, it is combined and mixed
with the unthickened sludge before it is released into the
flotation chamber.

The major advantage of this system over the total and partial
pressurization system is that it minimizes high shear conditions,
an important parameter when dealing with flocculent-type
sludges. Another advantage arises when wastewater sludge
streams containing stringy materials are thickened. The recycle
pressurization system eliminates clogging problems with the
pressurization pump, retention tank, and pressure release valve.
For the above reasons, recycle pressurization systems are the
most commonly used units in the United States. Figure 5-7 shows
a typical rectangular steel tank installation.

In this system, the pressure retention tank may be either
unpacked or packed (meaning that the tank is filled with a
pack ing ma teri al to create turbulence). The use of either is
dependent pr incipally on the source of the pressurized recyc Ie
flow.

The pressurized recyle flow can be obtained either from the
subnatant stream or, typically, from the secondary effluent. The
advantages of using secondary effluent are that it results in a
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much cleaner stream (low suspended solids and low grease content)
and allows the use of a packed pressure retention tank. A packed
tank is smaller than a packless tank, has lower associated
capital cost, and provides for a more efficient saturation of the
liquid stream. In this case, less air is required to achieve the
same level of liquid saturation as a packless tank and power
requirements are lower. Packed tanks may, however, eventua~ly
require cleaning, and the use of secondary plant effluent vall
significantly increase the· flow through the secondary trea trn~nt
sys tern, thereby i ncreas ing pump ing cos ts and pass ib ly af fe ct1ng
the performance of the secondary clarifier.

FIGURE 5-7

TYPICAL RECTANGULAR, STEEL TANK, RECYCLE PRESSURIZATION
DISSOLVED AIR FLOTATION THICKENER

Rectangular o!-£ircular

The use of rectangular DAF thickeners has a number of advant~~~s
over circular units in float removal. First, skimmers can ea& 1 y
be closely spaced i secondly, they can be designed to skim ~~e
entire surface. Because of the side-walls, float does not ea~ 1 y
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move around the end of the skimmers. Bottom sludge flights are
usually d riven by a separate un i t and, hence, can be opera ted
independently of the skimmer flights. Water level in the tank
can be changed readily by adjusting the end weir. This permits
changing the depth of water and flight submergence to accommodate
changes in float weight and displacement, which affect the
ability to remove this material from the unit.

The main advantage of circular units is their lower cost in
terms of both structural concrete and mechanical equipment. For
example, two 60-foot (18 m) diameter circular units are the
equivalent of three 20-foot by 90-foot (6 m by 27 m) rectangular
uni ts. The rectangular uni ts requi re approx ima tely 11 percent
more structural concrete, as well as more drives and controls
which increase maintenance requirements.

Concrete or Steel

Steel tanks come completely assembled and only require a concrete
foundation pad and piping and wiring hookups. Although equipment
purchase price is much higher for steel tanks, considerable field
labor and expensive equipment installation are eliminated.
Structural and shipping problems 1 imi t steel DAF uni ts to the
smaller sizes (450 square feet [40.5 m2 ] or less for rectangular
units and 100 square feet [9 m2 ] for circular units).

For a large installation requiring multiple tanks or large
tanks, concrete tanks are more economical.

Pilot- or Bench-Scale Testin~

If sludge is available, the designer should, as a minimum,
perform bench-scale testing (38,39). If money is available,
consideration should be given to renting a pilot DAF thickener
and conducting a four- to six-week test program to evaluate
the effects of such parameters as recycle ratio, air-to-solids
ratio, solids and hydraulic loading, and polymer type and dosage.
If sludge is not available, then a detailed review must be made
of experience at installations where a similiar type of sludge is
being thickened by DAF thickeners.

Feed Characteristics

The first step in designing a DAF thickener is to evaluate the
characteristics of the feed stream. The designer must evaluate
the type of sludge(s) to be thickened and the approximate
quantities of each under various plant loadings and modes of
operation. If waste-activated sludge is to be thickened, the
expected range of sludge ages must be determined, since sludge
age can significantly affect DAF thickening performance (40).
Information is needed about the source of waste sludge and the
range of solids concentrations that can be expected. Also, there
should be an evaluation of any characteristic of the feed stream
that may affect air solubility--for example, concentration of
dissolved salts, and range of liquid temperatures.
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Surface Area

To calculate the effective surface area of a DAF thickener, a
designer must know the net solids load, solids surface loading
rate, and hydraulic surface loading rate.

Net Solids Load

Since a DAF thickener is not entirely efficient, more sludge must
be pumped into the thickener than the actual amount removed. The
actual amount removed is the net solids load. From a design
standpoint, the net load is the amount of solids that must be
removed from the 1 iquid processing train each day. This value
divided by the appropriate solids loading rate gives the required
effective surface area.

The gross solids load is calculated by dividing the net load
by the expected solids capture efficiency of the system. The
gross solids load is important in sizing system hydraulic piping.

Solids Loading Rate

The allowable solids loading rate is related to the minimum
solids flux that will occur within the range of sludge
concentrations found in the thickener (41). This flux is a
function of the type of sludge processed, the float concentration
desired, and polymer used. Pounds of dry solids per square foot
per day or pounds of dry solids per square foot per hour are the
units used to express this rate.

The effect of sludge type on the solids loading rate is shown
in Table 5-8. The loading rates indicated will normally result
in a minimum of four percent solids concentration in the float.
Actual operating data are listed in Table 5-9.

TABLE 5-8

TYPICAL DAF THICKENER SOLIDS LOADING RATES NECESSARY TO PRODUCE
A MINIMUM 4 PERCENT SOLIDS CONCENTRATION

Solids loading rate, lb/sq ftjhr

Type of sludge
----""-~,.....~,---------

Primary only

Waste activated sludge (WAS)
Air
Oxygen

Trickling filter

Primary + WAS (air)

Primary + trickling filter

No chemical addition

0.83 - 1.25

0.42
0.6 -.0.8

0.6 - 0.8

0.6 - 1.25

0.83 - 1.25

1 lb/sq ft/hr = 4.9 kg/m2/hr
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TABLE 5-9

FIELD OPERATION RESULTS FROM RECTANGULAR DAF THICKENERS

Solids Feed Polyrrer Float Subnatant
loading solids dosage, concentration, suspended

Sludge rate, concentration, lb per dry percent solids,
Installation typea lb/sq ft/hr rng/l ton solids solids rng/l Ref

---~~-

Eugene, OR P+TF 1. 25 5,000 0 4.5-5.0 500 43
Springdale, AR P+TF 2.5 20,000 7 6.5 200 43
Athol, MA A. 3.2 8,000 2 4.0 50 43
Westgate Fairfax, VA Ab 7.0 14,000 1-4 7.3 20 43
Warren, MI AC 11,000 40 5.0 200 16
Frankenmuth, MI AC 0.58 5,000 0 3.0 750 14

AC 8,000 26 3.5-5.5 90
Cinnaminso, NJ A 2.0 5,000 5 4.0 250 16
San Jose, CA P+Ad 1.9 23,000 0 7.1 14

p+Ae 1.6 17,000 0 5.3 14
Boise, ID A 1.0 4,600 0 4.0 14

A 1.17 5,000 3 3.8 500 14
A 1.13 5,000 6 4.0 500 14

Levitto.-m, PA A 0.54 8,000 0 6.5 14
P+A 1. 00 6,400 0 8.6 14

Xenia, OR A 4,000 30 2.5-3.0 100 16
Indianapolis, IN P+A 10,000 30 3.5-4.2 100-1,000 16
Colurrbus, OR

(Jackson Pike) A 6,000 0 3.2 800 16
Wayne County, MI A 0.83 4,500 0 4.6 14
Dalton, GA P+A 0.75 12,900 0 6.1 14
Middleto.-m, NJ A 2.0 10,000 5-6 4.0 500 14
~--~-~~"'~ ".," ''-'.",,",,~,~_o..;; '''' ~,o··~···,_·,,__•

a P Primary sludge
A Waste-activated ~k~~~0

TF Trickling filter sludge
b Oxygen plant

cConsiderable brewery waste
d .Non-cannlng season

eCanning season

21 Ib/sq ft/hr ; 4.9 kg/m /hr
lIb/ton; 0.5 kg/t

In general, increasing the solids loading rate decreases the
float concentration. Figure 5-8 illustrates this phenomenon
without polymer addition, and Figure 5-9 with polymer addition.

The addition of polyelectrolyte. will usually increase the solids
load i ng rate.

Hydraulic Loading

The hydraulic loading rate for a DAF thickener is normally
expressed as gallons per minute per square foot. When like
units are cancelled, the hydraulic loading rate becomes a
velocity equivalent to the average downward velocity of water as
it flows through the thickening tank. The maximum hydraulic rate
must always be less than the minimum rise rate of the sludge/air
particles to ensure that all the particles will reach the sludge
float before the particle reaches the effluent end of the tank.
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FIGURE 5-8

FLOAT CONCENTRATION AND SUBNATANT SUSPENDED
SOLIDS VERSUS SOLIDS LOADING OF A WASTE

ACTIVATED SLUDGE - WITHOUT POLYMERS (16)

Reported values for hydraul ic load ing rates range from 0.79 to
4.0 gallons per minute per square foot (0.54-2 to.7 1/min/m2 )
(32,42-46). This wide range probably indicates a lack of
understanding of the term. In some cases, the hydraulic loading
refers simply to the influent sludge flow, while in others, the
recycle flow is included. In most sources, no definition of
the term was given. Table 5-10 indica tes the hyd raul ic load i ng
rates found in the literature.

Since the total flow through the thickener affects the particles,
the hydraulic loading rate should be based on the total flow
(influent plus recycle). Extensive research on waste-activated
sludge (48) has resulted in the conclusion that a peak rate of
2.5 gallons per minute per square foot (1.7 l/sec/ m2 ) should
be employed. This value is based on use of polymers. When
polymers are not used, this value is expected to be lower, but no
design cri terion has been suggested at this time. Figure 5-10
shows the effects of polymer and hydraulic loading rate on DAF
thickener subnatant chemical oxygen demand (COD) (48).

Air-to-Solids-Ratio

Another design parameter to be considered in DAF thickening is
that of the air-to-solids (A/S) ratio. Theoretically, the
quantity of air required to achieve satisfactory flotation is
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di~ectly prop?rtional to the ,quantity of solids entering the
thIckener (defIned as gross SOlIds load in the previous section).
For domestic wastewater sludges, reported ratios range from
0.01 to 0.4, with most systems operating at a value under 0.1.
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FIGURE 5-9

FLOAT CONCENTRATION AND SUBNATANT SUSPENDED
SOLIDS VERSUS SOLIDS LOADING OF A WASTE
ACTIVATED SLUDGE - WITH POLYMERS (16)

The appropriate A/S ratio for a particular application is a
function of the characteristics of the sludge, principally,
the sludge volume index (40), the pressurization systems air
dissolving efficiency, and the distribution of the gas-liquid
mixture into the thickening tank. Figures 5-11 and 5-12 show the
effects of A/S of float concentration and subna tant suspended
solids, with and without polymer addition.

Polymer Usage

Polymers have a marked effect on DAF thickener performance, and
a designer must therefore be careful to differentiate between
performance with and without polymer use.

Polyelectrolytes may improve flotation by substantially
increasing the size of the particles present in the waste. The
particles in a given waste may not be amenable to the flotation
process because their small size will not allow proper air bubble
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attachment. Doubling the diameter or size of the particle can
result in a fourfold increase in the rise rate provided the
previous A/S ratio is maintained. The surface properties of the
solids may have to be altered before effective flotation can
occur. Sludge particles can be surrounded by electrically
charged layers that disperse these particles in the liquid phase.
Polyelectrolytes can neutralize the charge, causing the particles
to coagulate so that air bubbles can attach to them for effective
flotation. Thus,with use of polymers, the following operating
advantages may occur: the size of the DAF thickener may be
reduced; solids capture may be improved, thus reducing the
amount of solids recycled back to the liquid handling system; an
existing, overloaded facility in which polymers are not being
utilized may be upgraded. They also act a surfactant, thus
allowing better attachment of air bubbles.

TABLE 5-10

REPORTED DAF THICKENER HYDRAULIC LOADING RATESa

Hyuraulic loading rate (gpm/sq ft)

Influent only

0.9

Influent plus recycle

1.5-2.5
2.5

1.0-4.0
0.79

1.25-1.5
3.0

Reference

44
45
46
47
48
49

a All values reported are associated with polymer usage. Values
for systems not using polymer could not be found in the literature.

I gpm/sq ft = 40.8 l/min/m2

The major disadvantage of polymers is cost (polymer cost,
operation and maintenance of polymer feed equipment) when
calculated over the useful lifetime of the plant. In addition,
the actual amount required is very difficult to determine until
flotation studies can be run on the actual installation. If
polymers are to be used, it is best to design conservatively,
so that the possibility of the exceptionally high polymer
demand needed to keep marginal operation at capacity is avoided.
Table 5-9 lists current operating results of plants with and
without polymer addition.

Pressurization System

The air dissolution equipment, which consists of the pressuriza
,t ion pump , air d issolu tiontank, and other .mechanic al equipment,
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is the heart of a OAF thickener system. In sizing a pressuriza
tion system, the designer must decide on an operating pressure
and a quantity of pressurized flow and must be aware of factors
affecting the performance of the system.
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EFFECT OF HYDRAULIC LOADING ON PERFORMANCE IN
THICKENING WASTE ACTIVATED SLUDGE (48)

operating Pressur~

Most commercial available pressurization systems operate
80 psig (276 to 522 kN/m 2 ). For a given A/S ratio,
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required to float the sludge can be obtained by increasing
the operating pressure of the system to dissolve more air, or
holding a lower operating pressure and increasing the volume of
pressurized flow.
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FIGURE 5-11

FLOAT CONCENTRATION AND SUBNATANT SUSPENDED SOLIDS
VERSUS AIR-SOLIDS RATIO WITH POLYMER FOR A WASTE

ACTIVATED SLUDGE (16)

In one study (40), it was shown that the higher the operating
pressure of a flotation thickener system, the lower the rise rate
of the sludge. The reason for a higher rise rate at 40 psig
(276 kN/m 2 ) than at 60 or 80 psig (414 or 552 kN/m 2 ) is that
the optimum bubble size is predominant at this lower operating
pressure. This study concludes that attempting to raise the A/S
ratio by incLeasing the operating pressure is detrimental to the
thickening process. These results are important in that it will
be in the user's best interest to operate at the lowest pressure
possible. The requirement for higher head pumps, larger air
compreSSOLS, and higher pressure rated retention tanks raises the
initial cost of the process as well as operating costs.

Quantity of Pressurized Flow

For a DAF thickener to work effectively, the propeL amount of
air must be pLesent for each pound of solids to be handled
(A/S ratio). The design pressurized flow should be based on
the maximum gross solids load that the DAF thickener is designed
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to receive. For multiple units, each basin should have its own
independent pressurization system. This is especially important
to remember if the thickening system is designed to operate over
a wide range of influent solids concentrations and flows.
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FLOAT CONCENTRATION AND SUBNATANT SUSPENDED SOLIDS
VERSUS AIR-SOLIDS RATIO WITHOUT POLYMER FOR A

WASTE ACTIVATED SLUDGE

Factors Affecting Performance

The designer should be aware of
saturation and turbulence, which
of the pressurizing system.

two
can

physical factors, air
affect the performance

Air Saturation. The basic mechanism that makes flotation
possible is the increase in the amount of gas dissolved when
pressure is increased. The relationship between pressure and
quantity dissolved is shown in Henry's Law, which states that if
no reaction prevails between the gas and liquid phases, the
solubility of the gas is directly proportional to the absolute
pressure of the gas at equil ibrium with the 1 iquid a t cons tant
temperature.
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In practice, the actual amount of air dissolved for a given air
input depends on the efficiency of the pressurization device,
liquid temperature and concentration of solutes in the liquid
stream being pressurized.

Normally a pressure retention tank is used to optimize the
a ir-wa ter interface for eff i ci ent ai r trans fer in the shortes t
detention time. Depending on tank design (packed tank, packless
tank, tanks with mechanical mixers, etc.), efficiencies can range
from as low as 50 percent to over 90 percent. It is current
design practice in the United States to specify a minimum of
85 to 90 percent efficiency.

The equilibrium concentration of a gas in a liquid is inversely
related to the temperature of the liquid phase. The temperature
effect is substantial. For example, the saturation of air in
water at 140°F (60°C) is about one half less than the saturation
of air in water at 66°F (18.8°C) at one atmosphere.

The presence of salts such as chloride will normally decrease the
air solubili ty at a given temperature and pressure. The effect
of salt concentration on air dissolving efficiency is best
evaluated by conducting bench-scale treatability tests or a pilot
unit test program.

Turbulence. The proper amount of turbulence must be present
at the point of pressure reduction to cause bubble formation.
Wi thou t the neces sary turbulence, the rate at wh ich ai r bubbles
form is slow and may occur too late in the process. Excessive
turbulence can result in increased bubble agglomeration and floc
shear. Under this condition, the majority of bubbles formed will
be considerably larger than the 50 to 100 ~m needed for effective
flotation.

Number of Units to be Used

The number of DAF thickeners to be provided at a facility depends
on the following factors:

• The availability and configuration of available land.

• The operating cycle that will be used, for example, seven
days per week, 24 hours per day; five days per week;
eight hours per day; etc.

• Seasonal variability; for example, the operation
food processor six months of the year, the waste
from which will go to the municipal facility.

of a
flow

• The variance in average-to-peak hourly solids load that
can be expected on a day-to-day basis.
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~dequate capacity to thicken peak hourly waste sludge production
IS necessary. In addition, provision must be made to handle
the sludge flow if a unit must be taken out of service. (See
discussion in Chapter 2).

Other Considerations

In addition to the system design considerations previously
discussed, the designer must also give consideration to feed
sludge line sizing, thickened sludge removal, bottom draw-off
piping, subnatant piping, pressurized flow piping, and controls.
Each of these items is briefly discussed below.

Feed Sludge Line

Feed sludge flow rate must be controlled to stay within allowable
limits. This requires a flow meter that accurately measures
a high solids stream and piping large enough to handle maximum
flow.

Thickened Sludge Removal

The surface skimmer brings the thickened sludge over the
dewatering beach and deposits it in a sludge hopper. The
thickened sludge must then be pumped to the next phase of the
solids handling system. In pump selection, it is important to
remember that air has been entrained in this sludge by the
flotation thickening process. Pumps that can air lock should
not be used; positive displacement pumps are common in this
application.

For pipe
thickened
percent.

sizing and final pump selection, consider that the
sludge can reach concentrations in the range of ten
(See Chapter 14 for further discussion).

Bottom Sludge Draw Off

In a rectangular DAF tank, the bottom collector moves the settled
sol ids to the i nfl uent end of the bas in. Here it is depos i ted
into either multiple hoppers or a cross-screw conveyor that
delivers it to a hopper. The bottom collector in a circular
DAF tank delivers the settled solids directly to a hopper in
the center of the tank. Once the solids are in the hopper, they
must be removed from the tank. Depending on where this flow
goes, it can be handled by either gravity or pumps.

One maj or cons idera tion that appl i es to ei ther removal sys tern,
but particularly to gravity removal, is the static head
available. Since the draw-off point is at the bottom of the
flotation basin, the entire depth of the liquid in the basin must
be considered as available static head. Although fine control is
not required, this head must be dissipated in order to restrict
the flow. A positive displacement pump with variable speed drive
will assure control of bottom sludge withdrawal.
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This draw-off is at the lowest point in the basin and therefore
could also be used as a basin drain. If a tee and drain valve is
installed on this line at the outside of the tank wall, draining
can take place. The line from the drain valve can go to the
plant's drain system.

Subnatant Line

Pipe sizing should be such that it can handle the maximum total
flow (influent plus recycle) without any appreciable head loss.

Pressurized Flow Piping

Because of the high pressure requirements of this flow, the
pressurization liquor is usually delivered to the pressure tank
by a high-speed, closed impeller centrifugal pump. Piping must
be sized to handle the maximum liquid throughput rate of the
pressure tank selected.

Controls

The controls for a DAF thickener are dependent upon the system,
the degree of automation required, and the equipment manufac
turer's design. They usually include, at a minimum, a pressure
controller for the pressure vessel and flow meters for the feed
and thickened sludge flows.

5.4.2 Design Example

A designer has calculated that it will be necessary to thicken a
maximum of 2,700 pounds (1,225 kg) per day of waste sludge at
0.5 to 0.8 percent solids from a contact stabilization plant
employing no primary clarification. The facility will have a
sludge handling system consisting of a DAF thickener for the
waste activated sludge, mechanical dewatering by belt press and
composting. The treatment plant will be manned eight hours per
day, seven days per week but dewatering operations will only
take place six hours per day, five days per week. Thickening
operation would take place 7.5 hours per day, five days per week.
Waste sludge flow from the final clarifier would be continuous
during the thickening operation--that is, 7.5 hours per day, five
days per week.

The designer has decided to provide polymer feed equipment for
the DAF thickener to be used in emergency situations only.
Polymers are not used in normal operation.

The designer has also decided to use a packed pressurization
tank, which requires a relatively clean source of pressurized
flow. Secondary effluent will be utilized.

Effective Surface Area

The maximum daily waste sludge production expected was given as
2,700 pounds (1,225 kg) of waste-activated sludge with a solids
concentration of 5,000 to 8,000 mg/l.
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The maximum net hourly load (actual amount of solids that must be
captured and removed per hour by the thickener) is:

(2,700 Ib/day)(7 days/wk)
(7.5 hrs/day)(5 day/wk operation) = 504 Ib/hr (228.6 kg/hr)

The sludge being thickened is considered to be equivalent to a
straigh t waste-act iva ted sl udge even though pr ima ry sol ids are
mixed with it. From Table 5-8, a value of 0.42 pounds per square
foot per hour (2.1 kg/m 2/hr) is selected.

504 Ib/hr max. net load 2
0.42 Ib/sq ft/hr loading rate = 1,200 sq ft (108 m )

-,!

Based on the solids loading rate (hydraulic loading rate needs to
be checked), the maximum effective surface area required is
1,200 square feet (108 m2 ).

Flow Determination

Feed, pressurized recycle, thickened sludge, and subnatant must
be calculated to determine pump size and piping requirements.

Feed Flow Rate - Both the gross solids load and minimum solids
concentration must be known to calculate the feed flow rate.

The gross solids load is the amount of solids that must be fed to
the thickener in order for the system to capture and thicken the
required net solids load. The maximum net hourly load has
already been calculated to be 504 pounds per hour (228.6 kg/hr).
Since polymers are not to be used during normal operation, a
capture efficiency of 85 percent is used (standard for the
industry). The maximum gross solids load is then calculated as
follows:

504 Ib/hr max. net load = 593 Ib/hr (269 kg/hr)
0.85 efficiency factor

The minimum solids concentration expected is 5,000 mg/l. The
maximum feed flow rate can now be calculated as follows:

593 Ib/hr
(0.005) (8.34) (60 min/hr)

= 237 gpm (897 l/min)

Pressurized recycle flow rate - The design pressurized flow
should be based on the maximum gross solids load expected from
the DAF thickener. For this example, the maximum hourly gross
solids load used was 593 pounds per hour (269 kg/hr).
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After discussing the operating conditions with several OAF
thickener equipment suppliers, the engineer designed for a
maximum of 237 gallons per minute (14.95 l/sec).

Thickened sludge flow rate - The maximum hourly net solids load
was 504 pounds per hour (228.6 kg/hr). At the minimum four
percent solids concentration, the expected flow rate can be
calculated as follows:

504 lb/hr =(0.04)(8.34)(60 min/hr) 25.2 gpm (1.59 l/sec)

Subnatant flow rate - This rate is equal to the maximum total
flow into the tank--237 gallons per minute (14.95 l/sec) feed
plus 237 gallons per minute (14.95 l/sec) recycle.

Hydraulic Surface Loading Rate

Based on solids loading, the minimum thickener surface area
was calculated to be 1,200 square feet (108 m2 ). The total
maximum flow rate (influent plus recycle) was calculated to be
474 gallons per minute (1,794 l/min). The maximum hydraulic
surface loading rate would be:

1,200 sq ft = 2.53 gpm/sq ft (1.72 1/sec/m2)
474 gpm

The 2.53 gallon per minute per square foot (105 1/min/m2 ) is on
the high side for a system that does not employ polymer addition.
Under maximum conditions, polymer usage would be required.

Number of Units

Only one unit will be used, with an adequate spare parts
inventory to minimize down time.

Manufacturer's Recommendations

Several reputable manufacturers of OAF thickeners were contacted
for their comments on the designer's calculations and proposed
application.

5.4.3 Cost

5.4.3.1 Capital Cost

Several recent publications have developed capi tal cost curves
for OAF thickeners (26-28). As discussed in Section 5.3.5.1,
the most factual is the reference based on actual USEPA bid
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documents for the years 1973-1977 (27). Although the data were
scattered, a regression analysis indicated the capital cost could
be approximated by Equation 5-3: .

C = 2.99 x 104Ql.14

where:

( 5-3)

C = capital cost of process in dollars;

Q = plant design flow in mil gal wastewater flow per day.

The associated costs include, those for, excavation, process
piping, equipment, concrete and steel. In addition, such cost as
those for administrating and engineering are equal to 0.2264
times Equation 5-3 (27).

5.4.3.2 Operating and Maintenance Costs

Staffing

Figure 5-13 indicates annual man-hour requirements for operations
and maintenance. As an example, for a DAF thickener surface area
of 1,000 square feet (93 m2 ) a designer would include 2,700 man
hours of operation and maintenance in the cost analysis.

Power

Figure 5-14 shows annual power consumption for a continuously
operating DAF thickener as a function of DAF thickener surface
area. As an example, for a DAF th ickener surface area of
1,000 square feet (93 m2 ), a designer would include a yearly
power usage of 720,000 kWhr (2,592 GJ) in the cost analysis.
Figure 5-14 does not include accessories such as pumps or polymer
feed systems.

Maintenance Material Cost

Figure 5-15 shows a curve developed for estimating DAF thickener
maintenance material cost as a function of DAF thickener
surface area. As an example, for DAF thickener surf ace area of
1, 000 square feet ( 93m2 ), a des igner would est ima te a yearly
materials cost of $275. Since this number is based on a June
1975 cost, it must be adjusted to the current design period.

5.5 Centrifugal Thickening

5.5.1 Introduction

The concept of using centrifuges for thickening municipal
wastewater sludges (waste-activated sludge) was first considered
in the united States in the late 1930's (49). At that time, disc
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nozzle centrifuges were used. Early installations used machines
developed for industrial processing. Equipment manufacturers
did not appreciate that the composition of municipal wastewater
sludges is extremely variable from plant to plant and wi thin a
plant, and that most wastewa ter treatment facil i ties provided
little, if any, of the preventive maintenance common in
industrial applications.
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ANNUAL O&M MAN-HOUR REQUIREMENTS 
OAF THICKENERS (28)

Consequently, early installations developed numerous operational
and maintenance problems; thus, for a period of time designers
and users did not favor the centrifuge.

By the late 1960's, equipment manufacturers had designed new
machines specifically for wastewater sludge applications, and
centrifuges began to be used once again. Considerable experience
resulted in improved application of centrifuges and centrifuge
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support systems (chemical conditioning and chemical feed systems,
pumps, and electrical controls). Today, more sophisticatd
machines are being built that require less power and attention
and produce less noise.
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ANNUAL POWER CONSUMPTION - CONTINUOUS OPERATING
DAF THICKENERS (28)

At present, disc nozzle,
decanter centrifuges are
thickening.

5.5.2 Theory

imperforate basket and scroll-type
used in municipal wastewater sludge

Centrifugation is an acceleration of sedimentation through
the use of centrifugal force. In a settling tank, solids sink to
the bottom and the liquid remains at the top. In a centrifuge,
the rotating bowl acts as a highly effective settling tank.
Space limitations within this manual make it impossible to
discuss the theory and mathematics involved in centrifugation.
Complete discussions can be found in other references (50-52).
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ESTIMATED JUNE 1975 MAINTENANCE MATERIAL COST
FOR DAF THICKENERS (28)

One aspect that should be mentioned about centrifuge theory,
because of its misapplication by the wastewater design profes
sion, is the use of a Sigma factor to evaluate bids from
different centrifuge manufacturers. First developed in 1952 (53),
the Sigma concept is an established method-de-,relopecr---co
predict the sedimentation performance of centrifuges that are
geome tr ic ally and hyd rodynamically simi lar. I t cannot, however,
be used in engineering bid specifications to compare different
units when the two basic assumptions, geometric and hydrodynamic
similarity, are not valid. This is normally the case in
scroll-type decanters.

5.5.3 System Design Considerations

5.5.3.1 Disc Nozzles

Disc nozzles were first used in the United States in 1937 (49).
To date, approximately 90 machines have been installed at over
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50 municipalities (37). Table 5-11 lists the advantages and
disadvantages of a disc nozzle as compared to other thickening
systems. Figure 5-16 shows a typical disc nozzle centrifuge.

TABLE 5-11

ADVANTAGES AND DISADVANTAGES OF DISC NOZZLE CENTRIFUGES

Advantages

Yields highly clarified centrate without
the use of chemicals

Has large liquid and solids handling
capacity in a very small space

Produces little or no odor

Disadvantages

Can only be used on sludges with particle
sizes of 400 ~m or less

Requires extensive prescreening and grit
removal

Requires relatively high maintenance if
--pretreatme~system-±~mproperly

designed
Requires skilled maintenance personnel

FIGURE 5-16

TYPICAL DISC NOZZLE CENTRIFUGE IN THE FIELD
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Principles of Operation

Figure 5-17 features a cut away view of a disc nozzle centrifuge.
The feed normally enters through the top (bottom feed is also
possible) and passes down through a feedwell in the center of the
rotor. An impeller within the rotor accelerates and distributes
the feed slurry, filling the rotor interior. The heavier solids
settle outward toward the circumference of the rotor under
increasingly greater centrifugal force. The liquid and the
lighter solids flow inward through the cone-shaped disc stack.
These lighter particles are settled out on the underside of the
discs, where they agglomerate, slide down the discs, and migrate
out to the nozzle region. The gap of 0.050 inches (1.27 mm)
between the discs means that the particles have a short distance
to travel before settling on the disc surface. The clarified
liquid passes on through the disc stack into the overflow chamber
a-nd---i-s-t.hen d isclt'Trge.: t~_ the ttffluE!mt, i im::;- -

CONCENTRATI NG
CHAMBER
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FIGURE 5-17

SCHEMATIC OF A DISC NOZZLE CENTRIFUGE
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The centrifugal action causes the solids to concentrate as they
set tIe outward. At the outer rim of the rotor bowl, the high
energy impar ted to the flu id forces the concentra ted rna ter ial
through the rotor nozzles. One part of this concentrated
sludge is drawn off as the thickened product and another is
recycled back to the base of the rotor and pumped back into the
concentrating chamber; there, it is subjected to additional
centrifugal force and is further concentrated before it is
once again discharged through the nozzles. This recirculation
is advantageous because it increases the overall underflow
concentration; minimizes particle accumulation inside the rotor
by flushing action; allows the use of larger nozzles, thus
decreasing the potential for nozzle plugging; and helps to
achieve a stable separation equilibrium that lends itself to
precise adjustment and control.

Appl,ic-a-t-ion

Disc nozzle centrifuges can be applied only to sludges consisting
of smaller particles (less than 400 m [54]) and void of
fibrous material. In early installations; severe operating
and maintenance problems occurred from pluggage (24,49,55,56).
For wastewater treatment, then, only those systems that provide
primary treatment and separate the primary sludge from the
waste-activated sludge can be equipped with a disc nozzle
cen tr i fuge and only act iva ted sl udge can be th ickened in thi s
way. Even for those systems that keep the necessary separation,
designers have frequently forgotten the amount of fibrous
material that can be recycled back into the aeration system
from a dirty anaerobi c digester superna tan t stream. Thi s al so
eventually causes severe pluggage.

Pretreatment

To further reduce operation and maintenance requirements, current
design recommendations provide for pretreatment of the disc
nozzle feed stream. Figure 5-18 shows a disc nozzle pretreatment
system.

Raw WAS is pumped to a strainer in order to remove large solids
and fibrous material. Strainers should be made of stainless
steel, should be self-cleaning, and should be easily accessible.
Approximately one percent of the inlet flow will be rejected.
The reject stream should go to the primary sludge handling
system.

After screening, the flow goes to a degritter; however, even
after aerated grit removal and primary treatment, some grit
gets into the aeration basin. Under the velocities generated in
a disc nozzle, this grit becomes abrasive and causes nozzle
deterioration. The degritter does not eliminate the problem
completely but it does increase the running time between nozzle
replacements. Approximately 10 percent of the degritter inlet
flow is rejected, and this rejected stream is usually combined
with the screen flow.
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FIGURE 5-18

TYPICAL DISC NOZZLE PRETREATMENT SYSTEM

Performance

Table 5-12 lists typical performance that can be expected of
disc nozzle centrifuges. In addition to the standard process
variables, the disc nozzle machine variables considered are bowl
diameter, bowl speed, operation of recycle, disc spacing, and
nozzle configuration. Possibly the most important consideration,
however, is the nature of the sludge. As wi th other cen tr i fuge
applications, an increasing sludge volume index (SVI) influences
machine performance. Figure 5-19 shows the effect of SVI's on
capture and thickening (57).

TABLE 5-12

TYPICAL PERFORMANCE OF DISC NOZZLE CENTRIFUGE

Capacity, Feed Underflow
gallons solids, solids,

per percent percent
Ref minute solids solids

",.,"'~ "'-'.'~~""""-~-

5 150 0.75-1.0 5-5.5
5 400 ? 4.0
5 50-80 0.7 5-7
5 60-270 0.7 6.1

24 66 1.5 6.5-7.5
60 200 0.75 5.0

Solids
recovp.ry,
percent

90+
8f)

93-87
97-80
87-97

90

Polymer,
pounds per

dry ton
of solids

None
None
None
None
None
None

1 gpm = 3.78 l/min
lIb/ton = 0.5/kQ/t
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FIGURE 5-19

EFFECT OF ACTIVATED SLUDGE SETTLEABILITY ON
CAPTURE AND THICKENING (57)

In general, it can be said of disc nozzle performance that the
concentration of the thickened sludge tends to increase with
increasing solids concentration in the inlet. Depending on inlet
solids concentration, thickened sludge will be five to ten tiJlles
more concentrated than the feed. The capahility to concentrate
will decrease as the inlet solids become more concentrated.
Solids capture of 90 percent or better for the material fed into
the disc nozzle (after screening and grit removal) should be
obtainable without the use of polymers.

Other Considerations

As noted in the discussion of pretreatment requirements,
approximately 11 percent of the flow to the disc nozzle system is
rejected. The reject stream contains two to three percent solids
and is usually pumped to the primary sludge handling system.

The centrale stream is normally returned to the aeration tank.
This line should be designed to handle the entire flow being
pumped to the pretreatment system.
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Typically, equipment suppliers furnish
complete, including all necessary pumps.
assembled in the field.

disc nozzle systems
The system must be

5.5.3.2 Imperforate Basket

Imperforate basket centrifuges were first used in the U.S. in
1920, and to date, approximately 100 municipal installations
(over 300 machines) have been installed (37). About one half are
used for thickening. In fact, the largest centt-il:llge facility
in the world, the Joint Wate:r: P:)l.l.:ltion Plant of the County
Sanitation Distri.cts of Los Angeles County, California, utilizes
48 imperforate basket centrifuges. Table 5-13 lists the
advantaCJt'?s and disadvantages of an imperforate bi't<~'k::-.! i: <:entrifuge
compared to other thickening systems.

TABLE 5-13

ADVANTAGES AND DISADVANTAGES OF IMPERFORATE BASKET CENTRIFUGE

Disadvantages

Facility can be designed so that same
machine can be used both for thickening
and dewatering

Is very flexible in meeting process
requirements

Is not affected by grit

Of all the centrifuges, has the lowest
operation and maintenance requirements

Compared to gravity and DAF thickener
installations, is clean looking and has
little to no odor problems

Is an excellent thickener for hard-to-handle
sludges

Pr inc iple~2.~. Operation

Unit is not continuous feed and discharged

Requires special structural support

Has the highest ratio of capital cost to
capacity

Figure 5-20 is a schematic of a top feed imperforate basket
centrifuge illustrating general location of sludge inlet, polymer
feed, and centrate piping and location of cake discharge.

The following describes one complete batch operating cycle of a
basket centrifuge. When the "cycle start" button is pushed, the
centrifuge begins to accelerate. After approximately 30 seconds,
the feed pump is started through a timer relay. Depending on
the feed pump rate, it will take one to three minutes for the
bowl to reach operating speed. Sludge enters the unit through a
stationary feed pipe mounted through the curb cap. This pipe
extends to the bottom portion of the basket and ends at an angle
just above the floor in order to impart a tangential velocity to
the input stream. The duration of the feed time is controlled by
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either a pre-set timer or a centrate monitoc that shuts the feed
pump off when ~ certain level of suspended solids appears in the
centrate. The centrate is normally returned to the inlet of the
secondary treatment system.

KNIFE

CAKECAKE

FEED

POLYMER I ~

SKIMMINGS I _~. ~__

U

FIGURE 5-20

GENERAL SCHEMATIC OF IMPERFORATE BASKET CENTRIFUGE

Deterioration in the centrate indicates that the centLifuge bowl
is filled with solids, and separation can no longer take place.
At this point, the sludge feed pump is turned off.

Turning off OL diveLting the feed pump decelerates the centrifuge.
When the centrifuge has decelerated to 70 rpm's, a plow (located
by the center spindle shaft) is activated and starts to travel
horizontally into the bowl where the solids have accumulated.
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When the plow blade reaches the bowl wall, a dwell timer is
activated to keep the plow in the same position for approximately
5 to 15 seconds until all the solids have been discharged. When
the plow retracts, a cycle has been completed and the machine
will automatically begin to accelerate, starting a new cycle.

Application

Basket centrifuge is a good application for small plants (under
1 to 2 MGD [44 to 88 l/sec]) pump ing capaci ty . The appropr ia te
plant would provide neither primary clarification nor grit
remova 1 (that is, extended aera tion, aerated lagoons, contact
stabilization), but would require:

• Thickening before aerobic or anaerobic digestion,

• Solids content of less than ten percent to minimize cost
of hauling liquid sludge for land disposal, and

• A machine that can thicken sludge part of the time and
dewater sludge part of the time.

Performance

Table 5-14 lists typical basket centrifuge performance on several
types of sludges. Figure 5-21 shows the relative influence of
one process variable as a function of feed solids content,
holding all other process variables constant.

TABLE 5-14

TYPICAL THICKENING RESULTS USING IMPERFORATE
BASKET CENTRIFUGE

Feed solids
concentration,

Sludge type percent solids

Raw waste-activated 0.5-1.5
sludge

Aerobically 1-3
digested sludge

Raw trickling filter sludge 2-3
(rock & plastic media)

Anaerobically digested 2-3
sludge, primary and rock
trickling filter sludge
(70: 30)

Average
cake solids

concentration,
percent solids

8-10

8-10

8-9
9-11
8-10
7-9

Polymer
required,

pounds dry
per ton dry
feed solids

o
1.0-3.0

o
1.0-3.0

o
1.5-3.0

o
1.5-3.0

Recovery
based on
centrate,
percent

85-90
90-95
80-90
90-95
90-95
95-97
95-97
94-97

1 lb/ton = 0.5 kg/t
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Other Considerations

In discussions of hydraulic flow rate, a distinction must be
made between instantaneous feed rate and average feed rate.
Instantaneous feed rate is the actual hydraulic pump rate to
the basket. The average feed rate includes the period of time
during a cycle when sludge is not being pumped to the basket
(acceleration, deceleration, discharge). Therefore, dividing
total gallons pumped per cycle by total cycle time gives the
average feed rate.

Basket centrifuge performance is affected by the solids feed rate
to the mach ine. As the sol ids concentrat ion changes, the flow
rate must be adjusted. Every effort should be made to minimize
floc shear. For this reason, positive displacement cavity feed
pumps with 4 to 1 speed variation are recommended.

Cake solids concentration can only be discussed as average solids
concent ra t ion. The sol ids con centra t ion in a basket centri fuge
is maximum at the bowl wall and decreases toward the center. The
solids concentration discharged will be the average for the
mixture.

The centrate stream should be returned to the secondary system.

5.5.3.3 Solid Bowl Decanter

The first solid bowl decanter centrifuge in the u.S. to operate
successfully on municipal wastewater sludge was installed in the
mid-1930's (58). Since then there have been approximately
150 installations (over 400 machines) (37). Few of these units
were used for thickening because the rotating scroll created
disturbances in the thickening sludge, and the gravity force that
had to be overcome in climbing the beach made it more difficult
for the liquid thickened sludge to be discharged.

Technological advances have made solid bowl decanters for
th icken ing waste-act i va ted sl udge ava i lable. Table 5-15 1 i s ts
the current advantages and disadvantages of solid bowl decanter
centrifuges in waste-activated sludge thickening.

Principles of Operation

Figure 5-22 is a schematic of a solid bowl decanter centrifuge.
The sludge stream enters the bowl through a feed pipe mounted at
one end of the centrifuge.

As soon as the sludge particles are exposed to the gravitational
field, they start to settle out on the inner surface of the
rotating bowl. The lighter liquid, or centrate, pools above the
sludge layer and flows towards the centrate outlet ports located
at the large end of the machine.
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TABLE 5-15

ADVANTAGES AND DISADVANTAGES OF SOLID BOWL DECANTER CENTRIFUGES

Advantages Disadvantages

Yields high throughput in a small area

Is easy to install

Is quiet

Causes no odor problems

Has low capital cost for installation

Is a clean looking installation

Has ability to constantly achieve four to
six percent solids in the thickened sludge

Is potentially a high maintenance item

May require polymers in order to operate
successfully

Requires grit removal in feed stream

Requires skilled maintenance personnel

FEED

L-__---':'::. L__.....
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:.. :.
•••• DEWATERED'.. '

.' • •••• SOLIDS.' .
.:: ::.:..'.

COVER

FIGURE 5-22

SCHEMATIC OF TYPICAL SOLID BOWL DECANTER
CENTRIFUGE

The settled sludge on the inner surface of the rotating bowl is
transported by the rotating conveyor towards the conical section
(small end) of the bowl. In a decanter designed for dewatering,
the sludge, having reached the conical section, is normally
conveyed up an incline to the sludge outlet. Waste-activated
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sludge is too "slimy" to be conveyed upward without large doses
of polyelectrolyte. In the newly designed machines, maximum
pool depths are maintained; in addition, a specially designed
baffle is located at the beginning of the conical section. This
baffle, working in conjunction with the deep liquid pool, allows
hydrostatic pressure to force the thickened sludge out of the
machine independent of the rotating conveyor. This design
eliminates the need for polymer addition to aid in conveying
thickened sludge up the incline towards the sludge discharge and
allows only the thickest cake at the bowl wall to be removed.
Figure 5-23 shows a typical installation of a centrifuge designed
for thickening.

FIGURE 5-23

SOLID BOWL DECANTER CENTRIFUGE INSTALLATION

Application

Because of the specially designed baffle, the new type of
thickening decanter centrifuge can be used to thicken only
straight waste-activated or aerobically digested waste-activated
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sludge. A thickening-type decanter centrifuge cannot be used for
pr imary or equi valent sludges, whereas the old style decanters
without baffle can be used to thicken any sludge.

Performance

Operating data on the newly designed machines are very limited.
Table 5-16 shows typical operating results supplied by one
equipment manufacturer.

TABLE 5-16

TYPICAL CHARACTERISTICS OF THE NEW TYPE THICKENING
DECANTER CENTRIFUGE ON WAS (63)

Parameter

Operating method
Bowl diameters, inches
Normal Grange
WAS feed solids, percent
Thickened WAS solids, percent
Recovery, percent
Polymer range, Ib/ton

1 inch = 2.54 cm
lIb/ton = 0.5 kg/t

Other Considerations

,"...""-,,,- ~-~- ,,,--,-,Se-lid-- hew-l ----,,,-- ...~---,----""-
conveyor

Continuous
14-40

1,400-2,100
0.5-1.5

5-8
85-95

0-6

Pumps should provide posi ti ve displacement and variable speed.
There should be no rigid piping connections to the centrifuge.

Several points of polymer addition should be provided. This is
necessa ry because of d if fe rences in po lymer charge dens it ies ,
effect of polymer reaction times with the sludge, and variances
in sludge characteristics. Polymer can be added at the sludge
feed line, just before either the junction of the feed pipe and
the centrifuge or the inlet side of the sludge feed pump, or
immediately downstream from the outlet side of the sludge feed
pump.

There should be a moveable overhead hoist for removing and
replacing the internal conveyor.

A washwater connection must be provided in the feed line to wash
the decanter internally if the unit is to be shut down for more
than several hours. It is important that the material not dry
out within the machine, as it can cause a load imbalance.
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5.5.4 Case History

The following is a summary of a three-year project in which
a disc nozzle, imperforate basket and solid bowl decanter
centrifuge were evaluated for their ability to thicken waste
activated sludge. The study was concluded at the Village Creek
Plant, Fort Worth, Texas (59), where wastewater temperatures
reach 86°F (30°C). The plant had been unable to gravity thicken
waste-activated sludge over a maximum of 2.5 percent. In
addition, sludge blanket turnovers and other process upsets
proved troublesome. Use of polymers, dilution water, and mixing
with primary sludge did not resolve the problems associated with
gravity thickening waste-activated sludge.

After some pilot testing, two disc-nozzle centrifuges were
installed to concentrate waste-activated sludge prior to

-ana e robi-c;--dig-estion-,----and-an---equi pm-ent-tes ti rrg- prog ram-- wa s-
undertaken on other centrifuges. An expansion from 45 to 96 MGD
(2 to 4 m3js) was anticipated without an increase in the plant's
existing digester capacity. This meant that sludge would have to
be concentrated to at least five percent total solids.

Over a three-year period, the existing disc nozzle centri
fuge system was redesigned and optimized and other centrifuges
(imperforate basket and solid bowl decanter) were tested.

The test program at Village Creek graphically illustrated that
the thickening characteristics of waste-activated sludges vary
markedly depending on the design and operating cri teria of the
activated sludge process and on the storage condi tions of the
sludges. These variations can be reduced considerably by the use
of polyelectrolyte conditioners. The effect of polyelectrolytes
on unit process costs varies; the advisability of using them must
be determined for each individual case.

Disc Nozzle

Testing was conducted on a 24-inch (61 em) diameter unit,
operating at 4,290 rpm and having a 0.07-inch (1.7 mm) nozzle
opening. The optimum design for obtaining a five percent
sludge and 90 percent recovery was at 200 gpm (12.62 I/sec) and
750 pounds per hour (340 kgjhr) of solids.

In operation, the nozzles on a disc-nozzle machine will plug up
in minutes if prescreening is not provided. For activated sludge
the screen must be chosen with care. Vibrating screens can
become coated with grease and fiber. They may coat over even
when provided with spray nozzles, or they may tear from abrasion.
A rotating drum wedge wire screen with either O.OlO-inch
(0.25 mm) or 0.020-inch (0.51 mm) openings offered the best
results. The rejects from this screen were about 5 to 15 percent
of the feed solids. These rejects consisted of approximately
60 percent hexane extractables and 30 percent fiber.
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Even wi th prescreening, the centrifuge nozzles eventually plug
up, and performance deteriorates. An examination of the
centrifuge after performance deterioration revealed that grease
had built up and had begun to back up into the disc stack and
interfere with clarification. The centrifuge then had to be
disassembled and cleaned, about an eight-hour (16 man-hour)
opera tion. Wi th only drum screeni ng, runs of abou t three days'
duration were experienced, but when an in-line wedge-wire backup
screen was installed, the runs were of seven to ten days duration.

Other installations have had success removing this grease
in-line by periodically flushing the centrifuges with hot water
introduced into the feed pipe; the run is thereby lengthened to
more than thirty days.

In addition, the nozzles, their holders, and recycle tubes also
underweD-t extreme wear. Erosion due to fine gri t ip the slud~

(despite primary treatment) was ruining one nozzle or its holder
about every three days until cyclone degritters were installed.
These reduced the pressure to 100 gallons per minute (6.31 l/sec)
at 45 psi (310 kN/m 2 ) and removed grit down to 75 mm. They
also reduced wear, so tha t the noz zle had to be replaced only
once every six months.

Imperforate Basket

Testing was conducted on a 40-inch (102-cm) diameter unit
operating at 1,500 rpm. Polymer usage was not evaluated. The
optimum design was for a six percent cake and 80 percent recovery
at an average feed rate of 40 gpm (252 l/sec) and 150 pounds per
hour (68 kg/ hr) of solids.

Solid Bowl Decanter

Testing was conducted and scaled up for a 2.5-inch (63.5-cm)
diameter bowl unit. Polymer usage was not evaluated. The
optimum design was for a 7.5 percent cake and 90 percent recovery
at 150 gpm (9.46 l/sec) and 562 pounds per hour (255 kg/hr) of
solids.

Analysis of Results

Since all three types of centrifuges were capable of producing,
without polymer, cake solids content and solids capture
considered adequate at Fort Worth, the issues of reliability and
cost came into question. Cost is based on 73,300 pounds per day
(33,275 kg/ day), the maximum expected solids to be generated
over an entire month. This would require 20 basket, six
horizontal scroll, and four disc nozzle centrifuges. The
horizontal scroll and disc nozzle centrifuges would require
cycloning grit removal equipment and the disc nozzle prescreen
ing. Comparative capital and operation and maintenance costs are
listed in Table 5-17. Estimated operating costs consist of power
and addi tional head for cyclones. Maintenance costs were known
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from plant data for disc nozzle machines and other manufacturer's
horizontal bowls and considered minimal for the basket. Cleaning
costs were included for the disc nozzle.

TABLE 5-17

ESTIMATED CAPITAL AND aIM COST FOR VARIOUS CENTRIFUGES
FOR THICKENING OF WASTE-ACTIVATED SLUDGE

AT VILLAGE CREEK - FORT WORTH, TEXAS

Dollars

Item

Capital costa
Centrifuges
Associated equipment

Annual cost
20-yr life, 7 percent interest

Operating cost
Maintenance parts
Manpower ($lO/hr)
Electricity (1.75 cents/kWhr)

Total cost of thickening

Cost/ton of sludge processed

Six solid bowl
decanters

900,000
300,000

113,280

17,800
12,480
55,188

180,948

12.33

Five disc
nozzle

600,000
300,000

84,960

20,000
41,600
51,739

198,299

13.40

Twenty
imperforate

basket

1,400,000
1,500,000

179,360

10,000
20,800

144,975

325,135

21. 97

aBuilding, piping, and pumping to and from facility not included.

1 kWhr = 3. 6 MJ

5.5.5 Cost

5.5.5.1 Capital Cost

Disc Nozzle Centrifuge

Capital cost data for disc nozzle systems are not readily
available. In one study (59) the 1978 cost for five 200-gpm
(12.62 l/sec) units with pretreatment equipment would be
$900,000. This cost figure was restricted to equipment.

Basket Centrifuge.

Capital cost curves
available at this
48-inch by 30-inch
size most commonly

for basket centrifuge installations are not
time. In June 1979, a typical top feed,
(122 cm by 76 cm) imperforate basket (the

used) wi th dr i ve, electrical control panel,
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flexible connectors, necessary spare parts, air compressor,
sludge feed pump, polymer feed system and start-up services was
$160,000 to $170,000.

Solid Bowl Decanter Centrifuge

Figure 5-24 shows estimated June 1975 capital cost for a solid
bowl decanter installation. The cost includes centrifuge
equipment, pumps, hoist, electrical facilities, and building.

1,000,000
9

U'l 8... 7~

""6 6
i:J 5
Cf) 4
f-en

30
u
z 2
0
f-
U
:::J
c: 100,000
f- 9
en 8z 7
0 6U

5
2 3 45678910

I I I I I
2 3 4 5 6 7 8 9 100 2 3 456789

SINGLE UNIT INSTALLED CAPACITY, gpm (lgpm = 40.8 I/min)

FIGURE 5-24

ESTIMATED JUNE 1975 SOLID BOWL DECANTER
INSTALLATION CAPITAL COST (28)

5.5.5.2 Operating and Maintenance Cost

Disc NozzleCe~tr~fuge

Operating and maintenance cost data for disc nozzle systems are
not readily available. In one study (59) the following 1978
costs were given for operating four 200-gpm (12.62 l/sec) units
24 hours per day:

• Maintenance parts - $20,000/year

• Manpower cost at $lO/hr - $41,600

• Electricity at 1.75 cents/kWhr - $51,739
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The following Provides a rough guide for operating and
maintenance requirements for a disc nozzle centrifuge:

• It is best to run a disc nozzle 24 hours per day to
prevent shutdowns from materials that will dry out
between stacked plates when machine is not operating.

• At least once every eight hours, each machine should be
inspe cted f or general mach ine opera tion, product, and
amperage draw--l/2 man-hour per unit.

• At least once a week, each machine should be shut down
to be gi ven a thorough flushing, and noz zles should be
removed and cleaned--two man-hours per unit.

• If grease is present in the system, the machine should
be flushed with hot water at least once every other
day--three man-hours per unit.

• Depending on sludge characteristics, the length of time
before a machine has to be completely disassembled and
cleaned is quite variable. A complete cleaning will
take approximately 16 man-hours.

• Even with good pretreatment, nozzles, holders and recycle
tubes will have to be replaced.

• Other parts that will need replacing are drive belts
and pumps.

Imperfo~ate Baske t Centr i t~CJ~

For a we 11 de signed s ys tern, operation and rna in tenance for one
48-inch by 30-inch (122 cm x 76 cm) basket using a hydraulic
drive can be approximated as follows:

• Normal start-up and shutdown - 0.5 man-hour.

• Observation time per eight-hour shift--l.O man-hour.

• Basket oil change (1 quart SAE 10-40 motor oil [0.95 1]
10-40 motor oil) is required every 200 operating hours-
0.5 man-hour.

• General mach ine lubr ica t ion is needed eve ry 200 operating
hours--O.5 man-hour.

• Ai r compressor should be servi ced every 1,000 operating
hours--l.O man-hour.

• Hydraulic oil change (65 gallons [246 1]) is required
eve ry 3,500 operating hours or once per year--3. 0 man
hours.
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• High pressure oil filter should be changed every 1,000
operating hours--O.5 man-hour.

• If the machine is to be shut down for more than 24 hours,
the basket should be cleaned with water (tap water
pressure). This can be provided as an automatic or a
manual operation--O.5 man-hour for manual operation.

• Basket bearings should be replaced every 100,000
operating hours--40 man-hours.

• Standard materials repair cost per 1,000 machine
operating hours is $300 to $350 (June 1979).

• Specific power draw for this size basket centrifuge
ranges from 1.1 to 1.3 horsepower per gallon per minute
(13 to 15 kW/l/sec) flow rate.
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Solid Bowl De.canter Centrifuge

Figure 5-25 indicates annual man-hour requirements for operation
and maintenance. Included in the curve are labor requirements
directly related to the centrifuge, sludge conditioning, and
other associated equipment.
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FIGURE 5-25
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CENTRIFUGE (28)
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Power

Power is dependent on machine des ign, bu tit should range from
0.28 to 0.37 horsepower per gallon per minute flow rate (3.3 to
4.4 kW/l/sec).

Maintenance Material Costs

Figure 5-26 shows a curve developed for estimating solid bowl
decanter centrifuge maintenance material cost.
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ESTIMATED JUNE 1975 MAINTENANCE MATERIAL COST
FOR SOLID BOWL DECANTER CENTRIFUGE

5.6 Miscellaneous Thickening Methods

5.6.1 Elutriation Basin

Elutriation is a satisfactory process for washing and thickening
digested primary sludges. Elutriation is also effective for
mixtures of primary and biological sludges as long as a small
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do~age of flocculent is used to coflocculate the mixed sludges.
ThIS prevents excessive loss of fines in the overflow elutriate.
(See Chapter 8 for further discussion.)

5.6.2 Secondary Anaerobic Digesters

Gravity thickening of biologically produced sludges in secondary
anaerobic digesters does not work well as presently designed.
Digesters should not be relied upon to function as gravity
thickeners. They may, however, be used to generate more methane
(five to ten percent) and to function as sludge holding tanks
(only if equipped with floating-type covers). (See Chapter 6 for
further discussion.)

5.6.3 Facultative Sludge Lagoons

Al though sludge lagoons are ou t of favor wi th many des igners,
properly designed facultative sludge lagoons can provide an
effective means for further concentrating anaerobically digested
sludge (60). (See Chapter 15 for further discussion.)

5.6.4 Ultrafiltration

Thickening waste-activated sludge from one to six percent solids
by ultrafiltration has been studied (61). Minimum estimated
membrane area required to concentrate one ton (0.9 t) of waste
activated sludge per day from one to six percent solids was
260 square feet (23.4 m2 ). High pressure drops of 25 to 75 psi
(17 to 52 N/cm 2 ) had to be used. Power requirements were
approximately 540 kWhr per ton (595 kWh/t) of dry feed solids.
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CHAPTER 6

STABILIZATION

6.1 Introduction

The principal purposes of stabilization are to make the treated
sludge less odorous and putrescible and to reduce the pathogenic
organism content. Some procedures used to accomplish these
objectives can also result in other basic changes in the sludge.
The selection of a certain method hinges primarily on the final
disposal procedure planned. If the sludge is to be dewatered and
incinerated, frequently no stabilization procedure is employed.
Most stabilization methods, particularly anaerobic and aerobic
digestion, result in a substantial decrease in the amount of
suspended sludge solids. Hence, the corollary function of
conversion is included in the description of these processes.

This chapter provides detailed discussion of four processes
that have the primary function of sludge stabilization. These
processes are anaerobic digestion, aerobic digestion, lime
stabilization, and chlorine oxidation. Both anaerobic and
aerobi c d ige stion are currently increas i ng in popul ar i ty. The
former is receiving revived attention from some cities and new
attention from others for several reasons. The production of
methane in anaerobic digestion is attractive in view of energy
shortages, as is the suitability of anaerobically digested
sludges to disposal on land. Also, it is being recognized
that problems experienced previously with anaerobic digestion
were actually due to other wastewater process considerations.
Interest in aerobic digestion of excess activated sludge is
growing because it has the potential for providing a good
quality liquid process stream and can produce exothermic reaction
conditions. A major impetus for processes such as anaerobic and
aerobic digestion and lime treatment is the growing emphasis on
utilization of sludge rather than mere disposal. Chlorine
oxidation is of limited use for special situations or where
septic tank wastes are involved.

Several other sludge treatment processes provide varying degrees
of stabilization, although this is not their principal function.
Composting is practiced in severa~ united States cities and
is being actively investigated for others. This process is
considered important enough, wi th the emphasis on recycling of
sludge to the land, that it alone is discussed in Chapter 12.
Heat treatment, discussed in Chapter 8, has been installed in
several new united States plants to improve sludge conditioning
and dewatering economics. Some processes used to disinfect
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sludge, such as heat drying and pasteurization, also provide
limited stabilization. These processes are discussed in
Chapters 7 and 10.

Selection of the optimum stabilization method for any treatment
and disposal system requires an in-depth understanding of
the method and its limitations. The designer must recognize
these limitations and accommodate them in the design of the
subsequent processing and disposal steps.

6.2 Anaerobic Digestion

6.2.1 Process Description

Anaerobic digestion is the biological degradation of complex
organic substances in the absence of free oxygen. During these
reactions, energy is released and much of the organic matter is
converted to me thane, carbon dioxi de, and wa ter. Since 1 i ttl e
carbon and energy remain available to sustain further biological
activity, the remaining solids are rendered stable.

6.2.1.1 History and Current Status

Anaerobic digestion is among the oldest forms of biological
wastewater treatment. It was first used a century ago to reduce
both the quantity and odor of sewage sludges. Originally,
anaerobic digestion wa~ carried out in the same tank as
sedimentation, but the two-story tanks developed in England by
Travis and in Germany by Imhoff began a trend toward separating
the two processes. Separate sludge digestion tanks came into use
in the first decades of this century. At first, these were
little more than simple holding tanks, but they provided the
opportunity to control environmental conditions during anaerobic
digestion and, thereby, improve process performance. wi th the
development of digester heating and, subsequently, mixing,
anaerobic digestion became the most common method of stabilizing
sludge.

As both industrial waste loads and the general degree of
wastewater treatment increased, the sludges generated by treat
ment plants became more varied and complex. Digester systems
failed because their design and operation were empirically
developed under simpler conditions. As a result, anaerobic
sludge digestion fell into disfavor. However, interest in
anaerobic digestion of dilute wastes stimulated a ne.v wave of
research into the process. The resulting development of steady
state models in the 1960s (1,2,3), dynamic models in the 1970s
(4,5,6), and increasing research into the basic biochemical
processes (7,8,9,10) led to significant improvements in both
reliability and performance of anaerobic digesters.
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Currently, sludge stabilization by anaerobic digestion is used
extensively. A 1977 survey (11) of 98 municipal wastewater
treatment plants in the United States found that 73 used
anaerobic digestion to stabilize and reduce the volume of sludge.
Because of emphasis on energy conservation and recovery and
environmental pressure to use wasteewater sludges on land, it is
expected that anaerobic digestion will continue to play a major
role in municipal sludge processing.

6.2.1.2 Applicability

A wide variety of sludges from municipal wastewater treatment
plants can be stabilized through anaerobic digestion. Table 6-1
lists some types of sludge that have been anaerobically digested
in full-scale, high rate digesters.

TABLE 6-1

TYPE AND REFERENCE OF FULL-SCALE STUDIES ON
HIGH RATE ANAEROBIC DIGESTION OF MUNICIPAL

WASTEWATER SLUDGE (13,14,15,16-34)

Sludge type
--------~

Primary and lime
Primary and ferric chloride
Primary and alum
Primary and trickling filter
Primary, trickling filter, and alum

Primary and waste activated
Primary, waste activated, and lime
Primary, waste activated, and alum
Primary, waste activated, and ferric

chloride
Primary, waste activated, and sodium

aluminate
Waste activated only (pilot plant

only)

Reference

Mesophilic
di'1estion

16, 17
18
19
20, 21
22

23, 24, 25, 26
30, 31
30, 32, 33

30

32, 33

13, 14, 15, 34

25, 27, 28,29

13, 14, 15

Solids-liquid separation of digested primary sludge is downgraded
by even small additions of biological sludge, particularly
act iva ted sludge. Al though mi xtures of pr ima ry and biolog i cal
sludge wi 11 break down read i ly under anaerobi c cond i t ions, the
ne t rate of the react ion is slowed sl igh tly (12). Exper ience
with full-scale anaerobic digestion of straight activated sludge
is limited, although laboratory (13,14) and pilot-scale studies
(15) demonstrate that separate digestion of activated sludge is
~easible.

Chemical
although

sludges have been successfully digested anaerobically,
in several cases, volatile solids reduction and gas
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production were low, compared wi th conventional sewage
(35,36) • Decreased performance appears to resul t from
biodegradability, rather than from toxic inhibition
anaerobic microorganisms (35).

sludges
reduced
of the

Anaerobic digestion is a feasible stabilizing method for
wastewater sludges that have low concentrations of toxins
and a volatile solids content above 50 percent. The obligate
anaerobic microorganisms are sensitive and do not thrive under
fluctuating operating conditions. Consequently, the process must
be ca refully cons idered for use at trea tmen t pI an ts where wide
variations in sludge quantity and quality are common.

6.2.1.3 Advantages and Disadvantages

Anaerobic digestion offers several advantages over other methods
of sludge stabilization; specifically, the process:

• Produces methane, a usable source of energy. In most
cases, the process is a net energy producer, since
the energy content of digester gas exceeds the energy
demand for mixing and heating. Surplus methane
is frequently used for heating buildings, running
engines, or generating electricity (37,38,39). (Refer to
Chapter 18.)

• Reduces total sludge mass through the conversion of
organic matter to primarily methane, carbon dioxide, and
water. Commonly, 25 to 45 percent of the raw sludge
solids are destroyed during anaerobic digestion. This
can substantially reduce the cost of sludge disposal.

• Yields a solids residue suitable for use as a soil
conditioner. Anaerobically digested sludge contains
nutrlents and organic matter that can improve the
fertili ty and texture of soils. Odor levels are greatly
reduced by anaerobic digestion.

• Inactivates pathogens. Disease-producing organisms in
sludge die off during the relatively long detention times
used in anaerobic digestion. The high temperatures used
in thermophilic digestion (122 to 140°F, 50 to 60°C) have
an addi tional bactericidal effect. Pathogen reduction
during anaerobic digestion is discussed in Chapter 7.

Pr inci pal disadvantages of anaerobi c sl udge digestion are that
it:

• Has a high capital cost. Very large, closed digestion
tanks are required, which must be fitted with systems for
feeding, heating, and mixing the sludge.
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• Is suscepti ble to upsets. Mi croorgani sms involved in
anaerobic decomposition are sensitive to small changes in
their environment. Monitoring of performance and close
process control are required to prevent upsets •

• Produces a poor quality sidestream. Supernatants from
anaerobic digesters often have a high oxygen demand and
high concentrations of nitrogen and suspended solids.
Recycling of digester supernatant to the plant influent
may upset the liquid process stream or produce a build-up
of fine particles in the treatment plant. In plants that
are required to remove nitrogen from the wastewater, the
soluble ni trogen in the superna tant can cause problems
and/or increased costs of treatment.

• Keeps methane-producing bacteria growth at a slow rate •
Large-reactors are required to hold the sludge for 15 to
30 days to stabilize the organic solids effectively.
This slow growth rate also limi ts the speed wi th which
the process can adjust to changes in waste loads,
temperature, and other environmental conditions (40).

6.2.1.4 Microbiology

Anaerobic digestion involves several successive fermentations
carried out by a mixed culture of microorganisms (7,10). This
web of interactions compromises two general degradation phases:
acid formation and methane production. Figure 6-1 shows, in
s impl i f ied form, the react ions involved in anaerobic d ige st ion.

ACID
FORMATION

METHANE
PRODUCTION

..- --~-~_-A..~___,__-~----_-.-'A....-------_
( T \ )

CELLS AND STABLE
DEGRADATION

PRODUCTS

METHANE
BACTERIA

MICRO~E'.
ORGANISMS'.. OTHER END
. .. CH4 + CO2 + PRODUCTS

ORGANIC ACIDS, CO2,
H20, AND CELLS

PR INCIPALLY
ACID FORMERS

RAW S,,~L.,_U,_D.._G~ O_R-~-~-~-I~~-M-S-__t....... [STABLE AND INTERMEDIATE, DEGRADATION PRODUCTS

--~',"""''''''""''.,;'''

COMPLEX
SUBSTRATE

CARBOHYDRATES,
FATS AND
PROTEINS

FIGURE 6-1

SUMMARY OF THE ANAEROBIC DIGESTION PROCESS

In the first phase of digestion,
complex organic substrates to
primarily acetic, propionic, and

facultative bacteria convert
short-chain organic acids-
lactic acids. These volatile
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organic acids tend to reduce the pH, although alkaline buffering
materials are also produced. Organic matter is converted into a
form suitable for breakdown by the second group of bacteria.

In the second phase, strictly anaerobic bacteria (called
methanogens), convert the volatile acids to methane (CH4), carbon
dioxide (C02)' and other trace gases. There are several groups
of methanogenic bacteria, each with specific substrate require
ments, that work in concert to reduce complex wastes such as
sewage sludge. Tracer studies indicate that there are two major
pathways of methane formation:

• The cleavage of acetic acid to form methane and carbon
dioxide.

• The reduction of carbon dioxide, by use of hydrogen
gas or formate produced by other bacteria, to form
methane.

When an anaerobic digester is working properly, the two phases of
degradation are in dynamic equilibrium; that is, the volatile
organic acids are converted to methane at the same rate that they
are formed from the more complex organic molecules. As a result,
volatile acid levels are low in a working digester. However,
methane formers are inherently slow-growing, with doubling times
measured in days. In addition, methanogenic bacteria can be
adversely affected by even small fluctuations in pH, substrate
concentrat ions, and temperature. In contrast, the ac id forme rs
can function over a wide range of environmental conditions and
have doubl ing times normally measured in hours. As a resul t,
when an anaerobic digester is stressed by shock loads, tempera
ture fluctuations, or an inhibitory material, methane bacteria
act i vi ty beg ins to lag beh ind tha t of the ac id forme rs. When
this happens, organic acids cannot be converted to methane as
rapidly as they form. Once the bal ance is upset, in termed i ate
organic acids accumulate and the pH drops. As a result, the
methanogens are further inhibi ted, and the process eventually
fails unless corrective action is taken.

The anaerobic process is essentially controlled by the methane
bacter ia because of the ir slow growth rate and sens i tivi ty to
environmental change. Therefore, all successful designs must be
based around the special limiting characteristics of these
microorganisms.
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6.2.2 Process Variations

Experimentation over the years has yielded four basic variations
in anaerobic sludge digestion: low-rate digestion, high-rate
digestion, anaerobic contact, and phase separation.

High-rate digestion is obviously an improvement over low-rate
digestion, and its features have been incorporated into standard
pr~ctice. :rhe anaerobic. c~:mtact process and phase separation,
whlle offerlng some speclflc benefits, have not been used for
sludge digestion in full-scale facilities.

6.2.2.1 Low-Rate Digestion

The simplest and oldest type of anaerobic sludge stabilization
process is low-rate digestion. The basic features of this
process layout are shown on Figure 6-2. Essentially, a low-rate
digester is a large storage tank. wi th the possible exception
of heating, no attempt is made to accelerate the process by
con troll ing the envi ronmen t. Raw sl udge is fed into the tank
in termi t ten tly. Bubbles of sl udge g as are genera ted soon after
sludge is fed to the digester, and their rise to the surface
provides the only mixing. As a result, the contents of the tank
stratify, forming three distinct zones: a floating layer of
scum, a middle level of supernatant, and a lower zone of sludge.
Essentially, all decomposition is restricted to the lower zone.
Stabi 1 ized sludge, wh ich accumul a tes and th i ckens at the bottom
of the tank, is periodically drawn off from the center of the
floor. Supernatant is removed from the side of the tank and
recycled back to the treatment plant. Sludge gas collects above
the liquid surface and is drawn off through the cover.

6.2.2.2 High-Rate Digestion

In the 19 50s, research was directed toward improving anaerobic
digestion. Various studies (24,41,42,43,44) documented the value
of heating, auxiliary mixing, thickening the raw sludge, and
uniform feeding. These four features, the essential elements of
high-rate digestion, act together to create a steady and uniform
environment, the best conditions for the biological process. The
net result is that volume requirements are reduced and process
stability is enhanced. Figure 6-3 shows the basic layout of this
process.

Heating

The contents of a high-rate digeBter are heated and consistently
maintained to within 1°F (0.6°e) of design temperature.
Heating is beneficial because the rate of microbial growth and,
therefore, the rate of digestion, increases wi th temperature.
Anaerobic organisms, particularly methanogens, are easily
inhibited by even small changes in temperature. Therefore, close
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c?ntro~ of the temperature in a digester helps maintain the
mlcroblal balance and improves the balance of the digestion
process.

DIGESTER GAS

L::~
SCUM

RAW SLUDGE SUPERNATANT
SUPERNATANT

DIGESTED SLUDGE

UNHEATED
UNMIXED
INTERMITTENT FEEDING AND WITHDRAWAL
DETENTION TIME: 30-60 DAYS
LOADING RATE: 0.03-0.10 Ib VSS/cu ft/day

(0.4-1.6 kg VSS/m3/day)

FIGURE 6-2

LOW-RATE ANAEROBIC DIGESTION SYSTEM

Methane production has been reported at temperatures ranging from
32°F to as high as 140°F (0 to 60°C). Most commonly, high-rate
digesters are operated between 86 and 100°F (30 and 38°C).
The organisms that grow in this temperature range are called
mesophilic. Another group of microorganisms, the thermophilic
bacteria, grow at temperatures between 122 and 140°F (50 and
60°C). Thermophilic anaerobic digestion has been studied
since the 1930s, both at laboratory scale (13,45,46) and plant
scale (27,28,29). This research was recently reviewed by
Buhr and Andrews (47). In general, the advantages claimed for
thermophilic over mesophilic digestion are: faster reaction
rates that permit lower detention times, improved dewatering of
the digested sludge, and increased destruction of pathogens.

Disadvantages of thermophilic digestion include their higher
energy requirements for heating; lower quality supernatant,
containing larger quantities of dissolved materials (29);
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and poorer process stability. Thermophilic organisms are
particularly sensitive to temperature fluctuation. More detailed
information on the effects of temperature on digestion is
included in Section 6.2.4. Design of digester heating systems is
discussed in Section 6.2.6.2.

•
DIGESTER GAS

~
...

RAW

SLUDGE

HEAT

EXCHANGER

ACTIVE
ZONE

DIGESTED SLUDGE

HEATED TO CONSTANT TEMPERATURE
MIXED
CONTINUOUS FEEDING AND WITHDRAWAL
DETENTION TIME: 10-15 DAY MINIMUM
LOADING RATE: 0.10-0.50 Ib VSS/cu ft/day

(1.6-8.0 kg VSS/m3/day)

FIGURE 6-3

SINGLE-STAGE, HIGH-RATE ANAEROBIC
DIGESTION SYSTEM

Auxiliary Mixing

Sludge in high-rate digesters is mixed continuously to create
a homogeneous environment throughout the reactor. When
stratification is prevented, the entire digester is available
for active decomposition, thereby increasing the effective
detention time. Furthermore, mixing quickly brings the
raw sludge into contact with the microorganisms and evenly
distributes metabolic waste products and toxic substances.
Methods of mixing and mixing system designs are described in
Section 6.2.6.3.
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pre-thickening

The benefits of thickening raw sludge before digestion were
first demonstrated by Torpey in the early 1950s (24). By
gravity thickening a combination of primary and excess secondary
sludge before digestion, he was able to achieve stabilization
equivalent to digestion without thickening in one quarter of the
digester volume. In addition, liquid that had previously been
removed as digester supernatant was instead removed in the
preceding thickener. Since thickener supernatant is of far
bet ter qual i ty than digester supernatant, it had s igni f i can tly
less adverse impact when returned to the wastewater treatment
stream. l\lso, heating requirements were considerably reduced by
pre-thickening, since smaller volumes of raw sludge entered the
digesters.

Later full-scale studies by Torpey and Melbinger (48) showed that
thickening of digester feed sludge could be improved by recycling
a portion of the digested sludge back to the gravity thickener.
This variation of high-rate digestion, often called the Torpey
process, is shown schematically on Figure 6-4. The results of
Torpey and Melbinger's studies are summarized in Table 6-2.
While the initio.l effect of recirculation was to improve
thickening, further benefits were obtained. Improved thickening
of the feed sludge increased the detention time (solids retention
time) in the digesters and, thereby, enhanced solids reduction
during digestion. The result was that the volume of sludge for
final disposal was reduced by 43 percent. These results were
obtained wi th the same overall plant treatment efficiencies and
wastewater aeration requirements as had been achieved prior to
the recycling of digested sludge.

PRIMARY

SLUDGE

RECIRCULATING

DIGESTED SLUDGE

MODIFIED
AERATION

DIGESTED

SLUDGE
TO

DISPOSAL

SLUDGE
TO WASTEWATER

SL.U-P"E"R-N~A~T~A~N~T~TR EATM ENT STR EAM

FIGURE 6-4

FLOW DIAGRAM FOR THE TORPEY PROCESS

There is, however, a point beyond which further thickening
of feed sludge has a detrimental effect on digestion. Two
problems can result from over-concentration of feed sludge.

6-10



1. Good mixing becomes difficult to maintain. The solids
concentration in the digester affects the viscosity,
which, in turn, affects mixing. Sawyer and Grumbling
( 49) exper ienced di ff i cuI ty in mi xing when the sol ids
content in the digester exceeded six percent. Because
of the reduction of volatile solids occurring during
digestion, the solids concentration within the digester
is less than the feed solids concentration. Therefore,
feed solids concentrations may reach eight to nine
percent before mixing is impaired.

2. Chemical concentrations can reach levels that can inhibit
microbial activity. A highly thickened feed sludge
means that the contents of the digester will be very
concentrated. Compounds entering the digester, such as
salts and heavy metals, and end products of digestion,
such as volatile acids and ammonium salts, may reach
concentrations toxic to the bacteria in the digester
(50). For example, in one case, digester failure
followed a three-month period during which feed solids
concentrations ranged from 8.2 to 9.0 percent (51). It
is believed that this caused ammonium alkaline products
to reach toxic concentrations.

TABLE 6-2
RESULTS OF RECIRCULATING DIGESTED SLUDGE TO

THE THiCKENER AT BOWERY BAY PLANT, NEW YORK (48)

Raw sludge
Dry weight, lb/day

Digester feed (includes recircula
tion)

Dry weight, lb/day
Solids concentration, percent

Digested sludge to disposal
Dry weight, lb/day
Solids concentration, percent
Volume, cu ft/day

Without
recirculationa

------

108,000

108,000
8.2

60,000
4.6

20,700

With b
recirculation

101,500

144,300
9.9

47,500
6.1

12,300

aAverages for operation in 1961. Average treatment plant flow 105 HGD.

bAverages for 15 months of operation with 33, 50, or 67 percent recirculation
of digested sludge. Average treatment flow = 101 HGD.

1 lb/day = 0.454 kg/da~

1 cu ft/day = 0.0283 m /day

uniform Feedin<r

Feed is
intervals

introduced into
to help maintain

a high-rate digester
constant condi tions in
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In the past, many digesters were fed only once a day or even less
frequently. These slug loadings placed an unnecessary stress on
the biological system and destabilized the process. Al though
continuous feeding is ideal, it is acceptable to charge a
digester intermittently, as long as this is done frequently (for
example, every two hours). Methods of automating digester
feeding are described in Section 6.2.6.5.

Frequently, a high-rate digester is coupled in series with
a second digestion tank (Figure 6-5). Traditionally, this
secondary digester is similar in design to the primary digester,
except that it is neither heated nor mixed. Its main function is
to allow gravity concentration of digested sludge solids and
decanting of supernatant liquor. This reduces the volume of the
sludge requiring further processing and disposal. Very little
solids reduction and gas production takes place in the second
stage (23).

DIGESTER

GAS

GAS

DIGESTED
SLUDGE

SUPERNATANT ISUPERNATANT ...

k\\\\\\\\\\\\\\\\\\\\11
)\\\\\\\\\\\\\\\\\\\\

ACTIVE
ZONE

L __G
_

A
_

S
------;

LANSFER
SLUDGE

HEAT

EXCHANGER

RAW

SLUDGE

DIGESTED

SLUDGE

PRIMARY DIGESTER SECONDARY DIGESTER

FIGURE 6-5

TWO-STAGE, HIGH-RATE ANAEROBIC DIGESTER SYSTEM

Unfortunately, many secondary digesters have performed poorly
as thickeners, producing dilute sludge and a high strength
supernatant. The basic cause of the problem is that, in most
cases, anaerobically digested sludges do not settle readily.
Basically, two factors contribute to this phenomenon (52).
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1. F~ota~ion of solids. The contents of the primary
dIgestIon tank may become supersaturated wi th digester
gas. When this sludge is transferred into the secondary
digestion tank, the gas will come out of solution
forming small bubbles. These bubbl es attach to sl udg~
particles and provide a buoyant force that hinders
settling.

2. Big? proportion of fine-sized particles. Fine-sized
SOlIds are produced during digestion by both mixing (53)
and the natural breakdown of particle size through
biological decomposition (54). These fines settle poorly
and enter the supernatant. The problem is compounded
when secondary and tertiary sludges are fed into the
digesters. The solids in these sludges have qui te often
been flocculated and, thus, are more easily broken up
during digestion than primary sludge solids.

The return to the head of a plant of poor quali ty supernatant
from two-stage digestion often has an adverse impact on the
performance of other treatment processes. Supernatant commonly
contains larger quantities of dissolved and suspended materials.
(See Section 6.2.4.3 for a more detailed description of
supernatant quality). For example, Figure 6-6 shows that at one
secondary treatment plant, most of the carbon and nitrogen
leaving the secondary digester was found in the supernatant and,
consequently, was returned to the 1 iquid process stream. The
impact of high recycle loads on treatment at one midwestern.
plant is shown on Figure 6-7. When digester supernatant was
recyc led, sol ids bu il t up in the pI an t, and the total amount of
suspended solids in the final effluent increased by 22 percent.

Suggestions for improving liquid-solids separation in secondary
digesters have included vacuum degassing (56), elutriation (57),
and enlarg ing the secondary digester. However, in many cases,
particularly when biological sludges are digested, it is better
to eliminate the secondary digester al together (52). Digested
sludge is then taken directly to either a facultative sludge
lagoon (see Chapter 15) or mechanical dewatering equipment
(see Chapter 9). Since sol ids capture is bet ter in the uni ts,
their sidestreams are of relatively high quali ty compared wi th
supernatant from secondary digesters.

A secondary digester may successfully serve the following
functions:

• Thickening digested primary sludge.

• Providing standby digester capacity. If the secondary
digester is equipped wi th adequate heating, mixing, and
intake piping.

• Storing digested sludge. A secondary digester fitted
with a floating cover can provide storage for sludge.
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• Assuring against short-circuiting of raw sludges through
digestion. This may be important for odor control if
digested sludge is transferred to open basins or lagoons
(see Chapter 15). I t also provides a margin of safety
for pathogen reduction.
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FIGURE 6-6

CARBON AND NITROGEN BALANCE FOR A TWO-STAGE,
HIGH-RATE DIGESTION SYSTEM (23)
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RAW SEWAGE PRIMARY AERATION SECONDARY FINAL EFFLUENT

16,035 15,969 CLARIFIER TANK 9,501 CLARIFIER 2,836
(10,520) (36,801 ) (15,306) (3,467)

RETURN SLUDGE

PRIMARY SLUDGE WASTE SLUDGE

13,249

+
9,593

(19,626) (14,645)

SUPERNATANT ANAEROBIC DIGESTED SLUDGE

0 DIGESTER
(30,172)

DATA IN PARENTHESES WERE OBTAINED WHEN UNTREATED
SUPERNATANT WAS RETURNED TO THE HEAD OF THE PLANT.
(AVERAGE OF THREE GRAB SAMPLES). DATA NOT IN
PARENTHESES WERE OBTAINED WHEN NO SUPERNATANT
WAS RECYCLED. (AVERAGE OF THIRTEEN GRAB SAMPLES).
SOLIDS FLOWS DO NOT BALANCE BECAUSE OF GRAB
SAMPLING. ALL VALUES EXPRESSED AS Ib SS/day (1 Ib day =
0.454 kg/day).

FIGURE 6-7

EFFECT OF RECYCLING DIGESTER SUPERNATANT
ON THE SUSPENDED SOLIDS FLOW THROUGH AN

ACTIVATED SLUDGE PLANT (55)

6.2.2.3 Anaerobic Contact Process

The anaerobic contact process is the anaerobic equivalent of
the activated sludge process. As shown on Figure 6-8, the
unique fe a ture of th is var i a t ion is tha t a port ion of the
active biomass leaving the digester is concentrated and then
mixed with the raw sludge feed. This recycling allows for
adequate cell retention to meet kinetic requirements while
operating at a significantly reduced hydraulic detention time.

FIGURE 6-8

ANAEROBIC CONTACT PROCESS

Pos i ti ve solids-l iqu id separation is es sent ial to the opera tion
of the anaerobic contact process. To gain any of the benefits
from recycling, the return stream must be more concentrated than
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the contents of the digester. The difficulties in thickening
anaerobically digested sludge have been discussed above. Vacuum
degasifiers have been used in anaerobic contact systems to reduce
the buoyancy effect of entrapped gas, thereby improving cell
settling (56).

The anaerobic contact process has found application in the
treatment of high strength industrial wastes (56,58,59), and it
has been operated successfully at a laboratory scale to stabilize
primary sludge (60). Nevertheless, this system configuration is
rarely considered in municipal anaerobic sludge digestion because
of the difficulty in achieving the necessary concentration within
the return stream.

6.2.2.4 Phase Separation

As discussed in Section 6.2.1.4, anaerobic digestion involves
two general phases: acid formation and methane production. In
the three preceding anaerobic digestion processes, both phases
take place in a single, reactor. The potential benefits of
dividing these two phases into separate tanks were discussed
as early as 1958 (61).

Subsequent research (62,63) has shown that two-phase digestion is
feasible for the treatment of sewage sludges. Figure 6-9 shows a
schematic of this multi-stage system as conceived by Ghosh, and
others (63).

GAS

DIGESTER
II

HEAT
~.L..o...
SLUDGET'-~--

EXCHANGER

~~J~~ LS
C1. r-p6~ r ~~ ..~~..~~"!:!'"t. I e I I POSITIVE I CLARIFIED~ lIQUI?"~,,S.?,~Ir5'S~_~ U lIQUID~SOLIDS . l1li

J ~RAT~,O~-J EXCHANGER MIXING i SEPARATION 1 LIQUID
MIXING

DIGESTE D

SLUDGE

BIOMASS RECYCLE

BIOMASS RECYCLE

ACID DIGESTER r::iUJ:L6,NE DIGESTER

FIGURE 6-9

TWO-PHASE ANAEROBIC DIGESTION PROCESS

An effective means of separating the two phases is essential to
the operation of anaerobic digestion in this mode. Possible
separation techniques include dialysis (62), addition of chemical
inhibitors, adjustment of the redox potential (64), and kinetic
control by regulating the detention time and recycle ratio for
each reactor (63). The latter approach is the mos t practical
and has been developed into a patented process (U.S. Patent
4,022,665) .
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Operating data for a bench-scale system, summarized in Table 6-3,
show the differences between the reactors in a two-phase system.
The acid digester has a very short detention time (0.47 to
1.20 days), low pH (5.66 to 5.86), and produces negligible
amounts of methane. Conditions in the methane digester are
similar to those found in a conventional high-rate digester,
which is operated to maintain the optimum environment for the
methanogenic bacteria. The detention time listed in Table 6-3
for the methane digester (6.46 days) is significantly lower
than the detention time in a con vent ional h igh-ra te diges ter.
However, this is probably because the two-phase system was
operated in a bench-scale system rather than in a full-scale
system where condi tions are not ideal. The main advantage of a
two-phase system is that it allows the creation of an optimum
environment for the acid fermenters. As of 1979, a two-phase
system has never been operated at a plant scale.

TABLE 6-3

OPERATING AND PERFORMANCE CHARACTERISTICS FOR
THE BENCH-SCALE, TWO-PHASE ANAEROBIC DIGESTION

OF WASTE ACTIVATED SLUDGE (63)

Parameter

Temperature, °c
Detention time, day

Loading,

lb VS/day/cu ft

pH

Ammonia nitrogen, mg/l

Averaqe alkalinity,
mg/l CaC03

Gas composition, mole percent

CH4

C02

N2
Gas yield, standard cu ft/lb

VS reduced

Methane yield, standard
cu ft/lb VS reduced

VS reduction, percent

Effluent volatile acid,
mg/l HAc

1 lb/day/cu ft 16.0 kg/day/m 3

1 cu ft/lb = .0623 m3/kg

Acid
digester

37

0.47-1.20

1.54-2.67

5.66-5.86

490-600

790

19-44

73-33

8-23

0.2-0.9

0.1-0.3

8.5-31.1

3,717

6-17

~o1ethane

digester

37

6.46

0.18

7.12

766

4,127

69.7

29.0

1.3

17.7

11. 9

29.3

134

Combined
two-phase

system

37

6.86-7.66

0.20

7.12

766

4,127

65.9

32.3

1.8

15.7

10.7

40.2

134



6.2.3 Sizing of Anaerobic Digesters

Determination of digestion tank volume is a critical step
in the design of an anaerobic digestion system. First, and most
important, digester volume must be sufficient to prevent the
process from failing under all expected conditions. Process
fa i 1 urei s de fin e d as the-accum u 1 at ion 0 f vol a til e a c ids
(volatile acids/alkalinity ratio greater than 0.5) and thp.
cessation of methane production. Once a digester turns sour,
it usually takes at least a month to return it to service.
Meanwhile, raw sludge must be diverted to the remaining
digesters, which may become overloaded in turn. Furthermore,
sludge from a sour digester has a strong, noxious odor, and
therefore, its storage and disposal are a great nuisance.

Digester capaci ty must also be large enough to ensure that raw
sludge is adequately stabilized. "Sufficient stabilization" must
be defined on a case-by-case basis, depending on the processing
and disposal after digestion. In the past, digested sludge
quality has been acceptable as long as the digester remained in
a balanced condition and produced methane. However, higher
levels of stabilization may be required after the 1970s because
wastewater sludges increasingly are being applied to land and
coming into closer contact with the public.

6.2.3.1 Loading Criteria

Tradi tionally, volume requirements for anaerobic digestion have
been determined from empirical loading criteria. The oldest
and simplest of these criteria is per capita volume allowance.
Table 6-4 lists typical design values. This crude loading factor
should be used only for initial sizing estimates, since it
implicitly assumes a value for such important parameters as per
capi ta was te load, sol ids removal eff ic iency in trea tmen t, and
digestibility of the sludge. These parameters vary widely from
one area to the next and cannot accurately be lumped into one
parameter.

A more direct loading cri terion is the volatile solids loading
rate, which specifies a certain reactor volume requirement for
each unit of volatile dry solids in the sludge feed per unit of
time. This criterion has been commonly used to size anaerobic
digesters. However, as early as 1948; Rankin recognized that
process performance is not always correlated with tbe volatile
solids loading rate. The problem stems from the fact that this
parameter is not directly tied to the fundamental component in
anaerobic digestion, the microorganisms actually performing the
stabilization.

6.2.3.2 Solids Retention Time

The most important consideration in sizing an anaerobic
digester is that the bacteria must be given sufficient time to
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reproduce so that they can (1) replace cells lost with the
withdrawn sludge, and (2) adjust their population size to follow
fluctuations in organic loading.

In a completely mixed anaerobic digester, cells are evenly
distributed throughout the tank. As a result, a portion of
the bacterial population is removed with each withdrawal of
digested sludge. To maintain the system in steady state,
the rate of cell growth must at least match the rate at which
cells are removed. Otherwise, the population of bacteria in the
digester declines and the process eventually fails.

TABLE 6-4

TYPICAL DESIGN CRITERIA FOR SIZING MESOPHILIC
ANAEROBIC SLUDGE DIGESTERS (65,66)

Parameter

Volume criteria,
eu ft/capita

Primary sludge

Primary sludge +

Low-rat.e
digestion

2-3

High-rate
gestion

LJ

Trickling Iter humus 4-5 2.7 - 3.3

Pri.mary sludge +

Activated sludge

Solids ading rate,
VSS/da~l:'/cu ft

Solids retention time, days

4-6

0.04-0.1

30-60

2.7 - 4

0.15 ~ 0.40

10 20

1 cu ft/capita
1 Ib/day/cu ft

_______________ --- 0 __ -

028 3/ .:::: .', .' m cap1 ta
~ 1611,0 kg/day ilm3

To ensure that the process will not fail, then, it is critical to
know the growth rate of the bacteria in the digester. It is not
practical to measure directly the rate at which the anaerobic
bacteria multiply. However, as these bacteria grow and
reprod uce , they me tabol i ze the waste and produce end prod ucts.
As a result, the bacterial growth rate can be determined by
monitoring the rate at which substrate is reduced and end
products are produced. Studies of these rates of change began in
the late 1950s and have led to an understanding of digester
process kinetics (9,10,67).

The key design parameter for anaerobic biological treatment
is the biological solids retention time (SRT), which is the
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average time a unit of microbial mass is retained in the system
(68). SRT can be operationally defined as the total solids
mass in the treatment system divided by the quantity of solids
withdrawn daily. In anaerobic digesters without recycle, the SRT
is equivalent to the hydraulic detention time. Recycling of a
concentrated stream back to the head of the system, which is the
unique feature of the anaerobi c contact process, increases the
SRT relative to the hydraulic detention time.

Figure 6-10 illustrates the relationship between SRT and
the performance of a lab-scale anaerobic digester fed with
raw primary sludge. Specifically, the figure shows how the
production of methane, as well as the reduction of degradable
proteins, carbohydrates, lipids, chemical oxygen demand, and
volatile solids, are related to the SRT. As the SRT is reduced,
the concentration of each component in the effluent gradually
increases until the SRT reaches a value beyond which the
concentration rapidly increases. This breakpoint indicates
the SRT at which washout of microorganisms begins--that is, the
point where the rate at which the organisms leave the system
exceeds their rate of reproduction. Figure 6-10 shows that the
lipid-metabolizing bacteria have the slowest growth rate and,
therefore, are the first to washout. As the SRT is shortened
beyond the first breakpoint (occurring at an SRT between eight
to ten days at 95°F [35°C]), more types of bacteria are washed
out and performance is increasingly inhibited. The SRT can
be lowered to a critical point (SRT c ) beyond which the
process will fail completely. Calculations based on process
kinetics predict an SRT c of 4.2 days for the digestion of
wastewater sludge at 95°F (35°C) (69), which corresponds with
Torpey's pilot-scale study (70), in which anaerobic sludge
digesters operating at 99°F (37°C) failed at an SRT of 2.6 days.
Performance began deteriorating sharply as the SRT was reduced
below five days.

Temperature has an important effect on bacterial growth rates
and, accordingly, changes the relationship between SRT and
digester performance. The effect of temperature on methane
production and volatile solids reduction is shown on Figure 6-11.
The significance of this relationship is that stabilization is
slowed at lower temperatures, with 68°F (20°C) appearing to be
the minimum temperature at which sludge stabilization can be
accomplished within a practical solids retention time (69). The
critical minimum solids retention time (SRTc ) is also affected
by temperature. O'Rourke (69) found that the SRT c for the
digestion of a primary sewage sludge in a bench-scale digester
was 4.2 days at 95°F (35°C), 7.0 days at 77°F (25°C), and 10.1
days at 50°F (IOOC).

6.2.3.3 Recommended Sizing Procedure

The size of an anaerobic digester should be adequate to ensure
that the solids retention time in the system never falls below a
certain critical value. This design solids retention time
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(SRTd) and the condi tions under which it must be met should be
selected wi th care. A margin of safety must be provided, since
SRT c was determined on the basis of bench-scale digesters
maintained at such ideal conditions as complete mixing, uniform
feeding and wi thdrawal rates, and closely controlled digestion
temperature. However, in a full-scale facility, the ideal
condition of complete mixing is not achieved. Both the quantity
and the chemical characteristics of the feed sludge vary over
time, and sludge temperature may fluctuate. All these actual
system characteristics tend to slow the rate of the microbial
digestion process. As a result, SRTd must be considerably
greater than SRT c • McCarty (71) recommends a minimum safety
factor of 2.5.

Several researchers (43,49,57,72,73,74,75) have recommended ten
days as a minimum acceptable solids retention time for high-rate
digesters operating near 95°F (35°C). (Values for systems
opera ted a t other temperatures are shown in Table 6-5.) This
sizing criterion is reasonable, since it corresponds with the
replication time of the slowest growing bacteria. However, this
cr iter ion mus t be met under all expected condi t ions, incl ud ing :

Peak hydraulic loading. This value should be estimated
by combining poor thickener performance with the maximum
plant loading expected during seven continuous days
during the design period.

Maximum grit and scum accumulations. Considerable
amounts of grit and scum may accumulate before a digester
is cleaned. This reduces the active volume of the tank.

Liquid level below highest level. Several feet of liquid
level variability (two to three, usually) must be
retained to allow for differences in the rate of feeding
and withdrawal and to provide reasonable operational
flexibility.

These conditions may very well occur simultaneously and,
therefore, the designer should compound them when applying
the ten-day SRTd sizing criterion. In the past, "liberal"
detention time criteria have been applied at the average
conditions. However, problems arise during critical periods,
not when conditions are average. For this reason, the most
rational approach to sizing a full-scale facili ty is to apply
experimentally based design criteria (increased by a reasonable
margin of safety) to the actual set of expected peak conditions.
(An example is included in Section 6.2.9.3).

6.2.4 Process Performance

The primary result of anaerobic sludge digestion is the reduction
of both volatile solids and pathogenic organisms. volatile
solids are degraded into smaller molecules, and eventually a
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large portion are converted into gas, primarily methane ( CH 4)
and carbon dioxide (C02). Pathogens are reduced through
natural die-off because the anaerobic environment is unsuitable
for their survival. (Refer to Chapter 7). Many other chemical
and phys ical changes occur d ur ing anaerobi c sl udge d ige stion,
some of which are described later in this section.

TABLE 6-5

SOLIDS RETENTION TIME DESIGN CRITERIA FOR
HIGH RATE DIGESTION (71)

Solids retention time, days

Operating
temperature,

of

65

75

85

95

105

Minimum
(SRTc )

11

8

6

4

4

Suggested
for design

(SRT
d

)

28

20

14

10

10

It is not possible to predict precisely the nature and extent of
all changes occurring during anaerobic digestion. Wastewater
sludges have a complex, variable character and there are many
reactions that occur during digestion within the mixed culture of
anaerobic microorganisms. This section describes general trends
of digester performance and identifies the major influences on
anaerobic digestion.

To provide an overview of anaerobic digester performance,
operating data for a full-scale digestion facility are shown in
Tables 6-6 and 6-7. These data are for a two-stage, high-rate
digester system in which only the primary digester was heated and
mixed (23). The second tank provided a quiescent zone for the
gravity separation of digested solids from supernatant liquor.
Operating temperature in the first stage was maintained at 94°F
(34°C), and detention time in each tank was 39 days. Feed
sludge consisted of approximately equal amounts of primary
sludge and waste-activated sludge.

Essentially, all stabilization occurred in the primary digester.
In this first stage, 57 percent of the volatile solids were
converted to liquid or gas. Only 2.8 percent of the volatile
solids in the raw sludge were reduced in the secondary digester.
A similar pattern of performance is shown in Table 6-7 for
carbohydrate, lipid, and protein reduction. While data indicate
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that fixed solids also decreased during digestion, this is a
little understood phenomenon, and research on the subject is
continuing (76).

TABLE 6-6

AVERAGE PHYSICAL AND CHEMICAL CHARACTERISTICS OF SLUDGES
FROM TWO-STAGE DIGESTER SYSTEM (23)

Concentration, mg/l
a

Feed Transfer Stabilized
sludge sludge Supernatant sludge

5.7 7.7 7.8 7.8
758 2,318 2,630 2,760

1,285 172 211 185
35,600 18,200 12,100 32,800

9,000 6,600 3,310 12,300
9,680 1,550 1,020 3,100
8,310 2,075 1,321 3,490

15,450 6,950 4,440 10,910

18,280 11,200 6,580 17,200
213 546 618 691

1,346 879 564 1,455
1,559 1,425 1,182 2,146

-~,,--,--"-,-"'''-,~,~-

pH
Alkalinity
Volatile acids
Total solids

Fixed solids
Carbohydrates
Lipids
Carbon

Proteins, as gelatin
Ammonia n~trogen, as NH 3Organlc nltrogen, as NH 3
Total nitrogen, as NH3

-----

Component
--- --------=-------------'=--------~---------==----------_...:::---

aExcept pH.

TABLE 6-7

MATERIALS ENTERING AND LEAVING TWO-STAGE DIGESTER SYSTEMa (23)

Gas

------------

Feed Transfer
sludg~ ... sludge

Stabilized
Supernatant sludge 1st stage 2nd stage

79.9 34.1
26.9 19.4
28.9 4.55

24.8 6.09

46.2 20.4
0.64 1. 61
4.02 2.58
54.6 32.9
4.66 4.20

2.40 1. 44

11. 8 4.5 22.1 2.7
1. 64 0.28
1. 50 0.60
17.1 7.1
3.25 0.89 0.47 0.04

""T'~·._.__

Volatile solids
Fixed solids
Carbohydrates (as

glucose)
Lipids

Carbon
Ammonia nitrogen
Organic nitrogen
Proteins (as gelatin)
Total nitrogen (as NH3)

._-------

23.4
8.8

2.71

8.5
5.1

1. 28

aperiod of analysis
. 1 ton = .907 t

33 days.

6-25



Reduction of solids during digestion has the effect of producing
a more dilute sludge. For example, in this case, the raw
sludge fed to the system had a total solids concentration of
3.56 percent, yet the solids concentration was reduced to
1.86 percent in the first stage of d iges tion. Al though grav i ty
conOcentration did occur in the second-stage tank, the largest
portion of the digested solids was contained in the supernatant.
At this plant, the supernatant was recycled to the primary
clarif iers and then the solids it contained ei ther returned to
the primary digester or left the plant in the final effluent.

The preceding example illustrates the
anaerobi c diges ters. I n the rema inder
topics are discussed in more detail:
production and supernatant quality~

6.2.4.1 Solids Reduction

general performance of
of this section, three
solids reduction, gas

Solids reduction is one of the main objectives of anaerobic
digestion. I t not only makes the sludge less pu tresc ible bu t
also reduces the amount of solids for ultimate disposal.
It is usually assumed that this reduction takes place only in the
volatile portion of the sludge solids. Therefore, a common
measure of digester performance is the percent of the volatile
so 1 ids des troyed. Vo la t il e so 1 id s redu c t ion in anaerobi c
digesters usually ranges between 35 to 60 percent. The degree of
volatile solids reduction achieved in any particular application
depends on both the character of the sludge and the operating
parameters of the digestion system.

The character of the sludge determines the upper limit for
volatile solids reduction. Not all of the volatile solids
can be converted by the anaerobic bacteria. Limi ted research
(77 to 80) suggests that only 60 to 80 percent of the volatile
solids in municipal wastewater sludge is readily biodegradable.
The remaining fraction consists chiefly of inert organics such as
lignins and tannins. These complex organic molecules may even
tually be degraded when held for several months in a facultative
sludge lagoon, but can be considered indigestible within the
contact times normally associated with anaerobic digestion.

The most important operating parameters affecting volatile solids
reduction are solids retention time and digestion temperature.
As shown on Figure 6-12, volatile solids reduction climbs rapidly
to 50 to 60 percent as the SRT is increased. Beyond this point,
further reduction is minimal even with substantial increases in
the SRT. Similar curves have been produced by other researchers
(43,60,81). The shape of the response curve and the point at
which it levels out are influenced strongly by the temperature of
the digester. Figure 6-12 shows that at any given SRT, raising
the operating temperature to 95°F (35°C) will increase the
proportion of volatile solids destroyed during digestion. This
response to temperature change is not instantaneous but would
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6.2.4.2 Gas Production

A particular advantage of anaerobic digestion over other methods
of sludge stabilization is that it produces a medium-energy
gas as a by-product. Digester gas can be burned to provide heat
and generate electricity for the treatment plant. Several
off-site uses of digester gas are also feasible, including:
blending wi th the domestic gas supply, generation of steam or
electricity for sale to adjacent industries, bottling for use as
a portable fuel, and production of chemicals such as ammonia and
methanol. utilization of digester gas is described further in
Sections 6.2.6.2, 6.2.7, and Chapter 18. Before any utilization
program can be established, the quantity and quality of available
digester gas must be determined.

The generation of digester gas is a direct result of the
destruction of solids. The microbiology and biochemistry of
th i s convers ion are described in Sect ion 6.2.1. 4. Because of
this close relation between gas production and solids retention,
gas production is best expressed in terms of the volume of gas
produced per uni t of solids destroyed. This parameter, termed
specific gas production, is commonly expressed as cubic feet of
gas per pound of vola ti Ie sol ids (VS) destroyed. Speci f ic gas
production values for the anaerobic digestion of some of the
principal components of sludge are presented in Table 6-8. Fatty
substances have a higher energy content per unit weight than
other forms of organic matter. Thus, the breakdown of a sludge
with a high proportion of fats, oils, and greases can be expected
to yield a greater quantity of gas per unit of solids destroyed.

TABLE 6-8

GAS PRODUCTION FOR SEVERAL COMPOUNDS
IN SEWAGE SLUDGE (86)

Specific gas
production, cu ft/lb

Material destroyed
---- -----_ _", _._---

CH4 content,
percent

------ ----

Fats

Scum

Grease

Crude Fibers

Protein

1 cu ft/lb = .0623 m3/kg

18

14

23

16

17

13

12

62 - 72

70 - 75

68

45 - 50

73

Specific gas production for anaerobically digested municipal
sludges generally ranges between 12 to 17 cu ft per lb of
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occur after a period of acclimatization. The graph also points
out that at higher SRTs, the effect of temperature is less
pronounced.
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FIGURE 6-12

EFFECT OF SOLIDS RETENTION TIME AND TEMPERATURE
ON VOLATILE SOLIDS REDUCTION IN A LABORATORY

SCALE ANAEROBIC DIGESTER (69)

The combined effect of SRT and temperature on volatile solids
reduction for three common sludges is plotted on Figure 6-13.
Although the data points are somewhat scattered, they suggest
that primary sludge degrades faster than a mixture of primary and
waste-activated sludge, which in turn degrades faster than
straight activated sludge (12). The empirical correlation term,
temperature times SRT, has been found useful when the spread of
temperatures in a set of data is not great.

A 1978 laboratory study (34) found that thermal treatment
of activated sludge (347°F [175°C]) for a half hour prior to
anaerobic digestion increased volatile solids reduction and
resultant gas production. Dewaterability of the digested
sludge was also improved by thermal pretreatment.
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volatile solids destroyed (0.75 to 1.1 m3/kg). Figure 6-14
shows how specific gas production is affected by temperature.
Conversion of volatile solids is most efficient at about 95°F
(35°C) and 130°F (54°C). Detention time, or SRT, has essentially
no effect on specific gas production so long as the SRT is
exceeded. Lengthening the SRT, however, increases the total
quanti ty of gas produced because volatile sol ids reduction is
increased. As discussed earlier, the mix of organic compounds in
the feed sludge strongly influences specific gas production
values.
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FIGURE 6-14

EFFECT OF TEMPERATURE ON GAS PRODUCTION (87)

Instantaneous rates of gas production can vary widely because
of fluctuations in the feed rate, sludge composition, and
bacterial activi ty. These momentary peaks must be considered
in sizing gas piping and storage facilities. Generally, gas
production increases soon after sludge is fed to the digester.
Therefore, continuous feeding aids in providing uniform gas
production.
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The characteristics of sludge gas from several digester
installations are shown in Table 6-9. A healthy digestion
process produces a digester gas with about 65 to 70 percent
methane, 30 to 35 percent carbon dioxide, and very low levels of
nitrogen, hydrogen, and hydrogen sulfide. The carbon dioxide
concentration of digester gas has been found to increase with the
loading rate (60,88).

TABLE 6-9

CHARACTERISTICS OF SLUDGE GASa (85)

Constituent
--- ----

62.0 67.0
38.0c 30.0

volume b

73 - 75
21 - 24

1 2

1 2
1 1. 5

739 - 750
0.70 - 0.80

75.0
22.0
0.2

2.7
0.1
716

0.78

73.7
17.7
2.1

6.5
0.06

791
0.74

70.0
30.0

0.01 - 0.02
728

0.85

3.0

624
0.86

c

0.15
660

0.92

61.0
32.8
3.3

2.9

667
o.87

42.5
47.7
1.7

8.1

459
1) 1.04

Methane (CH4)
Carbon dioxide (C02)
Hydrogen (H2)

Nitrogen (N2)
Hydrogen sulfide (H2S)
Heat value, Btu/cu ft
Specific gravity (air =

a Data from 1966 studies by Herpers and Herpers.
b

Except as noted.

cTrace.

The hydrogen sulfide content of the gas is affected by the
chemical composition of the sludge (84). Sulfur-bearing
i ndu strial wastes and sal twa ter inf i It ration tend to increase
H2S levels in sludge gas. However, metal wastes and metal ions
added during chemical treatment or condi tioning can reduce the
amount of H2S in the sludge by forming insoluble salts. H2S,
a major source of odors in digested sludge, can also be corrosive
in the presence of moisture, by forming sulfuric acid.

Although the hydrogen content has some effect on the heat
value, methane is the chief combustible constituent in digester
gas. The high heat value for digester gas ranges between 500 to
700 Btu per cu ft (4.5 to 6.2 kg-kcal/m3 ), with an average of
about 640 Btu per cu ft (5.7 kg-kcal/m3 ) (84). The high heat
value is the heat released during combustion as measured in a
calorime ter. Howe ver, gas eng ine e ff ic ienci es are usua lly based
on the low heat value, which is the heat value of gas when none
of the water vapor formed by combustion has been condensed. By
way of comparison, sludge gas containing 70 percent methane and
no other combustibles has a low heat value of 640 Btu per cu ft
(5.7 kg-kcal/m 3 ) and a high heat value of 703 Btu per cu ft
(6.26 kg-kcal/m3 ) (84).

6.2.4.3 Supernatant Quality

Supernatant from an anaerobic digestion system can contain high
concentrations of organic material, dissolved and suspended
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solids, nitrogen, phosphorus, and other materials that, when
returned to the plant, may impose extra loads on other treatment
processes and effluent receiving waters. Mignone (89) has
reviewed the literature on anaerobic digester supernatant
quality. Methods of treating digester supernatant are described
in Chapter 16 and in other references (90,91,92). However, in
most cases it is preferable to minimize or eliminate, rather than
treat, highly polluted digester supernatant (52).

It is very difficult to generalize about supernatant quality
because it can vary widely, even at a single treatment plant.
Table 6-10 presents reported characteristics of anaerobic
digester supernatant for three common types of feed sludge. Many
factors contribute to the wide range of variation in supernatant
quality (90,91,97,98).

The suspended solids, biochemical oxygen demand, soluble
phosphorus, phenols, and ammonia in the supernatant can all cause
problems in a treatment plant. If the anaerobic supernatant must
be returned to the plant flow for treatment, it should be
recycled continuously to spread the loading.

Suspended Solids

Supernatants may contain hi3h concentrations of finely divided
suspended solids because, as discussed in Section 6.2.2.2,
anaerobically digested sludges settle poorly, particularly when
biological sludge is fed into the digestion system. Unless these
fine-sized particles are removed with the digested sludge, they
will build up in the plant, causing process overloading and
eventually, degradation of the plant effluent.

Biochemical Oxyge!!__Demand

Because suspended and dissolved solids from an anaerobic digester
are in a chemically reduced state, they impose a large oxygen
demand when returned to the liquid process stream •. The aeration
requirement for aerobic biological treatment is often increased
substantially by the recycling of high BOD digester supernatant.

Soluble Phosphorus

The recent emphasis on removal of phosphorus from wastewaters has
created sludges that contain high proportions of this element.
In biological phosphorus removal, phosphorus is taken up by
the growing cell mass and is removed from the wastewater stream
in the wasted biological sludge (99,100). Chemical methods
of phosphorus removal entail the precipitation of phosphates
with metal ions--predominantly ferrous, ferric, aluminum, and
cal ci urn. The fate of phosphorus d ur ing the anaerobi c digest ion
of phosphorus-laden biological and chemical sludges has been the
subject of several studies (55,101-104). The results of these
studies are not entirely consistent. In some cases (99,101),
bound phosphorus was resolubilized during anaerobic digestion
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and released to the digester s uperna tant. The return of th i s
phosphor~s-laden supernatant to the liquid treatment stream can
substantlally reduce the net phosphorus removal efficiency of the
plan~ (101) and/or increase chemical demand. However, in most
studles (55,102-104), release of soluble phosphorus into digester
supernatant was minimal.

TABLE 6-10

SUPERNATANT, CHARACTERISTICS OF HIGH-RATE
TWO-STATE, MESOPHILIC, ANAEROBIC DIGESTION'

AT VARIOUS PLANTS (90,93,94,95,96)

concentrationa , mg/l
~~2.:....~ ~__,

Parameter
--"'.,"'-~

Reference

Total solids

Total volatile solids

Suspended solids
Average
Maximum
Minimum

volatile suspended solids
Average
Maximum
Minimum

BOD
Average
Maximum
Minimum

COD

Toe
Total (P04)-P

NHrN

Organic N

pH

Volatile acids

Alkalinity (as CaC03)

phenols
Average
Maximum
Minimum

9,400 4,545

4,900 2,930

4,277 2,205
17,300

660

0.23
0.50
0.06

(94 ) ( 94)

1,475 2,160

814 983

383 143

299 118

740 1,075 4,408
14,650

100

750 3,176
10,650

75

515 667
2,700

100

aUnless noted, all values are average for the sampling period studied.

bvalues indicated are a composite from seven treatment plants.

cValues indicated are a composite from six treatment plants.

Phenols

Phenols have been found in digester supernatants in concentra
tions sufficient to inhibit biological activity (56). Typical
phenol concentrations are included in Table 6-10. The source
of phenols is not usually industrial waste discharges but
putrefaction of proteins, which begins in the human body and
continues in the sewage system. Phenols are very toxic and are
used commercially as an antiseptic. In dilute concentrations,
phenols do not necessarily kill bacteria but slow their growth
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and inhibit their normal metabolic activity. As a result the
phenols contained i~ digester supernatant, combined with phe~olic
compounds already ln the sewage, may be an important cause of
sludge bUlking (90). In addition, the recycling of ohenols in
supernatant may contribute to odor problems. ~

Ammonia

As shown in Table 6-10, high levels of ammonia are often found in
digester supernatant. In plants that are nitrifying, the super
natant return will provide a large portion of the ammonia feed to
the wastewater process. The conversion of this ammonia to
nitrate will therefore result in increased costs to provide the
required oxygen for treatment. In plants that must achieve a
nitrogen limitation in their effluent, the recycle ammonia
loadings must be carefully evaluated as to their overall effect
in meeting the standards.

6.2.5 Operational Considerations

6.2.5.1 pH

As was noted in Section 6.2.1, anaerobic digestion is a two-step
process consisting of "acid-forming" and "methane-forming" steps.
During the first step, the production of volatile acids tends
to reduce the pH. The reduction is normally countered by
destruction of volatile acids by methanogenic bacteria and the
subsequent production of bicarbonate.

Close pH control is necessary because methane-producing bacteria
are extremely sensitive to slight changes in pH. Early research
(105-107) showed that the optimum pH for methane-producing
bacteria is in the range of 6.4-7.5 and that these bacteria
are very sensitive to pH change. A 1970 study (108) seems to
indicate that the pH tolerance of methane-producing bacteria
is greater than previously thought. The bacteria are not
necessarily killed by high and low pH levels; their growth is
merely stopped. Because of the importance of these findings to
system control, more research is needed to verify these results.

Several di fferen t acid-base chemi cal equi 1 ibr ia are related to
pH. In the anaerobic digestion process, the pH range of interest
is 6.0 to 8.0, which makes the carbon dioxide-bicarbonate
relationship the most important. As Figure 6-15 indicates,
system pH is controlled by the C02 concentration of the gas
phase and the bicarbonate alkalinity of the liquid phase. A
digester with a given gas-phase C02 concentration and liquid
phase bicarbonate alkalinity can exist at only one pH. If
bicarbonate alkalinity is added to the digester and the
proportion of C02 in the gas phase remains the same, digester
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pH must increase. For any fixed gas-phase C02 composition, the
amount of sodium bicarbonate required to achieve the desired pH
change is given by the following equation:

D = 0.60 (BA at initial pH - BA at final pH)

where:

D = sodium bicarbonate dose, mg/l

BA = digester bicarbonate alkalinity as mg/l CaC03

(6-1)

The pH increase is less important, however, than the effect
on system buffering capacity, (that is, the system's ability
to resist pH changes). If bicarbonate alkalinity is added,
buffering capacity is increased, system pH is stabilized, and
the system becomes less susceptible to upset. The effect of
bUffering capacity on anaerobic digester operations is discussed
elsewhere (110,111).
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FIGURE 6-15

RELATIONSHIP BETWEEN pH AND BICARBONATE
CONCENTRATION NEAR 95°F (35°C) (109)
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Bicarbonate alkalinity can be calculated from total alkalinity by
the following equation:

BA

where:

= TA - 0.71 (VA) (6-2)

BA = bicarbonate alkalinity as mg/l CaC03

TA = total alkalinity as mg/l CaC03 determined by titration
to pH 4.0

VA = volatile acids measured as mg/l acetic acid

0.71 is obtained by the multiplication of two factors, (0.83 and
0.85). 0.83 converts volatile acids as acetic acid to volatile
acid alkalinity as CaC03. 0.85 is used because in a titration
to pH 4.0, about 85 percent of the acetate has been converted to
the acid form.

It has been suggested (110) that the only sensible way to
increase digester pH and buffering capacity is by the addition of
sodium bicarbonate. Other materials, such as caustic soda, soda
ash, and lime, cannot increase bicarbonate alkalini ty wi thout
reacting with soluble carbon dioxide, which causes a partial
vacuum within the system. Above pH 6.3, lime may react with
bicarbonate to form insoluble calcium carbonate, promoting scale
formation or encrustation. Ammonia gas (NH3) could be used
without causing vacuum problems, but control of pH with sodium
bicarbonate is preferred because it provides good buffering
capacity without raising the pH as much as NH3 would. Both
sodium and ammonia can inhibit anaerobic bacteria; care must be
taken during pH control to avoid reaching toxic concentrations of
these chemicals.

6.2.5.2 Toxicity

Much of the pUblished data on toxicity in anaerobic digestion
systems are erroneous and misleading because of inadequate
experimental techniques and a general lack of understanding
(112). Therefore, before any discussion of toxici ty can take
place, a review of several fundamentals is needed.

First, for any material to be biologically toxic, it must be in
solution. If a substance is not in solution, it cannot pass
through the cell wall and therefore cannot affect the organism.

Second, toxicity is a relative term.
and inorganic materials which, if
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stimulatory or toxic. A good example is the effect, shown in
Table 6-11, of ammonia nitrogen on anaerobic digestion.

TABLE 6-11

EFFECT OF AMMONIA NITROGEN ON ANAEROBIC DIGESTION (113,114)

Ammonia
concentration, as Nt

mg/l

50 - 200

200 - 1,000

1,500 - 3,000

Above 3,000

Effect

Beneficial

No adverse effects

Inhibitory at pH
over 7.4 - 7.6

Toxic

Acclimatization is the third consideration. When the levels
of potentially toxic materials are slowly increased within
the envi ronment, many organisms can rearrange their metabol ic
resources and overcome the metabolic block produced by the toxic
material. Under shock load conditions, there is not sufficient
time for this rearrangement to take place and the digestion
process fails.

Finally, there is the possibili ty of antagonism and synergism.
Antagonism is defined as a reduction of the toxic effect of one
substance by the presence of another. Synergism is defined as an
increase in the toxic effect of one substance by the presence of
another. These are important relationships in cation toxicity.

Though there are many potentially toxic materials, this section
concerns itself only with the following:

• Volatile acids
• Heavy metals
• Light metal cations
• Oxygen
• Sulf ides
• Ammonia

Volatile Acids

Until the 1960s, it was commonly believed that volatile acid
concentrations over 2,000 mg/l were toxic to anaerobic digestion.
There was also considerable controversy about whether or not
alkaline substances should be added to maintain adequate bdffer
capacity.
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In the early 1960s, McCarty and his coworkers published results
from carefully controlled studies (113,115,116). Their results
showed:

• That volatile acids, at least up to 6,000-8,000 mg/l,
were not toxic to methanogenic bacteria as long as there
was adequate buffer capacity to maintain the system pH in
the range of 6.6-7.4.

• That pH control by the addition of an alkaline material
was a valid procedure as long as the cation associated
with the alkaline material did not cause toxicity.
It was found that alkaline sodium, potassium, or ammonium
compounds were detrimental but that alkaline magnesium or
calcium compounds were not.

Heavy Metals

Heavy metal toxicity has frequently been cited as the cause
of anaerobic digestion failures. Even though trace amounts
of most heavy metals are necessary for maximum biological
development (117), the concentrations in raw wastewater sludges
could be problematic.

He a v y met a 1 s tend to at t a c h thems e 1 ve s to s 1 u d gepar tic I'e s
(118,119). Heavy metals which cannot be detected in the influent
wastewater can be concentrated to measurable levels in the
sludge. Table 6-12 gives the range of influent concentrations of
some heavy metals. The range is quite wide, with the higher
values normally attributed to a local industrial polluter.

TABLE 6-12

INFLUENT CONCENTRATIONS AND EXPECTED REMOVALS
OF SOME HEAVY METALS IN WASTEWATER TREATMENT SYSTEMS (120,121)

Removal efficiency, percent
- ---

Heavy metal
Influent concentration,

mg/l
Secondary
treatment Alum treatment

<.020 5.8
<.020 5.8

<.020 - 9.6
<.0001 - .068

<.1 880
<.05 12.2

<'02 18.00
.002 .0034
<.1 13
.02 .95

<.05 .6
Below detection

Cadium
Chromium

+3
+6

Copper
Mercury
Nickel
Lead

Zinc
Arsenic
Iron
Manganese

Silver
Cobalt
Barium
Selenium

< .008 1.142 20 - 45

40 - 80
o - 10

o - 70
20 - 75
15 - 40
50 - 90

35 - 80
28 - 73

72
25

47
79

60

90

90
65
35
85

85
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Table 6-12 gives the typical range of removal that can be
expected from standard secondary treatment. Published data seem
to indicate that the percent removal, without chemical addition,
is a function of influent concentration: the higher the influent
concentration, the higher the percent removal.

The last column of Table 6-12 shows removals of heavy metals
achieved with additions of alum. In treatment systems that
add chemical coagulants for phosphate removal, a significant
amount of influent heavy metals will also be removed (122).

Soluble and total heavy metal concentrations are often greatly
different because anions such as carbonate and sulfide can remove
heavy metals from solution by precipitation and sequestering.
Consequently, it is not possible to define precise total toxic
concentrations for any heavy metal (123). Total individual metal
concentrations that have caused severe inhibi tion of anaerobic
digestion are shown in Table 6-13. However, only the dissolved
fraction of these metals caused the inhibition. Table 6-14 shows
the total and soluble concentrations of heavy metals in anaerobic
digesters. Inhibition of anaerobic digestion occurs at soluble
concentrations of approximately 3 mg/l for Cr, 2 mg/l for Ni,
1 mg/l for Zn, and 0.5 mg/l for Cu (129).

TABLE 6-13

TOTAL CONCENTRATION OF INDIVIDUAL METALS REQUIRED
TO SEVERELY INHIBIT ANAEROBIC DIGESTION (123,124)

ter contentsConcentration in
-<~_._<.....~:~_----------------

Metal

Copper
Cadmium
zinc
Iron
Chromium

+6
+3

Nickel

Metal as percent
of dry solids

0.93
1. 08
0.97
9.56

2.20
2.60

Millimoles metal per
kilogram dry solids

150
100
150

1,710

420
500

Soluable metal,
mg/l.

0.5

1.0

3.0

2.0

Except for chromium, heavy metal toxicity in anaerobic digesters
can be prevented or eliminated by precipitation with sulfides
(124-127). Hexavalent chromium is usually reduced to trivalent
chromi urn, which, under normal anaerobi c digester pH cond i tions,
is relatively insoluble and not very toxic (128).

because heavy metal sulfides
If sufficient sulfide is not

must be added in the form of
to sulfide under anaerobic

Sulfide precipitation is used
are extremely insoluble (129).
available from natural sources, it
sulfate, which is then reduced
conditions.
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TABLE 6-14

TOTAL AND SOLUBLE HEAVY METAL CONTENT
OF DIGESTERS (124)

Soluble concentration,
mg/l

0.03 - 3.0
0.1 - l.0

0-5
0.1 - 0.7

Total concentration,
mg/l

~~~~~~-~-~_...~ ..~~~ ...~.~--~----~----~--<---

88 - 386
27 - 196

2 - 97
11 - 390

Metal

Chromium +6
Copper
Nickel
Zinc

One potential drawback of using the sulfide saturation method is
the possible production of hydrogen sulfide gas or sulfuric acid
from excess dissolved sulfide in the digester. Because of this,
it is recommended that ferrous suI fate be used as a source of
sulfide (112). Sulfides will be produced from the biological
breakdown of sulfate, and the excess will be held out of solution
by the iron in the sulfide form. However, if heavy metals
en ter the digester, they wi 11 draw the sulf ide pref eren t ially
from the iron because iron sulfide is the most soluble heavy
metal sulfide. Excess sulfide additions can be monitored by
either analysing digester gas for sulfide or by the use of a
silver-silver electrode located within the digester (126,130).

Light Metal Cations

The importance of the light metal cations (sodium, magnesium,
potass i urn, calci urn) in anaerobi c digestion was shown in the mid
1960s (112,131,132). Domestic wastewater sludges have low
concentrations of light metal cations. However, significant
contributions, enough to cause toxicity, can corne from industrial
operations and the addition of alkaline material for pH control.
Not only can each of these cations be either stimulatory or
toxic, depending on concentration (Table 6-15), but certain
combinations of them will form either an antagonistic or a
synergistic relationship (Table 6-16). Inhibition caused by an
excess of a certain cation can be counteracted by the addition of
one or more of the antagonist cations listed in Table 6-16.

TABLE 6-15

STIMULATING AND INHIBITORY CONCENTRATIONS
OF LIGHT METAL CATIONS (133)

Concentration, mg/l

Stimulato~y

Moderately
inhibitory

Strongly
inhibitory

Calcium
Magnesium
Potassium
Sodium

100 - 200
75 - 150

200 - 400
100 - 200

2,500 - 4,500
1,000 - 1,500
2,500 - 4,500
3,500 - 5,500

8,000
3,000

12,000
8,000
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TABLE 6-16

SYNERGISTIC AND ANTAGONISTIC CATION COMBINATIONS (112, 132)

--------------------------

Toxic
cations

Ammonium

Calcium

Magnesium

Potassium

Sodium

Synergistic
cations

Calcium, magnesium, potassium

Ammonium, magnesium

Ammonium, calcium

Ammonium, calcium, magnesium

Antagonistic
cations

Sodium

potassium, sodium

Potassium, sodium

Ammonium, calcium, magnesium,
sodium

Potassium

Many engineers have expressed concern over the possibility
of oxygen toxicity caused by using dissolved air flotation
thickeners for sludge thickening. Fields and Agardy (134)
injected oxygen into a bench-scale digester at the rate of
0.1 ml 02 per liter per hour (equivalent to one volume of air
per 2,100 volumes of digester contents per hour). Total gas
production fell 36.5 percent after 19 hours and ceased completely
after 69 hours. However, this rate of oxygen injection is
significantly higher than would be produced by a dissolved air
flotation thickening system. Consequently, no problems are
expected under normal circumstances.

Sulfides

Soluble sulfide concentrations over 200 mgjl are toxic to
anaerobic digestion systems (125,135). The soluble sulfide
concentration within the digester is a function of the incoming
source of sulfur, the pH, the rate of gas production, and the
amoun t of heavy me tals ava il able to act as precipi tan ts . High
levels of soluble sulfide can be reduced by the addition of iron
salts (136) to the liquid, or scrubbing of the recirculated gas.

Ammonia

Ammonia, produced dur ing the anaerob ic degradation of prote ins
and urea, may reach toxic levels in highly concentrated
sludges (113,114,133). Two forms of ammonia are found in
anaerobic digestion: ammonium ion (NH4+) and dissolved ammonia
gas (NH3). Both forms can inhibit anaerobic digestion, although
ammonia gas has a toxic effect at a much lower concentration than
ammonium ion.

The two forms of ammonia are in equilibrium and the relative
concentration of each depends on pH, as indicated by the
following equilibrium equation:
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+- +NH4 _NH3 + H

At low pH levels, the equilibrium shifts to the left and ammonium
ion toxicity is more likely to be a problem. At higher pH
levels, the equilibrium shifts to the right so that inhibition is
related to the ammonia gas concentration.

Ammonia toxici ty is evaluated by analyzing the total ammonia
nitrogen concentrations. If the total ammonia-nitrogen
concentration is from 1,500 to 3,000 mg/l and the pH is above
7.4-7.6, inhibition may result from ammonia gas. This can be
controlled by the addition of enough HCl to maintain the pH
between 7.0 and 7.2. If total ammonia-nitrogen levels are over
3,000,mg/l, then the NH4+ ion will become toxic no matter
what tne pH level. The only solution is to dilute the incoming
waste sludge.

6.2.6 System Component Design

6.2.6.1 Tank Design

Anaerobic digestion tanks are either cylindrical, rectangular, or
egg-shaped. A simplified sketch of each tank design type is
shown on Figures 6-16, 6-17, and 6-18.

The most common tank design is a low, vertical cylinder ranging
in diameter from 20 to 125 feet (6 to 38 m), with a side water
depth between 20 to 40 feet (6 to 12 m). Gas-lift mixing is most
effective when the ratio of tank radius to water depth is between
0.7 and 2.0 (137). The tanks are usually made of concrete, with
either internal reinforcing or post-tensioning rods or straps.
The latter design is the least expensive of the two for tanks
with diameters greater than 65 feet. Some steel tank digesters
have been constructed to diameters of 70 feet.

The floor of a cylindrical digester is usually conical, with a
minimum slope of 1:6. Sludge is withdrawn from the low point in
the center of the tank. Digestion tanks with "waffle bottoms"
have been put into operation at the East Bay Municipal Utility
District Plant in Oakland, California (138,139). Digesters wi th
similar bottoms have been designed for Tacoma, Washington, and
Portland, Oregon.

The principal objective of the waffle floor design is to minimize
grit accumulation and, to practically eliminate the need for
cleaning. As shown on Figure 6-16, the tank floor is subdivided
into pie-shaped hoppers, each sloping toward a separate drawoff
port along the outside edge of tank. Subdivision of the bottom
area and use of multiple drawoff ports allow steeper floor slopes
and reduce the distance that settled solids must travel. As a
resul t, less gr i t is 1 ikely to accumul ate. Construction costs
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are higher for this type of bottom because it requires more
complex excavation, form work, and piping than a conventional
bottom. It has been estimated that the incremental construction
cost for waffle bottoms on the 90-foot (27 m) diameter digesters
in Oakland was estimated to be $120,000 per tank (1978 dollars)
(139). However, it is expected that savings will be realized
during operation because cleaning requirements will be greatly
reduced.

WITHDRAWALJ ·1

PIPE

//
~....,..

~/./

J

SECTION

WITHDRAWA
PORTS

.J

SECTION

WAH I.E BOTTOM TYPE

FIGURE 6-16

CYLINDRICAL ANAEROBIC DIGESTION TANKS

The primary advantages of rectangular digestion tanks are
simplified construction and efficient use of a limited plant
site. However, it is more difficult to keep the contents of
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a rectangular digester uniformly mixed because "dead spots" tend
to form at the corners. Figure 6-17 shows a plan and section of
a rectangular digestion tank.
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RECTANGU L.AR ANAEROB Ie DIGESTION TANK

Although egg-shaped digesters have been used extensively in
Europe, originating in Germany over 20 years ago, they are only
now entering American practice. The first egg-shaped digesters
in the united States were built in Kansas City, Kansas, in the
mid-1970s, and four more are now under construction (1979) in
Los Angeles, California, at the Terminal Island Wastewater
Treatment Plant. Each of the Terminal Island digesters will
have a capacity of 184,000 cubic feet (5,200 m3 ) and measure
100 feet (30 m) from top to bottom, with a maximum horizontal
diameter of 68 feet (21 m) (140).
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FIGURE 6-18

EGG-SHAPED ANAEROBIC DIGESTION TANK AT
TERMINAL ISLAND TREATMENT PLANT, LOS ANGELES

The purpose of forming an egg-shaped tank is to el imina te the
need for cleaning. The digester sides form a cone so steep at
the bottom that grit cannot accumulate (Figure 6-18). The top of
the digester is small, so that scum contained there can be kept
fluid with a mixer and removed through special scum doors.
Mixing in the Los Angeles digesters is promoted by gas evolution
during digestion combined with pumped circulation of sludge from
the bottom to the top of the tank. A 60 horsepower (45 kW) pump
is used at the rate of 500 gpm (32 l/s). Gas spargers ring the
inside wall of each tank and can be used to detach any material
adhering to the walls or to increase mixing, if necessary.
Construction of egg-shaped tanks requires complex form work and
special building techniques. Accordingly, capital costs are
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higher than for other tank designs.
cost estimate for the four digesters
$5,000,000.

6.2.6.2 Heating

The 1976 construction
in Los Angeles was about

A heating system is an important feature of a modern anaerobic
digester. Raising the temperature of the digesting sludge
increases the metabolic rate of the anaerobic organisms and
reduces digestion time. Maintenance of the temperatureconsis
tently within ±loF (0.6°C) of design temperatures improves
process stability by preventing thermal shock.

Methods of ~eating

Heating equipment must be capable of delivering enough heat
to raise the temperature of incoming sludge to operating levels
and to offset losses of heat through the walls, floor, and
cover of the digester. Methods used to transfer heat to sludge
include:

• Heat exchanger coils placed inside the tank

• Steam injection directly into the sludge

• External heat exchanger through which sludge is
circulated

• Direct flame heating in which hot combustion gases
are passed through the sludge (141)

External heat exchangers are the most commonly used heating
method. Internal heat exchanger coils were used in early
digesters: however, they are difficult to inspect and clean. This
is a serious disadvantage because the coils become encrusted,
reducing the rate of heat transfer. To minimize caking of sludge
on the coils, water circulating through the coils is kept between
120 to 130°F (49 to 55°C) (84). Typical values of heat-transfer
coefficients for hot-water coils are listed in Table 6-17.

Steam injection heating requires very little equipment but
dilutes the digesting sludge and requires 100 percent boiler
makeup water. The cost of this water may be considerable,
particularly if hardness must be removed before addition to
the boiler.

Three types of external heat exchangers are commonly used for
sl udge hea ting : water bath, jacketed pipe, and spi ral. In the
water bath exchanger, boiler tubes and sludge piping are located
in a common wa ter-f illed container. Gravi ty c ircul at ion of hot
water across the sludge pipes is augmented with a pump, to
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increase heat transfer. The heat exchanger and boiler are
combined in a single unit, a feature which can increase the
explosion hazard in the digester area. In a jacketed pipe
exchanger, hot water is pumped counter-current to the sludge
flow, through a concentric pipe surrounding the sludge pipe. The
spiral exchanger is also a counter-flow design; however, the
sludge and water passageways are cast in a spiral. One side of
the heat exchanger is liquid, providing ready access to the
interior of the sludge passageway for cleaning. Heat transfer
coefficients for design of external heat exchangers range between
150 to 275 Btu/hr/sq ft/degree F (740 to 1,350 kg-cal/hr/m2/oC)
depending on heat exchanger construction and fluid turbulence.
To minimize clogging with rags and debris, sludge passageways in
a heat exchanger should be as large as possibl~. The interior of
these passageways should be easily accessible to allow the
operator to quickly locate and clear a blockage.

TABLE 6-17

HEAT TRANSFER COEFFICIENTS FOR HOT WATER
COILS IN ANAEROBIC DIGESTERS (84)

Material surrounding
hot water coils

Thin supernatant

Thin sludge

Thick sludge

Transfer
coefficient (u),
Btu/hr/sq ft/oF

60 - 80

30

8 - 15

1 Btu/hr/sq ft/oF = 4.9 kg-cal/hr/m2/oc.

A piping arrangement used to control hot water supply to a
jacketed pipe or spiral heat exchanger is shown on Figure 6-19.
Hot water is pumped through the heat exchanger and circulated
through the secondary heat loop. When the temperature of the
sludge leaving the heat exchanger falls below the set point,
some hot water from the primary heat loop is introduced through a
modulating valve into the secondary heat loop, displacing an
equal volume of cooler water back into the primary heat loop.
Balancing valves are required to assure that the secondary loop
will not be bypassed altogether and to allow adjustment of
circulation pump capacity. Supply water temperature is kept
below 155 °F (68°C). Al though higher temperatures wi 11 increase
the rate of heat transfer, caking of sludge will occur when
the flow of sludge is stopped. This system allows the heat
source to be 'remote from the heat exchanger. This assures
maximum safety and supports the recovery of waste heat (see
Chapter 18). Figure 6-20 shows a spiral heat exchanger operating
off a secondary heat loop.
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Each digester should have a separate heat exchanger and in
larger plants, addi tion of a single heat exchanger for warming
raw sludge should be considered. Cold raw sludge should never be
added directly to the digester. The thermal shock will be
detrimental to the anaerobic bacteria, and isolated pockets of
cold sludge may form. Raw sludge should be preheated or mixed
with large quantities of warm circulating sludge before being fed
to the digester.

SLUDGE INLET

HEAT
EXCHANGER

_~... SLUDG E OUTLET15S0F
MAX.

SECONDARY LOOP
CIRCULATION PUMP

SECONDARY
HEAT
LOOP

r----------------I
I

MODULATING VALVE

PRIMARY LOOP
CIRCULATION PUMP

BALANCING
/VALVES

HEAT
SOURCE

PRIMARY
HEAT
lOOP

FIGURE 6-19

SCHEMATIC OF THE HEAT
RESERVOIR SYSTEM FOR A
JACKETED PIPE OR SPIRAL

HEAT EXCHANGER

Heat Sources

The hot water or steam used to heat digesters is most commonly
generated in a boiler fueled by sludge gas. Up to 80 percent of
the heat value of sludge gas can be recovered in a boiler.
Provisions for burning an alternate fuel source (natural gas,
propane, or fuel oil) must be included to maintain heating during
periods of low digester gas production or high heating demand.
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Natural gas is the most compatible alternate fuel because it has
a low heat content and, consequently, can be blended and burned
in a boiler with minimal equipment adjustment.

FIGURE 6-20

SPIRAL HEAT EXCHANGER OPERATING OFF
SECONDARY HEAT LOOP AT SUNNYVALE, CALIFORNIA

Often, waste heat from sludge gas-powered engines used to
generate electricity or directly drive equipment is sufficient to
meet digester heating requirements. Typically, 18 to 20 percent
of the low heating value of engine fuel can be recovered from
the engine cooling system (38). Engines can be cooled by
either a forced draft system in which water is pumped through the
engine or a natural draft system (termed ebullient cooling) in
which water is vaporized and circulates without pumping. The
latter method yields a higher temperature (and thus more useful)
source of heat and also increases engine life. A combination
exhaust silencer and heat-recovery uni t can be used to extract
from the exhaust an additional ten to thirteen percent of the low
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heating value of the engine fuel (38). To prevent formation of
corrosive acids, exhaust gases should not be cooled below 400°F
(200°C).

Solar energy has been successfully used to heat anaerobic
digesters (142), freeing sludge gas for higher grade uses.
Heat is transferred to the raw sludge feed by passing the sludge
piping through a tank of solar-heated water. The optimal size
solar-heating system can supply 82 to 97 percent of the total
annual heat load from solar energy, depending on geographical
location (142). The economic attractiveness of using solar
heating for digesters, however, is strongly dependent on the
economic value of the sludge gas saved.

A unique method of generating heat is to precede anaerobic
digestion with pure oxygen aerobic digestion (143). Biologically
generated heat released in the \aerobic reactor is sufficient to
warm the sludge to as high as 125 to 140°F (52 to 60°C), as long
as the solids concentration of the feed to the digestion system
is kept above about 3.5 percent and the tank is well insulated.
Heat bal ance cal cul at ions ind ica te that these tempera tures are
only attainable when pure oxygen is used because the low gas flow
does not cool the reactor (144). The warm sludge is transferred
to the anaerobic digester, where the bulk of stabilization
occurs. In pilot tests (143), the contents of the anaerobic
digester were maintained at 95°F (35°C) without the addition of
supplemental energy, other than the power required to generate
the pure oxygen. Temperature is controlled by changing the flow
of oxygen to the aerobic digester. As yet there have been no
full-scale installations of this method of heating digesters.

Heat Required for Raw Sludge. It is necessary to raise the
temperature of the incoming sludge stream. The amount of
heat required is:

(6-3)

where:

Qs = heat required to raise incoming sludge stream from
temperature TI to T2' Btu/hr

Cp = specific heat of sludge (approximately 1.0 Btu/lb/oF)

Tl = temperature of raw sludge stream, of

T2 = temperature desired within the digestion tank, of

As shown on Figure 6-21, the solids concentration of the raw
sludge has a direct impact on the heating requirement. The
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significance of this graph is that a seemingly small change
in feed sludge concentration can have a substantial effect
on the raw sludge heating requirement.
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TOTAL SOLIDS CONCENTRATION, %

FIGURE 6-21

EFFECT OF SOLIDS CONCENTRATION ON THE
RAW SLUDGE HEATING REQUIREMENT

Heat Required to Make up for Heat Losses. The amount of heat
lost to the air and soil surrounding a digester depends on the
tank shape, construction rna terials, and the di fference between
internal and external temperatures. The general expression for
heat flow through compound structures is:

(6-4)

where:

Q = heat-loss rate, Btu/hr

A = area of material normal to direction of heat flow,
sq ft

T2 = temperature within the digestion tank, of
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T3 = temperature outside the digestion tank, of

U = heat transfer coefficient, Btu/hr/sq ft/oF, which
is directly affected by the film coefficient for
interior surface of tank, and the film coefficient for
exterior surface of tank, and inversely affected by the
thickness of individual wall material, and the thermal
conductivity of individual wall material.

Several other factors may affect the heat transfer coefficient U;
however, they may be considered negligible for the purposes of
digester design. Further discussion of heat transfer principles,
along with lists of values for film coefficients and thermal
conductivities, is available (84,145,146). Various values of U
for different digester covers, wall construction, and floor
conditions are given in Table 6-18.

TABLE 6-18

HEAT TRANSFER COEFFICIENTS FOR VARIOUS
ANAEROBIC DIGESTION TANK MATERIALS (147)

Material

Fixed steel cover (1/4 in. plate)

Fixed concrete cover (9 in. thick)

Floating cover (Downes-type with wood
composition roof)

Concret~ wall (12 in. thick) exposed to air

Concrete wall (12 in. thick), 1 in. air
space and 4 in. brick

Concrete wall or floor (12 in. thick)
exposed to wet earth (10 ft thick)

Concrete wall or floor (12 in. thick
exposed to dry earth (10 ft thick)

1 Btu/hr/sq ft/oF = 4.9 kg-cal/hr/m2/Oc.
1 in. = 2.54 cm
1 ft = 0.304 m

Heat transfer coefficient (u),
Btu/hr/sq ft/OF

----
0.91

0.58

0.33

0.86

0.27

0.11

0.06

Heat losses can be reduced by insulatiri~ the cover and the
exposed walls of the digester. Common insulating materials
are glass wool, insulation board, urethane foam, lightweight
insulating concrete and dead air space. A facing is placed
over the insulation for protection and to improve aesthetics.
Common facing materials are brick, metal siding, stucco, precast
concrete panels, and sprayed-on mastic.

6.2.6.3 Mixing

Digester mixing is considered to have the following beneficial
effects:
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• Maintaining intimate contact between the active biomass
and the feed sludge.

• Creating physical, chemical, and biological uniformity
throughout the digester.

• Rapidly dispersing metabolic end products
during digestion and any toxic materials
the system, thereby minimizing their inhibiting
microbial activity.

produced
entering
effect on

• Preventing formation of a surface scum layer and the
deposition of suspended matter on the bottom of the
tank. Scum and grit accumulations adversely affect
digester performance by consuming active volume in
the tank.

While the benefits of digester mixing are widely accepted,
controversy and confusion arise in attempting to answer such
questions as how much mixing is adequate, and what the most
effective and efficient method is for mixing digesting sludge.

Although general theory of slurry mixing is well developed
(148,149), little research has been focused on mixing of sludge.
Studies of mixing in full-scale digesters have been made of both
dye (150) and radioactive (105,151) tracers. These and other
studies have shown that the contents of the digester are not
completely mixed and that the degree of mixing attained is
closely related to the total power actually delivered to the
contents of the tank, irrespective of the actual mixing method
used.

A certain amount of natural mixing occurs in an anaerobic
digester, caused by both the rise of sludge gas bubbles and the
thermal convection currents created by the addi tion of heated
sludges. The effect of natural mixing is significant (150,152),
particularly in digesters fed continuously and at high loading
rates. However, natural mixing does not maximize the benefits of
mixing and is insufficient to ensure stable performance of the
digestion process. Therefore, mixers are an essential component
in a high-rate digestion system. Methods used for mixing include
external pumped circulation, internal mechanical mixing, and
internal gas mixing. A review of digester mixing methods is
available (57).

External Pumped Circulation

Pumped circulation, while relatively simple, is limited in a
phys ical sense because large flow rates are necessary for h igh
rate digester mixing. However, this method can effect
substantial mixing, provided that sufficient energy (0.2 to 0.3
hp per thousand cu ft of reactor (5 to 8 W/m3 ) is dissipated in
the tank (75). Greater pump power will be required if piping
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losses are significant. Pumped circulation is used most
advantageously in combination with other mixing systems. Besides
augmenting ag i ta tion ,ei rcul a tion allows external exchangers to
be used for heating the digester and uniform blending of raw
sludge with heated circulating sludge prior to the raw sludge's
entering the digester.

A pumped circulation mixing system was recently installed in an
80-foot (24 m) diameter, fixed cover anaerobic digester at the
Las Vegas Street Plant in Colorado Springs. Sludge is withdrawn
from the top-center of the tank and pumped with a 16-inch
(41 cm) horizontal, solids handling centrifugal pump to two
discharge nozzles. These nozzles are located at the base of
the sidewall, on opposite sides of the tank, and direct the
sludge flow tangentially, inducing an upward spiral motion in the
tank. Return flow from the pump can be directed to a single
scum-breaker nozzle mounted near the liquid surface. The pump
capacity is rated at 6,800 gallons per minute (429 lis) at
21 feet total dynamic head (6.4 m) and is sufficient to pump
the entire digester contents in 3.5 hours. The new mixing system
has successfully eliminated temperature stratification and
scum buildup. Another type of pumped circulation system using
sequential pumping through mul tiple pipes strapped to the floor
of the digester is described in Reference 153.

Internal Mechanical Mixing

Mix i ng by means of propellers, fl at-bladed turbine s, or simi lar
devices is widely practiced in the process industries. Its
usefulness, when applied to wastewater sludge digesters, is
limited by the nature of non-homogeneous wastewater sludge. The
large amounts of raggy and relatively inert, nonfluid material in
wastewater sludge results in fouling of the propellers and
subsequent failure of the mechanisms. The practice of grinding
screenings within the wastewater flow will accelerate ragging.

Mechanical mixers can be installed through the cover or
walls of the tank. In one design, a propeller drives sludge
through a draft tube to promote vertical mixing. Wall
installations restrict maintenance and repair to the time
when the digester has been emptied (usually every three to
five years in well maintained plants). Strong mechanical
mixing can be effected with about 0.25 hp/thousand cubic
feet of reactor (6.6 W/m 3 ) (75).

Internal Gas Mixing

Several variations of gas mixing have been used for digesters,
including:

• The injection of a large sludge gas bubble at the bottom
of a 12-inch (30 cm) diameter tube to create piston
pumping action and periodic surface agitation.
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• The injection of sludge gas sequentially through a series
of lances suspended from the digester cover to as great a
depth as possible, depending on cover travel.

• The free or unconfined release of gas from a ring of
spargers mounted on the floor of the digester.

• The confined release of gas within a draft tube
positioned inside the tank.

The first method generally has a low power requirement, and
consequently, produces only a low level of mixing. As a result,
the major benefit derived from its use is jn scum control. Lance
f r e egas 1 i f t , and d r aft tubegas mix i n g , howe ve r , can be
scaled to induce strong mixing of the digester contents! The
circulation patterns produced by these two mixing methods differ.
As shown on Figure 6-22 in the free gas lift system, the gas
bubble veloci ty a t the bot torn of the tank is zero, accelerating
to a maximum as the bubble reaches the liquid surface. Since the
pumping action of the gas is directly related to the velocity of
the bubble, there is no pumping from the bottom of the tank with
a free gas lift system. In contrast, a draft tube acts as a gas
lift pump which, by the law of continuity, causes the flow.of
sludge entering the bot torn of the draft tube to be the same as
that exiting at the top. Thus, the pumping rate is largely
independent of height, as shown on Figure 6-23. The significance
of this difference is that draft tube mixers induce bottom
currents to prevent or at least reduce accumulations of settle
able material. Velocity/profiles shown on Figure 6-24 (see
page 6-58) indicate that lance type mixers induce comparable
bot torn veloci ties. Another di f fe rence among internal ga s mixing
systems is that the gas injection devices in a free gas lift
system are fixed on the bottom of the digester and thus cannot be
removed for c Ie ani ng wi thou t d ra ining the tank. To redu ce
clogging problems, provisions should be made for flushing the gas
lines and diffusers with high pressure water. With the lance and
draft tube systems, the gas diffusers are inserted from the roof
and, therefore, can be wi thdrawn for cleaning wi thou t removi ng
the contents of the tank. A drawback of these systems, though,
is that the draft tube and gas lines suspended inside the tank
may foul with rags and debris contained in the digesting sludge.

Basis for Sizing Gas Lift Mixers. Three basic criteria have been
used to determine the size of gas lift mixing systems:

• Unit power (power per unit volume)

• Velocity gradient (G value)

• Unit gas flow (gas flow per unit volume)

Each of these criteria is interrelated so that one can be
calculated from the other once a few assumptions are made about
gas discharge pressure and sludge viscosity. The size of new
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mixing systems has tended to increase in recent years as the
importance of strong mixing in anaerobic digesters has become
more widely recognized. However, oversizing of mixing systems
not only results in excess equipment and operating costs but also
may aggravate foaming problems.
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FIGURE 6-23

DRAFT TUBE AND FREE GAS LIFT PUMPING RATE

unit Power. The use of the unit power criterion stems from the
observation that the relative effectiveness of mixing is closely
related to the total power expended (137,152). Generally, strong
mixing can be achieved if 0.2 to 0.3 hp is used to mix each
thousand cubic feet (5 to 8 w/m3 ) of digester volume. The uni t
power cri ter ion is expressed in terms of the motor horsepower
used to drive the compressor. Less power is actually delivered
to the liquid because of losses in the mixing system (for
example, friction losses, compressor inefficiency).

Veloci ty Gradient. Camp and Stein (154) have suggested use of
the root-me an-square velocity gradient (G) as a measure of
mixing intensity expressed mathematically:

G ~ (6-5)

where:

ft/secG = root-mean-square velocity gradient, ft =
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w = power dissipated per unit volume

ft-lbforce/ sec
lbf/sq ft/secft =cu

W
E= (6-6)V

where:

E = rate of work on energy transfer (power), ft-lbf/sec, and

V = volume of reactor, cu ft

M = absolute viscosity of the liquid, lbf-sec/sq ft

The velocity gradient is a more refined design criterion for
mixing than the unit power criterion in that it takes into
account the power actually transferred to the liquid (E),
and the viscosity of the liquid ). Determination of these
values for gas lift mixing in digesters is described below~
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COMPARISON OF LANCE AND DRAFT TUBE
MIXING IN CLEAN WATER (147)
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When gas is discharged into a digester, liquid flow results
from the transfer of energy from the gas to the liquid as
the gas isothermally expands and rises to the surface. If
the liquid vapor pressure and the kinetic energy of the gas
are ignored, the power transferred from the gas to the liquid may
be expressed as (155):

(6-7)

where:

E = rate of work or energy transfer (power), ft-lbf/sec

Q = gas flow, cfm

PI = absolute pressure at the liquid surface, psi

P2 = absolute pressure at the depth of gas injection, psi

Therefore, given a gas flow through a mixer system and the
depth of the diffuser, Equation 6-7 can be used to calculate
the power transferred to the digester liquid (E). The power
dissipated per unit volume (W) can then be calculated by
dividing the rate of energy transfer (E) by the volume of the
digester (V).

There is Ii ttle information on the rheology (flow properties)
of unstabilized wastewater sludges although some data does exist
on the rheology of anaerobically digested sludge (156,157). This
is partly because it is extremely difficult to do such studies
correctly (158). In general, digesting sludge seems to be a
pseudoplastic material exhibiting only slight thixotropic
properties (156). Pseudoplastic liquids become less viscous at
higher shearing rates. Thixotropic liquids become less viscous
with time at a constant sharing rate. Chapter 14 has additional
information on sludge rheology.

Three parameters--temperature, solids concentration, and volatile
content appear to affect sludge viscosity. As the temperature of
sludge is increased, its viscosity is reduced. The relationship
between temperature and viscosity for water is presented on
Figure 6-25. (A similar relationship between temperature and
sludge viscosity exists, although this has hot been documented.)
The viscosity of sludge increases exponentially as the solids
concentration increases (159), as shown on Figure 6-26. This
graph also shows that viscosity increases with the volatile
content of the sl udge ; however , the effect is only noticeable
when the solids content of the digesting sludge is greater than
three percent. The entrapment of gas bubbles in digesting sludge
may also affect viscosity, although the magnitude of this effect
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has not been measured. In general, then, it is not possible
to pinpoint the viscosity of digesting sludge although major
influences can be identified.
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FIGURE 6-25

EFFECT OF TEMPERATURE ON THE VISCOSITY OF WATER

The appropriate "G value" to use for design is difficult to
determine. In general, the "G value" should be between 50 and
80 sec-I. Walker (75) recommends a "G value" of 85 sec- l for
substantial auxiliary mixing. A design value at the high end
of the range should be selected for a large digester with only a
single mixer, or in a case where grit or scum problems appear
likely. A lower "G value" is appropriate in cases where several
mixers are distributed through the tank or where sufficient
detention time has been provided to allow a slower rate of
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digestion. The use of a two-speed compressor provides the
capability to match mixing intensity with variations in operating
conditions.

An example of gas mixer sizing is found in Section 6.2.9.3.

Uni t Gas Flow. As described in the preceding paragraphs, gas
flow through a mixing system can be related to the mixing energy
delivered to the liquid. Therefore, a simple way to size a
gas lift mixer is to specify a unit gas flow. For a draft-tube
system, 5 to 7 scfm/thousand cubic foot of digester (5 to
7 m3/min/km 3 ) at about 6 psig (41.4 kN/m 2 ) is sufficient to
produce strong mixing. Less gas is required for a free-lift
system, 4.5 to 5 cfm per thousand cubic feet (4.5 to 5 m3/min/
km3 ) of reactor; however, the pressure must be higher since the
gas is discharged at the bottom of the tank (75). 1.5 to
2.0 cfm per foot (0.14 to 0.19 m3/min/m) of diameter (0.14 to
0.19 m3 /min/m) has also been recommended for free gas lift
mixers (137).

The unit gas flow can be
combining equations 6-5,
unit gas flow:

related to the velocity gradient by
6-6 and 6-7 and solving for ~' the

(6-8)

The values in Table 6-19 were calculated from this equation.

6.2.6.4 Covers

Anaerobic sludge digestion tanks are covered to con tain odors,
maintain operating temperature, keep out oxygen, and collect
digester gas. Digester covers can be classified as either
fixed or floating. Cross sections of both types are shown on
Figure 6-27. Floating covers are more expensive but allow
independent additions and withdrawals of sludge, reduce gas
hazards, and can be designed to control formation of a scum-mat.

Fixed digester covers are fabricated from steel, reinforced
concrete and, since the mid-1970s, corrosion-proof fiberglass
reinforced polyester (FRP). In most cases, fixed covers are
dome-shaped, although conical and flat concrete covers have been
built. Concrete roofs are susceptible to cracking caused by
rapid temperature changes. Consequently, gas leakage has been a
frequent problem with reinforced concrete covers (75).

Generally, fixed-cover digesters are operated so as to maintain a
constant water surface level in the tank. Rapid withdrawals of
digested sludge (wi thout compensating addi tions of raw sludge)
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can draw air into the tank, producing an explosive mixture of
sludge gas and oxygen. The explosive range of sludge gas in air
is 5 to 20 percent by volume (52). In addition, there have
been cases in which the liquid level under the fixed cover
has been allowed to increase sufficiently to damage the cover
structurally. Usually, this involves a tightly clogged overflow
system and a forgotten feed valve.

TABLE 6-19

RELATIONSHIP BETWEEN THE VELOCITY GRADIENT
AND UNIT GAS FLOW

G
Velocity gradient,

sec- l

40

50

60

70

Q/V
Unit gas flowa

cfm/l,OOO cu ft

2.1

3.3

4.4

6.4

aCalculated assuming depth of gas release
is 13 ft and that absolute viscosity of
sludge is the same as for water at 9SoF.

1 cfm/l,OOO cu ft = 1 m3/min/l,000 m3

Traditionally, floating covers have followed one of two designs:
the pontoon or Wiggins type and the Downes type (Figure 6-27).
Both types of covers float directly on the liquid and commonly
have a maximum vertical travel of 6 to 8 feet (2 to 3 m). These
cover designs differ primarily in the method used to maintain
buoyancy, which, in turn, determines the degree of submergence.
In the Wiggins design, the bottom of the cover slopes steeply
along the outer edge. This outer portion of the cover forms
an annular pontoon or float that results in a large liquid
displacement for a small degree of cover-plate submergence.
Therefore, Wiggins covers have only a portion of the annular area
submerged, with the largest portion of the cover exposed to the
gas above the liquid surface. However, for the Downes design, as
shown on Figure 6-27, the bottom of the cover slopes gradually
throughout the entire radius, thereby providing only a small
liquid displacement for a greater degree of ceiling plate
submergence. Typically, the outer one-third of the radius of the
Downes cover is in contact with the liquid. However, it is
desirable to increase the degree of submergence by adding ballast
to the cover, thus keeping the liquid level a few inches within
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the central gas dome. This keeps floating matter submerged and
subject to mixing action, reduces the area exposed to corrosive
sludge gas, and adds to cover stabili ty. The fundamental
principle used to calculate ballast requirements is that at
equilibrium, a floating cover displaces a volume of liquid equal
in weight to the total weight of the cover. Ballast can be added
as concrete blocks or as a layer of concrete spread across the
upper surface of the cover.
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WIGGINS TYPE DOWNES TYPE

FLOATING COVERS
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FIGURE 6-27

TYPES OF DIGESTER COVERS

A variation of the floating cover is the floating gas holder,
shown on Figure 6-27. Basically, a gas holder is a floating
cover with an extended skirt (up to 10 feet [3 m] high) to allow
storage of gas during periods when gas production exceeds demand.
However, storage pressure in a gas holder is low--a maximum of
15 inches water column (3.7 kN/m 2 ). Therefore, this type of
cover will store up to three to six hours of gas production,
based on about six feet (2 m) of net travel. Greater storage is
achieved by compressing the gas for high pressure storage .in
spheres or horizontal cylinders, or by providing a separate low
pressure displacement storage tank.
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Gas-holding covers are less stable than conventional floating
covers because they are supported entirely by a cushion of
compressible gas rather than incompressible liquid and because
they expose a large side area to lateral wind loads. To prevent
tipping or binding, ballast at the bottom of the extended skirt
and spiral guides must be provided.

Typical appurtenances for a digester cover include sampling
ports; manholes for access, ventilation, and debris removal
during cleaningj a liquid overflow systemj and a vacuum-pressure
relief system equipped with a flame trap. The permissible
range of gas pressure under a digester cover is typically a to
15 inches of water (0 to 3.7 kN/m 2 ). Figure 6-28 provides an
overview of four floating covered digesters with appurtenant
equipment.

FIGURE 6-28

OVERALL VIEW OF FOUR DIGESTERS WITH DOWNES
FLOATING COVERS AT SUNNYVALE, CALIFORNIA
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6.2.6.5 Piping

The piping system for an anaerobic digester is an important
component of the design. Many activities take place during
the operation of a digester: feeding of raw sludge, circulation
of sludge through the heat exchanger, withdrawal of digested
sludge and supernatant, and collection of sludge gas. The piping
system should be designed to allow these activities to occur
concurrently, yet independently. Flexibility should also be
built into the piping system to allow operation in a variety of
modes and to ensure that digestion can be continued in the event
of equipment breakdown or pipe clogging.

Feeding of incoming sludge into anaerobic digesters can be
automated to load the tanks frequently and uniformly. Switching
feeds between several tanks can be controlled based on either
time, hydraulic flow, or solids flow. A time-controlled feed
system uses a repeat-cycle timer to sequentially open and
close the feed valve for each digester. Switching between
digesters can occur every thirty minutes to four hours. A
flow-controlled feed system uses a flowmeter on the raw sludge
pipeline, in combination with a totalizer, to load preset volumes
to each digester. These mayor may not be equal depending on the
individual characteristics of each digester. A feed control
system based on solids flow requires the measurement of both raw
sl udge flow and dens i ty. Since dens i ty is correl a ted wi th the
concentration of solids in sludge, these two signals can be
combined to yield a measure of the solids mass being fed to the
digesters. Selection of flowmeters and density meters for sludge
is discussed in Chapter 17.

Raw sludge should enter the digester in the zone of intense
mixing to disperse the undigested organics quickly. Raw
sl udge, before en ter ing the dige ster, should be mixed wi th warm
circulating sludge to seed the incoming sludge and avoid thermal
shock. The introduction of cold feed sludge into regions where
there is no local mixing results in the feed sludge sinking to
the digester bottom and becoming an isolated mass.

Digested sludge is usually drawn off the bottom of the tank,
although means to withdraw sludge from at least one other
point should be provided in case the main line becomes plugged.
A supernatant collection system, when required, should have
drawoff points at three or more elevations to allow the operator
to remove the clearest supernatant. An example of a supernatant
collection system is shown on Figure 6-29. The telescopic valve
is used to adjust the water surface level in the digester. An
unvalved overflow with a vent as a Biphon breaker is provided to
ensure that the tank cannot be overfilled~

Special consideration should be given in the design of
sl udge-piping systems to prevent the depos i tion of grease and
clogging with debris. Sludge piping generally has a minimum
diameter of 6 inches (150 mm), except for pump discharge lines
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in small plants, where four-inch (100 mm) diameter pipes may
be acceptable. Where possible, considering these minimum pipe
size recommendations, velocities in sludge pipelines should
be maintained above four feet per second (1.2 m/sec) to keep
sludge solids in suspension. The hydraulics of sludge piping is
described in detail elsewhere (84,160). Glass lining of cast
iron and steel pipe will prevent the buildup of grease and is
recommended for all pipes conveying scum and raw sludge. The
grease content of sludge is typically reduced by 50 percent or
more during digestion, so that glass lining is not warranted for
pipes carrying digested or circulating sludge. Sludge piping is
generally kept as short as practicable, with a minimum number of
bends. Long radius elbows and sweep tees are preferred for
changes in direction. Provisions are commonly made for cleaning
sludge lines with steam, high pressure water, or mechanical
devices. These provisions should include blind flanges, flushing
cocks, and accommodation for thermal expansion.

A problem unique to anaerobic digestion systems is the buildup of
crystalline inorganic phosphate deposits on the interior walls of
the tank and downstream piping. This encrustation will increase
pipeline friction, displace volume in the digestion tank, and
foul downstream mechanical equipment (102). This chemical
scale has formed not only in digested sludge lines, but also on
mechanical aerators for facultative sludge lagoons and in pipes
carrying either digester supernatant or filtrate/centrate.
Labora tory ana lyses have iden ti f ied thi s rna ter ial as magnes ium
ammoni urn phosphate (MgNH4P04 6 H20), more commonly known
as guanite or struvite. It has a specific gravity of 1.7,
decomposes when heated, and is readily soluble only in acid
solutions. Methods successfully used to prevent this buildup
include (161):

• Aerobic digestion of the sludge stream with the highest
phosphate content

• Dilution of digested sludge flows to prevent super
saturation and to raise pipeline velocities

• Limiting magnesium ion concentration in the stream

• Substi tution of PVC pipe for cast-iron pipe to reduce
interior roughness

6.2.6.6 Cleaning

Anaerobic digestion tanks can become partially filled with a
bottom layer of settled grit and a top layer of floating scum.
These accumulations reduce the volume available for active
digestion and thereby degrade the performance of the digesters.
Periodically, the digestion tank must be drained and these
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deposits removed. This cleaning process is usually expensive and
unpleasant. Furthermore, it can disrupt normal processing of
sludge for as long as several months. Therefore, attention
should be given during design to (1) reducing the rate at which
grit and scum can accumulate, and (2) making it easy to clean the
digester when it becomes necessary.

VENT

DIGESTER
OVERFLOW

TO PLANT HEADWORKS "'111;1---
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TREATMENT

FIGURE 6-29

TYPICAL DIGESTER SUPERNATANT COLLECTION SYSTEM
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Prevention of Grit and Scum Buildup

The most sensible approach to minimizing digester cleaning is to
prevent grit and scum from entering the system. This can be
accomplished through effective grit removal in the headworks of
the plant coupled with separate processing of scum (for example,
incineration or hauling to a rendering plant). A second mitiga
tion measure, which is almost as effective, is to maintain a
homogeneous mixture within the digester so that the grit and scum
cannot separate out. This is best achieved by strong mixing and
positive submergence of the liquid surface under a floating cover
(refer to the preceding sections on mixers and covers).

Provisions can also be made to remove grit and scum easily from
the digester while normal digestion continues. Grit removal from
the digester can be improved by providing mul tiple wi thdrawal
points, or steep floor slopes (as in a waffle bottom or
egg-shaped digester). An access hatch in the digester cover, or
pipes extending into the upper levels of the digesting sludge,
can be used to remove floa ti ng rna ter ial in the tank before it
forms a mat. Strong mixing in the tank will carry floating
material down into the zone of active digestion, where it will be
broken down. Other methods of scum control in digesters are
described in References 41 and 162.

Facilities for Digester Cleaning

Traditionally, digester cleaning has been a difficult, dirty
task. As a result, it is often postponed until tank capacity is
severely reduced. Cleaning then becomes even more onerous
because of the increased urgency and scope of the operation. If
a digester can be cleaned easily, it is much more likely that it
will be cleaned regularly.

To ensure that the digesters can be easily cleaned, it is
important for the designer to consider the following questions: '

• What will be done with the raw sludge while the tank
is out of service? Typically, raw sludge flow is
distributed to the remaining tanks as long as there
is adequate capacity. The problem, however, becomes
much more serious in a plant with only one digester.
Possibly, a temporary aerobic digester or an anaerobic
lagoon can be devised, although odors may be a problem
with the latter. Lime may be added to the raw sludge to
disinfect it and control odors (see Section 6.4).

• How will the tank be drained? There is a risk of
explosion during the period in which the tank is being
emptied, making it important to speed this step in the
cleaning process. Addi tion of a separate digester drain
pump in the Sunnyvale treatment plant in California
allows each tank to be emptied in less than two days. As
shown on Fig ure 6-30, the in take of the d rain pump is
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located below the low point on the digester floor, from
where the pump draws. As a result, the pump also serves
to remove the slurry of grit and washwater rapidly. The
volume of washwater required has been greatly reduced by
the addition of the drain pump. Four to 5 feet (1.2 to
1.5 m) of sand on the bottom can be washed from the
tank with washwater amounting to less than a quarter of
the total tank volume.

Tr ad i tionally, the volume of washwa ter is two to four
times the tank volume. Once drained, the Sunnyvale
digesters can be scrubbed down in one day, and start-up
can begin the next day. Before the drain pump was
installed, all material removed from the tank had been
lifted out through the manholes in the sidewalls.
Consequently, it took 30 to 60 days to drain and clean
a digester. In either case, an additional month will be
required to restore the biological process completely,
unless it is seeded from other "healthy" digesters.
Ten to fifteen percent of the digester's volume is
usually required for adequate seeding. A seeded digester
can be brought back into full biological activity in less
than a week.

• Where will the contents of the tank and the washwater be
taken? Placing these materials on a sand-drying bed
or-rn an existing sludge lagoon are two simple solutions
to the problem. Construction of a small earthen basin,
specifically for use during digester cleaning, may be
warranted. Hauling material in tank trucks to another
treatment plant or to a suitable dispoal site is another
option. Mechanical dewatering equipment may be used to
reduce the volume for hauling, but the large proportion
of abrasive material (grit) contained in the sludge and
wash water may produce excessive wear.

At the Joint Water Pollution Control Plant, operated by
the County Sanitation Districts of Los Angeles County,
all washwater is treated in a separate digester cleaning
f aci 1 i ty. The washwa ter is fi rs t passed through sieve
bend type (static) strainers and then pumped to cyclonic
grit separators. The removed grit is cleaned in a
helical screw grit washer and, along with the screenings,
is transported by conveyor to storage hoppers. These
hoppers are emptied daily and the material trucked to a
sanitary landfill. Figure 6-31 shows the cyclonic grit
separator and s ta tic screens at th i s pI ant. The 1 iquid
discharged from the cyclonic grit separators is further
processed in dissolved air flotation tanks. Liquid
underflow from these flotation tanks is diverted to the
primary sedimentation tanks, while float and settled
material are combined with digested sludge flow and
fed to the plant's sludge dewatering system. The
digester cleaning facility now serves 33 digesters with a
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combined capacity of 5.7 million cu ft (21,200 m3 ). A
full-time seven-man crew is required for digester
cleaning, allowing a five-year cleaning cycle. New
digester additions under construction in 1979 will
lenghten this period to seven years. In 1973, the bid
for construction of the digester cleaning facili ty was
approximately $3,000,000.

• How will access be provided into the tank? Manholes
should be provided through both the cover and the
sidewalls of the tank to allow for ventilation, entrance
of equipment and personnel, and removal of organic and
inorganic debris. Often in the past, the number and size
of these openings has not been sufficient for easy
cleaning.

• Is there a source of water for washing the tank and
iefilling it for start-up? Washdown water should be air
gapped and capable of supplying a pressure in excess of
60 psi (414 kN/m 2 ) through a hose of at least one-inch
(2.5 cm) diameter. Larger capacities are required for
digesters greater than 55 feet (17 m) in diameter. Once
the tank has been cleaned, start-up begins by filling the
tank with either raw wastewater, primary effluent, or
unchlorinated secondary effluent, and bringing the entire
contents up to operating temperature. If seed sludge is
to be used, it should be fed into the digester as soon as
its liquid contents have achieved operating temperature.

Additional discussions of digester cleaning and start-up can be
found in references 164 and 165.

ANAEROBIC
,/- DIGESTE R

RECESSED IMPELLER
DRAIN PUMP

FIGURE 6-30

DIGESTER DRAIN SYSTEM
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FIGURE 6-31

DIGESTER WASHWATER CLEANING BY CYCLONIC
SEPARATORS, GRIT DEWATERERS 1 AND STATIC

SCREENS AT LOS ANGELES COU NTY CARSON PLANT

6.2.7 Energy usage

The flow of energy through a typical anaerobic digester system is
displayed on Figure 6-32. In this simple system, a hot water
boiler, fueled with sludge gas, is used to heat the digesters.
The digestion system shown on Figure 6-32 produces more energy
than it requires in the form of digester gas. The energy required
for digestion is mainly to heat the sludge. The energy consumed
in mixing the digester contents is very small in comparison.
Surplus digester gas can be (1) burned in a boiler to produce
heat for buildings in the plant, (2) used to power an engine to
generate electricity or directly drive a pump, (3) sold to the
local utility for use in the domestic gas supply, or (4) flared

6-72



MIXINGtl

ANAEROBIC
DlGESn:~

TOTAL GAS PROOUCTION a

.75

SURPLUS GAS

AL.L VALUES IN UNITS OF
106 BTU/TON DAY SOLIDS
fED TO THE DlGESTI':ft

(1 I'ltu{lb= 0.56 kg-calik!ll

RAW SI.UOGE b

HEATING

RAW
SLUDGE

HEAT
Losses

a Raw sludge volatile solids contents, percent 75
Vola tile solids reduction dur ing digester, percent 50
Specific gas production, cu ft/lb vs reduced 15
Heat value of gas, Btu/cu ft 650

cu ft Btu 62,000 Ib/ton (.75) (,50) (15~) (650 cu ft) 7.3 x 10 Btu/ton

bFeed solids concentration, percent
Specific heat of sludge, Btu/lb/oF
Rise in temperature, OF

2,0001b/ton 8tu a 6
0.04 (1 In-oF) (25 F) = 1.3 x 10 Btu/ton

c Makeup Heat Requirement
Raw Sludge Heat Requlrement 40 percent

d Net boiler and heating system efficiency, percent

e peed solids concentration, percent
Detention time, days
Mixinq requirement, bhp/l,OOO cu ft

70

4
20

0.25

2,000 Ib/ton
(.04) 62.4 Ib/cu ft

(20 days) (24 ~) (0.25 bhp ft) (2,547 bhBp/Uhr )day 1,000 cu

FIGURE 6-32

ENERGY FLOW THROUGH AN ANAEROBIC
SLUDGE DIGESTION SYSTEM
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in a waste-gas burner. The energy flow through a more complex
gas utilization system, in which gas is used to fuel an engine
generator, is described in Chapter 18.

The energy flow diagram shown on Figure 6-32 conveys very
effectively the relative magnitude and direction of energy
exchanges in an anaerobic digestion system. This type of diagram
is helpful in the design of a gas utilization system. However,
more detail must be added and the full range of expected
conditions must be evaluated, rather than just the average
conditions depicted for this case.

More complete discussions of digester gas utilization systems can
be found in Chapter 18 and elsewhere (38,39).

6.2.8 Costs

Cost curves have been compiled that plot construction costs for
anaerobic digestion systems versus either digester volume (166),
sludge solids loading (167,168,169), or total treatment plant
flow (170,171,172). However, these curves differ significantly,
even when converted to a common cost index and plotted in terms
of a single sizing parameter (Figure 6-33). Cost curves
are generally constructed to allow comparison of equivalent
alternatives and consequently do not always describe actual
costs.

Estima ted annual costs for operation and maintenance are shown
in Figure 6-34. No credit has been given in this graph for the
value of surplus sludge gas. In most cases, use of this gas
requires construction of additional facilities for conditioning,
compressing, and burnIng the gas. The cost for construction
and operation of these systems (38) must be included in
calculations of the net value of surplus sludge gas.

6.2.9 Design Example

This section illustrates the basic layout and sizing of the
major components in an anaerobic sludge digestion system. For
this example, it is assumed that the treatment plant provides
activated sludge secondary treatment to a typical municipal
wastewater. A mixture of primary sludge and thickened
waste-activated sludge is to be anaerobically digested, held in a
facultative sludge lagoon, and ultimately spread as a stabilized
liquid onto land.

6.2.9.1 Design Loadings

Sludge production estimates for two flow conditions, average
and peak day, are listed in Table 6-20 (see page 6-79). The
peak loading is listed because several components must be sized
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to meet this critical condition. Refer to Chapter 4 for a
discussion of the procedures to determine sludge production
values. Sludge sol ids concent ra tions and the resulting sludge
volumes are also included in Table 6-20.
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CONSTRUCTION COSTS FOR ANAEROBIC
DIGESTION SYSTEMS (111-168,171)

6.2.9.2 System Description

The conceptual design for a high-rate anaerobic digestion
system is presented on Figure 6-35 (see page 6-80). At the
heart of the system are two cylindrical single-stage, high-rate
digestion tanks operated in parallel. The contents of both
digesters are heated to 95°F (35°C) and vigorously mixed with
draft-tube gas mixers. Floating covers are used on both tanks to
keep floating material soft and submerged, and to allow in-line
storage of sludge in the digestion tanks.
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OPERATING, MAINTENANCE, AND ENERGY COSTS
FOR ANAEROBIC SLUDGE DIGESTION SYSTEMS (171)

Raw pr imary arid secondary sludges are first combined and then
heated to 95°F (35°C) in a jacketed pipe heat exchanger.
The rate of the raw sludge flow is measured with a magnetic
flowmeter. The signal from this meter is integrated to indicate
the hyd raul i c load ing to digest ion. Th is informa tion is al so
used to indicate equal volumes of raw sludge for even distribu
tion to each digester. The controls are set so that each
digester is fed approximately ten times each day. Raw sludge
is mixed with circulating sludge and added to the digester
through the gas dome in the center of the cover. The operating
temperature in the digester is maintained by circulating a

6-76



small volume of sludge through an external spiral heat exchanger.
Digested sludge is withdrawn daily from the bottom of the
tank and transferred by gravi ty to facul tative sludge lagoons.
For monitoring purposes, a flowmeter is included in the digested
sludge withdrawal line. This provides a means for evenly
distributing the sludge to several lagoons. Both tanks
are operated as completely mixed primary digesters without
supernatant removal.

6.2.9.3 Component Sizing

Digestion Tanks

Si.zing critera:

• ~lO days solids retention time during the most critical
expected condition to prevent process failure (See
Section 6.2.3.3).

• >50 percent volatile solids reduction at average
conditions to minimize odors from the facultative sludge
lagoons.

Tank volume:

Raw sludge flow at peak conditions (Qp)

--Assume peak day condi tions (this is conservatively large
but provides a margin of safety).

Qp = 6,010 + 3,430 = 9,440 cu ft per day

Active volume (Va)

(267 m3/day)

Va = 9,44~ ~~t~~k~er day (10 days) = 47,200 cu ft per tank

Correction for vol ume displaced by gri t and scum accumula
tions and floating cover level.

Assume:

4-ft grit deposit

2-ft scum blanket

2-ft cover below maximum

8-ft total displaced height
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Therefore, if original sidewater depth of the tank is 30 feet,
30 - 8active volume is only 30 = 0.73 of the total tanks volume.

Tank volume (V t )

= 47,200 cu ft
tank

= 64,700 cu ft per tank
Say 65,000 cu ft per tank = (1,800 m3jtank)

Solids retention time at average conditions (SRTa )

65,000 cu ft per tank (2 tanks)
3,200 cu ft per day + 2,000 cu ft per day

= 25.0 days, based on total volume, 50 percent
volatile solids reduction can be expected with
this solids retention time (see Section 6.2.4.1).

Tank dimensions:

Diameter (D)

Assuming initially, a 30-foot sidewater height and
neglecting the volume in the bottom cone:

D .= ~. 4( 65 , 000 cu f t) = 52.5 ft = (16.0 m)(30 ft)

Sidewater height (h)

Since floating covers corne in 5-foot diameter increments,
enlarge diameter and adjust sidewater height:

h = 4(65,000 cu ft) = 27.4 ft = (8.4 m)
(55 ft)2

Note: This adjustment increases displacement volume
ff d d . 1 27.4-8 , 0 71e ect an re uces active vo ume to 27.4 or . .

This is ignored in this example because of previous
conservative assumptions.
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TABLE 6-20

DESIGN LOADING ASSUMPTIONS

Flow condition

Parameter Average
Peak
day

Sludge production, Ib dry
solids/day

Primary sludge 10,000
Waste activated

sludge 5,000

15,000

7,500

Solids ~oncentrationi

percent
Primary sludge
Waste activated

sludge

aSludge volume , cu ft/day
Primary sludge
Waste activated sludge

5.0

4.0

3,200
2,000

4.0

3.5

6,010
3,430

a Sludge volume =
sludge production

-(solids concentration) (density o{~sTudge)'

e.g., 10,000 Ib/day
(.05) (62.4 Ib/cu ft)"

1 Ib/day = .454 kg/da~

1 cu ft/day = .0283 m

Heat Exchangers - (See Section 6.2.6.2)

Raw sludge heat exchanger capacity (Qs)

Assume:

• Peak day sludge loading

3,200 cu ft/day.

• Minimum temperature of raw sludge = 55°F

Os = (9,440 cu ft).' .(62.4 Ib) (1 day) ( BtU)
day·.. . cu ft 24 hrs 1 Ib - of

= 982,000 Btu/hr = (247,000 kg-cal/hr)
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Makeup heat exchanger capacity (Qm)

Assume:

• Tank completely buriea but above water table, U = 0.06

• Bottom exposea to wet soil, U = 0.11

• Cover insulatea, U = 0.16

• Minimum soil temperature = 40°F

• Minimum air temperature = 10°F

Qm =
=
+
+
=

heat loss through walls + bottom + top
(0.06 Btu/sf/oFjhr)([2 ft]55 ft/4[27.4 ft])(95°F-400F)
(0.11) ( [55 ft]2/4] (95°F-40°F)
(0.16) ( [55 ft]2/4] (95°F-10°F)
76,029 Btu/hr = (19.2 kg-kcal/hr)

The above calculatea values are usea for sizing equipment.
Average heat requirements would be substantially less.

PRIM.ARY -;:'
SLUDGE "

RAW SLUDGE
MEAT EXCHANGER -~,

\

RAW SLUOGE FLOW METER

~ FEED CONTROL VALVE

----------DIGESTER :2

,I MAKE-UP HEAT EXCHANGER

.........~-.....-....,-i)J(f4-I)L()..,....-....----,
CI RCULATING
SLUDGE PUMP

DiGESTER 1

FLOAT,NG
COVER -"

~- --

~1n~~
DRAFT TUElE
GAS MI XE R _---I(~___,r____I<*-_

WASTE
ACTIVATED
SLJJDGE

DIGESTED SLUDGE
FE}----..... (TO FACULTATIVE

DIGESTED SLUDGE SLUDOE LAGOONS.I

FLOW MHER

FIGURE 6-35

CONCEPTUAL DESIGN OF AN ANAEROBIC SLUDGE DIGESTION SYSTEM
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Mixinq (See Section 6.2.6.3)

Sizing criterion:

Assumptions:

• Velocity gradient (G) = 60 sec- l

• Plant located at sea level Pl = 14.7 psi

• Gas released 13 ft below the water surface P2 = 14.7
+ 0.434 (13) = 20.3 psi

• Viscosity of the digestin~ sludge is the same as for
water at 95°F or 1.5 x 10-' Ibf-sec/sq ft

Rate of energy transfer (E)

Combining Equations 6-5 and 6-6 and solving for E:

E = V jJ. G2

= 65,000 cu ft/tank (1.5 x 10- 5 lbf - sec/sq ft)(60 sec- l )2

= 3,510 ft lbf/sec/tank = (4.8 kW/tank)

This is the power delivered to the digester contents. Motor
horsepower for the compressor will be substantially higher.

Gas Flow (Q) solving Equation 6-7 for Q.

Q =

=

E

3,510 ft~lb/sec/tank

2.4 (14.7 psi) (In f~:~ ~~U

(6-8)

= 308 cfm/tank (b.145 m3/sec/tank)
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6.3 Aerobic Digestion

Aerobic digestion is the biochemical oxidative stabilization of
wastewater sludge in open or closed tanks that are separate from
the liquid process system.

6.3.1 Process Description

6.3.1.1 History

Studies on aerobic digestion of municipal wastewater sludge
have been conducted since the early 1950's (175,176). Early
studies (177,178) indicated that aerobic digestion performed as
well as, if not better than, anaerobic digestion in reducing
volatile solids in sludge. Aerobic digestion processes were
economical to construct, had fewer operating problems than
anaerobic processes, and produced a digested sludge that drained
well. By 1963, at least one major equipment supplier (179) had
approximately 130 installations in plants with flow from 10,000
to 100,000 gallons per day (37.8 to 378 m3/day). By the late
1960's and early 1970's, consulting engineers across the country
were specifying aerobic digestion facilities for many of the
plants they were designing.

6.3.1.2 Current Status

As of early 1979, numerous plants use aerobic digestion, and
several of them are quite large (11). Because of significant
improvements in design and control of anaerobic processes,
coupled with the significant mid-1970 jump in energy costs,
the continued use of aerobic digestion, except in the small
facility, is much in doubt.

6.3.1.3 Applicability

Although numerous lab and pilot-scale studies have been conducted
on a variety of municipal wastewater sludges, very few docu
mented, full-scale studies have been reported in the literature.
Table 6-21 lists some of these aerobic digestion studies and
provides information on the type of sludge stud ied, temperature
of digestion, scale of study, and literature reference.

6.3.1.4 Advantages and Disadvantages

Various advantages have been claimed (66,197) for aerobic
digestion over other stabilization techniques, particularly
anaerobic digestion. Based on all current knowledge, the
following advantages can be cited for properly designed and
operated aerobic digestion processes:

• Have capi tal costs generally lower than for anaerobic
systems for plants under 5 MGD (220 lis) (170).

• Are relatively easy to operate compared to anaerobic
systems.
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• Do not generate nuisance odors (199,200).

• will produ~e a supernatant low in BODS, suspended
solids, and ammonia nitrogen (199,200).

• Reduce the quantity of grease or hexane solubles in the
sludge mass.

• Reduce the number of pathogens to a low level under
normal design. Under auto-heated design, many systems
provide 100 percent pathogen destruction (187).

TABLE 6-21

SELECTED AEROBIC DIGESTION STUDIES ON VARIOUS
MUNICIPAL WASTEWATER SLUDGES

S

Studies
under
50°F

Studies
~between

50°- 86°F

Studies
over
86°F

180

192

187 (185) (186) (187)

]83, 184

187
188
189
189, (190)
190
181
191
192, 197, (199)

(190)
(190), (194)
195
181, 196

........_ ........_-----

Primary sludge
Primary sludge plus

waste-activated
lime
iron
alum
waste-activated + iron
trickling fiiter .
waste oaoer .

Contact st~bilization sludge
Contact stabilization sludge plus

iron
alum

Waste-activated sludge
Trickling filter sludge
--_._------------------_._ .

a( ) indicates full-scale study results.

As with any process, there are also certain disadvantages.
In aerobic digestion processes, the disadvantages are:

• Usually produce a digested sludge with very poor
mechanical dewatering characteristics.

• Have high power costs to supply oxygen, even for very
small plants.

• Are significantly influenced in performance by
temperature, location, and type of tank material.

6.3.1.5 Microbiology

Aerobic digestion of municipal wastewater sludges is based on
the principle that, when there is inadequate external substrate
available, microorganisms metabolize their own celluar mass. In
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actual operation, aerobic digestion involves the direct oxidation
of any biodegradable matter and the oxidation of microbial
cellular material by organisms. These two steps are illustrated
by the following reactions:

Organic Bacteria Cellular
+ °2 .. + CO2 + H2O (6-~)}

matter material

Cellular Digested
+ °2 ... + CO2 + H2O (6-10)

material sludge

The process described by Equation
"endogenous respiration"; this is
reaction in aerobic digestion.

6.3.2 Process Variations

6-10 is
normally

referred to as
the predominant

6.3.2.1 Conventional Semi-Batch Operation

Originally, aerobic digestion was designed as a semi-batch
process, and this concept is still functional at many facilities.
Solids are pumped directly from the clarifiers into the aerobic
digester. The time required for filling the digester depends on
available tank volume, volume of waste sludge, precipitation, and
evapora tion. During the filling operation, sludge undergoing
dig est ion i s con tin u a 11y a era ted. Wh e nthetank is full,
aeration continues for two to three weeks to assure that the
solids are thoroughly stabilized. Aeration is then discontinued
and the stabilized solids settled. Clarified liquid is decanted,
and the thickened solids are removed at a concentration of
between two and four percent. When a sufficient amount of
stabilized sludge and/or supernatant have been removed, the cycle
is repeated. Between cycles, it is customary to leave some
stabilized sludge in the aerator to provide the necessary
microbial population for degrading the wastewater solids. The
aeration device need not operate for several days, provided no
raw sludge is added.

Many engineers have tried to make the semi-batch process more
continuous by installing stilling wells to act as clarifiers in
part of the digester. This has not proven effective (200-202).

6.3.2.2 Conventional Continuous Operation

The conventional continuous aerobic digestion process closely
resembles the activated sludge process as shown on (Figure 6-36).
As in the semi-batch process, solids are pumped directly from
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UNSTAB I LlZED

SOLIDS
AEROBIC

DIGESTER

RECYCLE

SUPERNATANT

clarifiers
at a fixed
separator.
back to the

STABILIZED SOLIDS

FIGURE 6-36

PROCESS FLOW DIAGRAM FOR A CONVENTIONAL
CONTINUOUSLY OPERATED AEROBIC DIGESTER

into the aerobic digester. The aerator operates
level, with the overflow going to a solids-liquid
Thickened and stabilized solids are either recycled
digestion tank or removed for further processing.

6.3.2.3 Auto-Heated Mode of Operation

A new concept that is receiving considerable attention in the
United States is the auto-heated thermophilic aerobic digestion
process (187,203). In this process, sludge from the clarifiers
is usually thickened to provide a digester feed solids concentra
tion of greater than four percent. The heat liberated in the
biological degradation of the organic solids is sufficient
to raise the liquid temperature in the digester to as high
as 140°F (60°C) (187). Advantages claimed for this mode of
operation are higher rates of organic solids destruction, hence
smaller volume requirements; production of a pasteurized sludge;
destruction of all weed seeds; 30 to 40 percent less oxygen
requirement than for the mesophilic process, since few, if any,
nitrifying bacteria exist in this temperature range; and improved
solids-liquid separation through decreased liquid viscosity
(187,203,204).

Disadvantages cited for this process are that it must incorporate
a thickening operation, that mixing requirements are higher
because of the higher solids content, and that non-oxygen aerated
systems require extremely efficient aeration and insulated tanks.
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6.3.3 Design Considerations

6.3.3.1 Temperature

since the majority of aerobic digesters are open tanks, digester
liquid temperatures are dependent on weather conditions and
can fluctuate extensively. As with all biological systems, lower
temperatures retard the process while higher temperatures
speed it up. Table 6-21 lists studies on aerobic digestion
of municipal sludges as a function of liquid temperature.
When considering temperature effects in system design, one
should design a system to minimize heat losses by using concrete
instead of steel tanks, placing the tanks below rather than above
grade, and using sub-surface instead of surface aeration. Design
should allow for the necessary degree of sludge stabilization at
the lowest expected liquid operating temperature, and should meet
maximum oxygen requirements at the maximum expected liquid
operating temperature.

6.3.3.2 Solids Reduction

A major objective of aerobic digestion is to reduce the mass of
solids for disposal. This reduction is assumed to take place
only wi th the biodegradable content of the sludge, though some
studies (205,206) have shown that there may be destruction of the
non-organics as well. In this discussion, solids reduction will
pertain only to the biodegradable content of the sludge.

The change in biodegradable volatile solids can be represented by
a first order biochemical reaction:

(6-11)

dM
=dt

where:

rate of change of biodegradable volatile solids
per uni t of time - (.6 mass/t ime)

Kd = reaction rate constant - (time -1)

M = concentration of biodegradable volatile solids
remaining at tim~ t i~ th~ aerobic digeste~ -
(mass/volume). .

The time t in Equation 6-11 is actually the sludge age or solids
res idence time in the aerobic digester. Depending on how the
aerobic digester is being operated, time t can be equal to or
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considerably greater than the theoretical hydraulic residence
time. The reaction ra te term Kd is a funct ion of sludge type,
tempera ture, and sol ids concen tra t ion. I t is a pseudocons tan t,
since the term's value is the average result of many influences.
Figure 6-37 shows a plot of various reported Kd values as a
function of the digestion temperature. The da ta shown are for
several different types of waste sludge, which partially explains
the scatter. Furthermore, there has been no adjustment in the
value of Kd for sludge age. At this time, not enough data are
available to allow segregation of Kd by sludge type; therefore,
the line drawn through the data points represents an overall
average Kd value. Little research has been conducted on the
effect of solids concentration on reaction rate Kd. The results
of one study with waste-activated sludge at a temperature of
68°F (20°C) are shown on Figure 6-38, which indicates that Kd
decreases with increasing solids concentration •
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EFFECT OF SOLIDS CONCENTRATION ON
REACTION RATE Kd (194)

6.3.3.3 Oxygen Requirements

Activated sludge biomass is most often represented by the
empirical equation C5H7N02' Under the prolonged periods of
aeration typical of the aerobic digestion process, Equation 6-10
can be written as follows:

(6-12)

Hypothetically, this equation indicates that 1.98 pounds
(0.898 kg) of oxygen are required to oxidize one pound (0.45 kg)
of cell mass. From pilot and full-scale studies, however, the
pounds of oxygen required to degrade a pound of volatile
solids were found to be 1.74 to 2.07 (0.789 to 0.939 kg). For
mesophil i c sys terns, a des ign value of 2.0 is recommended. For
auto-thermal systems, which have temperatures above 113°F (45°C),
nitrification does not occur and a value of 1.45 is recommended
(187,203,204).

6-88



The actual specific oxygen utilization rate, pounds oxygen per
1,000 pounds volatile solids per hour, is a function of total
sludge age and liquid tem~e~ature (192,199,205). In one study,
Ahlberg and Boyko (199) v1s1ted several operating installations
and devel<;>p~d t~e r~lationship shown on Figure 6-39. Specific
oxygen ut111zat1on 1S seen to decrease with increase in sludge
age and decrease in digestion temperature.

TEMPERATURE RANGE <4g0F (lODC]

<49°F (lOoCI

o(1°0

o

4.0

8.0

6.0

2.0

20 60 100 140 180 220

SLUDGE AGE, days

FIGURE 6-39

INFLUENCE OF SLUDGE AGE AND LIQUID TEMPERATURES
ON THE OXYGEN UPTAKE RATES IN AEROBIC DIGESTERS (199)

Field studies have also indicated that a minimum value of
1.0 mg of oxygen per liter should be maintained in the digester
at all times (199).

6.3.3.4 Mixing

Mixing is required in an aerobic digester to keep solids in
suspension and to bring deoxygenated liquid continuously to the
aeration device. Whichever of these two requirements needs the
most mixing energy controls the design.

No published studies are available on field evaluation of
horsepower requirements to maintain various levels of solids
in suspension within aerobic digesters. According to past
experience, levels ranging from 0.5 to 4.0 horsepower per
1,000 cubic feet of tank volume (13 to 106 Kw/l,OOO m3 ) were
satisfactory. Des igners should consul t an experienced aeration
equipment manufacture~ for assistance in design.

Based on an analysis of over 15 years of data on the effect of
tank geometry on mixing (211) charts have been developed that
calculate the optimum energy requirements to meet oxygen needs of

6-89



the process for apart icu lar tank geometry. Figure
the chart developed by Envirex Incorporated for
mechanical aerators in noncircular basins. The use of
is explained in the design example in Section ~.3.5.

6-40 shows
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DESIGN CHART FOR LOW SPEED MECHANICAL AERATORS IN NON-CIRCULAR
AERATION BASINS TO CALCULATE ENERGY REQUIREMENTS FOR

MEETING OXYGEN REQUIREMENTS

6.3.3.5 pH Reduction

The effect of increasing detention time on pH of sludge in the
aerobic digester during mesophilic temperature range operation is
shown on Figure 6-41.

The drop in pH and alkalinity is caused by acid formation that
occurs during nitrification. Although at one time the low pH was
considered inhibitory to the process, it has been shown that the
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system will acclimate and perform just as well at the lower pH
values (186,192,213). It should be noted that if nitrification
does not take place, pH will drop little if at all. This could
happen at low liquid temperatures and short sludge ages or in
thermophilic operation (203). Nitrifying bacteria are sensitive
to heat and do not survive in temperatures over 113°F (45°C)
(214).

8.0
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6.0

5.0

4.0

3.0

•

10 30 50 10

SLUDGE AGE IN AEROBIC DIGESTERS - DAYS

FIGURE 6-41

EFFECT OF SLUDGE AGE ON pH DURING AEROBIC DIGESTION

6.3.3.6 Dewatering

Although there are published reports of excellent operating
sys terns (193) much of the 1 i tera ture on full-scale operations
has indicated that mechanical dewatering of aerobically digested
sludge is very difficult (182,189,215). Furthermore, in most
recent investigations, it is agreed that the dewatering
properties of aerobically digested sludge deteriorate with
increasing sludge age (181,11,189,216). Unless pilot plant data
indicate otherwise, it is recommended that conservative criteria
be used for designing mechanical sludge dewatering facilities for
aerobically digested sludge. As an example, a designer would
probably consider designing a rotary vacuum filter for a
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production rate of 1.5 pounds of dry solids per square foot per
hour (7.4 kg/m2/hr), a cake solids concentration of 16 percent,
with a FeC13 dose of 140 pounds (63.5 kg), and a lime dose
(CaO) of 240 pounds (109 kg). This assumes an aerobic sol ids
concentration of 2.5 percent solids. For more detailed
informa tion on resul ts of various types of dewatering sys terns,
see Chapter 9.

6.3.4 Process Performance

6.3.4.1 Total Volatile Solids Reduction

Solids destruction has been shown to be primarily a direct
function of both basin liquid temperature and the length of
time during which the sludge was in the digester. Figure 6-42
is a plot of volatile solids reduction versus the parameter
degree-days. Data were taken from both pilot and full-scale
studies on several types of municipal wastewater sludges.
Figure 6-4 2 indicates that, for these sludges, vola tile sol ids
reductions of 40 to 50 percent are obtainable under normal
aeration conditions.
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6.3.4.2 Supernatant Quality

The supernatant from aerobic digesters is normally returned
to the head end of the treatment plant. Table 6-22 gives
supernatant characteristics from several full-scale facilities
operating in the mesophilic temperature range. Table 6-23
summarizes the current design criteria for aerobic digesters.

TABLE 6-22

CHARACTERISTICS OF MESOPHILIC
AEROBIC DIGESTER SUPERNATANT

Turbidity - JTU
NO -N - mg/l
TK~ - mg/l
COD - mg/l
PO -P - mg/l
Fiitered P - mg/l
BOD - mg/l
Fil~ered BOD - mg/l
Suspended so1ids - mg/l
Alkalinity ~ mg/l CaC03
SO - mg/l
Sdica - mg/l
pH

Reference 196
a

Reference
I)

Reference c
199 213

120
40 30

115 2.9-1,350
7·00 24-25,500

70 2.1-930 35
0.4-120

50 5-6,350 2-5
3-280

300 9-41,800 6.8
150

70
26

6.8 5.7-8.0 6.8

aAverage of 7 months of data.

bRange taken from 7 operating facilities.

CAverage values.

6.3.5 Design Example

Given

Using the information provided in Chapter 4, a design engineer
has determined that the following quantities of sludge will be
produced at a O.5-MGD (22 lis) contact stabilization plant:

Total daily solids generation 1,262 pounds (572 kg)

Amount due to chemical sludge 0
Amount that will be volatile 985 pounds (447 kg)
Amount that will be non-volatile 277 pounds (125 kg)

In addition, the designer has the following information:

• Estimated minimum liquid temperature (winter) in digester
is 50°F (10°C).

• Estimated maximum liquid temperature (summer) in digester
is 77°F (25°~).

6-93



•

•

System must achieveqreater than 40 percent volatile
solids reduction during the winter.

A minimum of two continuously operated tanks are required
(see Figure 6-36). (This is a state requirement for
plants under I'MGD [44 l/s]).

• Expected waste sludge solids concentration to the aerobic
digester is 8,000 mg/l.

• Expected thickened solids concentration for
stabilized sludge is three percent ;(30,000 mg/l),
on designer's experience.

TABLE 6-23

SUMMARY OF CURRENT AEROBIC DIGESTER DESIGN CRITERIA

the
based

Liquid
temperature

Solids residence time required to achieve
40 percent volatile solids reduction

55 percent volatile solids reduction

Oxygen requirements

Oxygen residual

Expected maximum solids concentration
achievable with decanting

Mixing horsepower

lIb = 0.454 kg
1 hp/l,OOO cu ft - 26.6 kw/l,OOO m3

Sludge Age Required

108 40°F
31 60°F
18 80°F

386 40°F
109 60°F

64 80°F
2.0 pounds of oxygen per pound of volatile

solids destroyed when liquid temperature
113°F or less -

1.45 pounds of oxygen per pound of volatile
solids destroyed when liquid temperature
greater than 113°F

1.0 mg/l of oxygen at worst design
conditions

2.5 to 3.5 percent solids when dealing with
a degritt~d sludge or one in which no
chemicals have been added

Function of tank geometry and type of
aeration equioment utilized. Should
consult equioment manufacturer.
Historical values have ranged from 0.5
to 4.0 horsepower per 1,000 ~ubic feet
of tank volume

Figure 6-42 (presented previously) offers a quick method for
calculating the number of degree days required to achieve the
40 percent volatile solids reduction required. The result is
475 degree-days. At a basin temperature of 50°F (10°C) then:

475 degree-days =
10 degrees 47.5 days
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Therefore, the volume of the aerobic digester must be adequate
to provide 47.5 days sludge age to meet minimum volatile solids
reduction during the winter.

During the summer, the basin temperature will be 77°F (250C):
25°C x 47.5 day sludge age = 1,175 degree-days.

From Figure 6-42, at 1,175 degree-days, there would be 49 percent
volatile solids reduction.

Volatile Solids Reduction

For winter conditions,
solids (VS) reduction.
are:

there would be a 40 percent volatile
The actual pounds of solids reduced

985 lb VS x 0.4
day

= 394 lb VS reduced (179 kg/day)
day

For summer conditions, there would be a 49 percent volatile
solids reduction. The actual pounds of solids reduced are:

985
d
lb VS x 0.49 = 483 lb VS reduced (219 kg/day)
ay day

Oxygen Requirements

Since nitrification is expected, provisions must be made to
supply 2.0 pounds of oxygen per pound of volatile solids
destroyed (2 kg 02/k9 volatile solids destroyed).

Winter conditions: 394 lb VS dest 2.0 lbs 02 _ 788 lbs 02 (358 kg/day)x
day lb VS dest. day

Summer conditions: 483 lb VS dest 2.0 lbs 02 = 966 lbs 02 (438 kg/day)day x lbs VS dest. day

During summer conditions, a minimum of 1.0 mg/l oxygen residual
must be provided.

Calculati~g Tank Volume

Sludge age in an aerobic digester can be defined as follows:

total Ib SS aerobic digesterSludge age = total lb SS lost per day from aerobic digester

where 5S = suspended solids.
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The suspended solids concentration in the digester will range
from the value of the influent suspended solids concentration or
8,000 mgjl to the maximum value of the thickened and stabilized
solids concentration of 30,000 mg/l. On the average, the
suspended solids concentration wi thin the digester is equal to
70 percent of the thickened solids concentration, or 21,000 mg/l.

An average poundage of suspended solids in the supernatant
can be approximated by the following equation.

(SS concentration in supernatant)(l-f)(8.34}(influent flow)

where f is the
diges ter that is
as supernatant.
equation.

fraction of influent flow into the aerobic
retained, and I-f is the fraction that leaves

The term f can be approximated by the following

influent SS concentration
f = thickened SS concentration x

fraction of solids
not destroyed

For winter conditions, the fraction of solids not destroyed is:

1,262 lb total solids - 394 Ib of solids reduced =
1,262 lb total solids

Then, the term f for this example, is:

8,000 mg/l x 0.69 = 0.18
30,000 mgjl

0.69

Therefore, 18 percent of the
digester will be retained,
supernatant.

influent flow into the aerobic
and 82 percent will leave as

For a properly designed solids-liquid separator (under
200 gallons per day per sq ft [8.16 m3jday/m2 ] overf low rate),
the suspended solids concentration would be approximately
300 mg/l.

The influent flow can be found by dividing the influent solids
load (1,262 pounds per day [572 kg/day] by the influent
solids concentration [8,000 mgjl]). The result is 18,914 gallons
per day (71.5 m3jday).

The pounds of suspended solids intentionally wasted per day from
the aerobic digestion system can now be approximated from the
following expression.

(SS concentration in thickened sludge)(f)(8.34)(influent flow).

All the terms in the above equation have been previously defined.
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I~ is now possible to solv~for ~he required tank volume for any
glve~ sludge ag~. In thlS example, winter conditions govern,
and ~t was prevlously calculated that a 47.5-day minimum was
requlred. From the values previously discussed:

47 . 5 days = ~'57V'1'(=2=-1'1"O,.,0:-70.,IDg-ff/-il:';:;>-f-(-::-8~.3~4~)-i;(~ta~nk~:--=-v~ol~ume-~:.;;-m:::l~· l~l~i:;o:..:n,;gf;a;;l:;.l:;:on~s~)~~;-:
(( 300 mg/l) (1-0.18 )+( 30 ,000) (0.18) ) (8.34) (0.018915 mil gal)"

Tank volume = 0.233 million gallons (881 m3 )

Theoretical hydraulic detention time:

233,000 gallons = 12.3 days
18,915 gallons per day

This is the minimum volume, to which must be added capacity for
weekend storage and precipitation requirements. For this design,
two tanks will be provided, each to have a volume capacity of
233,000 gallons (881 m3 ) (100 percent stand-by capaci ty as per
state requirements).

The actual dimensions of the tanks depend on the aeration
equipment utilized and are discussed in the following section.

Power Requirements

The designer has decided to use low-speed mechanical aerators
for mixing and oxygen transfer in the aerobic digester.

Previous calculations have indicated that the maximum oxygen
requirement was 966 pounds oxygen per day (438 kg/day). After
making corrections for plant elevation, alpha and beta factors,
water temperature, and minimum residual requirements, the
engineer calculated an overall mass transfer coefficient KLa of
3.53 hr- l • From this value, in conjunction with Figure 6-7,
power requirements will be calculated as follows.

Initially, a depth of 12 feet (3.65 m) is selected. Since
each tank is to be 233,000 gallons (881 m3 ), the surface area
weith a 12-foot (3.65 m) liquid depth would be 2,596 sq ft
(241 m2 ). A pivot point P is located by placing a straight
edge across scales D and KLa of Figure 6-40. Then a line is
drawn through pivot point p connecting scale As' tank surface
area, to the required reducer shaft horsepower scale. The
required shaft horsepower for one tank would be 19 horsepower
(14.1 kW). Assuming a motor reducer ef f iciency of 92 percent,
total motor horsepower would equal 19 ; 0.92, or 20.6 horse
power (15.4 kW). The aerator manufacturer recommends that a
minimum 10 horsepower unit (7.5 kW) will be required to mix the
12-foot (3.65 m) liquid depth. Each 10 horsepower unit (7.5 kW)
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could mix an area 40 feet by 40 feet (12.1 m by 12.1 m). After
making some calculations, the designer decides to use two
10-horsepower (7.5 kW) units in each tank, each tank being
36 feet (10.9 m) wide by 72 feet (24.5 m) long and having a total
tank depth of 14 feet (4.2 m) allowing 2 feet (0.61 m) of
free board. Figure 6-43 shows a view of the plan.

SuMMER CONDITIONS; 483 Ibs VS REDUCED/DAY- 966 I~ 0:2/dily
WINTER CONDITIONS; 394 Ibs \IS REDUCEDlDAY ~ 78a Ibs °2/&'11
EACH TANK; 72 ft LONG BY 36 ft WIDE x 1:2 ft LIQUID DEPTH PLUS

'2 It OF FREEBOARD

BACK. TO SeCONOAR'f
....._ ... TREATMENT

15.510 gpd
300 mg/l $$

•

•

•

AEROBIC DIGESTER #1 I 10 HP lOW SPEED MECHANICAL/~AERATOR.,/

AEROBIC DIGESTER #2

iAN K VOLUME = 233.000 gal1B,915 gpd
8.000 mgll !i:!;

TANK, VOLUME ~ 233,000 gal

1 gpd ~ 0.00378 rn3/d~.".
1 ell ft = 0.0283 rn3

1 ft -, 0.304 m
1 lb = 0.454 k.g

WASTE STABILIZED
SLUDGE

30,000 mgtl ~

FIGURE 6-113

SUMMARY OF RESULTS FOR AEROBIC DIGESTION DESIGN EXAMPLE

Clarifier Surface Area

Surface area was based on an overflow rate of 200 gallons per
square foot per day (8.16 m3/day /m2 ) . At an influent flow of
18,915 gallons per day (71.5 m3/day), the required surface area
is 95 square feet (8.8 m2 ). The designer selected a 12-£oot
(3.7 m) diameter clarifier.

Supernatant Flow

It was previously calculated that 82 percent of the influent
to the aerobic digester would leave as supernatant. Based on
an influent of 18,915 gallons per day (71.5 m3/daYd' the
supernatant flow will be 15,510 gallons per day (58.6 m /day),
plus any precipitation.
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6.3.6.1 Capital Cost

A regression analysis of construction bids from 1973-1977
indicated that, on the basis of USEPA Municipal Wastewater
Treatment Plant Construction Cost Index - 2nd quarter 1977, the
capital cost could be approximated by Equation 6-13 (198).

C = 1.47 x 105 Ql.14

where:

C = capital cost of process in dollars

(6-13)

Q = plant design flow in million gallons of wastewater
flow per day

The associated costs included those for excavation, process
piping, equipment, concrete, and steel. In addition, such
costs as those for administrating and engineering are equal to
0.2264 times Equation 6-13 (198).

6.3.6.2 Operation and Maintenance Cost

Although there are many items that contribute to operation
and maintenance cost, in most aerobic digestion systems, the two
most prevalent are staffing requirements and power usage.

Staff ing ~~9uirements

Table 6-24 lists labor requirements for both operation and
rna intenance • The labor indi ca ted includes: check ing me chanical
equipment, taking dissolved oxygen and solids analyses, and
general maintenance around the clarifier.

Power Requirements

In 1979, the cost of power for operating aeration equipment has
become a significant factor. It is possible to minimize power
consumption through two developments in environmental science.

• Make sure that the tank geometry. and aeration equipment
are compatible (212). The difference between op t imi zed
and unoptimized design can mean as much as a 50 percent
difference in power consumption.

• Pace devices to control oxygen (power)
Because of temperature effects, oxygen
for any given aerobic digestion system
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much as 20 to 30 percent between summer and winter.
One must des ign to meet the wors t condi tions (summer),
for without some type of oxygen controller considerable. ,
power 1S wasted during other times of the year.

TABLE 6-24

AEROBIC DIGESTION LABOR REQUIREMENTS (217)

Plant design flow,
MGD

Labor,
man hours per year

Operation Maintenance
--------- Total

""'-~'------,.--------

0.5
1
2
5

10
25

100
160
260
500
800

1,500

20
30
50

100
160
300

120
190
310
600
960

1,800

1 MGD = 3,786 m3/day

Besides manpower and power cost, the designer must consider
lubrication requirements. If mechanical aerators are being
used, each unit needs to have an oil change once, and preferably
twice, a year. Depending on horsepower size, this could be 5 to
40 gallons per unit per change (19-152 l/unit/change). Further,
the designer must make sure an adequate inventory of spare parts
are available.

6.4 Lime Stabilization

Lime stabilization is a very simple process. Its principal
advantages over other stabilization processes are low cost and
simplicity of operation. Evaluation of studies where lime
stabilization was accomplished at pH ranges of 10-11, has shown
that odors return during storage due to pH decay. To eliminate
this problem and reduce pathogen levels, addition of sufficient
quanti ties of 1 ime to raise and maintain the sludge pH to 12.0
for two hours is required. The lime-stabilized sludge readily
dewaters with mechanical equipment and is generally suitable for
application onto agricultural land or disposal in a sanitary
landfill.

No direct reduction of organic matter occurs in lime treatment.
This has two important impacts. First, lime addition does not
make sludges chemically stable; if the pH drops below 11.0,
biological decomposi tion will resume, producing noxious odors.
Second, the quantity of sludge for disposal is not reduced, as it
is by biological stabilization methods. On the contrary, the
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mass of dry sludge solids is increased by the lime added and by
the chemical precipitates that derive from this addition. Thus,
bec~use of. the increased volumes, the costs for transport and
ultImate dIsposal are often greater for lime-stabilized sludges
than for sludge stabilized by other methods.

6.4.1 Process Description

6.4.1.1 History

Lime has been tradi tionally used to reduce odor nuisances from
open pi t pr i vies and the graves of domes t ic animals. Lime has
been used commonly in wastewater sludge treatment to raise the
pH in stressed anaerobic digesters and to condition sludge prior
to vacuum filtration. The original objective of lime condi
tioning was to improve sludge dewaterability but, in time, it was
observed that odors and pathogen levels were also reduced. In
1954, T.R. Komline filed a patent (No. 2,852,584) for a method of
processing raw sludge in which heavy dosages of hydrated lime
(6 to 12 percent of total dry sol ids) were added specif ica lly
to cancel or inhibit odors. However, only recently has
lime addition been considered a major sludge stabilization
alternative.

Many studies describe the effectiveness of lime in reducing
microbiological hazards in water and wastewater, but the
bactericidal value of adding lime to sludge has been noted only
recently (219-222). A report of operations at the Allentown,
Pennsylvania wastewater treatment plant states that lime
conditioning an anaerobically digested sludge to a pH of 10.2 to
11, and then vacuum filtering and storing the cake, destroyed all
odors and pathogenic enteric bacteria (233). Kampelmacher and
Jansen reported similar experiences (224). Evans noted that lime
addition to sludge released ammonia and destroyed coliform
bacteria and that the sludge cake was a good source of nitrogen
and lime to the land (225).

Lime stabilization of raw sludges has been conducted in the
laboratory and in full-scale plants. Farrell and others (226)
reported that lime stabilization of a primary sludge reduced
bacterial hazard to a negligible value, improved vacuum fil ter
performance, and provided a satisfactory means of s tabiliz ing
sludge prior to ultimate disposal. Paulsrud and Eikum (227)
determined the lime dosage required to prevent odors occurring
during storage of sewage sludges. Primary biological sludges,
septic tank sludges, and different chemical sludges were used in
the study. An important finding was that lime dosages greater
than those sufficient to initially raise the pH of the sludges
were required to prevent pH decay and the return of odors during
storage. Laboratory and pilot scale work by Counts and Shuckrow
(228) on lime stabilization showed significant reductions in
pathogen populations and obnoxious odors when the sludge pH was
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greater than 12. Countsconducte.d growth studies on greenhouse
and outdoor plots which indicated that the disposal of lime
stabilized domestic sludge on cropland would have no detrimental
effect on plant growth and soil characteristics. Disposal
of the lime-stabilized domestic sludge at loading rates up to
100 tons dry solids per acre (224 t/ha) on green-house plots and
40 tons dry solids per acre (90 t/ha) on outdoor plots had no
detrimentatal effect on plant growth.and soil characteristics.

A full-scale lime stabilization facility w.as built as part
of a I-MGD (43.8 l/s) ~astewater treatment plant in Lebanon,
Ohio. Operation began in 1976. . A case study of lime treatment
and land application of sludge from this plant,along with a
general economic comparison of lime stabilization with anaerobic
digestion, is available (229).

6.4.1.2 Current Status

As of May 1978, lime treatment is being used to stabilize the
sludge from at least 27 municipal wastewater treatment plants in
Connecticut. Average wastewater flows treated at these plants
vary from 0.1 to 31 MGD (4.4 to 1358 l/s). In most of the
plants, incinerators have been either wholly or partially
abandoned. Whi le few chemi calor bacter ial data are avai lable, '
qualitative observations indicate that treatment is satisfactory.
Most of the communities have indicated that they will continue
with lime stabilization.

Landfill burial is the most common means of disposal for
lime-stabilized sludge. However, lime-treated sludge from eight
of the plants in Connecticut is applied onto land. At Enfield,
Connecticut, dewatered sludge is stockpiled in large mounds. The
sludge is spread onto cornfields when application is compatible
with crop cycles and weather conditions. Few nuisances are
caused by the practice. Odors have not been a problem, even when
piles have been opened for spreading of the sludge. In
Willimantic, Connecticut, lime-stabilized sludge is mixed with
leaves and grasses. After stockpiling, a portion of mixture
is screened and distributed to local nurseries. The remainder is
used as final cover for landfill.

6.4.1.3 Applicability

Lime stabilization can be an effective alternative when there is
a need to provide:

• Backup for existing stabilization facilities. A lime
stabilization system can be started (or stopped) quickly.
Therefore, it can be used to supplement existing sludge
processing facilities when sludge quantities exceed
des ign levels, or to replace inc inera t ion dur ing fuel
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shortages. Full sludge
existing facilities are
repair.

flows can be lime-treated when
ou t of servi ce for cleaning or

• Interim sludge handling. Lime stabilization systems have
a comparatively low capital cost and, therefore, may be
cost effective if there are plans to abandon the plant or
process within a few years.

• Expansion of existing facilities or constructiol1
facilities to improve odor and pathogen-control.
stabilization is particularly applicable in small
or when the plant will be loaded only seasonally.

of new
Lime

plants

In all cases, a suitable site for disposal or use of stabilized
sludge is required.

6.4.1.4 Theory of the Process

Lime addition to sludge reduces odors and pathogen levels by
creating a high pH environment hostile to biological activity.
Gases containing nitrogen and sulfur that are evolved during
anaerobic decomposition of organic matter are the principal
source of odors in sludge (228). When lime is added, the
microorganisms involved in this decomposition are strongly
inhibited or destroyed in the highly alkaline environment.
Similarly, pathogens are inactivated or destroyed by lime
addition.

High lime dosing of sludge also affects the chemical and physical
characteristics of sludge. Although the complex chemical
reactions between lime and sludge are not well understood, it
is likely that mild reactions, such as the splitting of complex
molecules by hydrolysis, saponification, and acid neutralization,
occur in the high pH environments created in lime stabilization
(228). These reactions reduce the fertilizer value of the
stabilized sludge, improve its dewaterability, and change the
character of 1 iqu id sides treams. The nature of these chemical
changes is described in Section 6.4.3.4.

6.4.2 Design Criteria

Three fundamental design parameters must be considered in the
design of a lime stabilization system: pH, contact time,
and 1 ime dosage. At th is early stage in the development of the
process, the selection of the levels of these parameters has been
largely empirical. The results of earlier studies now can be
used as a starting point, but because of the complexity of
chemical interactions that apparently occur in lime treatment of
sludge, bench-scale and pilot studies are recommended as part of
designing a large-scale system, particularly if substantial
departures from these conditions are contemplated.
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6.4.2.1 pH and Contact Time

The primary objective of lime stabilization is to inhibit
bacterial decomposition and inactivate pathogenic organisms. The
extensive use of lime is medicinal; the masking of noxious
odors from decaying substances permits uncritical acceptance of
its use for sludge treatment. Nevertheless, evidence is needed
of its value and of the necessary dose levels and contact times
for effective treatment.

The effective factor in lime treatment is evidently the pH
level and not just the dose of lime. As with most disinfection
processes, the time of exposure (the extensive factor) is equally
as important as the pH (the inteAsive factor). Investigations by
Farrell and others (226), Counts and Shuckrow (228), and Noland
and others (229), have established time, pH, and processing
conditions for producing satisfactory lime stabilization.
Process performance is discussed in a subsequent section
(Section 6.4.3).

The design objective is to maintain pH above 12 for about two
hours to ensure pathogen destruction, and to provide enough
residual alkalinity so that the pH does not drop below 11 for
several days, allowing sufficient time for disposal or use
without the possibility of renewed putrefaction. The recommended
design criteria for accomplishing these objectives are:

• Treat sludge in the liquid state .

• Bring the sludge to pH 12.5 by lime addition and maintain
pH above 12.5 for 30 minutes (which keeps pH >12 for two
hours).

Farrell and others (226) attempted to determine whether the
additions of lime that would occur in conditioning of sludge for
dewatering would produce adequate stabilization. They mixed
liquid sludge with lime for two minutes, and then dewatered the
sludge on a Buchner funnel. Their results indicated inadequate
bacteriological destruction. Later results by Strauch and
others (230) in Denmark and unpublished resul ts at Downington,
Pennsylvania (See Section 6.4.4.1) indicate that special reaction
conditions or intense mixing of sludge cake with lime can produce
satisfactory results.

6.4.2.2 Lime Dosage

The amount of lime required to stabilize sludge is determined by
the type of sludge, its chemical composition, and the solids
concentration. Table 6-25 summarizes the results of plant-scale
tests at Lebanon, Ohio, and shows that lime additions ranging
from 6 to 51 percent of the total dry solids in the sludge were
requ ired to ra i se the pH to the levels ind i ca ted in the table.
These lime dosages were sufficient to keep the sludge pH above
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12.0 for 30 minutes. Primary sludges required the lowest
dosages, while the highest average dosages were required to raise
the pH level of waste-activated sludges. The results of studies
conducted by Pauls rud and E ikum (227) agree generally wi th the
Lebanon tests and are displayed in Table 6-26. Iron and alum
sludges required the highest dosages. Farrell, and others (226)
also found that alum additionally increased the lime requirement
and suggested that part of the lime added to alum sludge may be
bound as a calcium-aluminum compound.

TABLE 6-25

LIME REQUIREMENT TO ATTAIN pH 12 FOR 30 MINUTES
AT LEBANON, OHIO (228)

Solids
concentration,

p~rcent

Lime dosage,
Ib Ca(OH)2

lb drL..~OT.i:QS

pH, average

4.3
1.3

5.5
2.7

Average Range Average Initial Final
---""'-"'~--

0.06-0.17 0.12 6.7 12.7
0.21-0.43 0.30 7.1 12.6

0.14-0.25 0.19 7.2 12.4
0.09-0.51 0.20 7.3 12.7

---""'-""-"","'--""

Sludge type Range
-----

Primary sludgea 3-6
Waste activated sludge 1-1.5
Anaerobically digested mixed

sludge 6-7
Septage 1-4.5

aIncludes some portion of waste activated-sludge.

1 Ib/lb = 1 kg/kg.

TABLE 6-26

LIME DOSES REQUIRED TO KEEP pH ABOVE 11.0
AT LEAST 14 DAYS (226)

Lime dose,
lb Ca(OH)2/lb

suspended sol 5

Primary sludge
Activated slUdge
Septage

aAlum-sludge
Alum-sludq-ea ~lU:5

mary sludge
Iron-sludgea

0.10 - 0.15
0.30 - 0.50
0.10 ~ 0.30
0.40 - 0.60

0.25 - 0.40
0.35 - 0.60

aprecipitation of primary
b 'bEqual proportlons y we

of sludge.

treated eff uent.

t of each t-ype

1 Ib/lb = 1 kg/kg.
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Figure 6-44 displ~ys the ~e~eral relationship between lime dosage
and pH for a typlcal munlclpal sludge at several solids concen
trations. :able 6-26 calculated from data on Figure 6-44, shows
that the Ilme dose per uni t mass of sludge solids requi red to
attain a particular pH level is relatively constant. That is
lime requi rements are more closely rela ted to the total mass of
sludge solids, rather than the sludge volume. Consequently,
reduction in volume by thickening may have Ii ttle or no effect
on the amount of lime required, because the mass of sludge solids
is not changed.

o 1.0% SO LI DS

£. 2.0% SOLIDS

o 3.0% SOLIDS

• 3.5% SO LI DS

• 4.4% SOLIDS

13

12

11

10
:t
c.

9

8

7

6
0 6,000 8,000 10))00

Ca(OH)2 DOSE, mg/I

FIGURE 6-44

LIME DOSES REQUIRED TO RAISE pH OF A MIXTURE OF PRIMARY SLUDGE
AND TRICKLING FILTER HUMUS AT DIFFERENT SOLIDS CONCENTRATIONS (228)

Lime additions must be sufficient to ensure that the pH of sludge
does not drop below the des ired level after prolonged storage.
If insufficient lime is added, the pH will decay as the treated
sludge ages (227-229). This phenomenon is displayed on
Figure 6-45. Notice that higher lime dosages not only raise the
initial pH but, more importantly, prevent, or at least delay, the
drop in pH levels. Consequently, in practice, lime doses must be
greater than that sufficient to raise the pH to the desired
value. In most cases, significant pH decay will not occur if
enough lime is added to raise the sludge pH to 12.5 and maintain
that value for at least 30 minutes (229).
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FIGURE 6-45

CHANGE IN pH DURING STORAGE OF PRIMARY SLUDGE
USING DIFFERENT LIME DOSAGES

Several mechanisms of pH decay have been proposerl "i.fld some have
been documented (227,228). The initial pH drop results from the
uptake of atmospheric C02 and slow reactions of hydroxyl ions
with sludge solids. The rate of pH reduction is accelerated once
the pH reaches a point at which bacterial action can resume
production of organic acids through anaerobic microbial
degradation.

The foregoing discussion makes it clear that a dose level cannot
be defined wi~hout i~ference to the specific sludge. Actual
dose levels will have to be determined in bench-scale tests.
Approximate levels can be selected from the information above in
order to establish size of equipment and to estimate costs.

6.4.3 Process Peformance

Lime stabilization reduces odors and odor production potential in
sludge, reduces pathogen levels, and alters dewatering, settling,
and chemical characteristics of the sludge. ~he nature and
extent of the effects produced are described in the following
paragraphs.
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6.4.3.1 Odor Control

Lime treatment deodorizes sludge by creating a high pH
environment in the sludge, thus eliminating or suppressing the
growth of microor:ganisms that produce malodorous gases. In one
laboratory study (228), the threshhold odor number of raw mixed
primary and trickling filter sludges was 8,000, while that of
lime-treated sludges ranged between 800 and 1300. The threshold
odor number defines the greatest dilution of the sample with
odor-free water to yield the least definitely perceptible odor
(231) • Suff icien t 1 ime mus t be added to retard pH decay because
odor generation will generally resume once the pH of the sludge
falls below pH 11.0 (220,228).

Hydrogen sulf ide (H2S), a malodorous gas present in dissolved
form in sludge, is a major cause of sludge odors. Figure 6-46
shows that, as the pH of sludge is raised, the fraction of total
sulfide in the H2S form decreases from about 50 percent at
pH 7 to es sent ially zero at pH 9. Consequently, above this pH,
there is no longer any H2S odor.
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FIGURE 6-46

EFFECT OF pH ON HYDROGEN SULFIDE-SULFIDE EQUILIBRIUM

During full-scale operations at the Lebanon plant (229), odor was
intense when septic raw sludge was first pumped to the lime
stabilization mixing tank. Odor intensity increased when
diffused air was applied for mixing. When lime was added 1 the
sludge odor was masked by the odor of ammonia, which was stripped
from the sludge by the air bubbled through the mixture. The
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ammonia odor was most intense with anaerobically digested sludge
and was strong enough to cause nasal irritation. As mixing
proceeded, the treated sludge acquired a musty, mucus-like odor.

6.4.3.2 Pathogen Reduction

Significant pathogen reductions can be achieved in sludges that
have been lime-treated to pH 12.0 (228,229). Table 6-27 lists
bacteria levels measured during the full-scale studies at
Lebanon and shows that lime stabilization of raw sludges reduced
total coliform, fecal coliform, and fecal streptococci concentra
t ions by more than 99.9 percent. The numbers of Salmonella and
Pseudomonas aeruginosa were reduced below the level of
detection. Table 6-27 also shows that pathogen concentrations in
lime-stabilized sludges ranged from 10 to 1,000 times less than
those in anaerobically digested sludge from the same plant.

TABLE 6-27

BACTERIA IN RAW, ANAEROBICALLY DIGESTED, AND
LIME STABILIZED SLUDGES AT LEBANON, OHIO (228)

Raw
Primary
Waste-activated
Septage

Anaerobically digested
Mixed primary and

waste-activated

Lime stabilizedb

Primary
Waste-activated
Septage
Anaerobically

digested

Bacterial density, number /100 ml

Total Fecal Fecal c Ps.
coliforma coliforma streptococci Salmonella aeruginasa

2.9 x 10 9 8.3 x 10 8 3.9 x 62 195
10 3

8.3 x 10 8 2.7 x 10 7 1.0 6 5.5 x

2.9 x 10 8 1.5 x 10 7 6.7 6 754

2.8 x 10 7 1.5 x 10 6 2.7 x 105 6 42

1.2 x 105 5.9 x 10 3 1.6 x 10 4 <3 <3
2.2 x 105 1.6 x 10 4 6.8 x 10 3 <3 13
2.1 x 10 3 265 665 <3 <3

18 18 8.6 x 10 3 <3 <3

aMillipore filter technique used for waste-activated sludge and
septage. MPN technique used for other sludges.

b To pH equal to or greater than 12.0.

CDetection limit = 3.

Information on virus destruction in sludge by lime stabilization
is scant. There are numerous investigations on removal of
viruses from wastewater by lime flocculation but little on
destruction of viruses by elevated pH. A study by Berg (233)
measured the structure of a polio virus in water by pH adjustment
alone, and indicate very rapid destruction above pH 11. Similar
effects would be expected for other animal viruses.
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Qualitative observation under a microscope has shown substantial
survi val o~ higher organisms, such as hookworms, amoebic cys ts,
and AscariS ova, after contact times of 24 hours at high
pH (226). I t is not known whether long-term contact would
eventually destroy these nrganisms. A more complete discuss ion
of sludge disinfection is contained in Chapter 7.

6.4.3.3 Dewatering and Settling Characteristics

Lime has been used extensively as a conditioning agent to improve
the dewaterability of sludge. Trubnick and Mueller (234)
presented detailed procedures to be followed in conditioning
sludge for filtration, using lime with and without ferric
chloride. Sontheimer (235) described the improvements in sludge
filterability produced by lime addition. A more detailed
discussion of lime conditioning is contained in Chapter 8.

The addition of lime has been shown to improve the filterability
of alum and iron primary sludges (226). Specific resistance was
reduced by a factor of approximately four, and filter yield was
increased by a factor of two when lime condi tioning was used.
Counts and Shuckrow (228) studied the effect of lime treatment on
the filterability of primary sludge and trickling filter sludge
but could not detect any consistent trend.

The impact of lime stabilization on sand bed drying of sludge
has been examined by several researcheLs (226,228,229). Lime
additions to raw sludge increased the rate of drying at least
initially and, in one study, produced a drier final cake.
However, lime-treated primary sludge did not dryas fast as
either lime-treated or untreated anaerobically digested sludge
( 229) .

The set tl ing of I ime-s tabil iz ed pr imary and mixed sludges was
enhanced in one study (228), indicating that gravity thickening
after lime treatment may be used to reduce the volume of sludge
to be dewatered.

6.4.3.4 Chemical Characteristics

Lime s tabi 1 iza t ion causes chemi cal changes in the sludge. The
nature of these changes is illustrated in Tables 6-28 and 6-29,
which compile chemical data from two studies. The general effect
of lime addition is a reduction in component concentration. This
is caused by both dilution with lime slurry and loss of some
volatile sludge components to the atmosphere.

Lime-stabilized sludges have lower concentrations of soluble
phosphate, ammonia nitrogen, and total Kjeldahl nitrogen than
anaerobically digested sludge from the same plant, as shown in
Table 6-28. These lower nutrient levels reduce the agricultural
value of the sludge bu t, assuming ni trogen I imi ts the rate· at
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which sludge can be applied, would allow more sludge to be
appl ied per acre of land. A reduct ion in the soluble (f il ter
able) phosphate concentration is caused by the reaction between
lime and dissolved orthophosphate to form calcium-phosphate
prec ipi ta te. For this reason, res idual phosphate in the super
natant/filtrate after lime treatment is believed to be largely
organic in nature (228). Ni trogen levels can be reduced during
lime stabilization if gaseous ammonia is stripped during air
mixing of the treated sludge. As the pH of the sludge increases
from near neutral to 12, the predominant form of ammonia shifts
from the ammonium ion (NH4+) to dissolved ammonia gas ( NH 3).
Some of this gas is carried off by the air bubbled through the
sludge for mixing.

TABLE 6-28

CHEMICAL COMPOSITION OF SLUDGES AT LEBANON, OHIO, BEFORE AND
AFTER LIME STABILIZATION (228)

Sludge type

Primary
Before lime addition
After lime addition

Waste activated
Before lime
After lime addition

Anaerobically digested
mixed sludge

Before lime addition
Af te r 1 ime addH ion

Septage
Before lime addition
After 1 ime

Coticentration, averaqe. rng/1
~._--","---~""--,---" ,_._"-_._---,, ~"".. """-""".,,"""-,,.,.,- ,_~_'_'___m····_',_.,_o,,',,·_,,__,,·,··,

,,_._---""--"""--~,--

Total Total Volatile
Total Soluble Total Soluble Kjeldahl Ammonia suspended suspended

Alkalinity COD COD phosphate phosphate ni trogen nit.rogen solids solids
-"""~,."""'''''''_.''''''''''_.,,--"-_._-"

1,885 54,146 3,046 350 69 1,656 ~8, 700 36,100
4,313 41,180 36 1,374 145 38,370 23,480

1,265 12,810 1,043 218 85 711 51 12,350 10, 000
5,Of)!) 14,700 1,618 263 25 1,034 64 10,700 7,136

6(;,372 1,011 580 15 2,731 70'1 61,140 33,316
8,467 58,670 1,BUY 381 2. q 1,78U 494 66,350 26,375

1,897 24,:J40 1,:a3 172 25 820 91 21;120 12,600
3,475 134 2.4 110 11,390

-_._---

A direct result of adding lime to sludge is that the total
alkalinity will rise to a high value. This can affect the
suitability of the treated sludge for land application. The
input can be positive or negative, depending on soil conditions
at the application site. Data in Table 6-28 indicates the
magnitude of change in alkalinity.

Biochemical oxygen demand, chelnical oxygen demand, and total
organic carbon concentrations increase in the liquid fraction of
wastewater sludges when lime is added (228,229). Organic matter
is dissolved in the high pH environment. possible reactions
involved include saponification of fats and oils, hydrolysis and
dissolution of proteins, and decomposition of proteins to form
methanol (228).

Lime stabilization usually does not produce the substantial
reductions in volatile matter associated with anaerobic and
aerobic sludge diges tion. However, vola tile sol ids concentra
tions decreased by 10 to 35 percent after lime additions in the
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plant-scale studies at Lebanon (229), as shown in Table 6-28.
Reductions in total solids concentration after lime stabilization
were measured by Counts and Shunckrow (228). These reductions
displayed in Table 6-29, are greater than can be accounted fo~
s~mply. by dilution.with lime slurry. It may be simply that the
llme lnterfered wlth the volatile solids analysis. However,
reactions between lime and nitrogenous organic matter may cause a
loss of sludge solids. Hydrolysis of proteins and destruction of
amino acids are known to occur by reaction wi th strong bases.
Volatile substances such as ammonia, water, and low molecular
weight amines or other volatile organics may possibly be formed
and lost to the atmosphere.

6.4.4 Process Design

A lime stabilization operation is divided into two operations:
lime handling and sludge mixing. Lime handling comprises
facilities for receiving storing, transporting, feeding, and
"slurrying" of the lime. The sludge mixing operation consists of
a holding tank provided with mixing. A discussion of design
considerations for these two operations follows.

6.4.4.1 Design of Lime Handling Facilities

Lime, in its various forms, is the principal and lowest cost
alkali used in industry and wastewater treatment. As a result, a
substantial body of knowledge has evolved concerning the most
efficient handling of lime. Only the basic elements of lime
system design are described in this manual. Detailed information
is contained in several references that focus on the selection,
handling, and use of lime (236-239).

Lime Characteristics

Lime is a general term applied to several chemical compounds that
share the common characteristic of being highly alkaline. The
two forms commercially available are quicklime (CaO) and hydrated
lime (Ca(OH)2). The characteristics of these two chemicals
are summarized in Table 6-30. Lime is a caustic material and can
cause severe inj ury to tissue, particular ly to eyes. Equipment
must be designed with safe handling in mind; eyewash fountains
and safety showers should be provided, and operating procedures
should mandate use of proper handling procedures and protective
clothing.

Quicklime is derived
calcination process.
calcium and magnesium.
in wastewater treatment

from limestone by a high temperature
It consists primarily of the oxides of
The grade of quicklime most commonly used
contains 85 to 90 percent CaO.
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TABLE 6-29

CHEMICAL COMPOSITION OF SLUDGE AND SUPERNATANT
BEFORE AND AFTER LIME STABILlZATIONa (227)

Parameter
Primary
sludge

Trickling filter Mixed
humus < sludc:tro

Whole sludge
pH

Before lime addition
After lime addition

Total solids (wt percent)
Before lime treatment
After lime treatment

Total alkalinity (mg/l as
CaC03)

Before lime addition
After lime addition

Ammonia nitrogen (mg N/l)
Before lime addition
After lime addition

Organic nitrogen (mg N/l)
Before lime addition
After lime addition

Nitrate nitrogen (mg N/l)
Before lime addition
After lime addition

Total phosphate (mg Pill
Before lime addition
After lime addition

Filterable phosphate (mg pill
Before lime addition
After lime addition

Supernatant
TOC (mg/l)

Before lime addition
After lime addition

BOD (mg/l)
Before lime addition
After lime addition

Threshhold odor number
b

Before lime addition
After lime addition

Total solids (wt percent)
Before lime addition
After lime addition

6.0
12.1

3.6
3.2

1,141
6,920

211
91

1,066
1,146

3
25

342
302

92
32

1,000
2,083

1,120
1,875

4,889
467

0.1
0.6

6.3
12.3

3. °
2.7

1,151
6,240

274
148

1,179
995

7
22

305
235

96
17

917
1,883

964
1,981

5,333
333

0.1
0.5

6.1
12.0

3.6
3.3

1,213
5,760

192
87

1,231
1,099

16
31

468
337

80
31

1,175
2,250

1,137
2,102

933
67

0.2
0.7

avalues in this table are averages of three tests for each sludge type.
b The greatest dilution with odor-free water to yield the least perceptible odor.

Quicklime is rarely applied directly (that is, in a dry
condition) to the sludge. First it is converted to hydrated lime
by reaction with water in an exothermic reaction called slaking.

Ca(OH)2 + Heat
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During slaking, the generally coarse CaO particles are ruptured,
splitting into microparticles of Ca(OH)2. These smaller par
ticles have a large total surface area and are highly reactive.
The slaking reaction is carried out under closely controlled
conditions to promote maximum lime reactivity.

TABLE 6-30

CHARACTERISTICS OF QUICKLIME AND HYDRATED LIME

Common name/ Available Containers and

formula forms """' __,w,:~q~,rement,s,

Appearance and
properties

Weight, Ib/cu ft Commercial Solubility
(bulk den.:..:si:..:ct.:..:y) --:s:..:ct.:..:re"'n-"-gt:::h____ in water

Quicklime/
CaO

Pebble
Crushed
Lump
Ground
Pulverized

80-100 Ib moisture
proof bags, wooden
barrels, and car
loads. Store dry i

maximl.Ull 60 days in
tight container -
3 months in mois
ture-proof bag.

Whi te (light grey,
tan) lumps to
powder. Unstable.
caustic irritant.
Slakes to hydrox
ide slurry evolving
heat (490 Btu/lb) _
Air slakes to
CaCO). Sat. sol.
approximately pH
12.5

55 to 75; to calcu
late hopper capa
city - use 55; Sp.
G_, 3.2-3.4.

70 to 96 percent CaO
(Below 88 percent
can be poor quality)

Reacts to form Ca (OH l 2
each lb of quicklime
will form 1.16 to
1. 32 lb of Ca(OH) 2'
with 2 to 12 percent
gri t, depending on
purlty.

Hydrated limel
Ca (OH) 2

Powder
(Passes 200

mesh)

50 Ib bags. 100 Ib
barrels, and car
loads. Store dry;
maximum one year.

Whi te. 200-400 mesh:
powder free of
lumps; caustic.
dusty irritant; ab
sorbs H20 and C02
from air to form
Ca(HC03)2. Sat.
sol. approximately
pH 12.4.

25-40; to calculate
hopper capacity 
use 30; Sp. G.,
2.3-2.4

Ca(OHl2 - 82 to 98 10 lb/l,OOO gal at
percent; CaO - 62 70°F
to 74 percent (Std. 5.6 Ib/l,OOO gal at
70 percent) 175°F

1 Ib = 0.454 kg
100 Btu/lb = 55 kg-cal/kg
1 Ib/cu ft = 16 kg/m 3

1 lb/l,OOO gal 0.120 gil

If s lak ing is done by the 1 ime manufacturer, hyd ra ted lime is
delivered to the wastewater treatment plant. The manufacturer
adds only enough water for hydration, producing a dry Ca(OH)2
powder. At the waste treatment plant, the powder is then slur
ried with more water prior to mixing with sludge. Alternatively,
slaking may be carried out at the wastewater treatment plant; the
delivered product is, therefore, quicklime. In this case, the
lime is slaked, then diluted (if necessary) prior to process
application.

Direct addition of dry quicklime to sludge and without the use
of a separate slaker, is practiced in Denmark in at least
ten Swedish treatment plants. Potential advantages are the
elimination of slaking equipment and the generation of heat,
which can improve pathogen reduction and speed dewatering
through evaporation. In one case (230), direct additions of
dry quicklime were made to raise sludge pH above 13.0 and bring
the temperature to l76°P (80 0 e). Salmonella and intestinal
parasites were killed within two hours. Heat generated by
slaking of quicklime does not raise temperature significantly
unless the sludge is dewatered and the lime dose is high--on the
order of 400 to 800 lb per ton dry solids (200-400 kg/t).

The decision whether to
in a particular situation
such as size of trea tment

purchase quiCklime
is influenced by a
facility, material
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requirements. The cost of hydrated lime is about 30 percent
greater than the cost of quicklime with an equivalent calcium
oxide content. The difference is due to the higher production
and transportation costs for hydrated lime. Nevertheless,
hydrated lime is preferred fot small~scale operations mainly
because its use eliminates the labor and equipment required for
slaking. Hydrated lime is also more stable and therefore is
eas ier to handle and to store. When lime use exceeds three to
four tons per day (3,000-4,000 kg/day), quicklime should be
considered because of its inherent economy (236). Selection
of the type of lime to be used should be based on a detailed
economic analysis, taking into account all the unique factors of
the particular application.

Both quicklime and hydrated lime react spontaneously with
atmospheric C02'

CaO + C02 ~ CaC03

Ca(OH)2 + C02 ~ CaC03 + H20

In addition, quicklime can be slaked by the water vapor in the
air.

These reactions cause two problems:

• Lime quali ty is degraded because the reaction product,
CaC03' is ineffective in raising pH.

in the case of CaO,
This interferes with

• The partial reaction wi th C02' and
with water vapor, causes cak ing.
lime slaking and feeding.

Thus, lime storage, slaking, and feeding equipment should be
sealed to as great a degree as poss ibleto prevent contact of
lime with atmospheric C02 and water vapor.

Delivery and Storage of Lime

Lime can be delivered either in bags or in bulk. The choice
depends mostly on the rate of chemical use at the treatment
plant. Bagged lime costs about 20 percent more than bulk lime,
but it is generally preferred where daily requirements are less
than 1000 to 1500 pounds of lime per day (236). At this small
scale, handling and storage of bagged lime is relatively simple,
involving manual labor or simple mechanical aids. As the scale
of operation increases, it becomes more efficient and economical
to use bulk lime, which can b~ delivered in large quantities,
transported in mechanical or pneumatic conveying systems, and
stored in weather-tight bins or silos.

Bagged lime must be stored under cover to prevent rain from
wetting the bags. Proper handling is especially important when
quicklime is used, because it is highly reactive with water,
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producing heat and swelling that can cause the bags to burst.
Because heat can be generated during accidental slaking of
quicklime, bags should never be stored close to combustible
materials.

Hydrated lime may be stored under dry conditions for periods up
to a year without serious deterioration by reaction with atmos
pheric C02 (recarbonation). Quicklime deteriorates more rapidly.
Under good storage conditions, with multiwall moisture-proofed
bags, quicklime may be held as long as six months, but in general
should not be stored for more than three months (236).

Bulk quicklime and hydrated lime can be stored in conventional
steel or concrete silos or bins. The storage facilities must be
airtight to prevent slaking and recarbonation. Pebble quicklime
is free-flowing and will discharge readily from storage bins if
the hopper bottoms have a minimum slope of 60 degrees from the
horizontal. Pulverized quicklime and especially hydrated lime
have a tendency to arch and therefore require some type of
mechanical or aeration agitation to ensure uniform discharge from
storage bins. Detailed descriptions of the various types of
flow-aiding devices can be found elsewhere (236,240).

Storage facilities should be sized on daily lime demand, type and
reliability of delivery, future chemical requirements, and an
allowance for flexibility and expansion. As a minimum, storage
should be provided to supply a seven-day 1 ime demand; however,
sufficient storage to supply lime for two to three weeks is
desirable. In any case, the total storage volume should be
at least 50 percent greater than the capacity of the delivery
railcar or truck to ensure adequate lime supply between
shipments (236).

Lime Feeding

Lime is nearly always delivered to the sludge mixing vessel as a
Ca(OH)2 slurry (milk-of-lime). This facilitates transport to
the poi n t 0 f a p p 1 i cat ion and imp r 0 v e s 1 i Ttl (; dis per s ion and
reaction efficiency. The exact series of steps through which dry
lime is wetted and introduced to the sludge varies according to
such factors as the scale of the operation, the type of lime
purchased, and the method of storage. The following paragraphs
outline the basic lime-feeding schemes. The discussion is
largely derived from a bulletin published by the National Lime
Association (236), which should be referred to for more detail.

Feeding of Hydrated Lime - In small treatment plants where bagged
hydrated lime is purchased, the dry chemical is simply mixed with
water in a batch tank and metered to the sludge mixing tank as
required. Solutions of lime are not corrosive, so that an
unlined steel tank is suff icient fot" mixing and storage of the
slurry. Hydrated lime is fed as a 6 to 18 percent Ca(OH)2
slurry by weight, the percentage depending on the application and
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on operator preference. The milk-of-lime can be discharged to
the sludge in one batch or metered continuously to the basin
through a solution feeder.

In larger operations, where hydrated lime is stored in bulk, a
more. automated mixing and feeding scheme is appropriate. A dry
chem1.cal feeder is used for continuous delivery of a measured
amount of dry lime to a dilution tank. The feeder is often
positioned directly at the base of the bulk storage bin to
minimize dry lime transport distance.

Two general types of automated dry feeders are available:

• Volumetric feeders, which deliver a constant, preset
volume of chemical in a unit of time, regardless of
changes in material density.

• Gravimetric feeders, which discharge a constant weight of
chemical in a unit of time.

Gravimetric feeders cost roughly twice as much as volumetric
feeders with an equivalent capacity and require more maintenance,
but they are more accurate. Most manufacturers of gravimetric
feeders will guarantee a minimum accuracy of within one percent,
by weight, of the set rate. Volumetric feeders, on the other
hand, may have an error of 30 percent by weight, due to the
varying bulk density of hydrated lime. Gravimetric feeders are
preferred because of their greater accuracy and dependabili ty,
but the less expensive volumetric type may be sufficient when
limited funds are available, when greater chemical feeding
accuracy is not required, or when a reduced degree of maintenance
is desirable.

Dry hydrated lime is delivered to a dilution tank that is often
fitted directly onto the feeder. The tank is agitated by either
compressed air, water jets, or impeller type mixers. The lime
slurry is then transferred to the sludge mixing basins. This
transfer operation is the most troublesome single operation in
the lime handling process. The milk-of-lime reacts with
atmospheric C02 or carbonates in the dilution water to form
hard, tenacious CaC03 scales, which, with time, can plug the
transfer line. Because the magnitude of this problem is in
direct proportion to the distance over which the slurry must be
transferred, lime feeder facilities should be located as close as
possible to the lime/ sludge mixing tanks. Pumping of the lime
slurry should be avoided (if possible, gravity transfer should be
used), and all apparatus should be accessible for cleaning.
Scaling in lime slurry systems has been prevented through
the use of a chemical additive that interfers with crystal
formation. Design features and operating techniques used
successfully for milk-of-lime transfer are described in detail in
reference 236.
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Direct addition of dry hydrated lime to centrifuge cake was
tested in a pilot-scale study at the wastewater treatment plant
in Downington, Pennsylvania. An undigested mixture of primary
and secondary sludges was dewatered to a solids concentration of
20 percent, and then blended with powdered Ca(OH) 2 for ten
minutes in a twin-paddle mixer. Addition of 200 pounds of
hydrated lime per ton dry (100 kg/t) raised sludge pH to 11.8,
redu ced pa thoge n 1 eve Is to be low the detec t ion 1 imi t, and
controlled odor and fly problems.

Slaking and Feeding of Quicklime Feeding of quicklime is
simITar~fh~forhydratedTIme, except that there is an
additional step, slaking, in which the quicklime reacts spontan
eously with water to form hydrated lime. Bagged quicklime can be
slaked in batches by simply mixing one part quicklime with two to
three parts water in a steel trough while blending with a hoe.
Proportions should be adjusted so that the heat of the reaction
maintains the temperature of the reacting mass near 200°F (93°C).
The resulting thin paste should be held for 30 minutes after
mixing to complete hydration. Manually operated batch slaking is
a potentially hazardous operation and should be avoided if
poss ible. Uneven d istribu tion of wa ter can produce explos ive
boiling and splattering of lime slurry. Use of protective
equipment should be mandatory. For small plants, the potential
gain in using the lower-priced quicklime is smaller, because lime
consumption is smaller. Use of slaked lime is safer, simpler,
and requires less labor.

Continuous slaking is accomplished in automated machines that
also dilute and degrit the lime slurry. Several types of
continuous slakers are available. They vary mainly in the
proportion of lime to water mixed initially. A volumetric or
gravimetric dry chemical feeder is used to measure quicklime as
it is moved from bulk storage to the slaker. Since quicklime is
available in a wide range of particle sizes, it is important to
match the dry feeder with the type of quicklime. to be used in the
particular application.

6.4.4.2 Mixing Tank Design

A tank must be provided for mixing raw sludge with lime slurry
and then holding the mixture for a minimum contact time. Many of
the currently operating lime stabilization facilities do not have
tanks with sufficient capacity to hold sludge for more than a
few minutes. Although these operations generally have been
success ful, the a cceptab il i ty of very short detent ion times has
not been conclusively demonstrated. Because of the uncertainty
surrounding this practice, it is recommended that all lime
stabilization facilities include a tank large enough to hold the
lime sludge mixture for 30 minutes. The pH of the reacted
mixture should exceed 12.5 during this period.
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The following paragraphs discuss two aspects of mixing tank
design - tank sizing and mixing. To determine tank size, a
designer must first select a flow mode. The following section
on tank sizing describes flow modes. The subsequent section on
tank mixing covers the general types of mixers and suggests
criteria for sizing mixing systems.

Tank Sizing Considerations

Mixing tanks can be operated as either a batch process or
continuous flow process. In the batch mode, the tank is filled
with sludge, and then sufficient lime is added to maintain the pH
of the sludge-lime mixture above 12.5 for the next 30 minutes.
Af ter this mi nimum contact time, the stab il iz ed sludge can be
transferred to dewatering facilities or to either tank trucks or
a pipeline for land application. Once the holding tank is
emptied, the cycle begins again.

In the continuous flow mode, the pH and volume of sludge in the
holding tank are held constant. Entering raw sludge displaces an
equal volume of treated sludge. Lime is added continuously, in
proportion to the flow of incoming raw sludge, and thus, the
holdi ng time would va ry. The 1 ime dose mu st be s uff i ci en t to
keep the contents of the tank at a pH of 12.5. Often the daily
cycle of sludge production does not match the pattern of sludge
disposal. In this case, a system could be operated on a semi
continuous basis, where the quantity of sludge in the tank
fluctuates through the day. Here the treatment tank would be
used as a buffer between sludge production and disposal.

It is most common to operate lime stabilization systems in the
batch flow mode. Batch operations are very simple and are well
suited for small-scale, manually operated systems. When adequate
capacity is provided, the mixing tanks can also be used to
gravity thicken the lime-treated sludge before disposal. In very
small treatment plants, tank capacity should be adequate to
treat the maximum-day sludge production in one batch. This is
because small plants are generally operated only during the day,
and it is usually desirable to stabilize the entire day's sludge
in one batch. Larger plants are more likely to be manned round
the-clock. Because sludge can be processed over the whole day,
stabilization tanks can be relatively smaller.

Continuous-flow stabilization systems require automated control
of lime feeding and therefore are usually not cost-effective for
small-scale operations. The primary advantage of continuous-flow
sys terns over ba tch sys terns is that a smaller tank size may be
possible. Capacity does not have to be provided for storage of
sludge between batches. Instead, the mixing tank must only be
large enough to ensure that all sludge pa.,rticles are held
at high pH for a contact time sufficient tOAdestroy odor and
disease-producing organisms. ~
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The most important design parameter for a continuous flow,
well-mixed reactor is the nominal detention time (defined as tank
volume divided by volumetric input flow rate). Unlike a batch
tank, where contact time of all particles is the same, some
part ic les in a we ll-mi xed, cont inuously fed tank escape af ter
relatively short contact. Thus, 30 minutes of pH at 12.5 in a
batch mi xer migh t not be the same as 30 minu tes res id ence time
in a well-mixed, continuously fed reactor.

In making a recommendation for detention time, the nature of the
treatment that occurs must be considered. Unlike some
treatments, such as irradiation, the treatment does not stop
after the treated sludge leaves the vessel. If pH is 12.5 as
the sludge leaves the mixing tank, it remains at this pH after
leaving. Consequently, a 30-minute detention time in a
continuously fed, well-mixed reactor is adequate, provided the pH
is measured in an exit line. If pH of the limed sludge appears
to fall too rapidly upon standing, it is a simple matter to move
the pH sensor and to control lime feed rate to a position further
downstream.

Th ickening of raw sludge before 1 ime addi tion will reduce the
mixing tank capacity requirement in direct proportion to the
reduction in sludge volume. However, the lime requirement will
be reduced only slightly by prethickening, since most of the limF
demand is associated with the solids (227), and total solids mass
is not changed by thickening.

Tank Mixing

Lime/s ludge mi xtures c an be mi xed with either d if fused air or
mechanical mixers. The agitation should be great enough to keep
sludge solids suspended and to distribute the lime slurry evenly
and rapidly. Both diffused air and mechanical systems can
provide adequate mixing, although the former has been more
commonly used in pilot stud ies and full scale operations. In
addi t ion to the ir mi xing funct ion, sparger ai r sys terns supply
oxygen and, thereby, can be used for sludge aeration before the
sludge is dosed with lime. If storage of unlimed sludge is
contemplated, the designer should check that the air requirement
for mixing is sufficient to meet the oxygen demand of the sludge.
Oxygen requirements are discussed in the section on aerobic
digestion.

There are disadvantages to both types of mixing systems.
Mechanical mixers are subject to fouling with rags, string, and
other debris in the sludge. Although air spargers may clog,
fouling problems are greatly reduced by mixing with air. Ammonia
will be stripped from the sludge when mixing is done with
diffused air, producing odors and reducing the fertilizer value
of the treated sludge. However, if nitrogen levels limit land
application rates, this stripping of ammonia will reduce land
requ i rements for disposal. A further, al though probably mi nor,
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problem with air mixing is that C02 is absorbed by the sludge/
lime mixture, tending to raise the quantity of lime' required to
reach the desired pH. The selection of the method of mixing
should be based on the factors described above, coupled with an
economic evaluation.

With air mixing, coarse bubble diffusers should be used, mounted
along one of the tank walls to induce a spiral-roll mlxing
pattern. An air suppl_y of 20 to 30 scfm per 1,000 cubic feet
(20-30 m3/min /1,000 m~) is required for adequate mixing (241).
If the mixing tank is enclosed, ventilation should be sufficient
to remove odorous gases stripped from the sludge during mixing.
In many cases, these gases should be treated in an odor control
unit before being discharged into the atmosphere.

Mechanical mixer specifications for various tank sizes are
presented in Table 6-31. Sizing is based on two criteria:
maintaining the bulk fluid velocity (defined as the turbine
agitator pumping capacity divided by the cross sectional area of
the mixing vessel) above 26 feet per minute (8.5 m/min), and
using an impeller Reynolds number greater than 1,000., The
tank/mixer combinations in Table 6-31 are adequate for mixing
sludges with up to 10 percent dry solids and viscosity of
1,000 cpo Impellers on mechanical mixers should be designed to
minimize fouling with debris in the sludge.

6.4.5 Costs and Energy Usage

Engineering decisions are commonly based on a comparison of costs
for feasible solutions. Energy considerations are now also
becoming important in the decision-making process. This section
discusses costs and energy usage for lime stabilization systems.

6.4.5.1 Capital and Operating Costs

Cost estimates for the construction and operation of three
different size lime stabilization systems are summarized in
Table 6-32. A comparison of these costs shows that there is
a large economy of scale, especially for the capital costs.
Operation and maintenance expenses, particularly those for lime,
are more closely related to the quantity of sludge treated.

Comparisons of the cost of lime treatment with other
stabilization methods must take into account that the addi tion
of lime increases the quantity of solids to be handled after
stabilization. In contrast, s~udge solids actually decrease
during anaerobic and aerobic digestion. This difference between
stabilization methods can have an important effect on costs
for final disposal of sludge. The magnitude of this cost
differential is site-specific and depends on such factors as the
method of disposal and the distance to the disposal site.
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TABLE 6-31

MECHANICAL MIXER SPECIFICATIONS FOR SLUDGE SLURRIES (228)

Tank size,
gal

Tank diameter,
ft

Motor size,
hp

Shaft speed,
rpm

Turbine
diameter, ft

5,000

15,000

30,000

75,000

100,000

9.5

13.7

17.2

23.4

25.7

7.5 125
5 84
3 56

20 100
15 68
10 45

7.5 37

40 84
30 68
25 56
20 37

100 100
75 68
60 56
50 45

125 84
100 68

75 45

2.7
3.2
3.6

3.7
4.4
5.3
5.6

4.8
5.1
5.5
6.8

5.2
6.2
6.6
7.3

6.0
6.5
7.8

Assumptions:
Bulk fluid velocity >26 ft/min. (8.5 m/min.l.
Impeller Reynolds number >1,000.
Mixing tank configuration.

Liquid depth equals tank diameter.
Baffles with a width of 1/12 the tank diameter,

placed at 90 degrees spacing.

Mixing theory and equations after References 155 and 242.

1 gal = 3.785 1
1ft 0.305m
1 hp = 0.746 kW

6.4.5.2 Energy Usage

Energy is required during both the construction and operation
of a lime stabilization system. During operation of a lime
stabilization facility, the principal direct use of energy is
electricity for mixing the lime/sludge mixture. A rough estimate
of the annual energy requirement for mixing with diffused air is
290 kWh per year per cfm of blower capacity (based on continuous
duty). This estimate was made assuming a six psig (0.4 kg/m2 )
pressure boost, standard inlet conditions, and an overall
compressor/motor efficiency of 60 percent. One horsepower of
mechanical mixing requires about 6,500 kWhr of electricity per
year. These mixing energy demands can be expressed in terms of a
primary fuel requirement (that is, fuel oil, coal, natural gas)
by applying a conversion factor of 10,700 Btu (2,700 kg-cal) per
kWh of electricity. This factor assumes a fuel conversion
efficiency of 35 percent at the power plant and a transmission
efficiency of 91 percent.
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TABLE 6-32

ESTIMATED AVERAGE ANNUAL COSTS FOR LIME
STABILIZATION FACILlTIESa (228)

Treatment plant
capaci ty '~~:::.22

Item 1 4 40 e

Capital b
10,500 30,100 87,200

Operation and main-
tenancec 12,600 35,900 257,400

Total 23,100 66,000 344,600

unit costd ,
(dollars/ton dry
sludge solids) 54.17 39.27 20.51

a All costs expressed in 1978 dollars.

bArnortized over 30 years at 7 percent.
Includes cost of all buildings, equip
ment, and piping for lime storage and
funding, and for sludge mixing and
lagoon storage, except as noted.

CAverage lime dose of 0.2 lb Ca(OH)2/1b
dry solids. Hydrated lime (47 percent
CaO, $44.50/ton) used in the l-mgd
system, otherwise, quicklime (85 per
cent CaO, $40/ton). All labor at
$6.50/hr. Does not include cost for
transport and disposal.

dprimary plus waste-activated sludge,
2,300 lb dry sludge solids produced/
mil gal of wastewater treated (1.20
x 10-4 Kg/m3 ).

eIncludes sludge thickening but not
lagoon storage.

Large amounts of energy are used in the production of quicklime.
Quicklime (CaO) is produced by burning limestone (CaC03) in
kilns. This process, termed calcination, is illustrated in the
following reaction:

heat
CaC03 ~ CaO + C02

The current national average energy consumption for all quicklime
production is about 7.0 million Btu per ton of quicklime (1.9 x
10 6 kg-cal/metr ic ton) (243). This figure is decreas ing since
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modern plants, using large and more efficient kilns, should be
able to produce one ton of quicklime with about 5.5 million Btu
(1.5 x 10 6 kg-cal/metric ton).

6.4.6 Design Example

This section illustrates the layout and sizing of the major
components in a lime stabilization system. For this example,
it is assumed that the treatment plant has a capacity of
approximately 8 MGD (350 l/s) and provides secondary treatment to
typical municipal wastewater. A mixture of primary sludge and
thickened waste-activated sludge is to be stabilized with lime,
then mechanically dewatered, and ultimately spread onto land.

6.4.6.1 Design Loading

Sludge production estimates for two flow conditions, average and
peak day, are listed in Table 6-20 (provided previously in the
anaerobic digestion section). The peak-loading is listed
because critical components must be sized to meet this critical
condition. Chapter 4 provides a discussion of the procedure
to determine sludge production values. Sludge solids concentra
tions and the resulting sludge volumes are also included in
Table 6-20.

6.4.6.2 System Description

The conceptual design for the lime stabilization system is
presented on Figure 6-47. Prior to stabilization, all sludge is
passed through an in-line grinder. This conditioning improves
sludge mixing and flow characteristics, protects downstream
pumping and dewatering equipment, and eliminates unsightly
conditions (such as rags, sticks, plastic) at the disposal site.
Two batch mixing tanks are provided, each with the capacity to
treat the total sludge produced in an eight-hour shift during
peak day conditions. While one tank is filling, sludge in
the other is dosed with lime, mixed for 30 minutes, and then
discharged to the dewatering equipment. Since the mixing tanks
are sized for peak conditions, they can provide some short-term
storage for treated sludge during periods of lower loading.
Design of an actual facility should take into consideration the
operating schedule for dewatering and disposal.

In this example, it is assumed that dewatering is operated
continuously and therefore only minimal inline storage is
required. However, if dewatering equipment was operated for two
shifts, and serviced during the third, at least eight hours of
storage would be required.

Air discharged through coarse bubble diffusers is used to mix the
sludge with the lime slurry. Air mixing is started as raw sludge
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is first added to the tank to keep the sludge from turning septic
and producing odors. When the tank is filled, lime is added and
mixing is continued for at least 30 minutes.

~UICKLIME
STORAGE
SILO

MIXING TANK 2

PRIMARY

SLUDGE

WASTE
ACTIVATED
SLUDGE

VOLUMETFuc
FEEDERS

GRINDER

MIXING TANK 1

COARSE AIR
eUB9LE DIFFUSERS ~j

n n n

ODOR CONTROL UNIT

PROGRESSING
CAVITY PUMP

r-~~_~ TO DE\J\IATERI NG
EQulPMErn

FIGURE 6-47

CONCEPTUAL DESIGN FOR A LIME STABILIZATION FACILITY

To reduce odors, the mixing tanks are covered, and gases stripped
from the sludge during mixing are removed in an odor control
unit. This unit is a packed bed scrubber. The scrubbing
solution is dilute sulfuric acid. Ammonia gas is absorbed by the
sulfuric acid solution. All wetted parts are constructed of
acid-resistant materials.

Quicklime is used in this installation. A bulk storage silo,
wi th capaci ty to hold a 3 O-d ay 1 ime requ i rement under average
conditions, supplies lime to two volumetric feeders. Each feeder
measures out quicklime to a slaker, where the lime is hydrated,
slurried, and discharged into the mixing tank. The lime dose is
sufficient to maintain the sludge above pH 12.5 for 30 minutes.

6-125



6.4.6.3 Component Sizing

Mixing Tank

Sizing criterion:

Cond i tions.

Volume requirement (V):

Peak-day sludge production shown in Table 6-21.

V = 8 hr/tank (6010 cu ft/day + 3430 cu ft/day)
24 hr/day

= 3,150 cu ft/tank
= ( 89m3/ tank )

Tank surface area (A):
(Assume 10 feet liquid depth)

A = 3,150 cu ft
10 ft

=

=

315 ft 2

39.3 m2

Tank dime ns ions:
(Assume 2 feet freeboard)

18 ft x 18 ft x 12 ft
(5.4 m x 5.4 m x 3.7 m)

Air mixing system

Sizing criterion:

30 cfm/l,OOO cu ft

Blower capacity (Q):
(One blower per tank)

Q = (3,150 cu ft) (30 cfm/l,OOO cu ft)
tank

= 95 cfm/blower
= (2.6 m3/min/blower)

Lime Storage

Sizing criterion:

30-day storage during average loading.

Quicklime characteristics:

Puri ty -
Bulk density -

90 percent CaO
55 Ib/cu ft
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Lime dosage:

Primary sludge - 0.12 lb Ca(OH)2/lb dry solids
Activated sludge - 0.30 lb Ca(OH)2/lb dry solids

Average daily lime requirement (w):

Expressed as hydrated lime -

=
=

(10,000 1b/day) (.12 ~~) + (5,000 1b/day) (-3~b1b)

2,700 lb Ca(OH)2/day

(1/230 kg/day)

Expressed as purchased quicklime (90 percent purity) -

WCaO = (2,700 Ib Ca(OH)2 day)

= 2,270 Ib CaO/day
= (1,030 kg/day)

Storage requirement (Vs ):

(
56 lb CaO/Mole ) (100)

74 lb Ca(OH)2/mole go-

=
=

Slaker:

2,270 Ib/day (30 days)
55 Ib/cu ft
1,240 cu ft
(35m3 )

Sizing criterion:

Ability to dose one batch in 15 minutes.

Slaker capacity (C):

C = 2,270 Ib CaO/day
3 batchs/day

= 50 lb CaO/min
= (23 kg/min)

6.5 Chlorine Stabilization

(1 batch)
(15 min)

Stabilization by chlorine addition was developed as a proprietary
process and is marketed under the registered trademark "Purifax."
The chlorine stabilization process is applied to wastewater
treatment plant sludges and sidestreams to reduce putrescibility
and pathogen concentration. The process has also been used to
improve the dewaterability of digested sludge and to reduce the
impact of recycled digester supernatant on the wastewater treat
ment sys terns. Because chlori ne react ions wi th sludge are very
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rapid, reactor volumes are relatively small, reduced system size
and initial costs. The process results in no appreciable
d~struction of volatile solids, and unlike anaerobic digestion,
ylelds no methane gas for energy generation and Ii ttle sludge
mass reduction.

Chlorine-stabilized sludges are buff-colored, weak in odor,
sterile, and generally easy todewater, either mechanically or on
drying beds. The stabilized sludge has been used as a soil
conditioner. However, there is concern about its use on cropland
and its disposal in landfills because of its high acidity, high
chloride content, and potential for releasing chlorinated
hydrocarbons and heavy metals. The stabilized sludges are
corrosive unless pH has been adjusted. Process equipment that
comes into contact wi th sludges that have not been neutralized
must be constructed of acid-resistant materials or be coated with
protective films.

6.5.1 Process Description

Chlorine treatment stabilizes sludge by both reducing the number
of organisms available to create unpleasant or malodorous condi
tions and making organic substrates less suitable for bacterial
metabolism and growth. Some of the mechanisms respons ible are
oxidation, addition of chlorine to unsaturated compounds, and
displacement of hydrogen by chlorine.

The immediate reaction from addition of gaseous chlorine to water
is shown below:

(6-14)

In the chlorine stabilization process, sufficient acid is
produced to reduce the pH of the sludge to a range of 2 to 3.
Dissociation of HOCI to H+ and OC1- is suppressed by low pH
and therefore is not significant. C12 and HOCl are highly
reactive and powerful bactericides and viricides. The chloride
ion has no disinfection capability.

The process stream immediately following the chlorine addi tion
is substantially a chlorine solution containing sludge. The
solution contains (in molecular form) as much as ten percent of
the total chlorine species present. The predominant species in
solution is undissociated HOCI. HOCI and C12 react with sludge
to oxidize ammonia to chloramines and organic nitrogen to organic
chloramines. Other reduced ions, such as Fe+ 2 and s-2, are
oxidized at the same time. Some of the oxidized end products,
such as chloramines and organic chloramines, are germicidal and
viricidal (244).

The chlorine stabilization unit consists of a disintegrator, a
recirculation pump, two reaction tanks, a chlorine eductor, and a
pressure control pump. A chlorine evaporator and/or a
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chlorinator, feed pump, and inlet flow meter can be purchased
with the unit or separately. The unit is often supplied by the
manufacturer as a complete package mounted on a skid plate and
ready for installation. A detailed diagram of the unit is
shown on Figure 6-48.

CONDnlONED
SLUDGE

......._ CH LO RINE
SUPPLY

EVAPORATOR

PRESSURE
CONTROL
PUMP

SECOND
REACTOR

CHLORINATOR
DISINTEGRATOR

FLOW
METER

RAW
SLUDGE

RECI RCU LATION
PUMP

SUPPLY
PUMP

FIGURE 6-48

SCHEMATIC DIAGRAM OF A CHLORINE OXIDATION SYSTEM

In the first operating step, sludge is pumped through a
disintegrator which reduces particle size and therefore, provides
greater sludge surface area for contact with the chlorine.
Chlorinated sludge from the first reactor is mixed with raw
sludge just prior to reaching the recirculation pump. The
combined flow then passes through the first reaction tank.
Chlorine is added via an eductor located in the recirculating
loop. Recirculation aids mixing and efficient chlorine use.
The ratio of recirculated reacted product to raw sludge at design
capacity is about 7 to 1. System pressure is maintained in the
30 to 35 psi (210 to 240 kN/cm2 ) range, by a pressure control
pump located at the discharge of the 'second reactor. The
pressure provides a driving force to ensure penetration of
chlorine into the sludge particles. The second reactor tank
incre ases sy stem deten t ion tJme, allow ing a more compl e te
reaction between the sludge and the chlorine.

Flow patterns within the two reactor tanks are high, in the form
of velocity spirals, with tangential discharges. The tanks are
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oriented with the spiral axis of the first in a horizontal plane
and the second in a vertical plane. Solids that settle 'during
periods of non-operation are easily resuspended when the process
is started again. The system is neither drained nor cleaned
between operating periods. A holding tank should be provided for
feed storage and for flow equalization. Blending done in the
tank also helps to maintain feed uniformity, thus providing
sludge of uniform chlorine demand and minimizing the need to
frequently adjust chlorine dose. Sludge blending is particularly
valuable for processing of primary sludges, which tend to be more
concentrated when initially pumped from the sedimentation tank
than at the end of the pumping cycle. Similarly, where primary
and secondary sludges are treated together, blending can be
accomplished in the holding tank. Continuously wasted activated
sludge, however, may be adequately treated without prior
blending, provided that solids concentration is nearly constant
with time. Mixing is usually done by mechanical or air
agitation. Air mixing is preferable, because it enhances aerobic
condi t ions, reduces odors, and averts problems with foul ing of
the impellers by rags and strings. Odor can be controlled in the
holding tank if a portion of the filtrate or supernatant from the
dewatering process is returned to it.

If the chlorine demand of the liquid fraction of the sludge is
high, separation of some of the liquid from solids by thickening
prior to chlorination may substantially reduce total sludge
chlor ine demand. If, however, the chlor ine demand is low,
thickening will not be beneficial. For more detailed discussion
of chlorine demands exerted by sludge solids and liquid
fractions, see Section 6.5.3. Solids concentrations above
certain defined limits should not be exceeded, because the
diffusion rate of chlorine through the sludge is hindered and
processing rates must be reduced to provide additional time for
the chlorine to reach reaction sites. Normally, processing rates
are not affected if solids concentrations are below the following
values:

• Primary sludge or primary plus trickling filter humus 
four percent.

• Primary plus waste-activated sludge

• Waste-activated sludge - 1.5 percent.

four percent.

Processing rates for higher concentrations must be determined on
a case-by-case basis.

Use of a holding tank downstream of the chlorine oxidation
process allows subsequent processes to run independently and at
their own best rate. Solids settling may occur in the tank after
an initial period of flotation. The tank can, therefore, be used
to separate the solid and liquid fractions of the stabilized
product.
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6.5.2 Uses, Advantages, and Disadvantages

Chlorine oxidation has been used to treat raw and digested
primary sludge, raw and digested secondary sludges, septage,
·digester supernatants, and sidestreams from dewatering processes.

The chlorine stabilization process has several attractive
features. It can be operated intermittently, so long as
sufficient storage volume is available prior to and following the
uni t. Unlike biological sludge processing systems, the process
can be started up, run for a few hours, and turned off. A
constant supply of process feed is not required. As a result,
operating costs are directly dependent upon production rates, and
costs attributable to overcapacity are eliminated.

Chlorine oxidation is a chemical process and is thus opera
tionally insensitive to factors such as toxic materials in the
sludge, which adversely affect biological stabilization systems.
It can also process feed streams of widely varying character,
such as digested sludge and digester supernatant, within a short
period of time. This flexibility is not characteristic of
anaerobic or aerobic digestion processes.

Disadvantages of the chlorine stabilization process center
on chemical, operational, and environmental factors. From a
chemical standpoint, the low pH of chlorine-stabilized sludge
may require the sludge to be partially neutralized prior to
mechanical dewatering or before being applied to acid soils.
Costs of neutralization are in addition to chlorine costs. These
are discussed in Section 6.5.5.1. As mentioned earlier, chlorine
stabilization does not reduce sludge mass nor produce methane gas
as a by-product for energy generation. The process consumes
relatively large amounts of chlorine. Special safety and
handling precautions must be used when handling this gas. If
high alkalinity wastes--for example, digested sludge, digester
supernatants--are processed, C02 generated during chlorination
may promote cavitation in downstream pumps.

There is concern that chlorine oxidat ion of sludges, septage,
and sidestreams from sludge treatment processes could result
in increased levels of toxic chlorinated organics in the
treated materials (245). Data available are inconclusive.
Investigations are underway that will help clarify this
issue. I n the meant ime i meas ures should be taken to mi t ig a te
en vi ronmental concerns when the chlor ine oxi da t ion processes is
used. These are:

Provisions should be made to deal with the filtrate,
centrate, or decant from the process, including return
to the wastewater treatment plant, unless this practice
leads to wastewater treatment plant upset or to
violations of effluent standards; or to treat by
activated carbon absorption or other means.
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• If the treated sludge leaving the pressurized chlorinator
is discharged to a tank sparged with air, the gases from
the tank should be vented away from workers.

• Treated solids should be disposed of with care. Consid
eration should be given to:

1. Using secured landfills or landfills located at
hydrogeographically isolated sites.

2. Treating leachates from secured landfills to prevent
contamination of surface or groundwaters.

3. Directly incorporating the solids into soils at rates
sufficiently low to minimize leachate production.
Direct incorporation as opposed to surface spreading
should be used to prevent consumption of solids by
grazing animals.

4. Using erosion control measures to prevent runoff
contaminated with toxic chlorinated compounds from
entering surface waters.

5. Providing adequate monitoring of facilities to assure
detection of unexpected problems.

6.5.3 Chlorine Requirements

Chlorine demand varies wi th the characteristics of each waste
stream. Demand can be estimated from Table 6-33 for cases in
which a combination of sludges and/or sidestreams makes up the
process feed. The demand of a sludge produced by combining two
streams is the weighted average of the demands of the individual
streams. For example, using Table 6-33 one estimates that the
demand of a sludge composed of five volumes of 0.7 percent
waste-activated sludge and one volume of four percent primary
sludge is about (17 + 5[7] )/6 = 9 pounds per thousand gallons
(1 kg/l,OOO 1).

If a chlorine residual is desired to provide added protection
against septici ty, then addi tional chlorine should be added in
an amount equal to the required residual. For instance, if
a residual of 200 mg/l chlorine is required for the waste
activated/primary sludge combination just discussed, then
an additional (200 mg/l)(0.00834 Ib/thousand gal) = 1.7 pounds of

mg/l
chlorine per 1,000 gallons of sludge (0.20 kg/I, 000 l) should
be added, bringing the total chlorine addition to 10 to 11 pounds
per 1,000 gallons (1.2 to 1.3 kg/l,OOO 1) of sludge.

BIF Division of General Signal (246) states that, for solids
concentrations other than those shown, the chlorine demand
per gallon varies in proportion to the solids concentration. For
example, if the sol ids concentra tion were to double, chlor ine
demand would also double.
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TABLE 6-33

ESTIMATED CHLORINE REQUIREMENTS FOR
SLUDGE AND SIDESTREAM PROCESSI.NGa

Feed stream
000__• _

Primary sludge

Waste-activated sludge
With prior primary treatment
No primary treatment
From contact stabilization

Sludge from low and high rate
trickling filters

Digester supernatant

Septage

Suspended solids,
percent

4. a

0.7
0.7
0.7

1.0

0.3

1.2

Chlorine requirement,
o __oo__l_b~l, 000 gal

17

7
7
7

10

2 - 10

6

aInformation obtained from R. C. Neal of BIF.

1 Ib/l,OOO gal = 0.12 kg/l

6.5.4 Characteristics of Chlorine-Stabilized Materials

6.5.4.1 Stabilized Sludge

Characteristics of freshly treated sludge are a pH of 2 to 3 and
a chlorine residual of approximately 200 mg/l. Retention in a
downstream holding tank allows the chlorine residual to drop to
zero and the pH to rise to between 4.5 and 6.5. Normally, a
slight medicinal odor is present. After adequate addition
of chlorine, the color of the sludge changes from black to
light brown.

Chlorine oxidation generally improves the sand bed dewaterability
of many sludges and septages. If properly chlorinated, the
sludges are stable and do not undergo anaerobic activity for
at least 20 days. When properly disposed in landfills or on
the soil, the chlorinated sludge does not exhibit septicity
during handling and disposal. If stored in lagoons, the
sludge-liquid mixture must be sufficiently aerated to avoid odor
and septicity problems, especially in warm weather.

Production of chlorinated hydrocarbons by the chlorine
stabilization process has been the subject of research efforts
since the process was conceived. Early studies (1971) by Metcalf
and Eddy, for the BIF Company by then-current technology were
aimed at the detection of specific objectionable compounds.
This work indicated that, rath-er than producing the compounds,
chlorine stabilization actually seemed to lower their concentra
tions in most instances. Later work (1978) using more advanced
gas chromatograph-mass spectrometry techniques has revealed the
production of 0.9 to 1 percent by weight organic chlorine in
several sludges stabilized by the chlorine oxidation process
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(245). These results indicate that as much as 10 to 20 percent of
initial sludge solids had chemically reacted with the chlorine.
Additional studies by ASTRE for the BIF Company suggested that
total identif iable chlorinated organic compounds nearly doubled
when the particular raw sludges studied were treated by a
chlorine oxidation process. A six-fold increase was found in the
amount of chlorinated organic Consent Decree toxics (see 43FR
4109, January 31, 1978 for Consent Decree list of toxic
substances) following chlorine oxidation and an eight-fold
increase in the amount of total organic Consent Decree toxics.

6.5.4.2 Supernatant/Filtrate/Subnatant Quality

These process streams are produced by thickening and/or
dewatering operations after chlorine treatment. Filtrates from
sandbed dewatering are typically clear and colorless. The pH
varies from 4 to 6, and no residual chlorine remains. Filtrate
from chlorine-treated sludge generally contains lower suspended
solids and BODS than the filtrate produced when filtering
digested sludges. Typical filtrate composition is 50-150 mg/l
suspended solids and 100-300 mg/l BODS with low turbidity and
color.

In bench-scale studies simulating the chlorine oxidation process,
Olver, and others found that acidic conditions enhanced the
release of heavy metals from sludges (247).

Sukenik and others (248) noted an increase in supernatant
chemical oxygen demand (COD) after sludge treatment by chlorine
ox ida t ion. Though the reason f or the increas e is undetermi ned,
the suggestion was made that chlorine may solubilize the
oxygen-demanding material rather than oxidize it. Biochemical
oxygen demand of the supernatant is generally comparable to that
of raw wastewater. Data collected at Alma, Michigan, indicates
that chemically precipitated phosphate is not redissolved by the
chlorine oxidation process (246).

A 1978 report indicated that chlorinated organics were present in
the centrate from several chlorinated sludge samples (245).
Although less than one half of one percent of the organic
compounds assumed to be present could be identified, eight
chlorinated compounds on the Consent Decree list of toxic
substances were detected, including three known or suspected
carcinogens.

6.5.5 Costs

Data reported herein were derived by Purifax from actual
installations.
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6.5.5.1 Operating Costs

Because the chlorine stabilization process can be operated
intermi ttently, annual operating costs are proportional to the
quantity of material processed. Table 6-34 displays operating
cos t da ta. Chlor ine, the maj or expense factor, his tor- ically has
cos t between 9 and 14 cents per pound (19.8 to 30.9 cents per
kg). Chlorine unit costs vary with annual usage, method of
transportation and transportation distances, and competition. In
the last few years, prices have decreased because of an increased
demand for- sodium hydroxide (chlorine is a by-product of sodium
hydroxide production). .~

TABLE 6-34

ACTUAL OPERATING COSTS FOR CHLORINE STABILIZATION SYSTEMa

Chlorine
Cost, dollars/ton of

___"_..~.¥ ...""."sol ids

Process stream and Dosage, Ib/ton Cost,
year reported of dry solids cents/lb Chlorine

Primary and waste-activated
sludge

Ravena-Coeymans, NY,
1974 167 11.35 18.95

Plainfield, CT, 1973 148 14.00 20.72

Extended aeration
Plainfield, CT, 1975 180 14.00 25.20

Waste-activated sludge only
Fair Lawn, NJ 211 9.85 20.78

alnformation obtained from D. L. Moffat of BIF.

bEstimated at 10 percent of chlorine cost.

Note: Estimated operation and maintenance (6).
Operation - 2 hr/shift.
Maintenance - $200/yr.

1 Ib/ton = 0.504 kg/tonne
1 cent/lb = 2.20 cents/kg
1 dollar/ton = 1.10 dollars/tonne

1. 90
2.07

2.52

2.08

Chlorine
and power

20.85
22.79

27.72

22.86

Although it is not related to the cost of chlorine stabilization
of sludge, additional chemical costs can result if chemical
conditioning is necessary prior to mechanical dewater-ing.
Chemical conditioning of chlorine-stabilized sludge consists
of adding sodium hydroxide or- lime to raise the pH to between
4.5 and 5.5 and then adding the proper dosage of an appr-opriate
coagulant. Although more expensive, sodum hydr-oxide is gener-ally
preferred to lime because it reacts faster-. Neutralizing
can be done in-line, without need of an intermediate detention
tank. Sodium hydroxide requirements range from 20 to 30 pounds
per ton of dr-y solids (10 to 15 kg/t) for- primar-y sludge to 10 to
20 pounds per ton of dry solids (5 to 10 kg/t) for secondar-y
sludge. At a 1976 cost of eight cents per pound (18 cents/kg)
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this is equivalent to a cost $0.80 to $2.40 per ton ($0.88 to
$2.6 S/t) of dry sol ids. Polymer cos ts are equ i valent to those
required for dewatering of sludges stabilized by other means and
are generally greater than the cost of pH adjustment. (See
Chapter 8).

Costs for neutralizing chlorine-stabilized sludge prior to
spreading it on acid soils are about $0.60 to $0.90/ton ($0.66 to
$0.99/t), assuming that 20 to 30 pounds of Ca(OH)2 are required
per ton (10 to 15 kg/t) of stabilized sludge solids and Ca(OH)2
costs are $0.03 per pound ($0.07/kg).

Power costs of operating the stabilization system are estimated
at ten percent of chlorine costs. Addi tional power costs are
incurred if mixing is used in the holding tank upstream from the
stabilization process.

Labor costs are incurred only for daily start-up, shutdown,
periodic checks, and maintenance, and are small in comparison to
other operating costs.

6.5.5.2 Capital Costs

Capital costs for chlorine stabilization systems tend to be
less than for conventional anaerobic digestion systems of equal
capacity. Normally, the system is furnished by the manufacturer
on a skid-plate and in a ready-to-install condition. Table 6-35
shows actual 1979 capital costs for systems of specified capacity
for two different feed sludges.
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TABLE 6-35

CHLORINE STABILIZATION CAPITAL COSTS, 1979a

Capacity, galjhr

Primary and
waste - Waste - Budgetary

activated activated cost,d
sludgeb sludge onlyC dollars

660 960 82,000

1,320 1,800 137,000

2,940 4,200 175,000

5,880 8,520 228,000

13,080 18,300 307,OOOe

alnformation obtained from R. C. Neal of BIF.

bsolids concentration 3 percent by weight.

cSolids concentration 1.5 percent by weight.

dBudgetary costs based on an ENR 20 cities
average construction cost index of 2869 for
December 1978. Costs include chemical
oxidizer, sludge macerator, sludge feed
pump, motor starters, vacuum-type
chlorinator, freight and start-up service.

eBudgetary cost includes chlorine
evaporator.

1 galjhr = 3.79 ljhr
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CHAPTER 7

DISINFECTION

7.1 Introduction

Waste\v'a ter sludge di s infect ion, the des truc tion or inact iva tion
of pathogenic organisms in the sludge, is carried out principally
to minimize public health concerns. Destruction is the physical
disruption or disintegration of a pathogenic organism, while
inactivation, as used here, is the removal of a pathogen's
ability to infect. An important but secondary concern may be to
minimize the exposure of domestic animals to pathogens in the
sludge. At the present time in the United States, the use of
procedures to reduce the number of pathogenic organisms is a
requirement before sale of sludge or sludge-containing products
to the public as a soil amendment, or before recycling sludge
directly to croplands, forests, or parks. Since the final use or
disposal of sludge may differ greatly with respect to public
health concerns, and since a great number of treatment options
effecting various degrees of pathogen reduction are available,
the system chosen for reduction of pathogens should be tailored
to the demands of the particular situation.

This chapter identifies the major pathogenic organisms
found in wastewater sludges; briefly describes the pathogen
characteristics, including size, life and reproductive
requirements, occurrence in sludge, and survival under different
environmental conditions; and discusses methods for reducing
the number of pathogenic organisms in sludge. The effect of
conventional sludge treatment processes on pathogen reduction
will be reviewed. Two types of processes designed specifically
for the reduction of pathogenic organisms in sludge are heat
pasteurization and high-energy irradiation, and they will be
developed in detail. Other processes such as long-term storage
and composting will also be discussed.

7.2 Pathogenic Organisms

A pathogen or pathogenic agent is any biological species that can
cause disease in the host organism. The discussions in this
chapter will be confined to pathogens that produce disease in man
and complete their life cycles in North America. These organisms
or agents fall into four broad cate90ries: viruses, bacteria,
paras i tes, and f ung i . Wi th in the paras i te category, there are
protozoa, nematodes, and helminths. Viruses, bacteria, and
parasites are primary pathogens that are present at some level in
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sludge as a result of human activity upstream from the wastewater
treatment plant. Fungi are secondary pathogens and are only
numerous in sludge when given the opportunity to grow during some
treatment or storage process.

7.2.1 Pathogen Sources

Pathogens enter wastewater treatment systems from a number of
sources:

• Human wastes, including feces, urine, and oral and
nasal discharges.

• Food wastes from homes and commercial establishments.

• Industrial wastes from food processing, particularly
meat packing plants.

• Domestic pet feces and urine.

• Biological laboratory wastes such as those from
hospitals.

In addition, where combined sewer systems are used, ground
surface and street runoff materials, especially animal wastes,
may enter the sewers as storm flow. Vectors such as rats that
inhabit some sewer systems may also add a substantial number of
pathogens.

7.2.2 Pathogen Characteristics

Viruses, bacteria, parasites, and fungi differ in size, physical
composition, reproductive requirements, occurrence in the United
States population, and prevalence in wastewater.

7.2.2.1 Viruses

Viruses are Obligate parasites and can only reproduce by
dominating the internal processes of host cells and using the
host's resources to produce more viruses. Viruses are very small
particles whose protein surface charge changes in magnitude and
sign with pH. In the natural pH range of wastewater and sludges,
most viruses have a negative surface charge. Thus, they will
adsorb to a variety of material under appropriate chemical
conditions. Different viruses show v'arying resistance to
environmental factors such as heat and moisture. Enteric viruses
are acid-res is tant and many show tolerance to temperatures as
high as 140 OF (60 0 C).

Many of the viruses that cause disease in man enter the sewers
with feces or other discharges and have been identified, or
are suspected of being, in sludge. The major virus subtypes
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transmi tted in feces are listed in Table 7-1 together wi th the
disease they cause. Viruses are excreted by man in numbers
several orders of magnitude lower than bacteria. Typical
total virus concentrations in untreated wastewaters are
1,000 to 10,000 plaque-forming units (PFU) per 100 ml; effluent
concentrations are 10 to 300 PFU per 100 mI. Wastewater
treatment, particularly chemical coagulation or biological
processes followed by sedimentation, concentrates viruses
in sludge. Raw primary and waste-activated sludges contain
10,000 to 100,000 PFU per 100 mI.

TABLE 7-1

PATHOGENIC HUMAN VIRUSES POTENTIALLY IN
WASTEWATER SLUDGE

Name

Adenoviruses

Coxsackie virus,
Group A

Coxsackie virus,
Group B

ECHO virus, (3 a
types)

Poliovirus (3 types)

Reoviruses

Hepatitis virus A

Norwalk agent

Rotavirus

Disease

Adenovirus infection

Coxsackie infection;
viral meningitis;
AFRIa, hand, foot,
and mouth disease

Coxsackie infection,
viral meningitis;
viral carditis, end
emic pleurodynia,
AFRI a

ECHO virus infection;
aseptic meningitis;
AFRI a

Poliomyelitis

Reovirus infection

Viral hepatitis

Sporadic ~iral gastro-
enteritis

Winter vomiting dis
ease

a AFR1 is acute febrile respiratory illness.

7.2.2.2 Bacteria

Bacteria are single-celled organisms that range in size from
slightly less than one micron (~) in diameter to 5~ wide by
15 ~ long. Among the primary pathogens, only bacteria are able
to reproduce outside the host organism. They can grow and
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reproduce under a variety of environmental conditions. Low
temperatures cause dormancy, often for long periods. High
temperatures are more effective for inactivation, although some
species form heat-resistant spores. Pathogenic bacterial species
are heterotrophic and generally grow best at a pH between 6.5 and
7.5. The ability of bacteria to reproduce outside a host is an
important factor. Although sludge may be disinfected, it can be
reinoculated and recontaminated.

Bacteria are numerous in the human digestive tract; man excretes
up to 1013 coliform and 1016 other bacteria in his feces every
day. The most important of the pathogenic bacteria are listed in
Table 7-2, together with the diseases they cause.

TABLE 7-2

PATHOGENIC HUMAN BACTERIA POTENTIALLY
IN WASTEWATER SLUDGE

Species

Arizona hinshawii
Bacillus cereus
Vibrio choTei-a-e
Clostridium perfringens

Clostridium tetani

Escherichia coli
_""_, .•.,,,,,,,_MN'··_'

Leptospira sp
Mycobacterium tuberculosis
Salmonella paratyphi, A, B, C
Salmonella sendal

Salmonella sp (over 1,500
serotypes)

Salmonella typhi
Shigella sp

Yersinia enterocolitica
Yersinia eseudotuberculosis

Disease

Arizona infection
B. cereus gastroenteritis; food poisoning
Cholera
C. perfringens gastroenteritis; food

poisoning
Tetanus

Enteropathogenic E. coli infection; ~cute

diarrhea
Leptospirosis; Swineherd's disease
Tuberculosis
Paratyphoid fever
Paratyphoid fever

Salmonellosis; acute diarrhea

Typhoid fever
Shigellosis; bacillary dysentery; acute

diarrhea
Yersinia gastroenteritis
Mesenteric lymphadenopathy

7.2.2.3 Parasites

Parasites include protozoa, nematodes, and helminths. Pathogenic
protozoa are single-celled animals that range in size from 8M to
25M Protozoa are transmitted by cysts, the nonactive and
environmentally insensitive form of the organism. Their life
cycles require that a cyst be ingested by man or another
host. The cyst is transformed into an active organism in the
intestines, where it matures and reproduces, releasing cysts in
the feces. Pathogenic protozoa are listed in Table 7-3, together
with the diseases they cause.

Nematodes are roundworms and hookworms that may reach sizes up to
14 inches (36 cm) in the human intestines (1). The more common
roundworms found in man and the diseases they cause are listed in
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Table 7-3. They may invade tissues other than the intestine.
This situation is especially common when man ingests the ova
of a roundworm common to another species such as the dog. The
nematode does not stay in the intestine but migrates to other
body tissue such as the eye and encysts. The cyst, similar to
that formed by protozoa, causes inflammation and fibrosis in
the host tissue. Pathogenic nematodes cannot spread directJy
from man to man. The ova discharged in feces must first
embryonate at ambient temperature, usually in the soil, for at
least two weeks.

TABLE 7-3

PATHOGENIC HUMAN AND ANIMAL PARASITES
POTENTIALLY IN WASTEWATER SLUDGE

ies

A. Protozoa
Acanthamoeba sp
BalantJ.dJ.um coli
Dientamoeba fragilis
Entamoeba histolytica
Giardia lamblia
Isospora bella
Naegleria-yQWIeri
TOXo\?lasma gordii

B. Nematodes
Ancyclostoma diroden~~e

Ancyclostoma sp
Ascaris lumbricoides

Enterobius vermicularis
Necator amerJ.canus
Strongyloides stercoralis
Toxocara canis-----------

Toxocara cati

Trichusis trichiura

C. Helminths
Diphyllobothrium la~.um

Echinococcus qranulosls
~chinococcus multilocularis
Hymenolepis diminuta
Tymenolepis nana .
Taenia saginat~

Taenia solium

Disease

Amoebic meningoencephalitis
Balantidiasis, Balantidial dysentery
Dientamoeba infection
Amoebiasis; amoebic dysentery
Giardiasis
Coccidiosis
Amoebic meningoencephalitis
Toxoplasmosis

Ancylostomiasis; hookworm disease
Cutaneous larva migrans
Ascariasis; roundworm disease; Ascaris

pneumonia
Oxyuriasis; pinworm disease
Necatoriasis; hookworm disease
Strongyloidiasis; hookworm disease
Dog roundworm disease, visceral larva

migrans
Cat roundworm disease; visceral larva

migrans
Trichuriasis; whipworm disease

Fish tapeworm disease
Hydated disease
Aleveolar hydatid disease
Rat tapeworm disease
Dwarf tapeworm disease
Taeniasis; beef tapeworm disease
Cysticercosis; pork tapeworm disease

Helminths are flatworms, such as tapeworms, that may be more
than 12 inches (30 cm) in length. ·The most common types in the
Un i ted States (1 is ted in Table 7 -3) are assoc ia ted with beef,
pork, and rats. Transmission occurs when man ingests raw or
inadequately cooked meat or the eggs of the tapeworm. In the
1 e s sserio u s for m, the tap e worm d eve lopsin the i n t est i n e ,
maturing and releasing eggs. In the more serious form, it
localizes in the ear, eye, heart, or central nervous system.
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7.2.2.4 Fungi

Fungi are single-celled non-photosynthesizing plants that
reproduce by developing spores, which form new colonies when
released. Spores range in size from 10 to 100 • They are
secondary pathogens in wastewater sludge, and large numbers have
been found growing in compost (2). The pathogenic fungi, listed
in Table 7-4, are most dangerous when the spores are inhaled by
people whose systems are already stressed by a disease such
as diabetes, or by immunosuppressive drugs. Fungi spores,
especially those of Aspergillus fumigatus, are ubiquitous in the
environment and have been found in pasture lands, hay stacks,
manure piles, and the basements of most homes (2).

TABLE 7-4

PATHOGENIC FUNGI POTENTIALLY IN
WASTEWATER SLUDGE

Species
----~""~--- ----------

!\c!:ip0!!.,l~:ices sp

Aspergillus sp

Candida albicans

Actinomycosis

Aspergillosis; Asper
gillus pneumonia
otomycosis

Moniliasis; candidiasis
oral thrush

7.2.3 Pathogen Occurrence in the United States

Informa tion on pathogen occurrence and associated morbid i ty and
mortali ty data vary greatly wi th pathogenic species. Available
data, complied by the Center for Disease Control (CDC) of the
United States Public Health Service, indicates that enteric
vi ral, bacterial, and paras i tic infections annually affect tens
of thousands of people in the United States (3-7). Data on
the occurrence of bacterial disease in the United States are
scarce. However, the frequent detection of enteropathic bacteria
(bacteria which affect the intestinal tract), such as E. coli,
Salmonella, fecal streptococci, Shigella, and others in untreated
wastewater and wastewater sludges indicates that these pathogens
and their associated diseases are 'endemic to the United States.

As recently as 1977, over 12 percent of stool samples checked by
state and territorial public health laboratories were positive
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for one or more pathogenic parasites. A. lumbricoides, which
produces a resistant ova, was found in over two percent of the
s amp1e s (6, 7 ) •

The frequent occurrence of enteric pathogens in the United States
population indicates that pathogens should be expected in all
wastewaters and sludges.

7.3 Pathogen Survival During Sludge Stabilization Processes

Sludge stabilization processes are ideally intended to
reduce putrescibility, decrease mass, and improve treatment
characteristics such as dewaterability. Many stabilization
processes also accomplish substantial reductions in pathogen
concentrations.

7.3.1 Pathogen Reduction During Digestion

Sludge digestion is one of the major methods for sludge
stabilization in the United States. Well-operated digesters can
substantially reduce virus and bacteria levels but are less
effective against parasitic cysts.

7.3.1.1 Viruses

Viruses are removed most readily in wastewater treatment
processes when attached to larger particles such as chemical or
biological flocs. Sagik has reported primary treatment virus
removal from three percent to extensive (8). Metcalf has
measured primary treatment removals of 60 to 95 percent wi th a
one-hour detention time (9). Sagik and Moore have reported 70 to
99 percent removals with activated sludge (8,10).

Virus concentration ranges for raw and anaerobically digested
sludges are given in Table 7-5. The large difference between the
high and low value for the number of viruses in untreated
sludge results from several factors, including variation in virus
occurrence in the human population, differing treatment plant
removal efficiencies, and disparity in viral preconcentration and
assay techniques. Anaerobic digestion has been shown to reduce
the concentration of detectable viruses by one to several orders
of magnitude. Moore and others reported a reduction by four
orders of magnitude for poliovirus by anaerobic digestion for
30 days at 85°F (30°C) (10). Ward and Ashley reported four log
inactivation of poliovirus in four days at 82°F (28°C) (17).
Ward also found that naturally occurring ammonia (NH3) was a
viricidal agent for poliovirus, Coxsackie, and ECHO (18).
However, it was less effective against reoviruses. Digester
detention time, opera ting temperature, and method of operation
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are apparently
removal. Stern
inactivation with
under laboratory
longer storage.
reduction.

the most important factors affecting virus
and Farrell report almost 50 percent virus
sludge storage at 67°F (20°C) for ,two weeks
conditions (11). Reduction continued with
Increased operating temperature also improves

TABLE 7-5

PATHOGEN OCCURRENCE IN
LIQUID WASTEWATER SLUDGES

Cnnce~tration, number/lOO ml-----

Pathogen
Unstabilized raw a b

Nam~,~or~,,=,pec,i,~e,~s,,__ ~,,__sludgea D~gested slud9~""~"",,,,~ Reference

Virus

Bacteria
Bacteria
Bacteria

Bacteria
Bacteria
Bacteria

Parasites
Parasites

Various

Clostridia sp
Fecal coliform
Salmonella sp.

Streptococcus faecalis
Total coliforms
Mycobacterium tubercu-

losls '

Ascaris lumbricoides
Helminth eggs

2.5 x 10 3 - 7 x 10 4 100 - 103 9, 10, 11

6 x 10 6 2 x 10 7 12
10 9 3 x 104 c - 6 x 10 6 13, 12

B x 10 3 BDL - 62 11

3 x 10 7 4 x 10 4 - 2 x 10 6 11
5 x 10 9 6 x 10 4 - 7 x 10 7 11

10 7 lOb 14

200 - 1,000 0 - 1,000 15
200 - 700 30 - 70 16

,-,-""",,--- ,._,-,---

a Type of sludge usually unspecified.

bAnaerobic digestion; temperature and detention times
varied.

c BDL is below detection limits, <3/100 ml.

Thermophilic anaerobic digestion of sludge at a temperature
of 121°F (50°C) with a 20-day retention time at the City of
Los Angeles Hyperion Treatment Plant showed a two log greater
virus reduction than for comparable mesophilic digestion at a
temperature of 94°F (15°C) and the same time period (19). Half
the thermophilic samples, however, still showed measurable
vi ruses, wh ich was unexpected; this may be due to the way that
digesters are operated. Plant-scale digesters are usually
operated on a fill-and-draw basis. If the digesters are mixed
continuously, the daily fraction of sludge which is removed to
make room for the addition of raw sludge will contain sludge that
has been in the process for only a short time. Considering this
fact, the appearance of viable pathogens in digested sludge is
not surprising.

7.3.1.2 Bacteria

Mos t bacteria in wastewa ter are read ily sampled and measured.
Commonly found concentrations and types of bacteria are shown in
Table 7-5. The sensitivity of assay techniques for different

7-8



bacterial species do vary, from 3 MPN per 100 ml for Salmonella
to 1,000 MPN per 100 ml for total coliform, fecal coliform,
and fecal streptococcus. In general, anaerobic digestion
reduces bacterial counts by one to four logs. Work conducted
at Hyperion, in parallel with the virus studies discussed
previously, showed thermophilic anaerobic digestion of sludge
decreased bacterial counts by two to three logs over mesophil ic
digestion (19). Increasing both the temperature and the
detention time increases bacterial inactivation. Fill-and-draw
operation, however, prevents digestion from removing as large a
fraction of the bacteria as it might in another operating mode.

Farrell and Stern reported the following bacterial concentrations
in an aerobically digested waste-activated sludge (13):

fecal coliform

Salmonella

7 x 10 7 MPN per 100 ml

1.5 x 104 MPN per 100 ml

The Salmonella values are higher than the upper end of the
typical range of values given for anaerobically digested sludge
in Table 7-5.

For thermophilic oxygen-aerobic digestion, Ornevich and Smith
reported that increasing temperature decreased the time required
for bacteria inactivation (20). At 113°F (45°C) Salmonella and
Pseudomonas we re reduced to belo~. d etec table 1 imi ts in 24 hours;
at 140°F (60°C), the time was reduced to 30 minutes.

7.3.1.3 Parasites

There is a wide variation in the apparent level of parasite
infestation from region to region in the United States (6,7,21).
Protozoa cysts should not survive anaerobic digestion, but
helminth ova definitely do and should be expected in digested
wastewater sludge unless testing proves the contrary.

The data for parasite occurrence and persistence during
wastewater treatment are much more limited than those for
bacteria. Cysts of the protozoa Entamoeba histolytica, have been
reported a t about four per 1 iter in un trea ted wastewa ter (16).
Protozoan cysts have a lo~. specific gravity and are not likely
to be removed to any great degree in primary sedimentation.
Secondary treatment by the activated sludge process is reported
to incompletely remove all cysts. Trickling filters can
remove up to 75 percent of cysts (8). E.histolytica are easily
inactivated by well-operated mesophilic sludge digestion.

Data for helminths are also sparse; limited data for sludges,
reported in Table 7-5, indicate that digestion can cause some ova
reduction. Stern and Farrell reported that Ascaris ova survived
thermophilic (121°F, [50°C]) digestion at the Hyperion Treatment
Plant (11).
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7.3.2 Long Term Storage

Pathogen reduction has been recognized for years as a side
benef i t of sludge storage in lagoons. Hinesley and others have
reported 99.9 percent reduction in fecal coliform density after
30-days storage (22). For an anaerobically digested sludge
stored in anaerobic conditions for 24 weeks at 39°F (4°C), Stern
and Farrell reported major reductions in fecal coliform, total
coliform, and Salmonella bacteria (11). In similar tests at 68°F
(20°C), the same bacteria could not be measured after 24 weeks.
Viruses were reduced by 67 percent at 39°F (4°C) and to belovl
detectable limits at 68°F (20°C) in the same time period. Recent
work by Storm and others showed fecal coliform reductions of one
to three orders of magnitude during long-term storage of an
anaerobically digested mixture of primary and waste-activated
sludge in facultative lagoons (23).

7.3.3 Chemical Disinfection

A number of chemicals used for wastewater sludge stabilization,
including lime and chlorine, also reduce the number of pathogenic
organisms in sludge.

7.3.3.1 Lime

Lime treatment of wastewater sludge is discussed in detail in
Chapter 6. Plant-scale liming of wastewater sludge was evaluated
at Lebanon, Ohio (24). Two chemical-primary sludges, one with
alum and one with ferric chloride, were limed to pH 11.5 and
placed on drying beds. After one month, Salmonella sp. and
Pseudomonas aeruginosa were undetectable. Bench testing was also
conducted on ferric chloride-treated wastewater raw sludges that
were limed to pH 10.5, 11.5 and 12.5; these sludges were sampled
after 0.5 hours and 24 hours and bacterial tests performed (24).
Pathogenic bacteria reduction improved with time and was
substantially better at pH values of 11.5 and 12.5. Qualitative
checks for higher life forms such as Ascaris ova indicated that
they survived 24 hours at a pH greater than 11.0. Virus studies
on limed sludges have not been reported, but a pH in excess of
11.5 should inactivate known viruses (11).

7.3.3.2 Chlorine

Chlorine is a strong oxidizing chemical used for disinfecting
drinking water and wastewater effluents. It is effective for
bacteria and virus inactivation if applied in sufficient quantity
to develop a free chlorin.e residual in the solution· being
treated. Chlorine is less effective in disinfecting solutions
wi th a high suspended solids concentration. Cysts and ova of
parasites are very resistant to chlorine. The use of chlorine
for wastewater sludge treatment is presented in Chapter 6. Few

7-10



data are available on the potential of chlorine for reducing the
number of pathogenic organisms in sludge. Some samples of sludge
trea ted wi th 1 arge doses of chlor ine in South Mi ami, Flor ida,
and Hartland, Wisconsin, showed large reductions in bacteria
and coliphages (25). Chlorine doses of 1,000 mgjl applied to
waste-activated sludge (WAS) with a 0.5 percent solids concentra
tion reduced total bacteria counts by four to seven logs and
coliform bacteria and coliphage to below detection limits.
Primary sludge with a 0.5 to 0.85 percent solids concentration
was treated with 1,000 mgjl chlorine, and total and fecal
coliform counts were reduced below detectable limits.

7.3.3.3 Other Chemicals

Other strong oxidizing chemicals such as ozone are sometimes used
for drinking water and wastewater disinfection. While they may
prove useful for sludge disinfection, they are as yet untried.

7.4 Pathogen Survival in the Soil

An objective of reducing the number of pathogens in wastewater
treatment plant sludge is to produce a product that may be
beneficially utilized. As such, the behavior of sludge pathog€ns
in the soil is important. Sludge is returned to the soil by
spray irrigation, surface flooding, wet or dry surface spreading,
or subsurface injection. These techniques expose the sludge to
the sun, air, water, and soil in different ways that may strongly
affect pathogen survival.

7.4.1 Viruses

Data for the survival of viruses, bacteria, and parasites in soil
are summarized in Table 7-6. Factors that have been found to
affect survival include soil temperature, pH, clay concentration,
cation exchange capacity, specific surface area, and organic
content. Virus adsorption to soil particles is the chief
mechanism for their retention when applied to the land. Virus
adsorption in soil is reversible. Viruses survive best at
sl igh tly alkal ine pH's. Cooler tempera tures prolong vi rus
infectiveness, as does a moisture content between 15 and
25 percent (8).

7.4.2 Bacteria

Maximum recorded bacterial survival times vary with species, from
a little over one month to almost a year, as shown in Table 7-6.
The important variables in bacteria survival are moisture
content, moisture holding capacity, temperature, pH, sunlight,
organic matter, and competition or predation (26). Moisture
content is most important, since desiccation often leads to
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cellular death. Lower temperatures prolong survival, and a lower
pH increases the rate of inactivation. The presence of organics
may promote survival or .evenregrowth.

TABLE 7-6

PATHOGEN SURVIVAL IN SOILS

Pathogen
___t~ype

Virus
Virus

. Virus
Virus
Virus

Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria

Parasite
Parasite
Parasite

Name or species

Poliovirus
Poliovirus 1
ECHO 7
ECHO 9
Coxsackie B3

Clostridium sp
Leptospira sp
Mycobacterium tuberc~lo~is
Salmonella ~. -----'-. ~.- ... ,
Salmonella typhi
Shlgella ~-.---

Strentococcus faecalis
Total colltorm-------

Entamoeba histolytica
Ascaris lumbricoides
Hookworm larvae

Length of survival,
days

Up to 84
Up to 170
Up to 170
Up to 170
Up to 170

Up to 210
Up to 43
More than 180
Up to 570
Up to 120
Up to 210
Up to 210
Up to 210

Up to 8
Up to 2,550
Up to 42

Reference

8
10
10
10
10

15
27
27
28
27
15
15

27
27
27

Burge reported that sludge applied by subsurface injection tends
to maintain its identity in clumps (29). Since bacteria and
viruses in sludge are associated with the solids, they may be
protected from natural predation and other environmental factors
in the sludge. Burge also stated that ammonia in sludge may be
bactericidal.

If sludge is applied by a surface method and allowed to dry
before incorporation into the soil, considerable bacterial
reduction can be achieved. This potential advantage of surface
applications must be weighed against the associated odor risk and
the cost of subsurface injection.

7.4.3 Parasites

Protozoa cysts are reported to be destroyed in eight days after
land appl ica tion. Helminth ova, however, are very durable and
may survive up to seven years. Hookworm larvae may be viable for
over a month.

7.5 Potential Human Exposure to Pathogens

Man may be exposed to pathogens in wastewater sludge in a variety
of ways and at greatly varying concentrations. Figure 7-1 lays
out in simplified form some of the potential pathways. There is
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no firm scientific evidence to document a single confirmed case
where human disease is directly linked to exposure to pathogens
from wastewa ter sludge. Viable pathogens have, however, been
isolated from intermediate points in the sludge management
system, such as from surface runoff from sludge treated fields.
These factors should be considered in the selection and design of
a process for reducing the number of pathogenic organisms.

I
ENVIRON
MENTAL
SOURCES

---+-I: ANIMALS r---- MIL.K

MEAT

HUMAN

AN~~AL.H SLUDGE
SOURCES

CFlOSSCONTAMINATION

Jj EDIBLE. I INGESTION
Pl.ANTS

DIRECT CONTACT

... --~l GFIOUND- 11-__..IN..G..E~ST..·..IO_N..__.....
I WATER

DlRECT CONiACT/lNHALATlON

FIGURE 7-1

POTENTIAL PATHOCEN PATHWAYS TO MAN

7.6 Heat Disinfection Processes

The number of pa thogenic organisms in wastewa ter sludge can be
effectively reduced by applying heat to untreated or digested
sludges. Heat may be used solely for pathogen reduction as
in pasteurization or as one step in a processes designed to
stabilize sludge, improve treatability or reduce mass. The focus
of this section will be on sludge pasteurization. Other heating
processes, such as thermal processing and incineration, are
developed in Chapters 8 and 11 and will only be reviewed briefly
here.
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7.6.1 Sludge Pasteurization

Man has recognized for many years that heat will inactivate
microorganisms as well as the eggs and cysts of parasites.
Different species and their subspecies show different sensitiv
ities to elevated temperatures and duration of exposure.
Roediger, Stern, and Ward and Brandon have determined the
time-temperature relationships for disinfection of wet sludges
with heat (30-32). Their results, summarized for a number of
microorganisms in Table 7-7, indicate that pasteurization at
158°F (70°C) for 30 minutes inactivates parasite ova and cysts
and reduces population of measurable pathogenic viruses and
bacteria below detectable levels. For bacteria, Ward and Brandon
found that fecal streptococci were most heat-resistant. followed
by coliforms and then Salmonella (32). Nicholson indicates that
a higher temperature for a shorter time period (l95°F [9l0C],
10 minutes) also destroys all pathogens (33).

TABLE 7-7

TIME AND TEMPERATURE TOLERANCE FOR
PATHOGENS IN SLUDGE (30, 31, 32)

Exposure time for
organism

inactivation, min
Species

Viruses

Mycobacterium tubercu-
losis

Micrococcus pygogenes
Escherichi coli
Salmonella tYj?hi

Fecal streptococci
Fecal coliforms
Corynebacterium dipth-

eriae

Brucella abortus
Cysts of Entamoeba his

tolytica
Eggs of Ascaris lumbri

coides----
Aspergillus flavus

conidia

0Temperature, C

50 55 60 65 70
"","'-~,,~-,.-

25

20
20

60 5
30 4

60
60

45 4

60 3

5

60 7

60
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7.6.1.1 Process Description

The critical requirement for pasteurization is that all sludge be
held above a predetermined temperature for a minimum time period.
Heat transfer can be accomplished by steam injection or with
external or internal heat exchangers. Steam injection is
preferred because heat transfer through the sludge slurry is slow
and undependable. Incomplete mixing will either increase heating
time, reduce process effectiveness, or both. Overheating or
extra detention are not desirable, however, because trace metal
mobilization may be increased, odor problems will be exacerbated,
and unneeded energy will be expended. Batch processing is
preferable to avoid reinoculations if short circuiting occurs.

PASTEURIZED
SLUDGE

TO TANKER

STORAGE BASIN PUMP

TO THE VACUUM PUMPS
......-- ........ _~ ...........

PUMP

-I

PUMPSSTORAGE BASIN

CONCENTRATED
DIGESTED SLUDGE

64°f......'T-----~

PREHEATER 1.45 p$i

SLUDGE
_ HEAT1NG STEAM

_ •• - VAPORS

VACUUM (AIR)

_.- WATER

TO CONVERT DEGREES FAHRENHEIT TO DEGREES CENTIGRADE.
SUBTRACT 32 AND THEN DIVIDE BYL8. .
TO CONVERT LB PEFI SQUARE INCH TO kN/m2,
MU LTIPLY 8Y 6.9,

FIGURE 7-2

FLOW SCHEME FOR SLUDGE PASTEURIZATION WITH
SINGLE-STAGE HEAT RECUPERATION (11)

The flow scheme for a typical European sludge pasteurization
system with a one-stage heat recuperation system is shown on
Figure 7-2. principal system components include a steam boiler,
a preheater, a sludge heater, a high-temperature holding tank,
blowoff tanks, and storage basins for the untreated and treated
sludge. Sludge for pasteurization enters the preheater where the
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temperature is raised fliom 64 to 100°F (18 to 38°C) by vapors
from the blow-off tank; 30 to 40 percent of the total required
heat is thus provided by recovery. Next,direct stearn injection
raises the temperature to 157 ° F (70 °C) in the pas teur ize 17 where
the sludge resides for at least 30 minutes. Finally the sludge
is transferred to the blow-off tanks,Mhere it is cooled first to
113°F (45°C) at ~.45pounds per square inch (10 kN/m2 ) and then
to 98°F (35°C) at 0.73 pounds per square inch (5 kN/m2 ) (31),

For sludge flows of 0.05 to 0.07 MGD (2 to 3 l/s), a single-stage
heat recuperation system is considered economical. In the
0.11 to 0.13 l'1GD (4.8 to 5.7 l/s) flow range a two-stage heat
recuperator is considered economical. For flows over 0.26 MGD
(11 l/s), a three-stage heat recuperation is considered
economically attractive.

7.6.1.2 . Current Status

There is only one oper~ting muni6ipal sludge pasteurization
facility in the United States today, a heat conditioning system
converted for pasteurization. Pasteurization is often used
in Europe and is required in Germany and Switzerland before
application of sludge to pasture lands during the spring-summer
growing season~ . Based on European experience, heat pasteur iza
tion is a proven technology, requiring skills such as boiler
operation and understanding of high temperature and pressure
processes. Pasteurization can be applied to either untreated
or digested sludge with minimal pretreatment. Digester gas,
available in many plants, is an ideal fuel and is usually
produced in sufficient quantities to disinfect locally produced
sludge. Potential disadvantages include odor problems and
the need for storage facilities following the process--where
bacterial pathogens may regrow if sludge is reinoculated.

7.6.1.• 3 Design Criteria

A pasteurization system s&ould be de~igned to provide a uniform
minimum temperature of 157°F (70°C) for at least 30 minutes.
Batch processing is necessary .. to prevent short circui ting and
recontamination, especially by bacteria. In-line mixing of steam
and sludge should be considered as a possible aid to increase
heat transfer efficiency and assure uniform heating. In-line
mixing will also eliminate the need to mix the sludge while it is
held at the pasteurization temperature. The system should be
sized to handle peak flows or sludge storage should be used
to reduce peak flows. Sizing of storage capacity and the
pasteurization system will depend on the type of sludge treated,
the average sludge flow, and the end use of the sludge. If
digested sludge is to be pasteurized, the digesters may have
s u f fie i en t v Q 1 urn e to h old s 1 u d g e dur i n g minor me c han i cal
breakdowns or when inclement weather prevents an end use such as
land application~ If sludge is to be stored after treatment and
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prior to pasteurization, a minimum storage volume should be two
days average flow. Storage facilities must be equipped for odor
control or with aeration capacity to prevent septic conditions.
Storage capacity for pasteurized sludge should be adequate to
hold at least four days' amount of processed sludge at average
flow. Odor control must be provided, and pilot-scale testing may
be needed to determine the best odor control process design.
Sludge thickening prior to pasteurization may be cost-effective
for increasing overall energy efficiency, but the value of
thickening should be determined on a case-by-case basis.
Piping, pumps , valves, heat exchangers, flow meters, and othe r
mechanical equipment should, at a minimum, be comparable to those
for thermophilic digesters. The tanks for holding sludge during
pasteurization should be corrosion-resistant. .

7.6.1.4 Instrumentation and Operational Considerations

Temperature monitoring at several points in each pasteurization
system is a minimum requirement. Flow metering devices,
boiler controls, emergency pressure relief valves, and level
sensors in tanks should also be considered (see Chapter 17,
Instrumentation).

Heat pasteurization has flexibility to respond to variable
solids concentrations and flow rates, provided there is enough
basic system capacity. Expansion of facilities with parallel
modules should work well; multiple modules also improve system
reliability.

7.6.1.5 Energy Impacts

Pasteurization requires both electricity for pumping and fuel for
heating the sludge. Energy requirements for pasteurization
processes, with and without heat recovery, have been estimated
for secondary activated sludge plants where either raw or
digested sludge is pasteurized (34). A combination of primary
and waste-activated sludge with 4,800 gallons of untreated sludge
per 1,000,000 gallons (4.8 11m3 ) raw sewage or with 3,100 gallons
of digested sludge per 1,000,000 gallons (3.1 11m3 ) raw sewage,
with a solids content of five percent and a specific heat of one
Btu per of (1900 J/OC) were assumed. The process allowed for
10 percent heat loss and a 100 to 125 pounds per square inch
(690 to 860 kN/m2 ) boiler with an 80 percent efficiency. Steam
injection heats the sludge to 157°F (70°C), where it is held for
45 minutes with steam reinjection to maintain the temperature.
The energy requirements for processes with a range of wastewater
flows are summarized on Figure 7-3.

7.6.1.6 Cost Information

The only sludge pasteurization process operating in the United
States was not initially designed for pasteurization. Thus no
actual cost data are available. Costs have been estimated for
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the processes discussed under "Energy Impacts" (34). It was
assumed that the processes would have parallel pasteur iza tion
reactors and four-day storage volume for the pasteurized sludge.
The use (volume of throughput per given size) for the processes
increases with increasing system size.
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FIGURE 7-3

ENERGY REQUIREMENTS FOR SLUDGE PASTEURIZATION SYSTEMS (34)

Cost estimates were made in Jun~ 1977 for construction materials,
labor, equipment, normal excavation, contractor overhead and
profit, operating and maintenance labor, materials and supplies,
and energy. Summary graphs for these estimates are given on
Figures 7-4 through 7-7.
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CONSTRUCTION COSTS FOR SLUDGE PASTEURIZATION
SYSTEMS WITHOUT HEAT RECOVERY (34)

These graphs were used to estimate unit pasteurization costs
for a 50-MGD ( 2 . 2-m3/ s ) secondary was tewa ter trea tme nt pl ant.
Additional assumptions made were that yard piping for the system
would cost 15 percent of the total construction cost, electricity
would cost three cents per kilowatt hour, fuel would cost
$3.00 per million Btu's ($2.84/GJ), labor would cost $10.00 per
hour, and capital was amortized over 20 years at seven percent.
The resulting pasteurization cost was $15.00 per ton ($16.50/t)
of dry solids with heat recovery. A similar calculation was made
for a 10-MGD (0.44-m3/s) secondary plant with no heat recovery,
a cost of $33.00 per ton ($36.40/t) of dry solids was estimated.
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CONSTRUCTION COSTS FOR SLUDGE PASTEURIZATION
SYSTEMS WITH HEAT RECOVERY (34)

7.6.1.7 Design Example

To establish the equipment requirements and layout for a typical
pasteurization system, digested combined primary and waste
activated sludge from a 50-MGD (2.2 m3/s) activated sludge plant
are to be pasteurized prior to reuse by direct injection. If the
sludge is produced at a rate of 2,000 pounds of solids per
million gallons (0.24 kg/m3 )i and 40 percent of the solids are
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destroyed during digestion, the resulting digested sludge has
2.4 percent solids. The sludge flow rate is about 4,800 gallons
per million gallons (4.8 11m3 ). For the 50-MGD (2.2 m3/s) plant,
the flow rate is 0.3-MGD (13.0 lis). If the pasteurization
facility is run 24 hours per day, five days per week, the flow
rate is 0.42 MGD (18.9 lis) or about 300 gallons per minute
(18.9 lis).
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LABOR REQUIREMENTS FOR SLUDGE
PASTEURIZATION SYSTEMS (34)
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MAINTENANCE MATERIAL COSTS FOR SLUDGE
PASTEURIZATION SYSTEMS (34)

To select the reactor size, assume that there are two parallel
units and each can be charged, held, and emptied, in 1.5 hours.
Determining the volume per reactor:

v = SC
NH

where:

S = total sludge volume per week, gallons;

C = cycle time, hours;

N = number of reactors/cycle;
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H = total operating hours.

For this example,

v = (2.1 x 106 gallons) (1.5 hr/cycle) =
(2 reactors/cycle) (120 hr) 13,125 gallons (49.7 m3 )

Assume a 13,500 gallon (51 m3 ) storage tank will be used to
store this sludge. Set prepasteurization storage at 2.5 times
the average daily flow, or at one million gallons (3780 m3 ).
Set post pasteurization storage at four times the average daily
flow or 1.7 million gallons (6350 m3 ). Three heat exchangers
in series heat the digested sludge from 68°F to 131°F (20° to
55°C); the boiler supplies steam to raise the temperature to
157°F (70°C). The heat exchangers can be either sludge to sludge
or sludge to water to sludge. Sludge-to-sludge exchangers should
be carefully specified as they have a history of fouling.

The sludge pumps should be sized and piped either to fill or
empty a 13,500 gallon tank (51 m3 ) in 30 minutes, equivalent to
450 gallons per minute (28 lis). At least three pumps are
needed; providing one pump on standby.

The required boiler capacity is calculated with the equat~on:

E =

where:

~T h W
e t

E = energy required in Btu per hour

~T = the temperature difference between sludge from the heat
exchanger and sludge in the reactor;

h = heat capacity of the sludge, Btu/lboF;

W = \ve t sludge weight, Ib;

t = time for heating;

e = boiler conversion efficiency.

If h is one Btu per Ib of (864 J/kgOC); e = 80 percent; T = 63°F
(35°C); W = 112,600 Ib (51,200 kg); and t = 0.5 hr; then,

E = (63)(1)(112,600) = 17,700,000 Btulhr (3.9 GJ/hr)
(0.5)(0.8)
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An additional allo'Vlance of ten percent should be added to
maintain the reactor temperature for 30 minutes, giving a total
of 19.5 million Btu/hr (4.3 GJ/hr) or about 600 horsepower.

Figure 7-8 provides a schematic layout for the major process
components.
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SYSTEM COMPONENT LAYOUT FOR SLUDGE
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7.6.2 Other Heat Processes

The reduction of pathogenic organisms in sludge may be an added
benefi t of other sludge trea tment processes. I n this chapter
heat processes are subdivided into heat-conditioning, heat
drying, high temperature combustion, and composting.
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7.6.2.1 Heat-Conditioning

Heat-conditioning includes processes where wet wastewater sludge
is pressurized with or without oxygen and the temperature is
raised to 350° to 400°F (177° to 240°C) and held for 15 to
40 minutes. These processes destroy all pathogens in sludge, and
are discussed in detail in Chapter 8.

7.6.2.2 Heat-Drying

Heat-drying is generally done with a flash drier or a rotary
kiln. Limited data from analyses on Milwaukee, Wisconsin's dried
s 1 u d g e , Milo r g ani t e , prod u c e d withad ire c t - i n d ire c t rot a ry
counterflow kiln type dryer, indicates it is bacteriologically
sterile (13). Data on samples of flash-dried sludge taken
in Houston, Chicago, Baltimore, and Galveston, showed no coliform
bacteria in the Houston sludge and no greater than 17 MPN/gm
dry sludge in the other sludges. Total non-confirming lactose
fermenters (spore formers) ranged from 14 MPN to 240,000 MPN per
gm (35). No tests were made for viruses or parasites; other
pathogens may also survive if some bacteria do.

Data for the Carver-Greenfield process gathered during testing by
LA/OMA showed a seven order of magnitude reduction for total and
fecal coliform, to a detectable level of less than one organism
per gram (36). Fecal streptococci were reduced six orders of
magnitude to two MPN per gram and Salmonella from 50,000 MPN per
gram to less than 0.2 MPN per gram. Ascaris ova were reduced to
less than 0.2 ova per gram.

7.6.2.3 High Temperature Processes

High temperature processes include incineration, pyrolysis, or a
combination thereof (starved-air combustion). These processes
raise the sludge temperature above 930°F (500°C) destroying
the physical structure of all sludge pathogens and effectively
sterilizing the sludge. The product of a high temperature
process is sterile unless shortcircuiting occurs within the
process.

7.6.2.4 Composting

Composting is considered here as a heat process because a major
aim of sludge composting operations is to produce a pathogen-free
compost by achieving and holding a thermophilic temperature.
Available data indicate that a well-run composting process
greatly reduces the numbers of primary pathogens (37-40).
However, windrow or aerated pile operations have not achieved a
sufficiently uniform internal temperature to inactivate all
pathogens. Adverse environmental conditions, particularly heavy
rains, can significantly lower composting temperatures. An
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addi tional problem wi th composting is the potential regrowth of
bacteria. This is particularly true with windrows where mixing
moves material from the outside of the mound to the center (40).
However, storage of compost for several months following windrow
or pile composting helps to further reduce pathogen levels.

Secondary pathogens, particularly heat-resistant fungi such
as Aspergillus, have been found to propagate rapidly during the
composting of wastewater sludges. Aspergillus apparently will
die out during storage of several months or more (22).

Enclosed mechanical composting systems may achieve sufficient
temperature, 157°F (70°C) or greater, for an adequate timej more
research can verify the efficiency of mechanical systems for
pathogen reduction.

7.7 Pathogen Reduction With High-Energy Radiation

The use of high-energy radiation for wastewater sludge
disinfection has been considered for over 25 years. Two energy
sources, beta and gamma rays, offer the best potential system
performance. Beta rays are high-energy electrons, generated with
an accelerator for use in disinfection, while gamma rays are
high-energy photons emitted from atomic nuclei. Both types of
rays induce secondary ionizations in sludge as they penetrate.
Secondary ionizations directly inactivate pathogens and produce
oxidizing and reducing compounds that in turn attack pathogens.

7.7.1 Reduction of Pathogens in Sludge With
Electron Irradiation

High-energy electrons, projected through wastewater sludge by
an appropriate generator, are being pilot tested as a means for
inactivating or destroying pathogens in sludge at the Deer Island
Wastewater Treatment Plant in Boston, Massachusetts (41). The
electrons produce both biological and chemical effects as they
scatter off material in the sludge. Direct ionization by the
electrons may damage molecules of the pathogen, particularly the
DNA in bacteria cell nuclei and the DNA or RNA of the viruses.
The electrons also cause indirect action by producing e aq
(hydrated electrons) and Hand OH free radicals that react with
oxygen and other molecules to produce ozone and hydroperoxides.
These compounds then attack organics in the sludge--including
pathogens--promoting oxidation, reduction, dissociation, and
other forms of degradation.

The pathogen-reducing power of the electron beam (e-beam) depends
on the number and the energy of electrons impacting the sludge.
E-beam dose rates are measured in radsj one rad is equal to the
absorption of 4.3 x 10- 6 Btu per pound (100 ergs/gm) of material.
Since the radiation distributes energy throughout the volume
of material regardless of the material penetrated, the degree
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?f disinfection with an i7"radiation system is essentially
lndependent of the sludge SOllds concentration within the maximum
effect ive penetra tion depth of the rad iation. The penetrat ing
power of electrons is limited, with a maximum range of 0.2 inches
(0.5 em) in water or sludge slurries, when the electrons have
been accelerated by a potential of one million volts (MeV).

For e-beam disinfection to be effective, some minimum dosage
must be achieved for all sludge being treated. This effect
is attained by dosing above the average dosage desired for
disinfection. One method used to ensure adequate disinfection
is to limi t the thickness of the sludge layer radiated so that
ionization intensity of electrons exiting the treated sludge is
about 50 percent of the maximum initial intensity. For the
0.85 MeV electrons used in the existing facility, this constraint
limits sludge layer thickness to about 0.08 inches (0.2 cm).

Accelerated electrons can induce radioactivity in substances
which they impact. However, the electron energy levels for
sludge irradiation, up to about 2 MeV, are well below the 10 MeV
needed to induce significant radioactivity with electrons.

7.7.1.1 Process Description

Disinfection wi th an e-beam has been proposed for use on both
untreated and digested sludges. The major system components of
the Deer Island facility shown on Figure 7-9 include the sludge
screener, sludge grinder, sludge feed pump, sludge spreader,
electron beam power supply, electron accelerator, electron beam
scanner, and sludge removal pump. A concrete vaul t houses the
electron beam, providing shielding for the workers from stray
irradiation, especially x-rays. X-rays are produced by the
interaction of the electrons with the nucleus of atoms in
the mechanical equipment and in the sludge. The pumps must be
progressive cavity or similar types to assure smooth sludge
feed. Screening and grinding of sludge prior to irradiation is
necessary to assure that a uniform layer of sludge is passed
under the e-beam.

At Deer Island, sludge from the feed pump discharges into the
constant head tank (see Figure 7-10), which is equipped with an
underflow discharge weir. Sludge is discharged under the weir
in a thin stream and then flows down an inclined ramp. At the
bottom of the ramp, it moves by free-fall into the receiving
tank.

The electrons are first accelerated. They leave the accelerator
in a continuous beam that is scanned back and forth at 400 times
per second across the sludge as it falls free in a thin film from
the end of the inclined ramp. The dosage is varied by adjusting
the height of the underflow weir and hence the sludge flow rate.

7-27



HIGH VOLTAGE CABLE

ELECTRON
BEAM

POWER
SUPPLY

ELECTRON
ACCELERATOR

CONCRETE
SHIELDING

SLUDGE
FEED
PUMP

SLUDGE SLUDGE
SCREEN GRINDER

SLUDGE

FEED

ELECTRON
BEAM
SCANNER

SLUDGE
SPREADER

FIGURE 7-9

EQUIPMENT LAYOUT FOR ELECTRON BEAM FACILITY (41)

7.7.1.2 Status

E-beam sludge irradiation must be considered a developing
technology. The Deer Island irradiation facility, as of
August 1979, is the only e-beam facility now operated in the
United States for sludge disinfection. This pilot project is
designed to treat 0.1 MGD (4 lis) sludge at up to eight percent
sol ids wi th a dosage of 400,000 rads. Accord ing to Shah, the
facility has been operated about 700 hours since it was brought
on line in 1976, with the longest continuous on-line time being
eight hours (42).

7.7.1.3 Design Considerations

Design cri teria for an e-beam sludge facil i ty are d ifficul t to
establish because operational data are available from only one
pilot facility. However, the work at Deer Island provides good
baseline information. A minimum level of electron irradiation
should be 400,000 rads, which can best be supplied with a one to
two MeV electron accelerator. Th is energy level provides good
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penetration for O.2-inch (O.5-cm)"~hick sludge layers, making the
achievement of a uniform sludge "layer "less impor-tant than with
lower energy electrons. However, screening and grinding of
sludge before disinfection are still necessary to ensure uniform
spreading by this feed mechanism. The high-energy electrons,
combined with a short spacing of about 2.75 inches (7 em) between
the scanner window and the sludge film, ensure efficient energy
transfer in the system.
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FIGURE 7-10

ELECTRON BEAM SCANNER AND SLUDGE SPREADER

Only d iges ted sludge has been i rradi a ted a t Deer Island.
Nonstabilized sludge disinfection bye-beam irradiatiort 'still
requires pilot-scale testing before any design is considered.
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Owing to the limited penetrating power of high energy electrons,
this method of treatment is probably only feasible for liquid
sludge. Piping pumps, valves, and flow meters should be
specified as equal to those used for anaerobic sludge digestion
systems.

7.7.1.4 Instrumentation and Operational
Considerations

Instrumentation needs for an e-beam facility should include
flow measurement of and temperature probes in the sludge
streams entering and leaving the irradiator. Alarms as well as
monitoring should be used to indicate variation in sludge flow
and high or low radiation doses.

Sludge disinfection bye-beam irradiation has large inherent
flex ibil i ty . The rad ia tion source (the e-beam) c an be swi tched
on and off as easily as an electric motor. The unit can be run
as needed, up to its maximum throughput capacity. Electron
accelerators have a proven record for reliability over at least
20 years in industrial applications and should prove dependable
in wastewa ter trea tment appl ica tions. Accord ing to Haas, the
reliability of the electron beam generator and associated
electronics presently used for medical and industrial applica
tions is comparable to that for the microwave radar systems at
major airports (43). Accelerators for sludge disinfection would
use the same basic components and would have similar reliability.
Other system components--pumps, screens, and grinders--are all in
common use in waste treatment plants. Cooling air for the
scanner must be provided at several hundred cfm (about 10 m3/s).
This constant introduction of cooling air leads to the generation
of ozone in the shielding vaul t around the accelerator. If the
ozone were vented into the plant or into the atmosphere, some air
pollution would result. At Deer Island, this problem is avoided
by venting the cooling air through the sludge, where the ozone is
consumed by chemical reduction. These reactions provide a small
amount of additional disinfection and COD reduction.

7.7.1.5 Energy Impacts

Energy use for e-beam facilities has been estimated for the
equipment used at Deer Island. A facility with a 50-kW (50-kJ/s)
beam would require about 100 kW (lOOkJ/s) of total electrical
power including 25 kW (25 kJ/s) for screening, grinding, and
pumping, 10 kW for (10 kJ/s) window cooling, and 12 kW (12 kJ/s)
for electrical conversion losses. Energy requirements for
0.1 MGD (4 1/m3 ) are 6 kWhr per ton (24 MJ/t) of wet sludge
at five percent solids or 120 kWhr per dry ton (480 MJ/t) (41).

7.7.1.6 Performance Data

Data for e-beam disinfection of both untreated and digested
sludges are available as a result of laboratory testing done
prior to the operation of the Deer Island facility. For
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untreated primary sludge, a dose of 400 kilorads (krads) with
3 MeV electrons reduced total bacteria count by five logs, total
coliform by more than six logs, below detectable limits, and
total Salmonella by over four logs, also below detectable
1 imi ts. Fecal streptococci were only reduced by two logs Hi th
data indicating that some fecal streptococci are sensitive to
radiation while others are resistant.

For samples of anaerobically digested sludge irradiated at Deer
Island wi th 0.85 MeV electrons, total bacteria were reduced by
four logs at a dose of 280 krads, total coliform by five to six
logs at a dose of 150 to 200 krads; a dose of 400 krads reduced
fecal streptococci by 3.6 logs.

Virus inactivation has also been measured. A dose of 400 krads
will apparently reduce the total virus measured as plaque
forming units (PFU) by one to two logs. Laboratory batch
irradiation of five enteric viruses sho\'/ed about two logs
reduction at a dose of 400 krads; Coxsackie virus were most
resistant while Adeno virus were least resistant. These results
correlate directly wi th virus size. Larger viruses are larger
targets and hence more susceptible to electron "hits" (41).

Data for parasite reduction are scarce but 400 krads will
apparently destroy all Ascaris ova (41). Comparing these perfor
mance da ta wi th informa tion from Table 7-5 on the quanti ty of
pathogens in sluqge indicate that a dose of 400 krads may be
adequate to disinfect anaerobically digested sludge, but raw
sludge or aerobic sludge may require higher doses.

7.7.1.7 Product Production and Properties

Odor problems are dramatically lower for irradiated sludge as
compared with pasteurized sludge (41). Irradiation of digested
sludge with an e-beam may also improve sludge dewaterability
and destroy some synthetic organic chemicals, as well as reduce
pathogen levels. Irradiation has reduced specific resistance of
sludge by up to 50 percent at a dose of 400 krads (41). Since
specific resistance is normally measured on a log scale, a
50 percent reduction may indicate minimal improvement in sludge
deHaterability.

7.7.1.8 Cost Information

The only cost estimates available on e-beam sludge treatment
process result from work done at Deer Island. The hypothetical
facility used for the cost estimate had the following
characteristics:

• Electron beam power of 75 kW (75 kJ/s).

• Accelerator voltage of 1.5 MeV.
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G Disinfection dose of 400 krad.

• Yearly throughput of 50 million gallons (190,000 m3 ) with
process operating 300 days per year. This throughput is
equivalent to the raw sludge from a 25-MGD (1.1-m3/s)
activated sludge plant or the digested sludge from a
35-MGD (1.5-m3/s) activated sludge plant.

The total capital cost was $600,000. The cost included the
following: accelerator component with scanner--$350,000;
automatic controls--$30,000; sludge handling equipment--$lOO,OOO;
and building construction and facility installation--$120,000.
Annual costs were as follows: capital (20 years at 10 percent)
$30,000; depreciation--$30,000j operation and maintenance-
$40,000j electric power at three cents per kWhr (.83 cents per
mJ) $28,000j and water--$2,000. This cost estimate was carried
out in Boston in late 1977. At that time the ENR construction
cost index was about 2,650. The net cost was $2.53 per
1,000 gallons ($0.67/m3 ) of liquid sludge treated.

The energy requirements (fuel and electricity) for an irradiation
system are estimated to be 90 to 98 percent less than those for
heat pasteurization.

7.7.2 Disinfection With Gamma Irradiation

Gamma irradiation produces effects similar to those from an
electron beam. However, gamma rays differ from electrons in two
major ways. First, they are very penetratingj a layer of water
25 inches (64 cm) thick is required to stop 90 percent of the
rays from a cobalt-60 (Co-60) sourcej in comparison, a I-MeV
electron can only penetrate about 0.4 inches (1 cm) of water.
Second, gamma rays resul t from decay of a radioactive isotope.
Decay from a source is continuous and uncontrolled; it cannot be
turned off and on. The energy level (or levels) of the typical
gamma ray from a given radioactive isotope are also relatively
constant. Once an isotope is chosen for use as a source, the
applied energy can only be varied with exposure time.

Two isotopes, Cs-137 and Co-60, have been considered as "fuel"
sources for sludge irradiators. Cs-137 has a half life of
30 years and emits a 0.660 MeV gamma ray. In the late 1970's,
it was available in the Uni ted States as a by-product from the
processing of nuclear weapons wastes. If the united States
establishes a nuclear reactor spent-fuel rod reprocessing
program, it would also be available at a rate of about 2 pounds
per ton (1 kg/t) of fuel. Co-60 has a half life of five years
and emi ts two gamma rays wi th an average energy of 1.2 MeV. It
is made by bombarding normal cobalt metal, which is stable cobalt
isotope 59, with neutrons.
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7.7.2.1 Process Description

Two general types of gamma systems have been proposed for
wastewater sludge disinfection. The first is a batch-type system
for 1 iquid sludge, where the sludge is c i rcul a ted ina closed
vessel surrounding the gamma ray source. Dosage is regulated by
detention and source strength. The second system is for dried or
composted sludge. A special hopper conveyor is used to carry the
material for irradiation to the gamma ray source. Conveyor speed
is used to control the dosage.

7.7.2.2 Current Status - Liquid Sludge

The only gamma ray system in active operation is a liquid sludge
fa c iIi t Y at Ge is e 1 bull a c h ( n ear Mu n i c h ) i n We s t Germ any.
Sludge has been treated in a demonstration-scale facility
since 1973. The design capacity is 0.04 MGD (2.0 lis) but the
initial Co-60 charge only provided radiation to treat 0.008 MGD
(0.31/s). The basic flow scheme is shown on Figure 7-11.
Digested sludge is pumped or otherwise moved into the vault with
the Co source and circulated until the desired dosage is reached.
The chamber is then completely emptied and recharged.

Wiz igmann and Wuersching (45) reported on the effie iency of the
Geiselbullach facility when the applied dose was 260 krads in
210 minutes. Bacterial tests were made on samples of processed
sludge and showed a two-log reduction in total bacterial count,
an Enterococcus reduction of two logs, and an Enterobacteriaceae
reduction of four to five logs. Two of 40 samples were positive
for Salmonella. Bacterial regrowth was measured in sludge-drying
beds where the sludge was placed after irradiation.

PI as tic encapsulated bacter ia samples we re al so i rrad i a ted in
the system to a dosage of 260 krads. Two of nine E. coli strains
were radiation-resistant and reduced five to six logs; three
strains were totally inactivated, and four strains were
reduced six to eight logs. Tests on ten strains of Salmonella in
170 samples showed four to seven log reduction, with 85 percent
of the samples over five logs and 61 percent over six logs.
Klebsiella were reduced six to eight logs. Gram-negative
species were more sensitive to gamma radiation than gram-positive
ones, and spores were more resistant than vegetative forms. A
comparison of the disinfection results of the real sludge samples
and the plastic encapsulated cultures indicates that circulation
in the sludge system apparently did not result in a very uniform
dose exposure.

Parasite ova (Ascaris suum) circulated through the system in
plastic capsules failed to develop during three weeks of
incuba tion. Th is observa tion period was not adequa te, however,
to assure that long-term recovery would not take place.
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SCHEMATIC REPRESENTATION OF COBAlT-60
IRRADIATION FACILITY AT GEISELBUlLACH, WEST GERMANY (44)

According to the latest available reports, land spreading of the
s Iud gestrea ted at Ge i s e 1bull a c h h as be en we 11 r e c e i v e d by
local farmers and the general public. No radiation hazards
have resulted and the treated sludges satisfy disinfection
requ i rements. The competing sys tern in Germany, heat pasteur i za
tion, requires more energy and produces an odorous product that
is more difficult to handle.

7.7.2.3 Current Status - Dried or Composted Sludge

A dry sludge irradiation system using a gamma source is being
developed by Sandia Laboratories in Albuquerque, New Mexico. The
eight-ton-per-day (7.2 t/day) demonstration facility, containing
about one million Curie of Cs-137, underwent final testing and
start-up in June 1979. The facility will be used to irradiate
bagged compos ted sludge for agr icul tural exper ime nts and bagged
dried raw primary sludge for testing as a cattle-feed supplement.
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Owing to the high cost of Co-60, the overall viability of any
sludge irradiation facility in the United States depends on
Cs-137 supplies. Cs-137 will be available in quantity only if
the poli tical and technical di fficul ties associated wi th power
plant fuel rod reprocessing can be resolved. About 200 mega
curies of Cs-137 could be available from processing wastes
from weapons manufacture and could be used for further testing.

7.7.2.4 Design Criteria

The design criteria for gamma irradiation facilities depend on
the type of wastewater sludge treated. Current literature
discussions suggest a dose of 400 krads but this level does not
ensure complete virus removal (41). The dose level should
probably be varied in relation to other treatments the sludge
receives. A composted, bagged product with an 80 percent solids
content needs a lower dose than a mixture of raw primary and
waste-activated sludge because the dried product already has a
reduced pathogen' level owing to the drying process. Data from
the demonstration facility at Sandia Laboratory for design of a
dry facility should be available by late 1979. For a liquid
sludge facility, data on dose-response and pathogen levels
(Table 7-5 and Section 7.7.2.2) can be combined with information
from Geiselbullach to set the required radiation doses. The
storage capacity for both untreated and irradiated sludge should
be equal to that for a pasteurization facility of similar size
(see Section 7.6.1.7).

When a dry system rad iation source is not in use, it should be
shielded in a steel-lined concrete vaul t. 'The vaul t should be
designed to be flooded with water during loading and unloading
of the radiation source, to shield workers from radiation.
Provision must be made for pool water treatment in the event that
the radiation source leaks. Cooling air is circulated around the
source both during system operation and down times. This air
must be filtered to prevent a radioactive air release. Since the
dried sludge is a flammable material, there must be smoke and/or
heat detection and a fire suppression system. For a liquid
storage system the treatment vessel serves as a radiation source
storage vault.

7.7.2.5 Instrumentation and Operational
Considerations

Instrumentation should include radiation detectors and flow
metering for the wet sludge system. When either facility is
operating, arrangements must be made for periodic radiation
safety inspection. The disinfection effectiveness should also
be tested by periodic sampling of the sludge before and after
disinfection.
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7.7.2.6 Energy Impacts

In May 1977, Ahlstrom and McGuire (46) projected annual energy
requirements for both wet and dry gamma irradiation-facilities,
using a dose rate of 1,000 krads. Their results are summarized
on Figures 7-12 and 7-13. For a O.l-MGD (4-1/s) facility
treating sludge with five percent solids, 300 days per year, the
unit energy use is about 5.2 kWhr per 1,000 gallons (5 MJ/m3 ) or
25 kWhr per ton (100 MJ/ton) dry solids. For a plant treating
35 tons per day. (32 t/day) at 60 percent solids, 300 days per
year (equivalent to the sol ids from the prev ious example), the
energy use is 5.6 kWhr per ton dry (22 MJ/t) solids, almost
80 percent less than the facility treating five percent solids.
These energy uses should be compared to 120 kWhr per dry ton
(450 MJ/t) for an e-beam system.
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I t is important to note that the 1 iquid system would requi re a
much larger Cs-137 charge since it would be treating almost
12 times the volume of material at the same dose level. However,
the rod configuration for a dry facility would be much less
efficient in terms of radiation transfer than a liquid one.

7.7.2.7 Performance Data

In June 1979 no performance data for the Sandia facility were yet
available. Data for the Geiselbullach facility are summarized in
Section 7.7.2.2.
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7.7.2.8 Cost Information

Cost estimates for both liquid and dry facilities were developed
together with the energy data of Section 7.7.2.6. The liquid
facility included the following components:

• Insulated concrete building with 25-foot (7.6-m) ceiling.

• Equaliza tion sludge storage tank.

• Emergency water dump tank (for source shielding water).

• Irradiating capsules (radiation source).

• Steel-lined source handling pool.

• Deionizer.

• Data aquisition and control system.

• Oxygen injection facility.

• Pumps, piping, and flow meters.

• Radiation alarm.

• Fire suppression system.

A capital cost graph for the wet facility is given on
Figure 7-14; the estimates were made in May 1977. Graphs for
labor hours per year and operations and maintenance materials and
supplies are given on Figure 7-15 and 7-16, respectively. The
additional operating cost is $2.00 per 1000 gallons ($0.53/m3 )
for the Cs-137 (the irradiator).

The dry system uses a bucket conveyor to move the sludge past the
radiation source (see Figure 7-17). This dry system would
include the following:

• Loading and unload ing conveyors.

• Concrete shielding.

• Source-hand ling pool.

• Holder for the Cs-137 capsules.

• Holder moving mechanism.

• Steel building.

• Pumps.

• Ventilators.
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• Filters.

• Hoists.

• Radiation alarm system.

• Pool wa ter tes ting tank.

• Fire suppression system.
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GAMMA RADIATION TREATMENT OF LIQUID SLUDGE 
CAPITAL COSTS (46)

The capital costs for the dry system are summarized on
Figure 7-18; these costs were also calculated in May 1977.
Figure 7-19 and 7-20 present labor hours, materials ,and
operations and maintenance supplies, respectively. The Cs-137
source is estimated to cost $1.55 per ton ($1.70/t) for a 10-ton
per-day (9.1-t/d) capacity facility and $1.22 per ton ($1.35/t)
for facilities of 50 ton per day (45 tid) and larger.
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GAMMA RADIATION TREATMENT OF LIQUID
SLUDGE LABOR REQUIREMENTS (46)

If labor plus overhead is $20.00 per hour, power is three cents
per kWhr, ($0.33/GJ) and capital is amortized over 20 years at
8 percent, the cost for a O.l-MGD (4-1/s) liquid system is
$38.50 per ton ($42.40/t) dry solids. A dry system costs
$24.00 per ton ($26.50/t) dry solids. Both these costs are
considerably higher than those for e-beam irradiation and similar
to those for heat pasteurization.
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CHAPTER 8

CONDITIONING

8.1 Introduction

Cond i ti0ning involves the biological, chemical, and/or physical
treatment of a sludge stream to enhance water removal. In
addition, some conditioning processes also disinfect wastewater
solids, affect wastewater solids odors, alter the wastewater
solids physically, provide limited solids destruction or
addition, and improve solids recovery.

8.2 Selecting a Conditioning Process

Conditioning always has an effect on the efficiency of the
thickening or de','latering process that follows (1-3). Any
evaluation of the conditioning process must therefore take into
consideration capital, operating and maintenance costs for
the entire system and the impact of sidestreams on other plant
processes, the plant effluent, and resultant air quality.

Figure 8-1 shows how the evaluation would look in a quantified
flow diagram.

This type of analysis is necessary because conditioning processes
d if fer and, therefore, produce d if fer ing cons equences for the
total system. For instance, Table 8-1 compares the effects
expected with no conditioning as opposed to those expected with
polyelectrolyte conditioning or thermal conditioning prior to
gravity thickening.

8.3 Factors Affecting Wastewater Solids Conditioning

8.3.1 General Wastewater Solids Properties

Wastewater solids are composed of screenings, grit, scum and
wastewater sludges. Wastewater sludges consist of primary,
secondary, and/or chemical solids with various organic and
inorganic particles of mixed sizes; the sludges each have various
internal water contents, degrees of hydration, and surface
chemistry. Sludge characteristics that affect thickening or
dewatering and for which conditioning is employed are particle
size and distribution, surface charge and degree of hydration,
and particle interaction.
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TABLE 8-1

EFFECTS OF EITHER POLYELECTROLYTE CONDITIONING OR THERMAL CONDITIONING
VERSUS NO CONDITIONING ON A MIXTURE OF PRIMARY AND WASTE-ACTIVATED

SLUDGE PRIOR TO GRAVITY THICKENINGa

Conditioning mechanism

Effect on allowable solids
and hydraulic loading rates

Effects of supernatant stream

Effects on underflow
concentration

Effects on manpower

Polyelectrolyte
conditioning

Flocculation

l'/ill increase

\'1ill improve
suspended
solids capture

May increase

Little to none

Therma 1 condi tion.ing _

Alters surface properties and
ruptures biomass' cells, releases
chemical - water bonds 
hydrolysis

Will significantly increase

Will cause significant increase in
colDr, suspended solids, soluble
BODS' COD and NH 3-N. Improve
suspended solids capture

Will significantly increase

Requires higher skilled operators
and strong preventive maintenance
program

a It is assumed that the processes involved will work well.
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8.3.1.1 Particle Size and Distribution

Particle size is considered to be the single most important
factor influencing sludge dewaterability (4-7). As the average
particle size decreases, primarily from mixing or shear, the
surface/volume ratio increases exponentially (8). Increased
surface area means greater hydration, higher chemical demand, and
increased resistance to dewatering. Figure 8-2 shows relative
particle sizes of common sludge materials.
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PARTICLE SIZE DISTRIBUTION OF COMMON MATERIALS

Raw municipal wastewaters contain significant quantities of
colloids and fines, which, because of their size (1 to 10
microns), will almost all escape capture in primary clarifiers
if coagulation and flocculation are not employed. Secondary
biological processes, in addition to removing dissolved BOD,
also partially remove these colloids and fines from wastewater.
Because of this, biological sludges, especially waste-activated
sludges are difficult to thicken or dewater and also have a high
demand for conditioning chemicals.

A primary objective of conditioning is to increase particle size
by combining the small particles into larger aggregates.
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8.3.1.2 Surface Charge and Degree of Hydration

For the most part, sludge particles repel, rather than attract
one another. This repulsion, or stability; may be due to
hydration or electrical effects. With hydration, a layer or
layers of water bind to the particle surface, providing a buffer,
which prevents close particle approach. In addition, sewage
solids are negatively charged and thus tend to be mutually
repulsive. Conditioning is used to overcome the effects of
hydration and electrostatic repulsion.

Conditioning is a two-step process consisting of destabilization
and flocculation. In destabilization, the surface characteris
tics of the particles are altered so that they will adhere to one
another. This desirable change is brought about through the use
of natural polymeric material excreted by the activated sludge
organism, synthetic organic polymer, or inorganic metal salts.
Flocculation is the process of providing contact opportunities,
by means of mild agitation, so the destabilized particles may
come together.

Destabilization either with synthetic organic polyelectrolyte or
with inorganic metal salt is readily available to the plant
operator, but it represents an increase in operating cost.
The degree to which natural flocculation is available is
difficult to predict since it is dependent on the type of
activa ted sludge or the attached-growth biolog i cal process that
has been designed into the plant.

8.3.1.3 Particle Interaction

Municipal wastewater sludges contain large numbers of colloidal
and agglomera ted part icles, wh ich have large specif ic surface
areas. Initially these particles behave in a discrete manner
with little interaction. As the concentration of sludge is
increased by the separational process, interaction increases. As
shown on Figure 8-3 this flocculant behavior resul ts in three
distinct zones for a gravity thickener.

Conditioning can increase the rate of settling in the sedimenta
tion zone, and compression thickening in the thickening zone; it
can also improve the quality of the overflow. These improvements
result from the ability of the conditioner to neutralize or
overcome the surface charge, which in turn allows the particles
to adhere to one another, thus preserving the dimensional
integrity of the sludge matrix in the thickening zone.

8.3.2 Physical Factors

The amount of conditioning required for sludges is dependent on
the processing conditions to which the sludge has been subjected
and on the mechanics of the conditioning process available.
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8.3.2.1 Effect of Processing Prior to Conditioning

Both the degree of hydration and fines content of a sludge stream
can be materially increased by exposure to shear, heat, or
storage. For example, pipeline transport of sludge to central
processing facilities, weekend storage of sludge prior to
mechanical dewa tering, and storage of sludges for long periods
of time have been shown to increase the demand for conditioning
chemicals in all types of dewatering and should be accounted for
in the design of the dewatering facility (10-13).

8.3.2.2 Conditioner Application

The optimum sequence for adding conditioner is best determined
by trial and error, when two or more conditioners are used.
With ferric chloride and lime, the ferric chloride is normally
added first. In addition, it has been shown that deterioration
of the floc after conditioning (due to both time and high shear
mixing) can be a major determinant of chemical requirement (13).
When a combination of anionic and cationic polymer is needed,
anionic polymer is added first.
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In order to minimize floc shearing, mixing should provide just
enough energy to disperse the conditioner throughout the sludge.
In dewatering applications, consideration should be given to
providing individual conditioning for each dewatering unit, since
it is not always economical to provide one common condi tioning
unit for several dewatering units. Problems can arise in
balancing the flow rates of the various streams when starting
up or shutting down individual units. The location of the
conditioning unit relative to each dewatering device requires
optimization.

Many types of cond i tioning uni ts are ava ilable. Recent USEPA
publications (14,15) describe the more common designs, design
layou ts, and operat ing problems. Addi t ional i nforma t ion can be
obtained from thickening and dewatering equipment suppliers.

8.4 Inorganic Chemical Conditioning

8.4.1 Introduction

Inorganic chemical conditioning is associated principally with
mechanical sludge dewatering, and vacuum filtration is the
most cornman application. The chemicals normally used in the
conditioning of municipal wastewater sludges are lime and ferric
chloride, although ferrous sulfate has also been used.

Ferric chloride is added first. It hydroy1zes in water, forming
pos i ti vely charged soluble iron complexes wh ich neu tral ize the
negatively charge sludge solids, thus causing them to aggregate.
Ferric chloride also reacts with the bicarbonate alkalinity in
the sludge to form hydroxides that act as flocculants. The
following equation shows the reaction of ferric chloride with
bicarbonate alkalinity:

--_ro 2Fe(OH)3 + 3CaC12 + 6C02

Hydrated lime is usually used in conjunction with ferric iron
salts. Although lime has some slight dehydration effects on
colloids, it is chosen for conditioning principally because it
provides pH cont rol, odor reduction and di sinf ection. CaC03,
formed by the reaction of lime and bicarbonate, provides a
granular s true ture which increases sludge poros i ty and reduces
sludge compressibility.

8.4.2 Dosage Requirements

Iron salts are usually added at a dosage rate of 40 to 125 pounds
per ton (20 to 63 kg/t) of dry solids in the sludge feed,
whether or not lime is used. Lime dosage usually varies
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from 150 to 550 pounds per ton (75 to 277 kg/t) of dry sludge
solids fed. Table 8-2 lists typical ferric chloride and lime
dosages for various sludges.

TABLE 8-2

TYPICAL CONDITIONING DOSAGES OF FERRIC CHLORIDE
(FeC1 3) AND LIME (CaO) FOR MUNICIPAL WASTEWATER

SLUDGESa (16)

Recessed plate
. pressure filters

CaO

none

220-280
400-51)0

220-600

none

SO-200

_____ Fec.:} _

80-120
140-200

Vacuum filter

____Fec1 L.~. CaO

40-S0 160-200
120-200 0-320

40-S0 lSO-240
50-120 lSO-320

50-SO 240-31)0
30-50 none

50-SO 0-100
61)-120 0-150

none none

60-100 21)0-260
80-120 250-350
60-120 300-420

Sludge type

Raw primary
Raw waste-activated sludge (II/AS) -air
Raw (primary + trickling filter)
Raw (primary + WAS)
Raw (primary + WAS + septic)
Raw (primary + WAS + lime)
Elutriated anaerobically digested

primary
primary + WAS (air)

Thermal conditioned sludges
Anaerobically digested sludges

primary
primary + trickling filter
primary + WAS (air)

aAll values shown are for pounds of either FeC1
3

or CaO per ton of dry solids pumped
to the dewatering unit.

1 Ib/to~ = 0.5 kg/t

Inorganic chemical conditioning increases sludge mass. A
designer should expect one pound of additional sludge for every
pound of lime and ferric chloride added (13). This increases
the amount of sludge for disposal and lowers the fuel value
for incineration. Nevertheless, the presence of lime can be
beneficial because of its sludge stabilization effects. The use
of polyvalent metal salts and lime offers advantages over other
methods, because the combination can better condition sludge
which has extreme variations in quality.

8.4.3 Availability

Ferric chloride, the most widely used polyvalent metal salt
conditioner, is available in dry or liquid form, with the liquid
form being the most common. In the past, most ferric chloride
has been made from scrap metal and chlorine, but during the
past decade, much larger quantities have been made available
through conversion of waste acids from large industrial pigment
producers. It is supplied as either a 30 or 40 percent by weight
solu tion.
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Liquid ferrous sulfate, a by-product of certain industrial
processes, is not generally a va ilable in 1 arge quant it ies. If
availability is not at issue and testing proves it capable of
conditioning the sludge, liquid ferrous sulfate can be used like
ferric chloride.

Lime is purchased l.n dry form. It is readily available and
comes in many forms. Pebble quickl ime (CaO) and hyd rated lime
(Ca(OH)2) are most often used for sludge conditioning.

8.4.4 Storage, Preparation, and Application Equipment

There have been numerous problems such as lime scaling and FeC13
corrosion with in-plant storage, preparation, and application of
both lime and ferric chloride. Two excellent references deal
with lime problems and how to solve them (17,18). Information on
ferric chloride can be found in USEPA's Process Design Manual for
Suspended Solids Removal (15).

8.4.5 Design Example

A designer has calculated that the rotary drum, cloth belt,
vacuum filter that will be utilized at the plant, must be capable
of dewatering a maximum of 600 pounds (272 kg) per hour of
sludge. The sludge will be a mixture of 40 percent primary and
60 percent waste-activated sludge, which will be anaerobically
digested. The vacuum filter will operate seven hours per day,
five days per week.

To design for a margin of safety in the chemical feed equipment,
the designer has used the higher values shown in Table 8-2.
Chemical feeders should be capable of adding 120 pounds per ton
(60 kg/t) of FeC1 3 and 420 pounds per ton (210 kg/t) of CaO.

Maximum daily amount of sludge to be dewatered is:

600 l~rsludge x ~a~r = 4,200 Ib sludge per day (1,905 kg/day)

Maximum amount of FeC13 required per day is:

4,200 Ib sludge
day

x
120 Ib Fee13

2,000 lbsIudge = 252 Ib Fee13 per day (114 kg/day)

The FeC13 is available at a 40 percent solution (4.72 pounds
FeC13 per gallon (0.567 kg/I) of solution).
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252 lb FeC13 x I gallon of product _
day 4.72 Ib FeC13 - 53.4 gallons of solution per day

(202 l/day)

Maximum amount of CaD required per day is:

_4.:-,_20_0---:;1c-b_s_l_u_d..d.g..:...e x 420 Ib CaD =
day 2,000 Ib sludge 882 Ib CaD per day (400 kg/day)

The pebble quicklime is available at 90 percent CaD:

882 Ib CaD
day

Ib pebble quicklime
x 0.9 Ib CaD = 980 Ib pebble quickl ime per day

(45 kg/day)

The amount of extra sludge produced due to chemical addition is
estimated at one pound (0.45 kg) for every pound of FeC13 and
pebble quicklime added. Therefore, total maximum daily dry
solids to be disposed of are:

4,200 Ib sludge + 252 Ib FeC13 + 980 Ib quicklime

which are equal to 5,432 pounds
the equivalent of 27,160 pounds
minimum of 20 percent solids.

8.4.6 Cost

8.4.6.1 Capital Cost

(2,464 kg) of solids. This is
(12,320 kg) of wet sludge at a

Figure 8-4 shows the relationship between construction costs
of ferric chloride storage and feed facilities and installed
capaci ty. For example, if a des igner needed to feed 100 pounds
(45.4 kg) per hour of ferric chloride the estimated cost would be
$330,000. Since cost are given in June 1975 dollars, the cost
must be adjusted to the proper time period. Costs for Figure 8-4
are estimated on the basis of liquid ferric chloride use.
Chemical feed equipment was sized for a peak feed rate of twice
the average. At least 15 days of storage was provided at the
average feed rate. Piping and bu ildi ngs provided to house the
feeding equipment are included.
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CAPITAL COST OF FERRIC CHLORIDE STORAGE AND
FEEDING FACILITIES (22)

Figure 8-5 gives construction costs of lime storage and feeding
facilities as a function of installed capacity. Cost estimates
shown on Figure 8-5 are based on the use of hydrated lime in
small plants (50 pounds per hour [22.7 kg/hr] or less) and
pebble quicklime in larger plants. Allowances for peak rates of
twice the average are built into the lime feed rates. At least
15 days of storage is provided for at the average rate. Storage
time varies from installation to installation because it is
dependent upon the relative distance to and reliability of the
chemical supply. Piping and buildings to house the feeding
equipment are included in the estimates. Estimated costs of
steel bins with dust collector vents and filling accessories are
also included.

8.4.6.2 Operation and Maintenance Cost

F igu re 8-6 i ndi ca tes the relationship between man-hours spent
annually for operation and maintenance and pounds of FeC13
fed per hour. The labor includes unloading the ferric chloride
and the operation and maintenance of the chemical feed equipment.
Unloading requirements are as follows: for a 4,000-gallon
(15.1 m3 ) truck--l.5 man-hours; for 50-gallon (0.19 m3 ) barrels,
72 per truck--9 man-hours. These requirements are shown
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as man-hours per pound of chemicals fed to the process. Metering
pump operations and maintenance is estimated at five minutes per
pump per shift.
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Figure 8-7 indicates annual electric power requirements for a
ferric chloride chemical feed system.

Annual maintenance material costs are typically 3 to 5 percent of
the total chemical feed system equipment cost.

Figure 8-8 indicates man-hours for operation and maintenance as a
function of pounds of lime fed per hour. The curve consists of
lime unloading requirements and labor related to operation and
maintenance of the slaking and feeding equipment. These require
ments are summarized as follows: slaker--one hour per eight-hour
shift per slaker in use; feeder--ten minutes per hour per feeder;
slurry pot-feed line (for slaked lime)--four hours per week.
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ELECTRICAL ENERGY REQUIREMENTS FOR
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Figure 8-9 shows annual electric power requirements for
a lime feed system. The major components and the values
used in the curves, all expressed kilowatts per hour per
1,000 pounds (454 kg) of lime fed are: slakers--1.6 to 0.8; bin
activators--2.7 to 0.36; grit conveyors--0.45 to 0.06; dust
collection fans--0.04 to 0.02; slurry mixers--0.027 to 0.020;
slurry feed pumps--2.2 to 1.4.

Annual maintenance material costs are typically 0.5 to
1.5 percent of the total lime feed system equipment cost.

8.5 Chemical Conditioning With Polyelectrolytes

8.5.1 Introduction

During the past decade, important advances have been made in the
manufacture of polyelectrolytes for use in wastewater sludge
treatment. Polyelectrolytes are now widely used in sludge
conditioning and as indicated in Table 8-3, a large variety are
available. It is important to understand that these materials
differ greatly in chemical composition, functional effectiveness,
and cost-effectiveness.

TABLE 8-3

SUPPLIERS OF POLYELECTROLYTES

Company

American Cyanamid
Allied Colloids
Betz
Calgon

Number
of grades
and tynes

40
34

7
18

Company

Dow
Drew

Hercules
Nalco

Rahm & Hass

Number
of grades
and tYT?es

33
8

29
43

4

Selection of the correct polyelectrolyte requires that the
designer work with polyelectrolyte suppliers, equipment
suppliers, and plant operating personnel. Evaluations should be
made on site and with the sludges to be conditioned. Since new
types and grades of polymers are continually being introduced,
the evaluation process is an ongoing one.

8.5.2 Background on Polyelectrolytes

8.5.2.1 Composition and Physical Form

Polyelectrolytes are long chain, water soluble, specialty
chemicals. They can be either completely synthesized from
individual monomers, or they can be made by the chemical
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addition of functional monomers, or groups, to naturally
occurring polymers. A monomer is the subunit from which polymers
are made through various types of polymerization reactions.
The backbone monomer most widely used in synthetic organic
polyelectrolytes is acrylamide. As of 1979 the completely
synthesized polymers are most widely used. Polyacrylamide,
created when the monomers combine to form a long, thread-like
molecule with a molecular weight in the millions, is shown on
Figure 8-10. In the form shown polyacrylamide is essentially
non-ionic. That is to say it carries no net electrical charge in
aqueous solutions. However, under certain conditions and
wi th some solids, the polyacrylamide can be sufficiently
surface-active to perform as a flocculant.

I I
I I- CH 2 - CH ._- CH 2 . CH CH 2 - CH ---

I I I I I
I IC=O C=O C=O

/
I

/ / I
NH2 NH2 NH2

FIGURE 8-10

POLYACRYLAMIDE MOLECULE - BACKBONE OF THE
SYNTHETIC ORGANIC POLYELECTROLYTES

Anionic-type polyacrylamide flocculants carry a negative
electrical charge in aqueous solutions and are made by either
hydrolyzing the amide group (NH2) or combining the acrylamide
polymer with an anionic monomer. Cationic polyacrylamides
carry a positive electrical charge in aqueous solutions and
can be prepared by chemical modification of essentially
non-ionic-polyacrylamide or by combining the cationic monomer
with acrylamide. When cationic monomers are copolymerized with
acrylamide in varying proportions, a family of cationic
polyelectrolytes with varying degrees of charge is produced.
These polyelectrolytes are the most widely used polymers for
sludge condi tioning, since most sludge solids carry a negative
charge. The characteristics of the sludge to be processed and
the type of th ickeni ng or dewa ter ing dev i ce u sed wi 11 determi ne
which of the cationic polyelectrolytes will work best and
still be cost-effective. For example, an increasing degree
of charge is required when sludge particles become finer,
when hydration increases, and when relative surface charge
increases.
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Cationic polyelectrolytes are available as dry powders or
liquids. The liquids come as water solutions or emulsions. The
shelf life of the dry powders is usually several years, whereas
most of the liquids have shelf lives of two to six months and
must be protected from wide ambient temperature variations in
storage. Representative dry cationic polyelectrolytes are
described in Table 8-4. This table does not list the myriad of
available types but does show some of the differences in the
materials. The original dry materials introduced in the 1960s
we reo f r e 1 a t i vely 1 ow cat ion i c fun c t ionali t y 0 r posit i v e
charge and high molecular weight. They were produced for the
conditioning of primary sludges or easy-to-condition mixed
sludges. The incentive to produce polymers of higher positive
charge resulted largely from efforts to cope with mixed sludges
containing large quantities of biomass.

TABLE 8-4

REPRESENTATIVE DRY POWDER CATIONIC POLYELECTROLYTES

Polyacrylamide copolymer
Polyacrylamide copolymer
Polyacrylamide copolymer
Polyamine homopolymer

Relative cationic
densi!-y

Low
Medium
High
Complete

Molecular
we igh t .~~o, 00"_' ,

Very high
High
Medium high
High

Approximate dosage,
}_b/ton dEl:: sol ~i..:d:::.::s=-- _

o. 5 - 10
2 - 10
2 - 10
2 - 10

Relatively low molecular weight liquid cationics with a 30 to
50 percent solids content were also available in the 1960s.
They were, however, largely displaced by the higher cationic
functionality, high molecular weight and newer, 'less costly
liquid cationics. The various liquid cationics, in either
dissolved or emulsion form, are described in representative
fashion only, in Table 8-5. These liquid cationics eliminate the
dustiness inherent in some dry powders but also require much more
storage space. The selection of a dry, liquid, or emulsion form
material usually depends on a comparison of cost-effectiveness,
ease of handling, and storage requirements.

TABLE 8-5

REPRESENTATIVE LIQUID CATIONIC POLYELECTROLYTES

Type Percent solids~ _

Mannich product
Tertiary polyamine
Quaternary polyamine
Cationic homopolymer
Emulsion copolymer

Low
Low
Very low
Low to medium
Low to medium
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8.5.2.2 Structure in Solution

Organic polyelectrolytes dissolve in water to form solutions of
varying viscosity. The resulting viscosity depends on their
molecular weight and degree of ionic charge. At infinite
dilution, the molecule assumes the form of an extended rod
because of the repulsive effect of the adjacent-charged sites
along the length of the polymer chain. At normal concentrations
the long thread-like charged cationic polyelectrolyte assumes the
shape of a random coil, as shown on Figure 8-11. This simplified
drawing, however, neither shows the tremendous length of the
polymeric molecular chain nor does it illustrate the very large
number of active polymer chains that are available in a polymer
solu tion. I t has been es t ima ted that a dosage of 0.2 mg/l of
polyelectrolyte having a molecular weight of 100,000 would
provide 120 trillion active chains per liter of water treated.

8
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FIGURE 8-11

TYPICAL CONFIGURATION OF A CATIONIC
POLYELECTROLYTE IN SOLUTION

8.5.2.3 How polyelectrolyte Conditioning Works

Thickening and dewatering are inhibited by the sludge particles,
chemi cal characteris tics, and phys ical conf igu ra t ions. Poly
electrolytes in solution act by adhering to the sludge particle
surfaces thus causing:

• Desorption of bound surface water.
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• Charge neutralization.

• Agglomerization of small particulates by bridging between
particles.

The result is the formation of a permeable sludge cake matrix
which is able to release water. Figure 8-12 illustrates the
polyelectrolyte-solid attachment mechanisn. The first two
reactions noted on Figure 8-12 are the desirable ones and
represent what occurs in normal practice. The other four
reactions represent what can occur from over-dosage or too much
shear of flocculated sludge. The problems reflected in reactions
three through six rarely occur with a well-designed process.

8.5.3 Conditioning for Thickening

The various methods for thickening sludge are discussed in detail
in Chapter 5.

8.5.3.1 Gravity Thickening

Normally, the addi tion of polyelectrolyte is not cons idered in
the original design because of operating cost, but it has been
used to upgrade existing facilities (21,22). Experience to date
has indicated that the addition of polyelectrolyte to a gravity
thickener will:

• Give a higher solids capture than a unit not receiving
polymer addition.

• Allow a solids loading rate two to four times greater
than a unit not receiving polymer addition.

• Maintain the same underflow solids concentration as a
unit not receiving polymer addition.

When polyelectrolyte is used to condition sludge for gravity
thickening, it should be added into the sludge feed line. The
point of addition should provide good mixing and not cause
excessive shear before the conditioned sludge discharges into the
sludge feed well.

8.5.3.2 Dissolved Air Flotation Thickening

The effects of polyelectrolyte addition on solids capture, float
concentration, solids loading rate, and hydraulic loading rate
are covered in detail in Chapter 5.
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INITIAL ADSORPTION AT THE OPTIMUM POLYMER DOSAGE

POLYMER

+ o
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REACTION 2
FLOC FORMATION

DESTABILIZED PARTICLES

FLOCCULATION
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REACTION 3

~
SECONDARY ADSORPTION OF POLYMER...

NO CONTACT WITH VACANT SITES ff:r...
ON ANOTHER PARTICLE ~

DESTABILIZED PARTICLE RESTABILlZ.ED PARTICLE

REACTION 4

J
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REACTION 6
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...
RESTABILIZED FLOC FRAGMENT

FIGURE 8-12

SCHEMATIC REPRESENTATION OF THE BRIDGING MODEL
FOR THE DESTABILIZATION OF COLLOIDS BY POLYMERS (24)
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8.5.3.3 Centrifugal Thickening

~entrifugal thickening includes thickening by disc nozzle,
lmper~orate basket, and solid bowl decanter centrifuges.
The dlSC nozzle unit does not utilize polyelectrolyte sludge
conditioning, as it depends solely on ~entrifugal force
(G = 3,000 to 5,000) to achieve solids-liquid separation. The
imperforate basket centrifuge mayor may not use polyelectrolyte
addition. If polymer is added, it is in the range of one to
three pounds of dry polymer per ton of feed solids (0.5 to
1.5 kg/t). This addition allows higher hydraulic feed rates and
sometimes gives better solids recovery. I t does not change the
thickened solids concentration.

Solid bowl decanter centrifuges normally require as much as
20 pounds of dry polymer per ton of feed solids (10 kg/t) for
thickening of a sludge, especially a waste-activated sludge. A
new solid bowl unit has been developed for both thickening
waste-activated sludge and obtaini~g an 85 to 95 percent solids
capture wi th only 0 to 6 pounds of dry polymer per ton of feed
solids (0 to 3 kg/t).

When polyelectrolyte conditioning is used with centrifugal
thickening of sludge, several points of addition should be
provided. The optimum point of addition is influenced by
differences in polymer charge densities, required polymer
sludge reaction times, and sludge characteristics. Recommended
points of addition are:

• Directly before the inlet side of the sludge feed pump.

• Immediately downstream of the sludge feed pump.

• To the centrifuges' sludge feed line and just before its
connection to the centrifuge.

8.5.4 Conditioning for Dewatering

The various dewatering methods are discussed in detail in
Chapter 9. Polyelectrolytes were originally used to condition
primary sludges and easy-to-dewater mixtures of primary and
secondary sludges for dewatering by rotary vacuum filters
or solid bowl decanter centrifuges. Improvement in the
effectiveness of polyelectrolytes has led to their increasing use
wi th all types of dewa tering processes. Reasons for selecting
polyelectrolytes over inorganic chemical conditioners are:

• Li ttle addi tional sludge mass
chemical condi tioners typically
15 to 30 percent.
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• If dewatered
incineration,
value.

sludge is to be used as a fuel for
polyelectrolytes do not lower the fuel

• They allow for cleaner material-handling operations.

• They reduce operation and maintenance problems.

8.5.4.1 Drying Beds

Polyelectrolyte condi tioning is not widely pract iced. Indica
tions are, however, that adding 0.5 to 2.0 pounds of dry polymer
per ton of dry solids (0.25 to 1 kg/t) can increase dewatering
rates by two to four times (23,24).

8.5.4.2 Vacuum Filters

The majority of municipal vacuum filtration processes in the
United States still dewater sludge conditioned with ferric
chloride and lime. Several facilities have, however, begun
using polyelectrolytes for conditioning and have realized cost
savings (4) due to less equipment maintenance, fewer materials
handling problems, and reduction of cost in downstream sludge
processing operations (1,2,4). Table 8-6 shows addition levels
of dry polyelectrolyte used in conditioning different types
of sludge for vacuum filtration. When using polyelectrolyte
conditioning prior to vacuum filtration, the designer should be
aware that sludge formation properties can be quite different
from those of inorganic chemical cond i tioners. More operator
attention may be required to obtain good cake release from the
cloth. Cake dryness will probably be 10 to 15 percent lower and
the volatile content of the dry cake will be significantly
higher than if the sludge had been conditioned with ferric
chloride and lime.

TABLE 8-6

TYPICAL POLYELECTROLYTE ADDITIONS
FOR VARIOUS SLUDGESa

Sludge type
--~-------

Raw primary
Waste-activated
Anaerobically digested primary
Primary plus trickling filter
Primary plus air waste-activated
Primary plus oxygen waste-activated
Anaerobically digested (primary plus air

waste-activated)

a Data supplied by equipment manufacturers.

lIb/ton = 0.5 kg/t
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8.5.4.3 Recessed -Plate Pressure Filters

No published information could be found on operating experience
in the United States with polyelectrolyte conditioning of
municipal wastewater sludge prior to pressure filtration.
Several English studies indicated that polyelectrolyte
conditioning can be effectively used with pressure filtration
if done with care. Dosage must be optimized and carefully
controlled for optimum cake solids concentration, solids capture,
and ability to release the cake (25). A comprehensive study
on filter press operating experience in the North American pulp
and paper industry was recently published and gives some insight
to the use of polymers for conditioning (26). Excerpts from
the study are given below.

"Many existing pulp and paper industry installations have been
conduct ing polyelect rolyte evaluations on the ir own wi th, what
initially appeared to be, very encouraging results. The polymers
that have met with greatest success are those which form what can
be best described as strong 'pin-floc.' An array of low molecular
weight cationic polymers have been cited as providing acceptable
press performance. The reasons for adopting polymer as a
conditioning agent have included (a) reduced conditioning
costs; (b) reduced quantities of solids for handling due to the
avoidance of large amounts of inorganics; and, (c) elimination of
those problems in final disposal operations that have been
associated with inorganic conditioning agents. Projected polymer
requirements vary from 3 to 30 pounds of polymer per ton of
sludge solids."

Several mills have identif ied special considerations associated
with polyelectrolyte conditioning. In one instance, the polymer
condi tioned cakes are discharg ing less read ily than those wi th
inorganic cond i t ioni ng. However, several other mi lIs report no
noticeable difference in discharge characteristics. It is
generally observed that both cake consistencies and densities are
lower when using polymer conditioning. However, in several
instances, the difference is felt to be associated with the
bulk of the inorganic condi tioning added as dry solids before
pressing."

"The handling of polymer-conditioned sludge prior to pressing
has been identified as important. Complete initial mixing of
the sludge and polymer is crucial and subsequent handling should
involve a minimum of shear. It has been proposed that mixing
be accomplished by injecting the polymer into the suction side
of a positive displacement pump or the discharge side of a
centrifugal pump. Mills have indicated the existence of an
optimum flocculation time between conditioning and pressing. One
mill reports that at the discharge of the press feed pump, the
floc is sufficiently sheared to render it very difficult to
dewater but that in the remaining 30 feet of pipe to the press,
virtually complete reflocculation occurs. At the other extreme,
several ins tances of intermi ttent sludge septic i ty demonstrated
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that extended sludge storage can be detrimental." Caution should
be exercised in extrapolating paper mill data to municipal
sludge.

8.5.4.4 Belt Filter Presses

Operating experience indicates that all belt presses require
the use of polyelectrolyte conditioning to make them work.
Compared to other mechanical dewatering processes, belt presses
seem to have the greatest need for optimizing the polymer dosage
as a function of the incoming sludge's characteristics (27).
Underconditioning results in inadequate dewatering in the initial
drainage section(s), causing either extrusion of inadequately
drained solids from the press section(s), or in extreme
instances, an uncontrolled overflow of sludge from the drainage
section(s). Underconditioned biological solids can also blind or
clog the fine mesh filter media. Overconditioning can also be a
problem. Too much polyelectrolyte can cause cake doctoring or
removal difficulties and aggravate media-blinding problems. The
type of polymer also influences the tendency of a media to blind.
In addition, overflocculated sludge may drain so rapidly that
the solids are not distributed across the media.

Table 8-7 lists typical levels of dry polyelectrolyte additio~ to
condition sludges for dewatering on belt presses. The big
spread in polymer addition requirements is attributable to the
percentage of biological solids present in the total waste sludge
stream. Figure 8-13 is the result of one study and indicates
that as the percent of biological solids increases so do the
polymer requirements (27).

TABLE 8-7

TYPICAL LEVELS OF DRY POLYELECTROLYTE ADDITION
FOR BELT FILTER PRESSESa

Sludge type
Pounds of dry polymer added per

ton of dry solids
-----------

Raw primary
Primary plus trickling filter
Primary plus waste-activated (air)
Waste-activated (air)
Waste-activated (oxygen)
Aerobically digested (primary plus waste

activated {air})
Anaerobically digested primary
Anaerobically digested (primary plus waste

activated {air})

a Data supplied by equipment manufacturers.

lIb/ton = 0.5 kg/t
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EFFECT OF BIOLOGICAL SOLIDS ON POLYMER
REQUIREMENTS IN BELT PRESS DEWATERING (32)

8.5.4.5 Centrifuges

As was noted in the detailed discussion in Chapter 9, two types
of centrifuges can be used for dewatering: imperforate baskets
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and solid bowl decanters. Although many imperforate basket
centrifuges do not use polyelectrolytes for sludge conditioning
prior to dewatering, the addition of 1 to 3 pounds of dry polymer
per ton of dry feed solids (0.5 to 1.5 kg/t) can greatly reduce
overall operating cost. The reason for this reduction is that
basket centrifuges are used for dilute, difficult-to-dewater
sludges such as aerobically digested, extended aeration, and
nitrification sludges. Since the cost of polymer is offset by
the reduction in operating time, a decision is normally made in
favor of adding polymer.

Solid bowl decanter centrifuges usually require polyelectrolytes
to obtain good performance on municipal wastewater sludges.
Table 8-8 lists typical levels of dry polyelectrolyte addition to
various sludges for conditioning prior to dewatering by solid
bowl decanter centrifugation.

TABLE 8-8

TYPICAL LEVELS OF DRY POLYELECTROLYTE ADDITION FOR
SOLID BOWL DECANTER CENTRIFUGES

CONDITIONING VARIOUS SLUDGESa

Sludge type

Raw primary
Raw primary plus WAS (air)

Thermal conditioned (primary plus WAS
{air} )

Thermal conditioned (primary plus
trickling filter)

Anaerobically digested
Primary
Primary plus WAS (air)

a Data supplied by equipment manufacturers.

1 lb/ton = 0.5 kg/t

Pounds of dry polymer added per
___o_to_n_o_f_dry _s_o_l_i_d_s _

2 5
4 - 10

3 - 5

2 - 4

6 - 10
7 - 10

8.5.5 Storage, Preparation, and Application Equipment

Storage, preparation, and application equipment for both dry and
liquid polymers are discussed in great detail in two current
USEPA publications (15,28).

8.5.6 Case History

The following summarizes the conversion of the sludge
conditioning process for the vacuum filters at the Bissell Point,
St. Louis treatment plant from an inorganic chemical to an
organic chemical process (29). The Bissell Point plant dewaters
and incinerates 35,000 dry tons (31,745 dry) of raw primary
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sludge per year. Conditioning of the sludge before vacuum
filtration was with ferric chloride and lime until July 1976.
Table 8-9 summarizes the solids handling systems performance
from 1972-1976.

TABLE 8-9

PERFORMANCE OF SOLIDS HANDLING SYSTEM AT
BISSELL POINT, ST. LOUIS STP 1972-1976 (29)

Item
Cost,

~_~_"~~_.ysaqe~ ---=-dollars/dry tona,b

Lime dosage, lb/dry tonb b
Ferric chloride dosage, lb/dry ton
Auxiliary fuel (natural gas), therms/

dry tonb

Total annual cost

Yield (average), lb/sq ft/hr
Solids content, percent
Volatile solids fraction, percent

352
64

62

7.1
30
42

6.90
5.09

12.75

34.74

a All costs are adjusted to a July 1978 value.

bAll tons (tonnes) are net dry tons (tonnes). This is
defined as the dry tons (tonnes) of filter cake produced
less the dry quantities of chemicals required to produce
the cake.

1 lb = 0.454 kg
1 therm = 0.116 GJ 2
1 lb/sq ft/hr 4.9 kg/m /hr
1 ton = 0.907 t

Since pI ant startup in
from the use of ferric
were:

1970, numerous problems have developed
chloride and 1 ime. The rna j or problems

• Lime coating of filter cloths and grid work.

• Scale buildup in filtrate and plant drainage lines.

• Constant cleanup of lime spills.

In July 1976, after six months of planning and experimentation,
the conditioning process was converted from ferric chloride
and lime to a dual polymer process utilizing either anionic or
cationic polymers. Several equipment modifications and operator
training programs had to be undertaken in order to make the
system work properly.

Grease Separation. The mixing of primary tank skimmings
with the raw sludge caused blinding of the filter cloth.
The large volume of skimmings also influenced the solids
concentration. The skimmings did not upset the ferric
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chloride- and lime-conditioned sludge filters as much as they
did the polymer-cond i tioned sludge f il ters. The solu tion
employed was to separate the skimmings and sludge and treat
each separately. Skimmings were dewatered by a modified grit
dewatering screw and then fed directly into the incinerator.

Cloth-Washing Equipment. For polyelectrolytes to be
effective, it is mandatory that the filter cloth be cleaned
continuously. The original filter spray water system
included one spray nozzle strainer. When this strainer
had to be cleaned, the unit had to be stopped. To correct
the problem, the one strainer was replaced with a duplex-type
strainer which allowed switching of the strainers with
no change in the filter operation.

Miscellaneous Filter Improvements. Several modifications
were necessary to improve cake removal from the media. The
doctor blades were modified to fit together and against the
cloth media. Operating wi th polymers was found bes t at low
vat levels. To avoid loss of vacuum when running at low
levels, bridge blocks in the vacuum valve were installed to
modify the pickup zone.

operator Education. It was necessary to convince the plant
operators that polymer usage would be benef icial to them.
An extensive educating process was conducted for several
months informi ng the operators of the benef its they would
obtain using polyelectrolytes.

The conversion was considered very successful. Table 8-10
summarizes performance information for the solids handling
processes after implementation of the polyelectrolytes
conditioning process for 1977-1978. Comparison of the
performance data in Tables 8-9 and 8-10 shows that the use of
organic polymers in place of inorganic conditioners reduced
auxiliary fuel requirements by 26 percent and conditioner cost
by 53 percent. Overall annual cost per dry ton of solids was
reduced by 56 percent.

8.5.7 Cost

8.5.7.1 Capital Cost

Figure 8-14 gives construction costs f~r polymer storage and
feed facilities as a function of installed capacity. Cost
estimates were based on the use of dry polymer. Chemical feed
equipment was chosen specifically for a 0.25 percent stock
solution. Piping and buildings to house the feeding equipment
and store the bags were included. For example, for an installed
capacity of 10 pounds (4.5 kg) of dry polymer per hour, the
approximate June 1975 cost was $110,000. The cost would need to
be adjusted to the current design period.
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TABLE 8-10

PERFORMANCE OF SOLIDS HANDLING SYSTEM AT
BISSELL POINT, ST. LOUIS STP 1977-1978 (29)

Cost, a b
Us age_..~~." ..~ .._.__..._.~.. d=-o::.:l::.:l::.:a::.::r::.:s::.c/-=d:.:r:.c:.y---=t:.:o..::.:n~' _Item

Anionic dosage, lb/dry tonb
bCationic dosage, lb/dry ton

AuxiliarYbfuel (natural gas), therms/
dry ton

0.34
65

46

0.42
5.25

9.52

Total annual cost 15.19

Yield (average), lb/sq ft/hr
Solids content, percent
Volatile solids fraction, percent

7.8
28
56

a All costs are adjusted to a July 1978 value.

bAll tons (tonnes) are net dry tons (tonnes). This is defined
as the dry tons (tonnes) of filter cake produced less the dry
quantities of chemicals required to produce the cake.

1 lb = 0.454 kg
1 therm = 0.116 GJ
1 lb/sq ft/hr 4.9 kg/m2/hr
1 ton = 0.907 t
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RELATIVE INFLUENCE OF POLYMER ADDITION ON
IMPERFORATE BASKET CENTRIFUGE PROCESS VARIABLES (22)
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8.5.7.2 Operation and Maintenance Cost

Figure 8-15 gives man-hours for operation and maintenance of
a dry polymer feed system as a function of pounds of chemicals
fed per hour. Unloading requirements are 16 minutes for 10
to 50-pound (4.5 to 22.6 kg) bags. Mixing labor was estimated at
ten man-hours per 1,000 pounds (453.5 kg) of polymer under a
wastewater flow of 10 MGD (26.2 m3/s) and three hours per
1,000 pounds (453.5 kg) of polymer for wastewater flows over
10 MGD (26.2 m3/s). Operation and maintenance requirements
were taken as 385 man-hours per year per feeder.
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FIGURE 8-15

POLYMER STORAGE AND FEEDING OPERATION AND
MAINTENANCE WORK-HOUR REQUIREMENTS (22)

Figure 8-16 gives annual electrical power requirements for
a polymer feed system. The graph was based on the use of
plunger metering pumps and 6.4 hp hour (4.7 kWhr) for mixing of
100 pounds (45.4 kg) of polymer.

Annual maintenance material costs are typically 0.5 to
1.5 percent of the total polymer feed system equipment cost.

8.6 Non-Chemical Additions

Power plant or sludge incinerator ash has been used successfully
to improve mechanical dewatering performance on full-scale
vacuum filters and filter presses (30). The properties of ash
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that improve dewatering of sludge include the solubilization of
its metallic constituents, its sorptive capabilities, and its
irregular particle size (31). The advantages and disadvantages
of adding ash for sludge dewatering are given in Table 8-11.
Major advantages are lower chemical requirements and improved
cake release. Major disadvantages are the addition of a sizable
quanti ty of inerts to the sludge cake and addi tional material
handling. For installations where landfilling of sludge follows
mechanical dewa tering by vacuum f il ters or f il ter presses, the
use of ash to improve the total solids content of the cake should
be evaluated. If incineration is to follow the dewatering step,
other additives such as pulverized coal or waste pulp should
rece i ve preferent ial cons idera t ions (32-34). I n the des ign of
incineration facilities, one of the main objectives is to reduce
or eliminate auxiliary fuel demand. This can be done by feeding
the driest solids cake possible to the incinerator and/or
by enhancing the fuel value of the sludge solids. The addition
of ash to the sludge assists the dewatering device in producing a
dry cake, but it does nothing for the fuel value of the cake.
Ash has no heating value and, in fact, requires addi tional heat
input to raise its temperature.
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FIGURE 8-16

ELECTRICAL ENERGY REQUIREMENTS FOR A
POLYMER FEED SYSTEM (22)

A pilot-scale vacuum filtration study has found pulverized coal
to be an excellent sludge conditioner for improved dewatering
(32). The coal contributed the same benefits as ash and
increased the Btu content of the sludge solids. Economic
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analysis showed it to be cost-effective when compared to the
addition of other supplemental fuels such as natural gas or
#2 fuel oil. A full-scale solids handling study at St. Paul,
Minnesota, demonstrated that an existing seven-hearth wastewater
sludge cake incinerator could be fed coal or wood chips with the
sludge cake to reduce consumption of natural gas or fuel oil
(35). The process was found to be economically justifiable and
practical only when a large quantity of natural gas or fuel oil
is required for sludge cake incineration.

TABLE 8-11

ADVANTAGES AND DISADVANTAGES OF ASH ADDITION
TO SLUDGE FOR CONDITIONING

_________A_d_v_an_t_a~g'__e_s "__""_"_ "" Disadva~"~Cl.ges

Substantial increase in total cake
solids

Significant improvement in filtrate
quality

Excellent cake discharge
Elimination or significant reduction

in use of other conditioning agents

Ash handling generates considerable dust

Ash fines build-up

Possible equipment abrasion problems
Increase in materials handling problems
For those installations with incineration,

the addition of ash lowers the percent
volatile solids in the feed. Fuel usage
can therefore increase.
--------""-"-"~-----------

The use of waste paper as a conditioner for sludge has also
been studied in the laboratory and on a plant scale (33,34).
Some paper-conditioned sludge was dewatered on full-scale vacuum
filters (34). Results were excellent, indicating that the use of
waste paper and polymer were significantly more economical than
ferric chloride and lime.

8.7 Thermal Conditioning

This process involves. heating of wastewater sludge to
temperatures of 350° to 400°F (177° to 240°C) in a reaction
vessel under pressures of 250 to 400 psig (1,723 to 2,758 kn/m2 )
for periods of 15 to 40 minutes. One modification of the
process involves the addition of a small amount of air.
Figures 8-17 and 8-18 show a general thermal conditioning
flow scheme for plants without and with the addition of air,
respectively.

Thermal conditioning of sludge was first studied by William K.
Porteous in England in the mid-1930s (36). Thermal conditioning
in the United States was first studied in the mid-1960s,
and the first facility having no air addition was installed
at Colorado Springs, Colorado, in 1969 (37-39). The
fir s t pIa n t wit h air ad d i t ion was ins tall e d a t Lev itt ow n ,

8-31



Pennsylvania, in 1967 (40). Since then, over one hundred thermal
sludge conditioning installations have been built in the United
States.
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FIGURE 8-17

GENERAL THERMAL SLUDGE CONDITIONING FLOW SCHEME
FOR A NON-OXIDATIVE SYSTEM
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8.7.1 Advantages and Disadvantages

Thermal conditioning of wastewater sludges has the following
advantages:

• Except for straight waste-activated sludge, the process
will produce a sludge with excellent dewatering
characteristics. Cake solids concentrations of
30 to 50 percent are obtained with mechanical dewatering
equipment.
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• Processed sludge does not normally require chemical
conditioning to dewater well on mechanical equipment.

• Process sterilizes the sludge, rendering it free of
pathogenic organisms.

• If done prior to incineration, the process will provide a
sludge with a heat value of 12,000 to 13,000 Btu per
pound of volatile solids (28 to 30 kJ/g).

• Process is suitable for many types of sludges that cannot
be stabilized biologically because the presence of toxic
materials.

• Process is insensitive to changes in sludge composition.

• No length or elaborate start-up procedures are required.

The disadvantages of thermal conditioning include:

• The process has high capital cost due to the use of
corrosion-resistant materials such as stainless steel in
the heat exchangers. Other support equipment is required
for odor collection and control and high pressure fluid
transport.

• Process requires supervision, skilled operators, and a
strong preventative maintenance program.

• Process produces an odorous gas stream that must be
collected and treated before release.

• Process produces sidestreams with high concentrations of
organics, ammonia nitrogen, and color.

• Scale forma t ion in heat exchangers, pipes, and reactor
requires acid washing.

8.7.2 Process Sidestreams

Thermal sludge conditioning produces both gaseous and liquid
sidestreams that must be considered in design.

8.7.2.1 Gaseous Sidestreams

A thermal sludge conditioning process produces odorous materials
in:

• Vapors from treated sludge in the decant or thickener
tanks.
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• Vacuum filter pump exhaust and vacuum filter hood
exhaust.

• Air exhausted from the operations and hopper areas
of any enclosed mechanical dewatering system.

These odors must be treated by processing all exhaust air in
some type of odor control system. Methods of odor control
include combustion, adsorption, scrubbing, masking, dilution, and
surface evaporation (41).

8.7.2.2 Liquid Sidestreams

Thermal sludge conqitioning sidestreams originate from the
conditioned sludge when it is decented, thickened or lagooned,
or when i tis me c han i cally dewate red. The composit ion 0 f
thermally conditioned sludge liquor is difficult to assess.
In one study of thermal conditioning with no air addition,
several types of sludges were treated and it was noted that in
general (42):

,
• The concentration of the individual components in a

heat-treatment sidestream increased in proportion to the
feed-solids concentration.

• The COD of heat-treatment liquor was proportional to
the dissolved solids for all sludges under all process
conditions.

• The organic N content of heat-treatment liquor was
proportional to the dissolved solids, there being
one relationship for activated sludge and others for
trickling filter, primary plus activated, and digested
sludges.

• The breakdown of organic N to ammonia in activated sludge
heat treatment liquor was a time-temperature phenomenon.

In general, therefore, the composition" of the liquor is a
function of the type of sludge, feed volatile solids content,
reaction time, and temperature. Without a pilot scale
investigation of process feasibilityr'it is difficult to specify
de sign da ta. Tabl e 8-12 gives ranges for variou s cons t i tuen ts
that have been reported for both the process with air addition
and the process without air addition that conditioned sludges
having 3 to 6 percent feed solids concentrations (41-50).

Table 8-13 summarizes data from the literature on filtrate
or centrate composition. Except for suspended solids, the
parameters of filtrate are similar if not equal to the decant
tank supernatant.
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TABLE 8-12

GENERAL CHARACTERISTICS OF SEPARATED LIQUOR FROM
THERMAL CONDITIONED SLUDGEa

Non-oxidativeOxidativeParameter
'------------~~----

Suspended solids, mg/l
Dissolved solids, mg/l
COD, mg/l
BODS' mg/l
Phosphorus c , mg/l
Total N, mg/l
Organic N, mg/l
Ammonia N, mg/l
oH
Color
Metals

100-20,000

10,000-30,fJOO
S,OOfJ-lS,OOO

lSO-200
6S0-1,00fJ

400-1,700
S.0-6.5

1,000-6,000 units
.cd

300-12,000
1,700-12,000
2, SOO-22, 000
1,600-12,000

70-100
700-1,700
100-1,000

3fJ-700
S.0-6.4

2,000-8,000
.;.e

._-----------~--------------_.__.._-----:----

aMixture of 50 percent primarv and 5fJ percent waste-activated at a feed solids
concentration between 3 to 6 oercent.

bLess than 20 percent of the COD is non-biodegradable.

cDepends on P of influent sludge.

d see Reference 43.

e See Reference 44.

Many methods have been used to treat the liquid sidestreams, and
they are discussed in Chapter 16.

8.7.3 Operations and Cost

Analysis of the cost of installing and operating a thermal
conditioning process should be comprehensive, as it impacts other
parts of the liquid and sludge handling system. The discussion
in this section is general; for those interested in more detail,
two recent reports are available (41,53).

8.7.3.1 General Considerations

Thermal sludge conditioning h~s been operating in ~he United
States for about ten years. During that time, over a hundred
facilities have been built and much has been learned from
past mistakes. Following are current design guidelines that
must be considered in the cost determinations for a basic thermal
sludge-conditioning system:

.
• If there is a chance of high chloride content (greater

than 400 mg/l) ·in the sewage or sludge metal with
corrosion-resistant properties greater than stainless
steel must be used in the hot heat exchanger (nearest
reactor) .
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• All potential sources of odor (decant tank, dewatering
area, vacuum filter exhaust must be enclosed. In
addition, an air collection and treatment system must be
provided.

• Strength of the recycle streams depends on many
variables. The worst possible conditions should be
used as the design basis for the recycle liquor system.

• Good grit removal from the sludge is essential to prevent
abrasion of metal piping. The provision of grit removal
at the plant influent does not imply that gri t will be
absent in the sludge stream. Large quantities of material
can blow into clarifiers and aeration tanks; therefore,
separate grit removal before the thermal-conditioning
system should be considered.

• Only the most rugged types of sludge handling pumps
should be used.

• Present-day energy economics dictate careful review of
heat recovery systems.

8.7.3.2 USEPA Survey Results

In-May and June of 1979, USEPA Technology Transfer,
Ohio, conducted a survey of operation and maintenance
76 thermal conditioning process facilities. Table
suppliers, number of plants involved in survey,
operating experience.

Cincinnati,
problems at
8-14 lists

and sum of

Nearly all the plants contacted indicated high costs of operation
and maintenance. The high operating costs resulted mainly from
the cost of fuel for steam generation, the addition of chemicals
for boiler water treatment, and in some cases (Lexington,
Kentucky; Haverhill, Massachusetts; Poughkeepsie, New York),
the addition of chemicals to improve dewatering. Plants that
utilize waste heat from sludge cake incineration are able to cut
cons iderably both fuel usage and the volume of sludge (as ash)
that must be hauled.

Maintenance costs involve replacing various parts on a somewhat
regular basis, washing the heat exchanger and reactor with acid
to remove scaling, and the costs of the manpower needed to
perform these tasks. Plants that have operating experience
express requirements for highly trained personnel, regular
preventive maintenance, and a good surveillance program. These
practices can substantially reduce maintenance costs due to
excessive shutdown time or replacement of major components that
do not normally wear out.
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TABLE 8-13

FILTRATE AND/OR CENTRATE CHARACTERISTICS FROM
DEWATERING THERMAL CONDITIONED SLUDGE

Recessed diaphragm plate Feed solids, percent 14
and frame pressure filter Filtrate S5, mg/l 1,400

Rotary vacuum filter cloth Feed solids a , percent = 18
media Filtrate SS, mg/l 9,000

BODS, mg/l 6,800

Sludge type Dewatering process"

Raw primary plus trickling Recessed plate pressure
filter sludge (heavy filter
industrial load)

Anaerobically digested (primary Rotary vacuum filter cloth
plus waste-activated) plu~ media
raw primary

Raw primary plus waste- Rotary vacuum filter cloth
activated media

Raw primary plus waste- Rotary vacuum filter cloth
activated (high tannery load) media

Anaerobically digested (primary Sand dry beds
plus waste-activated) plus
raw sludge

Anaerobically digested primary
plus oxygen waste-activated

Raw primary plus trickling
filter sludge

Characteristics

Feed solids, percenta = 9.0
Fil tratea

Total solids, mg/l = 8,000
SS, mg/l =150
BODS, mg/l = 6,500
COD, mg/l = 12,000
Total N, mg/l = 1,075
pH, units = 6.4

Feed solids, percent = 10 - 15
Filtrate 5Sa , mg/l ; 5,000
BOD5a , mg/l = 10,000

Feed solids, percent = 6 - 10
Filtrate SS, mg/l 1,000

Feed solids, percent = 8 - 13
Filtrate SS, mg/l 2,000
BODS' mg/l = 7,900 - 9,600

Soluble BODS of drainage does not ex
ceed 6,000 mg/l

Reference

49

d

51

e

52

Raw primary plus waste
activated

Raw primary plus waste
activated

Raw primary plus waste
activated

Raw primary plus waste
activated

Raw primary plus waste-

aAverage values.

Centr ifuge

Centrifuge

Rotary vacuum filter cloth
media

Rotary vacuum filter cloth
media

Coil vacuum filters

Feed solids, percent = 6 - 7
Filtrate 5S = 3,000 mg/l

Feed solids, percent = 6 - 7
Filtrate 5S = 6,000-9,000 mg/l
Soluble BODS, mg/l 4,200

BODS, mg/l = 7,300 - 9,100

Feed solids, percent 10 - 20
Filtrate, percent = 2 - 2.5
Soluble BODS' mg/l = 6,000 - 7,000

Feed solids, percent 13
Filtrate, percent solids = 6 - 7

9

h

The buildup of scale in the heat exchanger, reactor, or pipes
occurs in most plants that have hard water or industrial wastes
in the influent. Regular washing with acid is practiced in all
plants wi th this problem. The length of operating time between
washes varies from as much as l, 500 hours to as little as
200 hours. Many plants acid-wash on a regular basis, about every
month, not only to remove scale, but to prevent its initial
buildup.

Many operators of the non-air thermal conditioned systems
indicated that an important factor in a good maintenance program
is the upkeep of a parts inventory. This eliminates the chance
of the system being shut down over an extended period while parts
are ordered.
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TABLE 8-14

USEPA JULY 1979 SURVEY OF EXISTING MUNICIPAL WASTEWATER
THERMAL CONDITIONING

Zimpro Envirotecha Nichols b Zurn

Total installations 83 30
,--'

6 1
Number of installations

contacted in survey 57 19 0 0
Operatin9 more than 120 hr/

week 27 7
Operating less than 120 hr/

week 20 6
Not operating 10 6

Period of operation
Less than 1 year 11 1
Between 1 to 2 years 15 6
Between 3 to 5 years 11 9
Over 5 years 20 3

aFormally called the Porteous process. Porteous process was
licensed by Envirotech in the mid-1960's.

bFormally known as the Dorr Oliver Farrer System. Purchased
by Nichols in the early 1970's.

The concensus of the operators is that after the "bugs" are
worked out of the system, after the personnel have been
familiarized and trained, and after a routine maintenance program
is established, the process performs satisfactorily.

8.8 Elutriation

Elutriation is the term commonly used to refer to the washing of
anaerobically digested sludge before vacuum filtration. Washing
causes a dilution of the bicarbonate alkalinity in the sludge and
therefore reduces the demand for acidic metal salt by as much as
50 percent (54).

The process itself was patented by Genter in 1941 (55). Although
it typically employs one or two tanks, any number of tanks
can be used. Two to six volumes of washwa ter, typically plant
effluent, flow countercurrent to one volume of anaerobically
digested sludge. Elutriation tanks are designed to act
as gravity thickeners, with a mass solids loading of 8 to
10 pounds per square foot per day (39 to 48.8 kg/m2/day).

At thi s time the process is not used as extens ively as it had
been because, in addition to reducing alkalinity, it also washed
out 10 to 45 percent of the solids from the incoming sludge
stream (56-60). Elutriate was recycled back to the main plant
and eventually degraded the plant effluent (57,58,60).
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Full-s cale research (60-62) has shown that the sol ids problem
can be solved, and 90 to 92 percent capture achieved, with
the use of polymers. Recommended current elutriation design
considerations are listed below:

• Tank s s h 0 u 1 d bel 0 a d e d a thyd r a u 1 i c loadin g s ( tot a 1
of both sludge and washwater flow) of 200 to 300 gallons
per day per square foot (69 to 104 1/day/m2 ) and solids
loading of 8 to 15 pounds per day per square foot (39 to

• Tanks should have the best possible inlet structure to
minimize inlet momentum.

• Baffling should be used to prevent tank currents.

• Tanks should be provided with scum collection.

• Polymer addition should be provided.

8.9 Freeze-Thaw

In 1929, Babbit and Schlenz demonstrated the benefit of freezing
wastewater sludge (63). They noted that, after sludge was frozen
on a sand drying bed during the winter and thawed in the spring,
its drainage qualities were improved and it dried to a higher
so lids content.

Research has
conditioning:
freezing.

since been conducted in three areas of freeze
indirect and direct mechanical systems and natural

8.9.1 Indirect Mechanical Freezing

Until recently, all mechanical freeze-conditioning research
has been oriented toward ind i rect freez ing me thods. Indirect
freezing involves the separation of the refrigerant and the
sludge by some type of partition. The studies (64-66) on
wastewater sludges indicate that freezing:

• Ca use s cellu 1 a r de h y d rat i on and t h usa11 ow s be t t e r
flocculation.

• Destroys the sliminess of biological sludges.

• Improves dewatering characteristics as measured by
sandbed and vacuum filter dewatering rates.

• Must occur slowly to be effective.
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Although freeze conditioning has been shown to be beneficial, it
is expens ive to implement. Th is is because the sys tern cannot
utilize the heat generated by the fusion of the frozen sludge to
cool the refrigerant.

8.9.2 Direct Mechanical Freezing

To overcome the above-mentioned problem, pilot work has been
conducted on direct freezing (67). In direct freezing, the
liquefied refrigerant is vaporized and dispersed through the
sludge slurry at a controlled rate. In Table 8-15, slurry
freezing (direct mechanical method) is compared to solid freezing
(indirect freezing) and several other treatment processes.

TABLE 8-15

COMPARISON OF SEWAGE SLUDGE HANDLING AND CONDITIONING PROCESSES (67)

Reduction
in sludge

__~Pr_o,-c_e,-s,-s__ , " CODpeEce~J:_

Sludge
solubilization

Suoernatant and
filtrate quality

pH Quality
Cost/ton

dry solids

Slurry freezing
Solid freezing
Anaerobic digestion
Aerobic digestion
Chemical addition

1 ton = 0.907 t

35
50-70
60-70
30-70
20-40

Low
High
High
Low
Low

7-8
7-7.5

6-7
4-7

6-6.5

Good
Poor
Poor
Good
Moderate

6-20
5-35

15-20
15- 30
10-25

8.9.3 Natural Freezing

In this method, the freezing is done by the environment.
At least one facility (68) is operating in Canada, and extensive
full-scale research is being conducted in facility design in
order to improve this method of conditioning (69).

8.10 Mechanical Screening and Grinding

In some applications, screening or grinding can be considered
part of the sludge conditioning process. A good example of
screening for conditioning is in the application of a disc nozzle
centrifuge. A stainless steel, self-cleaning screen is required
to remove large solids and fibrous material that would clog the
disc nozzle machine.

Grinding of primary sludge is an important step for some sludge
handling processes. It has also been indicated that grinding of
a thick (over 8 percent solids) sludge stream reduces viscosity,
thus making the slurry easier to pump. One outstanding example
of this is in the municipal system at Glen Cove, New York.
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8.11 Miscellaneous Processes

In addition to the more commonly known conditioning methods
prev iously discussed, research has also been conducted on more
novel methods, such as bacteria, electricity, solvent extraction,
and ultrasonic.

8.11.1 Bacteria

Autotrophic sulfur bacteria may provide conditioning-- if added
to digested sludge prior to dewatering (54). Under aerobic
conditions, sulfur-oxidizing bacteria stimulate the production of
sulfuric acid, which, in turn, lowers the pH of the sludge
and enhances the dewatering process as measured by the specific
resistance test. In another study (70) ,it was shown that
filtration rates of waste-activated sludge could be increased
under anaerobic conditions with the use of the enzyme lysozyme.

8.11.2 Electricity

In extensive laboratory and pilot plant work studies, graphite
anodes and iron cathodes have been used to c00diton sludge
(71-76).

These studies indicate that:

than 4.0 electrical
filtration without

• At pH values lower
condition sludge for
chemicals.

current can
the use of

• The quantity of water removed during dewatering
(vacuum filtration) was proportional to the amount of
electricity used. Thinner sludges required less current.

• Sludges electrically conditioned seemed to produce
drier cakes than chemically conditioned sludges.

The disadvantages are that:

• Anodes had to be replaced frequently because a dried
crust continually formed on them.

• The system uses a great deal of electricity; optimum
current density was approximately 0.3 amp per sq ft
(3.3 ampjm2 ) of anode surface, with a potential drop of
4 volts between the electrodes.

• No full-scale facilities have ever ~een tested to
evaluate operating problems.
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8.11.3 Solvent Extraction

In 1957, research was conducted at Rockford, Illinois, with
carbon tetrachlorethylene as the solvent, with distillation
end products being dried oils, fats, and greases (77). It was
not considered to be very economical at that time.

Although solvent extraction is becoming popular
(78), only recently has there been promotional
the municipal field (79). To date, no municipal
are using the process.

8.11.4 Ultrasonic

in industry
activity in

installations

Conditioning of sewage sludges by ultra- or supersonic vibration
has been explored (54). Ultrasonic vi brat ions degas i fy sludge,
which is beneficial, but the vibrations also tend to destroy
sludge floes, resulting in fine solids that are difficult to
dewater.
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CHAPTER 9

DEWATERING

9.1 Introduction

Dewatering is the removal of water from wastewater treatment
plant solids to achieve a volume reduction greater than that
achieved by thickening. Dewatering is done primarily to decrease
the capital and operating costs of the subsequent direct sludge
disposal or conversion and disposal process. Dewatering sludge
from a 5 to a 20 percent solids concentration reduces volume by
three-fourths and results in a non-fluid material. Dewatering is
only one component of the wastewater solids treatment process and
must be integrated into the overall wastewater treatment system
so that performance of both the liquid and solids treatment
schemes is optimized and total costs are minimized (1-3).

9.1.1 Process Evaluation

Several pilot-scale studies have been published that compare the
pe rf orma nc e of va ri ou s dewa te ring de vice s or te chniques on
different sludge types (4-9). Table 9-1 summarizes equipment and
sludge types evaluated. One conclusion that can be drawn from
these stud i es is that select ing sludge dewa ter ing processes is
still very much an art rather than a science. Bench or pilot
scale testing is always recommended before final design. This,
however, does not always guarantee successful operation of the
full-scale system. As will be shown, there are many problems
involved in the scale-up of dewatering equipment, and this,
combined with the changing character of municipal wastewater
sludges, can cause significant problems. Designers must be
cognizant of these problems and allow for them in the design of
full-scale installations.

The main variables in any dewatering process are:

• Solids concentration and volumetric flow rate of the
feed stream.

• Chemical demand and cost.

• Suspended and dissolved solids concentrations and
volumetric flow rate of the sidestream.
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Solids concentration and volumetric flow rate of the
dewatered sludge.

TABLE 9-1

PILOT-SCALE SLUDGE DEWATERING STUDIES

Reference

4

5

6

7,8

9

Sludge type

Mesophilic, anaerobically
digested primary sludge
from a publicly owned
treatment work (POTW)

/1esophilic and thermophilic
anaerobically digested
sludge (3/4 by weight
primary plus 1/4 by weight
waste-activated sludge)
from a POTW

Waste-activated sludge from
a pulp and paper activated
sludge plant

Raw primary sludge (1/3 by
weight) plus waste
activated sludge (2/3 by
weight from a POTW)

Mesophilic, anaerobically
digested primary sludge
(1/3 by weight) plus
waste-activated sludge
(2/3 by weight) from a
POTW

Type of equipment
-----

Combination of a horizontal, solid bowl,
decanter centrifuge and a imperforate
basket centrifuge

Rotary drum, cloth-belt, vacuum filter
Rotary drum, coil-belt, vacuum filter
Recessed plate pressure filters

Horizontal, solid bowl, decanter centrifuge
Imperforate basket centrifuge
Rotary drum, cloth-belt, vacuum filter
Recessed plate pressure filters
Drying beds

Horizontal, solid bowl deca~ter centrifuge
Rotary drum, precoat vacuum filter
Recessed plate pressure filters
Belt filter press
Capillary suction
Ultrafiltration
Dual cell gravity filter with multiple roll

Rotary drum, cloth-belt vacuum filter
Recessed plate pressure filters
Diaphragm recessed plate pressure filters
Belt filter press

Horizontal, solid bowl, decanter centrifuge
Rotary drum, cloth-belt, vacuum filter
Belt filter press

Speci f ic des ign cri teri a for select ion of a dewa tering process
can also be dependent upon subsequent processing steps. Both the
sludge cornposting and the incineration process require sludge
with a relatively low solids concentration.

Another important consideration is the operation and maintenance
(aiM) cost and the variables affecting it. In the past,
aiM costs have been given little attention. This should change
as USEPA implements its new Operations Check List (10) in all
phases of the Construction Grants Program.

Finally, dewatering device reliability is important for
successful plant operation. A reliable dewatering system is
needed to maintain relatively uninterrupted removal of wastewater
solids from a continuously operated wastewater treatment process.
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Sludges are generated constantly, and if they
accumulate for a long time, the performance
wastewater treatment plant will be impaired.

are
of

allowed to
the entire

9.1.2 Methods of Dewatering

While numerous techniques fulfill the basic functional
definition of dewatering, they do so to widely varying degrees.
It is important to note these circumstances when comparing
different devices. For example, drying beds can be used not
only to dewater a sludge, but also to dry it to a solids
concentration of greater than 50 to 60 percent. Depending on the
circumstances and particular device involved, dewatered sludge
from a mechanical device may vary from a wet, almost flowable
form, to a harder and more friable form.

9.2 Natural Sludge Dewatering Systems

When land is available, sludge dewatering by nature can be
extremely attractive from both a capital and an operating cost
viewpoint. Considering escalating electrical power costs,
this method is even more attractive. Two types of systems can be
categorized as natural: drying beds and drying lagoons.

9.2.1 Drying Beds

Drying beds are the most widely used method of municipal sludge
dewatering in the United States (11). At the present time,
two-thirds of all United States wastewater treatment plants
utilize drying beds and one-half of all the United States
municipal sludge is dewatered by this method. Although the use
of drying beds might be expected in smaller plants and in the
warmer sunny regions, they are also used in several large
facilities in northern climates (12). Table 9-2 lists advantages
and disadvantages of the drying bed method.

TABLE 9-2

ADVANTAGES AND DISADVANTAGES OF
USING SLUDGE DRYING BEDS

Disadvantages

When land is readily available, this is
normally the lowest capital cost

Small amount of operator attention and
skill is required

Low energy consumption

Less sensitive to sludge variability

Low to no chemical consumption

Higher dry cake solids contents than fully
mechanical methods

Lack of a rational engineering design
approach allowing sound engineering
economic analysis

Requires more land than fully mechanical
methods

Requires a stabilized sludge

Must be designed with careful concern for
climatic effects

May be more visible to the general public

Removal usually labor intensive
----------------- -~----~,-
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Research into the dewatering of sludge by drying beds has been
conducted since the early 1900s, when it was noted that digested
sludge dewatered more rapidly than raw sludge (13). Design data,
however, are still very empirical, and only recently has an
effort been made to develop a rational engineering design
approach (14-16). An excellent review of past work, detailed
theoretical analysis, and current understanding of the sludge
drying process is given by Adrian (14). Sludge dewatering on a
drying bed is a multi-phase process and is shown pictorially on
Figure 9-1.

RAIN IF BED IS UNCOVERED

EVAPORATION DUE TO RADIATION AND CONVECTION

t__t_t_t~t_t_t
SLUDGE

POROUS MEDIUM -SLUDGE SUPPOAT STRUCTION

DRAINAGE OF WATER THROUGH POROUS MEDIUM

FIGURE 9-1

SCHEMATIC OF SLUDGE DEWATERING IN A
DRYING BED SYSTEM

9.2.1.1 Basic Components and Operation

Drying beds generally consist of a one- to three-foot (0.3-1.0m)
high retaining wall enclosing a porous drainage media. This
drainage media may be made up of various sandwiched layers
of sand and gravel, combinations of sand and gravel with cement
strips, slotted metal media, or a permanent porous media.
Appurtenant equipment includes: sludge feed pipelines and flow
meters; possible chemical application tanks, pipelines, and
metering pumps; filtrate drainage and recirculation lines;
possible mechanical sludge removal equipment; and a possible
cover or enclosure.

Operational procedures common to all types of drying beds involve:

• Pump 8 to 12 inches (20 to 30 cm) of stabilized liquid
sludge onto the drying bed surface.
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• Add chemical conditioners continuously,
are used, by inj ect ion in to the sl udge
onto the bed.

if conditioners
as it is pumped

• Permit, when the bed is filled to the desired level, the
sludge to dry to the desired final solids concentration.
This concentration can vary from between 18 to
60 percent, depending on the type of sludge, processing
rate needed, degree of dryness required for lifting, etc.

• Remove the dewatered sludge either mechanically or
manually.

• Repeat the cycle.

9.2.1.2 Types of Drying Beds

Drying beds may be classified as either conventional, paved,
wedgewire, or vacuum-assisted.

Conventional Sand Drying Beds

Sand drying beds are the oldest, most commonly used type of
drying bed. Many design variations are possible including
the layout of drainage piping, thickness and type of gravel and
sand layers, and construction materials.

Current United States practice (17-19) is to make drying beds
rectangular with dimensions of 15 to 60 feet (4.5 to 18 m) wide
by 50 to 150 feet (15 to 47 m) long with vertical side walls.
Usually 4 to 9 inches (10 to 23 cm) of sand is placed over 8 to
18 inches (20-46 cm) of graded gravel or stone. The sand is
usually 0.012 to 0.05 inches (0.3 to 1.2 mm) in effective
diameter and has a uniformity coefficient less than 5.0. Gravel
is normally graded from 1/8 to 1.0 inches (0.3 to 2.5 cm), in
effective diameter. Underdrain piping has normally been of
vitrified clay, but plastic pipe is also becoming acceptable.
The pipes should be no less than 4 inches (10 cm), should be
spaced 8 to 20 feet (2.4 to 6 m) apart, and have a minimum slope
of one percent.

Figure 9-2 shows a typical sand drying bed construction. Sand
drying beds can be built with or without provision for mechanical
sludge removal, and with or without a roof.

Paved Drying Beds

Paved drying beds have had limited use since 1954 (20). The beds
are normally rectangular in shape and are 20 to 50 feet (6 to
15 m) wide by 70 to 150 feet (21 to 46 m) long with vertical
side walls. Current practice is to use either a concrete or
asphalt lining. Normally, the lining rests on an 8- to 12-inch
(20- to 30-cm) built-up sand or gravel base. The lining should
have a minimum 1.5 percent slope to the drainage area. A minimum
four-inch (lO-cm) diameter pipe would convey drainage away. An
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unpaved area, 2 to
either side or down
can be built with or

3 feet (0.6 to 1 m) wide is placed along
the middle for drainage. Paved drying beds
without a roof.

FIGURE 9-2

TYPICAL SAND DRYING BED CONSTRUCTION (18)

For a given amount of sludge, paved drying beds require more area
than sand beds. Their main advantages are that front-end loaders
can be used for sludge removal and reduced bed maintenance (21).
Figure 9-3 shows typical paved drying bed construction.

M!NIMUM 1.5%
SLOPE

:<:',: ",~'.. ::.'

....

FIGURE 9-3

..
r-- ASPHALT OR

CONCRETE UN ING

TYPICAL PAVED DRYING BED CONSTRUCTION
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Wedge-Wire Drying Beds

Wedge-wire drying bed systems have been successfully used in
England for over 20 years to dewater both municipal (22) and
industrial (23,24) wastewater aludges. Used in the United States
since the early 1970s, there are presently 18 wedge-wire
installations. Ten of these installations are for municipal
wastewater sludge.

In a wedge-wire drying bed, sludge slurry is introduced onto a
horizontal, relatively open-drainage media in a way that yields a
clean filtrate and provides a reasonable drainage rate (25).
Table 9-3 lists reported advantages for this type of drying bed.

TABLE 9-3

ADVANTAGES OF A WEDGE-WIRE DRYING BED (26)

No clogging of the media
Constant and rapid drainage
Higher throughput rate than sand beds

Easy bed maintenance
Difficult-to-dewater sludges, for example,

aerobically digested can be dried
Compared to sand beds dewatered sludge is

easier to remove

Figure 9-4 shows a typical cross section of a wedge-wire bed.
The bed consists of a shallow rectangular watertight basin fitted
with a false floor of wedgewater panels. These panels have
slotted openings of 0.01 inches (0.25 mm). This false floor is
made watertight with caulking where the panels abut the walls.
An outlet valve to control the rate of drainage is located
underneath the false floor.

CONTROLLED DIFFERENTIAL HEAD IN VENT
BY RESTRICTING RATE OF DRAINAGE

~-- PARTlTjON TO FORM VENT

WEDGEWIRE SEPTUM
OUTLET VALVE TO CONTROL TO CONTROL If
RATE OF DRAINAGE

FIGURE 9-4

CROSS SECTION OF A WEDGE-WIRE DRYING BED
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The procedure used for dewatering sludge begins with the
movement of water or plant effluent into the wedgewater unit
until a depth of approximately one inch (2.5 cm) over the
wedge-wi re septum is attained. This wa ter serves as a cush ion
that permi ts the added sludge to floa t wi thou t causing upward
or downward pressure across the wedge-wire surface. The
water further prevents compression or other disturbance of the
colloidal particles. After the bed is filled with sludge, the
initially separate water layer and the drainage water are
allowed to percolate away at a controlled rate, through the
outlet valve. After the free water has been drained, the sludge
further concentrates by drainage and evaporation until there is a
requirement for sludge removal.

Vacuum-Assisted Drying Beds

The only operating vacuum-assisted drying beds at this time
are two 20 feet (6m) by 40 feet (12 m) units built in 1976
at Sunrise City, Florida. They dewater a two percent solids
concentration, aerobically digested sludge from a contact
stabilization wastewater treatment plant (27).

The principal components of the Sunrise facility are:

• A bottom ground slab consisting of reinforced concrete.

• A layer of stabilized aggregate several inches thick
wh ich provides support for the rig id mul t i-medi a f i 1 ter
top. This spa c e is a 1sothe va c u u m c ham berandis
connected to a vacuum pump.

• A rigid multi-media filter top is placed on the aggregate
support. Sludge is then applied to the surface of
this media.

The operating sequence is as follows:

• Sludge is introduced onto the filter surface by gravity
flow at a rate of 150 gallons per minute (9.4 l/s) and to
a depth of 12 to 18 inches (30 to 46 cm).

• Filtrate drains through the multi-media filter and into
the space con ta ini ng the aggrega te and then to a sump,
from which it is pumped back to the plant by a self
actuated submersible pump.

• As soon as the entire surface of the multi-media filter
is covered with sludge, the vacuum system is started
and vacuum is maintained at 1 to 10 inches mercury
(3 to 34 kN/m 2 ).

Under favorable weather conditions, this system dewaters the
dilute aerobically digested sludge to a 12 percent solids
concentration in 24 hours without polymer addition, and to
the same level in eight hours if polymer is added. This
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drying bed
the des ign.

Sludge type
Bed media
Color
COD
BODS
BOD 20

particular sludge of 12 percent solids concentration is capable
of being lifted from the bed by a fork or mechanical equipment.
The sludge will further dewater to about 20 percent solids
concentration in 48 hours.

9.2.1.3 Process Design Criteria

Covered Beds

Whenever there is the possibility of long periods of rain, snow,
or cold weather: potential odor or insect problems; or a problem
with esthetics; consideration should be given to employing covers
for the drying beds. When properly ventilated, so that air can
flow over the surface of the bed, covered sand beds can be
employed and require 25 to 33 percent less area than open sand
beds (17,26). Although covers can be provided for paved,
wedge-wi re, and vacuum beds, no documentation could be found on
how covers affect or improve bed loading rates.

Sludge Conditioning

Sludge conditioning can dramatically improve
throughput (28) and should be considered as part of
See Chapter 8 for further discussion on conditioning.

Sludge Removal

The majority of United States facilities employ manual labor to
remove dried sludge from drying beds. With this type of removal,
a 30 to 40 percent solids conoentration is required. with
mechan ical sludge removal sys terns (21,29,30), sol ids con cen tra
tion between 20 and 30 percent can be handled (31). Depending
on the bed size, a tiltable unit similar to the lift and dump
mechanism of a dump truck is available for the wedge-wire drying
bed.

Sidestreams

The only sidestream from a drying bed operation is under
drainage liquor. While little is known about the characteristics
of this sidestream, Table 9-4 shows the resul ts from one pilot
study. This flow is not normally treated separately, but is
typically returned to the plant headworks.

TABLE 9-4

CHARACTERIZATION OF SAND BED DRAINAGE (32)

- Anaerobically digested mixture of primary and trickling filter sludge
- 6 inches of sand
- clear, dark amber
- 300-400 mg/l
- 6-66 mg/l
- 1,900-2,360 mg/l ,(over 90 percent nitrogenous)

_ ......__, ~'''''"d,''''~o~.,_"

1 inch = 2.54 cm
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TABLE 9-SA

SUMMARY OF RECOGNIZED PUBLISHED SAND BED SIZING CRITERIA
FOR ANAEROBICALLY DIGESTED, NON--CONDITIONED SLUDGE

_____U_n_c_ov_ered _b_e_d_s-'-, _

Initial sludge source

Primary
Reference 33
Reference 34

Reference 36
N45° N latitude
Between 40-450 N
540 0 N latitude

Primary plus chemicals
Reference 33
Reference 34

Reference 36
N45° N latitude
Between 40-45 0 N
540 0 N latitude

Area, L9ading, Covered beds area,
sq ft/capita lb solids/sq ft/yr sq ft/capitaa

1.0 27.5
1.0 - 1.5 0.75 - 1.0

1. 25 0.93
1.0 0.75

0.75 0.56

2.0 22
2.0 - 2.25 1.0 - 1. 25

2.5 1. 87
2.0 1. 50
1.5 1.12

Primary plus low rate
trickling filter

Reference 33
Reference 34

Reference 36
N45° N latitude
Between 40-4So N
540 0 N latitude

Primary plus waste-
activated sludge

Reference 33
Reference 34

Reference 36
N45° N latitude
Between 40-4So N
540 0 N latitude

1.6
1.25 - 1.75

1. 87
1. 50
1.12

3.0
1.75 - 2.5

2.18
1. 75
1. 31

22

15

1.0 - 1.25

1. 56
1. 25
o. 93

1.25 - 1.5

1. 68
1. 35
1. 01

a only area loading rates available for covered beds.

1 lb/sq ft/yr = 4~9 kg/m 2/yr
1 sq ft = 0.093 m

Bed Sizing Criteria

Despite the number of drying beds in use today, the lack of
published bed sizing criteria have limited applicability. The
majority of published and professionally utilized design data
(33-36) are based on operations during the 19405 and 19505.
Tables 9-5A and 9-5B summarize the data for sand drying beds. At
that time, sludges applied to sand beds were anaerobically
digested. They originated predominantly in primary, primary
plus low rate trickling filter, or primary plus conventional
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waste-activated sludge wastewater treatment processes. Many of
the sludges presently generated do not readily fall within these
categories.

TABLE 9-5B

SUMMARY OF RECOGNIZED PUBLISHED STATE BED SIZING
CRITERIA FOR SAND BEDS BY USEPA REGIONSa SQUARE FEET/CAPITA

EPA Region

u c u c u c

VI

u c

VII

u c

VIII

u c

IX

u C u c

Anaerobically
digested

Pr:ilraryanly 1.51.0 1.50.75
Prirr.a.ry + ION rate

trickling fil ter 1. 75 1. 25 1. 5 0.75
Prirrary + sand

filter
Pr:ilrary + high rate

tricklingfil ter
Pri.narv + waste

activated sludge 2.5 1.5 2.0 1.0
PriJrary +

c'>emical 2.0 1. 0
IrmaFf 1. 5 0.75
Imhoff + low rate

trickling filter

0.5-1.0

0.75-1. 2

1.0

1.0

1.5-2.5

1.0-1.33
0.66-1. 0

1.0-1.2

1.0 1.0

0.5-1.0 0.25 1.5 1.0 1.0 1.0

1.0 0.5

1.0 1.25 1.25 1.0

1.0-1.5 1.0 1. 35 1. 35 1.0

1.0 1.5 1.3
1.0

1.0

1.5 1.0

1.5-2.0 1.0-1.25

2.0 1.25

1.5-2.5 1.0-1.5

3.0 2.0

dTaken from individual State design criteria that do not use 10 State Standards.

bThe states encompassed in USEPA Regions III and V do not have published requirements at this time.

eState of Idaho: Values shown are for rainf~ll of 30-45 inches (76-114 em); for rainfall between
10-30 inches (25-76 em), reduce these values by 25 percent; for rainfall of less than 10 inches
(25 em), reduce these values by 50 percent.

d u = uncovered sand beds
C = covered sand beds

1 sg ft/capita = 0.093 m
2
/capita

Also, most data are given in square feet of bed surface
area required for dewatering on a per capita basis. This
cri terion is only valid for the characteristics of a particular
wastewater and has no rational design basis. A better criterion
for sizing sand drying beds is the pounds of solids per square
foot of bed surface area per year. The best criteria would
take into consideration climatic conditions (such as temperature,
wind velocity and precipitation), sludge characteristics,
(grit, grease, fiber, and biological content), and solids
concentration.

No generalized bed sizing criteria could be found for paved
beds. Also very little information is available from full-scale
facilities on bed sizing criteria for wedge-wire units. In one
United States, wedge-wire facility, 150 gallons per day (568 lid)
of excess biological sludge at a two percent solids concentration
is conditioned with a polyelectrolyte and dewatered to a liftable
eight percent solids concentration in two to three hours (27).
Table 9-6 contains data on the performance of wedge-wire systems
with several different sludges.
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TABLE 9-6

WEDGE-WIRE SYSTEM PERFORMANCE DATA (25)

Sludge solids
Feed solids, concentration, Dewatering Solids capture,

Sludge type a percent percent time percent
--_._,-,-,.,,,,,.,.

Primary 8.5 25.0 14 days 99
Trickling filter humus 2.9 8.8 20 hours 85
Digested primary +

waste activated sludge
(WAS) 3.0 10.0 12 days 86

Fresh WAS 0.7 6.2 12 hours 94
Fresh WAS 1.1 9.9 8 days 87
Thickened WAS 2.5 8.1 41 hours 100

aAll sludges were chemically conditioned.

9.2.1.4 Costs

Capi tal Costs

Several recent publications
for open sand beds (37-39).
reference based on actual
1973-1977 (38).

have developed capital cost curves
Probably the most accurate is the

USEPA bid documents for the years

Although the data were scattered, a regression analysis
ind i ca ted, that, on the bas is of a USEPA Mun ic ipal Was tewa ter
Treatment Plant Construction Cost Index for the 2nd quarter 1977
(38), the capital cost could be approximated by Equation 9-1.

C = 9.89 x 10 4 01 . 35

where:

(9-1)

C = capital cost of process in dollars.

Q = plant design flow in million gallons of wastewater flow
per day.

The associated costs include excavation, process piping,
equipment, concrete, and steel. In addition, such costs as
those for administrating and engineering are equal to 0.2264
times Equation 9-1 (38).

Operating and Maintenance Cost

Table 9-7 indicates open sand
operation and maintenance.
removal of dried sludge from
weeding as necessary.

bed labor requi rements for both
The labor indicated includes:

the beds, sand maintenance, and
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TABLE 9-7

SLUDGE DRYING BEDS 1 LABOR REQUIREMENTS (18)

Labor, hours per year
Total bed area,

sq ft a Operation Maintenance Total
_" ••",__n_.,_~.•

1,000 300 100 400
5,000 400 180 580

10,000 500 220 720
50,000 1,500 710 2,210

100,000 2,900 1,500 4,400
._-------------------------_.__.__ _ -

aASsumes dry solids loading rate of 20 Ib/sq ft!yr of bed area.

21 sq ft = 0.093 m ~

1 Ib/sq ft/yr = 4.9 kg/m~/yr

3

2

10,000
9
8
7
6
5

~ 4
III

0: 3
"0

1-'
[,f) 2
0
U
..J
<
:l

1,000z
z 9
ot 8

7
6
5
4

3

2

:2 3 4 6 6 ., 8 9 10,000 :2 3 4 5 6 7 8 9 100.000 :2 3456189

DRYING BED AREA, sq ft 11 sq ft = 0.093 m2)

FIGURE 9-5

ESTIMATED JUNE 1975 MAINTENANCE MATERIAL COST
FOR OPEN SAND DRYING BEDS (39)
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Figure 9-5 shows a curve developed for estimating open sand
bed maintenance material cost as a function of sand bed surface
area. As an example, for a sand bed surface area of 10,000
square feet (930 m2 ), a designer would estimate a yearly
rna terials cost of $400. Since this number is based on a June
1975 cost, it must be adjusted to the current design period.

9.2.2 Drying Lagoons

Sludge drying lagoons are another method (12) of sludge
dewatering when sufficient, economical land is available.
Sludge drying lagoons are similar to drying beds. However, the
sludge is placed at depths three to four times greater than it
would be in a drying bed. Generally, sludge is allowed to
dewater and dry to some predetermined solids concentration before
removal and this might require one to three years. The cycle is
then repeated. Sludge should be stabilized prior to addition to
the lagoon to minimize odor problems. Large areas of lagoons can
produce nuisance odors as they go through a series of wet and dry
conditions. See Chapter 15 for further discussion. Table 9-8
lists present advantages and disadvantages for sludge drying
lagoons.

TABLE 9-8

ADVANTAGES AND DISADVANTAGES OF USING SLUDGE DRYING LAGOONS

Advantages
-----

Lagoons are low energy consumers
Lagoons consume no chemicals
Lagoons are not sensitive to sludge

variability

The lagoons can serve as a buffer in the
sludge handling flow stream. Shock
loadings due to treatment plant upsets
can be discharged to the lagoons with
minimal impact

Organic matter is further stabilized
Of all the dewatering systems available,

lagoons require the least amount of
operation attention and skill

If land is available, lagoons have a very
low capital cost

Disadvantages

Lagoons may be a source of periodic odor
problems, and these odors may be difficult
to control

There is a potential for pollution of
groundwater or nearby surface water

Lagoons can crea t.e vector problems (for
example, flies and mosquitos)

Lagoons are more visible to the general
public

Lagoons are more land-intensive than fully
mechanical methods

Rational engineering design data are
lacking to allow sound engineering
economic analysis

Very little research has been conducted concerning sludge
drying lagoons. Dewatering occurs in three ways: drainage,
evaporation, and transpiration. Research seems to indicate
that dewatering by drainage is independent of lagoon depth.
Dewatering by drainage alone cannot produce a sludge sufficiently
dry for easy removal (40,41). These studies further indicate that
evaporation is the most important dewatering factor.
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9.2.2.1 Basic Concept·

Sludge drying lagoons consist of retaining walls which are
normally earthen dikes 2 to 4 feet (0.7 to 1.4 m) high. The
earthen dikes normally enclose a rectangular space with a
permeable surface. Appurtenant equipment includes: sludge feed
lines and metering pumps, supernatant decant lines, and some type
of mechanical sludge removal equipment. The removal equipment
can include a bulldozer, drag line or front-end loader. In areas
where permeable soils are unavailable, underdrains and associated
piping may be required.

Operating procedures common to all types of drying lagoons
involve:

• Pumping liquid sludge, over a period of several months or
more, into the lagoon. The pumped sludge is normally
stabilized prior to application. The sludge is usually
applied until a lagoon depth of 24 to 48 inches (0.7 to
1.4m) is achieved.

• Decanting supernatant, either continuously or intermit
tently, from the lagoon surface and returning it to the
wastewater treatment plant.

• Filling the lagoon to a desired sludge depth and then
permitting it to dewater. Depending on the climate
and the depth of appl ied sludge, the time involved for
dewatering to a final solids content of between 20 to
40 percent solids may be 3 to 12 months.

• Removing the dewatered sludge with some type of
mechanical removal equipment.

• Resting (adding no new sludge) to the lagoon for three to
six months.

• Repeating the cycle.

9.2.2.2 Design Criteria

Proper de sign of sludge dry ing lagoons requ i res a cons idera tion
of the following factors: climate, subsoil permeability, sludge
characteri s ti cs, lagoon depth, and a re a management pract ices. A
detailed discussion of these factors follows.

Climate

After dewatering by drainage and supernating, drying in a sludge
lagoon depends primarily on evaporation. Proper size of a
lagoon, therefore, requires climatic information concerning:

• Precipitation rate (annual and seasonal distribution).
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• Evaporation rate (annual average, range, and seasonal
fluctuations) .

• Temperature extremes.

Subsoil Permeability

The subsoil should have a moderate permeability of 1.6 x 10-4 to
5.5 x 10- 4 inches per second (4.2 x 10- 4 to 1.4 x 10- 3 cm/s),
and the bottom of the lagoon should be a minimum of 18 inches
(46 cm) above the maximum groundwa ter table, un less otherw ise
directed by local authorities.

Sludge Characteristics

The type of sludge to be placed in the lagoon can significantly
affect the amount and type of odor and vector problems that can
be produced. It is recommended that only those sludges which
have been anaerobically digested be used in drying lagoons.

Lagoon Depth~9nd Area

The actual depth and area requirements for sludge drying lagoons
depend on several factors such as precipitation, evaporation,
type of sludge, volume and solids concentration. Solids loading
criteria have been given as 2.2 to 2.4 pounds of solids per year
per cubic foot (36 to 39 kg/m 3 ) of capacity (46). A minimum
of two separate lagoons are provided to ensure availability
of storage space during cleaning, maintenance, or emergency
conditions.

General Guidance

Lagoons 'may be of any shape, but a rectangular shape facilitates
rapid sludge removal. Lagoon dikes should have a slope of 1: 3,
vertical to horizontal, and should be of a shape and size to
facilitate maintenance, mowing, passage of maintenance vehicles
atop the dike, and access for the entry of trucks and front-end
loaders into the lagoon. Surrounding areas should be graded to
prevent surface water from entering the lagoon. Return must
exist for removing the surface liquid and piping to the treatment
plant. Provisions must also be made for limi ting public access
to the sludge lagoons. Chapter 15 provides a description of a
successful sludge drying lagoon operation for the Metropoli tan
Sanitary District of Greater Chicago.

9.2.2.3 Costs

Current published information on capi tal cost of constructing
sludge lagoons is almost nonexistent. Some information is
available from a recent USEPA publication (38), and from
Chapter 15. Table 9-9 indicates labor requirements for sludge
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drying lagoons. The requirements include: application of sludge
to the lagoon; periodic removal of supernatant; periodic removal
of solids; and minor maintenance requirements, such as dike
repair and weed control. No information could be found on
maintenance material costs.

TABLE 9-9

SLUDGE DRYING LAGOONS, LABOR REQUIREMENTS (18)

Dry solids applied,
tons/year

100
1,000

10,000
50,000

1 ton = 0.9 t

Labor, hours per year

Operation Maintenance

30 55
55 90

120 300
450 1,500

Total

85
145
420

1,950

9.3 Centrifugal Dewatering Systems

9.3.1 Introduction

Centrifuges were first employed in the United States for
dewa te ring municipal was tewa ter treatment plant sludges during
the year 1920, in Milwaukee, Wisconsin, and during 1921 in
Baltimore, Maryland (42). Early centrifuges were not designed to
process ext reme ly va ri able slurries such as thos e of mun i cipal
wastewater treatment plants. In addition, most wastewater
treatment facilities provided little, if any, preventive
maintenance. Consequently, early installations developed numerous
ope rat ion a 1 and rna i n ten an c e prob 1 ems, and t his 1edt0 an
anti-centrifuge reaction among environmental engineers.

By the late 1960s, equipment manufacturers were designing
and building new machines specifically for wastewater slUdge
applications, and the use of centrifuges for municipal sludge
dewatering increased. In the past ten years, continuous
improvements in design and materials have led to better" machines.
The machines now available (1979) require less power and
attention and produce less noise.

Two categories of centrifuges are used for municipal wastewater
sludge dewa tering: imperfora te basket and scroll-type decanter.
A detailed discussion of each follows. The basic theory of
thickening and process costs are presented in Chapter 5.
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9.3.2 Imperforate Basket

Basket centrifuges for dew~tering municipal wastewater treatment
plant sludges were first used in the United States in 1920 (42).
Since the mid 1960s approximately 300 machines were installed in
100 municipal treatment plant applications (43). About one-half
of the installed machines are used for dewatering; the other half
and used for thickening. The largest centrifuge facility in
the world is located at the County Sanitation Districts of
Los Angeles County Carson Plant in California, and uses 48 basket
centrifuges (44). Table 9-10 lists the advantages and disadvant
ages of a basket centrifuge compared with other dewatering
systems.

TABLE 9-10'

ADVANTAGES AND DISADVANTAGES OF BASKET CENTRIFUGES

Advantages

Same machine can be used for both dewatering
and thickening

It may not require chemical conditioning

Centrifuges have clean appearance, little
to-no odor problems, and fast start-up
and shut-down capabilities

Basket centrifuge is very flexible in
meeting process requirements

It is not affected by grit

It is an excellent dewatering machine for
hard-to-handle sludge

It has low total operation and maintenance
costs.

Does not require continuous operator
attention

Requires special structural support

Except for vacuum filter, consumes more
direct horsepower per unit of product
processed

Skimming stream could produce significant
recycle load

Limited size capacity

For easily dewatered sludges, has the
highest capital cost versus capacity
ratio

For most sludges, gives the lowest cake
solids concentration

9.3.2.1 Principles of Operation

The operation of an imperforate basket centrifuge is described
in Chapter 5. There is, however, one additional operation to be
added to that discussion.

After the centrifuge bowl is filled with solids, the unit starts
to decelera te. In the thickening mode, decelera tion was to a
speed of 70 rpm or lower before commencement of plowing. In the
dewatering mode, another step called "skimming" takes place
before the initiation of plowing. Skimming is the removal of
soft sludge from the inner wall of sludge within the basket
centrifuge. The skimmer moves from its position in the center of
the basket towards the bowl wall. The amount of horizontal
travel is set at the time of installation, and start-up depends
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on sludge type and downstream processing requirements. The
skimming volume is normally 5 to 15 percent of the bowl volume
per cycle. After the skimmer retracts, the centri fuge further
decelerates to the 70 rpm level for plowing. Skimming streams are
typically 6 to 18 gallons (22 to 66 1) per cycle with a solids
content of almost zero to eight percent. Treatment of this stream
is typically by ,returning it ei ther to the primary or secondary
wastewater treatment system, or to some other pre-sludge handling
step such as a thickener.

9.3.2.2 Application

A basket centrifuge is well suited for small plants that do not
provide either primary clarification or grit removal (for
example, wastewater plants that use extended aeration, aera ted
lagoons, and contact stabilization). These small plants require
a piece of equipment that can, at different times, dewater or
thicken conventional as well as biological sludges wi th a long
sludge age. Also low overall operation and maintenance, and
low operating costs, are associated with basket centrifuges.

9.3.2.3 Performance

Table 9-11 lists typical performance data for a basket centrifuge
in a number of different applications. These data are expected
values and are based on the performance of several different
installa tions. Table 9-12 lists the average results from two
specific operating facilities.

9.3.2.4 Case History

In 1973, a dewatering study was made in Burlington, Wisconsin, on
the wastewater treatment facility located there (46). The plant
treats a combination of domestic-industrial wastewater flow of
1.5 MGD (66 lis) during dry weather and 2.0 MGD (88 lis) during
wet weather. The treatment plant has no primary clarification and
uses the con tact stabilization process wi th aerobic digestion.
Approxima tely 150,0 00 gallons (568 m3 ) per week of aerobica lly
digested sludge with a 1.4 percent solids concentration requires
disposal.

As the plant is located on a low flood plain, it was originally
necessary to truck the dilute sludge to the lagoon. In 1972,
the Wisconsin Department of Natural Resource~ ordered Burlington
to ,discontinue use of the lagoons. Since the only options
available were landfilling or cropland application, dewatering
was required. In 1973, an engineering evaluation was performed
to select the optimum dewatering uni t. The equipment evaluated
included: an imperforate basket centrifuge, a recessed plate
filter, a horizontal belt filter press, and a rotary drum vacuum
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TABLE 9-11

TYPICAL PERFORMANCE DATA FOR AN IMPERFORATE BASKET CENTRIFUGE

Sludge type

Average
cake solids

concentration,
percent solids

Polymer
required,

pounds dry
per ton dry
feed solids

Recovery
based on a
centrate,
percent

20-24 0 85-90
17-20 4-6 98+
12-14 0 75-80
10-12 1.5-3.0 85-90

8-10 4-6 93-95
8-11 0 80-95

12-14 1-3 90-95
variable - see study by EPA (45)

10-13 0 95-98

Raw primary
Raw trickling filter

(rock or plastic medial
Raw waste activated

Raw primary plus rock
trickling filter (70-30)

Raw primary plus waste
activated (50-50)

Raw primary plus rotating
biological contactor (60-40)

Anaerobically digested
primary plus waste
activated (50-50)

Aerobically digested

Combined sewer overflow
treatment sludge

Centrate from decanter
dewatering lime sludge

4-5
2-3

0.5-1.5

2-3

2-3

1-2

1-3

Extremely

1-2

25-30
9-10

10-12
8-10

12-14
9-11
7-9

12-14

2-3
o

1.5-3.0
o

1.0-3.0
o

1.5-3.0
1-3

95-97
90-95
95-97
85-90
90-95
95-97
94-97
93-95

aSkimming losses, if any, have not been used in calculating recovery.

1 Ib/ton = 0.50 kg/t

TABLE 9-12

SPECIFIC OPERATING RESULTS FOR IMPERFORATE BASKET

Type of sludge

Instantaneous flow rate, gpm

Feed solids concentration,
mg/l

Polymer requirement

Cake solids content, percent

Centrate, mg/l

Skimmed volume, percent of
total basket volume

county sanitation district
of Los Angeles, CA (44)

Centrate from solid bowl
decanter dewatering
anaerobically digested

s

50

29,000

4a

20

1,500

Not given

Burlington ,_,~I(~~L.,_

Aerobically digested,
activated sludge from a
plant without primary
clarification

23 88

14,000 14,000

0 30
b

6-8 13-15

100 100

50 14

a Dry polymer at 4 Ib/ton (2.0 kg/t) of dry solids.

bcombination anionic-cationic system. Thirty dollars/ton
($33/t) of dry solids.

1 gpm = 0.063 lis
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filter. The recessed plate pressure filter option was ruled out
as too expensive for Burlington's small plant. The horizontal
belt filter press produced a low cake solids concentration and
required high levels of polymer addition at a cost of $40 per ton
($ 4 4.4 4/t) . The vacuum f il ter was not selected becau se of high
capital cost. The imperforate basket was selected as the most
cost-effective unit. Figure 9-6 shows a flow scheme of the
Burlington wastewater treatment plant as it was operating in
1977.

The or igi na 1 des ign, as a result of the engi neeri ng eva lua tion,
called for one basket centrifuge to operate 40 hours per week.
This centrifuge was to dewater 96,000 gallons (370 m3 ) per week
of sludge at a 1.8 percent solids concentration to a nine to ten
percent solids concentration without the use of polymers. This
was all based on several days of pilot plant work conducted
several months before equipment selection was made. At the
time of centrifuge start-up, the actual sludge volume to be
dewatered was 150,000 gallons (568 m3 ) per week at 1.4 percent
solids concentrat ion. The column labeled "Wi thou t Polymer" in
Table 9-13 shows performance results under this condition.
Because of the 50 percent greater ,sludge volume and poorer
operating results than had been indicated by pilot testing, the
basket centrifuge had to operate 24 hours per day, seven days per
week. This type of operation was prohibi tive for a plant the
size of the Burlington facility.

INFLUE"T

81(IM"'U~8 " ....uiED
AS L1Q1j iD TO Wl.NI)
APPLICATION

s;KIMMINGS

CAKE HAIAED
TO CRDPLAiNO

CENTRAT~ TO HEAO OF !'LANT"

FIGURE 9-6

1977 FLOW DIAGRAM OF BURLINGTON, WISCONSIN
WASTEWATER TREATMENT PLANT
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TABLE 9-13

OPERATING RESULTS FOR BASKET CENTRIFUGE
DEWATERING OF AEROBICALLY DIGESTED

SLUDGE AT BURLINGTON, WISCONSIN

Gal/week of sludge to
dewater

Lb/week of sludge to
dewater

Instantaneous feed rate,
gpm

Feed solids concentration,
mg/l

Hr/week operation required

Labor and trucking cost
(dollars)/week at 45
percent of the time

Electricity utilized/week,
kWhr

Electricity cost at
$0.03/kWhr

Chemical cost, dollars/ton

Cake solids, percent

Skimming volume of basket,
percent of total

cost/ton, dollars

Without With
polymer polymer

150,000 150,000

17,500 17,500

23 88

14,000 14,000

168 44

378 99

4,888 1,584

146.63 47.52

0 30

6-8 a 13-15b

50 14

59.96 46.74

aMaterial was untruckable.

bMaterial was truckable.

1 gpm = 3.78 l/min
1 gal = 3.78 1
1 Ib 0.454 kg
1 ton 0.907 t
1 kWhr= 3.6 MJ

The plant superintendent instituted a polymer testing program
and evaluated several hundred polyelectrolytes. The final
selection resulted in the addition of an anionic polymer to the
sludge feed line at a point several feet upstream of the sludge
entry to the basket and then the addition of a cationic polymer
at the bowl. The results of using polyelectrolytes are given
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in the column labeled "With Polymer" in Table 9-13. The results
show that operating costs were $13.22 per ton ($14.69/t) cheaper
with polymer addition than without. The savings occurred in
reduced labor and power requirements.

9.3.3 Solid Bowl Decanters

Decanter centrifuges for dewatering municipal wastewater
treatment plant sludges were first used in the United States in
the mid 1930s. Since then, approximately 500 machines have
been placed in 175 municipal installations (43). Most of these
installations were for dewatering applications. Table 9-14 lists
the advantages and disadvantages of a solid bowl decanter
centrifuge compared with other dewatering processes.

TABLE 9-14

ADVANTAGES AND DISADVANTAGES OF SOLID BOWL DECANTER CENTRIFUGES

Advantages
.----'~---_._-----_.__..

Disadvantages
---

Centrifuges have clean appearance, little
to-no-odor problems, and fast start-up
and shut-down capabilities

It is easy to install

Provides high throughput in a small surface
area

Gives for many sludges a cake as dryas any
other mechanical dewatering process
except for pressure filtration systems

Has one of the lowest total capital cost
versus capacity ratios

Does not require continuous operator
attention

9.3.3.1 Application

Scroll wear potentially a high maintenance
item

Requires grit removal or possibly a grinder
in the feed stream

Requires skilled maintenance personnel

Early applications of solid bowl centrifuges were for dewatering
coarse easily dewaterable municipal wastewater treatment plant
sludges. These included raw primary, anaerobically digested
primary, and lime sludges, to name a few. The application
of centrifuges to dewatering mixtures of sludges containing
greater than 50 percent by weight of waste-activated sludges was
limi ted because of very poor centrate quali ty. Advancements in
design, especially in the entrance conf iguration, had reduced
floc shear. The development of new polyelectrolytes has also
~ontributed to greatly impro'7ing centrate quality. These
developments have made the solid bowl decanter centrifuge
applicable to a much wider range of sludge types. Further
available capacities range from 6 gallons per minute (22 to
38 l/min) to over 400 gallons per minute (1,514 l/min). The
decanter can successfully operate with a highly variable feed.
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9.3.3.2 Performance

Table 9-15 lists operating results that can be expected when
dewatering the sludges indicated with a solid bowl decanter. The
data in this table can be used for conducting engineering
evaluations when actual test results are not available.

TABLE 9-15

TYPICAL PERFORMANCE DATA FOR A SOLID BOWL DECANTER CENTRIFUGE

Sludge type

Raw primary

Anaerobically digested
primary

Anaerobically diaested
primary irradiated at
400 kilorads

Waste-activated
Aerobically digested

waste-activated
Thermally conditioned

primary + waste-activated

primary + trickling filter

High lime
Raw primary + waste-activated
Anaerobically digested

(primary + waste-activated)
Anaerobically digested

(primary + waste-activated)
+ trickling filter)

Combined sewer overflow
treatment sludge

Polymer
Average required, Recovery

Feed solids cake solids pounds dry based on
concentration, concentration, per ton dry centrate,
percent solids percent solids feed solids percent

5-8 25-36 1-5 90-95
28·-36 0 70-90

2-5 28-35 6-10 98+
9-12 30-35 0 55-Sf)

25-30 1-3 82-92

2-5 28-35 6-10 95+
0.5-3 8-12 10-15 85-90

1-3 8-10 3-5 90-95

9-14 35-40 0 75-85
13-15 29-35 1-4 90-95

7-10 35-40 0 60-70
30-35 2-4 98+

10-12 30-50 0 90-95
4-5 18-25 3-7 90-95
2-4 15-18 7-10 90-95
4-7 17-21 4-8 90-95

1. 5-2.5 18-23 2-5 85-90
14-16 12-15 85-90

Extremely variable - see study by USEPA 45

lIb/ton = 0.50 kg/t

9.3.3.3 Other Considerations

Solid bowl decanter centrifuges are available in either
countercurrent or concurrent flow design and either "high speed"
or "low speed" des ign. In the countercurrent des ign, the sludge
feed enters through the small diameter end of the bowl, and
solids are conveyed towards the same end. In the concurrent flow
design, the sludge feed enters through the large diameter end of
the bowl and solids are conveyed towards the opposite end.
Concurrent flow units have only been in use for about ten years.
The reasons for conveying solids away from the sludge inlet are
to reduce i nle t turbulence cond i t ions and the ref ore reduce floc
shear and to provide a longer residence time for the solids.
Though there are reports from Europe (47) indicating advantages
of concurrent designs over countercurrent designs, United States
experience is limited. One extensive comparative study (48)
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showed the countercurrent design to perform best on aerobically
digested waste-activated sludge and the concurrent one to perform
best on raw waste-activated sludge.

There is cons iderable controversy over the benef its associ ated
with "high speed" or "low speed" solid bowl decanter centrifuges.
One aspect of this controversy is the definition of "high speed"
and "low speed." In a publication by one of the major suppliers
of "low speed" mach ines (49), "low speed" was generally def ined
as a bowl speed of 1,400 rpm or less.

Manufacturers indicate that "low speed" decanter centrifuges
consume less energy; require less polymer addition to the sludge;
have a lower noise level; and require less maintenance than a
comparable "high speed" machine to satisfy the same requirements.
This combination should therefore give "low speed" machines a
significant economical advantage on a total cost per unit weight
of so lids dewa tered. European work seems to subs tant i ate th is
(29), bu t th is has not been the case in the Un i ted States. In
very extensive side-by-side studies conducted at the Dallas-Fort
Worth, Texas (50), Chicago-Calumet, Illinois, (9), Chicago-West-

~,Southwest, Illinois (50), Milwaukee, Wisconsin (48), and
~-Columbus, Ohio-Sou therly wastewa ter treatment plants (50), "low

speed" machines were not overall clearly advantageous compared to
the high speed ones. In fact, in most cases, they were more
expensive on a total cost basis than the "high speed" machines.

Additional information on solid bowl decanter centrifuges can be
found in Chapter 5.

9.4 Filtration Dewatering Systems

9.4.1 Introduction

Filtration can be defined as the removal of solids from a liquid
stream by passing the stream through a porous medium which
retains the solids. Figure 9-7 shows a flow diagram of a
filtration system.

SUSPENSION

REMOVED SOLIDS

POROUS

MEDIA

~:
DRIVING FORCE

(PRESSURE DROP t::. P)

FILRATION

HARDWARE
+________-------L-

FILTRATE

FIGURE 9-7

FLOW DIAGRAM OF A FILTRATION SYSTEM (51)
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As indicated on Figure 9-7, a pressure drop is required in order
for liquid to flow through the porous medium. This pressure drop
can be ach ieved in four ways: by creating a vacuum on one side
of the porous medium, by raising the pressure above atmoshperic
pressure on one side of the medium, by creating a centrifugal
force on an area of the porous medium, and by designing to make
use of gravitational force on the medium.

Sludge filtration-dewatering processes use one or more of these
driving forces and fall under the general filtration category of
surface filters. "Surface filters are the general type of
filtration in which solids are deposited in the form of a cake on
the upstream side of a relatively thin filter medium" (54).

9.4.2 Basic Theory

All filtration theory stems from Darcy's original work in the
mid-1850s (52). Darcy found that the flow rate Q of a filtrate
of viscosity)J. through a bed of thickness L and face area A was
related to the driving pressure ~P. This relationship is shown
in Equation 9-2.

Q = KA~p
)J.L

(9-2)

where K is a constant referred to as the permeability of the bed.
Many times, Equation 9-2 is written:

Q = A~p
)J.R

where R is called the medium resistance and is equal to L/K, the
medium thickness divided by the bed permeability.

Extensive research has been, and continues to be, conducted
in defining the factors involved and level of influence in
dewatering both compressible or incompressible sludges. A
comprehensive discussion on filtration has recently been
published (51). This discussion, through examples, shows
the effects of constant pressure filtration; constant rate
filtration; constant rate-constant pressure filtration;
and variable pressure and variable rate filtration on bot.h
compressible and non-compressible sludges.

9.4.3 Filter Aids

Filter aid is material such as diatomite, perlite, cellulose, or
carbon (50) that serves to improve, or increase the filtration
rate by physical means only. Filter aids are not added directly
to the sludge body, as a conditioning agent is, but they are
added in fixed amounts to the porous medium of the particular
dewatering equipment. The amount of filter aid added is
independent of sludge solids conce.ntration. The filter aid
literally becomes the "filtering surface" that achieves the
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liquid/solids separation, and the equip~entfunctions as a filter
holder. In order to perform its function satisfactorily, the
f il ter aid I s particles should be inert, insoluble, incompress
ible, and irregularly shaped, porous, and small (53).

Filter aids normally assist in dewatering difficult-to-handle
industrial sludges by either vacuum filtration or pressure
filtration (54). In the past ten years, research has been
performed on the use of filter aids for improved dewatering of
mun ic ipal was tewa ter treatment plant sludges (55). Table 9-16
lists results obtained from several test studies in which either
a rotary drum vacuum filter or a recessed plate pressure filter
were used.

TABLE 9-16

PRECOATa PROCESS PERFORMANCE ON
FINE PARTICULATE SLUDGES

Sludge properties Perform=..:an.:..;:c.=ce __----

Diatomite
Particle Specific

10 7 ,
Solids Cake used, Solids

size, resistance x loading, solids, 1b/ton capture,
micron sec 2/gm 1b/sq...!'t/hr percent dry solids percent

4 354 0.28 26 820 99.9+
2 1. 00 23 280 99.9+

10 3.2 2.20 25 - 30 160 99.9+
0.30 40 - 45 98.5

40 - 790 0.55 - 2.09 26 - 33 140 99.9+
2 - 317 0.23 - 1. 44 26 - 40 200 98.0

53 0.88 29 280 99.9+
16.8 2.51 25 120 99.9+

0.3 25 - 30 800 99.9+

15 118 1. 37 25 120 <;9.9+
_"__""~"",H~___",,_m

0.5
5.0

2.2
11.4e

1.0 - 2.0
1.0 - 2.0

1.5
1.5

0.4 - 0.8

8.0

Feed solids
concentration,

E:,E~,,,:.nt

.~----------------

Case

1. Mixture alum and
WASb - RVPFc

2. WA;O~d~~~;ned IIAS-Fpd

3. WAS - RVPF
conditioned WAS-FP

4. WAS - RVPF
conditioned WAS-RVPF

5. Alum RVPF

6. Alum RVPF

aOiatorriite.

bWaste-activated sludge.

CRotary vacuum precoat filter.

dFi1ter press.

e p1y ash conditioning and precoat.

1 1b/sq ft/hr = 4.9 kg/m
2
/hr

1 ton = 0.907 t
1 1b = 0.454 g
1 1b/ton = 0.5 kg/t

9.4.4 Vacuum Filters

In vacuum filtration,
applied downstream of
liquid phase that moves

atmospheric pressure, due to a
the media, is the driving force
it through the porous media.

vacuum
on the

Vacuum filters were patented in England in 1872 by William and
James Hart. The first United States application of a vacuum
filter in dewatering municipal wastewater treatment plant
sludge was in the mid-1920s (56). Until the 1960s, the drum or
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scraper-type rotary vacuum filter was predominant. Since then,
the belt-type filter with natural or synthetic fiber cloth, woven
stainless steel mesh, or coil springs media has become dominant.
Recently, dewatering of municipal sludges by a top feed vacuum
filter has been studied on a pilot scale (57). Results indicated
that yields could be improved by 15 to 20 percent. The full
scale operation is expected to begin in the summer of 1979.
Table 9-17 lists the advantages and disadvantages of vacuum
filtration when it is compared to other dewatering processes.

TABLE 9-17

ADVANTAGES AND DISADVANTAGES OF USING
ROTARY DRUM VACUUM FILTERS

Advantages

Does not require skilled personnel

Has low maintenance requirements for
continuous operating equipment

Provides a filtrate with a low suspended
solids concentration

Di13,il:dvantages

Consumes the largest amount of energy per
unit of sludge dewatered in most
applications

Requires continuous operator attention

Auxiliary equipment (vacuum pumps) are very
loud

9.4.4.1 Principles of Operation

Figure 9-8 shows the cutaway view of a drum or scraper-type,
rotary vacuum filter. The unit consists mainly of a horizontal
cylindrical drum that rotates, partially submerged, in a vat of
condi tioned sludge. The drum surface is di vided into sect ions
around its circumference. Each section is sealed from its
adjacent section and the ends of the drum. A separate drain line
connects each section to a rotary valve at the axis of the drum.
The valve has "blocks" that divide it into zones corresponding to
the parts of the filtering cycle. These zones are for cake
forming, cake drying, and cake discharging. A vacuum is applied
to certain zones of the valve and subsequently to each of the
drum sections through the drainlines as they pass through the
different zones in the valve.

Figure 9-9 illustrates the various operating zones encountered
during a complete revolution of the drum.

About 10 to 40 percent of the drum surface is submerged in a vat
containing the sludge slurry. This portion of the drum is
referred to as the cake forming zone. Vacuum applied to a
submerged drum section causes filtrate to pass through the media
and cake to be formed on the medi a. As the drum rotates, each
section is successively carried through the cake forming zone to
the cake drying or dewatering zone. This zone is also under
vacuum and begins where and when a drum section carries formed
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AIR AND

FilTRATE
LINE

CLOTH CAULKJNG
STRIPS

FIL.TRATE PIPING

CAKE SCRAPER

SLURRY AGITATOR

AIR BlOW·BACK LINE SLURRY FEED

FIGURE 9-8

CUTAWAY VIEW OF A DRUM OR SCRAPER-TYPE
ROTARY VACUUM FILTER

FIGURE 9-9

OPERATING ZONES OF A ROTARY VACUUM FILTER
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cake out of the sludge vat. The cake drying zone represents
from 40 to 60 percent of the drum surface and terminates at the
point where vacuum is shut off to each successive section. At
this point, the sludge cake and drum section enter the cake
discharge zone. In th is final zone, cake is removed f rom the
media. Bel t-type rotary vacuum f il ters differ f rom the d rum or
scraper-type units, because the drum covering or media-belt
leaves the drum. There are basically two coverings used with
belt-type units: coil springs or fiber cloth.

WASH WATER
SPRAY PIPING

COIL SPRING
FilTER MEDIA

FIGURE 9-10

INTERNAL
PIPING

VACUUM AND
FILTRATE
OUTLETS

CROSS SECTIONAL VIEW OF A COIL SPRING - BELT TYPE 
ROTARY VACUUM FI LTER

Figure 9-10 shows a cross sectional view of a coil filter
spr ing-bel t type rotary vacuum. Th is f il ter uses two layers of
stainless steel coils arranged around the drum. After the
dewatering cycle, the two layers of springs leave the drum and
are separated from each other. In this way, the cake is lifted
off the lower layer of springs and can be discharged from the
upper layer. Cake release is essentially never a problem. After
cake discharge, the coils are washed and returned to the drum.
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The coil filter has been and is widely used for all types of
sludge. However, sludges with particles that are both extremely
fine and resistant to flocculation dewater poorly on coil
filters. Figure 9-11 shows a typical installation.

FIGURE 9-11

TYPICAL COIL SPRING - BELT TYPE 
ROTARY VACUUM FILTER INSTALLATION

Figure 9-12 shows a schematic cross section of a fiber
cloth-belt, rotary vacuum filter. Media on this type unit leaves
the drum surface at the end of the drying zone and passes over a
small-diameter discharge roll to facilitate cake discharge.
Washing of the media occurs after discharge and before it returns
to the drum for another cycle. This type of filter normally has
a small-diameter curved bar between the point where the belt
leaves the drum and the discharge roll. This bar aids in
maintaining belt dimensional stability. In practice, it is
frequently used to ensure adequate cake discharge. Remedial
measures, such as addition of scraper blades, use of excess
chemical conditioner, or addition of fly ash, are sometimes
required to obtain cake release from the cloth media. This is
particularly true at wastewater treatment plants which produce
sludges that are greasy, sticky, and/or contain a large quantity
of activated sludge. Figure 9-13 shows a typical installation.
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FIGURE 9-12

CROSS SECTIONAL VIEW OF A FIBER CLOTH - BELT
TYPE - ROTARY VACUUM FILTER

9.4.4.2 Application

Vacuum filters have probably been used to dewater more types
of municipal wastewater treatment plant sludges than any
other mechanical dewatering equipment. since the mid-1920s,
more than 1,700 vacuum filters have been installed in over

·800 United States municipalities (43). The era of vacuum
f il tration may be declining. Improvements in other dewa tering
devices, as well as the development of new dewatering devices,
have permitted municipalities to dewater their sludge as well
as they could with vacuum filters but at lower operation and
maintenance costs.
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FIGURE 9-13

TYPICAL FIBER CLOTH - BELT TYPE 
ROTARY VACUUM FILTER

9.4.4.3 Performance

As wi th all types of mechanical dewatering equipment, optimum
performance is dependent upon the type of sludge and its solids
concentration, type and quality of conditioning, and how the
filter is operated. Selection of vacuum level, degree of drum
submergence, type of media, and cycle time are all critical to
optimum performance. Tables 9-18 and 9-19 contain expected
performance data for cloth and coil media rotary vacuum filters
for th e sludge types indi ca ted. Tables 9-2 a and 9-21 con tain
specific operating data for several wastewater treatment plants
using cloth media and coil media.

9.4.4.4 Other Considerations

Auxiliary Equipment

Rotary vacuum filters are normally supplied with auxiliary
equipment including vacuum pump, filtrate receiver and pump, and
sludge conditioning apparatus. Figure 9-14 shows a typical
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complete rotary vacuum filter process. Usually, one vacuum pump
is provided for each vacuum filter, although some larger plants
use less than one pump per filter and the pumps connect to a
common header. Until the 1960s, reciprocating type dry vacuum
pumps were generally specified, but since the early 1970s wet
type vacuum pumps are un i ve rs ally used. The we t type pumps are
more easily maintained and provide sufficient vacuum. Wet type
pumps utilize seal water, and it is essential that a satisfactory
water be used. If the water is hard and unstable, it may be
necessary to prevent carbonate buildup on the seals through the
use of a sequestering agent. The vacuum pump requirements are
normally 1.5 to 2.0 adiabatic cubic feet per minute of air per
square foot of drum surface area at 20 inches of mercury vacuum
(1.5 m3/min/m2 at 69 kN/m2 ). This is true unless the expected
yield is greater than 40 to 50 pounds per square foot per hour
(20 to 25 kg/m 2/hr) and extensive sludge cake cracking is
expected. In the latter case, an air flow 2.5 times higher
should be used.

TABLE 9-18

TYPICAL DEWATERING PERFORMANCE DATA FOR
R.OTARY VACUUM FILTERS - CLOTH MEDIA

Chemical dosage,
a

b
Feed solids Ib/ton dry solids Yield, Cake,

concentration, --- Ib dry solids/ percent
Type of sludge percent FeC1 3 CaO sq ft/hr solids

Raw primary (P) 4.5 9.0 40-80 160-200 3.5 - 8.0 27-35
Waste-activated sludge

(WAS) 2.5 4.5 120-200 240-360 l.0 - 3.0 13-20
P plus WAS 3 7 50-80 180-240 2.5 - 6.0 18-25
P plus trickling filter

(TF) 4 8 40-80 180-240 3 - 7 23-30

Anaerobically digested
25-32P 4 8 60-100 200-260 3 - 7

P plus WAS 3 7 80-120 300-400 2 - 5 18-25
P plus TF 5 10 80-120 250-350 3.5 - 8 20-27

Aerobically digested no
primary clarification 2.5 6 60-140 150-240 1.5 - 4.0 16-23

Elutriated anaerobic
digested

4 8 27-35P 5 10 50-80 0-100 -
P plus WAS 4.5 8 60-120 0-150 3 - 6 18-25

Thermally conditioned
0 4 8 35-45P plus WAS 6 - 15 0 -

a All values shown are for pure FeC1 3 and CaO. They must be adjusted for anything
else.

bFilter yields depend to some extent on feed solids concentrations. Increasing
the concentration normally gives a higher yield.

lIb/ton = 0.5 kg/t 2
1 Ib/sq ft/hr = 4.9 kg/m /hr
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TABLE 9-19

TYPICAL DEWATERING PERFORMANCE DATA FOR
ROTARY VACUUM FILTERS - COIL MEDIA

Chemical dosage,'a
bFeed solids lb/ton dry solids Yield, Cake,

concentration, lb dry solids/ percent
Type of sludge percent

Fe::,:l..~ taO sq ft/hr solids

Raw primary (P) S - 10 40":SO .160-240 6.5 - S.O 2S-32
Trickling filter (TF) 4 - 6 40-60 100-140 6 - S 20-2S
P plus waste-activated

sludge (WAS) 3 - 5 20-60 lSO-220 2.5 - 4.0 23-27

Anaerobically digested
P plus FT 5 - S 50-SO 240-320 4 - 6 27-33
P plus WAS 4 - 6 50-SO 200-300 3.5 - 4.5 20-25

Elutriated anaerobically
digested primary S - 10 20-50 30-120 4 - S 28-32

a All values shown are for pure FeC13 and CaO. This must be
adjusted for anything else.

bFilter yields depend to some extent on feed solids concentration.
Increasing the solids concentration normally gives a higher yield.

1 lb/ton = 0.5 kg/t . 2
1 lb/sq ft/hr = 4.9 kg/m /hr

TABLE 9-20

SPECIFIC OPERATING RESULTS OF
ROTARY VACUUM FILTERS - CLOTH MEDIA

Willoughby Eastlake, OH P plus (WAS) plus septic

Feed solids
concentration, Conditioner used,

percent percent by we·ightbLocation

Tamaqua, PA

Grand Rapids, MI

Fort Atkinson, WI

Frankenmuth, MI

Oconomowoc, WI

Genessee Ci ty, MI

Sludge typea

Anaerobically digested
(P plus WAS)

Thermally conditioned
(P plus WAS)

WAS

WAS

Anaerobically digested
(P plus WAS)

P plus WAS

4 - 6

6

10 - 15

3 - 4

3.7

2.3

FeC1
3

- 3
Lime - 14

FeC13- 3
Lime - 26

None

FeClr 6
Lime - 16

FeClr 8
Lime - 14

FeCl
3

- 6
Lime - 20

FeCl3
Lime - 16

Cake, Yield,
percent lb dry solids/
solids sq ft/hr

20 2.8 - 4.8

18

50 6

19 3. a - J.5

15 3.2

18 2.,5 - 3.0

27 5.6

Filtrate,
mg/l

SS 20 - 30

SS 5,000
BOD 10,000

SS 500 - 1,100
BOD5 10

a WAS = waste-activated sludge
P = primary sludge

bNurnbers shown are based on pure FeCl 3 and pure CaO.

1 1b/sQ ft/hr " 4.9 kg/m
2
/hr
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TABLE 9-21

SPECIFIC OPERATING RESULTS OF ROTARY
VACUUM FILTERS - COIL MEDIA

Location ___________SludgetZpea

Cake,
Condi tioner used'b percent
percent by wei9:h_t__~ ~ ~ ~oli9.:;

Yield,
Ib dry solids/

sg ft/hr

Blytheville, AR

York, PA

Wyomissing Valley, PA

Bayonne, NJ

Woodbridge, NJ

Shadyside, OH

Arlington, TX

TF

Anaerobically digested
(P plus WAS)

Anaerobically digested TF

Anaerobically digested P

P

Anaerobically digested
(P plus WAS)

TF

Feel 3 - 36
CaO - 94

FeC1 3 - 80
CaO - 250

FeC13 - 62
CaO - 272

Feel
3

- 28
CaO - 62

FeC13 - 40
CaO - 240

FeC13 - 64
CaO - 310

FeC13 - 64
CaO - 174

33.1

21.1

18.2

30.9

29.7

29

25.2

10.4

4.7

6.0

7.8

8.0

4.2

8.8

.~~._----------------------

a WAS = waste-activated sludge; P primary sludge. No data available for feed solids and filtrate
concentrations.

bNumbers shown are based on pure FeC13 and pure CaO.

1 Ib/sq ft/hr = 4.9 kg/m
2
/hr

AIR TO
.{j, TNJ.'15FHEfiE

VACUUM
PUMP

FIGURE 9-14

ROTARY VACUUM FILTER SYSTEM

9-36



Each vacuum filter must be supplied with a vacuum receiver
located between the filter valve and the vacuum pump. The
principal purpose of the receiver is to separate the air from the
liquid. Each receiver can be equipped with a vacuum-limiting
device to admit air flow if the design vacuum is exceeded (a
condi tion that could cause the vacuum pump to overload). The
receiver also functions as a reservoir for the filtrate pump
suction. The filtrate pump must be sized to carry away the water
separa ted in the vacuum receiver, and it is normally sized to
provide a capacity two to four times the design sludge feed rate
to the filter.

The filtrate pump should be able to pump against a minimum
total dynamic head of between 40 and 50 feet (12 to 15 m),
which includes a minimum suction head of 25-feet (7.5 m).
Centrifugal-type pumps are commonly used but can become air bound
unless they have a balance or equalizing line connecting the high
point of the receiver to the pump. Typically, nonclogging
centrifugal style pumps are used with coil filters because they
permi t a somewhat higher solids concentration in the filtrate.
Self-priming centrifugal pumps are used most frequently, since
they are relatively maintenance free. Check valves on the
discharge side of the pumps are usually provided to minimize air
leakage through the filtrate pump and receiver to the vacuum
pump.

Sludge conditioning tanks are discussed in Chapter 8.

Filter Media

A major process variable is the filter media. The ideal media
performs the desired liquid/solid separation and gives a filtrate
of acceptable clarity (58). Further, the filter cake discharges
readily from it, and it is mechanically strong enough to give
a long life. The media must be chemically resistant to the
materials being handled and provide minimal resistance to
filtrate flow. A further characteristic to be minimized is
"blinding" or clogging. All the characteristics mentioned
above need to be evaluated during the selection procedure. One
must, therefore, through experience, or bench or pilot-scale
rotary vacuum filter testing, select the best media in terms of
porosity, type of weave, material of construction, etc. for a
particular sludge. This selection is normally made at the time
of equipment start-up by the equipment supplier (15,59). The
trend over the past few years is to select a monofilament fabric,
as they seem the most resistant to blinding.

Solids Feed Content

The higher the feed suspended solids concentration of the sludge,
the greater will be the production rate of the rotary vacuum
filter (Figure 9-15) and the cake suspended solids concentration
(Figure 9-16). Generally, municipal wastewater treatment plant
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sludges are not concentrated beyond about 10 percent solids,
since above this concentration, the sludge becomes .difficult to
pump, mix with chemicals, and to distribute after conditioning to
the filter. In addition" to increased production rates, higher
sludge feed concentrations result in lower chemical dosage rates
and lower cake moistures. Both of these consequences affect the
cost of sludge dewatering and ultimate disposal.
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FIGURE 9-15

ROTARY VACUUM FILTER PRODUCTIVITY AS A
FUNCTION OF FEED SLUDGE SUSPENDED

SOLIDS CONCENTRATION (60)

The lowest feed sludge suspended solids concentration for
successful vacuum filtration is generally considered to be
3.0 percent. Below this concentra tion it becomes di ff icul t to
produce sludge filter cakes thick enough or dry enough for
adequate discharge. For this reason, it is extremely important
that the design and operation of the preceding sludge processes
take into consideration the need for an optimal solids
concentration when dewatering on vacuum filters.
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FIGURE 9-16

SLUDGE CAKE TOTAL SOLIDS CONCENTRATION AS A FUNCTION OF
THE FEED SLUDGE SUSPENDED SOLIDS CONCENTRATION (60)

9.4.4.5 Case History

This study is summarized from a USEPA-sponsored investigation
(61). Figure 9-17 shows the 1977 flow diagram for the l3-MGD
(34 m3/sec) Lakewood, Ohio, wastewater treatment plant. The
sludge being handled at this plant has changed several times
since the facility was built in 1938. At that time, the
plant was designed for primary treatment, with sludge being
anaerobically digested and dewatered on sand drying beds.
Secondary treatment was added in 1966. Gravi ty thickeners, two
new anaerobic digesters, two vacuum filters, and a flash dryer
were installed to handle addi tional sludge. In 1974 and 1975,
the plant was further upgraded. Alum (aluminum sulfate) was
added to the aeration basin effluent channel for phosphorus
removal, and the sludge handling system (filters and dryer)
operating schedule was extended to two shifts. Finally, in 1977,
the plant was returned to single shift sludge handling, and
excess liquid sludge was hauled to land disposal.

The Lakewood plant has two polyethylene cloth belt rotary vacuum
filters. Only one can be operated at a time because of the

9-39



limited capacity of the flash dryer. Each filter has an
effective area of 376 square feet (35 m2 ) and operates best
at a drum speed of onerevc·~ution per eight tninu tes and a drum
submergence between 30 to 36 inches (0.76 to 0.91 m). A filter
is operated five days per week in either one or two 6.5-hour
shifts per day. Conditioning chemical dosages are approximately
275 pounds of dry lime (pebble lime - 72 percent CaO) per ton of
dry feed solids (137 kg/t) and 30 pounds of FeC13 (liquid at
40 percent FeC13) per ton of dry feed solids (15 kg/t).

,
I--

r

FIGURE 9-17

LAKEWOOD, OHIO WASTEWATER TREATMENT PLANT FLOW DIAGRAM

Prior to 1975, before alum was added for phosphorus removal
(63 mg/l alum added), the average total solids concentration of
the digested sludge (vacuum filter solids feed) was 4.45 percent.
On the average, the sludge was dewateredto 23.8 percent solids.
After alum addition, the feed sludge solids concentration
increased to 6.5 percent, but the dewatered cake percent dropped
to 21.4.

Table 9-22 indicates operational costs for 6.5-hour and
13 -hou r-per-day opera t ions bas ed on bef ore and a f te r al um
addition for phosphorus removal. Because of the increase in the
number of tons from 650 dry tons per year (590 t/yr) in 1974 to
1,820 dry tons per year (1,651 t/yr) in 1976, the treatment cost
per ton of dry total solids was not much greater than it was in
1974.
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TABLE 9-22

OPERATIONAL COST OF LAKEWOOD, OHIO VACUUM FILTER OPERATIONS

Ferric chloride and lime
Electricity
Maintenance supplies
Maintenance and repair labor
Operational labor
Overhead

Total

1 ton == 0.907 t

9.4.4.6 Costs

Single shift
operation - 1974
dollars per ton

dry solids

8.90
1. 98
1.11
3.65
3.46
2.25

21. 35

Double shift
operation - 1976
dollars per ton

dry solids

8.90
1. 29
1. 10
3.60
6.25
3.11

24.25

Figure 9-18 gives the 1975 capital cost as a function of filter
area for rotary vacuum filters. As an example, a 400-square-foot
(37.2 m2 ) area filter would cost 400,000 dollars. Since this
number is based on a June 1975 cost, it must be adjusted to the
current design period. Costs include those for filter, auxiliary
equipment, piping, and building.

The labor requirements indicated in Figure 9-19 are given as a
function of average area in use and include: start-up time and
clean-up after the' filter run, operation of filter, and operation
of sludge pumping and conditioning facilities prior to treatment.
As an example, a vacuum filter having 400 square feet (37.2 m2 )
of filter area would require 550 man-hours of operation and
maintenance per year and would be included in the cost analysis.

Figure 9-20 gives power consumption as a function of filter
area. As an example, a vacuum filtration area of 400 square
feet (37.2 m2 ) would require 330,000 kilowatt-hours per
year (1,200 GJ/yr) of electrical energy. If power costs are
0.05 dollars per kilowatt-hour (0.014 dollars/MJ), the cost would
be 33,000 dollars annually. Operating parameters used were based
on two adiabatic cubic feet of air per minute per square foot
(10 1/s/m2 ), 20 inches of vacuum (68 KN/m 2 ), and a total dynamic
head of 50 ft (15 m) for the filtrate pump. Power required
includes that for drum drive, discharge roller, and vat agitator,
but does not include other acces?ory items, such as sludge feed
pump or chemical feed system.

Figure
vacuum
area.

9-21 shows a curve developed forestirnating rotary drum
filter maintenance material cost as a function of filter
As an example, for a filtration area of 400 square feet
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(37.2 m2 ), a designer would estimate a yearly materials cost of
4,000 dollars. Since this number is based on a June 1975 cost,
it must be adjusted to the current design period.
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FIGURE 9-20

POWER CONSUMED BY ROTARY DRUM VACUUM
FILTRATION PROCESS (39)

9.4.5 Belt Filter Press

Belt filter presses employ single or double moving belts to
dewater sludges continuously.

The early belt presses used in the United States were those
developed by Klein and by Smith and Loveless in the 1960s
(62,63). Belt filter presses are currently very popular not only
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in the United States (64) but in other parts of the world as well
(65) . At leas t 20 equ ipment suppl iers can furn ish some type of
be 1 t press. Th is populari ty has led to many uni ts bei ng sold,
wi th very Ii ttle operational experience to support the claimed
advantages. One detailed report that evaluated belt press
operating experience found that there were many operational and
maintenance problems that still needed to be solved (66). As
was pointed out by Austin (65), significant developmental work
is still being conducted. Table 9-23 lists advantages and
disadvantages of belt filter presses.
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TABLE 9-23

ADVANTAGES AND DISADVANTAGES OF BELT FILTER PRESSES

Advantages Disadvantages
._----"------------_._-_.._---------='-----------

High pressure machines are capable of
producing very dry cake

Low power requirements

Very sensitive to incoming feed
characteristics

Machines hydraulically limited
in throughput

Short media life as compared with other
devices using cloth media

9.4.5.1 Principles of Operation

Any belt filtration process includes three basic operational
stages: chemical conditioning of the feed slurry, gravity
drainage to a nonfluid consistency, and compaction of the
predewatered sludge (6).

Figure 9-22 dep icts a simple be 1 t press and shows the loca t ion
of the three stages. Although present-day belt presses are
more complex, they follow the same principles indicated in
Figure 9-22.

Good chemical conditioning is the key to successful and
consistent performance of the belt filter press, as it is
for other dewatering processes. This is fully discussed in
Chapter 8.

After conditioning, the readily drainable water is separated from
the slurry by discharge of the conditioned material onto the
moving belt in the gravity drainage section. Typically, one or
two minutes are required for drainage. Following drainage, the
sludge will have been reduced in volume by about 50 percent and
will have a solids concentration of 6 to 10 percent. "The
formulation of an even surface cake at this point is essential to
the successful operation of subsequent stages of the dewatering
cycle. The even surface prevents uneven belt tension and
distortion while the relative rigidity of the mass of sludge
allows further manipulation and gives maximum speed through the
rna ch i ne " ( 65 ) .

The third stage of the belt press begins as soon as the sludge
is subjected to an increase in pressure, due to either the
compression of the sludge between the carrying belt and cover
belt or the application of a vacuum on the carrying belt.

Pressure can be widely varied by design, as shown by the
alternatives on Figure 9-23.
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THE THREE BASIC STAGES OF A BELT PRESS

Duri ng pres sure appl i ca t ion, the sludge cake, squeezed between
the two belts, is subjected to flexing in opposite directions as
it passes over the various rollers. This action causes increased
water release and allows greater compaction of the sludge.

Figure 9-24 shows a typical belt press installation.

9.4.5.2 Application

Belt filter presses are being installed in many United States
mun ic ipal i ties to dewa ter many types of sludge . At th is time,
there is not enough operat ional data a va i lable to i nd i ca te any
sludges to which a belt filter press could not be applied.

9.4.5.3 Performance

It is difficult to generalize about the operating performance
of belt presses because resul ts depend on many factors: method
of conditioning, maximum pressure, number of rollers, etc.
Table 9-24 was developed from minimum and maximum values given in
all published data.

Published material on operating belt press installations is
very limited. Medford, New Jersey (67) reported on a belt
press dewatering aerobically digested sludge from a contact
stabilization system. Feed sludge of a 3 to 4 percent solids
concentration was dewatered to a cake of 17 to 19 percent solids
(67). Polymer was added for conditioning at 7 to 10 pounds of
dry polymer per ton of dry feed solids (3.5 to 5 kg/t). The
solids concentration in the combination washwater and filtrate
was 100 mg/l for an overall solids capture of 99 percent.

9-46



GRAVITY
DRAINAGE

1 COMPRESSION+- DEWATERING

----------1 --LO-W' PRESSURE HIGH PRESSURE

SECTION SECTION

\ I ..
l I

VACUUM ASSISTED

• • •
-$i8!8itt-.. .. ..

FIGURE 9~23

ALTERNATIVE DESIGNS FOR OBTAINING WATER
RELEASES WITH BELT FILTER PRESSES (66)

9.4.5.4 Other Considerations

Failure of the chemical conditioning process to adjust to
changing sludge characteristics can cause operational
problems (66). If it is underconditioned, sludge does not
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FIGURE 9-211

TYPICAL BELT FlLTER PRESS INSTALtATION

TABLE 9-24

TYPlCAL DEWATERING PERFORMANCE OF BELT FlLTER PRESSES

Raw primary (P)
Waste activated sludge (WAS)

P + WAS
P + trickling filter (TF)
Anaerobically digested

P
WAS
P + WAS

Aerobically digested
P + WAS

Thermal conditioned
P + WAS

1 lb/ton = 0.5 kg/t

Polymer,
Feed Cake, pounds dry

solids, percent per ton
solids solids

3-10 28-44 2-9
1-3 16-32 2-4

0.5-1.5 12-28 4-12
3-6 20-35 2-10
3-6 20-40 3-10

4-10 26-36 2-6
3-4 18-22 4-8
3-9 18-44 3-9

1-3 12-18 4-8
6-8 20-30 2-5

4-8 38-50 0

9-48



drain well in the gravity drainage section, and the result
is either extrusion of inadequately drained solids from the
compression section, or uncontrolled overflow of sludge from the
drainage section. Both underconditioned and overconditioned
sludges can blind the filter media. In addition, overconditioned
sludge drains so rapidly that solids cannot distribute across the
media. Inclusion of a sludge blending tank step before the belt
press reduces this problem. See Chapter 15 for a discussion of
blending tanks.

The combined filtrate and belt washwater flow is normally about
one and one-half times the incoming flow. Some belt presses
re ci rcu la te washwa ter from the f i 1 t rate collection sys tern, bu t
normally, secondary effluent or potable water is used. This
total flow contains between 100 and 1,000 mgll of suspended
solids and is typically returned either to the primary or
secondary treatment system.

Belt presses have numerous moving parts, and spare parts
should be kept ava i lable to prevent prolonged un it down-t ime.
Belts, bearings, and rollers deteriorate quickly, especially
in municipal wastewater treatment plants where preventive
maintenance is not normally practiced.

9.4.5.5 Design Example

The designer for an existing wastewater treatment plant has
calculated that the plant needs to dewater 5,000 dry pounds of
sludge (2,268 kg) per day, five days per week. The sludge
to be dewatered is a mixture of one part primary and two parts
waste-activated, stabilized by a two-stage, high-rate, anaerobic
digestion process. Total feed sol ids concentrat ion to the belt
filter press was 2.8 percent. Pilot plant testing with a
one-meter-wide belt filter press produced the following results.

• Total solids in the dewatered sludge ranged from 23 to
30 percent, averaging 25 percent.

• Optimum polymer dosage was 6 to 8 pounds of dry polymer
per ton (3 to 4 kg It) 0 f dry fee d sol ids, 0 r 8 a to
100 pounds of liquid polymer per ton (40 to 50 kg/t) of
dry feed solids.

• At the optimum polymer dosage, the
the f il tra te plus washwa ter flow was
suspended solids averaged 900 mg/l.

total solids
2,000 mgll.

in
The

• Optimum hydraulic feed rate at 2.8 percent solids for a
one-meter-wide belt was 47 gallons per minute (3 lis).

• Washwater requirements were 25 gallons per minute
(1.6 lis).
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On the basis of pilot plant data, the engineer decided that one
I-me ter-wide bel t f i 1 ter press could dewa ter the 5,00 a pounds
(2,268 kg) of sludge in 7.6 hours. Since it was important that
the wastewater treatment plant always be able to dewater sludge,
two I-meter-wide belt filter presses would be purchased.

The current cost of dry polymer in 50 pound (22.7 kg) bags was
$1.85 per pound ($0.84/kg)i for liquid polymer in 55 gallon,
650 pound (208 1-295 kg) drums, the cost was $0.13 per pound.
Daily cost for dry polymer at 8 pounds per ton (4 kg/t) would be:

5,000 Ib solids
day x

8 Ib poly
2,000 Ib solids

$1.85
x Ib poly = $37.00 per day

Daily cost for liquid polymer at 100 pounds per ton (50 kg/t)
would be:

5,000 Ib solids
xday

100 Ib poly $0.13 =
2,000 Ib solids x Ib poly $32.50 per day

Because sludge characteristics can change with time, a dual
polymer system capable of utilizing either liquid or dry polymer
will be installed. Since liquid polymer is currently less
expensive, it will be used initially.

To allow subsequent computation of solids capture, the filtrate
flow is calculated, using a suspended solids balance and a flow
balance. The specific gravity of the feed, dewatered cake and
filtrate are assumed to be 1.02, 1.07 and 1.01, respectively.
The suspended solids balance is:

47 gal feed
min

8.34 x 1.02 Ib feed
gal feed

0.028 Ib solids
Ib feed

= Q gal filtrate
min

8.34 x 1.01 Ib filtrate
gal filtrate

900 Ib solids
106 Ib filtrate

+ M gal cake
min

8.34 x 1.07 Ib sludge
gal cake

0.25 Ib solids
Ib cake

The flow balance is:

47 gal feed + 25 gal washwater
min _.-,,. ---"'min

= Q gal filtrate + M gal cake
min min
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The suspended solids and flow balances are solved simultaneously.

The flow of filtrate (Q) is 67.2 gallons per minute (254 11m).

Solids capture

= Solids in feed - solids in filtrate x 100
Solidslnfeed

=

900
47 (8.34 x 1.02) (0.028) - 67.2 (8.34 x 1.01) 10 6

47 (8.34 x-~2-)-(O.028) x 100

= 95 percent

All filtrate is returned to the secondary treatment process.

9.4.5.6 Costs

Current published information on capital cost of belt filter
presses is almos t nonexi stent. Some informa tion is ava ilable
from a recent USEPA publication (68). According to this
publication, construction costs for a belt filter press,
sludge feed pump, polymer pump, and control panel to dewater
1,000 pounds (454 kg) of sludge per hour was $97,000. To dewater
2,500 pounds (1,134 kg) per hour, the cost would be $120,000.

Table 9-25 lists labor requirements for the operation and
maintenance of belt filter presses. The labor indicated includes
periodic operational adjustments and minor routine maintenance.
No information is available on maintenance material cost.

TABLE 9-25

LABOR REQUIREMENTS FOR BELT FILTER PRESSES (19)

Number Labor, hours per year
of

-_._.~.-

units Maintenance Total

1 265 100 365
2 530 200 730
3 795 300 1,095
4 1,060 400 1,460
5 1,325 500 1,825
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9.4.6 Recessed Plate Pressure Filters

Pressure filtration for sludge dewatering evolved from the
similar practice in sugar manufacturing of forcing juices through
cloth. The first United States municipal sludge dewatering
installations, which were also the first large-scale mechanical
dewatering applications in this country, were located in
Worces ter, Massachusetts, and Providence, Rhode Island, in the
early 1920s (56). Fixed- and variable-volume recessed plate
pressure filters are discussed in this section.

Fluid pressure generated by pumping slurry into the unit
provides the driving force for recessed plate pressure filters.
Performance reliability is increased by modern design concepts,
such as use of new construction materials to resist attack by
acids and alkalis: mechanization of the operating sequence to
reduce manpower requirements: and the use of membrane diaphragms
for variable volume filtration (69). Table 9-26 lists the
advantages and disadvantages of pressure filters compared with
other dewatering methods.

TABLE 9-26

ADVANTAGES AND DISADVANTAGES OF RECESSED PLATE
PRESSURE FILTERS

Highest cake solids concentration

Disadvantages

Batch operation
High labor cost
High caoital cost
Special support structure requirements
Large area requirement

9.4.6.1 Principles of Operation

Fixed-volume, recessed plate pressure filters, illustrated
on Figure 9-25, are constructed from a series of recesssed
plates. As shown on Figure 9-26, volume is provided by the
depressions on the sides of the plates.

The surfaces of both sides of the filter plate are designed so
that the filtrate drains from the filter cloth and from each
plate.

A f il ter cloth is mounted over the two surfaces of each f il ter
plate. Conditioned sludge is pumped into the pressure filter and
passes through feed holes in the filter plates along the length
of the filter and into the recessed chambers. As the sludge cake
forms and builds up in the chamber, the pressure gradually
increases to a point at which further sludge injection would
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be counter-productive. Pressure filters operate at a pressure of
100 pounds per square inch (690 kN/m2 ) or 225 to 250 pounds per
square inch (1,550 to 1,730 kN/m2 ).

A typical pressure filtration cycle begins with the closing of
the press to the pos i tion shown on Figure 9-25. Sludge is fed
for a 20- to 30-minute period until the press is effectively full
of cake. The pressure at this point is generally the designed
maximum and is maintained for a one- to four-hour period, during
which more filtrate is removed and the desired cake solids
content is achieved. The filter is then mechanically opened, and
the dewatered cake dropped from the chambers onto a conveyor belt
for removal. Cake breakers are usually required to break up the
rigid cake into conveyable form. Figure 9-27 shows a typical
pressure filter installation.

FIGURE 9-27

TYPICAL RECESSED PLATE PRESSU RE
FILTER INSTALLATION AT WASSAU, WISCONSIN

Construction of a variable-volume recessed plate pressure filter
is similar to the fixed-volume filters, except that a diaphragm
is placed behind the media as shown on Figure 9-28. A dewatering
cycle begins as conditioned sludge is fed into each chamber from
a slurry inlet pipe located in the top or bottom of each plate.
Generally, about 10 to 20 minutes are required to fill the press
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and reach an end point determined by ei ther instantaneous feed
rate, filtrate rate, or time. When the end point is reached,
the sludge feed pump is automatically turned off. Water or air,
under high pressure, is then pumped into the space between the
diaphragm and plate body squeezing the already formed and
partially dewatered cake. Typically, 15 to 30 minutes of
constant pressure are required to dewater the cake to the desired
solids content. At the end of the cycle, the wa ter is returned
to a reservoir, plates are automatically opened, and sludge cake
is discharged.
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DURING FILTRATION

SHAPE OF FILTER CHAMBER
DURING CAKE COMPRESSION

BY DIAPHRAGM

FIGURE 9-28

CROSS SECTION OF A. VARIA.BLE VOLUME
RECESSED PLATE FILTER ASSEMBLY

9.4.6.2 Application

Pressure filtration is an advantageous choice for sludges of poor
dewaterability, such as waste-activated sludges, or for cases in
wh ich it is des i rable to dewa ter a sludge to a sol id s content
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higher than 30 percent. If sludge characteristics are expected
to change drastically over a normal operating period, or if less
chemical conditioning is desired, the variable-volume units would
probably be selected rather than the fixed-volume units.

TABLE 9-27

EXPECTED DEWATERING PERFORMANCE FOR A TYPICAL FIXED
VOLUME RECESSED PLATE PRESSURE FILTER

Cake with Cake wi thout
Conditioning cbsage, conditioning conditioning

Feed lbs/ton dry solids material, material, Cycle
solids,

FeCI a Cad'
percent percent tine,

Type of sludge percent J\.sh solids solids hours
_______m_ 3

Raw primary (P) 5-10 100 2fJO 45 39 2.0
2,000 50 25 1.5

Raw P wi th less than 3-6 100 200 45 39 2.5
50 percent waste 3,OfJO 5fJ 20 2.0
activated sludge (WAS)

Raw P wi th !!Dre than 1-4 120 240 45 38 2.5
50 percent WAS 4,00fJ 50 17 2.0

Anaerobically digested
mixture of P and WAS

Less than 50 percent WAS 6-10 100 200 45 39 2.0
2,00fJ 50 25 1.5

M:Jre than 50 percent WAS 2-6 150 300 45 37 2.5
4,000 50 17 1.5

Wl\S 1-5 150 300 45 37 2.5
5,000 50 14 2.0

aAll values sho.-m are for pure FeC1
3

and CaO. Must be adjusted for anything else.

1 lb/ton = 0.5 kg/t 2
1 lb/sq ft/hr = 4.9 kg/rn /hr

9.4.6.3 Performance

As of 1979, very few fixed-volume recessed plate pressure
filters are operating in the United States, and there are no
variable-volume installations operating. Table 9-27 contains
expected performance da ta for typical fixed-volume uni ts, and
Table 9-28 lists actual data from operating installations.
Table 9-29 lists a performance from a large variable-volume pilot
unit (62.4 square feet [5.8 m2 ] of filtering area).

9.4.6.4 Other Considerations

Sludge Conditioning Process

Most systems are designed so
are added in ba tches to sludge
and the conditioned sludge is
pressure filter as required.

that ferric chloride and lime
contained in an agitated tank,
pumped from the tank into the
However, experience indicates
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TABLE 9-28

SPECIFIC OPERATING RESULTS OF FIXED VOLUME
RECESSED PLATE PRESSURE FILTERS

Loca tion

Kenosha, WI

Wausau, WI

Cedar Rapids, IA

Brookfield, WI

Percent solids
Year and

Feed Conditioner, Cake with Cake without total cost,
solids, lb/ton rlry conditioning eand i tioning dollars/ton
percent solids b material material sol ids Reference

Anaerobically di- 3.5 - 5 FeC13 - 54 41.5 35 1975 - 61 70
gested mixture Lime -340
(P plus WAS)

Water plant plus 2 - 8 34 - 45 35 - 45 Not given 71
thermal conditioned
mixture of anaer-
obically digested
(P plus WAS)

Anaerobically di- 3.5 - 7 Fly ash at 60 27 1972 - 30 72
gested mixture about

(P plus TF) 2,500

Aerobically digested FeC13 - 143 43 25 Not given 61
WAS plus raw P Ash - 1,200

Lime - 346

a p : primary sludge; WAS: waste-activated sludge; TF : trickling filter sludge.

bAll values shown for FeCl3 and CaO are for pure chemicals. Must be adjusted for
anything else.

1 lb/ton = 0.5 kg/t
1 ton = 0.907 t

TABLE 9-29

TYPICAL DEWATERING PERFORMANCE OF A VARIABLE VOLUME
RECESSED PLATE PRESSURE FILTER

Cake without
chemicals

Cake with
chemicals

Percent solids
-~.__ .._.""'.'~"'~--

Chemical
dosage,a

lb/ton dry
solids

Yield,
FeC13 CaO lb/sq ft/hr
.._.. __.~~.~.........•..... -'--'--'~~~~~~~~~~~~~~-

Feed
solids,
percentType of sludgeSite

120 320 1.0 37 30
180 580 0.7 36 25
120 340 0.6 40 32
180 500 0.6 42 30

80 220 2.0 45 39
160 320 0.8 50 40

180 460 0.6 34 25
100 300 0.9 40 33

0 0 2.5 60 60
~,-".,_.~~-".•~"-_._.,,,

Must be adjusted for

Anaerobically digested
b

60 p: 40 WAS 3.8
60 P: 40 WAS 3.2
40 P: 60 WAS 3.8
40 P: 60 WAS 2.5
50 P: 50 WAS 6.4
60 P: 40 (,AS 3.6

Raw WAS 4.3
Raw (60 plus 40 WAS) 4.0
Thermal conditioned

50 P: 50 WAS 14.0

1
2
3
4
5
6

7
8
9

a All values shown are for pure FeC13 and CaO.
anything else.

b p = primary sludge; WAS = waste-activated sludge.

1 lb/ton = 0.5 kg/t
1 lb/sq ft/hr = 4.9 kg/m

2
/hr
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tha t the prolonged ag i ta tion and tank storage time associated
with batch conditioning can result in a feed of varying and
deteriorating dewaterability. For this reason, conditioning
processe s are now f requen tly de signed to prov ide II i n-l ine II

conditioning. This can be accomplished by either the continuous
pumping of sludge into a small tank and addi tion of chemicals,
or directly injecting condi tioning chemicals into the sludge on
its way into the filter. In-line conditioning diminishes
the deleterious effects of storage and prolonged agitation.
Figure 9-29 shows a schematic for in-line conditioning.

FILTRATE TO
~:=;~~r- HEAD OF
'- WORKS

PRESSURE
VESSEL

...-
•I
I
I
I
I
I
I

ALUMINUM
CHLQFlQf'iYORATE
SfLO ! LEVEL SWITCHES CONTAOLING SLUDGe FEED

! AND DILUTE CHEMICAL FEED PUMPS

/
l
l

!
./
l

---...-- .....----, I,

SL.UDGE HOLDING
TANI':.

FIGURE 9-29

SCHEMATIC OF AN IN~UNE CONDITIONING SYSTEM FOR
RECESSED PLATE PRESSURE FlLTER (73)

Feed Pump System

One major problem with pressure filters has been the need to
design a system that will pump from 30 to 2,000 gallons per
minute (1.9 to 126 lis) of a viscous, abrasive slurry at ~res

sures of 40 to 225 pounds per square inch (276 to 1,551 kN/m ).

Ideally, the feed system should inject conditioned sludge into
the chamber as rapidly as possible but slowly enough to permi t
sufficiently prompt formation of a uniform and thick enough cake
to prevent any incursion of sludge particles into the filter
cloth. Imbalance of the sludge feed and cake formation rates can
result in nonuniform, high resistance cake, or in cloth blinding
and/or initial poor filtrate quality. If a nonuniform cake is
formed or excessive fines migrate, then a long filter cycle or an
inordinate amount of cloth plugging will result.
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The filter feed method used for some pressure filters involves. a
combination of pumps and pressllre vessels. These combina tions
are used to obtain a high initial feed rate of approximately
2,000 gallons per minute (126 lis) via the pressure vessel,
followed by the use of reciprocating ram high pressure pumps to
pump at a pressure of 225 pounds per sqare inch (1,551 kN/m2 )
at feed rates of 100 to 200 gallons per minute (6.3 to 12.6 lis).
In some cases, a combination of progressive cavity pumps and
pressu re ve sse Is is u sed for the lowe r press ure, h igh-ra te
chamber filling phase.

Cloth Washing and Cleaning

Because recessed plate pressure filters operate at high pressures
and because many uni ts use 1 ime for condi tioning, the des igner
must assume that cloths will require routine washing with high
pressure water, as well as periodic washing with acid. Practices
vary according to the particular sludge and proprietary process.
Designers should ask for recommendations from equipment suppliers
on frequency of washing.

Dewatered Cake Breakers

Design of suitable breakers is a function of the structural
properties of the dewatered cake. Pressure filter cake is
usually friable enough that use of breaker wires, bars, or
cables beneath the filter will be sufficient. If, however,
polyelectrolyte conditioning is contemplated, consideration
should be given to the resulting changes in cake structure.

9.4.6.5 Case History

This information is summarized from a recent sludge handling
investigation by USEPA (61). The 1978 flow diagram for the
5-MGD (13-m3/sec) Brookfield, Wisconsin, wastewater treatment
plant is shown on Figure 9-30. In January 1974, Brookfield
commenced treatment by the contact stabilization activated sludge
process. Addition of ferrous sulfate from pickle liquor for
phosphorus removal in the aeration tank was ini tiated in June
1976. The plant has one fixed-volume, recessed plate pressure
filter with a design capacity of 530 pounds dry solids per hour
( 241 kgIh r ) •

Performance

The pressure f il ter is generally operated four days per week,
16 hours per day, 45 weeks per year. The other 7 weeks per year,
the sludge is applied to land. Figure 9-31 summarizes operating
performance before (Ie t ter B) and af ter (letter A) the addi t ion
of ferrous sulfate. Figure 9-31 also presents a mass flow
diagram of an operating recessed plate pressure filter.
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FIGURE 9-30

BROOKFIELD, WISCONSIN WASTEWATER TREATMENT
PLANT FLOW DIAGRAM

The 1976 operating and maintenance costs for the pressure filter
are combined with the incinerator operational cost in Table 9-30.
With the initiation of chemical addition for phosphorus removal,
the cost of treating and disposing of a ton of dry solids
decreased by approx ima tely $1.33, as shown in Table 9-30. Th is
reduction was due to decreases in the amounts of chemical condi
tioners and electricity required by the plate pressure filter.
These decreases were, however, partially offset by an increase in
the amount of auxiliary fuel used by the incinerator. This was
the result of decreased incinerator volatile solids feed rates.

9.4.6.6 Cos t

Figure 9-32 gives fixed-volume, recessed plate pressure filter
capital cost as a function of press volume. Costs include
those for filter auxiliary equipment, piping, and buildinj.
As an example, a pressure filter having 100 cubic feet (2.8 m )
capacity would cost about $700,000. Since this number is based
on June 1975 cost, it must be adjusted to the current design
year.
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FIGURE 9--31

PERFORMANCE DATA FOR A PRESSURE FI LTER
BROOKFIELD, WISCONSIN

TABLE 9-30

PRESSURE FILTRATION AND INCINERATION OPERATIONAL COST

Item

F~C13
Llme
Natural gasa
Electricity
Labor

Total'

Unit cost,
1976 dollars

Q.03Q5
0.001786
Q.04
6. QO

1976 Dollar cost
per ton dry solids

Before After

9.61 8.69
lQ.52 lQ.55
1'1. 73 12.29
lQ.40 9.60
20.QO 20.00

$62.26 $61. 13
"._,---

aIncludes incinerator warm-up.

1 ton = 0.907 t
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ESTIMATED JUNE 1975 COSTS FOR FIXED VOLUME
RECESSED PLATE PRESSURE FILTERS (39)

Figure 9-33 indicates fixed-volume, recessed plate pressure
filter labor requirements. Labor requirements are based on
continuous, seven-day-per-week operation with two-hour cycles and
include operation and maintenance for both press and related
aux iIi ar ies (chemi cal feed sys tern and pumps). As an example,
a pressure filter having 100 cubic feet (2.8 m3 ) of capacity
would require 8,000 man-hours of operation and maintenance per
year and would be included in the cost analysis.

Figure 9-34 gives power consumption as a function of feed solids
concentration and operating volume. The graph is based on a
filter that operates continuously, seven days per week, and
has a 2-hour cycle time. Power consumption includes that for
the feed pump, open and close mechanisms, and moveable head
mechanism.

Figure 9-35 presents a graph developed for estimating annual
material and maintenance costs for a fixed-volume, recessed plate
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pressure filter. The graph is based on unit operation of seven
days per week with a two-hour cycle time.
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9.4.7 Screw and Roll Press

9.4.7.1 Screw Press

This dewatering device employs a screw surrounded by a perforated
steel (screen) cylinder. Sludge is pumped inside the screen and
is deposited against the screen wall by the rotating screw. The
cake that forms acts as a continuous filter. The screw moves the
progressively dewatered sludge against a containment at the
outlet and further dewaters the sludge by pressure of the screw
action against the restriction. Figure 9-36 shows a typical
layout from one screw press manufacturer. Although no full-scale
municipal wastewater treatment plants are known to be in
operation, large-scale studies have been conducted. Table 9-31
lists typical results.
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SYSTEM SCHEMATIC FOR ONE TYPE OF SCREW PRESS SYSTEM

TABLE 9-31

PERFORMANCE RESULTS FROM A SCREW PRESS

Feed Polymer, Cake Filtrate,
solids, Ib dry/ton solids l percent
percent dry solids percent solids Reference

3-5 0 25-31 0.9-1.4 74

Location Sludge type

Stratford, CT Primary only

primary plus waste
activated

50:50 mixture
67:33 mixture

3-3.3
2.7-4.0

o
o

13-17
20-27

0.7-2.0
0.7-2.0

Norwich, CT Anaerobically digested 5.5-9.8
mixture 60 percent
primary plus 40 percent
waste-activated

3.9- 5.6 18.6-22.6 0.2-1. 0 75

1 Ib/ton 0.5 kg/t

9-65



9.4.7.2 Twin-Roll Press

Figure 9-37 shows a cross section of a twin-roll, vari-nip press.
Developed in 1970 by modifying a fixed nip twin-roll press, the
vari-nip press was installed in 17 plants by 1976. One of these
plants is municipal (76).

SHREDDER
CONVEYOR

ROll CLEANING
..JU.J.+---- SHOWERS

PRESS

--l~---T-- ROLLS

FIXEDr--r----?'---- ROLL

~~~~~~~g~~~~~==---- VARIABLE SPEED
VAT AGITATOR

PRESSATE
CHANNELS

PRE·THICKENING
MODE

HOOD -- ~

SLUDGe FEED

F~CURE g.- 37

CROSS SECTION VIEW OF A TWIN-ROLL VARI-NIP PRESS

The unit consists of a pair of perforated rolls, one roll fixed
and the other moveable, so that the nip (or space) between the
rolls can be varied. The horizontal rolls are mounted in a
sealed vat. Sludge is pumped into the vat under a sli~ht

pressure of two to four pounds per square inch (14 to 28 kN/m ).
This low vat pressure moves the sludge into the nip, where it
is further dewatered by a nip pressure load of 200 to 400 pounds
per lineal inch (36 to 72 kg/lineal cm) of roll length. Filtrate
passes from the sludge through the perforated rolls and
discharges by gravity. The compressed cake is then doctored off
the rolls and discharged into a shredder and conveyor.

The "Pig's Eye Plant" at St. Paul, Minnesota has evaluated
the dewatering of mixtures of primary and waste-activated
sludge (76). Resul ts showed that on raw pr ima ry sludge, a cake
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of 35 percent was obtainable after sludge conditioning with
approximately seven pounds of dry polymer per ton (3.5 kg/t) of
dry feed solids. When biological sludge was added, performance
decreased and polymer requirements increased. At a mixture
of 50:50, cake solids dropped to 28 percent, while polymer
requirements increased to 17 pounds of dry polymer per ton
(8.5 kg/t) of dry feed solids. The conclusion was that this was
an excellent dewatering unit for primary sludge.

9.4.8 Dual Cell Gravity (DCG) Filter

The DCG unit consists of two independent cells formed by a
nylon filter cloth. The cloth travels continuously over guide
wheels and is rotated by a drive roll and sprocket assembly. A
cross section of a typical DCG unit is shown in Figure 9-38.
Dewatering occurs in the first cell, and cake formation, in the
se cond cell.

CAKE FORMING
CEl..L

DEWATERING
CELL

FIGURE 9-38

CROSS SECTION VIEW OF A DUAL CELL GRAVITY FILTER

Sludge is introduced in the dewatering cell, where initial
liquid/solids separation takes place. The dewatering solids are
then carried over the drive roll separator into the second cell.
Here, they are continuously rolled and formed into a cake of
relatively low moisture content. The weight of this sludge
cake presses additional water from the partially dewatered
sludge carried over from the dewatering cell. When the cake of
dewatered solids grows to a certain size, excess quantities are
discharged over the rim of the second cell to a conveyor belt
that moves the material out of the machine.
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Table 9-32 summarizes the operating results from Mentor, Ohio,
which has three units to dewater an aerobically digested mixture
of primary, waste-activated sludge and a mixture of primary,
waste-activated, and alum sludge generated from phosphorus
removal.

TABLE 9-32

SUMMARY OF PERFORMANCE RESULTS FOR A DUAL CELL
GRAVITY FILTER - MENTOR, OHIO (61)

Feed - percent total solids
Cake - percent total solids
Polymer usage

Cationic - liquid lbs per ton solid
Anionic - dry lbs per ton solids

Filtrate characteristics

Primary
olus waste

activated sludge

2.1-2.7
8.8-9.2

143
0.4

Not given

Primary plus
waste activated

plus alum sludge

2.5-3.1
8.2-9.1

136
0.04

lIb/ton 0.5 kq/t

9.4.9 Tube Filters

Tube filters can be either of the pressure type or of the
gravity type.

9.4.9.1 Pressure Type

Commonly known as tube filter presses, pressure type tube filters
have been used in industry (77). However, there are no municipal
installations. Typically, this type of device consists of an
outer cylinder, an internal rubber bladder, and an internal
perforated cylinder which is covered with a filter media. The
whole assembly is mounted vertically.

Slurry is pumped into the annular space between the bladder
and media-covered wall. When this area is full, the bladder
is filled with liquid, and the slurry is compressed against
the filter media. Filtrate flows through the media and is
discharged. When the desired cake solids concentration has been
obtained, liquid pressure is released and the cake is discharged
with a blast of air.

9.4.9.2 Gravity Type

In this application, sludge is mixed with polymer and then held
in suspended porous bags. The weight of the sludge forces water
out of the bag sides and bottom. Sludge is retained for a
maximum of 24 hours, depending upon the desired dryness, and is
then released through a bottom opening.
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Following is a description of the 0.5-MGD (21.9 lis) dewatering
facility at Half Moon Bay, California.

This facility consists of four bags, each 3 feet (0.9 m) in
diameter and 9 feet (2.7 m) long with a ring at the top to
support the polyester media bag and a ring at the bottom, which
is engaged circ~mferentially by a motor-driven chain. The chain
twists the ring about 360 degrees, thereby closing off the bottom
so that the bag can be filled. Suspended down the center of the
bag is a polyester tube about 6 inches (15 cm) in diameter with
the end extend i ng abou t 12 inches (0.3 m) beyond the bot tom of
the closed ends. All four bags are mounted ou tdoors on a steel
framework over a concrete pad containing the drainline and
chemical conditioning system. The sludge fills the annular core,
and the filtrate seeps through the outer polyester media surface
and the inner core tube.

The batch operation practiced at Half Moon Bay is on a 24-hour
cycle consisting of a four-hour fill period (waste-activated
sludge from a complete mix aeration plant) and a 20-hour drain.
With a 1.5 percent solids feed, a 16 percent solids cake has been
obtained.

9.5 Other Dewatering Systems

Several other types of dewatering devices are available that do
not readily fall into any of the previously discussed units.
These include cyclones, screens, and electro-osmosis.

9.5.1 Cyclones

In the municipal wastewater field, cyclones or hydrocyclones
(name given to cyclones specifically designed for liquids) have
been used for cleaning and dewatering gri t from gri t chambers,
primary clarifiers, and anaerobic digesters since the early
1950s. Since then, over 1,400 units have been installed (43).

When a liquid stream enters a cyclone, the particles are
separated by centrifugal acceleration. Unlike centrifuges,
cyclones have no moving parts. The liquid motion inside the unit
causes the necessary acceleration. The theory of cyclones is
thoroughly covered in a recent discussion by Svarovsky (78).

By itself, a cyclone does not dewater. The underflow from the
cyclone discharges into a type of dewatering device. This device
may be as simple as a steel bin with drainage holes, or as
complex as a rotating screen screw or rake class if ier. These
dewatering devices will produce a grit with a moisture content
ranging from 20 to 35 percent.

The degritted liquid stream (overflow) from a cyclone degritting
raw sludge normally goes to a gravity thickener. When the
cyclone is degritting the flow from grit chambers, the overflow
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is usually recycled to the grit chamber. Some designers have
found it necessary to screen this overflow to keep debris from
overwhelming the system. The drainage from the dewatering device
is collected and typically returned to the head of the treatment
plant.

9.5.2 Screens

"Screening is the process of separating grains, fragments or
lumps of a variety of sizes into groups, each of which contains
only particles in the size range between def ini te maximum and
minimum size 1 imi ts" (79). In addi tion to be ing used in
dewatering (26), screens have also been used for primary
treatment (80), thickening (81,82), and conditioning (see
Chapter 8).

The primary use of screens in dewatering would be with bar
screenings or the underflow from grit cyclones. In one extensive
study (83), the following results were found:

• Ground bar screenings could bedewa tered to six percent
solids with a static type screen.

• Ground bar screening could be dewatered to sixteen
percent solids with a revolving drum screen.

• Underflow from a gri t cyclone could be dewa tered to
25 percent solids wi th ei ther the static or revolving
screen.

The popularity of screens is slowly increasing in the United
States because in certain applications they offer advantages in
both capital cost and operating cost.

9.5.3 Electro-Osmosis

The use of electro-osmos is for dewa tering municipal wastewa ter
sludge has been studied on a pilot-plant scale (84). The system
consists of a vertical-mounted, endless moving belt which is
drawn over vertical plate-mounted, stainless steel cathodes,
submerged in a tank of waste sludge. Results indicated that
cakes of over 20 percent solids could be obtained from an
anerobically digested sludge having 2.6 percent feed solids.
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CHAPTER 10

HEAT-DRYING

Heat-drying is the process of evaporating water from sludge by
thermal means. Ambient air-drying of sludges is discussed in
Chapter 9, and composting, in Chapter 12.

10.1 Introduction

In the United States, dry waste-activated sludges and those from
Imhoff tanks have been heat dried to produce a soil conditioner
and nutrient source since the early 1920s. Historically, the use
of heat-drying has been justified based on the expectation that
sales of the dried material would substantially offset process
costs. However, demand for the product has generally been low in
the fertilizer market. Milwaukee, Wisconsin; Houston, Texas;
Chicago, Illinois; and Largo, Florida, are notable exceptions
where marketing has been successful. Because revenues have
generally been low and because heat-drying is expensive, net
costs have often been high, and the process has not found wide
application. The use of heat-drying must be evaluated in
the context of overall sludge management at a given £acility.

10.2 Heat-Drying Principles

Sludge is heat dried at temperatures too low to destroy organic
matter. Water vapor is carried away by a moist gas (usually
air). The designer establishes the actual conditions of
drying--for example, temperature, humidity, detention time,

,velocity, and direction of flow of the gas stream across the
drying surface.

10.2.1 Drying Periods

The following are the three well-defined stages in heat-drying:

1. Initial Drying. During this stage, the sludge
temperature and the drying rates are increased to the
steady state conditions of the second stage. Stage one
is usually short; little drying occurs during this time.

2. Steady State Drying. The time that the sludge is in this
stage is generally the longest of all the stages. The
surfaces of the sludge particles are completely saturated
with water. Surface water is replaced with water from
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the interior of the sol id as fast as it is evaporated.
Drying proceeds as if the water were evaporated from a
pool of liquid. The solid itself does not significantly
influence the drying rate. For this drying period, the
temperature at the sludge/gas interface is ordinarily
kept at the wet-bulb temperature of the gas. As long as
unbound surface moisture is present, the solid is
heated only to the wet-bulb temperature of the gas;
solids may therefore be dried with fairly hot gases
and not themselves attain elevated temperatures. For
example, the wet-bulb temperature is 133°F (56°C) for a
gas stream that has an absolute humidity of 0.01 pounds
water per pound dry air and a temperature of 600°F
(316°C).

3. Final Drying. The final stage occurs when sufficient
water has evaporated that the solid surface is only
partially saturated. Surface water is evaporated
more rapidly than it can be replaced by water from the
interior of the solid. As a consequence, overall drying
rates are markedly lower .in stage 3 than in stage 2.
During this period, the temperature of the solid/gas
interface increases because latent heat cannot be
transferred from the sludge to the gas phase as rapidly
as sensible heat is received from the heating medium.

Sludge moisture content ::'s normally expressed in percent
moisture, percent solids, or pounds water per pound dry sludge.
The minimum sludge moisture content practically attainable with
heat drying depends upon the design and operation of the dryer,
moisture content of the sludge feed, and the chemical composition
of the sludge. For ordinary domestic wastewater sludges, sludge
moisture contents as low as five percent may be achieved.
Chemical bonding of water within the sludge, which can occur
through chemical addi tion for sludge cond i tioning, or chemicals
present in industrial sludges can increase the amount of wa ter
retained in the dried products beyond the five percent moisture
level.

10.2.2 Humidity and Mass Transfer

Humidi ty is a measure of
at a given temperature
determining dryihg rates.
weight of water per unit
water per pound dry air).

the moisture content of the gas phase
and is important to cons ider when
Absolute humidity is a measure of the

weight of dry gas (for example, pounds

In heat-drying of sludge, water is transferred to the gas
phase. The driving force for transfer is the difference
between absolute humidity at the wetted solid/gas interface
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and the absolute humidity in the gas phase. The transfer
rate--that is, the drying rate--can be described by the following
equa tion:

where:

(l 0-1)

w

A

= rate of drying, pounds water per hour (kg/hr);

= mass transfer coefficient of the gas phase, pounds water
per hour per square foot per unit of humidity difference
(kg/hr/m2/unit of humidity difference);

= area of wetted surface exposed to drying medium,
square feet (m 2 )i

= humidity at the sludge/gas interface temperature, pounds
water per-pounds dry gas (kg/kg);

Ya = humidity of the gas phase, pounds water per pounds
dry gas (kg/kg).

10.2.3 Temperature and Heat Transfer

In heat-drying ,the temperature difference between the heating
medium and the sludge/gas interface provides the driving force
for heat transfer.

Dryers are commonly classif ied on the basis of the predominant
me thad of trans ferring heat to the we t sol ids be ing dr ied _( 1) .
These methods include:

convection (direct drying). Heat transfer is accomplished
by direct contact between the wet sludge and hot gases. The
sensible heat of the inlet gas provides the latent heat required
for evaporating the wa ter. The vaporized liquid is carried off
by the hot gases. Direct dryers are the most common type used in
heat-drying of sludge. Flash dryers, direct rotary dryers, and
fluid bed dryers employ this method. Convective heat transfer is
described by Equation 10-2.

(10-2)

where:

qconv = convective heat transfer, Btu per hour (kJ/hr)i

= convective heat transfer coefficient, Btu per hour
per square foot per of (kJ/hr/m2/oC);
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A = area of wetted surface exposed to gas, square feet
(m2 ) ;

t g = gas temperature, of (OC)~

t s = temperature at sludge/gas interface, OF (OC).

Conduction (indirect drying). Heat transfer is accomplished by
contact of the wet splids with hot surfaces (for example, a
retaining wall separa tes the wet solid and the heating medium).
The vaporized liquid is removed independently of the heating
medium. The thin film dryer employs this principle. Conductive
heat transfer is described by Equation 10-3.

(10-'3)

where:

qcond = conductive heat transfer, Btu per hour (kJ/hr)~

hcond = conductive heat transfer coefficient, Btu per hour
peroF (kJ/hr/oC)~

A = area of heat transfe r surface, square feet (m2 ) ~

t m = temperature of dry ing medium--for example, steam,
OF ( °C) ;

t s = temperature of sludge at drying surface, of ( °C) •

The conductive heat transfer coefficient (hcond) is
term that includes the effects of the heat transfer
sludge-s ide and med ium-s ide films. Descriptions of
computing hcond are available in textbooks and
manufacturers (1-4).

a composi te
surface and
methods for
from dryer

Radiation (infrared or radiant heat-drying). Heat transfer is
accomplished by radiant energy supplied by electric resistance
elements, by gas-heated incandescent refractories that also
provide the advantage of convective heating, or by infrared
lamps. The Shi reo Company furnace and mul tiple-hearth furnaces
are examples of drying equipment that use radiant heat.
Radiation heat transfer is described by Equation 10-4.

(10-4)

where:

qrad = radiation heat transfer, Btu/per hour (kJ/hr)~

E S = emissivity of the drying surface, dimensionless~
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A = sludge surface area exposed to radiant source,
square feet (m2 );

= Stefan - Boltzman constant, 1.73 x 10-9 Btu/per hour
per square foot per oR (4.88 x 10- 8 k cal/m2/hr/ok);

t r = absolute temperature of the radiant source, oR;

t s = absolu te temperature of the sludge dry ing surface,
oR;

This discussion of heat drying is necessarily brief; the reader
is referred elsewhere for more information (1-5). Equations for
mass and heat transfer rates and for associated drying times for
specific dryer types are discussed in detail in these references.
It is often difficult to determine appropriate values of mass and
heat transfer coefficients to be used in these equations. Thus,
results predicted by the equations and results obtained in
practice may be divergent, perhaps critically so. Most usable
des ign informa tion is obtained by testing wi th actual process
feeds under cond i tions closely simulating prototype operations.
Many dryer manufacturers provide such testing services.

10.3 Energy Impacts

Thermal evaporation of wa ter from sludge requires cons iderable
energy. The amount of fuel required to dry sludge depends
upon the amount of wa ter evaporated. I t is impera tive that a
dewatering step precede heat-drying so that overall energy
requirements can be minimized. Figure 10-1 shows a relationship
between the solids content of the sludge and the energy required
to produce a product containing ten percent moisture. The energy
estimates for heat-drying of sludge must be considered rough
approximations, since values can vary considerably depending
upon the type of dryer, whether or not energy recovery is a part
of the process, the flow sheet, and the characteristics of the
sludge.

The heat required to evaporate water from the wet sludge
is composed of:

• Heat to raise the sludge solids and associated residual
water to the temperature of the sludge product as it
leaves the dryer.

• Heat to raise the water temperature to the point where it
can evaporate and then to vaporize the water (latent
heat) .

• Heat to raise the temperature of the exhaust gas,
including water vapor, to the exhaust temperature.

• Heat to offset heat losses.
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The above-mentioned .heat must be supplied by the heating medium,
for example, hot air or stearn.
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FIGURE 10-1

ESTIMATE OF ENERGY REQUIRED TO DRY
WASTEWATER SLUDGE AS A FUNCTION OF

DRYER FEED SOLIDS CONTENT

10.3.1 Design Example

Ten thousand pounds per hour (4,540 kg/hr) of a dewatered sludge
containing 20 percent solids is to be dried by direct contact
with hot air. The sludge temperature is 60°F (17°C). The
temperature of the air prior to heating is 70°F (22°C) and its
absolute humidity is 0.008 pounds water per pound ofd ry air.
The temperature of the dried sludge is 140°F (60°C). The dried
sludge is 91 percent solids and 9 percent water. The dryer
exhaust gas temperature is 240°F (116°C), and it contains
0.12 pounds of water per pound of dry air. Radiant heat
losses from the dryer structure are 1,000,000 Btu per hour
(1,054,000 kJ/hr). A preheater is used to heat the air prior to
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its entering the dryer. Figure 10-2 is a schematic diagram for
this example. The required air flow (G), the required air
inlet temperature to the dryer (t2), and the dryer evaporati ve
efficiency must be calculated.

WET SLUDGE

LOADING = 10,000 Ibihr
SOLIDS CONTENT = 20%

TEMP = QiOOf

t,f:AT SUP'PuE.D 19_"~9l;;~~

HA - (COMPUTE)

t~LET AiR
vOllJME ~ (COMPUTE)
'( = MOISTURE CONiENT

m 0,008 II:> .....~l.er/
Ib dry air

'HMP ~ 700F

(~)

1 Ibfhr = 0.454 l<.g/lir
1 BW/hr = 1.054 kJ!hr

D~YER INLH AI Pi

AIR TEMP = t;? (COMI"UHf

?
SLUDGE
DRYER

bRlED SLUDGE.

SOliOS CONTENT ~ 91%

nMf'- 1400F

t:XfMusr GAS
Y = MOiSTU RE CONTE NT

~. 0" 12 Ib W"dtef l
Ib dry air

TEMP = 2400F

RADIATION ~OSS

Ii R - 1x101' IHtA/hr

FIGURE 10-2

SCHEMATIC FOR SLUDGE DRYING EXAMPLE

The following heat capacity information is known or assumed:

Substance

Dry air

Dry solids

Water

Water vapor

Heat Capacity,
Btu/lb/oF

0.24

0.25

1.0

0.45

a.

Step 1 - Determine the required air flow, (G). Calculat.e a
moisture balance of substances entering and leaving the dryer.

1. Moisture in:

Moisture in sludge = (10 000 Ib sludge\ (0.8 Ib water) = 8 000 Ib
,. hr J Ib sludge '

per hour (3.6 t/hr).
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b. Moisture in inlet air =(G Ib dry air\ '0.008 Ib wate:- ) = 0.008 G
, hr J~ Ib dry aIr

Ib per hour.

2. Moisture out:

Ib water )
Ib dry air

a.

b.

Moisture in sludge

=(10 000 Ib SlUdge) {O.2 Ib dry SOlidS)( 9 Ib water, )=
, hr ~ Ib sludge 91 Ib dry solids

per hour (91 kg/hr).

Moisture in air = (G Ib dK;' air)(Oo12

200 Ib

3. Equate moisture in and moisture out 8,000 + 0.008 G = 200 + 0.12 G.

4. Solve for inlet air flaw (G):

G = 69,600 pounds per hour (31.6 t/hr).

Step 2 - Determine the required air inlet temperature (t2).
Calculat~a~eat 5aIance for the dryer. A subsfance's heat
content with respect to a given base temperature can be
calculated by assuming the heat required to bring the substances
from the base temperature to the temperature being considered.
For this example, a base temperature of 32°F (O°C) is arbitrarily
selected, and heat content (also known as enthalpy) is calculated
with respect to it. At steady state, heat in must equal heat
out. Consider the heat. content of streams entering and leaving
the dryer:

1. Heat into the dryer is the sum of

a. Heat content of sludge (H4)

(1) Heat content of dry solids

= (1· 0,000 Ib S~~dge' (0.20 Ib SOlidS) (0.25 Btu )'/60 320F)J Ib sludge Ib/oF \ -

= 14,000 Btu per hour (14.8 GJ/hr).

(2 ) Heat content of water

= (10 000 Ib SlUdge) (0.80 Ib water) (l.0
, hr Ib sludge

= 224,000 Btu per hour (233 GJ/hr).

BtU)
Ibo/F

(3) Summing,

H4 = 14,000 + 224,000 = 238,000 Btu per hour
(251 GJ/hr).
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b. Heat content of air entering the dryer (H2)

(1) Heat content of dry air

= (69,600 ;~)(0.24 1~)~F)(t2-320F)

= 16,700 (t2-32) Btu/hr.

(2) Determine the heat content of the moisture
associated with the air. This includes heat
required to raise the moisture temperature from
32°F (OOC) to the dewpoint, vaporize the moisture,
and finally increase the vapor temperature to
t2. From psychrometr ic charts (1), the dewpoint
(the temperature at which the air in question is
saturated) of air containing 0.008 pounds of water
per pound of dry air is 50°F (lO°C). From steam
tables (6), the latent heat of vaporization at
50°F (10°C) is 1,065 Btu per pound (2.5 GJ/kg).

Heat content· of moisture associated with air

= (69 600 Ib dry air) (0 008 Ib water \ i(1 ° Btu \\ (50-320F)
, hr • Ib dry aii)~· Ib/oF;

+ 1,065+(0.45 Ib)~F)(t2-500F;1 = 603,000 + 250.7 (t2-50 )
Btu per hour. -

(3) Summing, H2 = 16,714 (t2 - 32) + 603,000 + 250.7 (t2 - 50)

= 16,960 t2 + 55,600 Btu per hour.

2. Heat out of the dryer is the sum of:

a. Heat content of the "dried" sludge (H3J

(1 ) Heat content of the dry solids

= (10 000 Ib SlUdge) (0.20 Ib SOlidS)
\ . , hr Ib sludge

= 54,000 Btu per hour (57 GJ/hr).

(2) Heat content of residual water

=(10 000 Ib SlUdge) (0 20 Ib SOlidS) (~ Ib water )~ 0 Btu )
, hr • Ib sludge 91 Ib solids/\· Ib/oF

x (140-32°F) = 21,400 Btu per hour (23 GJ/hr).

(3) Summing,

H3 = 54,000 + 21,400 = 75,400 Btu per hour (80 GJ/hr).
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b. Heat content of the exhausted air (HS)

(1) Heat content of the dry air

=(69 600 lb dry air)(0.24 Btu~(240-320F)\ =\ ' hr lb/oF ) 3,474,000 Btu

per hour (3.7 TJ/hr).

(2) Determine the heat content of the moisture
associated with the exhausted air. From
psychrometric charts (1), the dewpoint of air
containing 0.12 pounds water per pound of
dry air is 135°F (58°C). The latent heat of
vaporization at 135°F (58°C) is 1017 Btu per
pound (2.4 GJ/kg).

Heat content of moisture associated with
exhausted air

= (69 600 Ib dry air\ (0.12 Ib water \)~.o Btu \ (13S-320F\
\ ' hr J\ lb dry alr/~ lb/oF) )

+ 1017 +(0.45 l~)~F) (240-135"~ = 9,750,000 Btu per hour

(10.3 TJ/hr).

( 3 ) SlllTIlTling ,

HS = 3,474,000 + 9,750,000 = 13,224,000 Btu per hour

(13.9 TJ/hr).

c. Radiant heat
(1.05 TJ/hr).

loss, = 1,000,000 Btu per hour

3. Calculate an overall heat balance around the dryer. At
steady state, heat into the dryer equals heat out, that
is H4 + H2 = H3 + HS + Hr. Therefore, 238,000
+ 16,960 t2 + 55,600 = 75,400 + 13,224,000 + 1,000,000.

4. Solve for dryer inlet air temperature (t2)

Step 3 - Determine the evaporati ve eff iciency. In this example,
evaporative efficiency is defined as the heat supplied to
evapora te one pound of water, in compar ison to the' theoret ical
heat of vaporization:

1. Determine heat supplied to the process eHA). By an
overall heat balance around the process (including
the air preheater), HA = H3 + HS + HR - H4- Hl.
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a. From previous calculations, H3 + H5 + HR = "heat out"

= 75,400 + 13,224,000 + 1,000,000 = 14,299,000 Btu
per hour (15.0 TJ/hr).

b. From previous calculations, H4 = 238,000 Btu per
hour (251 GJ/hr).

c. Determine HI' the heat content bf the inlet air

(1) Heat content of dry air

= (69,600 ~~)(O.24 1~~~F)(70-320F) = 635,000 Btu

per hour (669 GJ/hr).

(2) Heat content of moisture associated with dry
inlet air

= (69 600 Ib dry air) (0 008 Ib water ~ 1~ 0 Btu j(5O-320F\j.
\ ' hr \' • Ib dry air) ~. Ib/oF)\ I

+ 1065 +(0.45 l~~~F) (70-S0 0F) = 608,401 Btu per hour

(641 GJ/hr).

(3) Summing,

HI = 635,000 +608,000 = 1,243,000 Btu per hour
(1.3 TJ/hr).

d. HA = 14,290,000-238,000 - 1,243,000 = 12,809,000 Btu

per hour (13.5 TJ/hr).

2. Heat supplied to evaporate 1 pound of water.

- 12,809,000 Btu = 1,642 Btu per pound of water
- 7,800 Ib water

( 1. 8 GJ/kg ) •

3. Heat of vaporization of water at the inlet sludge
temperature = 1060 Btu per pound (2.5 GJ/kg):

1,060
Evaporative efficiency = 1,642 (100) = £4 percent.

10.3.2 Energy Cost of Heat-Dried Sludges Used for
Fertilizers

A simple analysis shows that heat-dried sludge is not competitive
with commercial fertilizers when the two are compared on the
basis of energy required per unit of nutrient produced. From

10-11



Figure 10-1, the energy required to flash-dry a well-dewatered
sewage sludge (40 percent solids concentration) is approximately
5.6 x 10 6 Btu per ton (7.3 x 106 kJ/t) of dry solids. Assuming
that the solids are four percent nitrogen by weight and that half
of the nitrogen is in plant-available form, the energy required
to produce 1.0 ton, (0.9 t) of plant-available nitrogen is

5.5 x 106 Btu 100 ton dry solids 2 ton N - 280 x 106 Btu
ton dry solids x 4 ton N x ton available N -
(295 x 106 kJ).

The energy required to produce and distribute one ton of
commercial nitrogen is estimated to be 49 x 10 6 Btu per ton
of nitrogen (57 x 10 6 kJ/t) (7). Assuming all nitrogen in
commercial fertilizers is plant-available and that 94 percent
of the energy consumed is for production and six percent for
distribution of raw materials and finished product, then
approximately 46 x 106 (49 kJ) is required to produce one ton
(0.9 t) of nitrogen on a commercial basis (7). This is approx
imately 16 percent of the energy required to produce one ton of
available nitrogen from flash-dried sludge.

By similar calculations, it can be shown that one ton of
phosphorus from flash-dried sludge requires about 15 to 20 times
as much energy to produce as one ton of phosphorus from
commercial fertilizers.

10.4 Environmental Impacts

Heat-drying of sludge produces a material that usually contains
10 percent or less moisture, a moist gas stream that is ejected
to the atmosphere, and in some cases, a liquid sidestream. The
impacts of all of these products must be considered in the
design of the heat-drying facilities. Some data on pathogenic
organism survival through heat-drying processes are presented in
Chapter 7. Heat-dried sludge should not be allowed to become
rewetted, since moisture creates an environment favorable for
regrowth of organisms. Once sludge is rewetted, anaerobic
decomposition can begin with the concomitant generation of
noxious odors. This is particularly a problem for sludges that
have not been previously stabilized.

Potential users of dried sludge prefer a granular or pelletized
product. A product which is dusty, odorous, or contaminated
with materials such as plastics, strings, Or cigarette butts is
difficult to sell or give away.

10.4.1 Air Pollution

The gas stream exhausted from the dryers may be the source of
odors and visible emissions. These appear to be most significant
in high-gas veloci ty processes where the product is subject to
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abrasion and dusting occurs. The most effective control measure
for these problems is afterQurning.However, afterburning
requires supplementary fuel and may be prohibitively expensive
for many installations. Cyclones, wet scrubbers, electrostatic
precipitators, and baghouses have been used with varying degrees
of success.

Wet-scrubbing, electrostatic precipi tators, and baghouses were
tested for the control of odors and visible emissions from a
Toroidal dryer located at the Blue Plains plant in Washington,
D.C. The electrostatic precipitator and wet scrubber were
unable to reduce emissions sufficiently to satisfy Washington I s
stringent air pollution requirements. Baghouses were effective
when operating, but they persistently caught fire as a result of
ignited grease deposits and thus were not reliable.

10.4.2 Safety

Drying systems are exposed to heavy dusting and have had problems
with fires. The combination of combustible particles, warm
temperatures, sufficient oxygen, and high-gas velocities make
these systems susceptible to fires.

10.4.3 Sidestream Production

Liquid sidestreams are produced by certain ancilliary equipment
in heat-drying (for example, wet scrubbers). These sidestreams
frequently can be recycled to the headworks of the treatment
plant but may require separate treatment.

10.5 General Design Criteria

There are several common features of heat-dry ing processes for
which general design criteria can be developed.

10.5.1 Drying Capacity

The number and size of the dryers depend on the type of drying
operation contemplated. If the dryers are operated continuously,
extra dryer capacity is needed so that all sludge produced can be
dried while maintenance and repairs are being performed. In
cases where non-continuous operation (for example, 40 hours per
week) is envisioned or where only one dryer is installed, the
dryer(s) must have sufficient evaporative capacity to handle all
the sludge, including that generated when the dryers are not
on line. In the latter case, wet sludge storage requirements may
be significant. .
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10.5.2 Storage Requirements

The design engineer should consider storage requirements for both
the wet sludge feed and the dried product. Sufficient wet
sludge storage should be provided to allow orderly shutdown of
continuously operated drying processes (approximately three day's
production at a peak rate). Storage for the dried product
depends on the final ~isposal arrangement. Sales of the product
are likely to be seasonal, and considerable storage may be
necessary unless bulk buyers provide off-site storage. If
the dried product is burned as a fuel or undergoes further
processing, storage requirements are indicated by subsequent
steps in the sludge-processing system. Dust can become a problem
if the dried product is stored in bulk and is not pelletized. In
some cases, the material should be appropriately contained.

10.5.3 Heat Source

The large amounts of energy required for heat-drying dictate that
close attention be given to the source used to heat the drying
medium. Natural gas and fuel oil are most frequently used but
are becoming more expensive, and shortages have occurred in the
past few years. Energy recovery wi thin the heat-dry ing system
itself provides one way of reducing energy usage; for example,
heat exchangers can be used to recover heat from the exhaust
gases. Recovery of heat from a power source within the plant is
another method; for example, Milwaukee recovers waste heat from
gas turbine exhausts. The dried sludge itself has a fue 1 value
and may be used as a heat source for the drying medium.

10.5.4 Air Flow

Air flow is an important consideration in the design of direct
dryers. Air flow may be cocurrent, countercurrent, or crossflow.
In direct drying, cocurrent flow offers the advantage of higher
thermal efficiency due to rapid cooling of the heating medium
near the feed end wi th concomi tant reduced hea t losses through
the dryer structure. In addition, the dried sludge is not
subjected to high-gas temperatures near the discharge end, as
it would be in counterflow operation. This is advantageous
because it minimizes distillation of odorous materials and
increases thermal efficiency somewhat by reducing heat lost with
the dried sludge.

The rates of air flow are a function of the dryer design.
However, turbulent conditions must be maintained to ensure
intimate contact between the warm air and wet sludge. Dusting
problems may limit air flow rate.
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10.5.5 Equipment Maintenance

A major maintenance problem in some dryers is erosion of
conveying equipment and drying shells by the abrasive dried
sludge. This is particularly a problem for dryers processing WAS
from activated sludge plants which have only coarse screening for
grit removal. The use of ferric chloride as a dewatering aid
may also create corrosive conditions that exacerbate the problem.
Worn conveying equipment can lead to dusting problems. Abrasive
sludge may result in replacement of rotary dryer drum shells
every few years.

10.5.6 Special Considerations

Special equipment may be needed when dried material is produced.
For example, the value of dried sludge may be increased by
nutrient supplements such as nitrogen, phosphorus, or potassium.
Also, the dried product may require finishing before sales; for
example, pelletizing or bagging operations may be needed.

In the United States, the Organiform process, developed by
Orgonics, Inc., has been used to increase the nitrogen content of
the dried sludge. This process, based on urea-formaldehyde
technology, was used in an existing heat-drying operation at
Winston-Salem, North Carolina, from 1973 to 1975, and the
prototype system is still' used at a leather tanning facility in
Slatersville, Rhode Island (8). The heat-drying operation at
Winston-Salem was abandoned, however, because railroad sid ing
and terminal facilities for bulk storage and shipment could not
be funded. The Basel County Thermal Sludge Drying Plant in
Switzerland has provisions for adding nitrogen, phosphorus, and
potassium to the dried sludge for improvement of its fertilizing
properties.

10.6 Conventional Heat Dryers

Conventional heat-drying is usually preceded by mechanical
dewatering and may be followed by air pollution control devices
and systems which alter the form of the dried material.

Mechanical dewatering is discussed in detail in Chapter 9. It is
an important pretreatment step since it reduces the volume of
water that must be removed in the dryer. In the dryer, water
that has not been mechanically separated is evaporated without
decomposing the organic matter in the sludge solids. This means
that the solids temperature must be kept between 140 and 200°F
(60° and 93°C). A large portion of the dried sludge is often
blended with the sludge feed to the dryer, making the drying
operation more efficient by reducing agglomeration (large balls
of sludge), thus exposing a greater solids surface area to the
drying medium. Dried sludge and exhaust gases are separated in
the dryer itself and/or in a cyclone. The gas stream can go to a
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pollution control system for removal of odors and particulates.
The dried sludge is then sent to a finishing step such as
pelletizing or bagging, or it is stored in bulk for marketing or
use in the next portion of the sludge management scheme.

10.6.1 Flash-Drying

Flash-drying is the rapid removal of moisture by spraying or
injecting the solids into a hot gas stream. This process was
first applied in 1932 to the drying of wastewater sludge at the
Chicago Sanitary District.

10.6.1.1 Process Description

The Combustion Engineering-Raymond Flash Drying and Incineration
Process shown on Figure 10-3, is typical of flash-drying units
used in the United States.

The flash-drying process is based on three distinct components
that can be combined in different arrangements. In the first
component, the wet sludge cake is blended with previously dried
sludge in a mi xer to improve pneuma tic conveyance. The blended
sludge and the hot gases from the furnace at l,300°F (704°C) are
mixed ahead of the cage mill, and flashing of the water vapor
begins. Gas velocities on the order of 65 to 100 feet per second
(20 to 30 m/sec) are used. The cage mill mechanically agitates
the sludge-gas mixture, and drying is virtually complete by the
time the sludge leaves the cage mill. The mean residence time is
a matter of seconds. The sludge, at this stage, has a moisture
content of only 8 to 10 percent and is considered dry. The dried
sludge is then separated from the spent drying gases in a
cyclone. Temperature of the dried sludge is about 160°F (71°C),
and the exhaust gas temperature is about 220°F to 300°F (104° to
149°C). The dried sludge can be sent either to storage or to the
furnace for incineration.

The second component is the incineration process. Gas, oil,
coal, or partially dried sludge is burned in the furnace to
provide heat needed to dry the sludge. Combustion air, provided
by the combustion air fan, is preheated and injected into the
furnace at high veloci ty to promote complete fuel combustion.
Any ash that accumulates in the furnace bottom is periodically
removed.

The third component is the effluent gas treatment facility
or induced draft facility. This consists of the deodorizing
preheater, the combustion air heater, the induced draft fan, and
a gas scrubber. Odors are destroyed when the temperature of the
gas from the cyclone is elevated in the deodorizing preheater.
Part of the heat absorbed is recovered in the combustion air
preheater. The gas then passes through a dust collector
(generally a scrubber) and is discharged to the atmosphere.
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10.6.1.2 Case Study: Houston, Texas

The flash-drying operations at Houston, Texas, 'illustrate the
operating experience and performance of the C-E Raymond Flash
Drying process. There are four flash dryers at the 45-MGD
(1.97-m3/s) Sims Bayou plant and five flash dryers at the 75-MGD
(3.29-m 3js) Northside plant, with two additional units under
cons truc t ion. The· 1 iqu id proce ss stream cons is ts 0 f bar
screening and activated sludge. Sludge treatment consists of
degritting, vacuum filtration with ferric chloride addition, and
flash-drying.

After gravity thickening, the sludge solids concentration is
about two percent at the Sims Bayou plant and about three percent
at the Northside plant. The cake from the vacuum filters is
about 15 percent solids. The ferric chloride additions amount
to about 75 pounds per ton (37 kgjt) of dry solids, or about
3.8 percent.

Dewatered sludge is transported to the dryers by belt conveyors.
Each flash dryer, with cage mill and 14-foot (4.3 m) diameter
cyclone, is rated at 12,000 pounds of water per hour (5,448 kgj
hr) but is operated at 9,000 to 10,000 pounds of water per hour
(4,086 to 4,540 kg/hr). Heat exchangers are provided for
high temperature deodorization and for preheating the combustion
air. The cage mill inlet temperature is 900°F to 1,150°F
(482°C to 621°C), and the temperature at the cyclone is about
220°F (104°C). The deodorization temperature is controlled
around 1,200°F (649°C), and the stack gas temperature is 500°F to
600°F (260°C to 316°C) after heat recovery. The fuel used is
natural gas, and the heat input is about 22 million Btu per hour
(23.2 million kJjhr) or 2,200 to 2,400 Btu per pound (5,100 kJjkg
to 5,600 kJ/kg) water evaporated.

Moisture content of the dried product is about 5.5 percent.
About nine times as much solids on a dry weight basis are
recycled to the predryer double paddle mixer as are removed as
product. The product is conveyed to a storage area or directly
to railroad cars for shipment.

The process is automated and panel boards are provided that
indicate and record variables such as air flow, temperatures at
critical points, and amperage on fan motors. The controls are
enclosed in air-conditioned cubicles. Horn alarms indicate
unsuitable temperature conditions.

The controls for the ferric chloride feeding hav,e proven to be
inadequate and have led to operational problems.

Dust is also a major problem at the Sims Bayou plant. The dried
sludge dust is extremely abrasive, causing wear on all mechanical
equipment. Wet sludge has also overflowed the top of the
conveyors at times, creating housecleaning problems.
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No specific cost data are available for the Houston facilities.
The dried product, Hou-actinite, is sold through a broker by
yearly contract.

10.6.2 Rotary Dryers

Rotary dryers use a sloped rotating cylinder to m9ve the material
being dried from one end to the other by gravity. Direct,
indirect, and direct-indirect rotary dryers have been used to dry
sludge.

10.6.2.1 Direct Rotary Dryers

Direct rotary dryers have been used in the United States and in
Europe for drying sludge. These include installations at Largo,
Florida, and Stamford, Connecticut (in conjunction with a refuse
incinerator) and in Basel, Switzerland. Manufacturers include
the Heil Company, Combustion Engineering, Bartlett-Snow, and
Euranica, Inc.

Process Description

The features of a typical direct rotary drying system are
illustrated on Figure 10-4. Mechanically dewatered sludge is
added to a mixer and blended with previously dried sludge to
provide a low moisture dryer-feed. Hot gas a t temperatures of
1,200°F (649°C) is adqed to the dryer, usually in a cocurrent
flow pattern. After the sludge has been held in the dryer for
20 to 60 minutes, the dried sludge is discharged at a temperature
of 180°F to 200°F (82 to 93°C). Exhaust gases are conveyed to a
cyclone where entrained solids are separated from the gases. The
spent gases exit at about 300°F (149°C). A portion of the dried
product is recycled, and the balance goes to a finishing step, to
further process ing, or to disposal. Gaseous discharge from the
cyclone goes to an air pollution control system for deodorization
and particulate removal as necessary. Figure 10-4 shows several
alternatives for handling the exhaust gas. A long residence time
in the dryer may minimize deodorization requirements.

Design Considerations

The rotary drum usually consists of a cylindrical steel shell
that revolves at 5 to 8 rpm. One end of the dryer is slightly
higher than the other, and the wet sludge is fed into the higher
end. Flights projecting from the insiae wall of the shell
continually raise the material and shower it through the dryer
gas, moving the material toward the outlet.

Gas flow through the drum may be either cocurrent or counter
current to the sludge flow. Gas velocities must be limited to 4
to 12 feet per second (1.2 m/sec to 3.7 m/sec) to prevent dust
from being entrained with the exhaust gas.
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SCHEMATIC FOR A ROTARY DRYER

The Largo, Florida, Wastewater Treatment Plant has a rated
capacity of 9 MGD (0.39 m3/s) with average summer flow of 6 MGD
(0.26 m3/s) and winter flows greater than 9 MGD (0.39 m3/s). The
liquid process stream consists of coarse screening, grit removal,
contact stabilization activated sludge, chlorination, and
dual media f il trat ion. Waste-activa ted sludge is aerobically
digested, batch gravity decanted, and thickened. Since 1976, the
thickened sludge has been dewatered by belt filter presses and
heat-dried in a rotary dryer. This system was supplied by
Ecological Services Products, Inc. (ESP).

Approximately 1.6 dry tons (1.45 t) of digested sludge is
produced daily and is processed at a rate of 2.2 tons (2.0 t) per
day for a five-day week. Typical thickened aerobic sludge is
1 to 1.1 percent solids. The belt filter presses produce a
sludge cake that is typically 10 to 12 percent solids. Polymer
is used to condition the sludge prior to filtration.
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The rotary dryer, manufactured by the Heil Company, has an
evaporative capacity of approximately 5,400 pounds water per hour
(2,450 kg/hr). The Heil dryer employs a 3-in-l drum design.
Sludge moves forward through the center cylinder, then back
through the intermediate cylinder, and forward again through the
outer cylinder toward a fan located at the discharge of the
machine. The three cylinders are concentric and are mechanically
interlocked so tha t they rotate at the same speed. Internal
external flights on each cylinder repeatedly raise the sludge to
the top of the drum. This design is claimed to provide better
heat utilization by minimizing radiation losses, but maintenance
on the drums is more complex than with a single shell.

The facilities were designed assuming 1,000 pounds per hour
(454 kg/hr) of dry solids throughput, based on feeding a sludge
cake of about 20 percent solids. The dryer is water-limited
because the cake produced by the belt presses is only 10 to
12 percent solids. Actual throughput is about 600 pounds per
hour (272 kg/hr) of dry solids.

Heated air is provided by a natural gas burning furnace. Typical
dryer inlet air temperature is about 800°F (427°C), and the
outlet temperature is about 180°F (82°C). The average gas
temperature in the dryer is estimated to be about 250°F (121°C).
Off-gases from the cyclone separator are typically 120°F (49°C).

The dried product, Lar Grow, is a relatively fine pellet
produced naturally by the rotating drum. Product bulk density is
45 to 55 pounds per cubic feet (720 to 880 kg/m3 ). The bagged
product moisture content is about five percent. The product
is screened before bagging to remove cigarette filters and other
nondegradable materials such as plastics. In 1978, a garden
products wholesaler contracted to purchase the sludge produced
for one year (approximately 570 dry tons [517 t]) at $54 per ton
($59/t). Because the wholesaler's markets are seasonal, the
bagged product is stored on-site for a portion of the year.

The Ecological Services Products, Inc. (ESP) sludge drying plant
was installed in 1975-76 at a contract price of $850,000 (cost of
the building not included). The approximate capital cost for the
facility can be broken down as follows: 41 percent for sludge
and polymer pumping system, belt filter presses, and polymer
preparation and feed system; 32 percent for the dryer, ductwork,
fan, cyclones, and scrubber system; and 27 percent for mechanical
conveyors, recycle bin, production storage bin and bagging
facility. According to ESP personnel, the 1978 cost for a
similar plant would be between $1.2 to $1.3 million, including
installation and startup.

Typical operating and rna intenance cos ts for· dewa ter ing, dry ing,
and bagging during 1977 are shown in Table 10-1.
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TABLE 10-1

ESTIMATED 1977 COSTS FOR DEWATERING,
DRYING AND BAGGING AT LARGO, FLORIDA (7)

Annual cost, Cost/ton,
Item dollars dollars

--"''''-* '''''_'''','''''''''''_'''''''''-''''''

Polymer 13,000 23
Gas 26,000 45
Labor 21,000 36
Power 11,000 20

Total 77,000 134

These costs are based on unit costs at Largo of $2.60 per
pound ($5.72/kg) of polymer, $1.62 per 1,000 cubic feet
($57.20/1000 m3 ) of natural gas, 3.4 cents per kWhr of electri
city, and $0.24 per bag. Hence, approximately 9.9 pounds
(4.5 kg) of polymer, 27,800 cubic feet (790 m3 ) of natural gas,
590 kWhr of electricity, and 42 bags are used per dry ton of
produc t.

Although a specific deodorization system has not been included,
odor problems have been minimal. There are occasional odor
problems when sludge that is too we t enters the dryer. There
have been some problems with wear in the conveying facilities due
to the dried sludge material being more abrasive than originally
estimated. The pug mill blades and screw conveyor to the dryer
have been replaced. Replacement parts have been specified to
include heat treatment of the screw conveyor and the addition of
cellite or carborundum plates on the wearing surfaces. The
system supplier, ESP, has indicated that these changes will be
considered for future equipment. There have been few other
operating and maintenance problems.

10.6.2.2 Indirect Drying

Indirect rotary dryers have not been used in the United States
for drying sludge. Vertical thin film dryers are used at the
Dieppe, France, coincineration facility (9,10). The two LUWA
Double-Wall Dryers installed at Dieppe operate on 140 psi
(966 kN/m2 ) steam at a temperature of about 355°F (180°C). The
evaporaters are vertical, with top inlet and bottom outlet.
Steam generated from refuse incineration is forced into the dryer
and heats a "jacket" surrounding the incoming dewatered sludge.
The sludge is spread over the inner cylindrical surface of the
dryer by a rotor carrying self-adjusting vanes, a t a top speed
of about 25 feet per second (7.6 m/sec). The water vapor travels
upward, counter to the sludge flow, and is blown into the
incinerator, where it is deodorized. The dried sludge falls onto
a conveyor belt and is incinerated with the refuse.
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Another type of indirect sludge dryer is the jacketed and/or
hollow-flight dryer and conveyor. A schematic of a jacketed
hollow-flight dryer is presented on Figure 10-5. These units can
perform the dual function of heat transfer and solids conveying
in one piece of equipment--generally a horizontal, semi-circular
trough with a jacket or coil to provide heat (10). This
equipment has one or more agitation devices (for example, screw,
flight, disc, paddle) rotating on the axis through the center of
the trough. A significant degree of agitation is necessary to
maintain reasonable heat transfer. Simple screw conveyors
are notably poor in this regard, because increasing the speed
reduces the residence time in the dryer by moving the sludge
rapidly through the system. Heat transfer coefficients for this
type of equipment range from 15 to 75 Btu per hour per square
foot per of (18.6 to 93 cal/sq cm/oC), depending on moisture
content and degree of agitation.

!NLET

BREAKER
BARS

DISCHARGE

FIGURE 10-5

JACKETED HOLLOW-FLIGHT DRYER
(COURTESY BETHLEHEM CORPORATION)

The ag ita tors, paddle s, or fl igh ts should also be des igned to
minimize build-up on the walls of the dryer and on the agitator
itself. Generally, baffles or ploughs should be provided between
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the flights to improve mixing and to break up any lumps that
form. The rotating flights are often fitted with small paddles
or similar projections to improve agitation and reduce fouling of
the shell surface.

Significant increases in heat transfer can also be obtained if
the rotor is hollow and fitted for steam heating. A hollow
heated rotor often provides one to two times the heat transfer
area available in the shell.

10.6.2.3 Direct-Indirect Rotary Dryers

The direct-indirect rotary dryer is similar to indirect dryers
employing hot air or gases as the heating medium. In direct
indirect drying, however, the heating medium is recirculated to
flow in direct contact with the drying sludge in addition to
heating the metal drying surfaces.

Case Study: Milwaukee, Wisconsin

The drying operation at Milwaukee's 200-MGD (8.76-m3/s) Jones
Island Plant employs ten direct-indirect rotary, counterflow,
kiln-type dryers for treating waste-activated sludge. The plant
is designed for continuous operation. To achieve this, nine
dryers must always be in operation. The drying system produced
over 74,000 tons (67,300 t) of dried product in 1976. Thickened
waste-activated sludge is conditioned with ferric chloride and
filtered on vacuum filters. Wet filter cake (approximately
14 percent solids) is mixed with an approximate equal weight of
previously dried .material in a screw conveyor and fed to the
direct-indirect dryers. The ten custom-built dryers are each
8 feet (2.4 m) in diameter and 57 feet (17.4 m) long. Each dryer
can evaporate approximately 10,000 pounds (4,540 kg) water per
hour (at 90 percent capacity) with an inlet air temperature of
1,200°F (649°C). The rotating drum, with lifting angles, picks
up the wet mixture that is dropped subsequently to the bottom as
a shower of particles. The sludge is continuously lifted and
dropped through the hot gases, progressing as a moving curtain
through the length of the dryer during the 45-minute drying
cycle. The granular dried sludge (Milorgani te) has been sold as
a fertilizer since 1925. Rejected dust and fine particles are
pelletized, and the pellets are reground to produce granular
saleable material.

The dryer air inlet temperature is controlled at 1,200°F (649°C).
The exhausted gas leaves the dryer at 250°F (121°C) and is passed
through cyclone separators to remove fine particles. Each dryer
has its own furnace. Originally, coal was used as a fuel, then
coke oven gas (after furance modification), and then natural gas
with standby fuel oil. In the mid-1970s, gas turbines were
installed, and the gas from these turbines, at a temperature of
approximately 900°F (482°C), is now fed to the modified furnaces
and two waste heat recovery boilers. The gas burners are used to
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the dryer inlet
turbine exhaust
for the sludge

provide the additional heat necessary to maintain
temperature at 1, 200°F (649°C). The recovered
heat supplies 70 percent of the heat required
drying operation.

The dried sludge product is abrasive, and the wet sludge is
corrosive because of the ferric chloride used. Internals of the
drum must be replaced about every three years. The present
dryers are over 20 years old, and plans are being made to add
three direct, cocurrent rotary dryers and to rehabilitate the
existing dryers.

10.6.3 Incinerators

In sludge incineration, the temperature of the sludge is raised
to 212°F (100°C), and the water is evaporated from the sludge
before it is ignited; that is, the sludge is dried prior to
ignition. Several options are available with incinerators. If
heat inputs are reduced, the incinerator can be used as a dryer
alone. Alternatively, a portion of the dried sludge can be
removed at an intermediate point in the incinerator, with the
remainder proceeding onward to be burned. Finally, all sludge
may be incinerated.

Modifications may be required if these units are to be used for
drying alone; for example, modifications to a multiple-hearth
furnace would include fuel burners at the top and bottom hearths
plus down-draft of the gases. If the sludge is to be disposed
of, incineration provides greater volume reduction than drying
alone.

Incineration is discussed in Chapter 11. Processes include
multiple-hearth, fluid-bed, and electric furnaces.

10.6.4 Toroidal Dryer

The Toroidal (doughnut-shaped) dryer is a relatively new dryer
that is employed in the UOP, Inc. ORGANO-SYSTEMR for sludge
processing. The dryer works on a jet mill principle and contains
no moving parts. Transport of solid material within the drying
zone is accomplished entirely by high-velocity air movement.

10.6.4.1 Process Description

A simplified process flow diagram of the UOP ORGANO-SYSTEMR is
shown on Figure 10-6. The system is composed of wet sludge
storage, mechanical dewatering, sludge drying, air pollution
control, final product finishing, and storage.

The mechanical dewatering step is designed to deliver the
dewatered sludge to the dryer at about 35 percent to 40 percent
solids. The dewatered sludge is mixed with previously dried
sludge to reduce the moisture concentration of the dryer feed.
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Heated process air is distributed through three manifold jets to
the lower segment of the toroidal drying zone chamber. The air
from one of the three jets is directed in such a way as to
impinge upon the incoming wet feed material and propel this
material into the drying zone, where particle size reduction and
drying beg ins. Addi tional jets in the dry ing zone convey the
material into the toroid for additional drying, grinding, and
classifying.

Process air and solids within the toroid move at a velocity
of approximately lao feet per second (30 meters per second).
The high-velocity gas stream reduces the size of lumps or
agglomerated feed material by impingement against the interior
walls of the drying chamber and by collision with other
particles. Wetter and heavier particles travel a path along the
internal periphery of the dryer, whereas drier and lighter
particles are swept out with the gas stream and are removed from
the drying zone. Heavy, wet particles stay in the dryer until
they are broken up and dried.

The inlet termperature is usually controlled within the range of
SOO°F to 1,400°F (260°C to 760°C). There is a sharp drop in the
gas .temperature wi thin the dryer when the hot inlet gas stream
meets the incoming wet sludge. The dryer exhaust temperature is
usually controlled at a specific setpoint within the range of
190°F to 300°F (90°C to ISO°C). The product temperature normally
does not exceed ISooF (66°C).
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The dried sludge particles exiting the toroid are sent to a
cyclone where they are separated from the gas stream. A portion
of the dried sludge is back-mixed with the wet feed, and the
remainder is transferred to the product finishing section.
There, the dried produc t may be extruded (a t a tempera ture of
140°F [60°C]), cut into pellets, and bagged, if desired.
Otherwise, the product is routed to subsequent sludge processes
including codisposal/energy recovery or land application. Gases
from the cyclone are treated by processes that may include
wet scrubbers, electrostatic precipitators, and baghouses.
Deodorizing chemicals may be required.

10.6.4.2 Current Status

The toroidal dryer has been demonstrated on a full-scale basis.
A 240-tons-water-per-day evaporative capacity ORGANO-SYSTEMR
was operated by UOP Organic Recycling at the Blue Plains
wastewater treatment plant in Washington, DC, for over three
years. Raw sludge, digested primary sludge, and waste-activated
sludge, as well as mixtures of these sludges, were processed.
This system is no longer in operation. A 24-tons-water-per-day
evaporative capacity unit is installed at UOP's West Chester,
Pennsyvania, research and development facility.

10.6.5 Spray-Drying

Spray-drying systems are similar to flash-drying systems in that
almost instantaneous drying occurs in both.

10.6.5.1 Process Description

Spray-dry ing involves three fundamental steps: 1 iquid a tomi za
tion, gas/droplet mixing, and drying from liquid droplets (1).
Atomizers are usually high-pressure nozzles, or high-speed
centrifugal dishes or bowls. The atomized droplets are usually
sprayed downward .into a vertical tower through which hot gases
pass downward. Drying is complete within a few seconds; the
product is removed from the bottom, and the gas stream is
exhausted through a cyclonic dust separator.

Abrasive mat'erials can cause problems with the atomizing devices.
Centrifugal bowls or discs apparently require less maintenance
because they are less likely to become plugged.

10.6.5.2 Current Status

A Nichols Spray Dryer was installed and operated at the
wastewater treatment plant at Ansonia, Connecticut, to dry
sludge. Dewatered sludge was sprayed into the top of a cone-like
apparatus containing rotating "wheels." The hea tingmed ium was
hot fluegas e s (1, 3 00 ° F [ 7 0 5 ° C]) from the s t ac k 0 f a mun i c i pal
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refuse incinerator. Operation of the incinerator has been
limited to about five hours per day because of state air
pollution control requirements; the drying time was likewise
limited. A burnable, dried product with greater than 90 percent
solids has been produced with this system. The dried sludge has
been given away as a soil conditioner rather than burned in the
refuse incinerator.

10.7 Other Heat-Drying Systems

Two are currently available that differ somewhat from conven
tional heat-drying systems. They are the Basic Extractive Sludge
Treatment (BEST) process, which employs solvent extraction,
and the Carver-Greenf ield process, which uses mul tiple-effect
evaporation. Both of these systems employ an externally supplied
liquid to assist in the removal of water from wet sludge.

10.7.1 Solvent Extraction~-BEST Process

The BEST process is based on the use of an organic solvent
to reduce the amount of water that must be evaporated in a
conventional drying step. The process was developed by and
is available from Resource Conservation Company of Renton,
Washington.

10.7.1.1 Process Description

The BEST process, shown schematically on Figure 10-7, uses an
aliphatic amine solvent (triethylamine or TEA) to separate sludge
solids and water. The key to this process is the temperature
sensitive miscibility properties of TEA. Below 65°F (18°C), TEA
and water solutions of any concentration are completely miscible
and form a single-phase, homogeneous solution. Above this
temperature, the mixture separates into two distinct layers, the
top layer being nearly all TEA and the bottom layer nearly all
water.

As shown in the diagram, incoming sludge is mixed with chilled,
recycled solvent. The cooled mixture is then fed into a
conventional dewatering unit, such as a vacuum filter, press,
or centrifuge. After dewatering, the wet cake is fed to a
continuous dryer operated between 250°F and 290°F (120°C and
140°C). The liquid in the wet cake contains a high percentage
of TEA. The latent heat of TEA is approximately 133 Btu per
pound (309 kJ/kg) compared to approximately 1,000 Btu per pound
(2320 kJ/kg) of water. Because of this, the drying process is
faster and uses less direct energy for drying than if the liquid
were only water. Vapors coming from the dryer are condensed
(condenser not shown) and combined with the liquid left from the
dewatering step. This solvent/water mixture is then heated and
collected in a decanter, where the components separate into two
distinct layers.
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The solvent is drained off the top of the decanter and recycled
(after chilling) to mix with new incoming sludge. Meanwhile, the
water is decanted to a distillation column to be steam-stripped
of residual solvent, which also is recycled. Oils and fats
extracted from the sludge by the solvent are recovered in the
solvent still. The product water is returned to the headworks of
the treatment plant.

Resource Conservation Company claims that the system is entirely
closed, except for a small gas vent, and creates no environmental
problems. Air pollution and odor control equipment, if
specified, would be required to handle only a relatively small
volume of exhaust gas.

10.7.1.2 Current Status

A full-scale BEST system has yet to be operated. A l-gallon-per
minute (4 11m) demonstration test unit known as "mini-BEST"
was evaluated by Metropolitan Engineers in 1975 as part of
Municipality of Metropolitan Seattle's research program.
Combinations of settled primary and thickened waste-activated
sludges were treated in the pilot facility. The study team
concluded that the BEST process was not cost-effective for
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Seattle Metro (12). The process was also compared by the LA/OMA
project with several other candidate sludge disposal systems and
found to be one of the more expensive alternatives for the
Los Angeles area (13).

10.7.1.3 Operating Experience

Operat ing experience is 1 imi ted to laboratory and pilot plant
tests. Dried solids (about 5 percent water) and product water
are disinfected as a result of the high temperature (250°F
[121°C]) in the dryer and the high pH of the solvent solution.
Sodium hydroxide (NaOH) is added to maintain an alkaline
condition, since TEA precipitates an acidic environment. NaOH
also conditions the sludge to improve dewatering and the dryer
performance. The dried pl-oduct is easy to handle and transport;
however, pelletizing may be necessary to prevent dusting and to
enhance product marketability.

Primary sludge from Seattle Metro's West Point plant, containing
3.4 percent solids and pretreated wi th 2 to 5 g NaOH/l (100 to
300 pounds per ton dry solids), was blended with TEA and
centrifuged. A cake of approximately 30 percent solids was
produced. A solvent-to-sludge ratio of 6: 1 was maintained. The
liquid fraction contained 60 percent solvent and 40 percent
water, which reduced the energy required to evaporate the liquid,
compared to drying of 30 percent cake with a 100 percent water
fraction. The dried product averaged 86 percent solids with
1.6 percent solvent by weight. Product water, following
decanting and solvent extraction in the water still, averaged
280 mg/l suspended solids, contained less than 0.01 percent
solvent, and had a pH of 10.6.

This high-technology process is quite complex and may require a
competent chemical engineer to ensure efficient operation (12).
There are a relatively large number of components in the system
and, hence, maintenance costs may be high. Unpleasant odors
(ammonia-like) existed in the exhaust gas during the Seattle
study. A deodorization system may be required (12). Full-scale
data on chemical and energy requirements, as well as operating
reliability, are not currently available on the BEST system.

10.7.2 Multiple-Effect Evaporation--Carver Greenfield
Process

Multiple-effect evaporation is
to remove water from sludge.
offered jointly by Foster
Dehydro-Tech Corporation, uses

another technique that can be used
The Carver-Greenfield process,

Wheeler Energy Corporation and
this technology.

The basis of economy for mul tiple-effect evaporation is steam
reuse. Steam generated in the first evapora tor (by evaporation
of water from sludge) is used as the heating fluid in the second
evaporator. The method is feasible if the second evaporator is
operated at a lower pressure than the first.
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10.7.2.1 Process Description

The Carver-Greenfield process uses a multiple-effect evaporation
process to extract water from sludge. The major steps in the
process are oil mixing, mul tiple-effect evaporation, oil-solid
separation, and condensate-oil separation.

The applied sludge is mixed with a petroleum hydrocarbon oil
(Number 2 fuel oil and Isoparl, an Exxon product, have been
used). The use of oil maintains fluidity in all evaporator
effects and minimizes scale formation and corrosion of heat
exchange surfaces. The sludge-oil slurry is pumped through
a grinder to the multiple-effect evaporator. The grinder
reduces the size of slurry solids to prevent obstructions in the
evaporator tubes, to optimize evaporation, and to simplify
control.

Falling-film evaporation is used; that is, the water to be
evaporated is removed as the slurry rolls down the evaporator
tubes in film flow. Steam and vapor flow is countercurrent
to the slurry flow. Vapors flow from high temperature (high
pressure) to low temperature (low pressure), wh ile the slurry
flows from low temperature (low pressure) to high temperature
( h i g h pre s sure) . S team i sapp 1 i ed, a t pre s sur e s a slow as
50 psig (345 kN/m 2 ), to the shell side of the first effect
(last stage) and its condensate returned to the boiler. The
water vapors removed from the tube side in that stage provide the
steam for the next (second) effect shell side. The water vapors
condensed in the second effect are drained to the hot well. The
steam energy, thus, is used many times. In each subsequent
effect, the vapor temperature is lower. The vapor from the last
effect (first stage) is condensed in a surface condenser and
drained to the hot well.

Oil remaining after evaporation of water is separated from the
solids by centrifuging. Oil is reused in the process, and
the dried sludge product is subjected to further processing or
disposal. The condensate from the evaporation sys tern resul ts
in a sidestream containing ammonia and dissolved organics,
but few inorganics. This sidestream may require subsequent
treatment. Gaseous emissions from the system must be sent to a
boiler or incinerator for odor destruction.

10.7.2.2 Current Status

According to the manufacturer, over 65 Carver-Greenfield
installations are in operation worldwide. Many of these systems
have operated at industrial facilities in the United states,
including a four-effect system at the Adolph Coors Brewery in
Golden, Colorado. This system's water evaporative capacity
is 60,000 pounds per hour (27,240 kg/hr) which allows it to
process approximately 180,000 gallons per day (682 m3/day) of
a 4 percent waste-activated sludge feed (8,10). Two systems
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are also operating at sewage treatment plants in Japan. The
first, installed at FUkuchiyama, is a three-effect unit which
processes combined primary and secondary sludge at rates up to
43,000 gallons per day (170 m3/d) of 4.5 percent feed material.
The second, installed at Hiroshima, is· a four-effect unit,
which can process up to 264,000 gallons per day (998 m3/d) of a
2 percent feed solids. The product at both facilities is used as
boiler fuel.

A 200-pound-per-hour (91 kg/hr) evaporative capacity single
effect pilot unit was evaluated at the Hyperion plant in
Los Angeles by LA/OMA (14). LA/OMA engineers concluded that
the Carver-Greenfield system appeared to be a viable sludge
drying process that offered considerable energy efficiency when
compared to conventional direct and indirect contact dryers.
However, it was recommended that a large-scale facili ty should
be built and operated to conclusively demonstrate process
reliability and economics.

Energy requirements for a four-effect Carver-Greenf ield system
with hydroextraction were projected to be about 0.44 pounds of
steam per pound of water evaporated. This value was based on
data supplied by the manufacturer, data determined for the
Coors facility, and supported by theoretical analysis of the
system. The energy requirement, including steam production, was
estimated at about 675 Btu per pound (1,568 kJ/kg) of water
evaporated. This compares favorably with the 1,200 to 2,000 Btu
per pound (2,790 to 4,650 kJ/kg) water required in most
conventional heat dryers.
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CHAPTER 11

HIGH TEMPERATURE PROCESSES

11.1 Introduction

High temperature processes have been used for combustion of
municipal wastewater solids since the early 1900s. Popularity of
these processes has fl uc tua ted greatly since the ir adaptation
from the industrial combustion field. In the past, combustion of
wastewa ter sol ids was both pract ical and i nexpens i ve. Sol ids
were easily dewatered and the fuel required for combustion was
cheap and plentiful. In addition, air emission standards were
virtually non-existent.

In tOday's environment, wastewater solids are more complex and
include sludges from secondary and advanced waste treatment (AWT)
processes. These sludges are more difficult to dewater and
thereby increase fuel requirements for combustion. Due to
environmental concerns with air quality and the energy crisis,
the use of high temperature processes for combustion of municipal
solids is being scrutinized.

However, recent developments in more efficient solids dewatering
processes and advances in combustion technology have renewed an
interest in the use of high temperature processes for specific
applications. High temperature processes should be considered
where available land is scarce, stringent requirements for
land disposal exist, destruction of toxic materials is required,
or the potential exists for recovery of energy, either with
wastewater solids alone or combined with municipal refuse.

High temperature processes have several potential advantages
over other methods (1):

• Maximum volume reduction. Reduces volume and weight of
wet sludge cake by approximately 95 percent, thereby
reducing disposal requirements.

• Detoxification. Destroys or reduces toxics that may
otherwise create adverse environmental impacts (2).

• Energy recovery. Potentially recovers energy through
the combustion of waste products, thereby reduc ing the

(overall expenditure of energy.
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Disadvantages of high temperature processes include (1):

• Cost. Both capital and operation 'and maintenance costs,
including costs for supplemental fuel, are generally
higher than for other disposal alternatives.

• Operating problems. High temperature
high maintenance requirements and .can
reliability.

operations create
reduce equipment

• Staff ings. Highly ski lIed and exper ienced opera tors are
required for high temperature processes. Municipal
salaries and operator status may have to be raised in
many locations to attract the proper personnel.

• Environmental impacts. Discharges to atmosphere
(particulates and other toxic or noxious emissions),
surface waters (scrubbing water), and land (furnace
residues) may require extensive treatment to assure
protection of the environment (3).

This chapter describes both proven high temperature processes
and those having high probability of success, as indi.cated
by current research. Mul t iple-hearth and flu id bed furnaces,
the most commonly used sludge combustion equipment in the
United States, Europe, and Great Britain, are discussed, as
well as newer furnace types such as the electric furnace,
the single hearth cyclonic furnace, and modular combustion
uni ts. New thermal processes for wastewa ter solids reduction
are also described. These processes include starved-air
combustion and co-combustion of sludges and other residues.
Also presented in the chapter are examples that illustrate
the methodology used in selecting and designing processes and
equipment.

11.2 Principles of High Temperature Operations

Combustion is the rapid exothermic oxidation of combustible
elements in fuel. Incineration is complete combustion.
Classical pyrolysis is the destructive distillation, reduction,
or thermal cracking and condensation of organic matter under heat
and/or pressure in the absence of oxygen. Partial pyrolysis,
or starved-air combustion, is incomplete combustion and occurs
when insufficient oxygen is provided to satisfy the combustion
requirements. The basic elements of each process are shown
on Figure 11-1. Combustion of wastewater solids, a two-step
process, involves drying followed by burning.
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BASIC ELEMENTS OF HIGH TEMPERATURE PROCESSES

11.2.1 Combustion Factors

11.2.1.1 Sludge Fuel Values

A value commonly used in sludge incineration calculations is
10,000 Btu per pound of combustibles (see Table 11-1). It is
important to clearly understand the meaning of combustibles. For
combustion processes, solid fuels are analyzed for volatile
solids and total combustibles. The difference between the two
measurements is the fixed carbon. Volatile solids is determined
by heating the fuel in the absence of air. Total combustibles
is determined by ignition at 1,336°F (725°C). By definition,
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the difference in weight loss is the fixed --carbon. In the
volatile solids determination used in sanitary engineering (see
Standard Methods, Reference 5), sludge is heated in the presence
of air at 1,02l o F (550°C). This measurement is higher than the
volatile solids measurement for fuels and includes the fixed
carbon. Numerically, it is nearly the same as the combustibles
measurement. In the following, if volatile solids is used in the
sense of the fuels engineer, it will be followed paranthetically
by the designation "fuels usage." If the term "volatile solids"
or "volatiles" is used without designation, it will indicate
sani tary engineering usage and will be used synonymously wi th
"combustibles."

TABLE 11-1

CHEMICAL REACTIONS OCCURRING DURING COMBUSTION

High heat value
Reaction of reactiona,b Reference

C + °2 CO 2 -14,100 Btu/lb of C 4

°2
.

C + 1/2 CO -4,000 Btu/lb of C 4

CO + 1/2 °2 CO2 -4,400 Btu/lb of CO 4

H2 + 1/2 02 H2O -61,100 Btu/lb of H2 4

CH 4 + 2°2 CO 2 + 2H 2O -23,900 Btu/lb of CH 4 4

2H 2S + 3°2 2S02 + 2H 2O -7,100 Btu/lb of H2S 4

C + H2O (gas) CO + H2 +4,700 Btu/lb of C Calculated

Sludge combustibles~ CO2 + H2O -10,000 Btu/lb of Estimated
combustibles
"'-'--'--"-",-",,,,,..,,".,

aNegative sign convention indicates an exothermic reaction.

bHigh heat value assumes the latent heat of water generated
is available for use: conversely, low heat values assumes
the latent heat of water is not available hence no water
is condensed.

1 Btu/lb = 2,324 J/kg

The amount of heat released from a given sludge is a function of
the amounts and types of combustible elements present. The
primary combustible elements in sludge and in most available
supplemental fuels are fixed carbon, hydrogen, and sulfur.
Because free sulfur is rarely present in sewage sludge to any
significant extent and because sulfur is being limited in fuels,
the contributions of sulfur to the combustion reaction can
be neglected in calculations without compromising accuracy.
Similarly, the oxidation of metals contributes little to the heat
balance and can be ignored.
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Solids with a high fraction of combustible material; for example,
grease and scum, have high fuel values (see Table 11-2). Those
which contain a large fraction of inert materials; for example,
gri t or chemical precipi tates, have low fuel values. Chemical
precipitates may also exert appreciable heat demands when
undergoing high temperature decomposition. This further reduces
their effective fuel value.

TABLE 11-2

REPRESENTATIVE HEATING VALUES OF SOME SLUDGES (6)

Material
Combustibles,

percent
~--"-----------"-""--

High heating value,
Btujlb of solids

Grease and scum

Raw wastewater solids

Fine screenings

Ground garbage

Digested sludge

Chemical precipitated solids

Grit

88

74

86

85

60

57

33

16,700

10,300

9,000

8,200

5,300

7,500

4,000

1 Btu/lb = 2,324 MJ/kg

The following are experimental methods from which sludge heating
value may be estimated or computed:

• Ul timate analysis--an analysis to determine the amounts
of basic feed constituents. These constituents are
moisture, oxygen, carbon, hydrogen, sulfur, nitrogen, and
ash. In addition, it is typical to determine chloride
and other elements that may contribute to air emissions
or ash disposal problems. Once the ultimate analysis has
been completed, Dulong's formula (Equation 11-1) can be
used to estimate the heating value of the sludge.
Dulong's formula is:

Btu/lb °2= 14,544 C + 62,208 (H2 - S-) + 4,050 S (11-1)

where C, H2, 02' and S represent the weight fraction
of each element determi ned by ul tima te analys is. Th i s
formula does not take into account endothermic chemical
reactions that occur with chemically conditioned or
physical-chemical sludges.

The ultimate analysis is used principally for developing
the rna ter i al balance, from wh ich a heat bal ance can be
made.
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• Proximate analysis--a relatively low-cost analysis in
in which moisture content, volatile combustible matter
fixed carbon, and ash are determined. The fuel value of
the sludge is calculated as the weighted average of the
fuel values of its individual components.

• Calorimetry--this is a direct method in which heating
value is determined experimentally wi th a bomb calori
meter. Approximately 1 gram of material is burned in a
sealed, submerged container. The heat of combust ion is
determined by noting the temperature rise of the water
bath. Several samples must be taken and then composited
to obtain a representative 1 gram sample. Several tests
should be run, and the results must be interpreted by an
experienced analyst. New bomb calorimeters can use
samples up to 25 grams and this type of uni t should be
used where possible.

The above tests give approximate fuel values for sludges and
allow the des igner to proceed wi th calculations which simulate
operations of an incinerator. If a unique sludge will be
processed, or unusual operating condi tions will be used, pilot
testing is advised. Many manufacturers have test furnaces
especially suited for pilot testing.

11.2.1.2 Oxygen Requirements for Complete Combustion

Air is the normal source of oxygen for combustion, although
pure oxygen feed systems are sometimes used. Theoretical air
and oxygen requirements for the combustion reactions are shown
in Table 11-1. For rigorous analyses, the constants given in
Table 11-3 should be used. For general appl ications in which
fuel oil, methane, and/or sludge are used, a rule of thumb is
that it requires 7.5 pounds (3.4 kg) of air to release 10,000 Btu
(10.55 MJ) from sludge or supplemental fuel (7).

In practice, incinerator operations require air in excess of
theoretical requirements for complete combustion. Excess air
added to the combustion chamber increases the opportunity
for eontact between the fuel and oxygen. To ensure complete
combustion, it is necessary to maintain 50 to 150 percent excess
air over the stoichiometric amount required in the combustion
zone. When the amount of excess air is inadequate, only partial
combustion of carbon occurs, and carbon monoxide, soot, and
odorous hydrocarbons are produced.

The excess air required for complete combustion adversely affects
the cost of operation, because additional heat is needed to
raise the excess air temperature to that of the exhaust gases.
Supplemental fuel may be needed to furnish this additional heat.
Thermal economy therefore demands that excess air be held to the
minimum value required to effect complete combustion. The amount
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of excess air required varies with the type of incineration
e9uipm~n~, the nature of ~he sludges to be incinerated, and the
dlSposltlon of the stack 9ases. ! The impact of excess air use on
the cost of fuel in sludge incineration is shown on Figure 11-2.

TABLE 11-3

THEORETICAL AIR AND OXYGEN REQUIREMENTS
FOR COMPLETE COMBUSTION (4)

Ib/lb of substance

Substance

Carbon
Carbon monoxide
Hydrogen
Sulfur

Hydrogen sulfide
Methane
Ethane
Ammonia

Air

11. 53
2.47

34.34
4.29

6.10
17.27
16.12

6.10

Oxygen

2.66
0.57
7.94
1. 00

1. 41
3.99
3.73
1. 41

----,------------------------

1 Ib/lb = 1 kg/kg.

11.2.1.3 Factors Affecting the Heat Balance

The heat released by burning the wastewater solids must be
sufficient to raise the temperatures of all entering substances
from ambient levels to those of the exhaust and solid residue
streams. Also, any radiant heat loss from the combustion struc
ture must be included. If the heat is sufficient, the process is
termed autogenous. If it is not sufficient, supplemental fuel
must be burned to make up for the heat deficit.

A number of variables influence the amount of supplemental fuel
required. As shown on Figure 11-2, the amount of excess air
required to produce complete combustion has an important effect.
Water associated with the sludge also exerts significant demands.
For example, it takes almost 2,000 Btu per pound (4.64 MJ/kg) to
vaporize water and raise the temperature of the water vapor to
exhaust tempera tures. When allowances are made for radia tion
losses and for heating of gas streams and sludge feed solids, it
is found that approximately 3,500 Btu (3.69 MJ) are required for
every pound (0.45 kg) of water evaporated in a mul tiple-hearth
furnace (8).

The following example illustrates how the feed solids
concentration required for autogenous combustion is determined.
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Example

A designer uses a proximate analysis to derive the following
values for a given sludge: volatile solids content( fuels
us age--66 percent, fixed carbon content--ll percent, and inert
content--23 percent. The sludge is to be dewatered and burned in
a multiple-hearth incinerator. The solids concentration required
for autogenous combustion in a multiple-hearth incinerator can be
determined.

The sludge heating value can be estimated by multiplying
the approximate fuel value of sludge--10,OOO Btu per pound
(23.2 MJ/kg) by the combustible fraction in the sludge. In this
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example, the combustible fraction is the sum of the volatile
solids (fuels usage) and fixed carbon, or 77 percent. Therefore
sludge heating value is: '

10,000 Btu/lb x 0.77 = 7,700 Btu per pound (17.89 MJ/kg)

The min~mum percent slud9~ solids required to maintain autogenous
combustlon can be determlned by equating the heat released by
combustion to the heat required by the water. Therefore:

(P) (Q) = (100 - P) (W)

where:

P = Minimum percent dry solids in sludge required for
autogenous combustion

Q = Fuel value of sludge, Btu per pound of dry solids

W = Heat required to evaporate one pound of water in a
multiple-hearth furnace, Btu

The above equation is solved for P:

W
P = Q+W (100)

For this example:

3,500
P = 7,700 + 3,500 (100) = 31.3 percent

(11-2)

If the solids could be dewatered to 31.3 percent, they would be
combusted autogenously. However, feed solids concentrations of
this magnitude are seldom achieved without chemical conditioning.
Allowances for the effect of chemical conditioning should
therefore be made. Assume conditioning requirements are
25 percent lime and 3 percent ferric chloride by weight of dry
solids fed. Therefore, for every 100 pounds (45.A kg) of sludge
dewatered, 28 pounds (12.7 kg) of chemicals are added. Assuming
there is no heat ing value in the 1 ime and f err ic chlor ide, the

combustible fraction of the feed solids is reduced to i~~ x 0.77

= 60 percent and the sludge heating value is 6,000 Btu per pound
(13.9 MJ/kg). Using Equation 11-2, the dewatered sludge must be
36.8 percent solids to be autogenous.
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Figure 11-3 shows a family of curves that can be used to
calculate the minimum percent solids required at various dry
solids heating values. This method of estimating takes into
account the effect of moisture content, inerts, and combustibles
on the combustion process and can be used for basic sizing prior
to detailed analysis.

For example, in the above analysis, a sludge heating value of
6,000 Btu per pound of solids (13.9 MJ/kg) was calculated. From
Figure 11-3, the 6,000 Btu per pound (13.9 MJ/kg) curve crosses
the break-even point at approximately 36 percent dry solids.
The importance of dewatering the sludge is illustrated on
Figure 11-4. The amount of supplemental fuel required is plotted
as a function of feed moisture content and combustible solids
concentration.

The amount of supplemental fuel can be reduced if heat can
be recovered from the process exhaust gases and reused. As

an example, heat may be transferred from the furnace flue
gas to incoming combustion air by means of heat exchangers
(recuperators). Although energy recovery can significantly
improve thermal efficiency, heat recovery equipment can be
expensive and can only be recommended after complete economic
evaluation.

11.2.2 Incineration Design Example

To evaluate combustion processes, a designer must determine if
the sludge will burn autogenously. He must also assess the
effects of different excess air rates, the effects of different
types and quanti ties of supplemental fuel, and combustion air
requirements.

Approximate and theoretical methods for calculating combustion
requirements are presented in the following examples A summary
is then provided that compares the results of each method.
Either method provides the information necessary for preliminary
evaluation and conceptual design of a sludge incinerator.
When an ultimate analysis of the sludge is available or a good
estimate of sludge constituents can be made, a theoretical
analysis is preferred.

11.2.2.1 Problem Statement

The dewatered sludge production rate expected for a wastewater
treatment plant is 14,000 pounds (6,350 kg) per hour at
20 percent solids. The dewatered material is a mixture of
undigested primary and waste-activated sludges, with a volatile
(combustible) content of 77 percent. The sludge temperature
is 60°F (16°C). To limit hydrocarbon emissions, an afterburner
is used to heat furnace exhaust gases to 1,400 o F (760°C).
The design is based on 100 percent excess air (two times the
theoretical requirement). If supplemental fuel is required,
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No. 2 fuel oil will be used. Twenty-five percent excess air will
be used for combustion of the fuel oil. The air temperature is
60°F (16°C); the absolute humidity of the air is 0.013 pounds of
water per pound of dry air. Heat capacities of dry air, water
vapor, dry sludge solids, and water are 0.256, 0.5, 0.25 and
1.0 Btu per pound per of, respectively, (1.07, 2.1, 1.0, and
4.2 kJ/kg/oC. The latent heat of water is 970.3 Btu per pound
(2,253 kJ/kg).

11.2.2.2 Approximate Calculation Method

Assuming 10,000 Btu per pound (23.2 MJ/kg) of sludge, the heat
content of the sludge is:

10,000 Btu x 0.77 =Tb 7,700 Btu per pound (17.9 MJ/kg)

From Figure 11-3, a value of approximately 32 percent solids in
the dewatered sludge is required for autogenous combustion.
Therefore, supplemental fuel is required and its quantity must be
determined. The demand for supplemental fuel equals the heat
required minus the heat value of the sludge.

Step 1. Sludge Heating Value

The heating value of the sludge

14,000 Ib sludge
= hr x

0.2 Ib solids xIb sludge
0.77 Ib VS
Ib solids

10,000 Btu
x Ib VS

= 21.56 x 10 6 Btu per hour (22.75 KJ/hr)

Step 2. Combustion Air Requirements

Therefore, combustion air requirements

= 21. 56 x 10 6 Btu
hr x

7.5 Ib dry air x 2(excess air factor)
10,000 Btu

= 32,340 pounds dry air per hour (14.68 t/hr)

Step 3 ._H~a.t Required to Raise Ambient Air Temperature

The basic formula for determining the heat required is:

Q = Mass x heat capacity x temperature change (11-3)
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Heat required to raise dry air from 60°F (lS.6°C) to 1,400 o F
(760°C)

= 32,340 Ib dry air
hr x

0.256 Btu
1b- o F x (1,400°F - 60°F)

= 11.09 x 10 6 Btu per hour (11.70 GJ/hr)

Heat required to raise the temperature of water vapor in air
from 60°F (lS.6°C) to 1,400 o F (760°C)

= 32,340 Ib dry air
hr x

0.013 Ib water 0.5 Btu
Ib air x Ib-0F x (1,400°F - 60°F)

= 0.28 x 10 6 Btu per hour (0.30 GJ/hr)

Step 4. Heat Required to Raise Solids Temperature

Heat <required to raise the temperature of the volatile
(combustible) material from 60°F (lS.6°C) to 1,400 o F (760°C)

14,000 Ib sludge
= hr x

0.2 Ib solids
Ib sludge x 0.77 Ib VS

Ib solid x
0.25 Btu

Ib-oF

x (1,400°F - 60°F) = 0.72 x 10 6 Btu per hour (0.76 GJ/hr)

Heat required to raise the temperature of inerts (ash) from
60°F (lS.6°C)to the ash discharge temperature of 200°F
(93.3°C)

14,000 Ib sludge 0.2 Ib solids
= hr x -'="lb'-s"""l:-u"""d:-g-e- x

(1-0.77) 1b inerts) x 0.25 Btu
Ib solids Ib-°F

x (200°F - 60°F) = 0.02 x 10 6 Btu per hour (0.02 GJ/hr)

Step 5. Heat Required to Raise Temperature of Water
Associated with the Feed Sludge

This calculation does not include water formed during the
combustion reaction.
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Heat required to raise the water temperature from 60°F
(15.6°C) to 212°F (100°C)

= 14,000 Ib sludge 0.8 Ib water x 1.0 Btu (2120F
hr x Ib sludge Ib-0F x - 60°F)

= 1.70 x 10 6 Btu per hour (1.79 GJ/hr)

Heat required to evaporate water

14,000 Ib sludge
= hr x

0.8 Ib water
Ib sludge x

970.3 Btu
Ib

= 10.87 x 10 6 Btu per hr (11.46 GJ/hr)

Heat required to raise the temperature of water vapor to
1,400 o F (760°C)

14,000 Ib sludge 0.8 Ib water
= hr x Ib sludge x

= 6.65 x 10 6 Btu per hour (7.02 GJ/hr)

Step 6. Heat Required to Raise Temperature of
Water. Formed Durin~ the Combustion Reaction

Assume water formed during the combustion reaction to
be 0.5 pound per 10,000 Btu (21.5 g/MJ) of sludge and
supplemental fuel burned (9). The heat value of the
sludge burned and supplemental fuel are equal to the heat
demands. Therefore, water formed dur ing combustion must be
calculated on the basis of heat demands. Heat demands may be
approximated by summing the calculations thus far:

Heat required for Btu/hr x 10 6

Air
Dry air 11. 09
Water vapor in air 0.28

'Sludge
Volatile solids 0.72
Inerts 0.02
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Heat requi;:.e<? ..1:()r

Sludge (continued)
Free water

Water
Evaporation
Water vapor

Total

Btu/hr x.I0 6

1.70
10.87
6.65

31.33 (33.05 GJ/hr)

Water formed due to the combustion reaction

0.5 Ib 31.33 x 106 Btu
= 10,000 Btu x hr = 1,567 pounds per hour (711 kgjhr)

The heat of combustion given is the "high heat of combus
t ion," wh ich assumes all water formed is condensed. Hea t
must be provided to evaporate this water and bring it up to
exhaust temperature.

Heat required to evaporate the water

= 1,567 ~~ water x 970i~ Btu = 1.52 x 106 Btu per hour (1.60 GJ/hr)

Heat required to raise the temperature of water vapor to
1,400°F (760°C)

1,567 Ib water 0.5 Btu= hr x Ib-oF x (1,400 0 F - 212°F)

= 0.93 x 10 6 Btu per hour (0.98 GJ/hr)

Step 7. Heat Reguired to Compensate for Radiation Losses

Assume a radiation loss of 5 percent of the total heat
demand. Total heat demand is

Heat required for

Total from Step 6
Water formed during combustion

reaction
Evaporation
Water Vapor

Total

11-16
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Heat to compensate ~for radiation losses

33.78 x 106 Btu 6= hr x 0.05 = 1.69 x 10 Btu per hour (1.78 GJ/hr)

Step 8. Determine Supplemental Fuel Required

Total heat requirements (from Step 7)

= 33.78 x 10 6 Btu/hr + 1.69 x 10 6 Btu/hr

=-35.47 x 10 6 Btu per hour (37.42 GJ/hr)

Total supplemental heat dempnd

= Heat demand minus heating value of sludge

= (35.47 x 10 6 - 21.56 x 10 6 ) Btu/hr

= 13.91 x 10 6 Btu per hour (14.68 GJ/hr)

Therefore, supplemental fuel (No. 2 fuel oil) must be
supplied to provide 13.91 x 10 6 Btu per hour (14.68 GJ/hr)
of heat.

Supplemental fuel also requires air for combustion, and this
air exerts a heat demand. The air required for supplemental
fuel is 1.25 times the theoretical value needed for
supplemental fuel.

Air required for supplemental fuel

13.91 x 106 Btu 7.5 1b dry air= hr x 10,000 Btu x 1.25 (excess air factor)

= 13,000 pounds dry air per hour (5,920 kg/hr)

The 13,041 pounds (5,920 kg/hr) dry air (plus any water
formed by its reaction with the supplemental fuel) must also
be raised to l,400°F (760°C). By calculations similar to
those presented in Steps 1 through 8, it can be shown that
heat required to do this (and to account for additional
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radiation losses) is 20.24 x 10 6 Btu per hour (21.35 GJ/hr).
Since only 13.91 x 10 6 Btu per hour (14.68 GJ/hr) was
released by burning supplemental fuel, there is a heat
de f i cit 0 f 20 • 24 x 1 06 - 13 • 91 x 1 0 6 = 6. 33 x 1 06 Btu pe r
hour (6.67 GJ/hr). Thus, the effect of adding supplemental
fuel was to reduce but not eliminate the initial deficit of
13.91 x 10 6 Btu per hour (14.68 GJ/hr).

To make up for this deficit, more supplemental fuel,
equivalent to 6.33 x 10 6 Btu per hour (6.68 GJ/hr) is added.
If 25 percent excess air is used for this fuel, 5,934 pounds
per hour (2,694 kg/hr) of excess air will be required. The
heat released is again insufficient to raise the air plus
water vapor formed to 1,400°F (760°C) and to make up for
additional radiation losses. The deficit for this iteration
is 2.88 x 10 6 Btu per hour (3.04 GJ/hr).

The calculation can be carried forward for several more
steps. Table 11-4 shows that progress i ve 1y sma ller addi
tions of supplemental fuel and air are required for each
iteration and that the amount of air and fuel needed for
each iteration is a fixed fraction (0.45) of the fuel
and air needed for the previous iteration. In general,
if fuel required for each iteration is r percent of that
required for the previous iteration, then total fuel required
= (initial deficit)(l + r + r 2 + r 3 + ••• + r n ). The
term in the second bracket is an infinite geometric series

equal to r n • The series converges to ---I"1 if the absolute-r
value of r is less than one (10).

TABLE 11-4

APPROXIMATE COMBUSTION CALCULATION 
SUPPLEMENTAL FUEL REQUIREMENTS

__----::He=at ~.~put

Heat value,
Unit 106 Btu/hr

Heat demands
Supplemental Combustion

Heat value, fuel requirements, air requirements,

Unit 106~~"~,.__l06 Btu/hr _,,,.""~,,,Ratioa Ib/hr Ratio
h

Sludge 21. 56 Slndqe and
excess air

35.47 13.91 32,340

Supplemental fual

Supplemental fuel

Supplemental fuel

Supplemental fuel

13.91

6.33

2.88

1. 31

Supplemental fuel and
excess air

SUPDleme'1tal fuel and
excess air

Supplemental fuel and
excess air

Supplemental fuel and
excess air

20.24

9.21

4.19

1.91

6.33

2.88

1. 31

0.60

.46

.45

.45

.46

13,041

5.934

2,700

1,228

.46

.46

.45

a Ratio of supplemental fuel to that in the previous iteration.

b Ratio of air to air in the previous iteration.

CRatio in this case is not applicable since sludge is included (100 percent excess
",ir 'JS ~<; nf!r~e:'lt e~c-e!';s air).

1 x 106 Btu/hr ::: 1, 05 5 MJ/hr
1 Ib/hr ::: 0.45 kg/hr
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The total supplemental fuel requirements can be derived from
Equation 11-4.

Total supplemental fuel

Total supplemental fuel

= Initial deficit x 1
l-r (11-4)

= 13.91 x 10 6 Bhtru x 1-=-1---=-0-.-:"4-=5

= 25.32 x 10 6 Btu per hour (26.6 GJ/hr)

Step 9. Total Air Requirement~

The air requirements for the supplemental fuel alone can be
found from Equation 11-5, an analog to Equation 11-4.

Total supplemental air requirements

= excess air for initial supplemental fuel addition x~
.L-r

Total supplemental air rquirements

13,041 Ib air 1
= h r x -=-1--'"""0-.-:"4-=5

= 23,735 pounds dry air per hour (10,766 kg dry air/hr)

Total dry air requirements

= air for sludge plus air for supplemental fuel

(32,340 + 23,735) Ib dry air/hr

= 56,075 pounds dry air per hour (25,458 kg/hr)

(11-5)

Assuming an air density of 0.0749 pounds per cubic feet
(1.2 kg/m3 ):
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Air flow rate

56,075 Ib/hr hr _ 3= 0.0749 x 60 min - 12,478 cubic feet per minute (5.9 m /sec)

Assume that No. 2 oil has heating value of 141,000 Btu per
gallon

Supplemental fuel rate

25.32 x 10 6 Btu/hr
= 141,000 Btu/gallon x

hr
60 min

= 3.0 gallons per minute (0.18 lis)

11.2.2.3 Theoretical Calculation Method

The method presented herein is based on the actual combustion
reactions and the method of approach used in stearn generation
calculations (9). Table 11-5 is to be used for stearn generation
calculations. A blank form is provided at the end of Chapter 11
for the reader's own use in making the calculations.

Step 1. (Line b). Determine the fuel analysis and include
on the right hand side of the table (ultimate analysis).

Step 2. (Lines 1 through 12). Determine the pounds of
component, moles of component, theoretical oxygen requirement
and moles of material contributed to the flue gas by the
fuel, based on 100 pounds of fuel feed. Assume complete
combustion and no loss of combustibles to the ash.

Step 3. (Lines 13, 14, and 15). Assume the amount of excess
02 to be used (100 percent) and calculate the moles of excess
02 required.

Step 4. (Line 16). Calculate the amount of N2 added from
the air from the total 02 (theoretical plus excess).

Step '5. (Lines 17, 18, 19, and 21). Calculate the amount of
dry air, water in the air, the amount of wet air from the
total dry air (02 + N2).

Step 6. (Lines 20 and s). Calculate the moles of all
components in the flue gas and the moles of wet and dry flue
gas.
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TABU 11-5

COMBUSTION CALCULAnON - MOLAL BASIS
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Step 7. (Lines 22 through 26). Determine the sensible heat
content of the gas. A base temperature of 60°F (15°C) is
used. The values for mean specific heat can be found in
Reference 4.

Note: mean molar specific heat = mean specific heat x
molecular weight.

Step 8. (Line 27). Determine the latent heat of water in
the flue gas.

Step 9. (Line 28). Sum all heat in flue gas.

Step 10. (Lines 29, 30, and 31). Calculate heat losses due
to carbon in refuse (residue), unburned CO in the flue gas,
and radiation (assumed to be 5 percent). Sum all heat
losses.

Step 11. (Line 32). Determine heat value of the sludge per
100 pounds, wet basis.

Step 12. (Line 33). Determine if the sludge is autogenous
or requires supplemental fuel by subtracting line 32 from
line 31. A zero or positive number indicates that the sludge
is autogenous, supplemental fuel is not required, and the
computation is complete. A negative number shows that
supplemental fuel is necessary. The method used to determine
the amount of fuel required is shown in steps 13 through 15.

Step 13. If Step 12 indicates that supplemental fuel is
required, proceed through another theoretical calculation
method table for the supplemental fuel in the same manner as
Steps 1 through 12 (lines 1 through 33). This determines the
amount of excess heat in the fuel after the combustion
reaction. Table 11-6 illustrates the supplemental fuel
calculation for this example.

Step 14. Determine the amount of supplemental fuel per
100 lb (45 kg) of wet sludge.

lb supplemental fuel required.
100 Ib of sludge, wet basis

= heat required from fuel (line 33, Table 11-5) .
available heat from fuel (line 33, Table 11-6)

= 91,139 Btu/lOa Ib sludge
1,165,443 Btu/lOa lb fuel

= 7.82 lb fuel/lOa lb sludge, wet basis
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TABLE 11-5

COMBUSTION CALCULATION - MOLAL BASIS

k

L
I
N
!

Wet R~ Go$ Ory FIIJ<I OM
--'1.31 .....

F",01 •• i Un Ill.
$Qo,J~. .IDI:ITY .....IIY

FlU It {lOll III. ~ld at liquid IlHls
1MI n 100 moles. _U5ru.

CO2 0, co tt, %t c

T_oir(TA}o~n~ ...by~T1211. "

Unes f. 8. h for GBSeoiJ5 fuels

WI. 1 1unil - :l (mol•• """~ .l( mol. wi) Ib f

Mol of f ...1- Ii... f. 100

~..;~;~¢~I@80~&~in •Ii;;} ~6!t ~

fuel ~Nl -eIYe, Blu!1I;i !I.U' tt

CO'I'IbUstllll<l IA ."tuM, 'Ii. ''C'' 1
Co,t.:m un""mll<l, Ib/l00 It fu<il

, '11,'C"
- %ll$h in /uel ~: 100 _ '" "C"

E~1t 19m!> 01 /lye iiS, ly : '4f' F
Ory-1JlJlb (~mble"l) teomp, t, II F I'll

W~·bu!b 1*"'1p F n

ReJJ lw'lliQ. (p$Yt'MQm~"c ~11) 1. '% ~

9·, bilro!ntt"c !l'"e$$ure, Ie" Hg II" P
S<ot, p~. thO <rt .mb wmp, In. Hil q

A". press, H~O In ii'i', Une:s{o x Q). ill. Hi

c .....
H~:'z.:,

s u
.'0.'. u
. N~ii
tip •
AiA •

100.0

Fln<m; (F·~·l~n

F~. 0". ~nd Air p.,r Unit '" r...,1 ""'I~ per FlJeI Uni! (Al')

t.II..
L P!r Mal. FUI!! Oz Q,
I f'u41 fi,i<jl wt Co,," t.IIul. MohJ$ ¢Ot
N C;I"$\iIy",,,1 Unit. Dtvi. $\it. ti· Th.... + Q, N. f-l,O 00
E III "'" iJent pilflr Il~tll SO;,

1 C to CO, .... 12 '.D
2 CloCO I 12 I

3 CO IQ CO, • 28 •
4 Cu,nllumed. • 12 •m.~

5 H, 12.1 2 UI

I> $ U 32 UI

i 0, (deduct) 'oJ 32 "'1

e Nl, 1.1 28 •
9 COz • 411 ·1

10 ,,*,0 • IS •
11 "'iii • •
12 Sum 1:1.51

(), "",.j Air, !I4(llo. far TD110l Air -111~
(_ Ii". d ~t ~M)

12 0, (11",<;1) roqd 0,. lin. 12

14 0, (~"te->~) _ I\,jjlOO;< 0,.1I1~"ii"··

15 0, (tl>1"') $Ullplilfd • Ii".. 13 + 14 12M...
16 N" SUllrJIlEod - 3]6'~ 0,. 11M 15 .....
17 Air (dry) .uppHod - 0. I N, U.U

HI ",,0 ill .i. - 01'Hll..,. dry .1. x B'~l • Ut

1'iI "'If (....)$U1)pli'ld ""<0$ 17 + IB .iN:.1!
20 F1~ illS <:on~tllUents - llnoes 1 to 18, total Ui 2.11' .1.14 .... •

J,IM,IH

1.•10,4111

1141~.

I7.JU .

11,131

"1.J71

....13..~2~.,
•

00 T!Jtol

~')11

n.731

"1"12,..........-......----'---1

I:IetHmIMDaIl M FlIItI GH ~n;j CamlMmIbNi l.m_ i" Btu ,... ".... Unit (AI')

co,+$0. 0. tl, H,o

" ..-U 1.7 U U

1.,IIlJ'M1 ""21 417.7iJ

CtlJe III ~nbumm CO i" flu. go. - mM' C ttl GO )( 12 1< 9.755

Tllllllllltl"l pI; _$ + Ynbrlimllod -...t;roio!- II".. 28 .( 29 I 30 .. ndlnJCIIi Hi
32 H • 't8Iil ill tIl41 II 100 x Ii... i j.,.. $Olld ~nd liquid fUM

~,e ~n, -394)( lin! Ix 100. W ~B Iy~~

Taul __ P'f fuol unit - U... 3:2 - lino 31

Z!I IAJ" l<l arbon in til!u.., - lin. k)( 14.100

30

31

25 In H,O in .i. -........ 11,0. tiM! 18 "" Me:. )( U. - rJ )

:26 In i>!lns tlMt, 1'1;0 In iulll mol~. lin•• (S + 10) X IIkp ~ ("1> - f,)

27 In !atmt 1'!i1~t. H2O in "'8 - Mille•. Sfles {S + 10) x 1 (j.q/) ">' tS
23 Imlll1_fly",ps

22 Flu", p' ron"li1.umts

*~, m...n, 1.2 l1l' f, (fq_ r't -

24 In df.;; l1Ue gas - moffi Men, B'lf 01'0 X ~c~ xV, - f,)

tFl... gal .".IYIII by ORSAT. If CO II pnI_ln lIu. _. ~ arban
bollonc<lla ..MIl ~ d__l_ clllI:rlbu\bllql C. 1'-'
All c: In 'utIl .. C In flU••• _UIl.MntI ~ C I" """,8.. ........ C In
f1,NI =\C by _Iy". +u.
Mol.,. C In rOlfu_ =Ii.. k;. 1%. ....lel c: ito COl • tmolu C In tIMl • tid.. C
In r.ru'.l x 'CG2 by OiRSAT+ , (CO2 + CO) by OItSAT.
Mol.. In C ''1 CO =.-til'" e In fu.J .I1I1II.. c: In ~0Ifu.. • _K C In C03'

.tt By~r"r-.. (11..,1) Or bJ' --,..

ttt__ 1i&1ILI1IMd • bII. ftMCl~ iliUM 3:1, ~1., %... , __.

~~l1n$by __W11<>l1l:J1: e-pilI'lY. MI.- _ .... _ .....
.,..., " 1tI1", !lOw ~ll_ f1Dr __ <If u_ "1111 -. IIUdgo1. 1'._..,-b11
U<MCl ..Iu-n 1 1on. _ .., _it llo) ..._Ic _ W1_ e-pany
I'hould ""II"""".

• s... __ IJMc.oflllbl••
• ....... u uNCI In tltl,

labia, II _ .....Idwa (un)
rr-_,.--.

, Ib- 0.4••
'11'0 ... %.... _
, 81:11/111" :r. __
lIb/_ ft. '1 ....,

11-23



Step 15. Calculate the total fuel demand for 14, 000 pounds
per hour of wet sludge (6,356 kg/hr):

Total fuel

= 7.82 Ib fuel x 14,000 Ib sludge/hr
100 Ib sludge

= 1,095 pound fuel per hour (497 kg/hr)

From line i, Table 11-6, Btu value

= 1,095 Ib fuel/hr x 20,440 Btu/lb

= 22.38 x 10 6 Btu per hour (23.61 GJ/hr)

Step_:!:~". Calculate the total combustion air requirements:

From Table 11-5, line 17 combustion air required for sludge =
8.47 moles/lOa Ib sludge.

From Table 11-6,
supplemental fuel =

/
Total dry air

line 17 combustion air required for
61.83 moles/lOa lb fuel.

= ~(8.47 moles air) (14 OOOlb SlUdge)
~100 Ib sludge ' hr

+(61.83 moles air)(l 095 lbh;uel)~ 29 lb air
100 Ib fuel' ~ lb mole air

= 54,040 pounds per hour (24,534 kg/hr)

11.2.2.4 Comparison of Approximate and
Theoretical Calculation Methods

Table 11-7 shows that the approximate methodrequ1res slightly
more fuel and air than the theoretical method, but the values are
close. This comparison shows that the approximate method is
suitable for preliminary evaluations. More detailed information
and combustion theory can be found in the literature (1,4,6,7,9,
and 11-16).
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TABLE 11-7

COMPARISON BETWEEN AN APPROXIMATE AND A THEORETICAL
CALCULATION OF FURNACE COMBUSTION

Approxima te met!l0<:1~(AM~~__ Theoretical method (TM)

Item

Sludge heating value

Furnace heat deficit

Supplemental fuel heating
value

Supplemental fuel required

Total combustion air
required

Value

10,000 Btua

Ib VS

13.91 x 10 6 Btu
li"r

141,000 BtuC

gal

25.32 x 10 6 Btu
li"r

56,075 Ib
nr

Calculation
reference

(AM)

Assumed

Step 8

Step 8

Step 8

Step 9

Calcula tion Difference
reference AM~TM

100Value (TM) TJ.l X

1,661 Btua Table 11-4 -7.28
16 as fed line i

91,139 Btub Table 11-4 9.01
100 16 wet sludge line 33

20,440 Btu Table 11-5 -4.19
lb line i

22.38 x 10 6 Btu Step 15 13.14
li"r

54,040 lb Step 16 3.77
nr

alO,OOO Btu/lb VS at 77 percent VS = 7,700 Btu/lb dry solids,
1,661 Btu/lb as fed' 20 percent solids = 8,305 Btu/lb dry solids.

b 91 ,139 Btu/lOO Ib wet x 14,000 Ib wet/hr = 12.76 x 10 6 Btu/hr.

c 141 ,000 Btu/gal' 7.2 Ib/gal = 19,583 Btu/lb.

1 Btu/lb = 2,324 J/kg
1 Btu/hr = 1,055 J/hr
1 Btu/gal = 279 kJ/m3
1 Ib/hr = 0.45/hr

11.2.3 Pyrolysis and Starved-Air Combustion
Calculations

Pyrolysis and starved-air combustion have received considerable
attention recently. The yield and composition of the gas and
residue depend upon several variables. The actual interrelation
ships are so complex that final product characteristics must be
determined empirically.

Currently, data are insufficient to provide information for
designing pyrolysis equipment. Several large pyrolysis projects
have been proposed, and some are in start-up or early operation.
However, most work to 1979 has been at laboratory scale. At this
writing, there are no full-scale pyrolysis projects proposed or
under development that use sludge alone; all are for solid waste
or specific industrial wastes.

Starved-air combustion, a partial pyrolysis process, has had
a number of successful tests, such as those conducted at
the Central Contra Costa Sanitary District (17,18), and the
Interstate Sanitation Commission (19), and several modular
combustion units have used municipal sol.id waste, sewage sludge,
and/or agricultural wastes. Starved-air combustion has also had
some failures such as at the Sal timore plant, which used only
solid waste. The furnace at Baltimore is now being modified for
further testing and use. Multiple-hearth furnaces have been

11-25



tested for both sludge and co-disposal starved-air combustion.
This work on starved-air combustion by mul tiple-hearth furnaces
has been sufficient to allow development of empirical design
criteria (17-20).

Some engineers and manufacturers use a hearth loading rate
of 10 to 14 total pounds per square foot per hour (48.8 to
68.3 kg/m 2/hr) over the whole effective hearth area while
assuming that up to 15 percent of the input energy remains in
the ash as a char. Other engineers and manufacturers use the
follow ing des ign cri teria which assumes a lower hearth load ing
rate and an additional hearth area to gasify the fixed carbon.
This design results in a very low combustible content in the
ash (20):

• 15 percent of the combustible matter becomes fixed
carbon.

• Fixed carbon is gasified at a rate of 0.5 to 0.8 pounds
per square foot per hour (2.4 to 3.9 kg/m2/hr).

• Wet sludge feed rate (hearth loading rate) varies between
8 and 12 total pounds. per square foot per hour (39.0 and
58.6 kg/m 2/hr).

• Assuming afterburning, 85 percent of the total feed energy
remains in the afterburner gases.

Example

Estimate the required hearth area of a multiple-hearth furnace to
burn the sludge genera ted from a 20 MGD (0.88 m3Is) wastewa ter
treatment plant by starved-air combustion and the heat content of
the hot gas from the afterburner. Assume the furnace feed is
40,000 pounds per day dry solids (18,140 kg/day). Assume that
the furnace feed is 40 percent solids and that the solids are
65 percent combustibles. Afterburning to 1400°F (760°C) is
required.

Wet sludge feed rate

= 40,000 Ib dry solids
day x

1 Ib sludge 1 day
0.4 Ib dry solids x 24 hr

= 4,167 pounds wet sludge per hour (1,890 kg/hr)

Fixed carbon rate

= 40,000 Ib dry solids 0.65 combustible solids
day x Ib dry solids .
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0.15 Ib fixed carbon 1 day
x lb combustible solids x 24 hr

= 163 lb fixed carbon per hour (73.9 kg/hr)

Estima te hearth area and mul tiple-hearth furnace size. Hearth
area is considered as the sum of the area required to convert the
wet sludge to the fixed carbon stage and the area needed to burn
out the fixed carbon.

Hearth area

= wet sludge feed - fixed carbon feed + fixed carbon feed
allowable hearth loading rate gasification rate

= 4,167 Ib/hr - 163 Ib/hr + 163 Ib/hr
10 Ib/sq ft/hr 0.5 Ib/sq ft/hr

= 726 square feet (67.44 m2 )

After discussions with the furnace manufacturers, a 14-foot
3-inch (4.34 m) diameter, 8 hearth unit with an effective hearth
area of 760 square feet (70.6 m2 ) is selected.

Estimate the heat content of hot gases leaving the afterburner:

Heat content

= 40,000 Ib dry solids
day x

0.65 Ib combustible solids
10 dry solids

10,000 Btu 1 day x 0.85
x Ib combustible solids x 24 hr

= 9.2 x 10 6 Btu per hour (9.72 GJ/hr)

Portions of this heat can be recovered and used benefically, for
example, to generate stearn or hot water (see Chapter 18).

BSP Division of Envirotech Corporation, and Nichols Engineering
and Research (now part of Wheelabrator) have developed a large
data base for evaluation of starved-air combustion operations.

11-27



Even wi th the amount of work that has been completed to date,
however, calculations for starved-air combustion are still
empir ical. Because starved-air combust ion is extremely complex
and not completely understood, it is desirable to pilot any
starved-air combustion process and, where possible, test at
full-scale. There are several excellent texts and articles on
combustion, but none deal to any great degree with oxygen
deficient combustion. Starved-air combustion is discussed in a
number of publications (17-30).

11.2.4 Heat and Material Balances

Analysis of high temperature processes must include heat and
material balances. Once provided, equipment can be sized and
operating costs estimated. Throughout the remainder of this
chapter, heat and material balances are displayed for several
alternative combustion processes, all being fed the same
hypothetical sludge. A flowsheet for a hypothetical wastewa ter
treatment plant is depicted on Figure 11-5. Design data for 5,
15, and 50 MGD (0.22, 0.66, and 2.19 m3/sec) wastewater treat
ment plants using this configuration are shown in Table 11-8.
The "A" and "B" alternatives vary only in the percent solids feed
(20 percent and 40 percent, respectively) and the addition of
conditioning chemicals to obtain a dewatered cake of 40 percent
solids. Use of conditioning chemicals reduces the percent
combustibles of the "B" alternatives.

In Section 11.3, deta iled heat and rna terial balance tables are
presented for each furnace type. The tables also display the
amount of fuel and power each type of furnace requires, for each
d i fferen t trea tment pI ant al terna t i ve. Balances given are for
yearly average condi tions. Opera tional costs can be estimated
from the requirements for supplemental fuel and connected
horsepower. General sizes and types of support facilities, such
as ash handling equipment, water supply for the air pollution
control equipment, and operating fuel requirements can also be
estimated on the basis of the data shown in the heat and material
balance tables.

In any steady-state balance, all inputs must equal all outputs.
The following is a representative example of a heat and material
balance for the Alternative IA in Section 11.3.1.

Alternative IA--Heat Balance

Inputs

Combustibles in sludge
Supplemental fuel

Total

11-28

10 6 Btu/hr

13.91
2.64
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0!ltlmts

Furnace exhaust
Ash
Radiation
Shaft cooling air

portion)

Total

(unrecovered

10 6 Btu/hr

15.96
0.04
0.32

0.22

16.54 (17.45 GJ/hr)

Values are essentially equal; the balance checks. Note that
shaft cooling air is an internal loop in the system. Since it is
neither an input or output, only the unrecovered portion need be
considered in the heat balance.

Alternative IA--Material Balance

Inputs

Dry solids in the sludge
Water in the sludge
Supplemental fuel
Combustion air

Total

Ash
Furnace exhaust

Total

Ib/hr

1,806
7,224

143
22,060

31,233 (14,180 kg/hr)

Ib/hr

415
30,817

31,232 (14,179 kg/hr)

Again, values are essentially equal; the balance checks.

Reference 23 contains valuable information on heat and material
balances.

11.3 Incineration

Incineration is a two-step oxidation process involving first
drying and then combustion. Drying and combustion may be
accomplished in separate units or successively in the same
unit, depending upon temperature c6nstraints and control
parameters. The drying step should not be confused with
preliminary dewatering, which is usually done mechanically prior
to incineration. In all furnaces, the drying and combustion
processes follow the same phases: raising the temperature of the
feed sludge to 212°F (100°C), evaporating water from the sludge,
increasing the temperature of the water vapor and air, and
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increasing the temperature of the dried sludge volatiles to
the ignition point. Although presented in simplified form,
incineration is a complex process involving thermal and chemical
reactions which occur -at varying times, temperatures, and
locations in the furnace.
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FIGURE 11-5

HYPOTHETICAL WASTEWATER TREATMENT PLANT FLOWSHEET

Manufacturers have developed a variety of equipment, each of
which has advantages and disadvantages (19, 31-34). There are
two major wastewater sludge incinerator equipment types used in
the united States: the multiple-hearth and the fluid bed. The
electric furnace, which is relatively new, has been used and, as
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of 1979, is planned for use in several wastewater treatment
plants. A fourth type is the single hearth cyclonic furnace.
This furnace has been used in Great Britain, but its only
application in the United States has been in industrial service.
These four systems are described in detail in this section. Heat
and material balances are included for each type, assuming each
is used in the hypothetical wastewater treatment plants described
in Figure 11-5 and Table 11-8.

TABLE 11-8

HYPOTHETICAL WASTEWATER TREATMENT PLANT DESIGN DATA

I (5-MGD flow) II (15-MGD flow) III (50-MGD flow)
---~."'''''''~-'~"-~

A B A B A B

5 5 15 15 50 50

10,320 10,320 31,000 31,000 103,000 103,000

77 77 77 77 77 77

40 40 80 80 168 168

1,806 1,806 2,713 2,713 4,292 4,292

0 325 0 488 0 772

1,806 2,131 2,713 3,201 4,292 5,064

20 40 20 40 20 40

9,030 5,327 13,565 8,003 21,460 12,660

77 65 77 65 77 65

~"""--=--
~"~....~"~.,.."""'".,,,,,,

20 percent solid feed sludge while
40 percent solids feed sludge including

Sewage flow, MGD

Sludge solids,
lb/day dry basis

Volatile solids, percent
of dry solids

Furnace operation, hr/week

Sludge solids to furnace,
lb/hr, dry basis

Conditioninq chemicals,
lb/hr, dry basis b

Total feed to furnace,
lb/hr, dry basis

Solids content of furnace
feed, percent by weight

Furnace loading rate,
lb/hr, wet basis

Volatile content of fur
nace feed, percent of
total solids

a The A alternatives have a
the B alternatives have a
conditioning chemicals.

b 15 percent lime (CaO) and 3 percent ferric chloride (FeC13), dry
weight basis for the 40 percent cake only.

1 MGD = 0.04 m3/s
lib/day = 0.45 kg/day
1 lb/hr = 0.45 kg/hr

Alternativea

11.3.1 Multiple-Hearth Furnace

The multiple-hearth furnace (MHF) is the most widely used sludge
jncinerator in the United States. As of 1977, approximately
340 uni ts had been installed for wastewa ter sludge combustion
(35). The MHF is durable, relatively simple to operate, and can
handle wide fluctuations in feed quality and loading rates. The
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MHF is designed for continuous operation. Start-up fuel require
ments and the extended time needed to bring the hearths and
internal equipment up to temperature from a completely cold
condition normally preclude intermittent operations. The MHF is
a vertically oriented, cylindrically shaped, refractory-lined
steel shell containing a series of horizontal refractory hearths,
one above the other. MHFs are available wi th diameters rang ing
from 4 feet-6 inches to 29 feet (1.4 to 8.8 m) and can have from
4 to 14 hearths. A cross section of a typical MHF is shown on
Figure 11-6. A central shaft extends from the bottom of the
furnace to the top and supports rabble arms above each hearth.
There are either two or four rabble arms per hearth. Each arm
contains several rabble teeth, or plows, which rake the sludge
across the hearth in a spiral pattern. Sludge is fed at the
periphery of the top hearth (see Figure 11-6) and is rabbled
toward the center, where it drops to the hearth below. On the
second hearth, the sludge is rabbled outward to holes at the
periphery of the bed. Here the sludge drops to the next hearth.
The alternating drop hole locations on each hearth and the
counter-current flow of rising exhaust gases and descending
sludge provide contact between the hot combustion gases and the
sludge feed. Good contact ensures complete combustion. The drop
holes on the "out" hearths distribute the sludge evenly around
the periphery of the hearth beneath. The drop holes also
regulate gas velocities.

Sludge is constantly turned and broken into smaller particles by
the rotating rabble arms. Thus, a large sludge surface is
exposed to the hot furnace gases. This procedure induces rapid
and complete drying, as well as burning. The rabble arms also
form spiral ridges of sludge on each hearth. The surface area of
these ridges varies with the angle of repose of the sludge, and
the angle varies with the moisture content of the material.
Because of the ridges, the actual surface area of sludge exposed
to the hot gases is considerably greater than the hearth area.
An effective area of up to 130 percent of the hearth area is
available. Two access doors are generally provided at each
hearth. They have fit ted cas t- i ron frames and rna ch ined faces
to provide reasonably tight closure. An observation port is
provided in each door.

Figure 11-7 shows an interior cut-away view of the MHF. The
central shaft of the furnace is a hollow iron column cast
in sections; shaft speeds are adjustable from about 1/2 to
1-1/2 revolutions per minute. The hollow rabble arms are
connected to machined arm sockets in the shaft. The shaft and
rabble arms are air-cooled and normally are insulated. A cold
air tube runs up the center of the shaft. Air lances extend from
the cold air tube out to the ends of each rabble arm. Ambient
air of regulated pressure and volume is forced through the cold
air tube and lances by means 0 f a blower. The cold ai rex i ts
from the tips of the lances, flowing backward through the space
between the lances and the rabble arm walls to the annular space
in the central shaft known as the hot air compartment. This flow
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of air cools the arms. The air is conducted through the hot air
compartment, cooling the shaft. The air is either discharged to
the atmosphere via the exhaust gas stack or returned to the
bottom hearth of the furnace as preheated air for combustion.
Cooling air vented to the atmosphere represents a heat loss of
roughly the same magnitude as the radiation loss from the furnace
structure.

The MHF can be divided into four zones, as shown on Figure 11-8.
The first zone, which consists of the upper hearths, is the
drying zone. Most of the water is evaporated in the drying zone.
The second zone, generally consisting of the central hearths, is
the combustion zone. In this zone, the majority of combustibles
are burned and temperatures reach 1,400°F to 1,700°F (760°C to
927°C). The third zone is the fixed carbon burning zone, where
the remaining carbon is oxidized to carbon dioxide. The fourth
zone includes the lowest hearths and is the cooling zone. In
th is zone, ash is cooled by the incomi ng combust ion air. The
sequence of these zones is always the same, bu t the number of
hearths in each zone is dependent on the quality of the feed, the
design of the furnace, and the operational conditions.

NORMAL
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DRYING ZONE
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flXED CARBON
BURNING ZONE

ASH COOLING
ZONE
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FIGURE 11-8

PROCESS ZONES IN A MULTIPLE-HEARTH FURNACE
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When the heating value of the sludge is insufficient to sustain
au togenous combust ion, the add i tional heat requ ired is suppl ied
by adding supplemental fuel to burners located at various points
in the furnace. Burners may operate either continuously or
intermittently and on all or selected hearths.

A measure of the quantity of water evaporated from the sludge
during burning is the drop in temperature of the hot gases as
they pass between the combustion zone and the gas outlet.
In a MHF, gas temperatures in the combustion zone may exceed
1,700°F (927°C). These gases sweep over the cold, wet sludge fed
to the drying zone, giving up considerable portions of their heat
in evaporating the water. While the temperature of the solids is
only marginally increased in the drying zone, the gas temperature
is drastically reduced, typically to the range of 600 to 900°F
(316 to 482°C). Exhaust gas temperatures should be maintained at
less than 900°F (482°C) by controlling air flow to prevent
distillation of odorous greases and tars from the drying solids.
If temperatures are so controlled, it may be possible to operate
MHFs without devices such as afterburners, which are used to
reduce odors and concentrations of unburned hydrocarbons.

However, afterburning MHF, exhaust gases will probably be needed
in areas wi th very str ingent carbonyl and unburned hydrocarbon
emi ss ion 1 imi ta t ions. In afterburning, furnace exhaust gases
are conveyed to a chamber where their temperature is raised by
direct contact with ignited supplemental fuel; the offending
pollutants are oxidized to C02 and water. Afterburning,
however, requires supplemental fuel, which raises operating
costs significantly. In this respect, the MHF is at a disadvan
tage relative to FBF and single hearth cyclonic furnaces, which
do not require afterburning. The reason may be seen when the
air-sludge contact patterns in these furnaces are contrasted
against the pattern in the MHF. In the MHF, warm air and
unburned sol ids are contacted a t the top of the furnace. Any
compounds distilled from the solids are immediately vented from
the furnace at temperatures too low to effect their destruction.
In contrast, temperatures in FBF and single hearth cyclonic
furnaces are high (1,200 to 1,600°F [649 to 760°C]) and nearly
uniform throughout the furnace. Sludge and air are injected into
the lower portion of the furnace, and any objectionable compounds
distilled from the solids must traverse the entire length of
the hot furnace before being vented. In the FBF and single
hearth cyclonic furnaces, therefore, the volume of the furnace
above the sludge injection zone is in effect an afterburner,
supplying ample contact time and temperature for the destruction
of pollutants. A flowsheet for the MHF process is shown on
Figure 11-9.

The MHF can be provided with instrumentation to convey critical
operating data to a central control panel. Temperature data can
be monitored for each hearth and for other points in the exhaust
gas system, such as the furnace exhaust, heat recovery device
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outlet, and scrubber exhaust. The temperature can be controlled
on each hearth to within ± 40°F (22°C). Instrumentation such
as C02 or 02 meters can be used to control the flow of excess
air, thereby conserv ing fue 1 and reduc ing the overall opera t ing
cost. Malfunctions such as burner shutdown, furnace over
temperature, draft loss, and feed shutdown can be monitored.
In the event of power or fuel failure, the furnace should
be shut down automatically and the shaft cooling air fan
automatically transferred to a standby power source. This
procedure will provide continued cooling and prevent serious
deformations of the shaft and the rabble arms due to high
temperature. Further details on instrumentation are provided in
Chapter 17.
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Problems encountered with multiple-hearth furnaces have included
(a) failure of rabble arms and teeth, (b) failure of hearths, and
(c) failure of refractories. Improvements in materials used in
constructing the rabble arms and teeth have reduced the first
problem, increasing their ability to withstand high temperatures.
Many refractory problems result because furnaces are not
carefully heated and cooled during start-up and shutdown.
Twenty-four hours or more are required to bring the furnace up to
temperature or to cool it. This is an operational disadvantage
since start-up fuel costs can be significant. However, there are
several installations that do operate intermittently without
significant refractory problems. The normal procedures at these
installations is to fire supplemental fuel to maintain the
temperature of the furnaces during the hours when they are
not in use, thus reduc ing long reheat times. This procedure,
known as "hot standby" is not generally economical. MHFs should
not be operated at temperatures above 1,800°F (982°C) due to the
metals exposed to the temperature. Thus with high energy fuels
(for example, sewage scum), there may be problems with high
temperatures in the combustion zones.

Heat and material balances for the hypothetical treatment plant
alternatives listed in Table.11-8 are presented in Table 11-9 and
should be used with the flowsheet presented in Figure 11-9.
Figure 11-9 is the flowsheet for a typical multiple-hearth
furnace. Figures 11-10 through 11-15 are generalized curves for
capi tal and operating and maintenance costs for mul tiple-hearth
furnaces. Table 11-10 gives typical hearth loading rates for
multiple-hearth furnaces.

As expected, there are important differences between Alternatives
"A" (20 percent sol ids feed) and "B II (40 percent sol ids feed)
in terms of equipment size, capital costs, and operation and
maintenance costs. This illustrates the value of preparing
comparative cost tables for all options. Specific discussions
of the MHF can be found in the literature (6,15,16,31, and
37-52).

The recycle concept is relatively new in MHF applications (53).
This concept (54) is a modification of the multiple-hearth
designed " •... to control sludge combustion to burn where it is
designed to burn, rather than to let it burn where it wants to
go" (55). Recycle includes three control loops: an ex i t gas
loop, a drying rate control loop, and a furnace combustion loop
(see Figure 11-16). The exit gas loop allows hot gases to
be exhausted from either or both the top-drying hearth and
the combustion zone. For wet sludge, most or all of the air
would be exhausted from the drying hearth, ensuring minimal fuel
consumption (conventional MHF). For hot or dry sludges, most of
the air would be drawn from the combustion zone so as to prevent
uncontrolled burning on the upper hearths.

The drying rate control loop takes the air exhausted from the
drying hearth and heats this air with exhaust gases from the
combustion zone via an air heater (recuperator). The heated
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exhaust from the drying zone is returned as preheated combustion
air to the furnace. This reduces the overall excess air require
ments. The gas from the combustion zone exi ts from the first
recuperator and enters a second, which serves as a preheater for
makeup combustion air. Additional heat can be withdrawn from the
combustion zone gas it passes through a scrubber and is vented by
means of a heat recovery boiler.

TABLE 11-9

HEAT AND MATERIAL BALANCE FOR SLUDGE INCINERATION
IN A MULTIPLE-HEARTH FURNACEa

Alternatives

IA IB rIA rIB rIIA rIIB
5" MGD 5 MGD 15 MGD 15 MGD 50 MGD 50 MGD

20 percent 40 percent 20 percent 40 percent 20 percent 40 percent
Stream solids solids solids solids solids solids

Furnace design
Diameter, ft-in. 18-9 14-3 22-3 16-9 22-3 18-9
Number of hearths 7 6 7 6 10 7
Hearth loading rate, Ib

wet solids/sq ft/hr 7.3 9.3 7.4 9.5 8.4 10.3

Sludge feed
2,13l

b
3,201

b
5,064

bLb dry solids/hr 1,806 2,173 4,292
Heat value, 106 Btu/hr 13.91 13.91 20.89 20.89 33.06 33.06
Volatile content, percent

dry solids 77 65 77 65 77 65

Supplemental fuel
c

No. 2 fuel oil, Ib/hr 143 0 205 ,0 312 0
Heat value, 106 Btu/hr 2.64 0 3.79 0 5.77 0

Combustion air
Mass at 60°F, Ib/hr 22,060 27,531 32,959 41,544 51,945 66,740

Shaft cooling air
Mass, Ib/hr 19,273 9,178 24,321 13,766 34,416 19,273

Shaft coolingoair return
0 29,520 0Mass at 325 F, lb/hr 16,560 0 20,880

Heat value, lOb Btu/hr 1. 26 0 1.59 0 2.25 0

Shaft cooling air not
recovered

10
6

Btu/hrHeat loss, 0.22 0.71 0.28 1. 06 0.40 1.48

Ash
Mass at 500 0 p, Ib/hr 415 740 624 1,110 987 1,757
Heat value, 106 Btu/hr 0.04 0.07 0.06 0.10 0.09 0.15

Radiation
10

6
Heat loss, Btu/hr 0.32 0.21 0.41 0.26 0.53 0.33

Furnace exhaust
30,8l7

d
46,102

d
72,735

d
77 ,643

e
Mass, Ib/hr

10
6

Btu/hr
32,123

e
48,434

e

Heat value, 15.96 12.94 23.93 19.48 37.81 31.11

Boiler exhaust
Heat value at 5000 F,

106 Btu/hr 13.26 9.6.4 19.73 12.28 31.11 19.61

Recoverable heat
70 percent efficiency,

106 Btu/hr 1. 89 2.31 2.94 5.04 4.69 8.05

Precooler and Venturi water
feed

Flow at 70Op, gpm 90 86 135 130 215 209
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TABLE 11-9

HEAT AND MATERIAL BALANCE FOR SLUDGE INCINERATION
IN A MULTIPLE-HEARTH FURNACEa (CONTINUED)

Stream

Scrubber water feed
Flow at 70OF, gpm

Scrubber drain
Flow, gpm
Temperature, of

Gas exhaust
Mass, lb/hr
Temperature, O[
Heat value, 10 Btu/hr

Connected power
Horsepower

Installed cost,f thousand
dollars

Alternatives
P ..'~"."""--".,._ ..,,,,,,,~ '~,~..,_"__·,~_,_,.""""m,,,"~_··

IA IB IlA lIB IlIA IlIB
5 MGD 5 MGD 15 MGD 15 MGD 50 MGD 50 MGD

20 percent -10 percent 20 percent 40 percent 20 percent 40 percent
solids solids solids solids solids solids

182 174 273 260 429 418

296 264 428 398 676 638
98 98 98 98 98 98

26,667 38,938 44,278 58,646 61,116 91,393
142 170 139 168 138 166

9.44 6.00 14.01 6.80 22.09 10.82

238 93 305 178 305 238

2,000 1,600 2,200 2,000 2,400 2,000
__"~~_~.~.. ",,__... ~·'.~"~""'~~_""'N.'.'·""._,,_'''i,,', __,,'''''''M--'',--''',~,_··_~. _____

Footnotes for Table 11-8.

aAll data supplied by the manufacturer.

bsolids for B alternatives (40 percent solids feed), larger than A
alternatives (20 percent solids feed), due to conditioning chemicals.
See Table 11-,].

CAfterburner not included.

dAt 800 of.

eAt 1,000 of.

fcosts as of early 1978.

1 lb/sq ft/hr ; 4.9 kg/m
2
/hr

1 lb/hr ; 0.45 kg/hr
1 x 106 Btu/hr ; 1,055 MJ/hr
1 gpm ; 0.06 lis
lft;0.3lm
1 in. ; 0.02 m
1 MGD ; 0.04 m3/s

The furnace combustion control process allows the furnace
to operate wi th sludges wi th a very high volatile content (for
example, large amounts of scum) or those requiring supplemental
fuel. This loop integrates the functions of the exit gas loop
and the drying rate loop, providing for automatic control of the
process without regard to feed quality.

The manufacturer of the furnace which uses the recycle concept
claims that strict limits on gaseous emissions can be met without
use of an afterburner. The air tha t is exhausted has not con
tacted wet sludge (the sludge in the drying zone) and thus has
not distilled off odors or excess hydrocarbons from the sludge .
Figure 11-16 is a flowsheet for a 50 MGD (2.2 m3/s) plant.
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MULTIPLE-HEARTH FURNACE START-UP FUEL REQUIREMENTS (36)

Disadvantages of the recycle concept include those inherent
in the MHF construction, as well as problems associated with
ducting hot gases and with recuperators. Additional instruments
and equipment add to operating and maintenance costs. These
costs may be offset by a reduction in supplemental fuel demand.
One munic ipal sludge ins talla t ion simi 1 ar to that depicted on
Figure 11-16 is under construction in San Mateo, California. The
recycle concept has been used in the MHFs for many years to
produce bone char (a "hot" feed material) in the sugar industry.
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MULTIPLE-HEARTH FURNACE CONSTRUCTION COST (36)

11.3.2 Fluid Bed Furnace

The first fluid bed wastewater sludge furnace was installed in
1962. There are approximately 60 operating units in the United
States (35) and many more in Europe. The fluid bed furnace
(FBF) is a vertically oriented, cylindrically shaped, refractory
lined steel shell that contains a sand bed and fluidizing air
diffusers. The FBF is normally available in sizes from 9 to
25 feet (2.7 to 7.6 m) in diameter. However, there is one
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industrial unit. with a diameter .of .53feet,(16.2 m). A cross
section of the fluid bed furnace is shown on Figure 11-17. The
sand bed is approximately 2.5 feet (0.8 m) thick and sits on a
refractory-lined grid. This grid contains tuyeres through which
air is injected into the furnace at a pressure of 3 to 5 psig
(21 to 34 kN/m 2 gage) to fluidize the bed. The bed expands to
approximately 100 percent of its at rest volume. Temperature of
the bed is controlled between 1,400°F and 1,500°F (760°C and
816°C) by auxiliary burners located either above or below the
sand bed. In some installations, a water spray or heat removal
system above the bed controls the furnace temperature. In
essence, the reactor is a single chamber unit in which both
drying and combustion occur in either the dense or dilute phases
in the sand bed. All of the combustion gases pass through the
combustion zone with residence times of several seconds at
1,400°F to 1,500°F (760°C to 816°C). Ash is carried out the top
of the furnace and is removed by air pollution control devices,
usually venturi scrubbers. Sand carried out with the ash
must be replaced. Sand losses are approximately 5 percent of the
bed volume for every 300 hours of operation. Feed to the furnace
is introduced either above or directly into the bed.

Air flow in the furnace is determined by several factors.
Fluidizing and combustion air must be sufficient to expand the
bed to a proper density yet low enough to prevent the sludge from
rising to and floating on top of the bed. Too much air blows
sand and products of incomplete combustion into the off-gases.
This depletes stored heat energy and increases fuel consumption
unnecessarily. Minimum oxygen requirements must be met to assure
complete oxidation of all volatile solids in the sludge cake.
Temperatures must be sufficiently high to assure complete
deodorizing but low enough to protect the refractory, heat
exchanger, and flue gas ducting. The quanti ties of excess air
are maintained at 20 to 45 percent to minimize effects on fuel
costs (see Fig~re 11-3). The fluid bed furnace operates at lower
excess air rates than typically experienced in MHF operations.
This accounts for the greater heat efficiency of the fluid bed
sys tern at simi 1 ar ex i t tempera tures The i ntens e and violent
mixing of the solids and gases within the fluid bed results in
uniform conditions of temperature, composition, and particle size
distribution throughout the bed. Heat transfer between the gases
and the solids is extremely rapid because of the large surface
area available.

There are two basic process configurations for the FBF. In
the first process, the fluidizing air passes through a heat
exchanger, or recuperator, prior to injection into the combustion
chamber. This arrangement is known as a hot windbox design. In
the second process, the fluidizing air is injected directly into
the furnace. This arrangement is known as a cold windbox design.
The first arrangement increases the thermal efficiency of the
process by using the higher temperature of the exhaust gases to
preheat the incoming combustion air.
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FIGURE 11-12

MULTIPLE-HEARTH FURNACE OPERATING AND MAINTENANCE
LABOR REQUIREMENTS (36)

Preheating the incoming combustion air from 70°F to 1,OOO°F (21°C
to 538°C) can yield a reduction in fuel costs of approximately
61 percent per unit wet sludge (39). Air preheating costs
can represent 15 percent of .the fluid bed furnace cost~

therefore, a careful economic analysis is needed to determine
cost-effectiveness for a given situation.
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MULTIPLE-HEARTH FURNACE FUEL REQUIREMENTS (36)

Violent mixing in the fluidized bed assures rapid and uniform
distribution of fuel and air, and consequently, good heat
transfer and combustion. The bed itself provides substantial
heat storage capacity. This helps to reduce short-term
temperature fluctuations that may result' from varying feed
heating values. This heat storage capacity also enables quicker
start-up, if the shutdown period has been short (for example,
overnight). Organic particles remain in the sandbed until
they are reduced to mineral ash. The violent motion of the bed
comminutes the ash material, preventing the buildup of clinkers.
The resulting fine ash is constantly stripped from the bed by the
upf10wing gases.
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MULTIPLE-HEARTH FURNACE ELECTRICAL POWER REQUIREMENTS (36)

An oxygen analyzer in the stack controls air flow into the
reactor. This type of control has limited application, since air
flow ranges have upper and lower rates required for proper bed
fluidization. The rate of use of auxiliary fuel is controlled
by furnace exhaust gas temperature. Shutdown controls must
be provided for emergency situations. Further details on
instrumentation are provided in Chapter 17.

Heat and material balances for the hypothetical treatment
plant alternatives (Table 11-8) are presented in Table II-II.
Figure 11-18 is the flowsheet for a typical FBF system.
Figures 11-19 and 11-20 are generalized curves depicting fuel and
power required for FBF systems.
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MULTIPLE-HEARTH FURNACE MAINTENANCE MATERIAL COSTS (36)

The FBF is relatively simple to operate, has a minimum of
mechanical components, and typically has a slightly lower capital
cost than the MHF. Normal operation of the FBF produces exhaust
temperature in excess of 1,400oF (760°C). Because the exhaust
gases are exposed to this temperature for several seconds,
carbonyl and unburned hydrocarbon emissions are minimal, and
strict hydrocarbon emission regulations are met without the use
of an afterburner. However, it is important that operating
conditions be optimum to assure this emission level at all times.
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TABLE 11-10

TYPICAL HEARTH LOADING RATES FOR A MULTIPLE-HEARTH FURNACEa

Chemical bPercent Percent concentration,
Type of sludge solids combustibles mg/l

--~,,_.~~ '·-~""--'_~,..._w.

Primary 30 60 N/Ad

Primary plus ferric
chloride (FeC1 3 ) 16 47 20

Primary plus low lime 35 45 298

Primary plus waste-
activated sludge (WAS) 16 69 N/A

Primary plus (WAS plus
FeC13) 20 54 20

(Primary plus FeC1 3 )
plus WAS 16 53 20

WAS 16 80 N/A

WAS plus FeC13 16 50 20

Anaerobically digested
primary 30 43 N/A

Typical wet
sludge loading

rate,C
Ib/sq ft/hr

7.0 - 12.0

6.0 - 1'Q.0

8.0 - 12.0

6.0 - 10.0

6.5 - 11.0

6.0 - 10.0

6.0 - 10.0

6.0 - 10.0

7.0 - 12.0

a Data supplied by the manufacturer.

bAssurnes no dewatering chemicals.

c Low number is applicable to small plants, high
number is applicable to large plants.

d N/ A - not applicable.

1 Ib/sq ft/hr = 4.9 kg/m2/hr

Problems with the FBF have occurred primarily with feed
equipment and temperature controls. When sludge is injected
directly into the bed, screw feeders may jam if the sludge
has been overdried or if it solidifies at the point of
injection. When spray nozzles have been used, thermocouples
have occasionally burned out. These problems. have generally
been solved by the use of different construction materials.
There have been some problems with preheaters and with sand
scaling on the venturi scrubber. In some installations, there
have been serious erosion problems in the scrubber due to
the excessive carryover of bed material and the resulting
sandblasting effect. The fluid bed furnace can be operated at
2,200°F (1,204°C) with appropriate design modifications and is
sui table for high energy sludges. Combustion at tempera tures
over 2,000°F (1,093°C) can create many side effects such as
ash fusion, high temperature corrosion, scaling, and clinker
formation. Since a minimal amount of air is always required
for bed fluidizing, energy savings from turndown (feed reduction)
are minor. More detailed information can be found in the
literature (39,40,41,43,48,49,50, and 56-63).
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HEAT BALANCE FOR THE RECYCLE CONCEPT IN A
MULTIPLE-HEARTH FURNACE (55)

11.3.3 Electric Furnace

The first electric furnace was installed in Richardson, Texas, in
1975. The electric, or infrared, furnace (EF) is a horizontally
oriented, rectangular, steel shell containing a moving horizontal
woven-wire belt. The unit is lined with ceramic-fiber blanket
insulation. Electric furnaces are available in a range of sizes
from 4 feet (1.2 m) wide by 20 feet (6.1 m) long to 9.5 feet
(2.9 m) wide by 96 feet (29.3 m) long. Larger sizes are
currently being developed. A typical cross section is shown on
Figure 11-21.

Sludge is fed into the EF through a feed hopper that discharges
onto the woven-wire belt. Shortly after the sludge is deposited
on the bel t, it is leveled by means of an internal roller to a
layer approximately one inch thick (2.5 em), across the width of
the belt. A rabbling device is provided on several new installa
tions to break up the surface of the sludge layer to afford
better combustion. This layer of sludge moves under the infrared
heating elements, which provide supplemental energy for the
incineration process, if required. Ash is discharged from the
end of the belt to the ash handling system. Combustion air flow
is countercurrent to the sludge flow,. with most of the combustion
air being introduced into the ash discharge end of the unit.
Excess air rates for the EF vary from 20 to 70 percent. The EF
is divided into a feed zone, a drying and combustion zone,
and an ash discharge zone. The feed and discharge zones are each
8 feet (2.4 m) long. The length of the drying and combustion
zone varies with the design.
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TABLE 11-11

HEAT AND MATERIAL BALANCE FOR SLUDGE
INCINERATION IN A FLUID BED FURNACEa

Alternatives
~--,.."'-"'------

IA IB IIA lIB IlIA IIIB
5 MGD 5 MGD 15 MGD 15 MGD 50 MGD 50 MGD

20 percent 40 percent 20 percent 40 percent 20 percent 40 percent
Stream solids solids solids solids solids solids

"",-",,,,,•. ,,,•.,,,-,-_.•

Furnace design
Inside diameter, ft 14 12 18 14 22 18
Loading rate, 1b wet

solids/sq ft/hr 56.9 47.0 53.3 47.0 56.5 45.0

Sludge feed
2,131b 3.201

b
5,064

b
Lb dry solids/hr 1,806 2,713 4,293
Heat value, 106 Btu/hr 13.91 13.91 20.89 20.89 33.06 33.06
Volatile solids, percent

dry solids 77 65 77 65 77 65

Supplemental fuel c
Mass, 1b/hr

10
6

151 0 224 0 353 0
Heat value, Btu/hr 2.80 0 4.14 0 6.52 0

Combustion air
Mass, 1b/hr

10
6

Btu/hr
19,353 16,250 28,976 23,576 45,978 38,620

Heat value, 4.4 0 6.7 0 10.6 0

Ash
Mass, 1b dry solids/hr 416 746 623 1,117 959 1,772
Heat value, 106 Btu/hr 0.12 0.14 0.18 0.26 0.29 0.42
Water flow, gpm 20 32 30 43 40 70

Radiation
10

6
Btu/hrHeat loss, 0.42 0.29 0.63 0.44 1. 00 0.71

Recoverable heat
70 percent efficiency,

3.5
d

6.2
e

5.3
d

9.4
e

8.4
d

12.7
e

106 Btu/hr

Recuperator Yes No Yes No Yes No

Venturi water
Recycle water, gpm 83 68 124 102 197 161
Makeup water at 70oF, gpm 10 12 15 19 24 30

Scrubber water feed
Flow at 70oF, gpm 365 345 548 565 868 824

Scrubber drain
Flow at 130oF, gpm 391 359 582 600 924 900

Gas exhaust
Volume, cfm 5,042 3,972 7,524 5,949 12,007 9,459
Temperature ,oF 120 120 120 120 120 120

Connected power
Horsepower 218 162 320 234 425 350

Installed cost,
f

thousand
dollars 1,100 1,000 1,400 1,100 1,600 1,500

-~-'"-"--

_____~N .-.-.."''''._-

a A11 data provided by Dorr-01iver, Inc.

bsolids for B alternatives (40 percent solids feed), larger than A
alternatives (20 percent solids feed), due to conditioning chemicals.
See Table 11-7.

CAfterburner not required.

dAt l,400oF.

eAt l,650oF.

fcosts as of early 1978.

1ft=0.,31m 2
1 1b/sq ft/hr = 4.9 kg/m /hr
1 1b/hr = 0.45 kg/hr
1 x 106 Btu/hr = 1,055 MJ/hr

1 gpm
1 cfm

1 MGD

0.06 l/s
4.72 x 10-4 m3/s

0.04 m
3
/s
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FLOWSHEET FOR SLUDGE INCINERATION IN A FLUID BED FURNACE

A flowsheet for the typical electric furnace is shown on
Figure 11-22. Heat and rna ter i al balances for the hypothet ical
treatment plant alternatives (Table 11-8) are presented in
Table 11-12. In addition to the alternative cases I, II, and
III, balances for a 1 MGD (0.04 m3/s) treatment plant have
been included. The EF is suited to small wastewater treatment
plants.

The effective belt loading rate of a large EF is slightly greater
than the hearth loading rate of a multiple-hearth furnace. The
supplemental energy requirements of the EF are lower than the
requirements of the MHF, FBF, or the cyclonic furnace. Because
electricity is used to provide the supplemental energy, no fuel
is burned, and consequently, no excess air for this purpose is
required. However, when the generation efficiency of electricity
is included, the supplemental energy requirements are similar for
all furnaces. Electricity, rather than fossil fuel, is the
energy source for the EF. Electricity is generally a more
expensive energy source than the fossil fuel used by the other
unit types. Depending upon the energy cost differential, the
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advantage of low excess air
sludge is available, the only
processes with low excess air

may be reduced.
difference between
rates would be the

When autogenous
the EF and other
motive power.

1,000,000

I
7
6
5- 4..

>- :3-..
"""")

~ 2
In
In
O~

100,~....
8... 7

::0- Il-. !I:::l1...
"CD

lJb 3

x 2

.-
.... 1O,~<::
:I 8
+-' 7
CD I)

I:: 5
.S! "
E :3

0" 2
w
a:- 1.0<lIj::la 8w 7a: 6
...I 5
LU ..
::l
l.L :3

2

100

CURVe-NO. SLuDGe TYPE

PRIMARY

2 PRjM. + FliifHUC CHLORloe (hCl
a

)
3 I"fIIM. + l.OW LIMI:

.. PRIM, + w...Sn: I\CTIVATEO SLUDGE twAS)
5 PRIM. + MAS + F.cIJI
6 [PRIM... FeC1

3
) .. wAS

1 WAS
e WAS + P.cIS
9 DIGESTED PRIMAR,\,

ASSlJiMPTION$:

LOADING RAtES Pl:fl TABU 0·10

INCOMING SLUDGE TEMPERATURE IS i76 f
COM8USTION TeMPl:flATURE : 1,<100· F

[)()llVNTIME FOR COOL.oCWN eOUALS
1-------.f"-----;rF-:.fi~I--------____jl__ iTARTUI' TfM Iii:

FREQUENCY FOR STAATI,IP$ liS A FtlNCTION
OF IND1VIDtl...l SYSTIi:MS

exets5 AIR IS lOUl11o

fuEL IS NATuRAL GAS Ofl· FU£L OIL

NO STARTVP FUEl. 'S INCLUOEO

ISEE FIGURE "-10'

10 ~:3" lill7il5l100 2 :3" 61:178111,000 2 3" 6 & 7801U.wo 2 3" '11'.UIO,«IO

DRY SLUDGE fEED, pounds per hoor (1 Ib/hr'" 0.46 kglhr)

FIGURE 11-19

FLUID BED FURNACE FUEL REQUIREMENTS (36)

Low capital cost combined with modular construction makes the EF
a t tract i ve, espec ially for small t rea tment systems. Because of
the use of ceramic-fiber blanket insulation instead of solid
refractories, the electric furnace may be shut down and heated up
without the refractory problems that can occur in the other
furnaces. This makes the EF suitable for intermittent operation.
However, each restart requires supplemental energy (electricity),
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since there is no heat sink similar to the sandbed in the FBF.
Currently, no EF units are installed with a capacity of over
1,200 pounds per hour.
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FIGURE 11-20

FLUID BED FURNACE ELECTRICAL POWER REQUIREMENTS (36)

The EF appears to be a feasible alternative for both small and
large systems due to its inherent simplicity and low cost.
However, the EF requires considerably more floor space than
furnaces which are vertically oriented. Another concern is the
replacement of various components such as the woven-wi re bel t
(3 to 5-year life) and the infrared heaters (3-year life).
These items represent a sizable portion of the capital cost.
Replacement costs must be considered in any overall evaluation.
Connected power, whether for heating or motive power, may create
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a large electric demand charge in some areas. This may be the
case whether the .ene.r~y is used or not. Also, time-of-day
charges could be sl.gnlf lcant. One concern is the high vol tage,
240 to 480 V, requl red for the furnace infrared heaters. This
may create safety problems in sma 11 pI an ts, where workers are
unaccustomed to high voltage equipment.
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CROSS SECTION OF AN ELECTRIC INFRARED FURNACE

Because the gas flow in an EF runs countercurrent to the sludge
flow, the furnace will probably require an afterburner to comply
with strict carbonyl and hydrocarbon emission regulations. This
would increase the supplemental energy requirement, the amount of
equipment, and the capital and operating costs to levels greater
than those shown in Table 11-12. Allowing for the low excess air
requirements and the countercurrent flow pattern, air emission
control equipment would generally be smaller than control
equipment on MHF or FBF units of similar feed capacity.

11.3.4 Single Hearth Cyclonic Furnace

Cyclonic furnaces were developed by the British (64), and several
units are operating in Great Britain. However, as of 1979, there
are no units processing wastewater sludge in the United States.
The cyclonic furnace is sometimes called a single-rotary hearth
furnace. It is a vertical, cylindrical, refractory-lined, steel
shell, normally provided with a domed cover. There is one
rotating hearth and a fixed plow that moves the combustible
material from the outer edge of the hearth to the center. The
furnaces are currently available with hearths to 30 feet (9.1 m)
in diameter, but larger sizes can be built. The sludge is
fed by a screw feeder and deposi ted near the periphery of the
rotating hearth. A sectional view of the furnace is given on
Figure 11-23.
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FLOWSHEET FOR SLUDGE INCINERATION IN AN ELECTRIC INFRARED FURNACE

The cyclonic furnace design differs from the multiple-hearth
and flu id bed des ig ns in that it does not allow the combu st ion
air to pass upward through the feed material. Combustion air
and s upplemen tal fue 1, if requi red, are inj ected tangentially
into the combustion chamber above the rotating hearth. This
creates a swirling (cyclonic) action that mixes the gases and
allows adequate contact between the oxygen and the furnace feed.
The gases from the combustion process spiral upward to the
outlet. The furnace exhaust temperature is approximately 1,500°F
(816°C). Heat could be recovered from the exhaust with a heat
recovery boiler followed by a recuperator. The ash is moved to
the middle of the hearth, where it drops through to a quench tank
for final disposal. The rotating hearth is sealed at the edges
by a water bath.
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TABLE 11-12

HEAT AND MATERIAL BALANCE FOR SLUDGE INCINERATION
IN AN ELECTRIC INFRARED FURNACEa

Alternatives

I MGD
40 percent

solids

IllS
50 MGD

40 percent
solids

IlIA
50 MGD

20 percent
solids._--------

IIB
15 MGD

40 percent
solids

IIA
15 MGD

20 percent
soli.ds

IB
5 MGD

40 percent
solids

IA
5 MGD

20 percent
Stream solids

Furnace design
Number of units
Overall width, ft 8.5
Overall length. ft 72
Belt area/furnace.

sq ft 382.6
Loading rate. Ib wet

solids/sq ft/hrb 11.8

Sludge feed
Lb dry solids/gr 1,806
Heat value, 10 Btu/

hr 13.91
Volatile solids,

percent dry solids 77
Water I Ib/hr 6 7,224
Heat value, 10

Btu/hr 0.28

supplemental power
d

Electric infrared,
kW 6 2BO.S

eHeat value, 10 Btul 2.98
hr

1
8.5

72

382.6

13.9

13.91

65
3,200

0.12

2
9.5

B8

560.5

12.1

2,713

20.89

77

10,582

0.41

402.5
4.27

e

I
9.5

88

560.5

14.3

20.89

65
4,800

0.18

3
9.5

96

616.8

11.6

4,292

33.06

77
17,172

0.65

643.8

6.82
e

2
8.5

88

479.5

13.2

33.06

65
7,596

0.29

1
6

32

94.5

11. 3

427

2.79

65
641

0.02

Combustion air

Mass at GOOF, Ib/hr 17,736
Heat value, 106 Btul

hr 0.26

24,786

0.36

26,676

0.38

37,184

0.54

42,161

0.61

58,844

0.85

4,962

O. 07

Ash
Mass at SOOoF, Ib/hr 415
Heat value, 106 Btul

hr 0.10

747

0.18

624

0.16

1,120

0.28

9B7

0.24

1,772

0.44

149

0.04

Radiation 6
Heat loss, 10 Btul

hr .36 .18 .47 .24 .77 .43 .07

Furnace exhaust
Mass,lb/hr 6 26,351£
Heat value, 10 Btu/

hr 14.95 14.03

39,616£

22.42 21. 09

62,628
f

34.54

69,732
g

33.34 2.70

Boiler exhaust 0

Heat value at 500 F,
106 Btu/hr 13. 00 8.53 19.49 12.79 31. 33 20.23 1.71

Recoverable heat
70 percent efficiency,

106 Btu/hr 1. 37 3.85 2.05 5.81 2.25 9.18 0.69

Scrubber ....ater feed
Flow, at 70er, gpm

Scrubber drain
Flo.... , gpm
Tempera ture, OF

Gas exhaust
Mass, Ib/hr

~::~e~:~~~~.~6 Btu/

hr

397

390
120

29,538
120

1.98

201

196
120

35,811
120

2.77

584

606
120

39,616
120

2.96

314

306
120

53,838
120

4.18

1,049

1,081
120

54,744
120

4.71

498

485
120

85,186
120

6.57

201

196
ISO

7,183
120

0.55

300

60

1,200

50

1,500

40

900

30

1.300

25

700

22
Total connecRed po....er

Horsepower

Total installed cost, j
thousand dollars 1,000

-_._---------------------
aAll data supplied by Shirco, Inc.

buseable (effective) area of belt.

cSolids for B alternatives (40 percent solids feed), larger than A
alternatives (20 percent solids feed), due to conditioning chemicals.
See Table 11-7.

dAfterburner not included.

eAutogenous ....ith combustion air preheated to 500 OF. kW"" 10,600
Btu/hr to allow for generation efficiency.

fAt 750 OF.

gAt 1, 200 OF.

hooes not include supplemental power requirements for infrared heaters.

]Costs as of early 1978.

~ ;~ ;t0: 3~.~93 m2

1 1b/sq ft/hr "'" 4.9 kg/m
2
/hr

1 1b/hr :: 0.45 kg/hr
1 x 106 Btu/hr = 1,055 MJ/hr
1 gpm :: 0.06 l/s
1 MGD "'" 0.04 m3/s
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FIGURE 11-23

CROSS SECTiON OF A CYCLONIC FURNACE

A general flowsheet for the furnace is given on Figure 11-24.
Heat and material balances for the hypothetical treatment plant
alternative (Table 11-8) are presented in Table 11-13.

The rotary hearth furnace has a relatively low capital cost
and is mechanically simple, since it has only one rotating
hearth. However, the feed mechanism is similar to that of the
fluid bed furnace and has the same plugging problem. Because
exhaust temperatures are high, afterburners or supplemental
heaters are generally not required to achieve compl iance wi th
strict carbonyl or hydrocarbon air emission regulations. As with
the FBF, good operating conditions must be maintained if low
gaseous emission limitations are to be met. The rotary hearth
furnace requ!res 30 to 80 percent excess air.
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FLOWSHEET FOR SLUDGE INCINERATION IN A CYCLONIC FURNACE

11.3.5 Design Example: New Sludge Incineration
Process

To mi nimi ze increas ing di sposal cos ts, a mun ic ipal wa stewa ter
treatment plant with an average daily flow of 5 MGD (0.22 m3js)
must modify its present solids handling and disposal system. The
plant uses a conventional activated sludge process with anaerobic
digestion of combined primary sludge, waste-activated sludge, and
scum. Table 11-14 shows the basic plant data. The digested
sludge is vacuum f il tered and is hauled to the local landf ill.
This landfill is scheduled to close. The new landfill site has
somewhat limited capacity and is located several miles from the
treatment plant. Projected disposal costs for the new si te are
very high. The trea tment pI ant site has very 1 it tIe unoccupi ed
space. The area surrounding the plant has been heavily developed
by meat packing and rendering operations. These industries
discharge large amounts of animal greases and oils to the
treatment plant. Naturally, they are concerned about industrial
sewer service charges resul ting from any action by the plant.
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TABLE 11-13

HEAT AND MATERIAL BALANCE FOR SLUDGE
INCINERATION IN A CYCLONIC FURNACEa

Alternatives

Stream

IA
5 MGO

20 percent
solids

IB
5 MGD

40 percent
solids

IIA
15 MGD

20 percent
solids

IIB
15 MGO

40 percent
solids

lIlA
50 MGD

20 percent
solids

IIlB
50 MGO

40 percent
solids

Furnace design
Diameter, ft
Hearth loading rate, Ib

wet solids/sq it/hr

Sludge feed
Lb dry solids/hr
Heat value, 106 Btu/hr
Volatile solids, percent

dry solids

Supplemental fuel
c

Mass, Ib/hr
Heat value, 10

6
Btu/hr

Primary air
Mass, Ib/hr 0

Temperature, F

Burner air
Mass at 60Op, lb/hr

Ash
Mass at 260Op, lb/hr
Heat value, 106 Btu/hr

Radiation 6
Heat loss, 10 Btu/hr

Waste heat boiler

19.50

30.4

77

132
2.4B

19,665
1,100

2,280

415
0.19

0.90

No

13.75

30.9

1, 806~
14.27

77
b

o
o

19,665
60

o

415
0.19

0.60

Yes

24.00

30.1

77

184
3.46

29,519
1,100

3,178

624
0.29

1.17

No

17.00

30.1

2, 7l2~
21. 43

77
b

o
o

29,519
60

o

624
0.29

O.BO

Yes

30.25

29.9

77

546
10.28

46,694
1,100

9,430

987
0.46

2.00

No

21. 50

29.7

4,292~
33.91

77
b

o
o

46,694

60

o

987
0.46

1. 00

Yes

Recuperator

Furnace exhaust
Mass, Ib/hr
Temperature, 'F6
Heat value, 10 Btu/hr

Yes

30,692
1,420
19.90

No

23,765
1,411
13.4B

Yes

45,817
1,420
29.75

No

35,675
1,421
20.34

Yes

77,143
1,420
50.10

No

57,424
1,420
32.38

Boiler/recuperator exhaust
Tempera ture, Op6
Heat value, 10 Btu/hr

Recoverable heat - boiler
70 p~rcent efficiency,

10 Btu/hr

960
15.66

o

500
6.87

4.63

960
23.43

o

500
10.32

7.01

960
39.45

o

500
16.51

11.11

Precooler water feed
Flow at 60°F, gpm

Scrubber water feed
Flow at 60°F, gpm

Scrubber drain
Flow, gpm
Temperature,Op

12

292

319
120

197

207
110

19

437

477
120

296

311
110

30

699

763
120

15

507

535
110

Gas exhaust
Mass, lb/hr
Temperature,OF

6
Heat value, 10 Btu/hr

23,46B
120

1. 79

21,209
110

1. 62

34,969
120

2.67

31,B38
110

2.43

62,225
120

4.75

49,002
110

3.74

290

1,500

460

N/A1,100

190

1,600

260

1,000
----------

125175

1,300

Connected power
Horsepower

Installed cost
f

, thousand
dollars

aAll data provided by AFB Engineers/Contractors sole U.s. distributors of the Lucas Cyclonic Furnace.

bData used by manufacturer is slightly different from that developed in Table 11-7.

CAfterburners not required.

dNot avai lable.

eCosts as of early 1978.

ft=0.31m 2
lb/sq ft/hr = 4.9 kg/m /hr
lb/hr = 0.45 kg/hr
x 106 Btu/hr = 1,055 MJlhr
gpm = 0.06 l~S

MGD = 0.04 m /s
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Most of the industrial wastes discharged to the plant are removed
in the primary tanks, and the result is a combined scum and
sludge with an extremely high heating value.

TABLE 11-14

DESIGN EXAMPLE: WASTEWATER TREATMENT PLANT OPERATING DATA

Parameter
---"--"--"_."~ "" .

Plant flow, MGD

Sludge to disposal, Ib/day dry
basis

Solids heat value, Btu/lb dry
basis

Volatile solids to digester,
percent of dry solids

Sludge solids content, percent'
solids by weight ....

Vacuum filter operation, hr/
week

Value

5

10,320

11,000

77

20

40
-"""""",,~_."_._------------------------

I MGD = 0.04 m3/s
lIb/day = 0.45 kg/day
1 Btu/lb = 2,324 MJ/kg

11.3.5.1 Approach

A consultant was hired to evaluate several disposal methods,
including land disposal, composting, heat treatment, combustion,
and continuation of landfill disposal. Combustion was identified
as the most cost-effective solution. The high energy content of
the sludge and the I imi ted available land for sludge disposal
influenced this decision. The digestion step was eliminated from
the design so that the full heat value of the sludge could be
used in combustion. It was expected that this would obviate the
need for any supplemental fuel. The existing digesters would be
converted to sludge thickening/storage uni ts, and the existing
vacuum filters would provide an incinerator feed solids content
of approximately 20 percent.

At present, the vacuum filter operates 6 to 8 hours a day,
5 days per week. Because of the limi ted plant area, no space
is available for filter cake holding facilities. Therefore,
the furnace will be designed to operate in conjunction with
the vacuum filters. A review of the various furnace systems
indicated that because of the high heating value of the
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sludge, the intermittent operation requirements, and the space
limitations, a fluid bed system would be the most cost- and
energy-effective solution.

11.3.5.2 Preliminary Design

Fluid bed furnace manufacturers were provided the data in
Table 11-15 for analysis and development of heat and material
balances. Table 11-16 and Figure 11-25 show all sizing criteria,
as well as the requirements for peripheral equipment. On the
basis of this and additional data, a IS-foot (4.6 m) diameter
flu id bed furnace was spec if ied. A recupera tor to recover the
heat in the exhaust gas and return it to the furnace (hot wind
box design) was included.

TABLE 11-15

DESIGN EXAMPLE: SLUDGE FURNACE DESIGN CRITERIA

Parameter Value
--""""~._----------------------

Sludge feed
Solids content, percent by

weight
Volatile solids content,

percent of dry solids
Heat value, Btu/lb of dry

solids

Furnace operation, hr/week

Average solids loading rate,
Ib/hr, dry basis

1 Btu/lb = 2,324 MJ/kg
1 Ib/hr = 0.45 kg/hr

20

77

11,000

40

1,810

Detailed design of the complete system actually begins with
the data provided by the furnace manufacturer. More than
one manufacturer should be consulted for design data. Air
emissions must be estimated and these estimates submitted
to local, s ta te, and federal au thor i ties in order to obta in a
permit to construct. Because of the small orifices in the
venturi scrubber, potable makeup water at 5 gpm (0.3 lis) is
required. The impingement scrubber water flow of 397 gpm
(24 lis), 0.6 MGD (0.03 m3/s), will be secondary effluent.
Note that the scrubber water flow is 12 percent of the average
plant flow and approximately 25 percent of the plant I s minimum
flow. Because this return flow is expected to be of low BOD
and of high SS, it will be returned to a point upstream of
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TABLE 11-16

DESIGN EXAMPLE: HEAT AND MATERIAL BALANCE
FOR A FLUID BED FURNACEa

Stream, unit

Furnace design
Inside diameter, ft
Loading rate, lb wet solids/

sq ft/hr

Sludge feed
Lb dry solids/hr
Heat value, 10 6 Btu/hr
Volatile solids, percent of

dry solids

Supplemental fuel

Combustion air
Mass, lb/hr
Heat value, 10 6 Btu/hr

Ash
Mass, lb dry solids/hr
Heat value, lOb Btu/hr
Water flow, gpm

Radiation 6
Heat loss, 10 Btu/hr

Furnace exhaust
'l'emperature, of

Recoverable heat
70 percent efficiency, 10 6

Btu/hr

Recuperator

Venturi water
Recycle water, gpm
Makeup water at 70 of, gpm

Scrubber water feed
Flow at 70 of, gpm

Scrubber water drain
Flow at 130 of, gpm

Gas exhaust
Volume, cfm at l20 0 F

Connected power, hp

Startup fuel requirements
Weekday operat~on, l6-hr

shutdown, 10 Btu/hr
Monday morning operation,

64-hr shutdown, 10 6
Btu/hr

Value

15.0

51.2

1,810
19.91

77

o

22,950
5.40

416
0.12

20

1. 27

1,400

4.2

Yes

94
5

397

410

6,162

240

o

a Data supplied by Dorr-Oliver, Inc.

bAt 1,400 of.

c Fuel required:
1 hr on Saturday.
1 hr on Sunday.
1/2 hr on Monday morning.
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the aeration tank (see Chapter 16). The temperature of the
s idestream, 130 °F (54 °C), was not cons idered to have an adverse
effect on the secondary process.

AS~

416 Ib d,~/t;..
20 IIlm

ORAIN

410 gpm <Ii 13(" F
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FIGURE 11-25

DESIGN EXAMPLE: HEAT AND MATERIAL BALANCE IN
A FLUID BED FURNACE

Contracts for disposing of the wet ash must be established.
Methods for transporting the ash slurry, conveying it to trucks
at the plant site, and discharging it from the trucks at the
disposal site must be investigated and designed.

Options for using available excess heat should also be examined.
As shown in Table 11-16, 4.2 x 10 6 Btu per hour (4.4 GJ/hr)
are available for use. However, heat is available only
intermittently and not necessarily at the time it is most needed.
Another approach is to transfer the heat to hot water tanks and
use the heated water for space heating. Alternatively, the heat
can be utilized in an absorption refrigeration unit to produce
chilled water. This water can be stored and used to satisfy
subsequent space cooling demands.
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Other design considerations to be investigated include but are
not limited to:

• Ash dewatering methods

• Ash hauling by owner or by separate contractor

• Type of auxiliary equipment such as sludge conveyors,
fans, and feed equipment

• Heat recovery methods

• Electrical distribution

• Control philosophy

• Sophistication of instrumentation and control

• Supplemental fuel availability and storage (for start-up
and problem periods)

• Area clearance, including access platforms

• Furnace housing requirements

• Structural requirements, for example, seismic and wind
factors

• Noise levels and other safety requirements

• Heating, ventilating, and cooling the area near the
furnace

• Spare parts

• Level and quality of staffing

These points relate only to the installed system. An important
consideration is the interfacing of the existing plant with
the construction of the furnace. All systems and details
relating to the furnace should be discussed with the furnace
manufacturer and, in some cases, made the responsibility of
the manufacturer. For example, the combustion air fans, the
recuperator (if used), the heat recovery boiler (if used),
scrubbers, and some or all of the controls should be part of
the total contract.

11.4 Starved-Air Combustion

Starved-air combustion (SAC) has been demonstrated to be an
effective method for burning sludge in a furnace (17-20,22,24,
26,29,30). Strict air quality standards can be met with SAC, and
large amounts of supplemental fuel are not required.
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The key to SAC is the use of less than theoretical quanti ties
of air in the furnace--30 to 90 percent of stoichiometric
requirements. This makes SAC more fuel-efficient than incinera
tion in an MHF. This is shown on Figure 11-26. When a SAC-MHF
is combined wi th an afterburner, an overall excess a ir rate of
25 to 50 percent can be maintained, as compared to an excess air
rate of 75 to 200 percent for multiple-hearth incinerator with an
afterburner.
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:;, ::-

&:i oJ

8 UJ
~

11 u.-
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SUI''' L.EM ENTA L

Fun
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AIR fOA FUEL
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=:I «
-!:': >
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o:l ill

Cl ~
1.1.-

50 TO 150%

EXCESS AIR
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EXCESS AIR RATE

INCINERATION STARVED-AlA COM8USTION

ASSUMPT10N: AUTOGENOUS SI.UDGE FEED

FIGURE 11-26

COMPARISON OF EXCESS AIR REQUIREMENTS: INCINERATION IN A
MULTIPLE-HEARTH FURNACE VS. STARVED-AIR COMBUSTION

SAC is, in effect, incomplete combustion. The reaction products
are combustible gases, tars, and oils, and a solid char that can
have an appreciable heating value. The relative proportion
of each varies with the amount of heat applied and the feed
moisture. Generally, higher reaction temperatures yield simpler
products and greater quantities of low heating value gas. This
is at the expense of combustible solid products (25).
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The low heat'ing value gases may be burned, and the heat generated
can be recovered and used beneficially. Alternatively, the gas
may be cooled and stored for subsequent off-site use. The most
effective utilization appears to be the burning of the total
gas stream, with subsequent recovery of portions of the heat
generated. Off-site use appears to be impractical because:

• The gas fuel value is low. Thus, delivery 'of ·any
significant quantity of energy requires the transport of
very large volumes of gas.

• Cooling of the gas for off-site use would result in
permanent loss of much of its heat content.

the gas is
Containing
significant

• The condensates (tars, oils) produced when
cooled are high strength and corrosive.
the condensates and dispos ing of them are
problems.

• The con densatest hem s e 1 ve s h a v e s i g n i f i can theat
values. The heating values of the gas is diminshed when
condensates are removed.

In full-scale test work (17), the SAC combustible exhaust gas
was found to have a heating value of 90 Btu/standard dry cubic
foot (3.4 MJ/m3 ). The gas contained hydrogen, carbon monoxide,
carbon dioxide, methane, ethylene, butane, nitrogen, oxygen,
water, and some higher hydrocarbons.

SAC ash may contain combustible material~ the amount depends upon
furnace operation. SAC reduces sludge to an ash containing from
3 to 30 percent combustibles, including up to 20 percent fixed
(elemental) carbon. More combustibles can be released to the
gas stream by adding more air, oxygen, or steam to the lower
part of the furnace. This has the advantage of transferring part
of the heat in the residue to the gas stream. However, the
transfer leaves the residue depleted in heat value. In some
circumstances, it may be better not to burn out the residue
completely. Conceivably, char could be used as an adsorbent or
as a filter aid for sludge conditioning prior to dewatering.

,

The operating temperature of the furnace can be controlled
wi thin a wide range. The lower temperature limi t is the point
when the rate of decomposition of high molecular weight organic
compounds becomes too low, about 1,300 o F (704°C). The upper
temperature limit is defined by the point at which there is ash
melting or damage to refractories, about 1,800 o F (982°C) (22).
One temperature consideration is that vaporization of heavy
metals must be minimized, since it is difficult to remove heavy
metals from the gas stream with conventional scrubbing equipment.
I t is therefore preferable to burn the sludge a t as low a
temperature asposs ible. Full-scale test work (17) and other
published data (18,19, and 20) indicate that 1,SOO°F (816°C)
appears to be a reasonable operating temperature for minimum
heavy metal vaporization.
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Fluid bed, electric, and cyclonic furnaces could also be operated
in a SAC mode. To date, none has been opera ted in this manner
with a sludge feed. Operation in a SAC mode is particularly well
suited to the MHF. There appears to be little incentive to
operate the FBF in this mode because (1) excess air rates for SAC
and the FBF are about the same, and (2) an afterburner would be
required for a converted MHF whereas afterburning is not needed
where the FBF is used in the incineration mode. Several types of
furnaces, including an FBF (21), have been operated in the
starved-air combustion mode on wood wastes to produce charcoal.

11.4.1 Development and Application

Starved-air combustion of sludge, and/or refuse-derived fuel, was
successfully demonstrated in a full-scale test at the Central
Contra Costa Sanitary District's wastewater treatment plant in
Concord, California (17). The use of refuse-derived fuel is
discussed in Section 11-5. The furnace and an afterburner were
operated at 1,400°F (760°C) without supplemental fuel addition.
The feed was primary and trickling filter sludge from a mostly
domestic wastewater. The combined sludge had a heating value
of 9,000 Btu per pound (20.9 MJ/kg) of combustible solids, a
combustible solids content of 75 percent, and a feed sludge
solids concentration of 24 percent (17). The Concord SAC reactor
was a converted six-hearth, 16-foot 9-inch (5.1 m) diameter
MHF. Dewatered sludge was burned by using approximately
50 percent of the theoretical air requirement, and an exhaust
gas was produced with a heating value of 90 Btu per standard
dry cubic foot (3,353 MJ/m 3 ). All of the exhaust gas was burned
in an afterburner at 1,400°F (760°C). The resulting SAC ash
contained 30 percent combustibles, of which 20 percent were
fixed carbon. Other important results and conclusions of this
two-month SAC test program were:

• Starved-air combustion was easier to control than
incineration (the furnace was also run in an incineration
mode) .

• Hearth temperature could be used to control the furnace,
with air addition as the manipulated variable.

• Air addition to the furnace should be automatically
controlled.

• Particulate production per pound of solids fed was about
50 percent lower than conventional incineration.

• The completeness of the reaction depends upon the amount
of air fed, not on temperature.

• The most corrosion resistant alloys for high temperature
conditions were Type HK stainless steel and Inconel 690.
For low temperature conditions the most corrosion
resistant alloys were Hastelloy C-176 and Inconel 625.
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FLOWSHEET FOR STARVED-AIR COMBUSTION IN A
MULTIPLE-HEARTH FURNACE

A flowsheet for an MHF operated as a SAC reactor is provided in
Figure 11-27. Comparison with Figure 11-9 shows the difference
to be the addition of an afterburner. Heat and material
balances for the hypothetical treatment plant alternatives
(Table 11-8) are presented in Table 11-17. Table 11-18 takes
selected data from the heat and material balances previously
presented to permi t direct comparison of SAC wi th incineration
options. Direct comparisons are made for an autogenous sludge,
and feed rates to all systems are identical except for that to
the cyclonic furnace. SAC appears to have an advantage overall
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TAB'tE1l-17

HEAT AND MATERIAL BALANCE FOR STARVED-AIR COMBUSTION
OF SLUDGE IN A MULTIPLE-HEARTH FURNACEa

Alternative (all 40 percent solids)

IB IIB IIIB
Stream 5 MGD 15 MGD 50 MGD

Furnace design
Diameter, ft-in. 12-9 14-3 16-9
Number of hearths 6 7 8
Hearth loading rate, Ib wet

solids/sq ft/hr 12.1 12.0 11. 4

Sludge feed
Lb dry solids/hr 2,131 3,201 5,064
Heat value, 10 6 Btu/hr 7.35 10.73 16.90
Volatile solids, percent dry

solids 65 65 65

Supplemental fuel 0 0 0

Combustion air
Db 780b 1,500bMass, Ib/hr

Temperature, of 0 60 60

Shaft cooling air
Mass, Ib/hr 9,178 10,095 15,602

Shaft cooling air return
Mass at 350 of, Ib/hr 6,480 8,640 13,380

Shaft cooling air to stack
Mass at 325 of, Ib/hr 0 0 0

Shaft cooling air to afterburner
Mass at 350 of, Ib/hr 2,698 1,455 2,222

Ash
Mass, Ib/hr 787 1,181 1,869
Temperature, of 500 500 500
Heat value, 10 6 Btu/hr 0.23 0.34 0.54

Radiation
10 6Heat loss, Btu/hr 0.44 0.62 0.94

Furnace exhaust
Mass at 800 of Ib/hr 11, 010 16,250 25,658
Heat value, 10~ Btu/hr 6.82 10.16 16.05

Afterburner combustion air
Mass at 60 of, Ib/hr 4,382c 8,805c 14,098c

Afterburner exhaust
Mass, Ib/hr 17,368 26,537 42,041
Temperature, of 1,495 1,495 1,495
Heat value, 10 6 Btu/hr 12.76 19.18 30.04

Boiler exhaust
106Heat value at 500 of, Btu/hr 6.76 9.18 13 .04

Recoverable heat
10 670 percent efficiency,

Btu/hr 4.2 7.0 11.9
----"""---""""'-,~...,,'~,,~"' ..,"'._""'''

aAll data supplied by the manufacturer.

bIn addition to shaft cooling air returned to furnace.

c ln addition to shaft cooling air returned to afterbu~ner.·

dCosts as of early 1978.

Ift:0.30m
1 in. : 0.02 m
1 Ib/sq ft/hr : 4.9 kg/m 2/hr
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1 Ib/hr
1 x 10 6
1 gpm
1 MGD

: 0.45 kg/hr
Btu/hr : 1,055
0.06 lis
0.044 m3/s
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TABLE 11-17

HEAT AND MATERIAL BALANCE FOR STARVED-AIR COMBUSTION
OF SLUDGE IN A MULTIPLE-HEARTH FURNACEa (Continued)

Alternative (all 40 percent solids)

IB lIB IIIB
Stream 5 MGD 15 MGD 50 MGD

Precooler and Venturi water feed
Flow at 70 of, gpm 51 77 121

Scrubber water feed
Plow at 70 °P, gpm 102 153 243

Scrubber drain
Plow, gpm 160 240 380
Temperature, 0p 98 98 98

Gas exhaust
Mass, Ib/hr

0p
14,280 21,480 34,080

Temperature, 120 120 120
Heat value, 10 6 Btu/hr 4.62 5.96 7.94

Connected power
Horsepower 78 123 218

Installed cost, thousand dollarsd 1,400 1,600 2,300

a All data supplied by the manufacturer.

bIn addition to shaft cooling air returned to furnace.

c ln addition to shaft cooling air returned to afterburner.

dCosts as of early 1978.

1 ft = 0.30 m
1 in. = 0.02 m 2
1 Ib/sq ft/hr = 4.9 kg/m /hr
1 Ib/hr = 0.45 kg/hr

1 x 10 6 Btu/hr = 1,055 t1J/hr
1 gpm 0.06 lis
1 MGD = 0.044 m3/s

but the FBF in terms of air required, as indicated by lesser
exhaust flow rates. SAC has less connected horsepower than
the other options, arid except for the FBF, higher exhaust
temperatures and thus, greater potential for energy recovery.

Additional details of the test work and SAC application can
be found in the literature (8,17-30,6S,66,67). Additional
information can also be gained by working with the furnace
manufacturers.

11.4.2 Advantages and Disadvantages of SAC

Test work, much of which is still underway, shows that SAC in an
MHF using sludge alone has many advantages over incineration or
other combustion processes.
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TABLE 11-18

HEAT AND MATERIAL BALANCE COMPARISON OF STARVED-AIR
COMBUSTION AND INCINERATION

Starved-air
Multiple-hearth

F/uuri:a c~'bd Electric cyclonig combustion -
Item incineratora

fur na<C:~:_~,~~_':E~,~~:~:~",,,"",,",,~~}~,~~e hearthe~

Alternative IA
Sludge feed, 1b dry

solids/hr 1,806 1,806 1,806 1,806
Supplemental fuel,

2.98 f106 Btu/hr 2.64 2.80 2.48

Furnace exhaust
Mass, 1b/hr

of
30,817 19,353 26,351 30,692

Temperature, 800 1,400 750 1,420

Recoverable heat
70 percent €gfi-

ciency, 10 Btu/
2.97ghr 1. 89 3.50 1. 37

Connected power
22 hHorsepower 238 218 175

Alternative IB
Sludge feed, Ib dry

1,806 isolids/hr 2,131 2,131 2,131 2,131
Supplemental fuel,

10 6 Btu/hr 0

Furnace exhaust
Mass, Ib/hr 32,123 16,250 29,372 23,765 17,638
Temperature, of 1,000 1,650 1,200 1,411 1,495

Recoverable heat
70 percent effi-

ciency, 10 6 Btu/
hr 2.31 6.2 3.85 4.63 4.20

Connected power
25 hHorsepower 93 162 125 78

Alternative lIB
Sludge feed, 1b dry

solids/hr 3,201 3,201 3,201 2,712 3,201
Supplemental fuel,

10 6 Btu/hr 0 0

Furnace exhaust
Mass, 1b/hr

OF
48,434 23,576 44,064 35,675 26,537

Temperature, 1,000 1,650 1,200 1,421 1,495

Recoverable heat
70 percent effi-

ciency, 10 6 Btu/
hr 5.04 9.40 5.81 7.01 7.00

Connected power
40hHorsepower 178 234 190 123

Alternative IIIB
Sludge feed, 1b dry

solids/hr 5,064 5,064 5,064 4,292 5,064
Supplemental fuel,

10 6 Btu/hr 0

Furnace exhaust
Mass, 1b/hr 77,643 38,620 69,732 57,424 42,041
Temperature, OF 1,000 1,650 1,200 1,420 1,495

Recoverable heat
70 percent effi-

ciency, '10 6 Btu/
hr 8.05 12.7 9.18 11.11 11. 90

Connected power
60 hHorsepower 238 350 290 218

a See Table 11-9.

b See Table 11-11.

c See Table 11-12.

dSee Table 11-13.

e See Table 11-17.

fInfrared heaters (kW 10,600 Btu to allow for generating efficiency).

gRecuperator only.

h Ooes not. include power requirements for infrared heaters.

iaased data used by manufacturer is different from that for other furnaces.

1 Ib/hr = 0.45 kg/hr
1 x 10 6 Btu/hr = 1,055 MJ/hr
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The SAC process provides a greater solids throughput because of
the higher allowable hearth load ing rates. (Th is assumes that
a portion of the cdmbustibles remain in the ash.) Operation
of a multiple-hearth furnace with SAC permits hearth loading
rates 30 to 50 percent higher than an optimum incineration
mode. This can be explained in terms of heat release and gas
veloc i ty, al though other factors al so a ffect load ing rate. In
incineration, the heat liberated in the furnace by combustion of
the feed solids must be limited to prevent high-temperature
damage to the furnace re fractories. Under SAC, heat 1 ibera t ion
is minimized in the furnace by air control with combustibles
passing out in a gas form to an auxiliary combustion chamber, or
afterburner. The afterburner which has no moving mechanical
parts, can be designed for the high temperatures. Thus, wi th
the two-stage combustion process which occurs under SAC, high
furnace temperature is not a limiting condition. Gas velocity is
another factor which affects hearth loading rate. An excessive
gas velocity entrains large quantities of solids particles in
the furnace, leading to gas cleanup difficulties. With SAC,
considerably less air is used in the furnace than with incinera
tion, and this can be traded-off against the increased volume of
combustible gases created by higher hearth loading rates.
Therefore, for a fixed max imum gas ve loc i ty, a greater hear th
loading rate can be applied with SAC than with incineration.

A second advantage offered by SAC is reduced fuel usage when
afterburning is required. Even when it is possible to dewater
the sludge feed to an autogenous state, (eliminating the need
for supplemental fue 1 to the furnace), a cons iderable quant i ty
of fossil fuel is still required for the afterburner in an
incineration mode. Essentially no fuel is required for the
afterburner in an SAC mode.

SAC offers more stable operation and ease of control, with
minimal furnace response to feed changes. Wi th inc inera t ion,
increasing or decreasing the feed rate results in a corresponding
rise or fall in hearth temperature since the sol ids combu s tion
rate increases or decreases. With SAC, the extent of the
heat-generating combustion reactions are limited by the available
oxygen supply. Fluctuations in feed rate will not change the
temperature level because it does not change the amount of
combustion occurring, provided air rate does not change.

A fourth advantage of SAC over incineration is that ~t produces
fewer air emissions. SAC's lower furnace gas velocity, for the
same solids loading rate, results in less particle entrainment
and reduced particulate emissions. During full-scale tests at
Concord, particulate production with SAC was about 50 percent
less than incineration under equal solids feed conditions (17,
18). Furthermore, particulates leaving the furnace were larger
than those from incineration. These particulates are more easily
removed by eye lones or other s impl e gas cleanup equ ipmen t. At
Concord, nitrogen oxide and sulfur oxide emissions also appeared
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to be lower with SAC. It is probable that when organic nitrogen
is oxid ized, one of the reaction products is nitrogen oxides.
The reaction is illustrated for NO:

Thus, incineration of sludge, which contains a fairly large
organic nitrogen fraction, produces nitrogen oxides. When
organic nitrogen is subjected to SAC, however, little organic-N
is converted to nitrogen oxide because little oxygen is
available. The organic nitrogen is instead converted to ammonia.
The ammonia, when oxidized (for example, in the afterburner) is
converted to nitrogen gas and water.

As long as afterburner temperatures are maintained below
approximately 1,600°F (871°C), conversion of N2 to nitrogen
oxide is also minimized. Thus, the key to lower nitrogen oxide
production with SAC appears to be its ability to direct organic
ni trogen destruction toward ammonia formation, rather than to
oxide formation.

Data supporting the observation of low sulfur oxide emissions in
the Concord tes ts are 1 imi ted. Measurements ind i ca te that much
of the sulfur in the feed solids ends up in the ash (17). With
incineration, most of the feed sulfur is delivered to the stack.

Other advantages of SAC include the fact that essentially
all equipment needed is currently available and has a long
performance history, and that most existing MHFs can be easily
retrofitted to operate in a SAC mode.

Disadvantages of SAC should also be considered in design. The
afterburner requirement can limit use of SAC in existing
installations for several reasons. The afterburner is normally
a large chamber, and space may not be available. Floor loadings
of existing buildings can easily be exceeded by a large
refractory-lined device. Supplemental fuel and air must be
supplied to the afterburner, requiring additional space for
piping and equipment.

A second disadvantage is that SAC requires more instrumentation
than does incineration. Proper control is essential for good SAC
operation; therefore, temperature controllers must be included on
each hearth to control air feed rate. Draft and other common
incinerator instrumentation must also be provided and maintained.
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If for some reason the furnace exhaust gases have to bypass the
afterburner, theyma y create emission violations. Furnace
exhaust gases are high in pollutants, such as hydrocarbons and
other noxious products of incomplete combustion. They could
flare in the atmosphere, causing stack damage. Also, these gases
are corrosive. All construction materials in the gas stream must
be properly selected, as described previously. Corrosion results
found at the full-scale test in Concord, California, are found in
the literature (17).

Additionally, combustibles in the SAC ash may create ultimate
disposal problems. For example, in a landfill, they may not be
as inert as incinerator ash.

11.4.3 Conversion of Existing Multiple-Hearth
Incineration Units to SAC

One of the greatest advantages of SAC is that most existing units
can be converted to operate as SAC reactors. ,This retrofitting
involves relatively few changes. The costs and benefits are
site-specific. One definite incentive for conversion is that
the existing unit may be able to handle increased sludge
loads without the addition of more incinerators. This incentive
is demonstrated in a design example presented later in this
section. Assuming an increase ~n solids loading of approximately
30 percent, the basic changes necessary ar~:

CHANGE

Add an afterburner (if existing
system has an afterburner, its
size may have to be increased).
If furnace is large enough, top
hearth may be used as an after
burner; however, refractories
must be examined.

Add combustion air flow
control and temperature
controllers.

Possibly replace combustion
air fan.

Modify induced draft fan--may
need change only in speed or
damper position.
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REASON

Required to burn combustible
fuel gas prior to exhaust.

Required to control SAC
process.

May be requ i red to con t rol
, reduced air flow rate.

Required because total unit,
including afterburner, uses
approximately 50 percent
excess air, while an
MHF incinerator uses,
including afterburner, 75 to
200 percent excess air. See
Figure 11-,26.



CHANGE

Review and modify venturi
and wet scrubber.

Add additional emission control
equipment.

Review furnace system and
and replace remote
instrumentation.

Generally "tighten up" furnace
system.

REASON

Required to maintain high
performance with lower air
flows. Also may need
precooler section if boiler
is not in process train.

Required depending upon
local air emission control
regulations regarding
appl icab il i ty of new source
performance standards.
Modification of process may
change applicable standards.

Good practi ce for any maj or
process revisio~~

SAC process depends on good
air control. Peak and poke
holes must be modified along
with other openings into
the furnace to reduce
uncontrolled air leakage
into the furnace.

With these modifications and any others found necessary during
the review of the site-specific system, the retrofitted MHF
system will be suitable for SAC operation.

11.4.4 Design Example: Retrofit of an Existing
Multiple-Hearth Sludge Incinerator to a
Starved-Air Combustion Reactor

A 20-MGD (0.88-m3/s) domestic wastewater treatment plant in the
Midwest has been incinerating primary and waste-activated sludge
in two multiple-hearth furnaces. All sludge is thickened prior
to dewatering on vacuum filters that produce a 25 percent solids
feed cake. Polymers a re used in the vacuum f il ters. The ash
from the furnaces is sluiced to ash holding ponds, and the
supernatant is recovered and returned to the plant influent
sewer. Stabilized ash is removed from the ponds at least once a
year and hauled to the local landfill.

One furnace is normally required for sludge reduction; however,
the original design provided 100 percent redundancy. The plant
is currently overloaded and both mul tiple-hearth furnaces are
used simultaneously about three months of the year.
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Substantial growth in wastewater flows are anticipated in the
next four year s. PI anning for an lO-MGD (0. 44-m3/s) expans ion
is currently underway. The design will handle proj ected flows
through 1988. In addi tion, new air emission regulations were
recently promulgated limi ting hydrocarbon, carbonyl, and carbon
monoxide emissions to about half of the current incinerator
emissions. The city has been given notice to correct this
situation or be subject to fines levied by the local air quality
management district (AQMD). A time extension to review and
correct this problem has been granted to the city. Data for the
existing plant are shown in Table 11-19

TABLE 11-19

DESIGN EXAMPLE: WASTEWATER TREATMENT PLANT OPERATING DATA

Parameter

Plant operating conditions
Design flow, HGD
Total solids, lb/day dry

basis
Volatile solids, percent of

dry solids

Furnace operating conditions
Operating hours/week
Loading rate, Ib/hr dry basis
Solids content of feed, per-

cent dry weight
Loading rate, lb/hr wet basis

I MGD = 0.044 m3/s
lIb/day = 0.45 kg/kg
1 1b/hr = 0.45 kg/hr

11.4.4.1 Approach

Value

20

40,800

75

168
1,700

25
6,800

The city retained a consultant to prepare a facilities plan/
project report to obtain Construction Grants funding for a plant
expans ion to 30-MGD (1.3 2-m3/s ) • Because of the urgency of the
air emissions problem, the city authorized the hiring of air
pollution experts to assist the consultant in developing an
interim plan consistent with the goals of the expansion.

Following several detailed design estimates, afterburning at
1,200°F (649°C) for one-half second was determined to be the
most cost-effective solution. This approach was also felt to
guarantee a continuous and dependable operation while satisfying
all regulations.
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Since afterburning was proposed, it was also decided to study
SAC. SAC could possibly increase existing furnace capacity and/
or reduce the equipment to be added. Prior to review of SAC, it
was determined that, in the incineration mode, e,~ch furnace would
require an afterburner, and that a new furnace and afterburner
would be required for the plant expansion to 30-MGD (1.32-m3/s).

11.4.4.2 Preliminary Design

Two experienced multiple-hearth furnace manufacturers were
provided the data in Table 11-19. Detailed heat and material
balances were developed for incineration and starved-air
combustion--both followed by external afterburning. The schemes
used the existing vacuum filters to provide a feed cake of
25 percent solids. Also, each manufacturer was to analyze
two addi tional cases that entailed use of improved dewatering
equipment to produce a feed cake solids content of 35 percent.
Both of these cases used SAC, but one had an external afterburner
and the second used the top hearth of the present furnace as the
afterburner. The manufacturers were asked to use the existing
furnace to determine the capaci ty of each of the four sys tems.
The cases considered were as follows:

Case I Add an external afterburner and heat recovery boiler to
each .furnace. One addi tional furnace is requi red to
satisfy future loading.

Case II Convert existing furnaces to SAC. Add an external
afterburner and heat recovery boiler to each furnace.
One addi tional furnace is required to satisfy future
loading.

Case III Convert existing furnaces to SAC. Add an external
afterburner and heat recovery boiler to each furnace.
Sludge feed rate calculated using allowable rates for
SAC with improved dewatering equipment (35 percent
solids). Note that afterburner temperature is 1,430 o F
( 777 ° C) • No addi t ional furnaces requi red for f ut ure
loading.

Case IV Convert existing furnaces to SAC and use top hearth
as an afterburner. Add a heat recovery boiler to
each furnace. Sludge feed rate calculated from
allowable rates for SAC with improved dewatering
equipment (35 percent solids) and desired afterburner
temperature of 1,200 o F (649°C). No additional furnaces
are required for future loading.

Table 11-20 shows a summary of the manufacturer's calculations
for the four cases and the ex ist ing cond i t ion. An interest ing
comparison can be made between Cases I and II. Both cases
use an afterburner and recover heat but Case II utilizes
SAC. Heat recovery gains by using SAC are impressive. The
city would save 1.33 x 10 6 Btu per hour (1.40 GJ/hr) by using
SAC, which would produce an annual fuel savings of slightly
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TABLE 11-20

DESiGN EXAMPLE: HEAT AND MATERIAL BALANCES
FOR MULTIPLE-HEARTH FURNACES

Existing
condition Case I Case II Case III Case IV

Type of operation Incinerator
Modified

incinerator

Furnace design
Number of furnaces
Diameter, ft-in.
Number of hearths '
Hearth loading rate,

Ib wet solids/sq
ft/hr

Afterburner

2
16-9

7

7.0
.. None

3
c

16-9
7

7.0
External

3
c

16-9
7

7.0
External

2c

16-9
7

10.2
External

10.2
Internal

(top hearth)

Sludge feed
Lb dry solids/hr
Heat value, 106 Btu/

hr
Volatile solids, per

cent dry solids
Feed solids, percent

1,700

12.75

75
25

1,700

12.75

75
25

1,700

12.75

75
25

3,473

26.05

75
35

2,957

22.18

75
35

Afterburner supple
mental fuel

Mass, Ib/hr 6
Heat value, 10

Btu/hr

N.A.

N.A.

189

3.77

128

2.44

o

o

o

o

Furnace combustion air
Mass at 60 OF, Ib/hr 17,833 17,833 9,822 12,507 9,867

Shaft cooling air
Mass, Ib/hr 15,939 15,939 15,939 15,939 15,939

Shaft cooling air return

tOM~~~n:~e350 OF,
Ib/hr 13,548 13,548 9,840 12,480 9,867

Shaft cooling air to
stack

Mass at 350 OF,
Ib/hr

Heat value, 10 6

Btu/hr

2,391

0.35

2,391

0.35

5,919

1. 09

o

o

o

o

Radiation
Heat 1055, 10 6 Btu/hr 0.29

Shaft cooling air to
afterburner

Mass at 350 OF,
Btu/hr

Ash
Mass, Ib/hr
Heat value, 10 6

Btu/hr

N.A.

425

0.04

0 180 3,660 6,072

425 478 e 975 e 866 e

0.04 0.14 0.28 0.25

0.29 0.29 0.29 0.29
~"V""""~"._~_""~H·_'·"_.__"_~"___

N.A. - Not applicable.

0.06 115

0.044 m3/s

0.02 m

ft/hr '" 4.9 kg/m2/hr

Q 0.45 kg/hr

Btu/hr '" 1,055 MJ/hr

in. =

Ib/sq

Ib/hr

x 10 61

1 gpm

1 MGD '"

1 ft '" 0.30 m
1

1

1

a All data supplied by the manufacturer.

b SAC - Starved-air combustion.

cNumber of furnaces required in 1988 (30 MGD) , for
increased sludge quantities with one furnace on
standby.

d Note , top hearth is afterburner, therefore, not
included in hearth loading calculations.

elncludes combustible heat content.

fExtsting system does not include boiler.
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TABLE 11-20

DESIGN EXAMPLE: HEAT AND MATERIAL BALANCES FOR
MULTIPLE-HEARTH FURNACES (Continued)

Existing
condition Case I Case II Case III Case IV___",~w.__",,~_

Modified
SAC b SACb

SACbType of operation Incinerator incinerator
___,_",~"·"",o_'uu._."',~_____'"",,,

"~.,,_.,,,,--,---

Furnace exhaust
Mass at 800 of, Ib/hr 24,209 24,209 16,145 21,454 17,448
Heat value, 10 6 Btu/

hr 12.07 12.07 11. 23 14.87 10.55

Afterburner combustion
air

Mass at 60 0 F, Ib/hr N.A. 2,555 4,296 11,534 10,989

Afterburner exhaust
Mass, Ib/hr N.A. 26,764 19,366 32,987 28,437
Temperature, OF N.A. 1,200 1,200 1,430 1,200
Heat value, 10 6 Btu/

hr N.A. 15.84 14.05 24.24 21.64

Boiler exhaust
Heat

6
value at 400 OF,

10 Btu/hr N.A. 9.51 8.78 13;92 12.89

Recoverable heat
70 p~rcent efficiency,

2.24 f10 Btu/hr 4.43 3.69' 7.22 6.13

Precooler and Venturi
water feed

Flow at 70 OF, gpm 51 51 45 65 65

Scrubber water feed
Flow at 70 0 F, gpm 243 243 282 456 456

Scrubber drain
Flow, gpm 306 306 338 536 532

Gas exhaust
Mass, Ib/hr 21,368 20,759 15,480 26,220 27,837
Temperature, OF 120 120 120 120 120
Heat value, 10 6 Btu/hr 6.35 7.53 4.11 8.52 2.64

N.A. - Not applicable.

a All data supplied by the manufacturer.

b SAC - Starved-air combustion.

cNumber of furnaces required in 1988 (30 MGD), for
increased sludge quantities with one furnace on
standby.

d Note , top hearth is afterburner, therefore, not
included in hearth loading calculations.

eIncludes combustible heat content.

fExisting system does not include boiler.

Ift=0.30m

1 in. = 0.02 m
. . 2

1 Ib/sqft/hr = 4.9 kg/m /hr

1 Ib/hr =:0.45 kg/hr

1 x 10 6 Btujhr = 1,055 MJ/hr

1 gpm 0,.06 lis

1 MGD 0.044 ~3/s

over $30,000 at $2.70 per 10 6 Btu ($2.60 per
it appears that this savings would not justify
when compared with the large capital expenditure.
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Cases III and IV both use SAC, but start with a cake that has
been dewatered to 35 percent solids. Recoverable heat quantities
are far higher than for Cases I and II. Case IV, which does not
use an external afterburner has a capital cost advantage over
Case III. Also, the system could easily handle the expected
sludge loads through the design year. The fuel savings would be
almost $90,000 per year, and the energy generated would be
sufficient to save another $250,000 per year (at 10,600 Btu/kWhr
[11.18 MJ/kWhr] and $0.05/kWhr). These savings alone would
justify capital expenditures of over $3,600,000 (20 years at
7 percent per year). In addition, there would be a capital
savings because a third furnace would not be required.

After receiving detailed cost estimates, the city authorized the
Case IV design. The flowsheet is given on Figure 11-28.

11.5 Co-Combustion of Sludge and Other Material

The net fuel value of sludge depends on the fraction of its total
combustible solids, the fuel value of those combustible solids
(generally about 10,000 Btu per pound [23.24 MJ/kg]), and the
amount of water present. Wastewater treatment plant sludge
generally has a high wa ter content and, in some cases, f ai r ly
high levels of inert materials. As a result, its net fuel value
is often low. Autogenous combustion of wastewater treatment
plant sludge is generally only poss ible when the sl udge solids
content is 30 to 35 percent or greater. These solids contents
are often difficult to achieve by conventional dewatering
techniques; consequently, supplemental fuel is required for
the combustion operation. If sludge is combined with other
combustible materials in a co-combustion scheme, a furnace feed
can be created that has both a low water concentration and a heat
value high enough to sustain autogenous combustion and may be
cost-effective.

11.5.1 Co-Combustion with Coal and Other Residuals

Many materials can be combined with sewage sludge to create a
furnace feed with a higher heat value than sludge. Some of
these materials are coal; municipal solid waste; wood wastes;
sawdu st; text ile wastes; and ag r icul tural wastes, such as corn
stalks, rice husks, and bagasse (68, 69). Virtually any material
that can be burned can be combined with sludge in a co-combustion
process. An advantage of co-combustion is that a municipal
or industrial waste material can often be disposed of while
providing an autogenous sludge feed, thereby solving two disposal
problems.
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DESIGN EXAMPLE: STARVED-AIR COMBUSTION IN A
MULTIPLE-HEARTH FURNACE

Recent studies have shown that the addition of pulverized coal to
liquid sludge prior to dewatering can markedly increase the cake
solids content (70-73). A drier fil ter cake is produced; thus,
the net heat value of the sludge-coal mix is much greater than if
the coal were added to the filter cake following filtration.
Also, the sludge-coal mix is homogenous, which leads to better
combustion. It may be possible to reduce the amounts of
inorganic filter aids (lime, ferric chloride) required and
produce an autogenous feed. This approach may become appropriate
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in many plants that are close to coal mines or coal-fired power
stations. Coal, however, is not a waste material, and its use to
improve f il tration and increase the fuel value of the furnace
feed is not as desirable as using a combustible waste for these
purposes. Two plants, one in Rochester, New York, and an other
in Vancouver, Washington, are experimenting with sawdust as a
f i 1 ter aid pr ior to combust ion. The resul ts to da te have been
very good, but detailed data are not available. Minneapolis has
tried using woodchips as a supplemental fuel (70).

11.5.2 Co-Combustion with Mixed Municipal Refuse (MMR)

Currently there are more than twenty sludge and mixed municipal
refuse (MMR) co-combustion systems, including incineration,
pyrolys is, and s tarved-a i r combust ion , that are be ing opera ted,
tested, or demonstrated in full-scale plants (74-77). The
systems described in this section have been operated at full
scale and have been developed sufficiently to be implemented
whenever they prove cost-effective.

There are two basic approaches to co-combustion of sludge
with MMR: (a) use of refuse combustion technology by adding
dewatered or dried sludge to an MMR combustion unit, and (b) use
of sludge combustion technology by adding raw or processed MMR
as a supplemental fuel to the sludge furnace. Table 11-21
illustrates the commonly used approaches to co-combustion.

TABLE 11-21

CONVENTIONAL APPROACHES TO CO-COMBUSTION OF WASTEWATER
SLUDGE AND MIXED MUNICIPAL REFUSE

Mixed municipal refuse technology

Grate-fired (refractory or waterwalled)
Sludge dried via flue gases
Sludge dried via steam from furnace
Sludge added directly to furnace

Vertical packed bed reactors· (sludge added
to bed)

Air (Andco-Torrax)
Oxygen (PUROX™, a Union Carbide System)

Sludge technology

Multiple-hearth
Incineration
Starved-air combustion

Fluid bed
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TYPICAL GRATE-FIRED WATERWALLED COMBUSTION UNIT

11.5.2.1 Refuse Combustion Technology

Historically, grate-fired refractory and waterwalled combustion
units have been used to burn raw mixed municipal refuse.
Figure 11-29 illustrates this approach. This practice is common
throughout Europe, where there are several hundred installations.
When sludge disposal became a problem, the first approach was to
burn the sludge with the refuse. The quantity of sludge was
normally small compared to the refuse. This was attempted in
several locations, but efforts were generally unsuccessful, with
failures due to the following problems:

• Uniform mixing of sludge and refuse was difficult to
accomplish on a large scale. Poorly mixed feeds produced
alternate "hot" and "cold" feeds, resulting in erratic
furnace operation.

• Biodegradation of materials in the refuse/sludge holding
bins caused unacceptable odors. Detention times in these
bins are often several days long, which is sufficient for
biological action to be established.
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• High moisture content of the sludge and inadequate
furnace detention times sometimes caused non-autogenous
combustion and wet residues.

However, as previously stated, several systems currently in
operation have been designed specifically to incinerate MMR with
sewage sludge (78). A number of these are described below.

Sludge Drying via Steam Generated by Furnace

Several grate-fired, waterwalled combustion units in Europe are
presently incinerating refuse and sewage sludge. At Dieppe,
France, 54 tons (49 t) of MMR and 21 tons (19 t) of dried sludge
are incinerated daily (79). Digested sludge with a solids
content of four percent is pumped from the wastewater treatment
plant and dried with 350°F (177°C) process steam in two thin-film
evaporators to a solids content of 55 percent. The vapors
generated are returned to the furnace. The dried sludge is
conveyed to the charging chutes of the furnace and is mixed
with the solid waste from the receiving pit. A small plant at
Brive, France (80), is similar to that at Dieppe, except that it
uses raw sludge.

~ludge Drying via Furnace Flue Gases

A waterwalled combustion unit at the Krefeld plant near
Dusseldorf, Germany, processes 600 tons (544 t) of MMR and
45 tons (41 t) of dry wastewater solids daily (75-77,81). The
facility generates electricity for the wastewater treatment plant
and incineration facili ty and exports hot water for use in the
community. Raw sludge, with a solids content of 5 percent,
is pumped from the wastewater treatment plant to the disposal
facility. The sludge is centrifuged to a solids content of
25 percent and then flash-dried in a vertical-shaft flash-drying
chamber with 1,500°F (816°C) flue gases at from the refuse
combustion unit. The powdered sludge is then injected into
the furnace immediately above the top of the flame (suspension
firing). The facility has been in operation for four years.

Two plants in the United States use flue gases generated in
grate-fired, refractory-walled combustion units to dry waste
water solids prior to combustion with MMR (74). In Ansonia,
Connecticut, sludge with four percent solids is dried in
a disk-type, co-current spray dryer with 1,200°F (649°C)
incinerator flue gases. Dried sludge and vapors are injected
into the incinerator for suspension burning. The plant capacity
is 200 tons (181 t) per day of solid waste. Presently, the
sludge is not being incinerated but used as a soil conditioner.
Holyoke, Massachusetts, uses a s~milar incinerator and averages
250 tons (227 t) per week of refuse and 19 tons (17 t) per week
of dry sludge throughput. However, the sludge is dewatered to 28
percent solids prior to drying in a rotary unit using hot flue
gases. Dr ied sl udge and vapors are added to the furnace above
the combustion zone.
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l§ludge Added Directly to Furnace

Recently at Norwalk, Connecticut, a process was tested in which
a stoker-fired incinerator was used to co-combust sludge and
refuse (82,83). In this project, sludge with a solids content
of five percent was sprayed onto the front wall of the charging
chute to form a thin sludge layer on top of the refuse. The
sludge layer dries and burns during the 30-minute residence time
in the combustion unit. This process has been incorporated into
the design of a plant at Glen Cove, New York, that will burn a
mixture of 25 tons (23 t) per day of sludge (20 percent solids
content) and 175 tons (159 t) per day of mixed municipal refuse.
The plant is designed to produce 2.2 megawatts of power,
sufficient to meet the demands of the wastewater treatment plant
and the incineration facility. Construction of the Glen Cove
facility is scheduled to be completed in 1982.

Vertical Packed Bed

There are two vertical packed bed, solid waste, starved-air
combustion systems currently available in the United States:
Andco-Torrax and PUROXtm (see Figure 11-30).

The Andco-Torrax system (84, 85) is a vertical shaft, slagging
type furnace in which unprocessed municipal solid waste is
charged into the unit from the top. The refuse is burned at
the bottom of the ram at 3,000°F (1,649°C) by the addition of
small quantities of air heated by countercurrent heat exchange
with the afterburner exhaust. The combustible off-gases are
afterburned at 2,000°F (1,093°C) and processed by electrostatic
precipi tators. Wet sludge has been added to an existing 75 ton
(68 t) per day system, but detailed test data are not presently
available.

The PUROX system, a trademark of Union Carbide, is a vertical
furnace for combustion ()f a processed refuse (86, 87). Proces
sing includes shredding and ferrous metal separation. The PUROX
system uses pure oxygen rather than air. The refuse is burned at
3,OOO°F (1,649°C), and a fuel gas is produced that has a heat
value of 385 Btu per standard dry cubic foot 14.3 MJ/m 3 dry).
The molten slag produced at the high combustion temperature is
pr ima r ily inert s il i ca. , A processed refuse and sl udge mixture
was successfully run through the test unit for two months at
South Charleston, West Virginia (87). Average wet test feed
rates were 90 tons (82 t) per day. Test data indicated that the
refuse-to-sludge ratio was 4.26:1. Lower ratios were not tested
because the availability of sludge was limited. The pure oxygen
feed rate was approx ima tely 0.2 tons of oxygen per ton (0.2 t
02/t) of feed. Fuel gas production and quality, and slag
product ion and qual i ty f rom mixed refuse-s 1udge feeds, did not
differ radically from that of pure refuse combustion in the PUROX
reactor. Heavy metals in the sludge were trapped in the slag and
were not discharged with the exhaust gases.
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11.5.2.2 Sludge Combustion Technology

The most widely used sludge combustion methods are the multiple
hearth and fluid bed furnace. Both types of units have
successfully burned refuse. Although the electric furnace
and the cyclonic furnace appear to be capable of refuse and
sludge combustion, no full-scale work has been done to date.
Figure 11-31 presents requirements for sustaining autogenous
combustion when sludge is mixed with refuse.

Multiple-Hearth Incineration

Several plants in Great Britain and Europe have been practicing
co-incineration in mul tiple-hearth furnaces for several years.
However, serious problems such as severe erosion of the hearths,
poor temperature control, refractory failures, and air pollution,
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AUTOGENOUS COMBUSTION REQUIREMENTS FOR CO-DISPOSAL
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have been experienced (88). All of these problems appear to be
a direct result of poor solid waste processing prior to addition
into the furnace. Poor pre-processing causes extreme variations
in feed heat value, which in turn causes wide and uncontrollable
temperature fluctuations in the furnace. These result in
refractory failures and air emission problems.

These problems w~re resolved in test work conducted at the
Central Contra Costa Sanitary District wastewater treatment
plant at Concord, California (17). All refuse was shredded,
air-classified, and screened prior to use. This provided a
feed which was relatively free of metals and had a reasonably
consistent heating value, as well as a consistent particle size.
When the furnace was operated in an incineration mode, none
of the problems encountered in Great Britain or Europe were
experienced, but temperature control was still difficult. This
was corrected by operating the furnace in a SAC mode. This work
and the European experience indicates that for MHF furnaces
pre-processing of municipal refuse is required and SAC of refuse
and sludge is preferred over MHF incineration.

Multiple-Hearth, Starved-Air Combustion

Co-combustion of sludge with processed municipal solid waste was
first successfully performed by SAC in a multiple-hearth furnace
during a small-scale test in November 1974 at Burlingame,
California (89). A full-scale prototype test was later
implemented at Concord, California (17). A flow diagram of the
test system is given on Figure 11-32. The test SAC-MHF burned a
combination of wastewater sludge and refuse-derived fuel (RDF) in
several ratios varying from 100 percent sludge to 100 percent
RDF.

Municipal refuse was shredded, air-classified, and screened
to produce a refuse-derived fuel. The RDF had a heating
value of 7,500 Btu per pound (17.4 MJjkg) of dry solids and a
moisture content of 25 percent. A combined feed rate of up to
10,000 pounds per hour (4,540 kgjhr) was applied to the 6-hearth,
16-foot 9-inch (5.1-m) diameter SAC-MHF. Because of the addition
of RDF, the heat value of the feed was greatly increased as
compared to sludge alone. This produced a fuel gas heat value
averaging 136 Btu per standard dry cubic foot (5.07 MJjm 3 dry)
and afterburner temperatures up to 2,500°F (1,371 0 C). Stable
furnace control was achieved by regulating the addition of air to
maintain hearth~emperature.

Results of the test indicate that to maximize energy conversion,
RDF should be fed to a mid-furnace hearth, and sludge to the top
or second hearth. In other words, the point of sludge addition
remains as in conventional systems, and the RDF is treated
like any other fuel and added to the combustion zone. The ash
handling system must be capable of handling small amounts of
metal. Test results indicate that autogenous combustion of
a 16 percent solids sludge cake can be accomplished with an
RDF-to-sludge wet ratio of 1:2.
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Th is type of system is be ing rev iewed for several pI an ts, wi th
implementation expected for the Central Contra Costa Sani tary
District and the City of Memphis, Tennessee.

The flow sheet for a multiple-hearth furnace used for combustion
of sludge and solid waste is similar to Figure 11-27, except that
a refuse-derived fue 1 is added to the middle hearth ( s) • Heat
and material balances for the hypothetical treatment plant
alternatives (Table 11-8) are presented in Table 11-22. The
effect of a 20 percent sludge solids feed versus a 40 percent
sludge solids feed is again exhibited. An important item in
this table is the recoverable heat, which is four times greater
than that for other sludge-only combustion processes (see
Table 11-18). This shows the effect of the addi tion of refuse
derived fuel. Also, in Case lIB, note the effect of excess air
on the afterburner temperature. Wi th 40 percent excess air, a
temperature of 2,450 o F (l,343°C) would be expected (consistent
with Cases IB and lIB); however, a temperature of l,800°F (982°C)
occurs with an excess air rate of 150 percent.

Specific information specifically concerning co-combustion by SAC
in a MHF can be found in the literature (8,17,18,35,69,74-77,81,
89-96).
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TABLE 11-22

HEAT AND MATERIAL BALANCE FOR CO-COMBUSTION BY STARVED-AIR
COMBOSTION IN A MULTIPLE-HEARTH FURNACEa

Alternative

IA IB IIA., lIB IlIA IIIB
5 MGD 5 MGD 15 MGD 15 MGD 50 MGD 50 MGD

20 percent 40 percent 20 percent 40 percent 20 percent 40 percent
Stream solids solids sonds solIds solids solids

Furnace design
Diameter, ft-in. 22-3 16-9 25-9 18-9 25-9 22-3
Number of hearths 6 7 6 8 9 8
Hearth loading rate, Ib

wet solids/sq ft/hr 11.4 10.8 11. 8 11. 3 12.5 12.1

Sludge feed
Lb dry solids/hr 1,806 2,131 2,713 3,201 4,292 5,064
Percent oftatal furnace

feed 50 50 50 50 50 50
Volatile

c
77 65 77 65 77 65content, percent

RDF feed
Lb dry solids/hr 7,224 4,267 10,850 6,400 17,172 10,128
Percent of total furnace

feed 50 50 50 50 50 50
Volatile content, percent" 84 84 84 84 84 84
Percent moisture 20 20 20 20 20 20

Combined feed rate
Total Ib wet solids/hr 18,060 10,664 27,126 16,000 42,930 25,320
Heat value, 106 Btu/hr 20.28 11.12 30.71 16.38 47.29 25.53
RDF to sludge ratio, wet

basis 1:1 1:1 1:1 1:1 1:1 1:1

Furnace combustion air,
Ib/hr 12,753 7,320 19,316 10,782 29,747 16,806

Excess air rate, percent
d

40 40 40 40 40 150

Ash
Mass, Ib/hr

10
6

Btu/hr
1,749 1,589 2,627 2,384 4,158 3,772

Heat value, 0.50 .0.46 0.76 0.69 1. 20 1. 09

Afterburner combustion air
Mass, Ib/hr 34,123 25,867 51,049 39,065 81,838 112,888

Afterburner exhaust
Mass, Ib/hr

10
6

63,186 42,260 94,861 63,461 150,355 151,240
Heat value, Btu/hr 63.27 42.80 95.27 64.29 150.9 101. 8
Temperature, OF 2,290 2,457 2,294 2,458 2,294 1,800

Radiation
10

6
Heat loss, Btu/hr 1.62 ·1.12 2.33 1. 61 3.57 2.45

Recoverable heat
70 percent efficiency,

106 Btu/hr 23 20 42 26 70 42

Connected power
Horsepower 555 343 725 418 725 555

Installed cost, thousand
dollarse 2,800 2,:<00 3,000 2,400 3;500 3,000

"~~'''-'''-~----

______• __~~.n

a A11 data supplied by the Eimco BSP Division of Envirotech-Corporation.

bSolids for B alternatives (40 percent solids feed), larger thanA alternatives
(20 percent solids feed).

CSludge volatiles heat value 10,000 Btu/lb: RDF volatiles heat value 8,500 Btu/lb.
d

For total system - furnace and afterburner.

eCosts as of early 1978.
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Fluid Bed

Municipal solid waste and wastewater sludge have been co
incinerated in a fluid bed furnace in Franklin, Ohio, since 1971
(97). In the solid waste separation process, a wet pulper
removes ferrous metal and heavy solids from 150 tons (136 t)
per day of shredded refuse. Fiber is recovered from the pulper
effluent by selective screening and elutriation. All unrecovered
residuals from the fiber-recovery step are conveyed to a barrel
thickener. Sludge from a 2.5-MGD (0.11-m3/s) secondary wastewater
treatment plant is added to the thickened residuals, and the
combined stream is dewatered in a cone press to a solids content
of 45 percent before injection into the furnace. The furnace
feed is blown into the bed about one foot over the tuyeres.
Because heavy inert materials accumulate within the bed, there is
buildup in bed volume, and a small amount of bed material must be
removed per iod ically from the furnace. The preparation steps
reduce the amount of noncombustible material in the furnace feed
to between three and six percent and the feed size to 1/2 inch
( 1. 27 cm) 0 r 1 e s s (97).

In a conventional dry shredding and separation operation, the
feed stock would not be as uniform as it is at the Franklin
facility. If the feed to the fluid bed furnace is not uniform in
both size and density, heavy material tends to sift downward
through the bed. This rna terial must be removed quickly or it
could upset the air flow through the bed. Systems have been
developed to remove settled, noncombustible material continuously
from the bed.

An FBF system using sludge cake and RDF produced by a dry
processing approach was constructed in Duluth, Minnesota, and the
shakedown operations began in 1979. A process flowsheet of the
system is presented on Figure 11-33.

11.5.3 Institutional Constraints

Co-combustion of sewage sludge with municipal solid waste is a
viable and socially beneficial approach to solids disposal
problems. Not only are both wastes disposed of in an environ
mentally acceptable manner, but benefits can be accrued by
utilizing the waste heat or combustible exhaust gases for
energy conservation. Cost-effectiveness, however, is very
site-specific, and in general, co-combustion systems are
not economically feasible without federal and state funding
(81,98,99). This is due to the relative costs of disposal and
relative quantities of the feed material involved. For example,
solid waste quantities, dry basis, are approximately ten times
that of sludge quantities and can be disposed of at one tenth
the cost of sludge. Therefore, sludge disposal costs have a
significant impact on solid waste operations, yet solid waste is
too costly on a unit energy basis to supplement fossil fuels.
To assist in funding, the federal government has adopted
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guidelines for allocating costs for co-combustion systems (100).
As solid waste disposal and fossil fuel costs increase and
funding becomes more available, co-disposal economics will
become favorable in more appl ica tions. Al though the technical
feasibility of co-combustion of sludge and solid waste has been
demonstrated, there remain a number of institutional constraints
that may have to be resolved prior to implementation of a large
scale co-combustion project. Because full-scale operations are
1 imi ted and the technology is grow i ng, risk analyses should be
conducted. These analyses would provide authorities with a basis
for making a decision and with an understanding of the impacts
of that decision (101).
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FLOWSHEETFOR CO-COMBUSTION AT THE WESTERN LAKE SUPERIOR
SANITARY DISTRICT, DULUTH, MINNESOTA

In many localities, wastewater treatment and solid waste disposal
are controlled by different governmental agencies. Many
communities have contracts with private firms for refuse handling
and disposal that release ownership of the refuse to the
contractor. In such cases, the municipality is not able to do as
it wishes with the refuse. Some contracts are long term, lasting
15 to 20 years. Although there have been legal opinions that
these agreements can be modified for the benefit of the public,
these opinions have not been tested in court. In recent waste
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disposal contract negotiations, local governments have attempted
to retain ownership of the refuse, with the private firm acting
strictly as a collector and hauler. Retaining ownership of the
waste material would simplify resource recovery operations.

Consolidation of the governmental agencies responsible for
solid and liquid waste disposal would also simplify disposal
opera t ions as they relate to co-d isposal. Wi th more emphas is
on co-combustion techniques by both federal and state agencies,
serious insti tutional problems may be resolved by governmental
interaction with local agencies.

11.5.4 Conclusions about Co-Combustion

Of all areas of technological growth in combustion, co-combustion
may have the greatest potential (81,102, 103) for use. Co"",:"
combustion is a relatively new venture, and its use must
be thoroughly researched and tested, and project economics
evaluated. Many solid waste projects have failed for economic
reasons. Additionally, institutional requirements must be
satisfied before the project can reach fruition.

11.6 Related Combustion Processes Used in Wastewater
Treatment

Several high temperature processes are used in wastewater
treatment plants for purposes other than wastewater sludge
reduction. These processes include reduction of other wastewater
solids such as screenings, grit, and scum, and also the regenera
tion of chemicals such as lime and carbon. High temperature
equipment configurations are basically the same as those
discussed in Sections 11.3 and 11.4, but some new types of
furnaces are introduced in the sections that follow.

11.6.1 Screenings, Grit, and Scum Reduction

Besides sludge, other solids produced in a wastewater treatment
plant (screenings, grit, and scum) can be processed in high
temperature systems. Some of the unique operating problems
presented by these materials are described below:

• Screenings tend to clog
shredded before being fed
non-combustible materials
of in a landfill •

feed mechanisms and should be
to the incinerator. Bulky and
should be removed and disposed

• Grit is often odorous, extremely abrasive, normally
contains fairly large quantities of organics, and is
relatively dry, thus making it autogenously combustible
in many cases. Because of the odors, high tempera ture
disposal tends to be the desirable stabilization method.
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• Scum and grease are very difficult to handle because of
their adhesive properties; however, they have a very high
heating value up to 16,700 Btu per pound (37.8 MJjkg) of
dry solids (Table 11-2) (104). Air flow must be adequate
to assure that the scum is totally burned; if it is not,
the furnace will smoke. To provide thorough mixing and
thus proper burning, the scum and air should be injected
into the furnace at the same point. Scum has been fed
through atomizers, but this feed system was not totally
effect i ve because the resul ting vapors and smoke have
been difficult to control (105).

A separate furnace may be difficult to justify for anyone of the
above materials because their quantities, as compared with
sludge, are small. In some cases, the material can be blended
with feeds and disposed of in existing sludge furnaces. Burning
of the residues will not usually cause capacity problems.
Although scum can provide considerable heating value, it can also
create significant problems with smoking and hot spots. The
latter may damage refractory material. Screenings and grit can
also create hot spots, but they generally cause considerably
fewer problems than scum.

Complete mixing of feeds can eliminate hot spots due to
nonhomogeneity, but mixing is often difficult to achieve. The
location of the mixing step is also a serious concern. When
combined with sludge before dewatering, screenings, grit, or scum
can cause dewatering equipment problems. These can include
excessive wear, filter blocking, and poor dewatered cake release.
On the other hand, it is difficult and costly to produce a
homogeneous mixture when materials are combined after dewatering.

Since the materials are removed separately and require different
dewatering techniques, they may in many instances be disposed
of more appropriately by means other than high temperature
processing. Several plants have provided digestion for sludge,
and incineration for screenings, grit, and scum, with sludge gas
used as the fuel for the furnace. Other plants have provided
separate furnaces for scum reduction. In one plant, a separate
furnace was provided for screenings only.

Furnaces for screenings, grit, and scum in small plants (less
than 10 MGD [0.44 m3 js]), tend to be single-chamber batch
operations with little or no air emission control devices.
However, high excess air rates and large quantities of fuel are
used to make the burning relatively clean and odor-free. Such
an operation is costly. For large plants, the furnaces described
in Sections 11.3 and 11.4 are used. However, while several
mul tiple-hearth furnaces are used successfully for scum (106),
a starved-air combustion operation is desirable to control the
combustion process and prevent serious temperature excursions,
localized hot spots, and smoking--all typical problems when scum
is burned.
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To address the problem of scum burning, Nichols Engineering and
Research Corp. has developed a furnace specially suited for high
energy liquids that ar~ lighter than water, such as grease,
waste oils, and scum. Their WATERGRATEtm furnace is shown
on Figure 11-34. It is a two-chamber, refractory-lined furnace
that uses water as the feed grate. As the mater ial is burned,
the ash s inks and is removed. The lower chamber is a reduc ing
furnace (starved air), and the resul ting combustible gases are
burned in the upper chamber, which functions as an afterburner,
thereby permitting better control of the process. More than
ten units have been installed and are operating. Some have
experienced severe problems with scum transport and feed systems
external to the furnace.

Other small, modular furnaces (see Section 11.7) have consider
able potential for screening, grit, and scum reduction, provided
that pollution control devices are adequate to meet strict air
emission codes. USEPA and the State of California have been
conducting several tests on modular furnaces to determine
expected air emission levels (107).

11.6.2 Lime Recalcination

Lime is often used to remove phosphorus, suspended sol ids, and
trace metals from wastewa ter. It is generally added prior to
primary clarification (108,109) or following a biological process
(108,110). Often, energy and economic analyses indicate lime
recovery and reuse to be viable, since net lime requirements
are lower and the mass of solids for disposal is less when
recovery is practiced. There is considerable experience with the
recalcining and reuse of lime from water treatment plants. These
techniques, with suitable modifications, are also used to recover
lime in wastewater applications.

In the liquid process, the bulk of the lime reacts to form
calcium carbonate (CaC03)' The resultant slurry, commonly
called lime sludge, can be thermally processed for recovery of
calcium oxide (quicklime or CaO), while simultaneously oxidizing
any entrapped organic solids. The recalcining reaction is:

CaC03 + heat ~ CaO + C02 11-17

The economics of lime recalcination as abhemical recovery
process depend upon a number of variables: efficiency of
rejection of inert material, moisture content of feed material,
thermal efficiency of the drying and recalcining system, capture
of CaO as a usable produc t, and reactivi ty (capture of CaO) in
the product (Ill).
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Economies are realized when lime is recovered and reused, since
net lime requirements and the amount of material to be disposed
of are drastically reduced. However, lime recov~ry is expensive
and always energy- intens i ve because recal ci ning is endothe rmi c.
Generally, wastewa ter 1 ime sludges a re low in org an i c mater ial
(volatiles) that can contribute to the heat value of the sludge,
so supplemental fuel requirements to calcine ~he wet sludge cake
are substantial. The major operating cost of recalcination is
supplemental fuel. Fuel cost can be minimized by control of
excess air at a rate no greater than that required to assure
complete combustion and completion of the chemical reaction.
Fuel costs may also be lowered by reducing the water content of
the feed. An overall economic balance must be made to determine
if the fuel savings exceed the added cost of dewatering.

Complete recovery of spent lime cannot be expected for several
reasons. Lime sludge contains inert materials that must be
wasted from the system or the quanti ty of sludge to be handled
will build-up infinitely. Magnesium hydroxide and calcium
phosphate are precipitated along with CaC0 3 and should be
removed prior to recalcination to reduce recycle of inerts.
Complete rejection of Mg(OH)2 and other inerts, such as silica,
can never be achieved. However, wet and dry classification steps
can limi t recycle of inerts, thus providing a relatively clean
product. These classification steps necessarily reject some
CaC03 and CaO, so that the recovery of available lime is limited
to 60 to 77 percent (108,112).

T h r e e h i g h t e mper a t u res y s t ems h a v e bee nus e d for 1 i me
recalcination: the multiple-hearth furnace, the fluid bed
furnace (pellet bed and sand bed), and the rotary kiln calciner.
It has also been claimed that the electric furnace has the
capability to recalcine, but no installations exist. The
mul tiple-hearth furnace is most frequently used in wastewa ter
treatment plant sludge recalcining, while the fluid bed furnace
is typically used in water treatment plants. Both the rotary
kiln and the fluid bed are widely used on industrial sludge,
primarily by the pulp and paper industry. As with other high
temperature processes, opportunities for energy conservation
and heat recovery are available. A detailed discussion of
1 ime recalcination is beyond the scope of this chapter. More
information is available in the literature (108-119).

11.6.3 Activated Carbon Regeneration

The use of activated carbon for removal of organic contaminants
from water and wastewater is an established practice. In most
applications, regeneration and reuse of spent carbon are required
for overall cost-effectiveness. Most carbon absorption processes
use granular carbon in packed columns. There is a growing
interest in the add i tion of powdered carbon to uni t processes
such as activated sludge systems. Table 11-23 summarizes the
methods available for carbon regeneration (reactivation).
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TABLE 11-23

CARBON REGENERATION METHODS (120)

Granular Powdered

Thermal
Multiple-hearth
Fluid bed
Transport reactor
Rotary kiln
Indirect heated

vertical moving bed
Radiant heated belt

reactor

Chemical
Wet air oxidation
Chemical oxidation
Solvent extraction
Acid or base extrac-

tion
Biological regenera

tion

X
L

NA
X

x

X

NA
X
X

x

L

x
X
X
L

NA

X

X
NA
NA

NA

L

X = has been done on pilot or full-scale.
L = limited success
NA = not attempted.

Typical granular and powdered carbon systems are briefly
summarized below. Also, the JPL process for carbon reactivation
in a wastewater treatment plant is discussed.

11~6.3.1 Granular Carbon Systems (GAC)

Regeneration of granulated carbon (121,122) is usually conducted
in a multiple-hearth furnace in five steps: dewatering the
slurry to about 50 percent solids, drying the carbon, pyrolyzing
the absorbed organi cs, oxidiz i ng the pyrolys is res idue (carbon
reactivation), and quenching the reactivated carbon in water and
washing it to remove fines.

In a multiple-hearth furnace, about 30 minutes are required
for regeneration, with dwell times of 15 minutes for drying,
5 minutes for pyrolysis, and 10 minutes for reactivation.
Loading rates for multiple-hearth furnaces must be adjusted
to provide about 1 square foot (0.09 m2 ) of hearth area per
40 pounds (18 kg) of spent carbon per day. The off-gases from
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a carbon regeneration furnace are relatively high in carbon
particles and unburned organics. Afterburning and wet scrubbing
are suggested. The injection of steam at 1 pound per pound of
carbon (1 kg/kg) reduces the apparent density of the carbon and
increases the iodine number. Heat required for the process,
including steam but excluding any afterburner fuel requirements,
is approximately 4,250 Btu per pound (9.88 MJ/kg) of carbon
regenerated. Further details on the MHF regeneration process can
be found in the literature (123).

The electric furnace is also becoming an alternative for granular
carbon regeneration, with several units either under construction
or in the planning stages. A test unit is being installed in
Pomona, California, to develop detailed long-term data.

11.6.3.2 Powdered Activated Carbon (PAC)

During the regeneration of powdered carbon, organics must
be removed from the micropores, and since PAC is generally
associated with excess waste biomass, these solids must be
incinerated simultaneously (120,124). Also, PAC is much smaller
in particle size than GAC and must be handled with care during
combustion to prevent excessive losses and excessive loadings of
particulates on emission control systems.

Multiple-hearth systems have been used successfully to regenerate
PAC (123,125). MHF-regenera ted carbon appears to be of vi rg in
quality and has been reused in a 40-MGD (1.75-m 3/s) plant.
Available data on a SO-gpm (30-1/s) pilot plant indicate similar
results with fluid bed technology (126).

Use of the transport reactor has been demonstrated on a
10-ton-per-day (9-t/day), full-scale facility with a recovery of
80 to 90 percent of the spent carbon. This reactor is a fast
co-current thermal plug flow system (127,128). The unit is
operated for regeneration of spent carbon from corn syrup
manufacturing.

11.6.3.3 Jet Propulsion Laboratory Activated-Carbon
Treatment System (JPL-ACTS)

Extensive laboratory and pilot testing by the Jet Propulsion
Laboratory in Pasadena, California, has led to the development of
an activated carbon treatment system for wastewater (129,130).
The system is based on starved-air combustion of sludge. All PAC
used in this process is produced by the SAC of sewage sludge and
lignite coal. The system was tested for the Orange County
Sanitary District in a l-MGD (0.04 m3/s) pilot plant at
Huntington Beach, California.

The flowsheet for the Orange County plant is shown on
Figure 11-35. Sludge from the primary sedimentation tank is
dewa tered in a f i 1 ter press to 35 percent solids. The sl udge
cake is flash-dried to 90 percent solids before passing into the
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r~tary kiln: Activated carbon and ash are generated by starved
aIr combustIon of the carbon-sludge solids. Activated carbon-ash
mixture is fed back to the secondary clarifier to complete the
carbon cycle. A portion of the carbon-ash is purged from the
kiln to prevent build-up of inert materials. The energy value of
the purged carbon can be recovered in a separate furnace.
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JPL ACTIVATED CARBON TREATMENT SYSTEM (129)

Various practical problems (primarily corrosion at high
temperatures) associated with the kiln and flash-dryer have
caused the developers to substitute a multiple-hearth furnace for
these two system elements. No actual test work with the MHF has
been done to date.

Activated carbon makeup requirements are dependent on adsorption
characteristics. Under some circumstances, the carbonized sludge
can satisfy the makeup requirements. Otherwise, activated carbon
makeup is necessary. Lignite coal is a source of low ash carbon
wi th an adsorptive capaci ty comparable to commercial act i vated
carbons. Lignite coal also provides, at low cost, the necessary
makeup energy to the system.

Preliminary economic studies by the developers indicate that the
JPL-ACTS process for wastewater treatment is competitive with
activated sludge for plant flows exceeding 175 MGD (7.67 m3 js).
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11.7 Other High Temperature Processes

There are a number of high temperature conversion processes that
differ substantially from those previoUSly discussed ~ Some are
presently being used for combustion or co-combustion of
wastewater sludge, and others are claimed sui table for sludge
processing. These processes include:

• High pressure/high temperature wet air oxidation

• REACTO-THERMtm (Met-Pro Corporation, Systems Division)

• Modular controlled-air incinerators for co-disposal
(Consumat, Kelly, and others)

Also, numerous thermal processes are being developed, mainly
of the pyrolysis or starved-air combustion type; which are
applicable to wastewater sludge or mixtures of sludge and solid
waste (Table 11-24). These processes are potentially important
because they produce a high heating value fuel gas that may be
directly usable in existing furnaces and burners. Of the true
pyrolytic processes (thermal decomposition in the absence of
air), only the Pyro-Sol process appears to be sufficiently
developed to be considered here for co-disposal and perhaps
sludge disposal. Some of the processes shown in Table 11-24
have been discussed previously (PUROX and Andco-Torrax). Other
developing processes wi th potential for sludge burning include
the Bailie process, the Wright-Malta process, and Molten Salt
pyrolysis.

11.7.1 High Pressure/High Temperature Wet Air Oxidation

Any burnable substance may be oxidized in the presence of water
at a sufficiently high temperature (flameless combustion).
Therefore, this process can be an alternative to incineration
while providing a similar ash residue (134).

The high pressure/high temperature wet air oxidation process
(HPO) is similar to thermal conditioning, except that higher
temperatures and pressures and much more air are used to effect
complete oxidation. Figure 11-36 is a composite representation
of results of wet oxidation for a typical sewage sludge, showing
vola tile solids content or COD content in the solid phase and
the total sludge as a function of total oxidation in both phases.
The vertical distance between the two curves is the content
in the I iquid phase. Up to abou t 50 percent total oxida tion,
reduction in the volatile solids or COD in the liquid phase are
minimal; above 50 percent, the volatile solids and COD of both
phases are reduced to low values. At 80 percent total oxidation,
about 5 percent of the original total volatile solids in the
sludge is in the solid phase and 15 percent is in the liquid
phase.
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TABLE 11-24

BASIC TYPES OF PYROLYSIS, THERMAL GASIFICATION, AND
LIQUEFACTION REACTORS - NEW, DEMONSTRATED, OR UNDER

DEVELOPMENT (131,132,133)

Solids flow and
bed conditions

Vertical-flow reactors
Moving packed bed

(gravity solids flow;
also called fixed bed)

Moving stirred bed
(gravity solids flow)

Moving entrained bed
(may include
mechanical bed trans
port)

Fluidized reactors

Horizontal and inclined
flow reactors

Tumbling solids bed

Examples of processes,
developers, R&D programs

Forest Fuels Mfg., Inc. (Antrim,
N.H.)

Battelle Northwest (Richland, WA)
American Thermogen (location un

known)
Andco/Torrax Process (Buffalo, NY)
H.F. Funk Processb (Murray Hill,

NJ)

Tech-Air Crop/Georgia Inst. Tech.
(Atlanta, GA)

Union Carbide Purox Process
(Tonawanda, NY)

Motala Pyrogas (Swed~n)

Urban Research & Development
(E. Granby, CT)

Wilwardco, Inc. (San Jose, CAl

U. of California (Davis, CAl
Foster Wheeler Power Products

(London, England)
Destrugas Process (Denmark)
Koppelman Process (Encino, CAl

BSP/Envirotech (Belmont, CA)

Nichols Research & Engr. (Belle
Mead, NJ)

Garrett Energy Research & Engr.
(Claremont, CAl

Hercules/Black, Crow & Eidsness
(Gainesville, FL)

Occidental Petroleum Co./Garrett
Flash Pyrolysis Process (La
Verne, CAl

Copeland Systems Inc. (Oak Brook,
IL)

Coors Brewing CO./U. Of Missouri
(Rolla, MO)

Energy Resources Co. (ERCO)
(Cambridge, MA)

Hercules/Black Grow & Eidsness
(Gainesville, FL)

Bailie process/Wheelabrator
Incin. Inc. (Pittsburgh, PAl

A.D. Little Inc./Combustion
Equipment Assoc. (Cambridge,
MA/New York, NY)

Devco Management Inc. (New York,
NY)

Monsanto Landgard/City of
Baltimore, MD Watson Energy
Systems (Los Angeles, CAl

11-103

Main products
.~"""~"'~"",,~-,-,_.,.--'-"~

Fuels or char
Feedstock materials Stearn

_.~._---

FAR
a

X

Refuse X X
Refuse X
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Refuse X
FAR X
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TABLE 11-24

BASIC TYPES OF PYROLYSIS, THERMAL GASIFICATION, AND
LIQUEFACTION REACTORS - NEW, DEMONSTRATED, OR UNDER

DEVELOPMENT (131,132,133) (Continued)

Solids flow and
bed conditions

Horizontal and inclined
flow reactors (con
tinued)

Examples of processes,
developers, R&D programs

Ecology Recycling Unlimited, Inc.
(Santa Fe Springs, CAl

Pyrolenergy System/Arcalon
(Amsterdam)

Pan American Resources, Inc.
(West Covina, CAl

Kobe Steel (Japan)

JPL/Orange County, CA (Fountain
Valley, CAl

Rust Engineering (Birmingham, AL)
Tosco Corp/Goodyear Tire and

Rubber (Los Angeles, CA/Akron,
OH)

Main products

Fuels or char
Feedstock materials Steam

Refuse X

Refuse, FAR X

Refuse, FAR X

Tires X

Sludge X

Refuse, sludge X
Tires X

Agitated solids bed

Static solids bed

Molten metal or salt
beds

Floating solids bed
(horiztonal flow)

Mixed molten-salt
bed (various
possible flow
schemes)

Multiple-reactor systems
Combined entrained

bed/static-bed
reactor system

Combined moving
packed-bed/entrained
bed reactor

Combined mechanically
conveyed static
solids-bed/moving
packed-bed reactor

Deco Energy Co. (Irvine, CAl
Enterprise Co. (Santa Ana, CAl
Kemp Reduction Corp. (Santa

Barbara, CAl
PyroSol (Redwood City, CAl

Thermex, Inc. (Hayward, CAl

Michigan Tech. U. (Houghton, MI)
(Puretech Pyrolysis System)

Battelle Northwest (Richland, WA)
Anti-Pollution Systems, Inc.

(Pleasantville, NJ)

U. of California (Berkeley, CAl

Battelle Columbus Laboratories b

(Columbus, OH)

Mansfield Carbon Products, Inc.
(Gallatin, TN)

Tires
Refuse
Refuse, FAR

Fluff from
scrapped autos

Tires

Refuse, FAR

Refuse
Refuse, sludge

Pulping liquor

Paper, biomass

Refuse

X

X
X

X

X

X
X

X

X

X

X

~orestry and/or agricultural residues.

bpressure above atmospheric.
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VOLATILE SOLIDS AND COD CONTENT OF HEAT TREATED SLUDGE

The degree to which organic materials are oxidized is a
function of temperature, reaction time, and quantity of air
(or oxygen) supplied. The process may be applied to dilute
suspensions of sludge requiring only thickening. However, the
solids content should be fou~ to six percent to minimize reactor
volume requirements and to maintain a thermally self-sustaining
reaction. Solids concentrations greater than about 10 percent
create problems with mixing and consequent mass transfer
of the oxygen. There is insufficient data to indicate any
advantage from use of pure oxygen rather than air as the oxidant
source.
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The high pressure/high temperature wet air oxidation process is
shown schematically in Figure 11-37. Thickened sludge at about
six percent solids, passes through a grinder to reduc~ the size
of all feed solids to less than 1/4 inch (0.64 em).

INJECTION

BOILER
'START-UP

STEAM I
TO

ATMOsPHERE

AIR

SLUDGE !II

(1) WET SCRUBBING, CARBON
ABSORPTION, OR AFTERBURNING

HEAT
EXCHANGER

HIGH
PRESSURE: IoU

SLlIDG E PliMP g
{POSiTiVE :::l

oISPl.AGE MENTJ ~
AIR

SLUDGE
Feeo PuMP

AlTt:F1NATe METHOCS
OF DEWATERING

+

FII.TER PRESS

VACUUM fll..It:R

CENTRIFUGE

DRAINAGE SC:DS

LAGOONS

_--.....j...-r GROUND
SLUOGE

STORAGE
TAN I<

AIR

GRINDER

AIR COMPRESSOR

STEFm.c
NON-f"UlAESCIB L.E

so I. IDS

SUPERNATANT

COURTESY ZlflAPRO iNC.

FIGURE 11-37

FLOWSHEET FOR HIGH PRESSURE/HIGH TEMPERATURE WET AIR OXIDATION

The slurry is then pressurized. The air quantity supplied is the
stoichiometric amount required for complete oxidation of the
combustible sludge solids (about 7.5 Ib per 10,000 Btu) (2 g/J).
The pressure applied must be sufficient to prevent the water from
vaporizing at the temperature selected for the reaction.

The sludge-air mixture is then passed through a heat exchanger,
where it is heated to close to the desired reaction temperature
by the reactor effluent stream and introduced into the reactor
for oxidation. Temperatures and pressures up to 500°F (260°C)
and 1,000 to 1,800 psig (6,895 to 12,411 kN/m 2 ) are used with
detention times of 40 to 60 minutes. The oxidized slurry is then
cooled in the heat exchanger, gases are removed in a vapor-liquid
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separator, and the gases are reduced to atmospheric pressure
through a pressure control valve. . The gases are processed to
eliminate odors. They consist mainly of oxygen, nitrogen, carbon
dioxide 1 and wa ter vapor. Ni trogen oxides are formed from the
organic nitrogen present in the feed, but no nitrogen is fixed
from the air. Elemental sulfur, hydrogen suI fide, and org an ic
sulfur compounds are oxidized to sulfate (S04)' Gas clean-up
methods have included wet scrubbing, activated carbon absorption,
afterburning with fossil fuel, and catalytic oxidation. With
the last two methods, energy recovery is possible through use of
heat recovery boilers, gas-l iquid heat exchangers, and similar
methods (135-137).

Slurry from the gas-liquid separator is removed through a
liquid-level control valve and dewatered for final disposal. At
high degrees of oxidation, the residual solids resemble ash from
thermal incineration and are easily dewatered to a high solids
content by conventional means (settling, centrifugation, or
vacuum filtration).

The liquid phase is recycled to the treatment plant or given
separate treatment for reduction of the residual soluble
organics. Treatment and effects of this liquid stream are
discussed in Chapter 16.

High pressure/high temperature wet air oxidation processes
generate excess heat when they operate with a high heating
value sludge and an adequate solids content (approximately
six percent). Still, a source of high pressure steam (separate
boiler or an existing plant system) must be provided for
start-up.

There are over ten HPO systems in operation on sewage sludge in
the United States. The most notable of these are Rockland County
and Rensselaer, New York, and Akron, Ohio. These uni ts operate
at approximately 500 0 P (260°C) at pressures of 1,000 to 2,000 psi
(6,895 to 13,790 kN/m2 ). The capacities of the units as well
as the sludge oxidized are very different in each of these plants
Rockland County processes 12.4 tons per day (11.3 t/day) of a
mixed digested primary plus waste-activated sludge. The Akron
facility (Botzum Plant) oxidizes 50 tons per day (45 t/day) of
waste-activated sludge. The Rensselaer facility oxidizes a more
conventional mixture of primary plus waste-activated sludge.

Shutdowns with HPO systems are associated with the high pressures
involved, heat exchanger scaling and corrosion, and required
supernatant liquid treatment. The HPO process may provide a good
system for oxidation of toxic and hazardous waste materials, and
research in this area is under way (138).

Lack of extensive operating data prevents reliable estimation of
the cost of HPO as a means to sludge disposal. It appears that
if equipment maintenance and replacement costs are reasonable,
the costs would be competitive with thermal processing. The only
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additional element of cost is treatment of the recycle stream.
Electrical energy requirements are shown in Figure 11-38.
Additional information can be found in the literature (134-139).
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WET AIR OXIDATION - ELECTRICAL ENERGY REQUIREMENTS (36)

Another HPO unit presently being tested for feasibility with a
feed of sewage sludge is the Vertical Tube Reactor (VTR). This
is a deep-well type of process in which the required pressure is
obtained simply by the depth of the well. The Municipal Environ
mental Research Laboratory of US EPA is conducting test work with
a VTR system in Colorado. Data should be available in 1980.
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11.7.2 REACT-O-THERMtm

This is a three-stage combustion device with SAC in the first two
stages followed by complete combustion in the third stage. This
proprietary system developed by Met-Pro Corporation, Systems
Division, is unique in that auxiliary fuel and air are burned in
the primary combustion chamber (first stage) and the resulting
gases pass into the rotary chamber, where the sludge is burned.
The interior design of the rotary kiln second stage recovers the
heat generated in the first stage and transmits this heat through
a stainless steel helix and chains to the sludge. The residue,
which contains some combustibles, is deposited into a fixed,
cylindrical ash chamber, where it is removed by an auger. The
gases from the rotary chamber flow into the secondary combustion
chamber (third stage), and air and fuel are added as required to
complete the combustion of the gases and destroy odors prior to
discharge to atmosphere. The unit is available as a complete,
skid-mounted package (see Figure 11-39). The unit is primarily
designed for low-volume applications (50 to 300 gallons per hour
of wet sludge [0.05 to 0.30 l/s]). Two units are presently
operating on a physical-chemical sewage sludge in Prudhoe Bay,
Alaska.
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Detailed heat and material balances are available from the
manufacturer for specific applications. Emission test data from
the manufacturer indicate that the unit, operated at rated
condi tions, can meet USEPA I S New Source Performance Standards.
However, the New Source Review Rule may be applicable in
some areas and Best Available Control Technology (BACT) may be
required.

11.7.3 Modular Starved~Air Incinerators

Modular controlled-air incinerators are static, and contain
two-chambers. The first chamber is operated by starved-air
combustion, and the gaseous products of combustion are passed
to the second chamber where combustion is completed and odors
are destroyed (see Figure 11-40) (107). A number of these
inc inera tors have been installed for mun ic ipal and i ndustr ia 1
solid waste. There are also units under study for co-disposal of
municipal refuse and sewage sludge (141). There are no known
installations (or test data) for sludge alone. However, the
unit appears to be suitable for sludge reduction. The units
are available in modules from 60 pounds per hour (27 kg/hr) to
250 tons per day (227 t/d). Equipment manufacturers (Consuma t,
Kelley, and others) state that USEPA New Source Performance
Standards can be met without additional air pollution control
equipment; however, the New Source Review Rule may be applicable
in some areas and BACT may be required. A test program being
funded jointly by the EPA and the State of California is
currently underway at Little Rock, Arkansas, to obtain definitive
air emission data on municipal solid waste incineration. Further
information on controlled-air incinerators is included in the
literature (107,140-145).

11.7.4 Pyro-Sol tm Process

The Pyro-Sol process is a pyrolysis project presently operating
on solid waste. In the Pyro-Sol process, waste is fed to a
pyrolysis unit which, in the absence of oxygen and in the
presence of hea t, causes chemi cal decompos it ion of the wa ste.
Products of the process are a gas and char/ash residue. A 50 to"
75-ton per day (45 to 68 tid) (MMR), full-scale plant is in
operation in Redwood City, California. A flowsheet of that
system is presented in Figure 11-41.

The process is autogenous, but heat-up and standby energy is
provided by natural gas. A portion of the produced gas is burned
in eight radiant heat tubes to provide heat for the endothermic
pyrolysis process. The solids are fed by an airlock and moved
through the furnace by means of a vibrating conveyor.

The resulting gas (largely hydrogen [H2] and carbon monoxide
[CO]) exits from the pyrolyzer at approximately 1,100°F (543°C)
and less than 0.5 inches of water column (125 N/m 2 ) and enters
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a dry cyclone where the particulate matter larger than 10 microns
is removed. The hot gas is pulled through a wet scrubber/
quencher where the remaining particulates are removed. The
small amount of water that circulates to' the scrubber/quencher,
receives primary and secondary treatment, including filtration,
before disposal to the plant sewer or to an on-s i te treatment
plant. The scrubbed gas has a heating value of 400-500 Btu/cu ft
(14.9 to 18.6 MJ/m 3 ).
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The gas is transferred to a surge tank and fed from there to a
steam boiler. The stearn can be used as process steam or to drive
a turbo-generator.

Pyro-Sol, with feeds of up to 50 percent moisture, can achieve
a net energy production of 60 percent of the input heat value
in the fuel gas. Due to the high recovery of input heat value
with relatively wet cakes, as compared with normal solid waste,
this process should be amenable to co-disposal and possible
sludge combustion.
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11.7.5 Bailie Process

The Bailie Process integrates a combustion fluid bed furnace
with a pyrolysis fluid bed reactor (146-147). The process, shown
on Figure 11-42, involves feeding solid waste into the pyrolysis
fluid bed reactor. The endothermic pyrolysis reaction is
maintained in the 1,300 to 1,500°F (704-816°C) range by recycling
hot fluidized sand from the combustion reactor. The fuel for the
combustion reaction is contained in the same recycle from the
pyrolytic reactor and from char collected in the combustion and
pyrolysis gas cyclones. Some of the pyrolysis gas is returned to
the pyrolytic reactor to control reaction kinetics. Both excess
pyrolysis gas and char may be recovered.
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BAILIE PROCESS FLOWSHEET (146)

The Bailie Process is a potentially important method of sewage
sludge pyrolysis. Less auxiliary fuel is needed for incineration
of the sludge, and a number of energy recovery options are
available. Heat from the off gases can be recovered and a
combustible fuel gas is generated.

The Bailie Process is patented and has been piloted. No
full-scale test has been conducted, but the manufacturer states
that one is planned in the near future.

11.7.6 Wright-Malta Process

The Wright-Malta Corporation (W-M) is developing a pressurizied
rotary kiln gas if ier-gas turbi ne system for genera t i ng electric
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power from municipal solid waste and wastewater sludge (148,149).
Figure 11-43 shows the process in terms of energy flows. The
pressurized gasifier produces a hot, low heat value fuel gas that
is combusted and fed directly to the gas turbine. The turbine
drives an electrical generator and the associated air compressor.
The hot exhaust is used to preheat the sludge and to raise steam
temperature in a heat recovery boiler. The steam is superheated
and passed back to the kiln, where it cools and condenses,
supplying heat for the gasification process.
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WRIGHT-MALTA PROCESS FLOWSHEET (150)

Wastewater sludge contributes about four percent of the organic
fuel to the system. At the pressures involved, the water
evaporated from the sludge provides motive force for the turbine
in addition to the products of combustion from the fuel gas
produced. The cycle is comparable to the combined cycle system
used in electrical power generation, where hot gas turbine
exhaust flows to a boiler to produce steam. The turbine exhaust
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in the W-M process generates steam in,the kiln. This steam,
along with the burned fuel gas, drives the turbine. The
resulting fuel efficiency ,is close to the combined cycle
efficiency. This process appears ideal for very moist fuels, and
the high moisture content of the sludge is beneficial. The
Wright-Malta process has been operated in a batch mode on a bench
scale. Further progress depends on develpment of a rotary kiln
that can be operated at high pressures and temperatures.

11.7.7 Molten Salt Pyrolysis

Bench-scale studies were conducted by Battelle-Pacific Northwest
Laboratories on the pyrolysis of refuse in molten sodium
carbonate (150). The products of reaction were studied for
different conditions with steam, air, and oxygen as the gasifica
tion agents. While the processing of municipal refuse in
the molten salt (sodium carbonate) reactor was found to be
technically feasible, the lack of a cost-effective method of ash
removal and the problems of refractory degradation have hindered
further development. This type of process is not new. However,
no information is available as to the applicability of the
process to sludge disposal.

11.8 Air Pollution Considerations

In any combustion process, air emissions are a major concern and
may be the most difficult and costly environmental consideration
to satisfy. On the federal level, the USEPA has established
standards of performance for municipal incinerators (solid waste)
and wastewa ter sludge incinerators. In co-combustion schemes
involving municipal solid waste and wastewater sludge, both
standards wi 11 probably apply, wi th allowable emi ss ions be ing
prorated according to the fractions of energy in the solid waste
and in the sludge. In September, 1978, the USEPA published
proposed emission standards for new, modified, or reconstructed
electric utility stearn generating units that burn fossil fuel or
a combination of fossil fuels and other fuels such as solid
wastes. These guidelines offer some indication of air pollution
requirements in co-combustion schemes.

Generally, these gu ide 1 i nes ind ica te that new sludge furnaces
will have to comply with the following standards:

• National Ambient Air Quality Standards (State Implementa
tion Plans).

• National Emission Standards for Hazardous Air Pollutants,
subparts A and E.

• Standards of Performance for New Stationary Sources,
parts A, 0, and probably E, if co-combustion is proposed.

• New Source Review Rule.
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• Regulations Pertaining to Prevention of Significant
Deterioration of Air Quality.

In all cases,
However, state
standards.

the
and

minimum standards
local jurisdictions

are
may

set by the USEPA.
promugate stricter

A basic problem in evaluating any emission is predicting the
effect on the overall air basin. Projecting emissions and
estimating resulting air quality is, at best, an imperfect
science. Air basins in which critical air quality levels are
consistently exceeded have been studied in depth and have been
the object of mathematical modeling. The results of these
efforts have been mixed.

11.8.1 National Ambient Air Quality Standards (NAAQS)
State Implementation Plans (SIP)

Federal air qual i ty regul at ions are der i ved from the Clean Ai r
Act Amendments of 1970, the Energy Supply and Environmental
Coordination Act of 1974, and most recently, the Clean Air Act
Amendments of 1977 (151). The NAAQS established threshold levels
of air pollutants below which no adverse effects would occur.
These levels were designed to provide an adequate margin of
safety so as to protect the public health.

Air pollutants are classified into two groups: primary pollutants
and secondary pollutants. Primary pollutants are those emitted
directly from sources, while secondary pollutants are formed by
chemical and photochemical reactions of primary pollutants with
the atmosphere, as shown on Figure 11-44. Primary pollutants
include carbon monoxide (CO), hydrocarbons (organic gases),
ox ides of ni trogen (NOx )' suI fur dioxide (S02), total suspended
part icula tes (TSP ) and lead (Pb). Photochemi cal ox idants and
nitrogen dioxide (N02) are the principal secondary pollutants.
These form a visible brown-yellow haze. The quantity of
secondary pollutants is dependent on the availability of sunlight
as much as on the availability of primary pollutants. Health
effects of contaminants are summarized in Table 11-25.

The 1970 Amendments to the Clean Air Act required each state to
develop its own State Implementation Plans (SIP) to meet the
federal standards by 1975 or 1977, the date dependent on the
severity of the state air quality problems. The 1977 Amendments
extended the attainment deadlines and detail some appropriate
control measures. For those areas wh ich have not yet attained
NAAQS, states must have approved implementation plan revisions by
July 1, 1979, which provide for attainment by December 31, 1982.
If a state demonstrates that such attainment is not possible, it
must submit a second plan revision by December 31, 1982, which
provides for attainment by December 31, 1987. For areas already
meeting NAAQS standards, implementation plans must include a
program to prevent significant deterioration of air quality.
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The USEPA guidelines require the SIPs to provide for emission
controls, transportation controls, source monitoring, ambient
air qual i ty moni toring, and procedure for review and approval
of new sources of air pollution prior to construction. The
USEPA has the authority to approve or disapprove these plans
and to promulgate an acceptable plan if the submitted plan is
disapproved. The USEPA, state air resources boards and local air
quality management districts also have the authority to restrict
issuance of permi ts ·for construction of stationary sources if
emissions from that source would cause a violation of any air
qual i ty standards. This is accompl ished by an emiss ion of fset
pol icy. In both nona t tainment and nondegrada tion areas, maj or
stationary sources may be constructed only by permit and must at
least meet applicable new source performance standards.
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11.8.2 National Emission Standards for Hazardous
Air Pollutants (NESHAPS)

Subpart A of NESHAPS (40 CFR 61) comprises general provisions
covering definitions, applications, reporting, and waivers.
Subpart E deals with mercury emissions and applies to all opera
tions that burn or dry wastewater sludge. The NESHAPS standard
(Federal Register, Vol. 40, No. 199, Tuesday, October 14, 1975)
is currently seven pounds of mercury (3.2 kg) per 24-hour period
for any source.

11-117



TABLE 11-25

HEALTH EFFECTS OF AIR POLLUTANTS (152)

Pollutant levels

TSP
1\ir quality (24-hour),

level ~.lq/m3

5°2
(24-h::mr) ,

~g/rn3

CO
(B-hour) ,

mg/m)

°3
(l-hour) ,
~g/rn3

N02
(I-hour)

ug/m 3

Health
effect

descriptor General hE'dl th effects Cautionary statements

Significant
harm

Emergency

Wa:rn~,ng

Alert

1,000

875

625

375

2,620

2,100

1,600

BOO

57.5

40.0

34. a

17.0

1,200

1,000

800

3,750

3,000

2,260

1,130

Hazardous

very
unhealthful

Premature death of ill
and elderly. Healthy
people will experlence
adverse symptoms that
affect their normal
activity.

Premature onset of cer
tain diseases in addi tian
to significant aggrava
tion of symptoms and
decreased exercise toler
ance ,in healthy persons.

Significant aggravation
of symptoms and decreased
exercise tolerance in
persons wi th heart. or
lung disease, with wide
spread symptoms in the
healthy population.

All persons should remaln
indoors, keeping windows
and doors closed. All
persons should minimize
physical exertion and avoid
traffic.

Elderly and persons wi th
existing diseases should
stay indoors and avoid
physical exertion. General
population .should avoid out
door activi ty.

Elderly and persons with
existing heart or lung
disease should stay indoors
and reduce physical activi ty.

NAAQS

50 percent

of NAAQS

260 365 10. a

5.0

240

120

Mild aggravation of
symptoms in susceptible

Unheal thful persons, with irri tation
symptoms in the healthy
populatiory.

Moderate

Good

Persons with existing heart
or respiratory ailments
should reduce physical
exertion and outdoor activi ty.

a NO index values reported at concentration levels below those spec" tied by "Alert. Level" criteria.

bAnnual primary NAAQS.

c 400 \Jg/m
3

was used instead of the 03 Alert Level of 200\Jg/m
3

.

11.8.3 Standards of Performance for New Stationary
Sources (NSPS)

Subpart A of NSPS (40 CFR 60) involves general provisions
covering definitions, performance tests, authority, and
monitoring requirements. Subpart 0 is applicable to incinerators
that burn municipal wastewater sludge and requires that
particulates discharged cannot be in excess of 1.30 pounds per
ton (0.65 kg/t) of dry sludge feed and that the gas discharged
shall not have more than 20 percent opacity (154). For
co-combustion, Subpart E is applicable to all incinerators with a
charging rate greater than 50 tons per day (45 tid) with
mun ic ipal refuse compr ising 50 percent or more of the charge.
Subpart E requ ires that part icul a tes discharged be no grea ter
than 0.08 grains per standard dry cubic foot (b.18 g/m 3 dry)
corrected to 12 percent carbon dioxide.
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11.8.4 New Source Review Standards (NSR)

This regulation, ,40 CPR 51.18, requires a preconstruction review
of all new or modified stationary sources to determine if the
source will meet all applicable emission requirements of the
State Implementation Plans and the USEPA's Emission Offset Policy
(44 CFR 3274, January 16, 1979).

The reviewing authority is usually a state agency that can apply
stricter emission standards than the USEPA regulations. The
state also sets emission offset required for stationery sources
affected by the NSR. Federal 1 aw requi res emi ss ions off sets in
areas where NAAQS are violated for a particular pollutant if:

1. The new source could, after installation of a pollutant
control device, emit> 50 tons per year (45 t/yr) of the
offending pollutant; or

2. Could emit >100 tons per year (91 t/yr) of the offending
pollutant were there no pollution control device or were
the existing device to fail.

State and local authorities may mandate a stricter criterion. In
addition, the lowest achievable emission rate is required for any
regulated source that mandates Best Available Control Technology
(BACT) •

The present definition of the term "potential emissions" is
uncontrolled emissions or, those anticipated if the emission
control device is bypassed or nonfunctional. This use of
potential emissions in the regulations has a serious effect on
which sources come under the perview of this regulation. For
example, if only one ton per year (0.9 t/yr) of actual emissions
were expected and the control dev ice was 98 percent ef f i c ien t,
the "potential emissions" would be 50 tons per year (45 t/yr).
The definition of "potential emissions" is the subject of pending
court action, and this action is expected to be settled in late
1979.

11.8.5 Prevention of Significant Deterioration (PSD)

Regulation 40 CFR 52.21 limits increases in particulate and
sulfur dioxide concentrations to specified increments above base
levels measured in attainment areas. Data on total emissions
for the entire air basin are required in order to evaluate
incremental increases in specific emissions due to operation of
any new or modified furnaces. If the potential emission rate of
a regulated pollutant(s) exceeds 250 tons per year (227 t/yr) and
the allowable emission rate exceeds 50 tons per year (45 t/yr),
then this regulation must be used and public notice is required.
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11.8.6 The Permit Process

Permits for construction and/or operation 'of processes that
discharge gases to the atmosphere are the primary means for
control of air emissions by a state and, in some cases, the local
jurisdictions. Regulations applicable to a specific plant site
must be thoroughly reviewed to determine if permits are required
for the proposed project. Generally, sludge incineration and
most other combustion operations require permi ts. The form and
stages of permit requirements will vary considerably between
state and local agencies and must be explored at that level.
Federal permits for PSD regulations may be required. In the
San Francisco Bay Area of California, for example, two stages of
permits are required (154). These are:

• Permit to construct--to be applied for and granted before
construction of a facility may proceed.

• Permi t to operate--to be issued after construction and
generally after point sources have passed stack emission
tests.

11.8.7 Air Emissions Test Procedures

The criteria pollutants as defined in the Clean Air Act of 1977,
are parti cula te rna t ter, S02, NO x i CO, hydrocarbons, and ozone.
The USEPA has promulgated stack emission sampling and test
procedures for these pollutants. However, state and local
agency procedures may di ffer somewhat from those of USEPA and
from each other. For example, some agencies define particulates
as filterable particulate matter while others count the total
ca tch (inc Iud ing condens ible poIlu tants ) • For th is reason, a
measurement made under one jurisdiction may not be directly
appl i cable to another. .

11.8.8 Design Example

There are many regional and local variations in the rules,
test procedures, and methodologies used to attain the NAAQS.
Therefore, firm guidelines for procedures cannot be provided to
encompass all areas of the nation. Designers must determine
federal, state, and local requirements at an early project stage
and meet with USEPA Regional officers and as well as state and
local officials to negotiate changes or additions to the present
regulations based on the project design, construction, and
initial operation. This is just the start; contact must be
continued with the USEPA Regional Offices, and state and local
air quality management districts throughout the project. Also,
the Federal Register and national and statewide newsletters
should be monitored because they provide a good source for
proposed changes in requirements.
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The following design example provides a framework for project
analysis. It is based upon experience with the San Francisco Bay
Area Air Qual i ty Management District (BAAQMD) which governs a
nonattainment area. The BAAQMD generally promulgates rules more
restrictive than federal requirements. This particular area was
selected for the example since the local authority (BAAQMD) has
developed a complex set of regulations that many areas may be
using as guidelines.

The first step is to identify the applicable emission regulations
(154-156) and then establish the requirements for emission
control devices. These requirements are reviewed with several
manufacturers to determine feasibility and cost before the device
is incorporated into the design. The last step is the startup
and testing of the control device and the receipt of a permi t
to operate. To maintain the operating permit, good plant
monitoring, operations, and maintenance procedures are required.

11.8.8~1 Identify Applicable State
and Local Regulations

New Source Review (NSR)

Combustion processes are subject to the NSR rule adopted by the
California Air Resources Board (CARB) for application by the
BAAQMD. NSR is required by the US EPA in the Bay Area and in
other regions where clean air standards are violated. NSR
governs the issuance of permits to construct new or modified
stationary sources of air pollution.

The requirements apply only to facilities that would emit large
amounts of pollutants. These requirements are that:

• The facilities must employ "best available (emission)
control technology" (BACT), Section 1308(a)(154).

• The applicant must meet current air quality regulations
regarding all sources of emission that it owns or
operates in the Bay Area. Section 1307.1 (154).

• The applicant must offset proposed emission increases in
NO x ' CO, and HC with more than equivalent restrictions
at other sources in the region. Section 1309(a) (154).

The NSR rule is probably the most difficult environmental
regulation facing the designer. The NSR rule requires that
new stationary sources which emit pollutants above a certain
criterion level be approved if they use BACT. The criterion
levels are: 150 pound per day (68. kg/d) each for NO x ' SOx' HC,
and TSP; and 1,500 pound per day (681 kg/d) for CO. Below these
levels, a permit may be granted without regard to NAAQS, and BACT
need not be applied. A permit can be issued where BACT is used
and the criterion is not met; however, the NSR rule allows no
exemption from BACT.
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Another requirement is that existing facilities owned or operated
by the applicant must meet all air pollution regulations. Any
wastewa ter treatment plant, or other facil i ty operating under
common ownership, must be upgraded to m~et existing regulations
before a new source can be added. Recent rulings make exemptions
to this doubtful.

The third requirement of the NSR rule applies to stationary
sources that will emit more than 250 pounds per day (114 kg/d)
of NO x , SOx, HC, 0 r TSPa n d more t han 2, 50 0 po u n d s per day
(1135 kg/d) of CO. This requirement is intended to prevent the
plant from contributing to violations or increased violations of
the clean air standards. Since some standards in the Bay Area
are already being violated, no sources with controlled emissions
above this level can be built unless project proponents reduce
emissions from another source, thus offsetting the air quality
effects of the project. In other words, if BACT is employed, and
if the emission level is above 250 pound per day (114 kg/d), the
project cannot be built unless offsets are applied. The project
proponents can offset the project's emissions by modifying other
facilities to reduce emissions or by shutting down polluting
facilities.

In the past, the BAAQMD has required that the offset facilities
be in the vicinity of the proposed project so that the portion of
the air basin surrounding the project receives the benefit of
the offset. The rule also requires that the amount of emission
reduction be slightly higher than the amount of emission increase
anticipated from the project. The current offset amount is
1.2 times the emi ss ion. For exampl e, an industry can purchase
a paint shop presently discharging 500 pounds per day (227 kg/d)
of hydrocarbons, close the shop, and credit the industry
with: 500 ~ 1.2 = 417 pounds per day (184 kg/d).

The feasibility of offsets depends on the availability of
suitable existing polluting plants, the cost of purchase or
modification, and the public acceptability of the offset.
If suitable plants are found, purchase of additional control
devices to reduce emissions will probably be more poli tically
acceptable than purchasing a privately owned facility and
closing it down. The cost of any of these alternatives would be
extremely high.

The alternative route for a large-scale plant would be to obtain
an exemption from the offset portion of the new source review
rule. The rule provides exemptions for a new stationary source
that "represents a significant advance in the development of a
technology that appears to offer extraordinary environmental or
public health benefits or other benefits of overriding importance
to the public health or welfare." An exemption granted by the
BAAQMD would require concurrence of CARB and the USEPA. While an
exemption may be provided, the likelihood that one would be given
at the present time is slight. Facilities that potentially
represent an advance in technology are normally reviewed at the
USEPA headquarters in Washington, D.C., rather than locally.
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The BAAQMD is seriously considering adoption of an NSR rule that
would apply the offset requirement only to CO and HC, bu t not
to NO x " This is important to any combustion process proposed,
because NO x control is unproven and very costly. BACT would
continue to apply as previously stated.

Prevention of Significant Deterioration (PSD)

The USEPA prevention of significant deterioration rule is
des igned to prevent increases in air poIlu tan t concen t ra t ions
that are below the national health standards in a particular air
basin. This is in contrast to the New Source Review Rule
designed to prevent increases in levels of air pollutants that
already exceed standards. In the San Francisco Bay Area, levels
for two pollutants, particulates and sulfur dioxide, are below or
better than standards. If BACT is applied, as required by NSR,
and if controlled emissions of S02 or TSP do not exceed the
50-ton per year (45-t/yr) criterion level, PSD will add no
additional constraints.

New Source Performance Standards (NSPS)

Sludge incinerators will be subject to BAAQMD NSPS regulations.
These ~imits are 1.30 pound per ton (O.65-kg/t) of dry solids,
with gas discharge of not more than 20 percent opacity.

Limitation on Pollutant Concentrations

The BAAQMD requi res, as do many other j ur isd ict ions, that the
concentration of major pollutants in the gas stream (NOx ' SOx'
HC, TSP, and CO) be limited to some maximum value. The
limi ts established for the San Francisco Bay Area are shown in
Table 11-26. If supplemental fuel is used in an incinerator, a
correction is required to remove the product of combustion of the
fuel from the calculation. Note that the concentrations shown in
Table 11-26 are based upon concentrations per standard dry cubic
foot (m 3 dry) corrected to a standard of six percent oxygen.
This correction is applied in the design portion of this example,
11.8.6.3. Regulatory agencies vary in their treatment of these
corrections, but generally, all require the gas volumes to be
corrected to some standard concentration of C02 (usually
12 percent) or 02 (usually six or nine percent). Some require a
supplemental fuel correction, which can have a significant effect
on the allowable emissions.

11.8.8.2 Establish Air Pollution Abatement Procedures

Requirements

The designer of an incineration facility must develop the
following information about the flue gas characteristics before
control devices can be designed: total flue gas flow rate, flue
gas temperature, particle size distribution, chemical composition
of emissions, corrosiveness of gas over the operating range, and
moisture content.
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TABLE 11-26

SAN FRANCISCO BAY AREA - MAXIMUM ALLOWABLE
POLLUTANT CONCENTRATIONS (155)

aComponent

Particulates

Concentrationb

O.OSc

300
d

17Sd ,e

2S d

a. .
BAAQMD Regulatlon 2.

bAll concentrations per dry standard cubic
foot corrected to 6 percent 02.

cGrains/sdcf (2.3 std g/m3 ).
d ppm.

e puel oil fired - there is no BAAQMD
standard for solid fuel.

f Nonmethane hydrocarbons.

Until recently, municipal sewage sludge furnaces have been
subject only to particulate emission controls. Therefore,
limited basic data are available on emission rates of SOx and
NO x from sewage sludge furnaces. Table 11-27 presents the
available data on uncontrolled emissions from multiple-hearth
furnaces.

The following calculations and discussions are based on
Alternative IlIA (SO-MGD [2.2-m 3 /s] plant flow with a
sludge solids concentration of 20 percent), as developed in
Section 11.2.4 (Table 11-9). The incinerator considered is
the mul t iple-hearth furnace (MHP) opera ted in the inc inera t ion
mod e • Au xiI i a r y f ueli s ass u medt0 benat u r a 1 gas. Wh ere
local regulations apply, the BAAQMD rules are used (see
Section 11.8.8.1 and Table 11-26 and Figure 11-4S). Figure 11-4S
is excerpted from the BAAQMD rules. Installations under other
jurisdictions will presumably have different regulations:

Step 1 - Calculate Uncontrolled Emissions of
Criteria Pollutants

a. Quantity of dry sludge solids = Sl.S ton/day (46.7 tid).
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b. From Table 11-27, daily emissions are:

Particulates: 51.5 tons dry solids x 33 pound
day ton dry solids

= 1,700 pound/day (771.8 kg/d)

51.5 tons dry solids x 1 pound .
day ton dry solids

= 51.5 pound/day (23.4

51.5 tons dry solids
day x

kg/d)

5 pound
ton dry solids

HC:

= 257.5 pound/day (116.9 kg/d)

51.5 tons dry solids 1 pound
day x ton dry solids

= 51.5 pound/day (23.4 kg/d)

TABLE 11-27

UNCONTROLLED EMISSION RATES FROM MULTIPLE
HEARTH FURNACES (157)

Pollutant

Particulates

SOx

NOx
Hydrocarbons

CO

Emission factor,
Ib/ton dry sludge

solids

33.0

1.0

5.0

1.0

0.0

1 Ib/ton = 0.50 kg/tonne

Step 2 -_C§lsulate De9n~e of Control Requ ired to Meet. NSPS

NSPS deals only with particulate emissions (other pollutants are
covered by NSR).

a. NSPS = 1.3 Ib particulates/ton (0.65 kg/t)

b. Allowable particulates:
1.3 pound x 51.5 ton solids

ton day

= 67 pound/day (30.4 kg/d)
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c. Required particulate removal efficiency:

1 67 pound day
1,700 pound day x 100 percent = 96.1 percent

DIViSiON ~ - CALCULATION MJ::THODS AND GlNERAL
SAMPLING PROCEDURES

CHAPTER I-CALCULATIONS

i 8100 C.lcul.l.tion of emiuioM 01 .. it (on(ilmin.nu m.i.11 ~ uwm

plidl~d by the Cillcul<l.lion methods p~!Krjbtd in this ChilptC'r 1. or by
metl'lcKh which yidd equivalent TC'\uttS. All ca[cul:lotion methods not spe'

cifically pr~ri~d In this regul;Ulon shall confmffi to .accepted engineer.
mgpracllct

i 8110 Correction lor the usc of 8UJl.i.liuy fuel mall be u spccifinj in
18111. and correction 10 a bu.is of 6'7~ oxygen by dry yolume shall be ..
specified in 18112. For the purposes of II 8111 Olnd 8112 Iheterm "mt&5
llred volume" Ih.dl !'Tlt~<l.n the emiuC'd or metered volume to be cOtttcted,
~preutd in llanol!.rd cubic feet.

18111 AUXILIARY FUEL CORRECTION. This c:llcublion is in
t.ended to cornet the rne.uured \lolum~ 10 th~ \lolum~ which would have
~xiSied if tf1~ IWlaiary f_1 h.d not b«n inlroduc~, and results obt.,"~d

by this proctdur~ sh.t1 ~ d~emed 10 repreSC'nt such correction. The
m~thod consisu of four uep'

(a) C.kulate lh~ ~mounl of oxyg~n r~quired for uoichiom~lric coaM:K
DoD. of lh~ luDliary fud, .t the nte of cocnbuIrioft occurring during th~

period of ten.

(b) Calcul.te the composition and qu.ntilY o( the products of such Sloi·
chiomeuic c:ombuarion in oxygen

(c) Add, to the measured \lolum~, the amount of oxyg~n calculat«l in
step (a)

(d) Subtrut, from the result of step (c), the \lolume of c:ominuboa
producu calcul.ted in Sf!"p (b); the result is tht mtasur~ ....olume cor
reeled (or aaWl.i.ry f,* use.

EXAMPLE; Anumt that the gasn emillcd from an operation using au..
ai.aty luellolill iOO,OOO lIandard c:ubic fHc (turmg il ItSI period, and hil\le
il composilion as \flOwn in the "measured" (alumn of Ihe l.bul.il.li"n helow
Assume (urthtr thai at,Uliliary fud HS.:IjI;C dUfll1K the It'St is 6,iI(}(J ~Iand;lll'd

cubic fed uf methane, Cli.

(il) Slokhionll'lric Combusrion of AuxUiary Fuel

6,000 1:!.000 6,000 12,000

CH. + 20~ -- COl + 2H20

12,000 ~~dard cubic:' fed 0-{ oxygen fl'quired

fb) 18,000 uaI'ldud cubic futof Cumbuslion prOdU{I.
6,000 ",andud ~ubu: ftttCO t , 12,000 lundard cubic f.1 H 20

(c) -100,000 + 12,000 = -112,000

(d) -112,000 _ 18,000 = 39i.OOU lundard (Ubic £«1

T ..\BULATION OF VOLU:-'IE CHo\NGE (SCF)

CO~ iO,OOO - 6,000 34,000
CO 8.000 8.000
0, 21,600 + 12,000 33,600
N. 2Kl.200 281,200

H 2O i9,200 - 12,000 37,200

Total 400,000 - 6.000 394,000

'8112 OXYGEN CORRtCTION Thi~ calCllluioll is inltndl'd to cor·
reet thl' lIIe;uureu lOnCenlTillion of ;lin ;lIir contaminant 10 th.l ..... hich
....ould Cltiu if the umt IIllillltity of air conum;nant wert conuined in ;lI
dry \lolumc correetl'd w ~n ""'YKl'n canll'nl ur 6ft; ;lind Ttluluoblained by
(hi.l. procedule lhall be deem"I! to reprt.'lClll such lOUI'(II"IL \\'hne COfTec
lion for the usc of auxiJiary fuel il appli(;lIble, Ihe \'oluml' ilnd cOnlpo~ition

rtluJtlng from the corn'uion procl'dure of 18111 th.ll lx' tal.eo as Ihe
ml'ol.~urcd volume for PUrp<J~t'l of Ihis lectiull 8112. The melhod consiSl~

o( till: uep~ ,

(ill \uhtr;ut 0111\ \Ulrr ";lI"'r ,unlt'lll of Iht' 1l1t.';lI~llrcd ....oluml', to Rive a
tlo\·"lulIll'

(b) Calflll;lll' Iht, "",ltI'1I IUIlIt'1I1 "r the mcuur~d \lOIUffif' as a decim;lll
£raniOIlOllllt",hl I "hllll<' "lol,l i IlI"d III ,(ep (a)

FIGURE 11-45

(c) hum llw fIKUrt.· II.:""O!I:; (ioIwraKt' atmospheric ollYRt:n (ontent) sub.
Iran lh.· d~l illlal Irac tiun ul UX\'j(t'll as "btain.,,1 in ~tep (b)

(e) Multiply tlU' dT)· mhlRll' ohuim'l! in ~ICP (ill) by th~ quolient ob·
laintll in Ite? III) W Rh'e Ih{' cnrr('n~1 ell') \loluml' on ill 6'";,. oli;ygen ba.sis

(£) Divide the ",dRhl "£ air wnlilmiuilllI, in Krain~, by lhe {OITectM ....01
ume ohliline.1 in ~It'p, (l') 10 "i\'c lilt' <urrrn~1 concenlralion

Example

Assume an I'milled ga~'f)lnp"~iti'mas (Ill 10'" S

C:ompon""l "'. (\!ol"l<n) "~ ("01, dr- Ie,
CO2 8.64 9;3 ,H,OOO
CO 2.03 2.24 '.000
0, 8.53 9.42 ",600
N, 71Yi 78.81 281,200

H,O 9.'" 0.00 37,200

Tol;lll 100,00 l00,(}o 394,000

Also u,ume the w~'ghl 01 air conlammant is i.9 pounds
(a) ]94,000 - ]7,200 = 356,800SCF, dry ....olum~

(b) .~HOll
~ =0.09-i2, voluml'lraetion of mcygen

(c) 0,2095 -0.0942=0.1153

(d) 0.115.':1
~=0.782

(e) (0.782) CtSli,UUlI) =275.8410 \0(;... i111 6~{ oX:YXt"n, lhe corrKIN
volume.

(C) (79111) /iOOORr/lb) = 1l.:?0KT/S1>CF.thl"correl'tclllOlI(entfillinn.

2E1,Ktlll,DCt

Where ill cQncenlTiIIlion subject 10 this correclion is baK'd on it ml'asurtd
volumf', thl' corT~Clion shall eontist of muhiplying the eonco:ntrillion l>y
Iht ratio of the measured I'olume to Ihe <:orre(ll"d \loLumt' obtained in step
(f') abo\l~

Step 3

SAN FRANCISCO BAY AREA AIR QUALITY MANAGEMENT DISTRICT:
AUXILIARY FUEL AND OXYGEN CORRECTION (155)

Select The Control Device for Satisfying NSPS

The actual selection of an emission control device is beyond the
scope of this manual. Equipment selection can be quite involved
and complex. Several excellent publications are listed in the
references to provide a detailed understanding of emission
control equipment (158-161). A number of publications are
available in the literature for further detail on theory,
specific furnaces, and combustion (1,4,8,9,11,12,14,17,23,38,46,
58,61,74,98,105,141,158-181). Additional sources for detailed
information include furnace manufacturers, emission control
device manufacturers, operating installations, and air quality
control consultants.

In this design
wet scrubber is
BACT.

example, a
selected.

venturi
BAAQMD
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Step 4 - Check Conformance with the New Source Review
Rule (NSR)

a. The BAAQMD requires that all pollutants be below
150 pound per day (68.1 kg/d), except CO which is
1,500 pound per day (681 kg/d) (unless BACT is appl ied) .
As per Step 1, S02' HC, and CO meet this requi rement,
even as uncontrolled emissions and need not be considered
further under NSR.

Particulates and NOx require BACT. Since the venturi and
wet scrubber combination is considered BACT for partic
ulates, the particulates criterion is satisfied.

The venturi-scrubber combination will also reduce NO x to
a certain extent. The NO-N02 distribution in flue gas
for sewage sludge incinerators is not well known. For
general combustion, N02 content represents 10 to
20 percent of the NO x and can be effectively removed
by the wet scrubber. Assuming that a ten percent N02
component of NO x is removed by scrubbing, the NO x
emission rate drops to 232 pounds per day (105 kg/d).

At present, very few control processes are effective
in reducing NO x emissions. However, major research
efforts are being made to solve the problem. The process
with the best potential has been developed and tested in
Japan only. It is a patented catalytic ammonia injection
process which reduces NO x by 90 percent. Current
research in the United States has been conducted only on
a small scale. Therefore, in effect, there are no fully
developed, available NO x control devices. Until full
scale systems for NO x control are tested, an exemption
or variance will probably be granted.

Another potential way to reduce NOx is via combustion
controlled processes such as SAC, reduction of excess
air, and staged combustion. Firm data are not available
wi th sewage sludge feed. Present-ly it is not known if
the 150 pounds per day (68.1 kg/day) criterion for NO x can
be met by combustion control.

b. Check to see if emissions exceed the 250 pounds per
(114 kg/d) level at which offsets must be obtained.
this example, the levels are below 250 pounds per
(114 kg/d); thus offsets are not required.

day
In

day

Step 5 - Check that Concentrations of Criteria Pollutants
Do Not Exceed Regulatory Standards

The objective is to calculate pollutant concentrations at some
standard condition, so that the particulate emission can be
compared with emissions from other sources on an equivalent
basis. This correction is made by first calculating pollutant
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gas flow (under standard conditions), then calculating total
standard exhaust gas flow and correcting the latter for auxiliary
fuel. Finally, the pollutant concentrations are calculated
to a six percent oxygen basis. A detailed calculation for
hydrocarbons (HC) is presented below. It is assumed that HC
are not removed in the wet scrubbing system.

a. Calculate the volumetric HC flow at standard temperature
and pressure (STP). The volumetric flow rate of HC is
calculated as:

51.5 pound HC x pound mole HC
day 28 pound HC

359 cu ft day.
x pound mole at STP x 1440 min.

= 0.46 standard cfm (2.17 x 10-4 std m3js)

It is assumed HC are ethylene wi th a molecular weight
of 28.

b. Calculate exhaust gas flow at STP. The data in
Table 11-28 are available. Off gas temperature
and pressure are 800°F (427°C) and one atmosphere
respectively. The pollutant (NO x ' S02' HC, CO,
particulate) masses are small compared to the masses of
the constituents in Table 11-28 and thus were ignored in
calculating exhaust gas volume.

Total volumetric flow rate of the exhaust stream, wet
basis; reduced to standard conditions:

60°F + 460°F
= 44,403 sefm x 8000p + 460 0 p

= 18,325 scfm (8.65 std m3js)

Note: standard conditions are taken to be 60°F (16°C) and
one atmosphere.

c. Correct for auxiliary fuel (See Figure 11-45 and
Table 11-29). The intent of this calculation is to
correct the measured exhaust gas volume to the volume
that would have existed had auxiliary fuel not been
introduced. Assume here that 100 scfm (4.72 x 10- 2 std
m3 js) of natural gas was used. The combustion of
100 scfm (4.72 x 10- 2 std m3 js) of natural gas is
depicted by the following equation:

CH4 +

100 scfm

2°2 ---)

200 scfm

C02 +
100 scfm
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The auxiliary fuel correction procedure is:

1. Calculate the amount of oxygen, 200 scfm (0.09 std
m3/s) for stoichiometric combustion of auxiliary
fuel.

2. Calculate the quantity of combustion products
300 scfm (0.14 std m3/s).

3. Add the oxygen calculated, 200 scfm (0.09 std m3s)
to the measured gas volume 18,325 scfm (8.65 std
m3 /s), then subtract the volume of combustion
products calculated in Step 5c2, 300 scfm (0.14 std
m3/s). The sum, 18,225 scfm (8.60 std m3/s), is
gas volume corrected for auxiliary fuel (see
Table 11-29).

d. Correct for oxygen (see Figure 11-45). The intent of
this calculation is to correct the measured concentration
of contaminant to that which would exist were the same
quantity of contaminant contained in a dry volume,
corrected to six percent oxygen. All cal cuI at ions are
based on the final flow rate at STP per Table 11-28. The
procedure is as follows:

1. Subtract the volume of water vapor,
(3.33 std m3/s) from the final volume,
(8.60 std m3/s), to give the dry volume,
(5.27 std m3/s).

7,056 scfm
18,225 scfm
11,169 scfm

2. Calculate the oxygen content as a decimal fraction of
the dry volume:

1,156 scfm = 0.1035 02
11,169 scfm

3. Subtract the decimal fraction calculated in Step 5d2
from the 0.2095 (average atmospheric oxygen content):
0.2095 - 0.1035 = 0.1060.

4 . Di v ide the res u 1 t 0 f S t e p 5d 3 by O. 1 4 9 5 (t his i s
0.2095 - 0.06):

0.1060

0.1495
= 0.709

5. Multiply the dry volume obtained in 5dl, 11,169 scfm
(5.27 std m3/s), by the quotient obtained in Step
5d4, 0.7090, to get the corrected dry volume on
a six percent oxygen basis:

0.7090 x 11,169 scfm = 7,919 scfm (3.74 std m3 /s)
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6. Divide the volumetric He flow of Step Sa, 0.46 scfm
(2.17 x 10-4 std m3/s) by the corrected dry volume
on a six percent basis to obtain concentration on a
six percent basis:

0.46 scfm 6x 10 = 58 ppm
7',919 scfm

TABLE 11-28

DESIGN EXAMPLE: EXHAUST GAS DATA FROM A
MULTIPLE-HEARTH FURNACE

Percent of
total gas Actual

Constituent Ib/hr volume CFM

CO 2 7,749 6.1 2,712

N2 39,623 49.1 21,793

°2 4,813 5.2 2,315

Water vapor 20,551 39.6 17,583

Total 72,736 100.0 44,403

1 1b/hr = 0.45 kg/hr
1 cfm = 0.028 rn3/min

TABLE 11-29

DESIGN EXAMPLE: AUXILIARY FUEL CORRECTION FOR A
MULTIPLE-HEARTH FURNACEa

Percent of total CFM at Final CFH at
Component gas volume STP Correction S'l'Pb

CO 2 6.1 1,119 -100 1,019

N2 49.1 8,994 8,994

°2 5.2 956 +200 1,156

Water vapor 39.6 7,256 -200, 7,056

Total 100.0 18,325 -100 18,225

a See Step 5(c).

b STP = Standard temperature and pressure 60°F (15.6oC) at one atmosphere.

1 cfm = 0.028 m3/min
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The HC limit is exceeded and

Step 6 - Compare Calculated Pollutant Concentrations
Against Emission Standards (Table 11-30l

The emissions standard is 25 ppm.
afterburning will be required.

From similar calculations, the concentrations in Table 11-30 are
obtained (corrected to six percent oxygen and aux ilia ry fue 1,
prior to afterburning).

None of the other pollutants (particulates, NO x , SOx) are in
violation of concentration standards.

TABLE 11-30

DESIGN EXAMPLE: MULTIPLE-HEARTH FURNACE POLLUTANT
CONCENTRATIONS AFTER SCRUBBINGa

Pollutant Concentration Standard

Particulates,
grains/sdcf 0.04 0.05

HC b , ppm 58 c 25

NOx
d 147 175, ppm

SO e ppm 17 300x ,
"'''''''',~----

aCorrected for auxiliary fuel and to 6
percent oxygen.

b As ethylene.

c Does not include afterburning.

dAS N0
2

•

e AS S02'

1 grain/sdcf
32.3 std glm

Step 7 - Summary

A venturi, wet tray-type scrubber and afterburning will satisfy
all emi ss ion requi rements except NSR requi rements for NO x ' An
exemption is expected for NOx , since technology for NO x removal
is not sufficiently developed for field applications. Note that
not all jurisdictions require auxiliary fuel and oxygen correc
tions. As shown, the corrections can have profound impacts. The
type of control scheme required may hinge upon the regulatory
agency's decision as to whether such corrections are necessary.
The procedures used in Step 5 were taken directly from Regulation
2 of the BAAQMD Regulations (155).
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11.9 Residue Disposal

The residues remaining after sludge combustion (ash, particulates
from dry scrubbing, etc.) must be disposed of. Due to the drain
of natural resources, the cons truct i ve uti 1 iza t ion of res idues,
particularly ash, is undergoing cons iderable research. Because
the ash concentrates the setteable material in wastewater, there
is an interest in recovering valuable scarce metals such as gold.
In Palo Alto, California, a firm is working on methods to recover
such me tals from the ash (182). In th i sease, recovery may be
cost-effective, since the treatment plant receives the wastewater
from many electronics firms and the scarce metal content is high.
In general, however, there is no economical process to use ash;
consequently, it is typically disposed of to a landfill.

Residues (ash) from the combustion of municipal wastewater solids
generally contain high concentrations of trace metals. Leachate
from sites where incinerator ash is landfilled must be controlled
to prevent metal contamination of gro~ndwater. Many states
are beginning to classify disposal sites according to their
relationship to nearby groundwater and the material to be
landfilled. Tables 11-31 and 11-32 describe methods used by the
State of California for classifying waste materials and disposal
sites. Typically, wastewater sludge furnace ash requires a
"protected" Class 11-1 site and municipal refuse incinerator
ash requires a hazardous fill site. These are described on
Table 11-32. Outside these broad classifications, the ash
will require sampling and analysis, including detailed review by
state and local health agencies. A serious problem, however, is
that no standard analyses or procedures are presently available
tha t allow a part icul ar ash to be class i f ied ( 1 eachab il i ty of
certain contaminants at various pH's and over different times).
This type of analysis is expensive, and the results are difficult
to interpret. No data base is available to compare the labora
tory results with actual field conditions. Work is being done in
this area and hopefully proper procedures and guidelines will be
developed.

Detailed design and operating data are
manual. More detailed discussions
sludge landfilling procedures can be
(184,185,186).
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TABLE 11-31

DESCRIPTION OF SOLID AND LIQUID WASTE CLASSIFICATIONS (183)

Group I

Consist of or contain toxic
substances and substances
which could significantly
impair the quality of usable
waters.

Examples include:

• Saline fluids from water
or waste treatment pro
cesses

• Community incinerator
ashes

• Toxic chemical toilet
waste

Group 2

Consist of or contain
chemically or biologically
decomposable material which
does not include toxic sub
stances-nor those capable of
significantly impairing the
quality of usable waters.

Examples include:

• Garbage

• Rubbish

• Construction debris
such as paper, card
board, rubber, etc.

Group 3

Consist entirely of nonwater
soluble, nondecomposable
inert solids.

Examples include:

• Construction and
demolition debris,
asphalt paving, inert
plastics, etc.

• Vehicle tires

• Industrial wastes such
as clay products, glass,
slags, tailings, etc

•
•

•

•

Industrial brines

Toxic and hazardous
fluids

Pesticides or chemical
fertilizers or their
discarded containers

Other toxic wastes

•

•
•..

•

Refuse such as yard
clippings, litter,
glass, etc.

Dead animals

Abandoned vehicles

Sewage treatment resi
due such as solids from
screenings and grit
chambers, dewatered
sludge, and septic tank
pumpings

Infectious materials
from hospitals or
laboratories
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TABLE 11-32

CLASSIFICATION OF WASTE DISPOSAL SITES (113)

Class I Class II Class III

Class I disposal sites are those at which
complete protection is provided for all
time for the quality of ground and surface
waters from all wastes deposited therein and
against hazard to public health and wildlife
resources. The following criteria must be
met to qualify a site as Class I:

Class II disposal sites are those at which
protection is provided to water quality from
Group 2 and Group 3 wastes. The types of
physical features and the extent of pro
tection of groundwater quality divides
class II sites into the two following
categorles:

Class III disposal sites are those at which
protection is provided to water quaIi ty from
Group 3 wastes by location, construction, and
operation which prevent erosion of deposited
material.

Class II-I sites are those overlying usable
groundwater and geologic conditions are
either naturally capable of preventing
lateral and vertical hydraulic continuity
between liquids and gases emanating from the
waste in the site and usable surface or
groundwaters, or the disposal area has been
modified to achieve such capability.

Class II-2 sites are those having vertical
and lateral hydraulic continuity with usable
groundwater but for which geological and
hydraulic features such as soil type, arti
ficial barriers, depth to groundwater, and
other factors wi 11 assure protection of the
quality of usable groundwater underneath or
adjacent to the site.

The following criteria must be met to qualify
a site as Class II:

(a) Disposal areas shall be protected by
natural or artificial features so as
to assure protection from any washout
and from inundation which could occur
as a result of tides or floods having
a predicted frequency of once in 100
years.

(b) Surface drainage from tributary areas
shall not contact Group 2 waters in the
site during disposal operations and for
the active life of the site.

(c) Gases and leachate emanating from waste
in the site shall not wlreasonably
affect groundwater during the active
life of the site.

(d) Subsurface flow into the site and the
depth at which water soluble materials
are placed shall be controlled during
construction and operation of the si te
to minimize leachate production and
assure that the Group 2 waste material
will be above the highest anticipated
elevation of the capillary fringe of
the groundwater. Discharge from the
site shall be subject to waste dis
charge requirements.

Geological conditions are naturally
capable of preventing vertical
hydraulic continuity between liquids
and gases emanating from the waste in
the si te and usable surface or ground
waters.

Inundation of dispOS03.1 areas shall not
occur until the site is closed in
accordance with requirements of the
regional board.

Disposal areas shall not be subject to
washout.

Geological conditions are naturally
capable of preventing lateral hydraulic
continui ty between liquids and gases
emanating from wastes in the si te and
usable surface or groundwaters, or the
disposal area has been modified to
achieve such capability.

Underlying geological formations which
contain rock fractures or fissures of
questionable permeability must be
permanently sealed to provide a com
petent barrier to the movement of
liquids or gases from the disposal site
to usable waters.

Leachate and subsurface flow into the
disposal area shall be contained within
the site unless other disposition is
made in accordance with requirements of
the regional board.

Sites shall not be located over zones
of active faulting or where other
forms of geological change would impair
the competence of natural features or
artifical barriers which prevent con
tinuity with usable waters.

(el

(al

(gl

(el

Sites made suitable for us"! by man-made
physical barriers shall not be located
where improper operation or maintenance
of such structures could permit the
waste, leachate, or gases to contact
usable ground or surface water.

(i) Sites which comply with a, b, c, e, f,
g, and h, but would be subject to
inundation by a tide or a flood of
greater than IOO-year frequency may be
considered by the regional board as a
limited Class I disposal site.

(d)

(bl

(hi

(f)
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CHAPTER 12

COMPOSTING

12.1 Introduction

Al though sludges have been composted as a minor consti tuent of
refuse in many countries since the early 1900s, only since the
early seventies has major attention been directed to composting
of municipal wastewater sludges in the United States.

A major study of the composting of wastewater sludges was
conducted at Salt Lake City from 1967 to 1969 (1). This work
was followed in 1972 by research at pilot-scale wastewater
sl udge compos t ing f ac i 1 i ties at the USDA Agr icul tur al Research
Center at Beltsville, Maryland (2-4) and full-scale operations at
County Sanitation Districts of Los Angeles County plant at
Carson, California. Based on the operating experiences and
developments at these plants, new projects were undertaken at
Bangor, Maine (5); Durham, New Hampshire (6); and Windsor,
Ontario (7). A number of other plants are in various phases of
planning or development.

Sludge composting is the aerobic thermophilic decomposition of
organic constituents to a relatively stable humus-like material
(8). Environmental factors influence the activities of the
bacter i a, fung i, and act inomycetes in th i s ox ida tion decompos i
tion process and affects the speed and course of composting
cycles. The volatiJity and type of material, moisture content,
oxygen concentration, carbon/nitrogen ratio, temperature, and
pH are key determinants in the process (9). Sludge is not
rendered totally inert by composting. The composting process is
considered complete when the product can be stored without giving
rise to nuisances such as odors, and when pathogenic organisms
have been reduced to a level such that the material can be
handled with minimum risk.

Compost produced from municipal wastewater sludges can provide a
portion of the nutrient requirements for growth of crops. The
organic matter in compost is particularly beneficial as a soil
cond i ti oner, beca use it has been s tabi 1 i zed, decomposes slowly,
and remains effective for a longer time than the organic matter
in uncomposted wastes. Composted sludge can improve the quality
of soils containing excessive amounts of sand or clay as well as
already more balanced soils. Improved physical properties
include :'

• Increased water content for sandy soils
• Increased water retention for sandy soils
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• Enhanced aggregation
• Increased aeration for clay soils
• Increased permeability for clay soils
• Increased water infiltration for clay soils
• Greater root depth
• Increased microbial population
• ~ecreased surface crusting (10)

The persistence of organic chemicals, pathogenic organisms, or
heavy metals in some composted sludges may restrict the use of
the material for application to crops for human consumption
(8,11). The composting process results in a significant nitrogen
reduction within the wastewater sludge and, therefore, a reduced
amount of nitrogen available to the soil and plants.

Processes for composting wastewater sludge differ from those for
composting refuse. There are several principal advantages of
sludge composting as compared to refuse composting. Sludge
composting does not require the complex materials management and
separation techniques necessary for most refuse composting
operations. Municipal wastewater sludge is more uniform in
composition causing less operating difficulties. The final
composted mixture utilizing sludge is more suitable for marketing
because it generally does not contain the plastics, metal, and
glass commonly found in refuse compost. Sludge composting is
often viewed as an alternative disposal method and does not
have to be evaluated on profit-making potential as some refuse
composting operations have been.

Classical and new solid waste composting techniques have been
modified for sludge composting. These can be classified as:

• Unconfined processes
• Windrow
• Aerated static pile

Individual pile
Extended pile

• Confined processes

Unconf ined processes are not enclosed, al though a roof may be
provided to protect the compost from precipi ta tion. Unconf ined
processes make use of portable mechanical equipment such as
front-end loaders or mixers for compost mixing and turning.
Confined systems utilize a stationary-enclosed container or
reactor for composting.

12.2 The Composting Process

Al though each composting technique is unique, the fundamental
process is similar. The basic process steps are as follows:

• If required, bulking agents for porosity and moisture
control (for example, recycled compost, wood chips, etc.)
or feed amendments for a source of limiting nutrients
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such as carbon (for example, sawdust, rice hulls, etc.)
are added to the dewateredsludgeto provide a mixture
sui table for composting. ,The mixture must be porous,
structurally stable, and capable of self-sustaining the
decomposition reaction.

• A temperature in the range of :130° to 150 0P (5S0 to 65°C)
is attained to ensure destruction of pathogenic organisms
and provide the driving force for evaporation, which
reduces the mb~sture content.

• The compost is stored for extended periods after the
primary composting operation to further stabilize the
mixture at lower temperatures.

• Addi tfonal? "air drying
required if the cured
processing .

(for example, windrowing) may be
compost is too wet for further

• When bUlking agents are reused, a separation operation is
required.

Composting represents" the combined activi ty of a succession of
mixed populations of bacteria~ actinomycetes, and other fungi
associated with a diverse succession of environments. Moisture,
temperature, pH, nutrient concentration, and availability and
concentration of oxygen supply are principal factors which affect
the biology of composting (12).

12.2.1 Mois.ture

Decomposition of organic matter is dependent upon moisture. The
lowest moisture content at which bacterial activity takes place
is from 12 to 15 percent; however, less than 40 percent moisture
may limit the rate of decomposition. The optimum moisture
content is in the range of 50 to 60 percent. If the mixture is
over 60 percent water, the proper structural integrity will not
be obtained.

Dewatered municipal sludges are usually too wet to satisfy
optimum composting conditions. The moisture content can be
reduced by blending the sludge with a dry bulking material or a
recycled product, and dewatering the sludge to as great an extent
as economically' possible. The best approach for a particular
site can be determined from a mass balance of the particular
composting facility and by a site-specific economic analysis
based on the mass balance results. Figure 12-1 illustrates the
effect of the solids content of dewatered sludge on the required
mixing ratio of wood chips to sludge by volume for one compost
operation. The amount of wood chips needed for a 40 percent
filter cake would be about one-fifth the amount required for a
20 percent sol ids cake. In addi tion to sav i ng s on wood ch ips,
there would be a substantial reduction in material management
costs and site sizes (13).
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FIGURE 12-1

EFFECT OF SOLIDS CONTENT ON THE RATIO OF WOOD
CHIPS TO SLUDGE BY VOLUME (14)

12.2.2 Temperature

For most efficient operation, composting processes depend on
temperatures of from 130 0 to l5DoF (55° to 65°C) but not above
176°F (BO°C). High temperatures are also required for the
inactivation of human pathogens in the sludge. Moisture content,
aeration rates, size and shape of pile, atmospheric conditions,
and nutrients affect the temperature distribution in a compost
pile. For example, temperature elevation will be less for a
given quantity of heat released if excessive moisture is present,
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as heat will be carried off by evaporation. On ~he other hand,
low moisture content will decrease the rate of microbial activity
and thus reduce the rate of heat evolution.

12.2.3 pH

The optimum pH range for growth of most bacteria is between 6 and
7.5 and between 5.5 and 8.0 for fungi (14). The pH varies
throughout the pile, and throughout the composting operation, but
it is essentially self regulating. A high initial pH resulting
from the use of lime for dewatering will solubilize nitrogen in
the compost and contribu te to the loss of ni trogen by ammonia
volatilization. It is difficult to alter the pH in the pile for
optimum biological growth, and this has not been found to be an
effective operation control.

12.2.4 Nutrient Concentration

Both carbon and nitrogen are required as energy sources for
organism growth. Thirty parts by weight of carbon (C) are
used by microorganisms for each part of nitrogen (N); a C/N ratio
of 30 is, therefore, most desirable for efficient composting,
and C/N ratios between 25 and 35 provide the bes t condi tions .
The carbon considered in this ratio is biodegradable carbon.
Lower C/N ratios increase the loss of nitrogen by volatilization
as ammonia,.and higher values lead to progressively longer
composting times as nitrogen becomes growth-rate limiting (12).
No other macro-nutrients or trace nutrients have been found to be
rate limiting in composting municipal wastewater sludge.

12.2.5 Oxygen Supply

Optimum oxygen concentrations in' a cOInposting mass are between
5 and 15 percent by volume (15). Increasing the oxygen
concentration beyond 15 percent by air addition will result in a
temperature decrease because of the greater air flow. Although
oxygen concent ra t ions as low as 0 • 5 percent have :been observed
ins ide windrows wi thou t anaerob ic .symp toms,~ at leas t 5 percent
oxygen is generally required for aerobic conditions (12),

12.2.6 Design Criteria and Procedures

The basic criteria for successful composting are that the
material to be composted be porous and structurally stable and
contain sufficient degradable material s'o that the degradation
reaction is self-sustaining (that is, heat released by oxidation
of volatile material is sufficient to raise the mixture to
reaction temperature and to bringi t to required dryness), In
this section, a procedure to meet 'these' cri teria of poros i ty,
s t rue t u r a 1 s tab iIi t y , and s u f fie i en t b i 0 de g radab iIi t Y wi 11
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be discussed. An equally important design consideration is
flexibility. A compost operation must be able to operate
continuously even with changes in sludge solids content and
volume. Changes in bulking agent supply and equipment failure
must also be anticipated, and the design must be flexible to deal
with these changes.

To obtain minimal assurance that the composting activity is
proceeding properly, the temperature and oxygen content wi thin
the pile are constantly monitored. Equipment required to conduct
this monitoring includes a portable, 0 to 25 percent, dry-gas
oxygen analyzer which is used to measure the oxygen content; a
probe-thermistor-type temperature indicator, with at least a
6-foot probe and scale reading from 32° to 212°F (0° to 100°C)
is also needed. Additionally, monitoring of heavy metals, patho
gens, and environmental parameters such as air and water quality
ensures a safe and acceptable compost and composting operation.
A comprehensive monitoring program is outlined in Table 12-1.

TABLE 12-1

SUGGESTED MONITORING PROGRAM FOR A
MUNICIPAL WASTEWATER SLUDGE

COMPOSTING FACILITY (17)

Activity/time

Before compostinq Sludge and bulking
material

Heavy metals and PCB's Monthly

During composting Aerated pile or windrows Acceptable time, temperature, Temperature and oxygen con-
dissolved oxygen relation- tent measurements taken at
ships, that is, 1310 p (55°C) least 6 days during f~rst

and 5 to 15 percent oxygen 2 weeks. (Additional
content for 3 to 5 days. measurements sometimes

required to get true
average) .

After composting compost (prior to
marketing)

Certain selected indicator
heavy metals and pathoqens.

Monthly or bimonthly depending
on use of compost.

Continuously

i.nnua lly

Continuously, but especially
durinq wet pAricds with
ternpp.rature inversions and
little to no wind.

Odor filter pile effective- Continuously
ness.

Physical examination prior
to employment and periodi
cally thereafter.

Protective equipment and
clothing as needed.

Odor strengthOdors

PersonnelSite monitoring during
entire operation

Dust

Lpachate and runoff

Log of odor complaints.

Assessment of particulate
concentrations.

BOD and su~rended solids.

Continuously

Continuously but especially
during dry period under
windy conditions

Monthly, downwind at locations
crjt,cal to public health
concerns.

Airborne spores

Micrometeorolo~ical

Numbers 9Anerated and
transported.

Temperature at ~ ft 11.5 m)
and 2> ft (7.6 m)

Wind speed

Wind direr-tion

Monthly

Continuously

Continuously

Continuously
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Four locations for temperature and oxygen measurements at both
ends of each pile are shown on Figure 12-2.

""T
:I:lo:t

i

..
BASE "B"

FIGURE 12-2

LOCATIONS FOR TEMPERATURE AND OXYGEN
MONITORING AT ONE END OF A WINDROW OR

INOIVIDUAL AERATED PILE

r

Haug and Haug (17) have shown the compost reaction is self
sustaining when the ratio W is < 10. This ratio is defined
as:

= mass of water in the initial compost mixture
W mass of organics degraded under composting conditions

In windrow and mechanical composting, porosity and structural
stabili ty are provided when the sludge is mixed wi th recycled
compost product or bulking agent to obtain a solids concentration
of approximately 40 to 60 percent. with aerated pile composting,
a bulking agent such as wood chips is used to provide porosi ty
and structural stability. When the composting process is
complete, the bulking agents are generally screened out of the
compost and recycled back to the mix point for reuse. The fine
portion of the bulking agent is usually retained with the compost
product because it passes through the screen wi th the finished
compost. Fresh bulking agent must be added at the mix point to
compensate for this material loss.

Mixture degradability can be adjusted by the addition of
materials that contain high concentrations of degradable organic
material. These materials are usually dry and reduce the ratio W
by increasing the volatile fraction and decreasing the moisture
fraction of the mixture.
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Figure 12-3 shows a generalized mass balance diagram for the
compost process. The recycle stream could consist of f ini shed
compost only (typical for windrow and mechanical methods),
bulking agent only (typical for aerated pile methods) or a
combination of bulking agent and finished compost. Amendment may
also be added wi th bulking agent. The exact quant i ties of the
various streams are dependent on the mass balance equations (12-1
and 12-2) derived from Figure 12-3 and the type of composting
process utilized.

A set of equations can be developed from an analysis of the
mass balance diagram. Two general equations have been arranged
that apply to all composting methods. Equation 12-1 is used
to determine the recycled compost or wood chip quantity and
Equation 12-2 is used to determine the ratio W (17):

W =

XC(SM-SC) + XA(SM-SA) + XB(SM-SB)
(SR-SM)

XC(l-SC) + XA(l-SA) + XB(1-SB1 + XR(l-SR)

XCSCVCkC + XASAVAkA + XBSBVBkB + XRSRVRk R

(12-1)

(12-2)

compost Processes With No External Bulking Agent

To design a compost facility employing no external bulking agent,
the parameters XC,SC,VC,kC,SR,VR,kR' and SM must be determined
analytically, assumed, or calculated. The wet weight of recycled
compost (XR) is calculated, assuming no amendment or external
bulking agent addi tion (XA=XB=O), to provide a desired solids
content of the mixture (SM) in the 0.40 to 0.50 range:

XC(SM-SC)
(SR-SM)

(12-3)

Once XR is determined for these conditions, the ratio W is
calculated:

(12-4)

If the ratio W is less than ten, the compost mixture has
sufficient energy available for temperature elevation and water
evaporation. The ratio number of ten is not absolute because
climatic conditions affect the thermodynamic energy requirements.
In a hot, arid cl ima te, W may be higher because evapora tion of
water from the compost mass is increased by a high humidity
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AMMENDMENT
XA,SA'VA,k/\

DEWATEAED
SLUDGE CAKE

Xc,Sc, IIc,ke
MIXING

EXTERNAL
SULKING AGENT
Xa,SIl' Va,k Il

MIXTURE. COMPOSTING
PROCESS

RECYC1.,E

SCREENING
IIF REOUIRED)

PRODUCT

Note: RECYCLE is defined as finished compost for the windrow and
mechanical systems and as recycled wood chips for the
aerated pile system.

The exact value for these parameters must be determined
from samples of the sludge, external bulking agent,
amendment, and estimated for the recycle values unless
otherwise known.

Process Variables and Range of Average Values (in par_e_n_t_h_e__s_i_s~) __

x
C

Total wet weight of sludge
cake produced/day.

Total wet weight of
amendment/day.

Total wet weight of
recycle/day.

Total wet weight of external
bulking agent/day.

Total wet weight of mixture/
day.

Fractional solids content of
sludge cake (0.20 to 0.55).

Fractional solids content of
amendment (0.50 to 0.95).

Fractional solids content of
recycle (0.60 to 0.75).

Fractional solids content of
external bulking agent (0.50
to 0.85).

Fractional solids content of
mixture (0.40 to 0.50).

Volatile solids content of
sludge cake, fraction of
dry solids (0.40 to 0.60) 
Digested; (0.60 to 0.80) 
Raw.

Volatile solids content of
amendment, fraction of dry
solids (0.80 to 0.95).

FIGURE 12-3

Volatile solids content of
r~cycle, fraction of dry
solids (0.00 to 0.90).

Volatile solids content of
external bulking agent,
fraction of dry solids
(0. 55 to O. 90) .

Volatile solids content of
mixture, fraction of dry
solids (0.40 to 0.80).

Fraction of sludge cake
volatile solids degradable
under composting conditions
(0. 33 to O. 56) .

Fraction of amendment
volatile solids degradable
under composting conditions
(0.40 to 0.60).

Fraction of recycle volatile
solids degradable under
composting conditions (0.00
to 0.20).

Fraction of external bulking
agent volatile solids de
gradable under composting
conditions (0.00 to 0.40).

Fraction of mixture volatile
solids degradable under com
posting conditions (0.20 to
0.60) .

SLUDGE COMPOSTING MASS BALANCE DIAGRAM
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driving force and higher ini tial pile temperatures. In a cold
climate, more biological energy is required to heat the pile to
normal operating temperatures and thus W may have to be as low as
seven to ten (17).

The ratio W can be reduced by adding amendment. The parameters
SA' VA' and kA are known. The amendment dry we igh t is as sumed ,
and a new recycle compost mass (XR) is calculated:

Xc (SM-SC) + XA (SM-SA)
(SR-SM)

The ratio W is also recalculated:

(12-5)

W =
Xc (l-SC) + XR (l-SR) + XA (I-SA)

XCSCVCkC + XRSRVRk R + XASAVAkA
(12-6)

If W is still not below ten, the quantity of amendment is
increased and XR and Ware recalculated until the W requirement
is satisfied.

If these guidelines are followed, a mixture with sufficient
energy to compost will be produced. The actual values for the
process parameters are site-specific and the most economical
design is dependent on accurate information about the composting
characteristics that affect the mass and thermodynamic balance.

Compost Processes using External Bulking Agent

Design cri teria for processes using external bulking agent are
similar to those just described except that the recycle rate is
cal cuI a ted in a di ff eren t manner. In the former process, the
ratio of total bulking agent to sludge is specified without
regard to the mixture's moisture content, since it is not as
important as the structural integri ty of the pile. The recycle
rate, XR' and makeup supply are calculated using Equations 12-7
and 12-8.

( 12-7)

(12-8)

where fl is defined as the ratio of external bulking agent
(recycle and makeup) to sludge
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and f2 represents the fraction of total external bulking agent
lost from the process by volatilization or because it remains
with the finished compost.

XB

The values for fl and f2 must be assumed based on operating
experience at an existing facility. The range of values for fl
are 0.75 to 1.25, and for f2 are 0.20 to 0.40. Once these
values are chosen, the amount of recycled bulking agent (XR)
and new external bulking agent (XB) can be calculated using
Equations 12-7 and 12-8.

The value of the ratio W is then calculated using Equation 12-2,
indicating no amendment is used (XA = 0). If W is less than or
equal to ten, then the mixture has sufficient energy to compost.
If W is greater than ten, two options for reducing the ratio are
possible. More external bulking agent can be used (that is, fl
is increased). If the bulking agent is more volatile than the
sludge, W should be reduced. The recycle and makeup quanti ties
of bulking agent must be recalculated and W determined again. If
the bulking agent is of low volatile fraction, this approach will
not work because W will be reduced only slightly. In this case,
amendment must be added.

For any amount of amendment addition, the ratio W can again
be calculated using Equation 12-2. Increasing the amount of
amendment until W is below ten will result in the proper compost
energy balance.

The operation at Bangor, Maine, successfully composts sludge by
the aerated pile method in winter months. No amendment is used,
and the ratio of external bulking agent (bark) to sludge by
volume is 2.5:1. The value for W ranges from seven to ten
at this operation (17).

The best means to determining the quantities of external bulking
agent and amendment used will be a careful economic analysis of
the process and accurate estimation of the process variables.
Table 12-2 lists some of the density ranges for various compost
materials as experienced at various compost facilities.

12.3 Unconfined Composting Systems

In the United States, the windrow and aerated static pile
processes have been used almost exclusively for composting
dewa tered munic ipal was tewa ter sl udges. The bas ic steps to be
followed in these two processes are similar, but the processing
technology for the composting stage differs appreciably. In
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the windrow method, oxygen is drawn into the pile by natural
convection and turning, whereas in the static pile method,
aeration is induced by forced air circulation.

TABLE 12-2

DENSITIES OF VARIOUS COMPOST
BULKING AGENTS (13)

Material
Density,
Ib/cu yd

Digested sludge
Raw sludge
New wood chips
Recycled wood chips
Finished compost

1 Ib/cu yd = 0.595 kg/m 3

12.3.1 Windrow Process

1,500 to 1,700
1,300 to 1,700

445 to 560
590 to 620
930 to 1,040

The windrow process is normally conducted in uncovered areas and
relies on natural ventilation wi th frequent mechanical mixing
of the piles to maintain aerobic conditions. In areas of
significant rainfall, it may be desirable for operational
reasons to provide a roofed structure to cover the windrows for
composting sludge. The largest operating windrow process in the
United States is located at the Joint Water Pollution Control
Plant of the County Sanitation Districts of Los Angeles County in
Carson, California.

In the windrow composting process, the mixture to be composted is
stacked in long parallel rows or windrows. The cross section of
the windrows may be trapezoidal or triangular, depending largely
on the characteristics of the mobile equipment used for mixing
and turning the piles. The width of a typical windrow is 15 feet
(4.5 m) and the height is 3 to 7 feet (1 to 2 m).

Based on processing 20 percent solids sludge, land requirements
for the windrow process are greater than for the aerated pile
process. Colacicco estimates an extra 25 percent land usage for
the windrow process based on windrows 5 feet (1.5 m) high and
7 feet (2 m) wide with a two-week composting period (18). Even
more land would be necessary for the longer composting time
experienced in the Los Angeles operations.

The mixing of a bulking agent with the wet sludge cake has
enabled the windrow process to be used for composting digested
dewatered sludge. Bulking agents may include the recycled
compos ted sl udge i tsel f or external agents such as wood ch ips,
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sawdust, straw, rice hulls,or licorice root. The quantity of
bulking agent is adjusted to obtain a mixture solids content of
40 to 50 percent. The use of a bulking agent also increases the
structural integrity of the mixture and thus, its ability to
maintain a properly shaped windrow. Porosity of the mixed
material is greatly improved, which in turn improves the aeration
characteristics. External bulking agents can also provide a
source of carbon for the compostingprocess. The carbon to
nitrogen (C/N) ratio of digested activated sludge is in the range
of 9 to 15:1. If wood chips are used as the bulking agent, the
C/N ratio will be raised to approximately 20 to 30:1 in the
composting mixture.

convective air movement: within windrows is essential for
providing oxygen for the microorganisms. The aerobic reaction
provides heat for warming the windrows. This causes the air
to rise, producing a natural chimney effect. The rate of air
exchange can be regulated by controlling the porosity and
size of the windrow (2). The turning of the windrow also
introduces oxygen to the microorganisms. This method of aeration
can be expensive if used excessively to obtain high oxygen
concentrations and may reduce the temperature within the windrow.

As a result of the biological decay process, temperatures in the
central portion of the windrow reach as high as 150°F (65°C).
Operating temperatures of about 140°F (60°C) may be maintained in
the central portion of the windrow for as long as ten days.
Temperatures in the outer layers are considerably cooler and may
approach a tmospheri c condi tions. During wet periods and winter
conditions, maximum temperatures may only be 130° to 140°F (55°
to 60°C). A high temperature maintained throughout the pile for
a sufficient period of time is important to the control of
pathogens (see Chapter 7). A satisfactory degree of stabiliza
tion is indicated by a decline in temperature, usually to about
113° to 122°F (45° to 50°C). These variations in temperature are
illustrated in Figure 12-4.

Large-scale, 270 dry tons per day (243 t/day) processing of
digested primary sludge (23 percent solids) using the windrow
process, with recycled compos ted sludge as the bulking agent, has
proven a viable method of sludge stabilization by the Los Angeles
County Sanitation Districts. Successful operation of the windrow
process using bulking agents such as wood chips and sawdust with
digested primary and secondary sludge has also been achieved at
Beltsville. This process has not proven suitable for composting
unstabilized primary or secondary sludges. At Beltsville during
early tests with windrows, undigested primary and waste-activated
s 1 ud g e s we ref0 u n d toprod uceof fen s i v e 0 d 0 r s (3). Al so,
composting of digested sludge did not kill all seeds, and these
were present in the final product.

The Los Angeles .. County Sanitation Districts are currently
composting digested, centrifuged primary sludge (23 percent
solids) in windrows mixed with recycled composted sludge
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(60 percent solids) in a 1:2.2 ratio (dry weight). A compost
mixing machine is used to turn the mixture. Recycled compost is
added to the sludge before the windrow is constructed. Each
windrow must be turned two or three times a day for the first
five days to mix the material completely, minimize odors, and
ens ure suf f ic ient oxygen trans fer. The sl udge is then turned
once a day for abou t 30 days, depending on weather condi tions.
Figure 12-5 shows a windrow being turned at Los Angeles.
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FIGURE 12-4

TEMPERATURE PROFILE OF A TYPICAL COMPOST
WINDROW (12)

La rge, portable, heavy rna ter ia1s handl i ng equipment is requ ired
for the windrow system. The Los Angeles operation requires four
windrow mixing-turning machines capable of turning 3,400 tons
per hour (3,084 t/hr) of a density of 1,890 pounds per cubic
yard (1,120 kg/m 3 ). This is equivalent to a volume capacity
of 3,600 cubic yards per hour (2,752 m3/hr). Three machines
operate continuously for two shifts a day. A fourth machine
is required to provide backup whenever any of the others is
being repaired. In case of rain all four machines must operate
continuously.
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FIGURE 12-5

TURNING A WINDROW AT LOS ANGELES COMPOST SITE

Sawdust, shredded paper, and wood chips were the external bulking
agents used in the Beltsville windrow tests. Only shredded
paper was found to be unsatisfactory (2). The windrow area at
Bel tsvi lIe was paved wi th 18 inches (0.46 m) of crushed stone
to support heavy equipment and the windrow composter. The area
was later paved wi th asphal t and then wi th concrete to assure
pos it i ve leachate collect ion and to el imi na te rock pi ckup from
the collection equipment and damage to the screening equipment.
To start the windrow, a layer of wood chips 15 inches (0.38 m)
deep and 15 feet (4.5 m) wide was placed on the paved area.
Sludge (20 to 25 percent solids) was distributed to the chips
at a 1:3 volume ratio. The compost machine then mixed the
sludge and chips. After several turnings, the two materials
were thoroughly mixed. The windrow was turned five times a
week, flattened after two weeks to a 12-inch (0.30 m) layer and
harrowed for further drying, generally to greater than 65 percent
solids. The material was then removed from the windrow area and
stockpiled for an additional 30 days for curing purposes. Curing
was required to improve compost quali ty and to further control
pathogens. After curing, the composted mixture was distributed
to local government agencies as screened or unscreened material.
Wood chips separated during the screening operation were recycled
and reused as bulking agent. The use of a bulking agent may
substantially increase the cost of the composting process unless
the bulking agent is itself a waste material (7). At Beltsville,
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a f~esh supply of wood chips was required to make up for the
estImated 25 to 30 percent lost in the composting process. Some
of the bulking agent was consumed in the biological oxida tion
processes during composting, and a large portion was lost in the
screening process.

12.3.1.1 Energy Requirements

Thermodynamic considerations in the composting of sludge are
discussed in a recent article by Haug & Haug (17). As indicated
previously, the reaction is self-sustaining when the ratio W is
less than ten. Over 80 percent of the heat released by the
biological reaction is used to evaporate moisture associated with
the sludge.

In the windrow process, the only external energy requirements
are gasoline for transportation, diesel fuel for operation of
composting machines, and electrici ty for leachate treatment and
site services, including lighting. In the Beltsville windrow
tests, which used wood chips as a bulking agent, the following
energy consumption figures have been estimated (18).

Operating Requirements
per dry ton per day (0.9 t/day) for a

10 to 50 dry ton per day (9 to 45 t/day) operation

Labor
Gasoline
Diesel Fuel
Electricity

1.8 to 3.0 hours
1.1 gallons (4.5 1)
3.3 to 4.0 gallons (13.5 to 16.5 1)
3.0 to 8.0 kWhr (12 to 32 MJ)

Where finished compost is used as the bulking agent, and
increased windrow turning frequency is practiced, a higher diesel
fuel consumption should be expected.

12.3.1.2 Public Health and Environmental Impacts

Numerous studies have indicated that a community's wastewater
contains organisms which reflect the local prevalent endemic
diseases (19). The pathogens borne by wastewater are not
entirely inactivated during conventional sludge digestion and
drying techniques and may persist in the soil for extended
periods of time. Figure 12-6 shows this time-temperature
destruction relationship of pathogens for windrows (20,21).

Intensive studies conducted by the Los Angeles County Sanitation
Districts indicate that total coliform and Salmonella concentra
tions are rapidly reduced in the first ten days of composting in
the interior of windrows. For interior samples, final compost
coliform concentrations of less than one per gram have been
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attained, but higher values for exterior samples have been
measured consistently. Very low levels of virus, parasitic ova,
and Salmonella have been assayed in the majority of final compost
samples.
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WINDROW METHOD
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for stormwater
water requires
the wastewater
adjacent to the

Recycling large quantities of finished compost as bulking agent
provides good odor control for digested sludges, as long as
process upsets are kept under control. Interruption of regular
turning of the sludge may cause odor problems, since compost
windrows quickly become anaerobic under these circumstances.
Unpleasant odors may also be generated during periods of high
rainfall, as well as by poor mixture control and inefficient
mixing. In dry and windy areas, wetting of the compost windrows
should be practiced to prevent excessive dust generation.

A drainage and collection system is required
runoff from the site because the contaminated
treatment. The runoff may be returned to
treatment plant. At Beltsville, a wooded area
site was spray irrigated (2).

Workers at a compos t site should avo id i nh al ing dust. Respi ra
tory protection, such as breathing masks, should be worn in
dusty areas, and the area should be sprinkled with water during
dry periods. Although recent experiments have shown high
concentrations of the fungus Aspergillus fumigatus, a secondary
pathogen, to be airborne at sludge composting sites, preliminary
data indicate that these higher spore levels are generally
restricted to the immediate composting area and should not pose a
significant health threat to surrounding residential, commercial,
or industrial areas (22). However, individuals with a history of
lung ailments should not work in composting operations. Research
is continuing on potential health effects of exposure to the
fungus A. fumigatus (23 to 27). For additional discussion, see
Chapter -7.

12.3.1.3 Design Example

This design example illustrates the procedure for a 10 MGD
(0.45 m3/s) municipal wastewater secondary treatment plant.
The dewatered, digested primary and secondary sludge (20 percent
solids) is generated at the rate of one dry ton per million
gallons (.00024 t/m 3 ). The compost facility will handle ten
dry tons per day (9 t/day) at 20 percent solids, seven days per
week. The values for the process design variables are similar to
those reported for Beltsville. The availability and cost of
amendments and suitable land .for the operation will strongly
influence the economic analysis of the project. This design
example, however, does not consider these site-specific economic
parameters.

The design of this windrow composting facility is based on the
following assumptions:

• The water content and total weight of the compost mixture
will be reduced by approximately 40 to 50 percent
and volatile solids content will be reduced by about
20 to 40 percent. The density will decrease by 15 to
25 percent because of evaporation.
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• The values for the process variables defined previously
are assumed to be as follows:

8C = 0.20 8R = 0.70 8A = 0.90 8M = 0.40
Vc = 0.50 VR = 0.35 VA = 0.90 VM = 0.50
kC = 0.45 k R = 0.15 kA = 0.50

• If the mixture has a high ratio of water to degradable
organics by weight (w ratio greater than ten) , arne ndme n t
will be added to reduce w.

The amount of finished compost to be recycled can be calculated
using Equation 12-3.

Xc (8M - 8C)
(8R - 8M)

= 50 (0.04 - 0.20)
(0.70 - 0.40) .

= 33.3 tons per day (30.3 t/day)

This indicates that if a mixture moisture content of 40 percent
is to be obtained, 0.67 tons (.67 tit) of finished compost must
be added to each ton (0.9 tonne) of sludge cake to be composted.

The ratio W is checked using Equation 12-4 in order to determine
whether to compost.

W =

=

XC(l-SC) + XR(l-SR)

XCSCVCkC + XR8RVRk R

50(1-0.20) + 33.3(1-0.70)
50(0.20)(0.50) (0.45) + 33.3 (0.70)(0.35) (0.15)

= 14.4

The calculated value for W is too high, indicating that amendment
add i t ion is requi red. Increas ing the recyc Ie rate to create a
mixture of 50 percent solids (XR = 50 tons per day [45 t/day])
would only lower W to 13.5, because the proportion of degradable
organics does not increase significantly in the mixture.

Assumi ng that 1.0 ton (0.9 t) amendment .per ten tons (9 t) of
sludge cake are added to the mixture, the recycle rate can be
calculated using Equation 12-5:
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= 50 (0.40 - 0.20) + 5 (0.40 - 0.90)
(0.70 - 0.40)

= 25.0 tons per day (22.7 t/day)

The amount of recycled compost has dropped from 0.67 tons per ton
(0.61 tit) to 0.5 tons per ton (0.5 tit) of sludge cake. The
ratio W is calculated using Equation 12-6:

Xc (l-SC) + XR (l-SR) + XA (I-SA)

W = XCSCVCkC + XRSRVRkR+-XASAVAkA -

= 50(1-0.20) + 25(1-0.70) + 5(1-0.90)
50(0.20)(0.50)(0.45) + 25(0.70)(0.35)(0.15)-+~5~(0~.~90~)~(~0.~9~0~)(~O-.5~0~)

= 9.2

This mixture of sludge cake, recycled compost, and amendment
is self-sustaining and will degrade properly. Figure 12-7
illustrates this process and shows the materials balance.

A 7-foot (2 m) high, 65-foot (20 m) long, windrow wi th a base
of 15 feet (4.6 m) is constructed each day. Longer windrows
can be made if the windrow is extended each day with the mixtur~

to be composted. The final volume of composting at the end of
six weeks of turning is approximately 65 percent of the original
volume. In continuous operation there would be about 11
windrows, 250-feet (76 m) long.

Each windrow must be turned at least two times per day for the
first five days to mix the materials completely, to minimize
odors, and to insure sufficient oxygen transfer. After the
initial five-day period, the windrows must be turned frequently
enough to maintain the propec oxygen level and temperature in the
composting material. This is dependent on weather conditions.

Other site operations must include a mixing area, maintenance and
operations building, a curing area to stockpile the finished
compost, and enough land area for handling all other site
operations and for future expansion.

Equipment required for the operation includes a windrow turning
machine; a front-end loader for site preparation, dismantling
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piles and loading transfer trucks i and transfer trucks to haul
the sludge and amendment to the compost facility and to haul the
finished compost away.

DiGESTED
DEWATERED

SLUDGE

OFF-GASES

MIXING

WINDROW
COMPOSTING

42 DAYS
RETENTION

DRYING
!IF REOUI REDI

l---r""'1'
6 DAYS

RETENTION

COMPOST
CURING AND

STORAGE

6C DAYS
CI\PACITY

AMENDMENT

RECYCLED
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7 DAY PER WEEK OPERATION

PERCENT
WET PERCENT DRY DENSITY VOLUME VOLATILE

LOCATION TONS SOLIDS TONS (Ib/eu yd) (eu yd) SOLIDS
"'.--'~"- .i"'"",~",,,",,",

1 50 20 10.0 1,600 63 50
2 5 90 4.5 1,000 10 90
3 80 40 32.0 1,300 123 50
4 41 5.0
5 39 70 27.0 1,000 78 35 1 ton = 0.907 tonne
6 25 70 17.5 1,000 50 35 1 Ib/cu yd = 0.6 kg/m 3
7 14 70 9.5 1,000 28 35 leu yd = 0.76 m 3

FIGURE 12-7

PROCESS FLOW DIAGRAM - WINDROW COMPOSTING
SLUDGE - 10 MGD ACTIVATED SLUDGE PLANT
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Optimum windrow compost design will do the following:

• Minimize hauling and handling cost.

• Maximize use of existing equipment in the compost
operation.

• Minimize the use of amendment which adds to the cost and
is not recoverable.

• Maximize the solids content of the dewatered digested
sludge cake to minimize the amount of recycled compost
used for moisture control and also reduce the amount of
amendment required. The cost of dewatering should not
exceed the savings at the compost facility.

12.3.2 Aerated Static Pile Process

An aerated static pile system was developed in order to eliminate
many of the land requirements and other problems associated with
the windrow composting process and to allow composting of raw
sludge. This system consists of the following steps: mixing of
sludge with a bulking agent; construction of the composting pile;
composting; screening of the composted mixture; curing: and
storage. A diagram of an aerated pile for composting sludge is
shown in Figure 12-8.

All'!

FilTeR PILE
scFlEENEo
COMPOST

FIGURE 12-8

CONFIGURATION OF INDIVIDUAL AERATED PILES
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The forced air method provides for more flexible operation and
more precise control of oxygen and temperature conditions in
the pile than would be obtained with a windrow system. Since
composting times tend to be slightly shorter and anaerobic
condi tions can be more readily prevented, the risk of odors is
reduced.

Two distinct aerated static pile methods have been developed,
the individual aerated pile and the extended aerated pile.

12.3.2.1 Individual Aerated piles

An individual aerated pile may be constructed in a manner similar
to the Beltsville method, in which loop of perforated plastic
pipe, 4 to 6 inches (10 to 15 cm) in diameter is placed on the
composting pad, oriented longitudinally, and centered under the
ridge of the pile under construction. In order to avoid short
circui ting of air, the perforated pipe terminated at least 8 to
10 feet (2 to 3 m) inside the ends of the pile. A non-perforated
pipe that extends beyond the pile base is used to connect the
loop of perforated pipe to the blower. (See Figure 12-9).

FIGURE 12-9

AERATION PIPE SET-UP FOR INDIVIDUAL AERATED PILE

A 6- to 8-inch (15 to 20 cm) layer of bulking agent is placed
over both the pipes and the area to be covered by the pile.
This base facilitates the movement and even the distribution of
air during composting and absorbs excessive moisture that may
otherwise condense and drain from the pile (19).
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At Beltsville a mixer or front-end loader is used to mix one
volume of sludge cake containing 22 percent solids and two
volumes of bulking agent. The resulting mixture contains
40 percent solids and is placed loosely upon the prepared base by
the front-end loader to form a pile with a triangular cross
section 15 feet (4.6 m) wide by 7.5 feet (2.3 m) high.

The pile is then completely covered with a 12-inch (0.3 m)
layer of cured, screened compost or an IS-inch (0.4 m) layer of
unscreened compost. This outer blanket of compost provides
insulation and prevents escape of odors during composting.
Unstabilized sludge can generate odors during dumping and initial
pile construction. Conditioning with lime during dewatering will
minimize this, however. The non-perforated pipe is connected to
a 1/3 h 0 r s epo we r (0. 25 kW), 335 cub i c fee t per minute (1 58 1/s )
blower that is controlled by a timer (28). Aerobic composting
conditions are maintained if air is intermittently drawn through
the pile. The timing sequence for the blower is 5 minutes on and
15 minutes off for a 56-foot (17 m) long pile containing up to
80 wet tons (73 t) of sludge. If the aeration rate is too high
or the blower remains on too long, the pile will cool, and the
thermophilic process will be inhibited (12).

The effluent air from the compost pile is conducted into a small,
cone-shaped filter pile of cured, screened compost approximately
4 feet (1.2 m) high and 8 feet (2.5 m) in diameter where
malodorous gases are absorbed. The odor retention capaci ty of
these piles is inhibited if their moisture content is greater
than 50 percent. The odor filter pile should contain one cubic
yard (0.76 m3 ) of screened compost for each four dry tons (3.6 t)
of sludge in the compost pile. Filter piles are sometimes
constructed with a 4-inch (10 cm) base layer of wood chips to
prevent high back pressures on the blower.

Land area requirements are estimated at one acre per 3 to 5 dry
tons (1.0 ha/6.7 to 11.2 t) of sludge treated. The lower figure
includes space for runoff collection, administration, parking,
and general storage. The actual composting area (mixing area,
aerated piles, screening area, drying area, and storage area)
is estimated to be one acre per 5 dry tons (1.0 ha/11.2 t) of
sludge (19).

12.3.2.2 Extended Aerated Piles

To make more ef fect i ve use of ava il abl e space, another s ta ti c
pile configuration called the extended aerated pile has been
developed. An initial pile is constructed with a triangular
c r 0 s sse c t ion uti 1 i z i ng 0 ned a y' s s 1 ud ge prod uc t ion. 0 n 1y
one side and the ends of this pile are blanketed with cured,
screened compost. The remaining side is dusted with only about
an inch (0.5 cm) of compos t for overn igh t odor cont rol . The
next day, additional aeration pipe is placed on the pad parallel
to the dusted side of the initial pile. The pile bed is extended
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by covering the additional pipe with more bulking agent and
sludge-bulking agent mixture so as to form a continuous or
extended pile. This process is repeated daily for 28 days.
The first section is removed after 21 days. After seven sections
are removed in sequence, there is sufficient space for operating
the equipment so that. a new extended pile can be started.
Figure 12-10 shows such a system. The area requirement of an
extended pile system is about 50 percent less than that for
individual piles. The amount of recycled bulking agent required
for covering the pile and bulking agent used in the construction
of the base is also reduced by about 50 percent. At Beltsville,
research into extending aerated piles in both the vertical and
horizontal directions is ongoing.
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FIGURE 12-10

CONFIGURATION OF EXTENDED AERATED PILE

12.3.2.3 Current Status

The aerated pile system has proven effective on a full-scale
basis at Beltsville, Maryland; Bangor, Maine; Durham,
New Hampshire; Detroit, Michigan; and Windsor, Ontario. After
start-up, mean temperatures in aerated piles are 176°F (70°C);
and after stable condi tions are achieved, minimum temperatures
are usually 130°F ( 55°C). When the piles are constructed
properly, neither excessive rainfall nor low ambient temperature
adversely affect the composting process (28).

Currently most of the interest in composting of wastewater
sludges is centered on this technique. The applicability of this
system for the treatment of undigested sludges provides it with a
significant advantage over the windrow method. Other advantages
are superior odor control, greater inactivation of pathogenic
organisms, and use of less site area. The aerated pile technique
exposes all sludge to more uniform temperature. Capi tal costs
are also lower for the aerated pile system, but operating costs
tend to be higher because of the cost of the bulking agent.
Comparisons of capital and operating costs using wood chips as
bulking agent in aerated piles, as well as in windrows, are made
by Colacicco (18). In experiments at Los Angeles County, it
has been found necessary to follow this technique by windrow
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composting for 2 to 3 days to dry off the moisture. At other
locations, the air flow is reversed without disruption of the
pile as another means to reducing moisture content.

12.3.2.4 Oxygen Supply

Centrifugal fans e ff iciently provide the necessary pressure to
move air through the compost and odor filter piles. Variation in
the blower pressure is a necessity for optimum conditions and a
s i te-speci fic operating parameter. The oxygen concentration in
the pile should be maintained between 5 and 15 percent; this can
be achieved with an aeration rate of about 500 cubic feet per
hour per ton (15.6 m3/hr/t) dry sludge. If the pile cools at
this air rate, the air flow must be reduced. Aeration cycles
of 20 to 30 minutes with the fan operating 1/10 to 1/2 of the
cycle have proven satisfactory (19). While the fan is not
operating, the natural convective chimney effect, typical of
wi ndrows, take s place. I n the absence 0 f forced aera t ion, this
effect causes warming of the outer edges, destroying pathogens
more effectively.

Moist air drawn through the pile condenses in the slightly
cooler sections. When enough condensate accumulates, it
will drain from the pile and leach material from the sludge.
Condensed moisture which collects in the aeration pipes is
removed by a water trap. This material must be collected and
treated along with the contaminated rainfall runoff from the
site, because it can become a source of odors if allowed to
accumulate in puddles around the piles. Data is not available on
combined leachate and condensate water characteristics; the
quantity may, however, vary from 6 to 20 gallons per day (22 to
75 l/day) per pile containing 50 cubic yards (38 m3 ) of sludge
during dry weather (29). (Refer to Chapter 16 for further
information. )

12.3.2.5 Bulking Agent

While bulking agents are in the aerated pile composting system,
they serve primarily to maintain the structural integrity and
poros i ty of the pile. The quanti ty of external bulking agent
required is determined by the need for structural support and
porosity. The requirements for moisture control are not as
critical as adequate porosity; thus, sludge moisture can vary
considerably as long as sufficient bulking agent is added to
assure adequate porosity. The design factors discussed for
windrows do not apply here (17).

Wood chips and other bulking agents also increase the volatile
solids content of the composting mixture; volatility of new and
recycled wood chips has been reported as 90 and 86 percent,
respectively (18). The actual contribution of the wood chips to
the compost mixture is limited because their composting rate is
slower.
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~hen wood chips are mixed wi th unstabil ized sludge an average
volatility of about 75 percent results; this is well in excess of
the 40 to 50 percent volatility achieved in the mixture of
digested sludge and recycled compost. Volatility content is
therefore not a limi ting factor in aerated pile composting of
unstabilized sludge, as it can be in the digested sludge windrow
system.

12.3.2.6 Energy Requirements

Energy costs for aerated pile composting are a small portion of
the overall operating costs. The bulk of the overall energy
requirement of the process is provided by the volatile solids in
the composting mixture. A range of resources for labor, external
bulking agent, gasoline for small vehicles, diesel fuel for the
front-end loaders, and electricity usage for leachate treatment
is listed below (18).

Operating Requirements
per dry ton per day (0.9 t/day) for a

10 to 50 dry ton per day (9 to 45 t/day)
operation (20 percent sludge)

Labor
Wood Chips
Gasoline
Diesel Fuel
Electricity

12.3.2.7

1.5 to 2.8 hours
2 to 8 cubic yards (2.1 m3 )
1.1 gallon (4.1 1)
2.7 to 3.5 gallon (10.2 to 13.2 1)
7.5 to 17.5 kWhr (29.7 to 69.3 MJ)

Public Health and Environmental Impacts

Extensive studies have been made on the destruction of pathogens
in aerated piles (30). Although Salmonella, fecal coliforms,
and total col i forms i ni t ially increased in numbers, they we re
reduced to essentially undetectable levels by the tenth day of
composting. Studies using "F" bacteriophage and virus as an
indicator showed that the virus was essentially destroyed by
the thirteenth day. However, survival of the virus did occur
for some time in the blanket-compost interface where lower
temperatures prevailed. Storage in a curing pile for 30 days
will complete the destruction of vi ruses or reduce the numbers
to an extremely low level (19). Studies have shown that the
composting process in an aerated pile is essentially unaffected
by low ambient temperatures or rainfall, which makes this system
particularly well suited to operation under difficult climatic
conditions (31). Figure 12-11 shows the time-temperature
destruction relationship of pathogens for aerated piles (20).

Odor control is the primary environmental consideration in the
operation of an aerated pile composting system. Good odor
control results from prompt mixing of sludge and bulking agent

12-27



and formation of the aerated pile. In addition, lumps of
material or puddles of liquid must not be allowed to remain in
the mixing area. No thin spots or holes should be present in
the compost blanket. There should be leakproof transport of
aeration air between blower and odor filter pile. Moisture
content wi th in odor f il ter pil es (F igure 12-12) should be kept
below 50 percent. Condensate, leachates, and runoff from the
piles must be collected and treated as quickly as possible. The
compost should be adequately cured before it is removed from the
area, and any unstabilized material should be recycled back into
the composting process for further treatment.
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FIGURE 12-11

DESTRUCTION OF PATHOGENIC ORGANISMS AS A
FUNCTION OF TIME AND TEMPERATURE DURING

COMPOSTING OF UNDIGESTED SLUDGE BY THE AERATED
PILE METHOD (20)
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FlGURE 12-12

ODOR FILTER PILES AT BELTSVILLE

12.3.2.8 Design Example

This design example is based on a Beltsville-type sludge
composting system utilizing existing technology and available
design criteria. The example provided is specific to a
10 million gallon per day (0.45 m3/s) municipal wastewater
secondary treatment plant.

The weight and volume of sludge and~ulking agent at various
points in the process must be known so that the volumetric flow
capacity of a composting facility can be determined. The basic
design decisions include the bulking agent to sludge ratio and
the ratio of new to recycled bulking agent.

The materials balance in this example is based on the following
assumptions:

• Sludge to be composted is 50 wet tons per day
of undigested sludge, seven days per week,
digestion.

( 45 t/d)
wi. th no

• Wood chips are added to the wet sludge at the rate of
2 cubic yards of chips per cubic yard (2.0/m 3 ) of wet
sludge •.

• Three-fourths of the chips are recovered by screening and
reuse.

12-29



• The water content and total weight of the compost
mixture is red~ced by approximately 30 to 40 percent
and volatile solids content is reduced by about 10 to
15 percent. The density decreases 15 to 20 percent
because of evaporation.

• The extended aerated pile system will be used.

Information on the bulk density of sludge is surprisingly scarce.
Tests conducted at Beltsville for an engineering study of a
large-scale composting facility provide some basic data on
the bulk density of sludge and wood chip bulking agents. The
following bulk densities are used in this design example (20):

Bulk Density

Constituent
Pounds per
cubic yard kg/m3

Dewatered Sludge
(20% solids)

New Wood Chips

Recycled Wood Chips

Screened Compost

Unscreened Compost

1,600

500

600

865

1,000

960

300

360

519

600

It is also assumed that the process variables have the following
values:

Sc = 0.20
Vc = 0.75
kC = 0.45

SB = 0.70
VB = 0.90
kB = 0.10

SR = 0.70
VR = 0.80
kR = 0.10

Sludge composting will operate 5 days per week, 8 hours per day
using the extended aerated static pile method. The volume to be
composted per work day is as follows:

50 wet tons X 7 week-days = 70 wet tons per work day (63.5 t/work day)
week day 5 work=days

It is assumed that the dewatered sludge arrives on-site 5 days
per week from the dewatering operation which runs only 5 days per
week. Equalization storage to cover weekend operation of the
plant is provided for sludge in the liquid state upstream from
the dewatering process.
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The amount of recycled and new wood chips can be calculated using
Equations 12-7 and 12-8 and assuming f1=0.75 and f2=0.25;

XR = (1-0.25)(0.75)70 = 39.4 tons per day (35.7 t/day).

XB = (0.75)70 - 39.4 = 13.1 tons per day (11.9 t/day).

The ratio w can be calculated using Equation 12-2:

w = 70(1-0.2) + 39.4(1-0.7) + 13.1(1-0.7)
70(0.2)(0.75)(0.45) + 39.4(0.7)(0.9)(0.1) + 13.1(0.7)(0.8)(0.1)

= 9.0

Since W is less than 10, no amendment addition is required.

The daily volume of the compost material is calculated using the
assumed values previously stated:

Constituent

Dewatered .sludge
New wood chips
Recycled wood chips

Total

Mass
tons/day

70
13.1
39.4

122.5
(111.1 t/day)

Volume
cubic yards/day

87.5
52.4

131. 3

271.2
(206.8 m3/day)

The pile will be 8 feet (2.4 m) high and 50 feet (15 m) long.
Each day, the pile will be extended 18.5 feet (5.6 m). The
amount of new wood chips required to construct a one-foot (0.3 m)
thick pad for the compost is as follows:

(50 ft)(18.5)(1 ft) = 34.3 cubic yards (26.2 m3)/day
27 cu ft/cu yd

Unscreened compost is required each day to cover the pile.
This layer will be 18 inches (0.46 m) thick:

(50 ft)(18.5 ft)(1.5 ft) = 51.4 cubic yards (39 m3)/day
27 cu ft/cu yd
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Figure 12-13 is the process flow diagram for the extended aerated
pile compost facility and summarizes the design materials
balance.
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1 70 20 14 1,600 87.5 75
2 13.1 70 9.2 500 52.4 90
3 39.4 70 27.6 600 131.3 80
4 122.5 41 50.8 900 271.2 80
5 8.6 70 6 500 34.3 90
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8 90 65 58.5 726 248.3 65 1 Ib/eu 'I'd - 0.6 Kg/m 3

9 J2 60 18.9 976 64.6 45 1 cu 'I'd - 0.76 m3

FIGURE 12-13

PROCESS FLOW DIAGRAM FOR THE EXTENDED PILE
COMPOST SLUDGE FACILITY - 10 MGD (0.44m3/s)

ACTIVATED SLUDGE PLANT

Approximately 250 feet (76 m) of 4-inch (lO-cm) diameter
perforated aeration pipe, 50 feet (15 m) of non-perforated pipe,
three 4-inch (lO-cm) tee connectors, and one blower/timer unit
with weather protection and condensate collection system are
required for each daily pile. Only one blower rated at 335 cubic
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feet per minute (lS8 lis) will be used to draw air into the pile.
In general, the blower should be rated at a minimum of ISO cubic
feet per hour per wet ton (1.3 l/s/t) of sludge in the daily
pile. Non-perforated pipe should be used to connect the aeration
pipe loop to the blower. The exhausted air will be filtered in a
pile of screened compost. The filter pile will contain at least
one cubic yard of material per 30 wet tons (1 m3/3S.S t) of
sludge in the daily pile or 4 cubic yards (3 m3 ) for this
design. Figure 12-14 illustrates this design example. The
minimal area requirements for various composting site components
is as follows:

MINIMAL COMPOSTING AREA REQUIREMENTS

SO wet tons per day (4S t/day)
10 dry tons per day (9 t/day)

Function

Area Required

Square Square
feet meters

Truck unloading and mixing

Composting
(28 days)(SO)(18.S)(1.lS excess)

Unscreened compost

Drying and screening

Compost curing and storage
(60 day)(200 cu yd/day) (27 wet tons)
(10 ft deep) + excess

New wood chip storage
(60 day)(87 cu yd/day) (27 wet tons)
(12 ft deep) + excess

Subtotal

S,OOO

30,000

10,000

20,000

33,000

lS,OOO

113,000

465

2,792

931

1,862

3,071

1,396

10,517

Maintenance building, operations
building and laboratory, Lunch
room and locker room

Employee and visitor parking

Miscellaneous storage

Subtotal

Total

4,000 372

S,OOO 465

1,000 93_._--
10,000 930

123,000 11,447_
----

NOTE: 123,000 square feet (11,447 m2 ) = 3 acres (1.14 ha).
Land Utilization = 6.6 dry tons per acre (14.8 t/ha).
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FIGURE 12-14

DESIGN EXAMPLE EXTENDED AERATED
PILE CONSTRUCTION

The overall space required is about 3 acres (1.2 hal which is
0.15 acres per ton per day (0.07 ha/t/day) of dry sludge solids
composted. Reducing the bulking agent would decrease the area
required.

Although porosity is the key factor for the aerated pile, control
of moisture is important for a successful sludge composting
system. The sludge should be dewatered or mixed with sufficient
bulking agent to obtain enough porosi ty in the composting piles
for optimum composting condi tions. For optimum composting the
compos ted mixture should have a solids content of not less than
40 percent or more than 50 percent. Figure 12-15 shows a compost
pile as it is being taken down.

Approximately 8.5 cubic feet per minute (4 l/s/t) of air per ton
of dry sludge solids in the pile is required. At Beltsville,
this was delivered by a centrifugal fan operating at 5 inches
differential water pressure (1.25 kN/m 2 ) (18). The Bangor,
Maine system uses a 1/3 horsepower (0.25 Kw) blower rated at
335 cubic feet per minute (158 l/s) at 5 inches water pressure
(1.25 kN/m 2 ) for each pile consisting of 50 cubic yards
(38 m3 ) sludge and 150 cubic yards (114 m3 ) bulking agent (7).

The blowers are operated intermi ttently to maintain the oxygen
level in the 5 to 15 percent range and to obtain as uniform a
temperature as possible.
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FIGURE 12-15

COMPOST PILES BEING TAKEN DOWN

For large composting systems, a permanent central blower system
may be considered. A header pipe could be utilized to provide
the necessary suction for each pile. Only one or two large
blowers located in a covered area would be required. Although
capital cost would be high because of the needed piping and
control devices, the operation and maintenance costs of many
ind i v id ual blowers would be el imina ted. On the other hand, a
central blower system is not especially flexible. Since it is
important to maintain the proper aeration rates in each pile, an
air flow metering device will be required for each pile. A
decision for or against a permanent system would be based on
economic analysis and the need for system flexibility to handle
changing composting conditions.

The composting area should be paved. Probably the most efficient
design in a permanent facility involves the use of fixed aeration
and drainage systems. The aeration piping and drainage system
could be placed in trenches in the composting pad and the blowers
placed in permanent protected structures and equipped with water
traps and controls. The disadvantages of this type of combined
system are the high initial cost and the reduced flexibility of
operation. possible elimination of the one-foot (0.3 m) wood
ch ip pad and the di sposable pI as t ic pipe processed through the
screens is a potential advantage of fixed trenches for the
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aeration pipes. Special precautions would be necessary to keep
the centralized aeration piping and pile drainage trenches from
clogging and to provide for condensate water drainage.

Odor filter piles should be replaced periodically. The filter
piles are replaced every other month at Bangor; during cool
weather the system has operated without significant odor problems
and with no filter piles. At Beltsville, the odor filter pile is
replaced each time the compost pile is dismantled.

After the piles are formed, they should be covered with a layer
of compost or wood chips for insulation and to prevent the dust
which is caused by excessive drying of the outer pile edges from
blowing.

Most composting facilities use a base layer of bulking agent or
unscreened compost to cover the aeration piping. However, the
piles are now constructed at Bangor with no special base layer;
the sludge-bulking agent mixture is placed directly on the
aeration piping.

Rotary or vibrating screens are commonly used to separate wood
chips for reuse. Compost containing wood chips with a moisture
content of greater than 40 to 50 percent can be difficult to
screen; the operation is therefore not conducted on rainy days.
Allowance should be made for drying the compost if the solids
content is less than 50 percent, and the screens should be
sized to handle a large volume of compost during fair weather.
Figure 12-16 is a photograph of the finished screened compost.

12.3.3 Case Studies (Unconfined Systems)

The four case studies chosen involve Los Angeles County
Sanitation District, California; Beltsville, Maryland; Bangor,
Maine; and Durham, New Hampshire. The Los Angeles system handles
80 to 120 dry tons per day (73 to 109 t/day). Beltsville
composts approximately 14 dry tons per day (12.6 t/day), Bangor
about 2 dry tons per day (1.8 t/day), and Durham around 3 dry
tons per day (2.7 t/day).

12.3.3.1 Joint Water Pollution Control Plant,
Carson, California

A large-scale windrow composting system was established in 1974
at the Joint Water Pollution Control Plant. This operation
is currently composting 400 to 600 wet tons per day (364 to
545 t/day) of anaerobically-digested, polymer-condi tioned,
centrifugally dewatered, primary sludge with a 25 percent solids
con ten t (19). The sl udge is transported to the nearby compos t
site in fifteen ton (13.5 t) sludge hauling trucks equipped with
end discharge and conveyor bottom trailers, provided to make
windrow construction relatively easy. Approximately 15 cubic
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yards (11 m3 ) of finished compost are added to the truck along
wi th the dewa tered sl udge . The we t and the dry rna ter ial s are
initially mixed in the truck. Complete mixing is subsequently
provided by a compost turning machine in the windrow. Given the
current consistency of the sludge and the type of equipment used,
the wind rows that can be constructed are abou t 3 fee t (0.9 m)
high and 10 feet (3.0 m) wide. Typically, each windrow is about
500 feet (451 m) long and is constructed with eight to ten
truckloads of material. The windrows are placed on sixteen to
eighteen foot (14.6 to 16.5 m) centers, leaving a clear aisle for
the wheels of the turning machine.

FIGURE 12-16

FINISHED SCREENED COMPOST

When a windrow is first placed, it is turned twice to mix the
wet cake with the dry compost. Thereafter, each windrow is
turned once per day to maintain sufficient voids for the natural
passage of air and to promote drying. The process can produce
objectionable odors, particularly in the early part of the cycle
and is likely to generate dust under moderately windy conditions.

In addition to being equipped with conveyor bottom trailors, the
composting trucks have also been modified with extended sidewalls
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to increase their capacity, and sealed bottoms, so that they may
be used to haul wet cake on public roads. At a production rate
of 500 tons per day (450 t/day) of wet cake, about 25 hours of
truck time are required each day to construct windrows. Four
turni ng mach ines, each wi th a ra ted capaci ty of 3,40 a tons per
hour (3, a 8 4 t/hour), are ava il able for the operation. They are
relatively high maintenance items, and generally, only two or
three are operated. Wi th the current sludge production and a
composting time of three weeks, about ten hours of machine time
are required to turn all the windrows each day (32).

In addition, two loaders are used for loading dry sludge into the
trucks; one crawler tractor is used for pushing windrows into
stockpiles; one grader is used for road maintenance and cleaning
between the windrows; and a water truck is used to control dust
on the plant roads.

The composting operation takes place over a la-hour day, 7 days
per week and employs approximately twenty operators and
mechanics, excluding the sludge haulers.

Kellogg Supply Company currently uses earth movers to transfer
composted, dried sludge to a neighboring site. Kellogg has been
highly successful in distributing and selling the compost as an
organic soil conditioner.

The composting operation of the County Sanitation Districts
of Los Angeles County provides a good demonstration of the
feasibility of sewage sludge composting on a large scale.
Figure 12-17 illustrates the process flow for this operation.

12.3.3.2 Beltsville, Maryland

Many methods and concepts have been developed at Beltsville
through the integration of experimental research and practical
operation. The first method attempted at Beltsville was the
windrow process. The windrows performed well when digested
sludge was used, but odors developed when unstabilized,
dewatered/combined primary and secondary sludge was composted by
this method. The individual aerated pile method was developed
by the Beltsville researchers to eliminate the odor problems
associated with the windrow process.

The research programs demonstrated that either digested or
undigested sludge can be composted in the aerated pile.
Destruction of pathogens was much greater with aerated pile
composting than wi th windrow composting (33,34). The extended
aerated pile method was also developed at Beltsville to minimize
composting area requirements.

The extended aerated static pile process is currently used in
continuous, 5 day per week opera tion to compost 60 to 120 wet
tons per day (54 to 109 t/day) of dewatered, unstabilized
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sl udge (approxima tely 20 to 2 2 percent sol ids) . The sl udge is
cond i tioned wi th 1 ime and ferr ic chlor ide, dewa tered and loaded
into tractor-trailer dump trucks at the treatment plant during
the night. Each truck holds 20 wet tons (18 t) and has a
watertight rear door. Depending on the quantity of sludge to be
composted, three to six trucks transport the sludge to the
compost site in the morning. All of the sludge is delivered at
once, which facilitates pile construction.
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1 1,600 23 368 1,890 1,690 55

2 2,960 40 1,184 1,510 3,930 50

3 1,140 92

4 1,820 60 1,092 1,215 3,000 40 1 ton = 0.907 tonne

5 1,360 60 816 1,215 2,240 40 1 Ib/eu yd = 0.6 Kg/m3

6 460 60 276 1,215 757 40 1 cu yd = 0.76 m 3

FIGURE 12-17

COMPOSTING/DRYING SYSTEM - COUNTY SANITARY
DISTRICTS - LOS ANGELES (18)

The extended pile is constructed on a concrete pad approximately
100 feet (30 m) wide and about 400 feet (122 m) long. The slud~e
is dumoed onto the wood chips and mixed by a front-end loader, in
a 2.5:1 chip to sludge volumetric ratio.
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The compo~ting.a~ea for each daily mixture i~ prepared by laying
,?ut ~eration ~)lping on the concrete composting pad and covering
it With a 12-1nch (0.3 m) layer of wood chips using a front-end
loader. The compost mixture is then placed on the wood chip base
us ing a front-end loader. The mixture is piled to a he igh t of
8 feet (2.5 m), and the top and ends are then capped with an
IS-inch (0.5 m) layer of unscreened finished compost or a l2-inch
(0.3 m) layer of screened, finished compost. .At the end of each
day's operation, the side of the pile (which will have new
material added to it the next day) is covered with a thin layer
of compost. A pile containing 60 wet tons (54 t) of sludge and
wood chips is approximately 8 feet (2.5 m) high, 12 feet (3.6 m)
wide and 75 feet ,( 23 m) long.

To insure proper aeration, a 1/3 horsepowe r (0.25 kW) blowe r ,
rated at 335 cubic feet per minute (158 lis) at 5 inches
di fferen tial wa ter pressure (1.2 kN/m 2 ) is connected to the
piping. The exhausted air is filtered through a 5 cubic yard
(3.8 m3 ) filter pile of screened compost for deodorization.
The blower's is operation is controlled by a timer. Currently,
blowers are operated for 8 minutes out of every 20 minutes.

At Beltsville, one blower is used to aerate 120 wet tons
(109 wet t) of primary undigested sludge mixed with wood chips.
One blower has proven sufficient for two piles when the sludge is
brought to the site at a rate of 60 wet tons per day (54 t/day).
Thus, only approximately 10 blowers and odor filter piles are
required (excluding spare equipment) to operate a 21-day extended
aerated pile facility.

Composted material is removed from the piles after 21 days.
The compost pile is dismantled by a front-end loader and moved to
the cur ing stockpil e. The compos t stays in the cur ing pile for
at least 30 days and is not mixed before screening and off-site
use. A mobile rotary d rum screen separates the cured rna ter ial ,
which must be at least 60 percent solids to screen properly.
Finished, cured compost that is too wet to screen is placed in
windrows and turned as frequently as possible for 2 to 3 days
until it is sufficiently dry.

Leachate, condensate, and stormwa ter runoff are collected in a
holding pond at the far end of the compost facility. When the
level of the pond rises to a maximum allowable height, the water
is pumped to a forested site and sprayed on the forest floor.
Test wells at the compost site and at the land application site
have indicated no groundwater contamination with the use of this
system.

Add i t ion a 1 res earchi s be i n g conducted at Belt s viII e on a
modification of the aerated, extended pile process, called the
extended high pile method. Since land area requirements can be
red uced by i ncreas ing pile he igh t, one pil e in the shape of a
pyramid has been constructed to a height of 18 feet (5.5 m).
Aeration pipes are installed at three elevations in the pile--at
the base, at 6 feet (2 m), and at 12 feet (4 m) above the base.



Those at the base and at 12 feet (4 m) levels operate at negative
pressure while the pipe at the 6-foot (2 m) level operates at
positive pressure. Tests are presently underway to determine the
maximum height at which piles can be built and effectively
aerated with pipes placed only at the base (35).

The Beltsville staff consists of eight full-time people, two
administrative personnel and six operators, excluding the sludge
transfer truck drivers. This number is more than actually needed
for normal operations. The addi tional personnel are used for
special operations and to support the research demonstration
program. Each member of the operation staff is qualified on
each piece of equipment and the staff is able to perform all
preventive maintenance and much of the repair work. A list of
equipment is shown on Table 12-3. All equipment has enclosed
operator cabs so that dust and moisture do not interfere with the
equipment operators.

TABLE 12-3

BELTSVILLE EQUIPMENT (15)

3 Terex rubber-tired front loaders, 4.5 cubic yards
5 Dumn trucks, 20 ton
1 Rotary drum screen with power unit
1 Sweco screen
1 Fixed Toledo truck scale
1 Mobile office
1 Storage building
1 Covered building - compost test, concrete floor with

aeration pipe in floor
1 Portable oxygen analyzer and temperature indicator and

orobe

1 eu yd
1 ton

= 0.76 m3

0.907 t

Some of the finished compost is used by the USDA at its
agricul tural research center for other test programs. Most of
the compost is provided free of charge to local public works
departments who pick up the material at the Beltsville site.

The approximate material quantities used in the Beltsville
opera tion are based on the following: annual undigested sludge
cake (with a solids concentration of approximately 23 percent)
input of 15,000 wet tons (13,60S-t); ratio of 2.5:1 wood chip
bulking agent to sludge cake by volume; and S/8-inch (1.5 cm)
screening of all compost for wood chip recovery and recycle of
75 to 80 percent; the wood chip loss/attrition rate at Beltsville
is currently about 41 percent (36). In this example, the
materials loss through composting and curing is estimated.
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The building used for test purposes at Beltsville has a concrete
floor with aeration piping built in. Channels 6 inches by
6 inches (15 cm x 15 cm) are recessed in the floor and the
aeration piping is placed into them. The channels run the width
of the building and are spaced 6 feet (2 m) apart along the
length of the building. One end of the piping is connected
to a header system and the other is closed off. One large
blower draws air through the header system. Limi ted tests have
suggested this arrangement will be proven successful, and a
refined vers ion of this system is being constructed at Durham,
New Hampshire. The Beltsville structure is approximately 80 feet
(24 m) wide and 240 feet (73 m) long. Composting is conducted in
an 80 by 200 foot (24 by 61 m) area and the remainder is an
enclosed and heated equipment storage and maintenance area.

The estimated and projected costs for this extended aerated
pile operation are listed in Table 12-4. The cost for early
composting operations included extensive testing, monitoring, and
optimization. The cost per ton for this operation would be
reduced if a facility were designed to operate continuously and
to use the process as it has been optimized at Beltsville.

12.3.3.3 Bangor, Main~

In August 1975, composting operations began in Bangor to dispose
of the sludge generated by the wastewater treatment plant. An
average wastewater flow of 7 MGD (307 lis) receives only primary
treatment. The plant produces 2,500 wet tons per year (2,268
t/year) of 1 ime cond i t ioned vacuum-f il tered sl udge cake wi th an
average solids content of 20 percent (5). The composting site
selected by the City of Bangor is located about 3 miles (4.8 km)
from the wastewater treatment plant.

Initially, the sludge was dumped onto a bed of bulking agent
(wood bark) in the mixing area, mixed with a front-end loader,
and formed into a compost pile. Currently, no base rna ter ial is
used; the sludge bulking agent mixture is placed directly on the
pad and aeration pipes. Generally, one composting pile is
constructed per week and typically consists of 40 to 60 cubic
yards (30 to 46m3 ) of und ige sted pr imary and seconda ry sl udge
cake which is mixed in 1:2.5 ratio with about 120 to 180 cubic
yards (91 to 137 m3 ) of bulking agent. Bark wi th a less than
50 percent moisture content is used as the bulking agent.

The total area required for composting 3,000 cubic yards per year
(2,280 m3/year) of dewatered sludge at 20 percent solids is
about 1.7 acres (0.7 ha). Precipitation, runoff, and condensate
from the composting operation are channeled into a drainage ditch
leading to the sanitary sewer line (Figure 12-18).

The base for the compost pile is prepared using 7-foot (2 m)
lengths of perforated schedule 40 steel pipe, joined together by
short pieces of plastic pipe. The city found that the short
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l~ng~~s of steel pipe can be removed from the pile without
slgnlflcant damage and reused many times. Longer pipes were used
previously but were easily bent when pulled from the pile.

TABLE 12-4

BELTSVILLE ACTUAL AND PROJECTED
OPERATING COSTS - 1977 DOLLARS (15)

Estimated October 1977 to September 1978
costs, dollars

Actual 15,000 wet 18,200 we15 45,500 wet
1976 tons/yr tons/yra , tons/yra,b

"__"""""__"~_ID"'~"'_"_"'''''''''''''''~".••~._""""'._.",_

On-site operations
Telephone and travel 3,971 1,300 1,300 1,300
Utilities 426 2,211 2,211 3,000
Fuel and oil 13,036 10,500 10,500 25,000
Sludge hauling 120,000 132,000
Labor including fringes 152,919 125,750 80,000 125,750
Miscellaneous contract

services
d

112,942c 27,540 27,540 37,000
Wood chips 73,145 144,000 144,000 350,000
Supplies and materials 32,176 22,250 22,250 35,000
Equipment insurance 3,955 4,000 4,000 4,000

Total, excluding off-site 512,570 469,551 291,801 581,050

Dry tons sludge/yr (23
percent solids) 3,450 3,450 4,200 10,500

Annual cost, dollars/dry
ton sludge solids 149 136 69 55

aExcluding requirements of research work.

bAssume 50 percent of compost marketed unscreened and 70
percent recovery of bulking agent after screening finished
compost.

crncludes screening performed by outside contract, screening
now performed on site.

dwhen this analysis was conducted a wood chip attrition rate of
20 percent was used. 1979 analysis indicates that an actual value
of 41 percent should be used for wood chip attrition. (36)

1 ton = 0.907 t

The ci ty has used unscreened compost as the bulking agent in a
number of piles. This has dramatically reduced requirements for
new bulking material, and the city plans further tests.

The compost piles are constructed as high as the front-end
loader can reach and capped with 1 to 2 feet (0.3 to 0.6 m) of
unscreened compost. The finished pil e is 10 to 12 fee t (3 to
4 m) high. Each pair of compost piles is provided with one
mechanical blower. Blowers are operated by timers.
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MANHOLE TO SANITARY SEWERo UTI L1TY POLE

BLOWER HOUSING

WATEA TRAPBARK STORAGE'

I DRAINAGE DITCH

q ~

d ~
~ f+---'---------I----rr------.:........::=---=--=--=:......:=-.=.--=:......:~ ~

tt..~ / UNSCFlEENED COMPOST STORAGE ~

,;;"<. I .......~ \ '~
<:l I MIXING

SCREEN \

\

FIGURE 12-18

COMPOSTING SITE LAYOUT - BANGOR, MAINE (5)

During cold weather, all available heat must be conserved to
bring the piles up to temperature. Recycled unscreened compos t
provides a warm bulking agent. The interiors of the wood
bark storage piles are also sources of warm materials for
mixing. Generally, if the compost pile mixture can initially be
maintained at 39°F (4°C), the interior of the pile will warm up
to normal composting temperatures much more readily than if the
mixture falls below 39°F (4°C). Warm exhaust air recycled from
an older composting pile into the new pile also helps for the
first few days, but recycling should be discontinued after this
period because it causes high moisture levels in the new pile.
Increasing the unscreened compost blanket from 1 to 2 feet
(0.3 to 0.6 m) dur1ng the winter also helped to retain more heat
within the composting pile. The city purchased an air heater to
provide initial heat to the piles.

The piles are composted for at least 21 days. Temperature and
oxygen levels are moni tored every two to five days dur ing the
compost cycle. Blower operating cycle is adjusted according to
the performance of the pile. The aera tion pipes, blowers, and
moisture traps are checked for freezing during cold weather.

At the end of the composting cycle, the pile is dismantled, and
another pile is usually constructed. The material removed from
the pile is either used as the bulking agent for the new pile or
transferred to curing.

Unstabilized sludge is not stored at the compost site.
Generally, operations are scheduled so that sludge is dewatered
and a compost pile is constructed once a week. The exact day of
pile construction is varied depending on weather conditions. The
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city has been able to compost nearly all of the sludge produced,
because it is prepared to construct the compost pile during good
weather.

A Lindig rotary drum screen is used to separate compost prior to
distribution. The drum is presently fitted with a one-inch
( 2 . 5 cm) me sh screen. Ci ty personnel are pI ann ing to cons truct
a 5/B-inch (1.6 cm) screen assembly so that either size material
can be produced. Tests performed at Bangor indicate that the
screen is cafable of handling about 20 to 25 cubic yards per hour
(15 to 19 m /hr) of feed under the best conditions. Compost is
put in the screen with a front loader. One loader operator and a
laborer are required during screening operations.

Currently, operations at Bangor are performed by treatment
plant personnel under the direction of the treatment plant
superintendent. There are no full-time composting personnel
because of the cyclical nature of the operations. Approximately
11 man-hours per week are required for a truck driver to deliver
and unload sludge at the site. Sampling and monitoring for
temperature and oxygen content require 10 man-hours per week.
Pathogen and heavy metals monitoring is performed under contract
with the university of Maine. Supervision and administration
require about 15 man-hours per week. Annual equipment and labor
requirements are shown in Table 12-5. The equipment used for
composting operations is shown in Table 12-6. This equipment is
provided by the city motor pool and is available for composting
when needed.

TABLE 12-5

ESTIMATED ANNUAL LABOR AND EQUIPMENT
REQUIREMENTS, BANGOR, MAINE (5)

Operation

composting
labor
front loader

Sludge hauling
labor
truck

Monitoring
labor
pickup

Administration
labor

Screening (8,000 cubic yards)
labor
screen
front loader

Maintenance
labor

Labor, Equipment,
hours hours

~,----

572
468

468
468

520
520

780

1,040
520
520

lOa

1 cu yd = 0.76 3
m
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TABLE 12-6

BANGOR EQUIPMENT (5)

1 Case W24B rubber-tired front loader, 4 cubic yard
1 Rubber-tired front loader, 1.5 cubic yard
1 Truck, sludge hauling
1 Mobile screen, Lindig

Small tools, as required
Miscellaneous vehicles as needed from motor pool

1 cu yd = 0.76 rn 3

Approximate materials quantities for 1976 are shown in
Table 12-7. This is based on an annual sludge input of
3,000 cubic yards (2,280 m3 ) and a mixture of three parts bulking
agent to one part sludge.

TABLE 12-7

BANGOR MATERIALS REQUIREMENTS FOR
2,170 WET TON (1,968 t) ANNUAL SLUDGE INPUT (5)

Limed raw primary sludge, wet
tons

Solids, percent
Cubic yards, cu yd
Density, Ib/eu yd
Dry tons

Static pile construction
Sludge, cu yd
Bulking agent, cu yd
pile cover, cu yd

1 ton = 0.907 t 3
1 cu yd = 0.76 m 3
1 Ib/cu yd = 0.6 kg/m

12.3.3.4 Durham, New Hampshire

2,170
23

3,000
1,450

500

3,000
9,000
1,560

Durham, New Hampshire, provides primary treatment to
approx ima tely 1 MGD (44 l/s) of wastewa ter • Abou t 15 we t tons
(13.6 t) of unstabilzed, dewatered, primary sludge (20 percent
solids) is produced each week. The treatment plant is being
upgraded to secondary treatment capability, and this is expected
to double the quantity of sludge generated.
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In an effort to cope with current sludge production and to solve
the problem of future sludge disposal, Durham investigated
several sludge utilization and disposal alternatives. Land
~ ill ing .had to be . terminated because .the 1 andf ill was reach ing
ltS maXlmum capaclty and no other sUltable land was available
within the town limits. It was considered too costly and
time consuming to obtain addi tional land in an adj acent town.
Incineration was considered but rejected because previous
experience with burning solid waste had been unsatisfactory.

A permanent composting facil i ty was chosen (after an extensive
pilot-scale investigation) as the sludge disposal alternative.
It was determined that this facility would best meet the needs of
the community for the following reasons (31):

• Estimated cost of the compost facility was 658,000
dollars, of which Durham, by virtue of state and Federal
funding, would pay approximately 33,000 dollars.

• The compost facil i ty would be an integral part of the
wastewater treatment plant, and plant personnel could
operate the facility.

• Sale of finished compost would help defray the operating
costs.

• Composting returns a viable product to the land at a cost
competitive with landfilling and incineration.

The new composting facility incorporates many innovations
that reduce operation and maintenance problems. It should be
recognized that since there are many innovations in this design
that they are not a proven technology. The composting and
all other outdoor operations will take place on a concrete pad
which is easier to clean than a gravel base, prevents rocks from
mixing with the compost, and is a better year-round working
surface. The pad is sloped to allow runoff collection from the
compost piles. The runoff is recycled to the treatment plant to
provide protection for the surrounding land and streams. The pad
is 250 x 152 feet (76 x 46 m), and is spacious enough for the
screening operation.

The aeration pipes are placed in triangular troughs 6 inches
(15 cm) deep which are recessed below the pad surface and covered
with an aluminum grating, flush with the pad. Once the aeration
pipe is in place, wood chips are used to fill up the remaining
space in the trough under the grates. It is anticipated that
chips directly under the grating will be changed occasionally,
but the pipe will be used for an extended period of time. The
sludge-wood chip mixture will then be placed directly on the
concrete pad over the grates without any wood chip base.
Figure 12-19 shows a cross section of an aeration trough with the
aeration pipe.
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A 4-fo~t retaining wall will be built along the edge of the
compostlng area of the pad. This wall will be constructed to
protect the, blowers w?ich will be located on the side away from
the compostlng operatIon and to provide a positive backstop for
front loader operations.

ALUMINUM ------,..
GRATE ~

I
3 TO 8 ft -J

.. . (0.9 TO 2.4m) I

, i' • ..
WOOD CHIPS

FIGURE 12-19

.-CONCRETE PAD

CROSS SECTION OF AERATION PIPE TRENCH
DURHAM COMPOST PAD DESIGN

The sludge processing building of the new secondary treatment
plant will be placed adjacent to the composting pad. Primary
and waste-activated sludges will be mixed together prior to
coil vacuum filter dewatering to provide for more consistent
operation. The mixing tanks for both primary and secondary
sl udge wi 11 be located in th i s build ing along wi th the cond i
tioning chemicals, chemical feed equipment and coil filters. To
provide flexibility in operation, the new plant will have a
one-week liquid storage capacity for both activated sludge
and primary sludge.

After the sludge is dewatered, a pug mill will mix it with wood
chips fed from a hopper. A conveyor belt will transport the
compost mixture from the building for pick-up by the loader
and placement on the pad. The mixing operation is conducted
inside the building to protect the operation from the weather.
Coil filter personnel will operate the mixing process, thus
minimizing personnel requirements.

Screening will be executed using a Lindig Rotary Screener
wi th a rna ter ial throughput capaci ty of 280 to 400 cub i c yards
per day (213 to 304 m3/day). Screening capacity exceeds
production requirements, so that the screen needs to be run only
part of the time. This frees the screen and loader operators
to undertake other tasks.

Storage bins for the composted material and chips will be
placed directly against the composting pad such that the top of
the bins are even wi th the pad. There will be four bins wi th a
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capacity of 1,200 yards (912 m3 ) each. Three of the bins will
be used for storing compost and one bin for the storage of wood
chips. As the compos ted material is screened on the composting
pad, the compost will drop into the bins for storage and curing.
A conveyor will collect the wood chips and return them to the
fourth bin for storage. The screen can be shi fted to link the
compost pile being dismantled with a storage bin (31).

The storage bins will be used for curing the compost and will
have suff i c ien t capaci ty for storage of all prod uct ion d ur ing
winter months when no distribution is planned. The bins will
be unloaded after the sludge is cured for about four weeks. This
two-yard (1.4 m3 ) front-end loader will also build and dismantle
the piles, feed the screen, load the chip hopper and trucks with
the finished product, keep the pad free of ice and snow, and
provide a backup for the mixing operation. A wood chipper and
a seven-yard (5 m3 ) dump truck for haul ing purposes are other
equipment to be used.

12.3.3.5 Cost Analysis

Comparing the cost of composting at different facilities is
extremely d i ff i cuI t because local factors such as the weather,
labor, and equipment are highly variable. Operations in warm,
dry climates will require less bulking agent and probably
be more successful with the screening process than operations in
cold winter areas. Labor and bulking agent costs are a large
portion of composting expendi lures and vary widely according to
geographic area.

A generalized annual operating cost analysis has been performed
for an extended aerated pile system for an operation processing
ten dry tons per day (9 t/day) of sludge based on the operations
at the Beltsville facility (18, 34). This analysis is presented
in Table 12-8. A 10 dry ton per day (9 t/day) compost site
should handle the sludge generated by a secondary treatment plant
from a community of 100,000 people. The site is assumed to be
operating eight hours per day, seven days per week.

In 1976, when the original analysis was done, the operating cost
was calculated to be 40 dollars per dry ton ($44.44/t). Although
all prices have increased since then, the one item which is
significantly more expensive is wood chips. In the analysis in
Table 12-8, wood chip attrition had been estimated at 20 percent.
Analysis done in 1979 indicates that 41 percent is the actual
val ue . Wood ch ip costs have increased from the $ 3.50 per cub i c
yard ($4.61/m 3 ), the value indicated in Table 12-8, to a 1979
value of approximately $7.00 per cubic yard ($9.21/m 3 ). In
addition cost for transporting sludge to the compost side must be
included.

An analysis of the capital cost is not presented, because capital
costs are site specific. The development cost of the site cannot
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be generalized, and the type of composting systems used, aerated
pile or windrow, will largely influence the capital cost. The
replacement cost of the equipment can be a large portion of the
capi tal cos t. The largest capi tal cos tis us ually the compos t
pad. The capital cost for all equipment and structures at Durham
is estimated to be about $600,000. Durham's annualized cost is
anticipated to be $80 per dry ton ($88/t) for capital and $60 per
dry ton ($66/t) for operating. This makes the total annual cost
for sludge composting at Durham $140.00 per dry ton ($154/t).
This facility is highly mechanized and may represent one of the
most capital-intensivecomposting operations. The operation at
Bangor, however, utilizes a portion of an abandoned taxi way and
uses the individual pile composting method. The capital costs
for this facility are estimated at about $10 to $15 per dry ton
($11 to $16/t).

Except for wood chips and labor, the best approach for estimating
annual operating costs for design purposes is to determine
the costs from a similar compost facility operating in the
same geographic area. Wood chip and labor costs must be
determined for the specific site. Capital costs are best
developed and annualized for the specific site chosen for the
facility.

TABLE 12-8

FACILITY PROCESSING 10 DRY TONS (9 t) OF
SLUDGE PER DAY a (1976 DOLLARS) (19,34)

Percent of
Dollars/yr Dollars/dry ton operating cost
------- """ --""--"~""""-""-

Operations
Wood chips at $3.50/cu yd

b

Plastic pipe
Gasoline
Diesel
Electricity
Equipment maintenance
Equipment insurance
Pad, road maintenance
Water/sewer
Labor
Miscellaneous supplies

Total

35,000
12,200

2,300
5,300
1,500
8,400
1,400
1,200

500
77,500

4,400

149,700

9.60
3.34
0.63
1. 45
0.41
2.30
2.30
0.33
0.14

21. 23
1. 20

41. 01

23
8
1
4
1
6
6
0.5
0.5

52
3

100

aBased on the Beltsville operation and assumed to operate
eight hours per day, seven days per week.

bIn 1979 wood chips cost $6.50/cu yd at Detroit and $7.92/cu yd
at Blue Plains. In addition the wood chip attrition rate went
from an assumed 20 percent to a confirmed 41 percent. (36)

1 ton = 0.907 t 3
1 cu yd = 0.76 m
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12.4 Confined Composting System

Mechanical composting is accomplished inside an enclosed
container or basin. Mechanical systems are designed to minimize
odors and process time by con trolling envi ronmental cond i tions
such as air flow, temperature, and oxygen concentration.

12.4.1 Description of Process

The primary differences among mechanical composting systems are
in the methods of process control. Some provide aeration by
tumbl ing or dropping the mater ial from one floor to the next.
Others use devices which stir the composting mass. Tumbling the
compost in a rotating cylinder is another approach. In addition,
an end le ss bel t is used to comb i ne forced bot tom aera tion and
stirring. Water is added to the composting mass at critical
times to increase biological activity in some mechanical systems.
Also, some mechanical composters can introduce heat to the
composting mass to keep the composting reaction continuing at the
optimum rate during cool weather.

The brief detention times which equipment manufacturers specify
for mechanical composters do not allow adequate stabilization of
the sludge. If shorter detention times are provided, a two- to
three-month maturation period will be necessary to reduce the
remaining volatile matter. Thus, the amount of time and total
area required for mechanical processes approaches that for
unconf ined processes. Meehan ical processe s are more capi tal
i n ten s i ve t han un con fin e d pro c e sse s . Cur r e n t 1 yon1 y a few
mechanical composting processes are operating in the united
States and these are generally used to compost a mixture of
refuse and wastewater sludge. A schematic of a typical confined
composting process is shown on Figure 12-20.

12.4.2 Metro-Waste Aerobic Thermophilic
Bio-Reactor

The Metro-Waste process utilizes a compost chamber and an endless
bel t to ach ieve adequa te aera tion. The end Ie ss bel t 1 i fts the
composting material to a height of three feet (0.9 m), and drops
it beh ind as it move s from one end of the b in to the other. A
large fan introduces air into the mixture through a perforated
floor in the compost chamber. A partial diagram of this system
is shown on Figure 12-21.

This process, including environmentally controlled buildings, is
available in module units of 10 dry tons per day (9 t/day) with
retention capacities of 7 to 21 days (37).

12.4.3 Dano Bio-Stabilizer Plant

Figure 12-22 shows a
plant. The process

typical layout of a Dano Bio-Stabilizer
makes use of a large, slowly rotating

12-51



drum, the interior of which is equipped with vanes or baffles.
Material is injected into one end of the machine, rotated
slowly for one to three days, and ejected from the opposite end.
Aerat ion is acccompl i shed by tumbl i ng act ion. Ai r is inj ected
into the interior of the drum to insure a constant supply of
oxygen.

WASTEWATER
SLUDGE

MIXlNG

BULKING
AGENT

SCREENING

CURING

FINISHED
PRODUCT

HEAT
UF REQUIRED)

MECHANICAL
COMPOSTER
(REACTOR)

AIR

FIGURE 12-20

TYPICAL PROCESS FLOW
SCHEMATIC CONFINED COMPOSTING SYSTEM
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The "maturation"
can be reduced
occas ionally ( 9).
refuse composting

or "curing" period for a Dano Bio Stabilizer
to one month if the material is turned

The Dano process is generally designed for
with sludge addition.
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12.4.4 BAV Bio-Reactor

The BAV system composts municipal wastewater sludge in an upright
cylindrical reactor. Sludge is mixed with finished compost, or
other bulking agent such as sawdust, and the mixture is fed
through the top of the cylindrical reactor. The composted
mixture is drawn off the bottom of the reactor as new material
enters from the top. The detention time in the reactor is
between ten and fourteen days. Air is fed evenly throughout the
reactor and the oxygen concentration is monitored by an electric
measuring and regulating system. Municipal solid waste can also
be compos ted with the sludge, but then the compost would require
further processing to remove nonmagnetic metals and pieces of
wood, glass, plastic, and other non-organic materials before it
is ready for landscaping use. Figure 12-23 illustrates the BAV
process.

12.5 European Composting Experience

Of the seven European countries recently surveyed for wastewater
sludge composting practice, West Germany is the center of
activity, with more than 30 operating plants (38). Sweden
follows with 20, which are either in operation or in planning and
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design stages; Switzerland has nine; France has five; the United
Kingdom has one; Italy and the Netherlands have none. These
systems are located where wastewater sludge is the predominant
waste componen t usually mixed wi th municipal sol id waste. The
number of sludge-only composting systems are few.

MAl"UfUNG IN
WINDROWS

CINDERS
AND ASHES

SCRIi:lEN RESIDUE

t------~... HAUL AWAY

r-~---_....Ii...----i""HAUL AWAY

INDUSTRIAL AND
SULkY WASTES

CONVEYOR FOR

CONVEYOR FOR
REJECTS

INCINERATOR

FIGURE 12-22

TYPICAL LAYOUT OF A DANO BID-STABILIZER PLANT

The feasibility of composting wastewater sludge mixed with
a bulking agent is established in Europe, but the future of
general composting technology in Europe appears to depend on the
market economics and continued public acceptance, rather than on
technological improvements.

The predominant experience in Europe has been with enclosed
mechanical systems. This is primarily a result of attempts
to minimize compost facility area requirements. Table 12-9 lists
the various operating European wastewater sludge composting
processes.

Although numerous attempts were made from 1930 until the present,
wastewater sludge is no longer composted in windrows without
additives (sawdust, straw, bark) in Germany. Dewatered sludge,
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without additives, has a low porosity which impedes natural
aeration. Strong, objectionable odors developed, and caused all
attempts to be abandoned. The following illustrates recent
compos~ing experiences, in Germany, the Uni ted Kingdom, Sweden,
and SWltzerland (38).

West Ge!:.!TIany

In the last three to five years in the Federal Republic of
Germany, about 3° pI ants for the compos t ing of wa stewa ter
sludge only have been built or are under construction. When
all of these plants are in service, they together will be
capable of managing the sludge from an equivalent population
of 800,000. The fact that these 30 confined facilities
can only together service the sludge from a population of
800,000, contrasts sharply with the fact that unconfined
processes, such as the windrow operation in Los Angeles, or
aerated static pile process in Washington, singularly each
process equal to or greater than 800,000 population. In
most cases, composting of wastewater sludge occurs with
the help of bulking materials such as sawdust or straw.
Currently, a research program is being conducted by the
German Umwel tbundesamt to determine whether these processes
do indeed produce a pasteur ized and pathogen-parasi te-free
product. Preliminary results of this research program, as
yet unpublished, show that in some of these processes,
pasteurization is incomplete and indeed some final composted
products do contain both human and plant pathogens.

United Kingdom

As of 1978, only one operating plant located at Wanlip, near
Leicester, is composting wastewater sludge in the United
Kingdom. Although 10 to 15 years ago, municipal solid waste
(MSW) composting in Dano rotating drums was common, most of
the plants using these have shut down. In 1974, the Wanlip
plant reopened, and it now processes 1,100 tons (1,000 t) of
MSW mixed with 551 tons (500 tonnes) of digested wastewater
sludge (five percent solids) each week. The product,
packaged under the brand-name, "Lescost," is marketed with
some success throughout Great Britain.

Sweden

In 1975, the Swedish parliament passed a resolution which
emphasizes recycling through better solid waste management.
With this resolution, 20 Swedish communities or regions are
planning, or are in the process of constructing, composting
plants. At present, less than one percent of the total
MSW and wastewater sludge produced is recycled by a
composting technique. According to recent estima tes by the
Swedish National Protection Board, in the next two years
approximately seven percent of the total MSW and wastewater
sludge produced will be recycled by composting methods.
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Switzerland

Currently, there are nine composting plants in Swi tzerland,
the newest of which went into operation in 1975 in Biel.
All but one, in Uzwel, mix sewage sludge with MSW. In most
cases, incineration and composting equipment are located side
by side. The composting operation is used to dispose of
sewage sludge. The incinerator burns most of the municipal
waste and the rejects from the composting installation.
Nearly all the plants use the Dano system for composting.
The auxiliary mechanical machinery, such as hammermills,
conveyors and screens, is usually produced by Buehler.

The construction of composting plants has almost ceased in
European countries other than Sweden. Apparently most
operating plants have difficulties in marketing the compost
at a satisfactory price. It may well be, however, that
careful operation of the plant and better marketing could
improve sales of the compost. It appears very unlikely that
a number of combined MSW/wastewater sludge composting plants
will be built in the near future. One of the reasons is that
the rejects of composting must be burnt (landfilling is, for
reasons of space, not feasible in most relatively small
European countries) ~ therefore, an incinerator is necessary
in any case. Building a larger incinerator instead of a
combined system seems, in many cases, the simpler solution.

MIXTIJFI.E. TO BE COMPOSTEU

+

.'

SCREW·TYPE
- I CONVEYER
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TABLE 12-9

EUROPEAN WASTEWATER SLUDGE COMPOSTING PROCESSES (38)

Category
---

With':n vessel

Windrow

Rotating drum

Pressed brick
Fermentation cells

12.6 References

Process

BAV
Carel Fouche Languenin
Roediger/Fermenttechnik
Schnorr Valve Cell
Societe General

D'assainissement et de
Distribution (SGDA)

Triga
Weiss
BIO-Manure
Hazemag
PLM
Buehler
Dano
HKS
Brikollare
Prat

Number of
operating Dlants

19
1
1
2

1
2
3
1

9
9
2
2
I
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structure of the solids: a monolithic solid is much less subject
to leachi~g than is a granular solid. However, monolithic solids
may d~terlorate if expos~d to wet-dry or freeze-thaw cycles (11).
LeachIng tests to estImate long-term weathering resistance
of the fixed solids are still being formulated (12). It should
be emph.as ized tha t th~ info~ma t ion presented in th is paragraph
was d~rIved ~rom exp~r~ence WIth sludges of an industrial origin.
ExperIence WI th munICIpal sludges may be similar to that wi th
some industrial ones.

TABLE 13-1

PARTIAL LIST OF FIXATION PROCESSES

Vendor

Dravo Corporation

IU Conversion Systems, Inc.

Chernf ix, Inc.

TRW, Systems Groupc

(nonproprietary)

Process

syneartha

Poz-O-Teca

Poz-O-Soila

Chemfix
a

Flyash-limestone

Additives

Calcilox
a

Thiosorbica lime

Lime

Portland cement
Sodium si,licate

1, 2 - polybutadiene

Fly ash
Limestone

Additive
quantity,

percent References

3, 4

3, 4, 5

3, 4

6

4

aRegistered trademQrks. Process is in full-scale use on hazardous
industrial sludge or flue gas desulfurization sludge or both.

bAdditive as percent by weight of dry sludge solids for flue gas
desulfurization sludge and fly ash at coal-burning power plants.

cBench scale tests.

dAdditive as a percent of dry sludge solids.

The cost of utilizing the chemical fixation process is affected
by the degree of dewatering required, the type of fixation
chemical (s) employed, and the method of mixing the chemical (s)
and sludge. In addition chemical fixation processes are
generally proprietary and require royal ty payments. Therefore,
schemes including chemical fixation are generally more expensive
than conventional systems for processing municipal sludges.
Consequently, appl i ca t ions of the chemi cal f ixa tion process to
municipal sludges will probably remain uncommon except when such
sl udge s contain s igni f icant concen tra t ions of heavy metal s or
other toxicants. Variables affecting the cost of fixation
include:

• Availability of fly ash. Some processes use fly ash
to reduce the need for other chemicals.

• Sludge dewa terabil i ty. F ixa tion cos ts increase wi th the
amount of water present.
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• Volume and mass of sludge to be treated.

• Physical properties required for the
granular product tends to cost less
product, for example.

fixed sl udge . A
than a monoli thic

• The degree to which the fixed product must resist
leaching.

• Reactivity of the sludge with the fixation chemicals.

• unit prices of treatment chemicals. In some cases, this
factor is complicated by the fact that the chemicals are
proprietary.

13.3 Encapsulation Process

Encapsulation is the encasing of sludge in an impervious, durable
material. Encapsulation processes are expensive to employ but
are a useful treatment alternative when the sludge contains
significant concentrations of leachable toxic materials. As with
f ixa tion processes, there is 1 it tIe reported experi ence for the
system with municipal sludges. The information presented here
has been obtained from experience with industrially derived
sl udges • Two examples of encapsul a tion processes are d i scu ssed
below.

13.3.1 Polyethylene Process

Encapsulation of a sludge with polyethylene has been investigated
in the laboratory (6,13,14). This process involves putting a
block, a 55-gallon (208 1) drum, or other con tai ner of sl udge
that has been treated by the chemical fixation process into a
bed of polyethylene powder. The polyethylene is then heated to
350·o P (180°C) so that it melts and fuses into a 1/4 inch (6 mm)
thick seamless layer. The approxima te amount of polyethylene
required is 4 percent by weight of the sludge to be encapsulated,
Polyethylene is tough and may be severely deformed without
rupture. Leaching tests of several materials treated by the
polyethylene process showed virtually no release of the chemical
constituent.

The extremely high system temperatures cause water to evaporate
at pressures up to about 130 psig (900 kN/m 2 ). Therefore,
one of the following three stringent conditions must be met:

• The process must be carried out under pressure.

• The sludge must be sealed in vessels that are able to
withstand an internal working pressure of 130 psig
(900 kN/m 2 ) before the sludge is delivered to the
encapsulation process.
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• The sludge must be in a thoroughly dry form such as
either sludge incinerator ash or heat-dried sludge.

13.3.2 Asphalt Process

Asphalt may be used to encapsulate wastes. In this process
the waste is mixed with asphalt at 300°F (l50°C) in such a wa~
that each individual particle is coated with asphalt. Moisture
is removed as steam. The coated particles are then placed in
55-gallon (208 1) drums or other containers where they cool
and form a solid, nonporous mass. The encapsulated product is
highly res is tant to leach i ng, me ch ani cal damage, and bacter ial
attack. About one pound of asphalt is required for each pound of
dry solids (15).

Asphal t encapsulation has been used in Europe on medium-level
radioactive wastes since 1965. There is little United States
operating experience, but European experience makes it possible
to estimate costs for wastewater sludge applications. An
installation with a capacity of five hundred 55-gallon (208 1)
drums per year could handle about 84 tons (76 t) of dry sludge
solids per year. Capi tal and operating costs are estimated at
$1.45 million and $62,000 per year, respectively, at 1977 U.S.
price levels. Amortizing capital over twenty years at 7 percent,
the total cost is about $2,400 per ton dry solids processed
($2,600/t). This cost includes encapsulation machinery and
associated building space, drums, drum storage, asphalt, steam,
cooling water, and operating labor. It does not include
engineering (except for engineering performed by. the equipment
supplier), sludge dewatering which precedes the encapsulation
process, transportation and disposal of the finished product,
treatment of contaminated steam that might be produced, or
maintenance. Possibly, cost savings can be obtained from
economies of scale and less rigorous condi tions than those at
nuclear power plants.

13.4 Earthworm Conversion Process

A novel municipal wastewater sludge treatment process uses
earthworms (01 igochaete annel ids) • Th is system is often called
"earthworm conversion," vermicomposting, or annelidic consumption
(16). Vermicomposting is different from the conventional
composting of wastewater treatment plant sludge. In the
earthworm conversion process, the worms are provided an optimum
environment to consume or metabolize the sludge and produce feces
or castings. These castings may be used as a soil condi tioner.

13.4.1 Process Arrangement

Earthworm conversion is basically a simple process, and a
schematic diagram of it is shown on Figure 13-1. The process
requires worm beds and a supply of worms. Generally, digested
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and dewatered sludge is put into the beds, although experiments
are underway, where raw liquid sludge is placed in beds. If
anaerobic digestion is used prior to earthworm conversion,
addi tional pretreatment may be needed. A bulking agent such as
wood chips may be useful in some cases for keeping the bed porous
and aerobic, especially if moisture is high. Sludge is, however,
generally applied without any bulking agent. A worm bed may
take the form of a simple tray. Windrows similar to those for
composting may also be used. After the worms have consumed the
sludge, they must be separated from the castings. This may be
done with an earthworm harvester, a drum screen that rotates on
a nearly horizontal axis. Castings fall through the screen
openings while worms tumble through the length of the drum.
Table 13-2 contains some critical operational parameters for the
earthworm conversion process.
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FIGURE 13-1

DIAGRAM OF AN EARTHWORM CONVERSION PROCESS

The main product of the earthworm conversion process is the
worm's castings. In some process arrangements there may be a net
earthworm production. The excess earthworms may then be sold for
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fish bait or animal protein supplement. Earthworm marketing is a
complex problem. For municipal sludge applications, surplus
earthworms may be considered a by-product; the principal product
is the castings, which can be a resource.

TABLE 13-2

PARAMETERS FOR EARTHWORM CONVERSION

Parameter
---~----------

Detention time of sludge in worm beds

Worm reproductive cycle

Rate of worm feeding (15 0 C)

Optimum temperature

Dry matter content of worms

Minimum solids content of the worm bed
mixture

Values

2 days (19)
32 days (18)

1 to 2 months

0.17 to 1.7 grams dry sludge per gram dry
worm weight per day (17)

20 to 25 percent (~L~ foe!:ida) (20)

20 percent solidsb

aSpecies of worm being tested: Eisenia foetida (redworm, hybrid redworm,
tiger worm, dung worm) (17), Lumbricus rubellus (red manure worm, red
wiggler worm) (18), and Lumbricus terrestris (nightcrawler) (17).

bActual minimum solids content depends on such factors as porosity, type of
sludge, ability to keep aerobic. Experiments are being conducted to better
define these parameters.

13.4.2 Advantages of the Earthworm Conversion Process

When dry, earthworm castings are essentially odorless; when damp,
they have a mild odor like a good quali ty topsoil. Also, the
castings have a favorable appearance. When sifted and dry, they
are granular, about 0.02 to 0.1 inches (0.5 to 3 mm) in maximum
dimension (with some fines); color is brownish gray. In a study
where municipal sludge was applied to a wheat crop, it was found
that when earthworms were added to the sludge, the germination
rate of the wheat was improved (21). The odor, appearance, and
soil supplementation advantages of the earthworm conversion
process may help in the acceptance of sludge by farmers and
householders.

Earthworm conversion affects several other sludge char
acteristics. The oxygen uptake rate increases (17) the
acid-extractable fraction of various nutrients increases (21).
The volatile content of the solids drops slightly and humic acid
concentrations fluctuate (17). While these effects may be
beneficial, there are no data to show how the results affect
des i 9 n or 0 per a t ion of earthworm co n v e r s ion ins tall a t ions .
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The earthworm conversion process would appear to be low in cost,
although this cannot be said with certainty, since no cost data
are available for full-scale operations on sludge. The process
does not require chemicals, high temperatures, or large amounts
of electricity. Only a small amount of low-speed mechanical
equipment is needed. Significant expenditures may be required to
offset the potential operating difficulties discussed below.

13.4.3 possible Operating Difficulties

A number of potential operating difficulties and their solutions
are listed in Table 13-3. None of these difficulties are
insurmountable. Probably it is most difficult to economically
pretreat anaerobically digested sludge so that it is nontoxic to
the worms.

13.4.4 Limitations

Limitations are:

• Earthworm conversion decreases the total nitrogen
values in the sludge because ammonia ni trogen will be
lost to the atmosphere.

• Published information to date (1979) is almost
nonexistent on full-scale municipal wastewater treatment
plant sludge operations. Consequently, costs are
unpredictable.

• Two common ions in municipal wastewater sludge, ammonium
and copper, may be toxic to worms. Studies have found
that these ions were lethal at additions equivalent
to 180 mg NH4-N and 2,500 mg Cu per kilogram of wet
subs tra te (26,27). Safe limi ts for these el emen ts are
not known.

• Cadmi urn accumulates in the worm Eisenia foetida. Zinc
apparently does not accumulate in Eisenia foetida but
does accumulate in other species (27,28). If the worms
are to be used as animal feed, the system must be
operated such that cadmium and zinc concentrations in
the worms do not exceed recommended levels for animal
consumption.

• Space requirements may rule out earthworm conversion
at some treatment plants.

• The earthworm business has been affl icted wi th unsound
investments and excessive claims. For example, it has
been claimed that earthworm processing is able to
reduce concentrations of heavy metals (29). Any such
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reduction could only be caused
wi th uncontaminated waste or by
contaminants in the earthworms.

TABLE 13-3

by simple dilution
concentration of the

comments

POSSIBLE OPERATING DIFFICULTIES IN EARTHWORM CONVERSION

possible difficulty
,~---------------~------

Worm drowning

Predation by birds and animals

Worm loss due to migration from the
process

Toxicity of sludge to worms

Worms must be protected from floodinq.

Not a problem at San Jose - Santa Clara,
California experiments (22).

Caused by flooding, toxic sludge, unpalat
able sludge, adjoining areas attractive
to worms, lack of artificial lighting on
rainy nights.

Significant for anaerobically digested
sludge. However, toxicity is eliminated
by exposing the sludge to air for two
months (17) or wetting sun-dried sludge
daily for 14 days (21). Stabilization by
lime or chlorine is not recommended for
sludge that will be fed to earthworms.
Toxicants such as copper salts might also
cause problems. Aerobic digestion is best
suited for sludge to be converted by
earthworms.

Toxicity or unpalatable nature of
dewatering chemicals

Avoided at Hagerstown,
grade polymer (19).
used; drying beds do
chemicals.

Md., by use of food
Drying beds may be
not usually require

Worm shortage in the process, so that
worm additions are required

Shortage of worms for initial inventory
or restart

Temperature extremes

Shortage of enzymes

Worms reproduce via egg capsules. These
capsules may be lost from the process in
the castings. Also, toxic conditions,
drowning, and other problems will cause
worm populations to drop. At Hagerstown,
Md., a worm raising operation has been
proposed to supply the necessary make-up
worms to the sludge conversion process (19).

To begin operation, a large worm inventory
may be needed, so large that local worm
suppliers may be unable to fill it.
Gradual start-up is therefore desirable,
especially for large plants. Also, earth
worm ~xchanges may become available
nati~wide so that sludge operations can
draw on larger numbers of earthworm
suppliers.

Worm feed most rapidly at 15 to 20 degrees C,
about 5 degrees C, feeding is quite slow
(17). Freezing will kill worms. High
temperatures can also cause rroblems. It
may be necessary to stockpile sludge dur
ing the winter or provide a heated
building for the conversion process.

Not a problem, despite claims by marketers
of enzyme preparations that these prepara
tions are valuable to the process (23).
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TABLE 13-3

POSSIBLE OPERATING DIFFICULTIES IN EARTHWORM CONVERSION (CONTINUED)

Possible difficulty

Exposure to light

Dehydration

Salinity in castings

Contamination of castings by heavy metals,
motor oil, rags, and similar materials

Odors

Comments

Worms avoid bright light. Some sort of
cover or shade should be provided so that
worms will convert the top layer of the
sludge.

There is a minimum moisture content for the
worm bed (23).

Under some conditions, castings may have
sufficient dissolved salts to inhibit
plant growth. This problem may be elim
inated by leaching or by mixing the
castings with other materials with lower
dissolved salts (24, 25).

Source control may be used, where feasible,
as for other processes aimed at reuse of
sludge as a soil conditioner. See
Chapter 2 for regulations on sludge pro
ducts.

The most likely source is raw or
aerobically digested sludge, which has
been stockpiled to await earthworm con
version.

°c 0.555 (OF-32) •

• If a particular sludge is suitable for earthworm
conversion, that sludge should also be suitable for
reuse as a soil conditioner without being processed by
earthworms. However, earthworm conversion reduces odor,
improves texture, and may increase germination rate.

These limitations may be significant but not overwhelming. There
is considerable research and development underway. I t appears
that earthworm conversion may have a role in municipal wastewater
treatment plant sludge processing.
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CHAPTER 14

TRANSPORTA'rrON

The fundamental objective of all wastewater treatment operations
is to remove undesirable constituents present in wastewater
and consolidate these materials for further processing and
disposal. Solids removed by wastewater treatment processes
include screenings and grit, naturally floating materials called
scum, and the remainder of the removed solids called sludge.
This chapter discusses the transportation of solids, or
the movement of sludge, scum, or other miscellaneous solids
from point to point for treatment, storage, or disposal.
Transportation includes movement of solids by pumping, conveyors,
or hauling equipment.

14.1 Pumping and Pipelines

unless a sludge has been dewatered, it can be transported
most efficiently and economically by pumping through pipelines.
Sludge is subject to the same physical laws as other fluids.
Simply stated, work put into a fluid by a pump alters velocity,
elevation, and pressure, and overcomes friction loss. The unique
flow characteristics of sludge create special problems and
constraints. Nevertheless, sludge has been successfully pumped
through short pipelines at up to 20 percent solids by weight, as
well as in pipelines of over 10 miles (16 km) long at up to
8 percent solids concentrations.

Most of the following information is related to sludge, although
screenings, grit, and scum may also be transported by pipeline.
Mention is made of these miscellaneous solids when special
considerations are involved.

14.1.1 Simplified Head Loss Calculations

Head losses must be estimated for sludge pumping; they are not
available in standard tables. Head requirements for elevation
change and velocity are the same as for water. However,
friction losses may be much higher than friction losses in water
pipelines. Relatively simple procedures are often used in design
work; such a procedure is described below. The accuracy of these
procedures is often adequate, especially at solids contents
below 3 percent by weight. However, as the pipe length, percent
total solids, and percent volatile solids increase, these simple
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procedures may give imprecise or misleading results. A more
elaborate method for situations demanding greater accuracy is
given in Section 14.1.2.

In water piping, flow is almost always turbulent. Formulas
for friction loss with water, such as Hazen-Williams and
Darcy-We isbach, are based on turbulent flow. Sludge also may
flow turbulently, in which case the friction loss may be roughly
that of water. Sludge, however, is unlike water in that laminar
flow also is common. When laminar flow occurs, the friction loss
may be much greater than for water. Furthermore, laminar flow
laws for ordinary "Newtonian" fluids, such as water, cannot be
used for laminar flow of sludge because sludge is not a Newtonian
fluid; it follows different flow laws.

Figure 14-1 may be used to provide rough estimates of friction
loss under laminar flow conditions. This figure should be used
when:

• Velocities are at least 2.5 feet per second (0.8 m/s).
At lower velocities, the difference between sludge and
water may greatly increase.

• Veloci ties do not exceed 8 feet per second (2.4 m/s).
Higher velocities are not commonly used because of high
friction loss and abrasion problems.

• Thixotropic behavior is not considered. Friction losses
may be much higher in suction piping. Also, when
starting a pipeline that has been shut down for over a
day, unusually high pressures may be needed.

• The pipe is not seriously obstructed by grease or other
materials.

As an example, consider a pipe carrying unstabilized primary
sludge. The pipe is 500 feet (152 m) long and 6 inches (150 mm)
i n d i am e t e r ; flow rat e i s 3 0 0 gallon s per min ute ( 1 9 1 Is) •
Assume that the sludge solids concentration may be up to
7 percent sol ids on occas ion. Us ing the Hazen-Wi 11 iams formul a
with a "c" of 100, a friction loss of 6.5 feet (2.0 m) would
apply. If laminar sludge flow occurs, Figure 14-1 gives a
multiplication factor of 5.8, so a friction loss of 38 feet
(12 m) might occur. The friction loss could easily vary from
6.5 to 38 feet (2.0 to 12 m) in actual operation due to changes
in sludge properties and factors not considered on Figure 14-1.

Grit slurries are usually dilute; also, grit particles do not
stick to each other. Therefore, ordinary friction formulas for
water are usually adequate. A velocity of about 5 feet per
se cond (1.5 m/s) is typically used. Low veloc i ties may cause
deposition of grit within the pipe; high velocities may cause
erosion.
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14.1.2 Application of Rheology to
Sludge Pumping Problems

Water, oil, and most other common fluids are "Newtonian." This
means that the pressure drop is directly proportional to the
velocity and viscosity under laminar flow conditions. As the
velocity increases past a critical value, the flow becomes
turbulent. The transition from laminar to turbulent flow depends
on the Reynolds number, which is inversely proportional to
the fluid's viscosity. The viscosity is a constant for the fluid
at any given temperature. Formulas for Newtonian fluids are
available in fluid mechanics textbooks.

Wastewater sludge, however, is a non ... Newtonian fluid. The
pressure drop under laminar conditions is not simply proportional
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to flow, so the viscosity is not a constant. Special procedures
may be used, however, to determine head loss under laminar flow
conditions, and the velocity at which turbulent flow begins.
These procedures use at least two constants to describe the fluid
instead of a single constant (the viscosity) which is used for
Newtonian fluids.

The behavior of wastewater sludge is compared with the behavior
of wa ter on Figure 14-2. This figure is based on steady state
behavior, after thixotropic breakdown~· (Thixotropic breakdown
will be discussed in a subsequent paragraph.) The following
features are notable concerning the behavior of wastewater
sludge:

• Essentially no flow occurs unless the pressure is high
enough to exceed a_yield stress TO'

• Turbulent flow may occur, but a much higher veloci ty is
needed for sludge than for water.

• In fully developed turbulent flow, the pressure drop is
roughly that of water.

• For the laminar plastic flow region, sludge approximately
obeys the laws of a "Bingham plastic." A Bingham plastic
is described by two constants, which are the yield stress
TO and the coefficient of rigidity, 7J •

• It is also possible to consider sludge to be a
"pseudoplastic" material. In that case, two other
constants are used, and the formulas are different. The
following discussion uses the Bingham plastic approach.

14.1.2.1 Solution of Pressure Drop Equation

If the two constants TO and 7J can be determined, it is quite
easy to determine pressure drop over the entire range of
velocities with the aid of Figure 14-3 and ordinary equations for
water. To use this figure, calculate the two dimensionless
numbers (Reynolds and Hedstrom) by reading the graph. The
only real difficulty is in obtaining the two constants; see
Section 14.1.2.4.

The two dimens ionless numbers are a Reynolds number, given by:

Re = pVD

7J
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where:

Re

P

v

D

= Reynolds number, dimensionless

= density of sludge, Ib (mass)/ft3 , (g/cm3)

= average velocity, ft (cm/s)

= diameter of pipe, ft (em)

= coefficient of rigidity, lb
as dyne-s/cm2 and g/cm~s);

and the Hedstrom number, given by:

(mass)/ft-sec, poise
"~

(same

He ( 14-2)

where:

He = Hedstrom number, dimensionless

TO = yield stress, Ib(force)/ft2

gc = units conversion factor:
32.2 Ib(mass)-ft/lb(force)-sec2 for English units
1.0 for metric units

llpgc

where:

2fPLV 2
= ---D--· ( 14- 3 )

IIp = pressure drop due to friction, Ib(force)/ft 2 ,
(dyne/cm2 )

f = Fanning friction factor from Figure 14-3, dimension
less

L = length of pipeline, ft (em)

There are a few subtleties in the correct use of these equations.
First, the Reynolds number in Equation 14-1 is not the same as
a Reynolds number based on viscosity. In plastic flow, an
effective viscosity may be defined, but it is variable and it can
be much greater than the coefficient of rigidity. Consequently,
the two Reynolds numbers can differ by factors of more than ten
under some cond i tions. Second, many tex tbooks use a somewhat
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different definition of f, which is four times the value as
used in Equation 14-3 and Figure 14-3. Third, care is required
with units. For English units, it is not possible to use
pounds (mass) in densi ty at the same time as pounds (force) in
stress without introducing the conversion factor (gc) into
Equations 14-2 and 14-3. Alternatively, the "slug," English mass
unit could be used.

_____ 8lNGHAM PL.ASTIC, ~,,g, SLUDGE Al'lefl
THIXOTROPIC BflEAl<Om\J~

- - - NEWTONIAN HUlD, ~'s. WATEfi:

CURVATURE IN
THIS REGION
DUE TO Pl.UG
FLOW IN THE
MIDDLE Of
THE PIPE

FIGURE 14-2

COMPARISON OF BEHAVIORS OF WASTEWATER SLUDGE
AND WATER FLOWING IN CIRCULAR PIPELINES

These equations apply to the entire range from virtually zero
velocity to the fully turbulent range, except that Figure 14-3
does not allow for pipe roughness. To allow for pipe roughness,
ordinary water formulas may be used. If, for example, the
Hazen-Williams formula gives a higher pressure drop than
Equation 14-3, then pipe roughness is dominant, the flow is
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fully turbulent, and the pressure drop will be given by the
ordinary water formula ~o a sufficiently good approximation for
engineering purposes (3).

0.1

1.0

c:
o
t-
u«
u.
z
o
r-
u
a::: 0.01
u. NEWTON IAN -~~~::-=-l"C.::'

CURVE

~"."-- He, HEDSTROM NUMBER

0.001
102 1Q3 104 105 106 107

Re, Rn NOlDS NUMBE R lDVp 11/ I

FIGURE 14-3

FRICTION FACTOR FOR SLUDGE, ANALYZED AS A
BINGHAM PLASTIC

Figure 14-3 also shows whether flow is laminar or tubulent.
The friction factor f is located by the intersection of the
Reynolds and Hedstrom numbers (Re and He). If this point is
above the dashed line on Figure 14-3, or if the Reynolds number
Re is less than 2,000, the flow is laminar; otherwise it is
turbulent. For example, at Re = 10 4 , a Hedstrom number of
10 4 gives .turbulent flow,' while a Hedstrom number of 10 6 gives
laminar flow.

Interpolation on logarithmic graphs such as Figure 14-3 is
somewhat difficult. This is particularly 'true for the Hedstrom
number cu rves on F igu re 14- 3. I f the logari thm (base 10) of He
is calculated, interpolation between lines will be linear.
Alternatively, if flow is laminar, the Buckingham equation (3,4)
may be used. Figure 14-3 incorporates the Buckingham equation in
the laminar region. The Bingham pressure loss equation is an
approximate solution of the Buckingham equation (5,3).
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14.1.2.2 Design Example

The designer wishes to transport anaerobically digested sludge
6 miles from one plant to another plant where there are
dewatering facilities. If transported at 5 percent solids, the
sludge quantity is 100,000 gallons per day (378 m3/day). The
sludge may be diluted or thickened, if desired, to improve
economics. All of the sludge must be pumped in a 4-hourperiod
each day to accommodate dewatering schedules at the receiving
plant.

It is assumed that the sludge can be considered as a Bingham
plastic using the following data from Canton, Ohio (2):

Case

1
2
3

Solids
concentration,

percent

7.12
5.34
3.56

Yield stress TO'

. dyne/£-~~_~c_

100
30.5
5.8

Coefficient
of rigidity
TI, g/cm-s

0.40
0.24
0.13

For a comparison, water has a yield stress of zero and a
coefficient of rigidity of about 0.01 g/cm-s. The pipe is
assumed to be unlined steel pipe, schedule 40; nominal pipe sizes
of 4 to 10 inches (100 to 250 mm) in diameter will be considered.

The calculation is illustrated in detail for the 8-inch (200-mm)
pipe and 7.12 percent sludge. First, the flow rate is needed.
If the sludge were at 5 percent solids, 100,000 gallons (378 m3 )
of sludge would be transported da i ly. Since the sludge is at
7.12 percent, the volume is:

100,000 x __5__ = 70,224 gallons (266 m3 )
7.12

and the flow rate is:

70,224 gallons/day = 18 46 1/ )
4 hours flow/day x 60 min/hr 292.6 gpm (. s

Calculations of Reynolds and Hedstrom numbers will be carried out
in the cent imeter-gram-second( cgs) system because 'T 0 and TI are
given in cgs units. The flow rate in cgs units is:

292.6 gpm x 3.785 l/gal x 1,000 cm3/1 = 18,460 cm3/sec
60 sec/min
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The int~rnal diameter of an 8-inch (200 mm) Schedule 40 pipe is
7.981 lnches (20.27 cm) and the cross sectional area is
322.7 cm 2 . The velocity V is the flow rate divided by the
area:

v = 18,460 cm3/sec =
322.7 cm2 57.2 cm/sec

The Reynolds number is obtained £rom Equation 14-1:

Re VD
= P- =

7J

1.0 x 57.2 x 20.27
0.40 = 2898 (dimensionless)

The Hedstrom number is obtained from Equation 14-2:

027" gHe = OPe
7J2

= (20.27)2 x 100 x 1.0 x 1.0 =
(0.40)2

256,800 (dimensionless)

Refering to Figure 14-3, f is about 0.08. The flow is laminar,
not turbulent.

The length L is needed in cgs~nits:

L = 6 miles x 5,280 ft/milex 30.48 cm/ft = 965,600 cm

Now Equation 14-3 is used to calculate pressure drop due to
friction:

.:1p = 2f PLV2
Dgc

2 x 0.08 x 1.0 x 965,600 x (57.2)2= =20.27 x 1.0 24,940,000 dyne/cm2

Convert this value to pounds per squ~re inch:

24,940,000 dyne/cm2 =
24.94 x 106 d 2 248 10-6 pounds (force ).yne x. x dyne

cm2 x 0.1550 in. 2/cm2 ._._- .~

= 362 psi (2.49 MN/rn2 )
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This value may be compared to the value for water for the same
conditions, calculated from the Hazen-Williams equation:

v = 1.318 C RO.63 80.54

where:

v = average velocity, ft/sec,

C = friction coefficient,

R = hydraulic radius - i of diameter, ft,

8 = hydraulic gradient, ft/ft.

(14-4)

This equation may be rearranged and solved on a calculator,
or tables or nomographs may be used. In the present case,
V = 57.2 em/sec = 1.88 ft/sec and R = 0.166 ft. With a C of
100, 8 is 0.00310, indicating a pressure drop of 98.2 ft or
42 psi. The drop with this sludge is 362 psi or about 9 times
higher than the drop for water.

For the various cases, calculations are summarized in Table 14-1.
Friction factor plots "from Figure 14-3 are shown on Figure 14-4.

A precaution that is useful for detection of computational error
is to check to see whether the pressure drop across the pipe
calculated by the above procedure produces a sufficient shear
stress at the pipe wall to exceed the yield stress of the sludge.
If the yield stress is not exceeded, the sludge will not flow.
The pressure drop needed is calculated by setting the calculated
shear stress at the wall equal to yield stress:

= (14-5)

where:

ApO = pressure drop needed to exceed yield stress.

Resul ts of the calculation are shown for Case 1 and Case 2 in
Table 14-2. Equation 14-5 is also useful as a screening
test. If TO' D, and L are known, it is possible to quickly
calculate the minimum pressure drop that could occur, regardless
of velocity or flow rate. If Apo is excessive, the diameter
D should be increased. Impractical pipe sizes could be
quickly eliminated as requiring too high a pressure drop for
consideration.
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Values from Table 14-1 and 14-2 are plotted on Figure 14-5.
Selection of the optimum pipe diameter and solids content
requires an economic analysis. However, it is evident that at
the more reasonable pressure drops (below 200 psi or 1400 kN/m 2 ),
the 7.12 percent solids has a much higher pressure drop at a
given pipe diameter even though the volumetric flow rate is much
lower than for the other two cases. At 8 inches (200 mm), the
pressure drops are about the same for the 5.34 percent and the
3.56 percent sludges. However, as noted in Table 14-1, the flow
is not in the turbulent regime for the 5.34 percent sludge. This
is a disadvantage because small changes in the rheological
constants TO and TJ could cause changes in f. The 3.56 percent
solids content is probably a better selection based on the
likelihood of more stable operation. At 10 inches (250 mm), the
value of f is considerably higher for the 5.34 percent sludge
than for the 3.56 percent sludge. The choices between 8-inch
and 10-inch (200 and 250 mm) diameter and 3.56 percent and
5.34 percent sludge would have to be made on the basis of minimum
overall cost. The 5.34 percent sludge will be more expensive
to transport, but this cost increase may be offset by more
economical dewatering at the plant receiving the sludge.

TABLE 14-1

SUMMARIZED CALCULATIONS FOR NON-NEWTONIAN
FLOW EXAMPLE PROBLEM

aCalculated from Hazen-Williams equation with a friction coefficient (Cl of 100.

b plow is not in the turbulent region.
c Note that pressure drop for sludge, by equation 14-3, is less than the pressure
drop for water if C = 100. The pressure drops would be about the same if C=llO.

2 2
1 psi = 6.9 kN/m = 69,000 dyne/cm
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Note that the pressure drop for Cases 1 and 2 is greater in all
cases than the minimum drop 6po (see Figure 14-5).

FIGURE 14-4

FRICTION FACTORS FOR EXAMPLE PROBLEM
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TABLE 14-2

PRESSURE REQUIRED TO EXCEED YIELD
STRESS - EXAMPLE PROBLEM

Pressure drop 6po' psi
a

Case 1 2
To = 100 dyne/em

--------------
548
437
363
276
220

....._ _ _.-------------- .__ .

apressure drop to cause the shear stress at pipe wall to
exceed the yield stress To. Higher pressures may be
needed to start the pipeline due to thixotropic effects
not considered in Figure 14-3.

1 in.
1 psi

2.54 em 2 .' 2
6.9 kN/rn = 69,000 dyne/em

14.1.2.3 Thixotropy and Other Time-Dependent
Effects

Besides possibly being dependent on the shearing rate, the
flow resistance of liquids can depend on the length of time of
shearing or on some function of both the time and intensity of
shearing. The most commonly encountered time-dependent change in
viscosity is a drop which occurs with time of shearing, followed
by a gradual recovery when shearing is stopped. This behavior is
called thixotropy. A familiar example is an ice cream milkshake,
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which "sets up" in its container and will only flow out when the
container is rapped or jarred several times. The structure
rebuilds when the rapping is stopped. Paints typically not only
are Bingham plastics but are thixotropic as well. They will flow
for a short time after being "worked" by the paint brush so brush
lines tend to disappear. Their "plastic" characteristics rebuild
quickly after shearing stops so the paint does not flow downwards
on vertical surfaces.

10

CASE 1

987

-- ...... ---z----
APo FOR CASE 1 --

65

1 inch = 2Ji4cm
21 psi "'6.9 kN/m

.............
............------z----

. APo FOR CASE r- - --_
--~

40
4

6Q

100

2,000

1,000

';;:;
Q. BOO

l:J,..

0
c: -0
w 400
a:
:;)
(/)
(J)

W
II:
lL

200

FIGURE 14-5

PRESSURE DROPS FOR EXAMPLE PROBLEM
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Wastewater sludge is also thixotropic. The effect is
increas ing ly important as the percent sol ids and percent
volatile solids increase. Thixotropy has three major effects:

o It complicates the measurement of constants such as the
yield stress TO.

• It makes pump suction conditions very important. In one
case, a centrifugal pump produced ample pressure to move
the sludge through a hose. The pump was suspended in a
lagoon but the sludge would not flow into the pump
suction. It was found that mixers next to the pump
caused thixotropic breakdown sufficient for satisfactory
pumping (5,6).

• It raises the pressure needed to start a pipeline that
has been shut down. At one installation, this effect was
found to be significant for shutdowns exceeding one day.
An operating procedure is used to prevent this problem;
that is, if shutdowns over 8 hours are expected, the line
is purged of sludge (5,6).

Permanent degradation of yield stress can occur with time of
shearing. Intense shearing produces this result in high
polymers. This phenomena can be expected in wastewater sludges,
when shear levels are sufficiently high to physically disrupt a
port ion of the parti cles mak ing up the sludge. If thi s occurs,
it may be difficult to later thicken or dewater the sludge.

Sometimes the reduction in viscosity that occurs with time
of shearing is actually the effect of a temperature increase
produced by the energy delivered to the liquid. The general
effect of an increase in temperature with both Newtonian and
non-Newtonian liquids is a reduction in viscosity. However, for
sludge, the main effect of temperature is that low temperatures
may cause the grease fraction of the sludge to harden. Other
temperature effects appear to be unimportant, at least up to
160°F (70°C) (5,7).

There is another unusual effect that occurs in wastewater
sludge pipelines: slippage and seepage (6). Essentially, the
sludge is riding on a thin film of water next to the wall of the
pipe. This effect is noticeable at very low velocities when
starting a sludge pipeline; it partially offsets the thixotropic
effect. Seepage and slippage are hard to calculate but are
useful when starting pipelines flows (6).

14.1.2.4 Obtaining the Coefficients

Figure 14-3 cannot be used unless the yield stress 0 and the
coefficient of rigidity can be obtained. There is a reasonable
amount of data on anaerobically digested sludges (3,5,7,8) but
very little data on sludge that has not been digested.
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Several types of instruments are available for viscosity
measurements. However, only two of these types are suitable
for sludge: test pipes and rotational viscometers. Some
instruments, such as capillary viscometers, are unable to handle
the relatively large particles in sludge; other instruments,
such as ball-drop viscometers, are not suited to strongly
non-Newtonian fluids such as sludge.

Flow curves from test pipes are directly scalable to full-scale
pipes provided flow is laminar. However, the onset of turbulence
in a large pipe cannot be predicted directly from small pipe
tests. It is necessary to use the yield stress and coefficient
of rigidity, compute Reynolds and Hedstrom numbers, and use
Figure 14-3 to predict the onset of turbulence. The flow curves
obtained with test pipes do not provide fundamental rheological
data, because at a given flow rate, shear stress and rate of
shear vary across the radius of the pipe. By using the
Rabinowi tsch equation, the flow curve can be transformed into
a rheologically correct shear stress versus rate of shear
curve (9). An offsetting disadvantage of test pipes is that a
high degree of experimental skill is required to get reliable
data. Also these installations are relatively expensive and
cumbersome and require large sample volumes.

For sludge, the best instrument appears to be a rotational
viscometer. In this type of machine, the test liquid is placed
between two concentric cylinders, one of which rotates. The
torque on a cylinder is measured as a function of rotational
speed. Such machines can produce approximately uniform shear
rates at given shear stresses, provided the space between the bob
(inner cylinder) and cup (outer cylinder) is small compared to
the bob radius. Viscometers in which the bob rotates and the
twisting force on the cup is measured are relatively easy to
design mechanically but turbulence occurs at low shear rates for
low viscosity materials. Turbulence onset does not occur until
much higher shear rates for viscometers in which the cup rotates
and the twisting force on the bob is measured. In both types of
viscometers, end effects become substantial if the bob and cup
are not long relative to the clearance.

There are a number of viscometers which feature rotational
movement, but either do not have constant clearances between an
inner and an outer cylinder, or do not control or measure
shearing rate or shear stress. These devices are of little value
for obtaining consistency curves for non-Newtonian liquids.

The nearly uniform shear rate achievable in rotational
viscometers allows di rect measurement of the fundamental shear
stress-rate of shear curve, which is a major advantage when it
comes to application to complex flow relationships. Rotational
viscometers are simple to operate. Their primary disadvantage is
that close clearances between outer and inner cylinders are
needed to give uniform shear rates across the gap between
cylinders. Obviously too small a clearance will give erroneous
results for sewage sludges. Gap size should not be reduced below
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1.0 mm (0.025 inch). Sludge must be screened to remove large
particles. This creates no substantial error because a few
large particles do not strongly affect the coefficients.

A representative test curve adapted from Rimkus and Heil (5) is
shown on Figure 14-6. In this test, the viscometer speed was
gradually increased from zero to 100 rpm and then decreased.
Torque was measured and converted to shear stress, providing
II con sis ten c y cur ve s . II The upper cur ve( inc rea sing s pee d )
shows thixotropy; the lower curve (decreasing speed) shows
behavior of the fluidized sample. The lower curve is appropriate
for pipeline design because the sludge is fluidized by passing
through a pump. In this case, the shear stress projected to zero
rpm (232 dynes/cm2 ) is the y ie ld s tress TO; the coef f ic ien t of
rigidity 7'J is the slope of the straight part of the lower curve.
Even when fluidized, sludge is not exactly a Bingham plastic, as
shown by curvature in the lower curve at low rpm. This departure
from Bingham plastic conditions can be used to refine the
pressure drop calculations. The viscometer for this test was a
Haake Model RV-3 Rotoviso with sensor head MV-l.
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14.1.2.5 Additional Information

Sludge has been successfully and reliably pumped in the
laminar flow range. Some of the installations describedin
Section 14.1.6, Long Distance Pumping, operate in this range.
That section also contains several design recommendations.

Severa 1 researchers have inves t iga ted sludge pump ing, rheology,
and related subjects (10 through 24).

14.1.3 Types of Sludge Pumps

Sewage sludges can range in consistency from a watery scum to
a thick paste-like slurry. A different type of pump may be
required for each type of sludge. Pumps which are currently
utilized for sludge transport include centrifugal, torque flow,
plunger, piston, piston/hydraulic diaphragm, progressive cavity,
rotary, diaphragm, ejector and air lift pumps. Water eductor
pumps are sometimes used to pump grit from aerated grit removal
tanks.

14.1.3.1 Centrifugal Pumps

A centrifugal pump (Figure 14-7) consists of a set of rotating
vanes in a housing or casing. The vanes may be either open or
enclosed. The vanes impart energy to a fluid through centrifugal
force. The non-clog centrifugal pump for sewage or sludges, in
comparison to a centrifugal pump designed to handle clean water,
has fewer but larger and less obstructed vane passageways in the
impeller; has greater clearances between impeller and cas ing ;
and has sturdier bearings, shafts, and seals. Such non-clog
centrifugal pumps may be used to circulate digester contents and
transfer sludges with lower solids concentrations, such as waste
activated sludge. The larger passageways and greater clearances
result in increased reliability at a cost of lower efficiency.

The basic problem with using any form of centrifugal pump
on sludges is choos ing the correct s iz e. At any given speed,
centrifugal pumps operate well only if pumping head is within a
relatively narrow range; the variable nature of sludge, however,
causes pumping heads to vary. The selected pumps must be large
enough to pass solids without clogging of the impellers and yet
small enough to avoid the problem of diluting the sludge by
drawing in large quantities of overlying sewage. Throttling
the discharge to reduce the capaci ty of a centrifugal pump is
impractical both because of energy inefficiency and because
frequent clogging of the throttling valve will occur. It is
recommended that centrifugal pumps requiring capacity adjustment
be equipped with variable-speed drives. Fixed capacity in
multiple pump applications is achieved by equipping each pump
with a discharge flow meter and using the flow meter signal
in conjunction with the variable speed drive to control the speed

14-17



of the pump. Seals last longer if back suctio~umps are used.
Utilizing the back of the impeller for suction removes areas of
high pressure inside the pump casing from the location of the
seal and prolongs seal life.
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FIGURE 14-7

CENTRIFUGAL PUMP

Propeller or mixed flow centrifugal pumps are sometimes used
for low head applications because of higher efficiencies, a
typical application is return activated sludge pumping. When
being considered for this type of application, such pumps must be
of sufficient size (usually at least 12 inch [300 mm] in suction
diameter) to provide internal clearances capable of passing the
type of debris normally found within the activated sludge system.
Such pumps should not be used in activated sludge systems which
are not preceded with primary sedimentation facilities.

14.1.3.2 Torque Flow Pumps

A torque flow pump (Figure 14-8), also known as a recessed
impeller or vortex pump, is a centrifugal pump in which the
impeller is open faced and recessed well back into the pump
casing. The size of particles that can be handled by this
type of pump is limi ted only by the diameter of the suction or
discharge openings. The rotating impeller imparts a spiralling
motion to the fluid passing through the pump. Most of the
fluid does not actually pass through the vanes of the impeller,
thereby minimizing abrasive contact with it and reducing the
chance of clogging. Because there are no close tolerances
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between the impeller and casing,the chances for abrasive
wear within the pump are further reduced. The price paid for
increased pump longevi ty and reliabi Ii ty is that the pumps are
relatively inefficient compared with other non-clog centrifugals;
45 versus 65 percent efficiency is typical. Torque flow pumps
for sludge service should always have nickel or chrome abrasion
resistant volute and impellers. The pumps must be sized
accurately so that excessive recirculation does not occur at any
condition at operating head. Capacity adjustment and control is
achieved in the same manner as for other centrifugal pumps.
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FIGURE 14-8

TORQUE FLOW PUMP

14.1.3.3 Plunger Pumps

~SUCTION

Plunger pumps (Figure 14-9) consist of pistons driven by an
exposed drive crahk. The eccentricity of the drive crank is
adjustable, offering a variable stroke length and hence a
variable positive displacement pumping action. The check valves,
baIlor flap, are usually paired in tandem before and after
the pump. Plunger pumps have constant capacity regardless
of large variations in pumping head, and can handle sludges
up to 15 percent solids if designed specifically for such
service. Plunger pumps are cost-effective where the installation
requirements do 'not exceed 500 gpm (32 l/s), a 200 feet (61 m)
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discharge head, or 15 percent sludge solids. Plunger pumps
require daily routine servicing by the operator, but overhaul
maintenance effort and cost are low.
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PLUNGER PUMP

The plunger pump's internal mechanism is visible. The pump's
connecting rod attaches to the piston inside its hollow interior
and this "bowl" is filled with oil for lubrication of the journal
bearing. Either the piston exterior or the cylinder interior
houses the packing, which must be kept moist at all times. Water
for this purpose is usually supplied from an annular pool located
above the packing; the pool receives a constant trickle of clean
water. If the packing fails, sludge may be sprayed over the
surrounding area.

Plunger pumps may operate with up to 10 feet (3 m) of suction
lift; however, suction lifts may reduce the solids concentration
that can be pumped. The use of the pump with the suction
pressure higher than the discharge is not practical because flow
will be forced past the check valves. The use of special
intake and discharge air chambers will reduce noise and
vibration. These chambers also smooth out pulsations of
intermittent flow. Pulsation dampening air chambers, if used,
should be glass lined to avoid destruction by hydrogen sulf ide
corrosion. If the pump is operated when the discharge pipeline
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is obstructed, serious damage may occur to the pump, motor, or
pipeline: this problem can be avoided by a simple shear pin
arrangement.

14.1.3.4 Piston Pumps

Piston pumps are similar in action to the plunger pumps, but
consis t 0 fag u ide pis ton and a flu i d power pis ton. ( See
Figure 14-10). Piston pumps are capable of generating high
pressures at low flows. These pumps are more expensive than
other types of positive displacement sludge pumps and are
usually used in special applications such as feed pumps for heat
treatment systems. As for other types of positive displacement
pumps, shear pins or other devices must be used to prevent damage
due to obstructed pipelines.
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A variation of the piston pump has been developed for use where
reliability and close control are needed. The pump utilizes a
fluid power piston driving an intermediate hydraulic fluid
(clean water), which in turn pumps the sludge in a diaphragm
chamber (Figure 14-11). The speed of the hydraulic fluid drive
piston can be controlled to provide pump discharge condi tions
ranging from constant flow rate to constant pressure. This pump
is used primarily as a feed pump for filter presses. This
special pump has the greatest initial cost of any piston pump,
but the cost is usually offset by low maintenance and high
reliability.
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COMBINATION PISTON/HYDRAULIC DIAPHRAGM PUMP

14.1.3.5 Progressive Cavity Pumps

The progressive cavity pump (Figure 14-12) has been used
successfully on almost all types of sludge. This pump comprises
a single-threaded rotor that operates with an interference
clearance in a double-threaded helix stator made of rubber.
A volume or "cavity" moves "progressively" from suction to
discharge when the rotor is rotating, hence the name "progressive
cavity." The progressive cavity pump may be operated at
discharge heads of 450 feet (137 m) on sludge. Capacities are
available to 1,200 gpm (75 lis). Some progressive cavity
pumps will pass solids up to 1.125 inches (2.9 cm) in diameter.
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Rags or stringy material should be ground up before entering this
pump. The rotor is inherently self-locking in the stator
housing when not in operation, and will act as a check valve
for the sludge pumping line. An auxiliary motor brake may be
specified to enhance this operational feature.
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The total head produced by the progressive cavity pump is divided
equally between the number of cavi ties created by the threaded
rotor and helix stator. The differential pressure between
cavities directly relates to the wear of the rotor and stator
because of the slight "blow by" caused by this pressure
d i ff erence. Becau se wear on the rotor and stator ish igh, the
maintenance cost for this type of pump is the highest of any
sludge pump. Maintenance costs are reduced by specifying the
pump for one class higher pressure service (one extra stage)
than wou Id be used for clean flu ids. This creates many ext ra
cavities, reduces the differential pressure between cavities, and
consequently reduces rotor and stator wear. Also, speeds should
not exceed 325 rpm in sludge service, and grit concentrations
should be minimized.

Since the rotor shaf t has an eccen tr i c mot ion, uni vers al joints
are required between the motor shaft and the rotor. The
design of the universal joint varies greatly among different
manu f actu rers. Continuous du ty, trouble-f ree opera tion of these
universal joints is best achieved by using the best quality (and
usually most expensive) universal gear joint design. Discharge
pressure safety shutdown devices are required on the pump
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discharge to prevent rupture of blocked discharge lines. No-flow
safety shutdown devices are often used to prevent the rotor and
stator from becoming fused due to dry operation. As previously
mentioned, these pumps are expensive to maintain. However, flow
rates are easily controlled, pulsation is minimal, and operation
is clean. Therefore, progressive cavity pumps are widely used
for pumping sludge.

14.1.3.6 Diaphragm Pumps

Diaphragm pumps (Figure 14-13) utilize a flexible membrane that
is pushed or pulled to contract or enlarge an enclosed cavity.
Flow is directed through this cavity by check valves, which may
be either baIlor flap type. The capacity of a diaphragm pump is
altered by changing either the length of the diaphragm stroke
or the number of strokes per minute. Pump capacity can be
increased and flow pulsations smoothed out by providing two
pump chambers and utilizing both strokes of the diaphragm for
pumping. Diaphragm pumps are relatively low head and low
capacity units; the largest available air-operated diaphragm pump
delivers 220 gpm (14 lis) against 50 feet (15 m) of head. The
d ist inct advantage of the d i aph ragm pumps is the ir simp 1 ic i ty •
Their needs for operator attention and maintenance are minimal.
There are no seals, shafts, rotors, stators, or packing in
contact with the fluid; also, diaphragm pumps can run in a dry
condition indefinitely.

Flexure of the diaphragm may be accomplished mechanically (push
rod or spring) or hydraulically (air or water). Diaphragm life
is more a function of the discharge head and the total number of
flexures than the abrasiveness or viscosity of the pumped fluid.
Power to drive air driven diaphragm pumps is typically double
that required to operate a mechanically driven pump of similar
capacity. However, hydraulically operated (air or water)
diaphragms generally outwear mechanically driven diaphragms by a
considerable amount. Hydraulically driven diaphragm pumps
are su i table for opera tion in haz ardous explos ion-prone areas;
also a pressure release means in the hydraulic system provides
protection against obstructed pipelines. Typical repairs to a
diaphragm pump usually cost less than $75 (1978 basis) for parts
and require approximately two hours of labor. In some locations,
high humidity intake air will cause icing problems to develop at
the air release valve and muffler on an air driven diaphragm
pump. A compressed air dryer should be used in the air supply
system when such a condition exists.

The overall construction of some diaphragm pumps, the common
"trash pump," is such' that abrasion may cause the lightweight
casings to fail before the diaphragms, since the pumps are not
designed for continuous service. For wastewater treatment
applications the mechanical diaphragm "walking beam" pumps
are more appropriate. These pumps are dependable, have quick
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cleanout ball or flap check valves and are presently used to
handle scum and sludge at numerous small plants throughout the
country.

CHECK
-~-VALVE

FIGURE 14-13

DIAPHRAGM PUMP

One air-driven diaphragm pump is sold in a package expressly
intended for pumping sludge from primary sedimentation tanks
and gravity thickeners. The basic pump package consists of a
single-chambered, spring return diaphragm pump, an air pressure
regulator, a solenoid valve, a gage, a muffler, and an electronic
transistorized timer. This unit pumps a single 3.8 gallon
(14.4 1) stroke after an interval of time. The interval is
readily adjusted to match the pumping rate to the rate of
formation of the sludge blanket in the sedimentation tank or
thickener. The large single stroke capacity of this pump has
several maintenance advantages. Not only is total flexure count
reduced, but ball valve flushing is improved, so large particles
cause less difficulty. The maximum recommended solids size is
7/8 inch (2.2 em). Pump stroke speed is constant regardless of
the selected pump flow so that minimum scouring veloci ties are
always maintained in the discharge piping during the pumping
surge.
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The traditional sequence of intermittent pumping for primary
sedimentation tanks has been to thicken for an interval without
pumping and then draw the sludge blanket down. A relatively
long interval is required by pump motors, since frequent motor
starts can cause over heating. Theoretically if the sludge
concentration is 10 percent on the bottom and decreases to
8 percent at the top of the pumped sludge zone, then the pumped
average is 9 percent. However, by using air drive, a diaphragm
pump can operate with starts every few seconds instead of every
several minutes or longer. The manufacturer claims its system
will draw single intermittent pulses from the 10 percent bottom
layer since the sludge blanket depth is maintained at a virtually
constant height. Downstream sludge treatment processes can have
greater solids capacity because more concentrated sludges can be
obtained.

The City of San Francisco ran independent pump evaluation tests
in 1975 (25). They concluded that proper use of air-driven
diaphragm pumps will increase the sed imen ta t ion tank s' abi Ii ty
to concentrate sludges. The sludge collection system in the
sedimentation tanks and the sludge pumping equipment had to be
controlled together to give optimum thickening. Savings in
operations and maintenance as well as improved thickening were
accomplished by lowering the overall average rate of sludge
withdrawal and making the sludge collectors work continuously at
a reduced rate instead of intermittently. When considering such
a pump ins talla t ion, the capac i ty requ iremen t is based on the
maximum rate a t which the sludge blanket forms in the tank and
not the capacity required to maintain minimum pipe velocities.

14.1.3.7 Rotary Pumps

Rotary pumps (Figure 14-14) are positive displacement pumps in
wh i ch two rota t ing sl'nch ronou s lobes essent ia lly push the flu id
through the pump. Because rotary pump lobe configurations can be
designed for- a specific application, rotary pumps are suitable
for jobs rangingfr-om air compressor duty to sewage sludge
pumping. Rotational speed and shearing stresses are low. Sewage
pumping lobes are noncontact and clearances are factory changed
according to the abrasive content of the slurry. It is not
recommended that the pumps be considered self-priming or suction
lift pumps although they are advertised as such. Experience at
one plant indicates that the pump operates best with a bottom
suction and top .di scharge. Only very limi ted opera tiona 1 data
are available for rotary pumps used on sludge. Two manufacturers
now advertise hard metal two-lobed pumps for sludge usage. Lobe
replacement for- these pumps appears to be less costly than
rotor and stator replacement on progressive cavity pumps. One
manufacturer is offering hard rubber three-lobed rotary pumps,
which are used successfully for sludge pumping in Europe. Test
units of this pump are presently being evaluated in the United
States. To date these tests have been unsuccessful due to
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the failure of the lobe liners. Rotary pumps, like other
positive displacement pumps, must be protected against pipeline
obstructions.
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14.1.3.8 Ejector Pumps

Sewage ejectors use a charging pot which is intermittently
discharged by a compressed air supply (See Figure 14-15).
Ejectors are most applicable for incoming average flow rates
less than 150 gpm (9 l/s). These pumps require a positive
suction and usually discharge to a vented holding tank or basin.
Scum and sludge can incapacitate the standard mechanical or
electronic probe-type level sensors offered by most manufacturers
to sequence pot discharge: custom instrumentation may be
necessary. Large flushing and cleanou t connections should be
provided. If ejectors are to be used to discharge sludge to an
anaerobic digester where the air could produce an explosive
mixture, special precautions should be taken to see that the
units cannot bleed excessive quantities of air into the digester.
Ejector pumps have been used in some installations to pump
thickened waste-activated sludge produced by the dissolved air
flotation process.

14.1.3.9 Gas Lift Pumps

Gas lift pumps use low pressure gas released within a confined
riser pipe with an open top and bottom. The released gas bubbles
rise, dragging the liquid up and out of the riser pipe. Air is
commonly used, in which case the pump is called an air lift pump.
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Airlift pumps are used for return activated sludge and similar
applications; gas lift pumps using digester gas are used to
circulate the contents of anaerobic digesters. The main
advantage of these relati vely ineff icient pumps is the complete
absence of moving parts. Gas lift sludge pumps are usually
limi ted to lifts of less than 10 feet. The capaci ty of a lift
pump can be varied by changing its bouyant gas supply. Reliable
gas lift pumping requires the gas supply to be completely
independent of outside flow or pressure variables. Gas lift
pumps wi th an external gas supply and circumferential diffuser
can pass solids of a size equivalent to the internal diameter of
the confining riser pipe without clogging. When the gas is
supplied by a separate inserted pipe, the obstruction created
negates this non-clog feature. Gas lift pumps, because of
their low lifting capability, are very sensitive to suction and
discharge head variations, and to variations in the depth of
bouyant gas release. Special discharge heads are usually
required to enhance the complete separation of diffused air once
the discharge elevation has been reached.
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14.1.3.10 Water Eductors
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Water eductors use the suction force (vacuum) created when a high
pressure water stream is passed through a streamlined confining
tube (venturi). Like the air lift pump, water eductors have no
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moving parts. When water is required to transport a solid
material, the water eductor becomes a very convenient pump.
Most water eductors with reasonable water demands cannot pump
solids of golf ball size. They have, however, been successfully
used to remove grit from aerated grit removal tanks and discharge
the grit into dewatering classifiers.

14.1.4 Application of Sludge Pumps

The previous section describes the types of pumps available for
sludge pumping. This section describes appropriate applications
for these pumps and identifies some limitations and constraints.
This section covers screenings, grit, and scum as well as sludge.

suction conditions require special attention when pumping sludge.
When pumping water or other Newtonian fluids, calculations of net
positive suction head (NPSH) can be used to determine permissible
suction piping arrangements. However, sludge is a non-Newtonian
fluid, especially at high solids concentrations. This behavior
may drastically reduce the available NPSH. Consequently, long
suction pipelines should be avoided and the sludge pump should be
several feet below the liquid level in the tank from which the
sludge is to be pumped. If these conditions are not met, a pump
will not be able to handle sludg€ at high concentrations.

Special precautions are usually required to reliably pump
screenings and grit. Screenings should be ground up and pumped
by pumps with the ability to pass large material. Torque flow
pumps are ideal for this application. Grit pumping requires
special abrasion and non-clogging considerations. Both
screenings and grit pumps should be easy to disassemble with
quick access to the volute and impeller.

Table 14-3 presents an application matrix that
various types of sludges or solids normally
wastewater applications, and provides a guide for
of each type of pump in that service.

14.1.5 Pipe, Fittings, and Valves

identif ies the
encountered in
the suitability

Materials for wastewater solids pipelines include steel; cast and
ductile iron; pretensioned concrete cylinder pipe; thermoplastic;
fiberglass reinforced plastic; and other materials. Steel and
iron are most common. With steel or iron, external corrosion may
occur in unprotected buried lines; corrosion may be adequately
controlled under mos t condi tions by coatings and, where needed,
cathodic protection. Inside' the pipe, a lining of cement,
plastic, or glass may be used to protect the pipe from internal
corrosion and abrasion. With raw sludges and scum, linings
have an additional function: they provide a smooth surface
that greatly retards accumulations of grease on the pipe wall
(26, 27). with anaerobically digested sludge, linings may be
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useful to prevent crystals of struvite from growing on the pipe
wall. (Refer to the anaerobic digestion portion of Chapter 6 for
control of struvite). Smooth linings are especially valuable in
pump suction piping and in key portions of piping (header pipes
and the like) where maintenance shutdowns would cause process
difficulties.

TABLE 14-3

APPLICATIONS 'FOR SLUDGE PUMPS

Miscellaneous solids Primary sludge Secondary slud.g"'e:...... _

Lagooned
Digested sludge, sludge,

percent percent

Pump type

Centrifugal

Torque flo....

Plunger

Piston

progreSS:l.ve
cavity

Piston/hydraulic
diaphragm

Diaphragm

Rotary

Pneumatic ejector

Air lift

Water eductor

Ground Settled

0.S.::'=':~~~~_G_r_i_t_5C_um_ Septage sludge

o

Thickened
sludge

Trickling Activated
filter sludge

Thickened
sludge

Mixed
Float Gravity <6

Thickened Wet Dry
>6 <10 >15 Comments

b

_b; l.ow efficiency

Daily attention
required

High coste, f

High coste, f

High maintenance
cost

Low lift

Low lift
._------

aFloat may caus'} air binding.

bvarying quality and head conditions requires positive flow control.

cRestricted to low flows.

dMaximum 15 percent solids.

e Hig !1 discharge pressure only.

fShould be preceded by grindi~g.

gLarge bore pumps may be used with 1n-line grinding.

hRequircs special mechanical conditioning on dry sludge feed.

ieatch Pneumatic: Ejector type reconunended.

jShort distance only.

Key:
o - unsuitable
1 - Use only under special circumstances
2 - Use with caution
3 - Suitable with limitations
4 - Suitable
5 - Best type to use

Fittings and appurtenances must be compatible with sludge and
pipe. Long sweep elbows are preferred over short radius elbows.
Grit piping may be provided with elbows and tees made of special
erosion resistant materials.

Valves of the nonlubricated eccentric plug type have proven
reliable in sludge pipeline service. Care must be taken if a
cleaning tool is to pass through the valves. Grit pipelines are
usually equipped with tapered lubricated plug valves.

Wastewater solids piping should be designed for reasonably
convenient maintenance. Even under good condi tions 1 pipe may
occasionally have erosive wear, grease deposits, or other
difficulties. Pipe in tunnels or galleries is more accessible
than buried pipe. An adequate number of flanged joints,
mechanical couplings, and take-down fittings should be provided.
It is recommended that 4 to 6 inches (10 to 15 em) be considered
the minimum diameter for wastewater solids pipelines to minimize
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grease clogging or particle blockage and facilitate maintenance.
Blind flanges and cleanouts should be provided for ease of line
maintenance. Gas formation by wastewater solids left for long
periods in confined pipe or equipment can create explosive
pressures; therefore, provis ion should be made for flushing and
draining all pipes, pumps, and equipment. The pressure rating of
wastewater solids pipelines should be adequate for unusual as
well as routine operating pressures. Unusual pressures
will occasionally occur due to high solids concentrations,
pipe obstructions, gas formation, water hammer, and cleaning
operations.

Tempera tu re changes may cause stress in the pipe. Temperatures
are changed by heated material as it enters cold pipe; flushing;
and the use of hot fluids during cleaning to remove grease. Pipe
should be designed to accommodate such stresses.

14.1.6 Long Distance Pumping

Sludge may be pumped for miles. A pipeline is frequently
less expensive than the alternatives of trucks, rail cars, or
barging (see Section 14.1.3 and reference 28), especially if, by
pipelining, mechanical dewatering can be avoided. Pipelines may
have less environmental impact along their routes than trucks.

14.1.6.1 Experience

Tables 14-4 and 14-5 describe some typical pipelines for
unstabilized and digested sludges. There is considerable
additional U.s. experience; see Tables 14-6~ and 14-7. An
examination of these tables shows that:

• Cent r ifugal pumps are wide ly used, even on uns tab iIi zed
sludge.

• Operating pressures are usually below 125 psig (860 kN/m 2
gage) •

• Velocities are usually below 3.5 ft/sec (1.1 m/s).

• I £ the vol a til e sol ids con ten t 0 f the s 1 u d g e i slow ,
the sludge can be pumped at a high total solids
concentration. This is well illustrated by the lagoon
sludge pipelines, which have operated at up to 18 percent
solids; lagooned sludge has a very low volatile content.

In some cases, sludge thickening at the receiving location was
adversely affected by the shearing or the septicity that occurred
in the pipelines. Special flushing practices after pipeline use
or use of a pipe cleaning device were not used in several cases.
Need for these techniques seem to depend on the nature of the
sludge be ing pumped, although exper i ence is not concl us i ve on
this point.
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TABLE 14-4

TYPICAL LONG PIPELINES CARRYING
UNSTABILIZED SLUDGE

Characteristics
Cleveland, OH Indianapolis, IN

Easterly to Southerly Southport to Belmont

Jacksonvi lIe I FL
District II to

Buckman

Kansas City, MO

West Side to Big
Blue River

Pr imary, waste- Pr imary, waste-
acti va tedb acti vated

3 - 3.5
c

0.75 - 1.75

6S
c

68

350
c

1, 000 minimum

1. OC 2 minimum

150 - 17S
c

90 normal

Length, rrii

Diameter, in.

ripe material

Sludge type

Percent solids

Percent volatile

Flow rate, gpm

Velocity, ft/sec

Total pressure, pSlg

13.2

12

Cast iron, unlilled

7.5

Twin 14

Ductile iron

primary, waste
activated

ao
500 normal

90 normal

6.6

12

Dueti Ie iron

Primary

0.4 - 1.0

50 - 70

1,000

2. a
65

aa

Ductile irona

Primary, excluding
scum

2.5 - 5

50

500

90 normal

Pump type

Operating schedule

Use of cleaning tool

Septi.city of sludge

Centrifugal, three in Centrifugal
series

Continuous Continuous

Every 4-6 weeks None

Yps

Centrifugal, two in
series

30 - 60 minutes every
two hours

Possible, not needed

Yes

Centr i fugal

Continuous

Weekly

Some; chlorine used

Centri fugal

Continuous

Every I to 2 weeks
d

Not much odor

Comments O::"fficulty with
solids accumulation
at receiving plant

Thickeners do not.
work as well on
sludge that has
been pumped from
Southport

Heat treatment de
watering less,

Good thickening at
receiving plant

Good thickening at
receiving plant

----------------_._------------------

a Two ductile iron lines, will replace a single line. The old lines is subject to external corrosion and
will be abandoned over most of its length. The new lines have polyethylene wrap and cathodic protection.

bpickle liquor is added to primary treatment for phosphorus removal. Skimmings are handled separately.

c oata from Reference 10. Later. sludge thickness was decreased to 1-2 percent solids to reduce operating
pressures and line breaks.

dThere is a heavy greas@ buildup in the pipe. especially in winter.

1 mi = 1. 6 km
1 in. = 25.4 mm
1 gprn = 0.063 1/5
1 (t/see = 0.]0 m/s
I psig = 6.9 kN/m2 gage

14.1.6.2 Design Guidance

Proper pre-planning of a pipeline installation is of great
importance. For example, a pump breakdown or a plugged pipeline
has a great impact on plant operation, and its likelihood can be
greatly minimized by good initial design and equipment selection.

If digestion is to be part of the system, the digesters may
be located either before or after the long sludge pipeline.
However, sludge is much easier to pump after it has been
digested. In addition, raw sludges may cause problems related to
thickening, odors, and corrosion at the receiving point, since
septic conditions may develop in the pipeline. If raw sludge is
to be pumped long distances, the least environmental impact will
result if the pipeline contents are discharged directly into
anaerobic digesters.
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TABLE 14-5

TYPICAL LONG PIPELINES CARRYING
DIGESTED SLUDGE

characteri sties
Chicago ~ IL a.

lagoon no. 28
Denver, CO b

Northside to Metro
Fort Wayne,

IN
Rahway Valley Sani tary

Authori ty, NJ
San Diego, CA

Point Lema

Length ~ mi

Diameter, in.

Material

Sludge. type

1.7

16

Steel

Lagooned

Twin 8 12, some 10

Cast iron Unlined cast iron

Anaerobically-digested Digested
d

pr irnary

7.5

8 8

Fiber reinforced Pla~ticC

Anaerobically di- Anaerobically digested
gested primary and primary
waste-aeti vated

Percent solids 13 average 4 - 7 5 maximum
15 maximum

Percent volatile 40 49 35 - '40

Flow rate, gprn 1,300 700 600

Veloei ty. it/sec 2.1 1.6

Total pressure, psig 87 40 - 60 20 - 30
f

Pumps Centrifugal with Centrifugal Centrifugal
mixers

Operating schedule Intermittent 1 - 2 hr/day. not 3 hr/day, can flush
flushed but not needed

Use of cleaning tool None None None

3 - 4

500

80

Two-stage centrifugal,
formerly recipro
cating

4 hr/day, not flushed

Not needed
h

Up to 7.S
e

57

550 - 60C

3.5

155

Torque flow9

S times/week, flushed
before and after use

None

aTemporary pipeline to clean Lawndale lagoon no. 28 (5,6). No longer in service.

bAlsa, a 25-mi pipeline has been designed but not yet constructed, as of early 1979.

cFiber reinforced plastic replaced a lined and coated steel pipe that corroded.

dAnaerobically digested primary and waste-activated sludges with phosphorus-precipitating chemicals.

eOilution water is needed sometimes to get the sludge started. Once it is moving, the dilution water
may be shut off. depending on pressure.

fNon-clog centrifugal pumps are suitable for ordinary digested sludge. A nickel-alloy torque flow pump
is being added for digester cleaning and septic tank waste.

gThree pumps in series, two of which have variable speed drives.

hIn the past, a novel ice bag tool was used (26).

1 mi = 1.6 km
1 i.n. = 25.4 rom
1 gpm = 0.063 lis
1 ft/sec ':::: O. 30 m{s
1 psig = 6.9 kN/m gage

Sludge that has been piped for along distance may experience
floc breakdown. If this occurs, thickening and dewatering may be
impaired. Chemical conditioning may require a higher chemical
dose; thermal conditioning may produce a sludge with poorer
dewatering properties.

The following special design features should be considered for
long distance pipelines:

1. Provide two pipes
for several days
treatment system.

unless
without

a single
causing

pipe can
problems

be shut down
in wastewater

2. Consider external corrosion and pipe loads just as
for any other utility pipeline, for example, water
or natural gas. External corrosion has been a problem on
some long sludge pipelines. Electrical return current~,

I
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TABLE 14-6

LONG PIPELINES FOR UNSTABIUZEDSLUDGE
ADDITIONAL LOCATIONS

Waste-activated 0.5-1 Centrifugal, 2 in series

Primary 4 Plunger, 3 speed
(maximum)

City

Austin, TX

Chicago, IL

HoustoD, TX

Jersey City, NJ

Length, D.ia.meter of
Treatment plants mi pipe, in.

Walnut Creek 12

Northside to West-f 18 14
Southwest

Simms Bayou to Northside
a

6.8 8·

Eastside to Westside 2.5 ~

Percent
Sludge'. type solids

Primary, waste-activated 1-1. 2

primary, wa'ste-activated

Pump type

Positive displacement

Torque flow

Cen~rifugal, 2-speed

0.5-1

Primary 2-4 Centrifugal

Primary with ferric
chloride

primary, waste-act~vated 1-3 Progres~ive cavity

primary, waste-activated

Primary, trickling 1-3 Centrifugal
filter

Progressive cavity,
variable speed...... - .._._-----_---:-_---~--=-----

Loves Creek to Third 3.2
Creck system

Linden-Roselle Sewerage 24
Authority

Inte rama to Virginia Key 14 16
b

North Point to Southeast 6 10

Renton to West Point 3.7 12
c

system

pipelines in Houston (26) .

Miami, ·FL

aThere a.re additional

b TwO 16-in. pipes over most of the route.

c Two pipes.

San Francisco, CA

Linden-Roselle, NJ

Seattlc,WA

Knoxville, TN

1 mi ;:: 1. 6 km
1 in. '"" 25.4 rom

TABLE 14-7

LONG PlPELINES FOR DIGESTED SLUDGE
ADDITIONAL LOCATIONS

Location
Length, Diameter of

mi . ~_"",,_rn_ p ip:-~_i:.:n~.'-. .:.Ty'-'p"'e:.....:o:.:f-=d.:.i9:...e:..:s:..:t:.:i.:.o:.:n -=p:.:e.:.r.:.ce.:.n.:.t:.....:s.:.o.:.1.:.id.:.s::-_ Pump type

Austin, TX - Govalle plant

Boston, MA - Nut Island
plant

Chicago, IL - West-Southwest
plant to Lawndale lagoons

Chicago, IL - 1970 rail
loadinga

Chicago, IL - barge loading

Chicago, ~L - Calumet
lagoons

East Rockaway, NY - Bay
Park plant

Evansville, IN

Fulton County, IL

Los Angeles, CA - Hyperion
a

Morgantown, WV

philadelphia. PA - Southwest

10

4.5 12

5.5 16

3.5 12

1.0 16

18

1.5 16

3.5

10.8 20

20

4.5 ::!"

11 10

Aerobic

Anaerobic

.Anaerobic

Anaerobic, lagoon

Anaerobic, lagoon

Anaerobic, lagoon

" Anaerobic

Anaerobic

Anae,robic, lagoon

Anaerobic, aerobic, diluted

Anaerobic

Anaerobic, laqoon

0.8

3.5 - 4.5

4 - 15
9.2 average

8 - 18

12

3.7

- 9

4 - 8

0.9

10-12 normal
],.5 average

2.5

Positive displacement

Centrifugal, reciprocating

Centrifugal

Centrifugal with mixers

Centrifugal

Variable speed

Torque flow, plunger

Centrifugal

-;:R"eciproca: ing

Centrifugal, 3 stage

aTemporary pipeline, now out of service.

mi = 1. 6 km
in. = 25.4 mm
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acid soils, saline groundwater, and other factors may
cause serious difficulty unless special corrosion control
measures,are'used. Advice of specialists on the need for
cathodic protection is advised~

3. Provide for adding controlled amounts of water to dilute
the sludge or flu sh the line. Primary ef f luen t may be
used in raw sludge pipelines; disinfected final effluent
may be preferred for digested sludge pipelines. The
water connection should have a flow rate indicator. The
flushing water should flow at about 3 fps (0.9 m/s).

4. Provide for inserting and removing a cleaning tool
("pig," "go-devil") which can be sent through the line if
needed (10, 28a, 28b). Such cleaning may be frequently
required if unstabilized sludge is pumped, even if scum
is handled separately. I f tool cleani ng is to be used,
some additional recommendations apply:

a. Valves must provide an unobstructed waterway to pass
the tool.

b. Flushing water pressure should be sufficient to push
the tool through the full length of pipeline.

c. Pipe bend fittings should be 45-degree or, if
poss ible, 22-1/ 2-degree. Some cleaning tool s will
pass 90-degree bends, but such bends are likely to be
trouble spots. Length/radius of bends should be
checked with the tool supplier.

d. A recording or total iz in9 flowmeter should be
provided; ~(See Chapter 17, I,hstrumentation.) If the
tool ge ts s tuck in the 1 ine, the flow re cord can be
used to compu te the number of ga lIons pumped since
the tool was inserted,. Thus, the tool can be located
and retrieved.

5. The pipeline route should be selected for ease of
maintenance.

6. At high points, air or gas relief valves should be
provided. with care, automatic relief valves can be
made reliable on digested sludge lines; however, in
uns tabi 1 iz ed sludge 1 ines, grease and de br is generally
cause automatic valves to be unreliable. Simple manual
blowoff valves are generally better for unstabilized
sludge. Air and gases. from sludge pipelines may be
odorous. In confined spaces, the air or gas may also be
toxic, flammable, explosive, and corrosive.

7. If sludge is to be pumped at more than about 3 percent
solids, the pumps and pipeline should be designed for
high and variable friction head losses. Sludge may flow

14-35



more like a Bingham plastic than an ordinary Newtonian
fluid. A multiplication factor, such as those on
Figure 14-1, should not be used. A more accurate design
method, such as the one in Section 14.1.2, should be
used.

8. If centrifugal pumps are used, flow rates will be
somewhat unpredictable because of the varying flow
resistance properties of the sludge. Storage provisions
should be made for these variations. Pumps should be
capable of operating at shutoff head with very low flow
during pipeline startup.

9. Positive displacement pumps may experience difficulty
when starting a long sludge pipeline. The thixotropic
na ture of sludge may cause very high res is tance to flow
during start-up. Consequently excessive pressures may be
generated by positive displacement pumps. To avoid this
problem, variable speed drives should be provided and the
pumps should be started at low speeds. An ai r chamber
(see Section 14.1.3.3) may be installed on the discharge
side of the pumps; the chamber will assist in start-up,
as well as dampen pulsations • With digested sludge,a
relief valve piped back to the digesters may be used near
the pumps.

10. For very long lines, a booster pumping station may be
required. If positive displacement booster pumps
are used, a holding tank should be provided. It is
practically impossible to match booster pumping rates to
the sludge flow reaching the booster station unless
centrifugal pumps are used.

11. Waterhammer is best controlled by limiting velocity.
Unless a special evaluation is made, ve loc i ties should
not exceed about 3 fps (0.9 m/s). Even lower velocities
may be required in some cases.

14.1.7 In-Line Grinding

In-line grinders are used to reduce the size of sludge solids to
prevent problems with the operation of downstream processes.
Grinders require high maintenance; therefore they should not be
installed unless shown to be absolutely necessary. For locations
where a grinder may be installed in the future, removable spool
pieces should be inserted into the pipeline to facilitate the
later installation of a grinder. Grinders may be applicable
to streams carrying debris, rags or stringy materials, but
are usually not needed for streams carrying only secondary
(biological) sludge. Grinders have often been installed
preceding equipment with ball or flapper check valves. However,
utiliz ing dual check valving, proper stroke seating can be
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obtained and the grinders can often be eliminated. Grinders
remain a necessity upstream from small diameter, high pressure
positive displacement pumps.

Sophisticated, slow speed, hydraulic or electric grinders that
can sense blockages and clear themselves by reverse operation are
now available. Special combination centrifugal pump-grinders
are available for use as digester circulation pumps, and are
ef f ect i ve in prevent ing rag balls. ,Exper ience ind ica tes such
pumps require as much maintenance as grinders.

14.2 Dewatered Wastewater Solids Conveyance

Dewatered or dried sludges, screenings, ash, and grit can
be conveyed by most forms of industrial materials handling
equ ipment, inc Iud ing belt, tubu lar, and s crew conveyors; slides
and inclines; elevators; and pneumatic systems. Each may be used
to advantage in certain applications. Because the consistency
of wastewater solids is highly variable, and because the solids
are often difficult to move and may tend to flow, the design
of this equipment must consider the most severe conditions
that may be expected.

14.2.1 Manual Transport of Screenings and Grit

A common method of handling screenings or grit is simply to place
a mobile container (29) beneath the discharge point and to
periodically empty the mobile container into a larger container
to be hauled away toa landfill. The mobile container may
have wheels for ease of movement or it may be maneuvered by an
overhead crane. The principal disadvantage of this approach is
the amount of manual labor required. However, for small or
isolated operations this may be the most appropriate method.

14.2.2 Belt Conveyors

Troughed belt conveyors are simple and reliable (Figure 14-16).
They may be equipped with load-cell weigh-bridge sections for
totalization of conveyed solids weight. (See Chapter 17,
Instrumentation). Totalization is useful when an accurate solids
balance must be calculated for a dewatering facility or treatment
plant. Sludge concentrated enough to maintain a semi-solid
shape (15 percent) can be conveyed at about 18 degrees maximum
inclination on troughed belt conveyors. Sludges with a higher
solids content can be moved up steeper slopes. Where wash sprays
are utilized, splash pans should be provided on the underside of
belts to dire ctthe used washw a ter to a proper disposal poi nto
Such splash protection will assist in keeping the area dry
and preventing head and tail pulley slippage. Head and tail
pulley lagging ,(grooving), crowning, and other auxiliary ways of
maintaining belt guidance should be thoroughly reviewed with
conveyor manufacturers before specifying a troughed belt
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installation. Most troughed belt installations for sludge
currently utilize steel idlers and pulleys with lubricated
anti-friction bearings. The fisheries industry, which also uses
conveyors in constantly wet applications, is successfully using
lubricated thermoplastic (TFE, Delrin) idler bearings with
Schedule 80 PVC pipe rollers; these provide longer service life
than is achieved with all steel construction.

CROSS SECTION
TROUGHED

~,~!-TJP LE RS

CROSS SECTION
FLAT BELT IDLERS

DAIVE
UNIT

I DISCHARGE
CHUTE

I ~,!;Y;'i~),':~
4£J,

SUPPORT
BENTS

HEAD
PULLEY

\

HETURN
IDLERS

TROUGHED BELT
1 CARRYING IDLERS

FEED CHUTE! , \
LOADING SKIR~~~~~

K-, A~~~~

FIGURE 14-16

BELT CONVEYOR

In sludge applications, belt failures usually occur first at the
zipper-like mechanical belt seams. Endless belts with field
vulcanized seams may be specified to eliminate this mode of
failure. Belt material must be resistant to dilute sulfuric
acid, formed by the reaction of hydrogen sulfide and moisture.
Material selection must also consider oil, grease and a multitude
of other elements found in sludge.

Belt conveyors have been successfully used to transport coarse
solids removed from mechanically cleaned bar racks, and can be
used to transport grit. Special consideration should be given to
the type of belt design, construction materials, bearings,
type of dri ve and controls. Since screenings are heavi ly laden
with water, the belt must be designed to contain and direct
draining water to a point of disposal. A means of changing belt
speeds should be provided so that a range of loads can be
accommodated.

The handbook on belt conveyors for bulk materials by the Conveyor
Equipment Manufacturers Association (30) is a good reference for
general design of belt conveyors. However, there is little
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specific information available relating to the special problems
associated with the cohesive, non-uniform properties of dewatered
sludge. Experience at existing facilities using this type of
conveying equipment and transporting sludge with similar
characteristics provides the most useful design information.

The experience of the County Sanitation Districts of Los Angeles
County in the first three years of operation of a two-stage
digested sludge dewatering station provides useful guidance
for conveying centrifuge-dewatered digested sludge (31). The
facility includes solid bowl centrifuges as a first stage, after
which the centrate is screened and then dewatered using basket
centrifuges. The system uses belt conlleyors to transport
dewatered sludge between production, storage, and truck loading.

The system has 44 belt conveyors totaling approximately one-half
mile in length. Troughed conveyor bel ts carry both first stage
centrifuge cake at 32 percent solids and second stage centrifuge
cake at 17 percent solids. Dewatered sludge is usually stored in
the twelve storage bins at 22 to 24 percent solids and then
transported to trucks by additional belt conveyors.

Helpful guidelines resulting from start-up of this facility
include the following:

1. Reduction of splashing at transfer points: The dump
point should be enclosed and the drop distance minimized.
Skirtboards (stationary sidewalls at edges of belts)
should be used at critical areas and cOllered if
necessary. Rubber gaskets from hoppers to skirtboards and
on the bottom of skirtboards may be required to reduce
splashing or spillage. Where long drops cannot be
avoided transfer chutes should have interior impact
baffles to dissipate the momentum of falling sludge.

2. Removal of sludge from returning belts: Counter-weighted
rubber-bladed scrapers at head pulleys are not effective
in scraping sludge off return belts and are a maintenance
problem. The use of adjustable tension finger-type
scrapers is recommended. To avoid problems wi th idler
roller vibration and irregularities, and to ensure
continuous contact, scrapers should be installed beyond
the idler on the flattened portion of the belt.

3. Assuring minimum pulley slippage: Appurtenances that
con tact the di rty s ide of the belt should be avoided.
Figure 14-17 illustrates both the undesirable and the
recommended design features of inclined bel t conveyors.
Snubber pulleys and trippers (devices that remove the
mOiling material from the bel t) cannot be successfully
used for sludges. Gravi ty counterweigh t take-ups should
be avoided, and screw take-ups should be used instead.
Where long lifts are required, multiple short belts
should be used instead of one long belt to avoid the need
for gravity take-ups.
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4. Importance of housekeeping facilities: Notwithstanding
the care taken to avoid spillage or splashing, sludge
handling facilities are dirty, and must be designed to
facilitate cleanup. Non-skid cover plates, rather than
grating, should be used for all access areas except those
immediately over storage hoppers. Convenient hose
stations should be located to serve all areas. Floors
and slabs shou ld be provided with exaggerated drainage
slopes (up to one inch per foot [8 cm/m]) and should
drain to liberally distributed drain sumps. Special care
should be used at all transfer points, take-up pulleys,
and dump points to minimize sludge spillage or splashing,
or to provide surroundings that are easily cleaned.

Flexible conveyors are now available in styles with integral
pockets, s idew aIls and cleats that allow steep, high capac i ty
operations on almost all materials (Figure 14-18). The belts may
change inclination at several points in their run. They are best
cleaned by a combination brush and spray cleaner. Except for
belt pockets, sidewalls, and cleats, their mechanical components
are simi lar to thos e on t roughed be 1 ts ; rna intenance cos ts for
mechanical drives and rollers are also similar.

There are patented flexible conveyors that can not only change
inclination but also change direction or even spiral vertically
upwards. One unit may replace several straight line belts.
These units are not actually belts but segmental chain and
sprocket-driven mechanisms with interlocked, pleated rubber
trough sections. Drive mechanism wear and corrosion is high in
comparison with flat belt conveyors. These conveyors are not
recommended where there is sufficient room to allow installation
of multiple conventional troughed or pocketed conveyors.

14.2.3 Screw Conveyors

Screw conveyors (Figure 14-19) are silent, reliable, and
economical (32). They are used for horizontal movement of grit
or sludge, or may be used to convey dewatered sludge up inclines.
(The degree of incline depends upon sludge moisture content
and consistency). Conservative sizing, abrasion resistant
construction rna ter ials, and integral wash down systems with in
enclosed housings are recommended for solids handling facilities.
All enclosed housings should have numerous quick opening access
plates for maintenance and observation. Screw conveyors for
dewatered sludge shou ld not have internal i ntermedi ate bear i ngs
because sludge can pile up on the bearing and restrict or prevent
flow. For this reason, screw conveyor lengths should be limited
to 20 feet. Screw conveyors with reversible direction, or with
several slide gate controlled discharge openings in the bottom of
the conveyor housing, allow the point of conveyor discharge to be
changed as appropriate, providing flexibility of operation.
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INCLINED BELT CONVEYOR FEATURES (31)
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SCREW CONVEYOR

Screw conveyors have been successfully used for transporting grit
but their application to screenings is questionable because rags
may become en tang led on the conveyor shaft. Overs iz ed obj ects,
such as sticks, can jam the screw or fallout of the conveyor,
creating housekeeping problems. To reduce wear ,open or ribbon
type screw conveyors are sometimes .used for grit.
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14.2.4 Positive Displacement Type Conveyors

Positive displacement type conveyors include tubular conveyors
and bucket elevators. Tubular conveyors (Figure 14-20) are
tubular condu its through which ci rcu lar f 1 igh ts are pu lIed by
chains. They may be used for the horizontal transportation of
dry solids such as incinerator ash or semi-dry gri t. They are
several times as expens i ve as f la t be 1ts per 1 inear foot, but
require much less room, are fully enclosed and air tight, and can
be routed anywhere a conduit will fit. Maintenance is high.
Most plants utilizing these conveyors routinely replace the chain
elements at least once per month.

! t
MATERIAL

IN

~

FIGURE 14-20

TUBULAR CONVEYOR

Bucket elevators (Figure 14-21) incorporate chain and sprocket
driven buckets in a manner similar to the tubular conveyors
except that the chain flights are not in continual contact
with the product. As a result, mechanical longevity is greatly
increased. They are usually restricted to vertical lifts with
limited horizontal displacement.

14.2.5 Pneumatic Conveyors

Pneuma ti c conveyors are usually not appropriate for dew a tered
sludge, but can effectively handle screenings, grit, and dry
finely divided materials such as incinerator ash. Screenings and
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grit can be easily transported, even over long distances, through
the use of a batch pneumatic ejector system {Figure 14-22).
Such pneumatic ejector systems have provided good service for
distances up to one-half mile and up to 100 feet of lift. The
transport system between the points of loading and discharge is a
totally enclosed pipe, which is clean and odor-free and can be
easily routed along available passages. The entire system
utilizes a minimum of moving parts. Consideration must be given
to the use of abras ion res i stant rna ter ials, espec ially at pipe
bends, and an air pressure system consistent with the distance
and lift to be traversed.

MATERIAL
OUT

MATERIALI IN

\.~...~~/.r
~

FIGURE 14-21

BUCKET ELEVATOR

Continuous pneumatic conveying systems (Figure 14-23), either
pressure or vacuum type, are widely used where dry, particulate
materials are to be transported. Their use in sludge transport
is limited to materials such as incinerator ash. Where long
distances or complex routings are involved pneumatic conveyor
systems are especially well suited to ash transport.

Ash is an extremely abrasive material and rotary valves and elbow
segments in particular must be carefully specified to provide
maximum abrasion resistance. The blowers may require noise
shielding.

14.2.6 Chutes and Inclined Planes

Chutes and inclined planes for sludge, screenings, ash, and
grit should be tested for minimum inclination on the specific
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transported product whenever possible. In general, inclinations
for dewatered sludge should be greater than 60 degrees from
the horizontal. For dry bulk materials, such as ash, the
inclinations should at least be greater than the material's
natural angle of repose.
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14.2.7 Odors

Open sludge conveyance can be a source of odors. All solids
transporting facilities should be well ventilated and, if
necessary, provided with odor control for the vented air. Even
with stabilized sludges, if large holding or equalization tanks
are required for the pumping system, floating covers or special
odor control facilities for venting tank air should be provided
when the detention time is greater than several hours. See
Chapter 15 for more detailed information on sludge storage.

14.3 Long Distance Wastewater Solids Hauling

It is often necessary to transport the wastewater solids for long
distances, that is, beyond the boundaries of the wastewater
treatment plant site. This may be done by pumping if the
material is slUdge or scum (covered in Section 14.1.6) or by
other methods, which shall be termed long distance hauling. For
this chapter, long distance hauling is limited to trucking, rail
transport, and barging.

Ettlich (28), in developing cost formulas for transport of
wastewater sludge, makes the following general observations about
the comparative economics of the long distance sludge hauling
methods:

1. Transportation of dewatered sludge

• Total annual cost for railroad is less than truck for
all annu'al sludge volumes (7,500 to 750,000 cu yd
[5730 to 573,450 m3 ] and distances (20 to 320 miles
[32 to 515 km]) studied with and without terminal
facili ties for loading and unloading sludge to the
transport vehicle.

• Railroad facilities are more capital intensive than
truck facilities.

• Transport equipment can be leased for both truck and
railroad transport.

2. Transportation of liquid sludge

• Truck is the least expensive mode for one way
distances of 20 miles (30 km) or less and sludge
volumes less than 10 to 15 million gallons (38,000 to
57,000 m3 ) per year.

• Pipel i ne is the leas t expens i ve mode for all cas es
when the annual sludge volume is greater than
approximately 30 to 70 million gallons (110,000 to
260,000 m3 ).
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• Pipeline is not economically attractive for
sludge volumes of 10 million gallons (38,000
less because of the high capital investment.

annual
m3 ) or

• Pipeline is capital intensive and the terminal points
are not easily changed. Pipeline is ideal for large
volumes of sludge transported between two fixed
points.

• Rail and barge are comparable over the 7 to
700 million gallons (30,000 to 2,600,000 m3 ) volume
range for long haul distances.

• Ba rge is more economi cal than ra i 1 for shor t to
medium distances for annual sludge volumes greater
than 30 million gallons (110,000 m3 ).

While much information is available on costs of transporting
s 1ud g e inspe c i f i c situa t ions (3 3, 3 4, 3 5 , 3 6) the reisawide
disparity in reported costs since there are so many variables in
each situation. Consequently it is much more accurate to utilize
an approach such as Ettlich's, than to rely upon cost estimates
from other treatment plants where conditions may be quite
different (28).

14.3.1 Truck Transportation

For most small plants and some large plants, the use of trucks
is the best approach. Trucking provides a viable option for
transport of both liquid and dewatered sludge. Trucking provides
flexibility not found in other modes of transport since terminal
points and route can be changed readily at low cost (35).
Provided trucks are leased rather than purchased, a truck hauling
option is not capital intensive and allows more flexibility than
pumping or other transport modes. This flexibility is valuable
since locations of reuse or disposal may change.

14.3.1.1 Types of Trucks

Sludge hauling trucks are similar to standard highway trucks
because both types of trucks must use public roads and comply
with their overall vehicle width, height and gross weight
restrictions. Most of the variability can be seen in sludge
containment body configuration. For the majority of cases, which
involve comparatively short distances with one-way travel times
less than one hour, ease and speed of loading and unloading
are of paramount importance. The larger trucks are the most
economical except for one-way haul distances less than ten miles
and annual sludge volumes less than 3,000 cubic yards for
dewatered sludge and for less than one million gallons per
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year for liquid sludge. Generally, diesel eng i nes are used in
the larger trucks and are the economical choice for smdll trucks
that are operated at high annual mileage (35).

Where it is determined that economic, environmental, and
institutional considerations allow direct land application
of liquid digested sludge, special tank trucks are available
equipped with specially designed spreaders, auger beaters, and/or
special application apparatus. Some manufacturers equip their
trucks with subsoil injectors for sub-surface treatment. Use of
such dual purpose trucks allows transport and ultimate disposal
without an intermediate storage/pumping step. Specialized
tanks or trucking equipment can be custom built for specific
applications. One company produces flexible tanks designed to
fit on a flatbed truck (37).

Spillage or leakage from sludge hauling operations are
unacceptable because of aesthetic and health considerations.
This has meant a shift away from belly-dump vehicles, even for a
very well dewatered sludge cake. There is increased concern for
covering the top of the sludge to minimize both odor release
during transit and the chance of spillage due to sudden stops or
accidents. Consequently, tank~type bodies are gradually becoming
the most common, even for mechanically dewatered sludges. These
vehicles require unusually large hatch openings for loading
purposes, and well designed water-tight hatches or tailgates
for unloading. Tanks for liquid sludge transport are of more
standard design, but the provision of internal baffles to
minimize load shifting is recommended for highway transport.

14.3.1.2 Owned Equipment vs. Contract Hauling

The foregoing concerns apply equally whether or not the
wastewater treatment management agency contracts out its sludge
haul ing or uses its own vehicles. The choice between util iz ing
agency personnel or contracting for private companies to drive
sludge trucks is often decided not on the basis of cost, but on
the size of the plant. Smaller plants favor the use of both
their own vehicles and staff.

The choice of contract hauling can be limited to the provision of
tractor units and driver services, with the trailers owned by the
agency. This has two major benefits. First, treatment plant
staff, assigned to sludge handling and/or dewatering operations
are working in the immediate vicinity of the trailers, and can
therefore re-spot the trailers under a conveyor belt at the best
times. Second, with most contracts awarded for only one to three
year terms, the contractor would otherwise need to figure in his
bid price a very rapid amortization of custom trailers, which may
be of no further use to him if he is not re-awarded the contract
at a later date, even though they may have a useful life far in
excess of the contract period. Since it is economically sensible
to operate wi th more trai Ie rs than trac tor uni ts, t railer cos t
depreciation can be a significant overall cost factor.
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14.3.1.3 Haul Scheduling

A common problem, usually not recognized, is the need to properly
schedule trucking operations. In general, the total cost
of truck transport will be decreased (per unit of material
hauled) if the daily period of truck operation is increased,
because capital intensive equipment is better utilized. However,
restrictions may be placed on any significant truck operations,
such as requiring specific routes or limiting operations to
daylight hours (35). Such haul scheduling may require the
provision of some form of temporary sludge storage at the
plant. See Chapter 15 for sludge storage information. Whenever
intermittent operations are possible, however, mechanically
dewatered sludge is usually loaded directly from a conveyor
bel t. Us ing trucks or t ra i ler bod ies as temporary storage may
not be the most economical method when drivers' work hours,
overtime pay, and the cost of re-spotting trailers under a belt
are considered.

In designing sludge handling facilities, it is desirable to
provide several dump points with the capability to quickly shift
from one to another. If trailers are used, the ability to fill
several units before the tractor unit returns adds flexibility to
scheduling and reduces storage requirements. If the receiving
vessel for dewatered sludge is not self-pO',.jered (such as a
trailer), consideration should be given to movable dump conveyors
to allow the load to be distributed uniformly within the vessel.
Dewatered sludge will mound when loaded from a single point.
This may prevent effective utilization of the transport vessel.

14.3.1.4 Trucking Costs

When cons idering sludge trucking, it is worthwhile to remember
that pumping equipment can handle digested sludge at least up to
20 percent solids concentration, and to note that the layout
and design of loading and unloading facilities can contribute
markedly to cost savings. A more detailed breakdown of relative
costs associated with truck transportation is available (28).

14.3.2 Rail Transport

Rail transport is suit.able for transporting sludges of any
solids concentration. It is, hov.jever, not. a common method of
transporting sludge in the United States.

14.3.2.1 Advantages and Disadvantages of
Rail Transport

Rail transport has a lower energy cost per unit volume of sludge
than pipelining and truck hauling, and once found to be feasible
has a right-of-way already established, which is not usually the
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case with a pipeline. Rail transport can suffer from many of the
same p~oblems as ~ipelines~ such ~s large unrecoverable capital
expendItures and fIxed termInal pOInts. In addition, it has some
of the same problems associated with trucking, such as an ongoing
administrative burden, vulnerability to labor disputes and
strikes, risk of spills, and because of the labor requirements,
an operational cost that will rise continually. However, special
circumstances may favor rail hauling. For example, if sludge is
to be used to rehabilitate strip-mined lands, a rail line may
have been built for hauling out the coal. That line would still
be available for the transport of sludge.

14.3.2.2 Routes

The construction of a new railroad line may not be cost-effective
or even possible for the sole purpose of transporting wastewater
sludge. New construction is normally limi ted to a short spur
from a mainline railroad or the provision and/or expansion
of small switching yards on a large treatment plant site in
conjunction with chemical delivery facilities. Any attempt at
longer new 1 ines is impractical. Th is 1 imi ts the overall rou te
selection, generally between the treatment plant site and
the final sludge disposal point, to railroad lines already in
existence. In turn, this will limit either the selection of
rail for sludge transport or severely limit the choice of or
subsequent change in disposal site location.

14.3.2.3 Haul Contracts

Railroad cars must be hauled by a railroad company, except
possibly for swi tching. Therefore a contract must be obtained
with the railroad. Since this contract hauling is a major cost
element, and since the railroad often cannot provide rapid· and
realistic cost estimates, some time and consideration will be
required.

Railroads are a regulated utility; this complicates the rate
quotation process. Rates are of two general types: a "class
rate" and a "special commodity rate." The class rates are
read ily obtained, bu t are usually proh ibi tively expens ive for
sludge. To obtain a special commodity rate, the following
procedure is necessary:

1. An application is submitted to the railroad, including a
complete description of what is to be shipped; how it is
to be shipped (type of material, liquid or solid);
precisely where it is to be shipped; the frequency of
shipping (how much per day, per week); the approxima te
loading and unloading time; what other types of materials
are similar in form, concentration, and makeup to
the material being shipped (for example, Code .5630,
North Coast Freight Bureau, "tankage"--a commodity used
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in production of fertilizers) i and
price .the shipper would be willing
100 pounds net weight (45.4 kg).

a statement of the
to pay in cents per

2. The local railroad--the carrier--reviews the load,
distance, terrain, switching requirements, and
competition and calculates a rate.

3. The rate is publ i shed by the local f re igh t bu reau (for
example, for Seattle, Washington, the North Coast Freight
Bureau) for a notice period of 30 days for review by
other, poss ibly competing, carriers, and by one of the
five regional freight bureaus: Western, Southwest,
Central, Southern, or Northeastern. The regional freight
bureaus are conglomerations of the local ones and they
regulate and control prices between bureau jurisdictions.

4. Comments and appeals of rates can be made to the
Interstate Commerce Commission (ICC). An appeal of a
proposed rate will cause that rate to be suspended for a
seven..;,;month period for the case to be heard by the
suspension board of ICC and for the carrier to justify
tha t rate. Histor ically, appeals have caused proposed
rates to be eliminated from the carriers· tariffs. This
effectively eliminates the option of rail transport of
sludge for this locality.

Generally speaking, railroads are interested in providing sludge
transportation. However, many railroads are unfamiliar with
sludge hauling; similarly, many environmental engineers are
unfamiliar with railroad procedures (38).

14.3.2.4 Railcar Supply

There are three methods of ensuring railcar equipment adequacy:
by leasing, by ou trigh t purchase, or through placement of the
required number of cars in "assigned service" by the carrier
under the terms of the haul contract. Generally, an assigned
service option is only available for a solid (dry) or semi-solid
(mechanically dewatered) sludge which can be transported in
hopper cars. >A liquid sludge must be carried in tank cars which
are not normally available "free" from the railroad. As a
generalization, the amortization of the purchase of either
type of car (at approximately $90,000 to $120,000 new) will be
at considerably higher cost than the rental or lease fee.
Consequently, it is expected that the assigned service option
would be selected for hopper cars, and a lease arrangement
negotiated with a private tank car rental company for tank cars.

Railroad hopper car use is subject to minimum shipment fees per
car and certain demurrage criteria. For example, a single hopper
car minimum shipment is 180,000 pounds (82,000 kg) and demurrage
criteria are that the car must be loaded within 48 hours and
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unloaded within 24 hours~ Reference time is 7 a.m. If a car is
delivered between midnight and 8 a.m., the time begins at 7 a.m.
the same day. If a car is delivered between 8 a.m. and midnight,
the time begins at 7 a.m. the following day. Typic~l hopper car
capacities are 2,600, 3,215, and 4,000 cubic feet (75, 91, and~

113 m3 ), with the smallest size being typically the most readily
available.

Tank cars are normally rented by the month from private tank car
rental companies with a minimum five-year commitment. A large
non-insulated coiled car (coiled to prevent freezing during the
winter months) will rent for approximately $450 per month
(1978 prices). Tank car capacities are typically 10,000 to
20,000 gallons (37,850 to 75,7001). The selection of rail
transport, with its high transit times, for more putrescible
sludges without special gas venting and control equipment, should
be avoided. Typical minimum tank and hopper car requirements are
shown in Table 14-8.

TABLE 14-8

TYPICAL MINIMUM TANK CAR REQUIREMENTS (28)

Car loads a
-_._-----

One-way Per Per Cars b
distance, mi year day required

---- ____ ,"___,_._'____'m_'.'.'_

20 375 1 5
40 375 1 5
80 375 1 7

160 375 1 8
320 375 1 9

20 750 2 9
40 750 2 9
80 750 2 13

160 750 2 15
320 750 2 17

20 3,750 10 47
40 3,750 10 47
80 3,750 10 68

160 3,750 10 78
320 3,750 10 89

20 7,500 21 97
40 7,500 21 97
80 7,500 21 139

160 7,500 21 160
320 7,500 21 181

75

15

150

7.5

Annual sludge
volume, MG

,<---~-----<-----"

5

50

10

100

Approximate secondary
treatment plant size,

MGD

a Car size 20,000 gal (76 m3 ).

bEstimate assumes that ample storage is available so
that extra cars are not required for peak sludge
production or scheduling problems.

1 MGD = 0.044 m3/s
1 MG = 3,785 m3
1 mi = 1.6 km
1 gal = 3.8 1
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The exact, c,alculation of car requirements is very site- and
a~ea-s'peclflc and should be checked directly for any given
sltuatlon. It should be recognized that the speed of railroad
transport will depend in part on the track conditions and on the
r~i~road's normal tr~ffic schedule; the track conditions may also
Ilmlt the loads carr led per car, and hence the size and number of
cars required. As a guide only, typical transit times are shown
in Table 14-9.

TABLE 14-9

TYPICAL TRANSIT TIMES FOR
RAILROAD TRANSPORTATION

One-way distance,
miles

20

40

80

160

320

Round-trip transit time,a
"..~..".__.. _" ~..,,, ."._~ ...._._".9~y~s _

4

4

6

7

8

a For estimating rail car demand, an allowance of 25
to 50 percent should be added to accommodate
scheduling and car holdup problems. Also, the
transit time does not include time for loading
and unloading, which must be estimated separately.

14.3.2.5 Ancillary Facilities

Railroad transport of sludge requires loading storage and
equipment (tanks, pumps, and piping for liquid sludge and hoppers
and conveyors for dewatered sludge), railroad sidings, and
unloading equipment. Unloading is ordinarily accomplished by
gravity. Car maintenance and storage will be undertaken by
the owner of the cars--not normally the wastewater treatment
authority--but car cleaning and washdown facilities may be
required.

14.3.2.6 Manpower and Energy Requirements

The wastewater authority will have labor requirements for loading
and unloading railroad cars and for associated maintenance;
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estimates are given in Table 14-10. Data on energy demands
associated wi th railroad transport are not readily available,
but energy demands are relatively low compared with other
transportation modes. The fuel consumed in transporting the
sludge should nevertheless be estimated for inclusion in the
sludge management program's energy effectiveness analysis.

TABLE 14-10

MANPOWER REQUIREMENTS FOR RAILROAD TRANSPORT (28)

Liquid sludge
. ~~'"~~.,,-~- Dewatered sludge---------

Annual volume,
mil gal

Labor, manhoursjyr Labor, manhoursjyr
Annual volume,

Operation Maintenance thousand cu yd Operation Maintenance

7.5
15

150
750

1 eu yd 0.76 m3

1 mil gal = 3,785 m3

4,124
4,124

10,500
28,500

130
260
500

1,200

7.5
15

150
750

1,650
3,300
4,125

10,000

130
260
500

1,200

14.3.3 Barge Transportation

Barge transport for the ocean dumping of sludge has been
practiced for many decades around the world. Recent decisions to
limit ocean dumping, combined with rapidly escalating costs for
dewatering or drying sludges, have led to more consideration
of barge transport of liquid sludges between the wastewater
treatment plant or plants and land disposal sites many miles
distant. Barge transportation of sludges is generally only
feasible for liquid sludges (to the solids concentration limit at
which it may be pumped) and over longer distances, generally over
30 miles. Additional information is available (28,36,39).

14.3.3.1 Routes and Transit Times

It is evident that the key feature in consideration of barge
transportation is the proximity to a suitable \vaterway. HO\vever,
in planning a barge transport system, the transit time also plays
a critical role. The traffic on the waterway; physical features
such as drawbridges, locks, and height limitations,and natural
charac teri s tics such as currents, tides, and even "va ve he igh ts
will all affect the transit time. Local operators familiar
with the waterway should be contacted for information and a
conservative safety factor should be applied. Loading and
unloading times then must be added to estimate the overall
turnaround time--the key feature when contracting for towing
service. Towing speeds and cost estimates are given in
Table 14-11.
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TABLE 14-11

TUG COSTS FOR VARIOUS BARGE CAPACITIESa

Average velocity, knotsb
Barge Capacity, Tug costs,

c
barrels Loaded Unloaded dollars/hour

25,000 6 7 120

50,000 7 8 150

100,000 8 10 195
m_,._,___

a
Source: Foss Tug, Seattle, Washington, a division
of Dillingham Corporation, various personal inter
views with Metropolitan Engineers/Brown and
Caldwell staff members, 1975 through 1976.

bvelocities in open water. Waterway restrictions
reduce average speeds.

c
Costs are for late 1975 and early 1976. Inflation
has been at about 15 percent per annum compounded
since 1976.

1 barrel = 159 1
1 knot = 0.51 m/s 1. 85 km/hr

14.3.3.2 Haul or System Contracting

Only for very large plants should ownership of the motive power
unit(s) (tug or powered barge) be considered. Self-propelled
barges are no longer generally considered cost-effective when
initiating a new system, although the specifics of any particular
case could modify this conclusion. This means the choice for
most wastewater treatment authorities narrows down to contracting
for either complete barge transport services or for tug service
alone. Full service contracts may prove the best for small
operations with intermittent transport requirements. Moderate to
large plants will generally favor contract towing only, with the
barge(s) owned by the authority (althoug'h Chicago's barging
system is a full service contract). Contractual agreements
should clearly define in detail all services to be provided and
include a barging schedule. In certain cases it may be possible
for two or more wastewater treatment authorities to join in a
common contractual agreement whereby sludge from two or more
plants is picked up in tandem by the one haul contractor.
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14.3.3.3 Barge Selection and Acquisition

Both the useful life and salvage value of barges tend to be high.
This will often lead to a decision to purchase rather than
lease equipment. Size and number of barges will depend on
plant size and the specific sludge processing system.

Some data on typical barge sizes and costs are given in
Table 14-12. Physical dimensions of barges are not standardized,
since they are usually custom built within certain dimensions set
by some waterway constriction, such as lockage limitations. Lead
times on construction are about two years. Barge proportions are
commonly length to breadth 4 or 5 to 1, and breadth to depth
3 or 4 to 1. For inland waterways, about two feet (0.6 m) of
freeboard under the maximum loaded condition is usually adequate.
Barges are very common in the 20,000 to 25,000 barrel (3,200 to
4,000 m3 ) capacity range. Construction costs in 1976 were about
$6 per cubic foot ($212/m3 ) for a 25,000 barrel (4,000 m3 ) barge,
with only a slight reduction in unit costs as size increases, to
about $5.50 per cubic foot ($194/m 3 ) at the 100,000 barrel
(16,000 m3 ) size. Greater flexibility in operations will usually
dictate the choice of smaller barges, unless distances are about
200 miles (330 km) or more and number of waterway restrictions
low. Then the increased speed offered by a larger tug/barge
combination will substantially cut transit time and thus reduce
towing fees.

TABLE 14-12

TYPICAL BARGE SIZES AND COSTS
a

. b
Capaclty,

barrels

14,000
20,000
23,000
27,000
33,000
35,000
50,000

Dimensions,_f~t _
Cost,C

thousand dollars

aExamples are for barges custom built for liquid sludges but do not include
pumps necessary for unloading.

bone barrel equals 42 gallons (159 1).

cCosts are for 1976. Inflation in new and used barges has been about 15
percent per annum compounded 1976 through 1979.

dSource: L. R. Gloston and Associates, Naval Architects, Seattle, Washington.

eConstruction costs were approximately 50 cents/lb of steel in the barge ($l.lO/kg) in
1976 and are about 80 cents/lb ($1.80/kg) in 1979.

fsource: William Drury Company, Seattle, washington, communication to
Metropolitan Engineers/Brown and Caldwell, September 30, 1976.

1 barrel = 0.16 rn
3

1 ft = 0.30 m
1 cent/lb = $0.022/kg
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14.3.3.4 Ancillary Facilities

A criti~al factor in determining the feasibility of barging
s~udge l~e~ in the cost of facilities for loading and offloading,
and receIvIng the sludge. If the treatment plant is not close to
the waterway, it may be desirable to locate a sludge storage
tank or lagooon near the barge loading dock. For a tank, design
would need to be similar to an unheated digester because of
continued anaerobic decomposition. Lagoons should be operated as
facultative sludge lagoons. In either case, costs of the tank or
lagoon should be included in the barge system costs.

In most cases, it is desirable to load and meter the flow from a
fixed pumping station located on a fixed wharf. Offloading is
often accomplished by a pump mounted on the barge itself.
The disposal site should be located near a dock capable of
mooring a suitably sized barge. Floating docks are usually more
expensive in both marine and freshwater environments than fixed
wharfs, due to the complexity of anchoring devices capable of
sustaining the loads imposed by a large barge. In certain
instances, however, a floating dock may be more acceptable from
an environmental standpoint.

Unloading to a land pipeline typically takes about 6 hours. If a
tug must remain with the barge during the unloading period, rapid
unloading becomes economically important.

14.3.3.5 Spill Prevention and Cleanup

One important element of a barge transportation system is a
well developed spill prevention and cleanup program. Spills
resulting from accidents during transport can result in serious
wa ter pollution and associated heal th problems. Sludge spi lIs
should be contained immediately and transferred to storage tanks
or another barge as quickly as possible to reduce risks. The
risk of spills during loading and unloading can be minimized by
careful attention to design and operator training.
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CHAPTER 15

STORAGE

15.1 Introduction

Storage is an integral part of every wastewater solids treatment
and disposal system, since it is necessary to the assurance
tha t the sys tern wi 11 be used to full capaci ty. Recent emphas is
on the control of wastewater solids treatment and disposal
mandates that effective storage be provided. Storage that is
compatible with the objectives of a system must be incorporated
into its design to enhance both the system'sreliability and its
efficiency.

15.1.1 Need for Storage

Storage allows different processes to operate on schedules which
best fit overall system objectives and precludes the need to
force all processes to operate on the same schedule. For
example, solids are generated from the wastewater treatment
system 24 hours per day, but it may be most convenient to operate
the solids processing system only on the day shift. Solids must
therefore be stored during off-hours. Storage must also be
provided between adjacent treatment or disposal processes which
operate at different rates--for example, between centrifuges
(which discharge solids at 100 tons per hour [91 t/hr]) and
incinerators (which must be fed at 50 tons per hour [45 t/hr]).
In addition, it must be provided upstream from virtually any land
disposal system, since sludge can usually be applied to land only
part of the year, whereas the waste treatment plant generates
solids all year around.

15.1.2 Risks and Benefits of Solids Storage
Within Wastewater Treatment System

Stored solids can be washed from the wastewater treatment
system, thereby degrading effluent quality. They may also
be come sept ic, with the same effect. As 'a general rul e, sol ids
should not be stored in wastewater treatment systems unless
storage provides benefits that clearly outweigh the risks
involved. For many small plants, if sludge processing units
are operated only on the day shift, the benefits do outweigh
the risks. These plants frequently store solids within the
wastewater treatment process for periods as long as 24 hours.
Large plants, which typically process sludge around-the-clock,
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make less frequent use of storage within the wastewater treatment
s~st~m. The main exception to this rule is the storage of solids
wlthln wastewater stabilization ponds, where solids and dead
algae settle to the, bottom of the ponds and anaerobically
decompose. These SOllds are seldom removed and often accumulate
for many years with no deleterious effect.

15.1.3 Storage Within Wastewater Sludge
Treatment Processes

Solids can be stored within sludge treatment processes with
fewer adverse effects than if they were stored within the waste
water treatment system. Whereas the processes of disinfection,
conditioning, mechanical dewatering, high-temperature conversion,
and heat-drying do not provide storage, those of gravity
thickening, anaerobic and aerobic digestion, air drying, and
composting do. Used jUdiciously, these processes can store
enough solids to enable necessary adjustments to be made in rates
of flow between processes. One or two of these processes can
provide cost-effective storage for periods exceeding one month.
However, because of process limitations, some cannot provide
storage for minimum per iods of three to four days even though
they can store for periods of three to four weeks and longer.

15.1.4 Effects of Storage on Wastewater Solids

If w3stewater solids are to be stored for any extended period
of time, they must be stable. Stable liquid sludge with less
than ten percent solids can be stored in facultative sludge
lagoons, anaerobic sludge lagoons, or aerated basins. When
it is air dried to greater than 30 to 40 percent solids, stable
sludge can be st~red safely and without odors in relatively
small, conf ined s truc tures or in unconf ined stockpiles. I t is
impractical to store uns tab il ized dewa tered or part ially dried
sludge (sludge containing more than 10 percent and less than
30 percent sol ids) for much longer than three to four days
because septic conditions and problems associated with septicity
(odors, poor solids transport properties) can develop.

Wastewater solids are usually stored in concentrated form.
I f these sol ids are biodegrad able, i nd igenou s oxygen s uppl ies
can rapidly be depleted and anaerobic decomposition begins.
Anaerobic decomposition is often, but not always ,accompanied
by the production of undesirable odors. However, anaerobic
decomposition will not occur if:

• Biodegradable materials present are insufficient to
support biological activity. For example, screenings
and grit are relatively non-odorous, provided they have
been processed and transported hydraulically prior to
final dewaterings. The washing action which occurs
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•

•

during these operations reduces the concentration of
putrescible organic material. Conversely, if processed
and transported mechanically (that is, without washing),
they may be the source of strong odors when subsequently
stored.

Oxidizing conditions can be maintained. Agents such as
oxygen, chlorine, and hydrogen peroxide can be used
to this end if the sludge is in liquid form. Forced
aeration or physical manipulation can be used to maintain
the aerobic condition if solids are dewatered and
managed, as is done in composting.

Moisture is reduced to discourage biological activity.
For example, air dried stabilized sludge with a solids
con ten t grea ter than 40 to 50 percent and u nstabi 1 iz ed
heat-dried sludges can be stored indefinitely without
nuisance, provided rewetting does not occur.

pH is adjusted to values above approximately 12 and
below approximately 4 by adding chemicals like lime or
chlorine. Note that pH extremes must be maintained.
These treatments do not destroy putrescible materials,
and the biocidal effects caused by extreme pH are lost as
the pH drifts toward neutral values as the result of
interaction with atmospheric carbon dioxide.

The fact that anaerobic digesters and facultative sludge
lagoons have operated without nuisance odors clearly indicates
that storage can be accomplished under anaerobic conditions
without adverse effects. Work on facultative sludge lagoons in
Sacramento documents these conclusions (1).

Nuisance odors will not develop in anaerobic storage when
sufficient methane bacteria are present. If the methane bacteria
are destroyed, however, serious odor problems may result. As an
example, consider anaerobically digested sludge which is placed
on a drying bed or in a drying lagoon. The top layer of sludge
is dewatered, and methane bacteria die as the sludge aerates and
dries. Odor levels are extremely low, since the sludge is too
dry to support anaerobic biological activity. Should the surface
of the sludge be re-wetted (for example, by rainfall or surface
flooding), however, anaerobic activity would resume, the organic
acid concentration would rapidly increase, and odors would
increase to nuisance levels. Odor problems experienced with
approximately 580 acres (235 ha) of drying lagoons at San Jose,
California, immediately following a rainstorm, is an example of
this type of problem (2).

Not all the effects of solids storage are negative. Storage
of anaerobically digested sludge in the liquid state can be
beneficial for its ultimate disposal. If such sludge is stored
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for several years without being contaminated by freshly digested
sludge, its organics content (40 to 50 percent) and its content
of pathogenic bacteria, viruses, and parasites will be greatly
reduced (1,3).

15.1.5 Types of Storage

Wastewater solids may be stored in facilities within the
treatment system, within the sludge treatment and disposal
system, and within tanks, lagoons, bins, or stockpiles provided
primarily for storage. This latter group is divided into two
divisions, those provided for either liquid or dewatered sludge.
The use of wastewater and sludge treatment facilities for solids
storage must not adversely affect their treatment capability. If
this potential exists, then facilities dedicated primarily to
storage must be provided.

Three methods of storage are described as follows:

• Single-Phase Concentration. Solids accumulate in a
completely-mixed vessel as a result of increasing
con c en t rat ion. The sol ids con c en t rat ion is un i form
throughout and vessel volume is constant. For example,
solids buildup within the aeration reactor of an
activated sludge system if solids are not wasted.

• Two-Phase Concentration. Storage is wi thin the solids
layer of a 1 iquidjsolids separation dev ice. Volume of
the solids layer increases; however, total system volume
remains constant. For example, solids are accumulated
in a gravity thickener by terminating sludge withdrawal
from the thickener and allowing the sludge blanket to
build up.

• Displacement. Solids are stored as a result of changing
total system volume. For example, solids can accumulate
within digesters with floating covers by displacement
storage, since the covers can rise to accommodate greater
volumes of sludge.

Storage may be accomplished by two or three methods operating
in concert. For example, solids can accumulate in a floating
cover equipped secondary digester by simultaneous two-phase
concentration and displacement.

Storage may be further categorized as follows by detention time:

• Equalization Storage

• Short-Term Storage

Solids detention time should not
exceed three to four days.

Solids detention time should not
exceed three to four weeks.
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• Long-Term Storage Sol ids detention
than one month.

time is greater

Table 15-1
method, and

lists wastewater solids
detention time category.

TABLE 15-1

storage by type, facility,

WASTEWATER SOLIDS STORAGE APPLICABILITY

Type

Wastewater sta- Single and two-phase
bilization ponds concentration

Storage wi thin waste
water treatment
processes

Gri t removal

Primary sedi
mentation

Aeration reactors

Secondary sedi
mentation

Imhoff tanks

Communi ty septic
tanks

Two-phase concentra
tion

Two-phase concentra
tion

Single-phase concen
tration

Two-phase concer,tra
tion

Two-phase concentra
tion

Two-phase concentra
tion

Equalizing
(3 to 4
days)

x

Short term
(3-4 weeks)

x

Long term
(Greater

than 1 month)

x

comments
""""~---------

Use of wastewater treatment processes for
storage must not adversely affect treat
ment efficiency.

Storage time depends on sewer system grit
loading to plant.

Temperature sensitive. Storage for over
24 hours.

Storage within extended aeration systems,
for example I oxidation ditches, can
exceed 3 weeks if accomplished in con
junction with secondary sedimentation
concentration.

Highly temperature sensitive. Storage for
over 8 hours requires chemicals.

Lightly loaded systems can store for over
6 months. Most systems .....ill require
solids removal every 4 to 6 weeks.

Sludge from many septic tanks is removed
only once in several years.

Aerated ponds operate like aeration
reactors. Other ponds use two-phase
concentration and can store solids for
many years.

1?torage within sludge
treatment processes

Gravity thickeners Two-phase concentra-
tion

Anaerobic digesters Single and two-phase
concentration and
di splacemen t

x

Use of sludge treatment processes for
storage must not adversely affect sludge
treatment efficiency.

Temperature sensitive. Usually not used
wi th WAS. Storage for over 24 hours re
quires chemicals.

Floating covers allow for displacement
storage. Two-phase concentration stor
age impracticable if WAS present.
Single-phase concentration storage pos
sible if digesters operated in conjunc
tion .....ith primary sedimentation
concentration changes." _

15.2 Wastewater Treatment Storage

Influent variability and fixed effluent requirements make
operational flexibility a necessity for every wastewater
treatment plant. One of the most cost-effective means of
providing flexibility for small plants is to assure that
treatment processes contain storage within themselves.

15.2.1 Storage Within Wastewater Treatment Processes

that
ways

Listed in Table 15-1 are several
can provide solids storage.
in which this storage can be

15-5

wastewater treatment processes
The following sections describe
used effectively.



TABLE 15-1

WASTEWATER SOLIDS STORAGE APPLICABILITY (Continued)

____________Detention time _

Type

Storage within sludge
treatment processes
(continued)

Aerobic digesters

Composting

Drying beds

Method

Single and two-phase
concentration and
di splacement

Two-phase concentra
tion and displace
ment

Two-phase concentra
tion and displace
ment

Equalizing
(3 to 4
days)

x

Short term
(3-4 weeks)

x

x

Long term
(Greater

than 1 month)

x

Comments

Decanting can be limiting. Short-term
storage possible if digesters operated
in conjunction with sedimentation con
centration. Displacement storage
requires aeration systems which will
operate with variable level.

Evaporation with process accomplishes two
phase concentration. Processed solids
not removable for 3 to 4 weeks.

Initial settling accomplishes two-phase
concentration. Processed solids not
normally removable for 3 to 4 weeks.

Facilities provided
primarily for stor
age of liquid sludge

Holding tanks Single and two-phase
concentration and
displacement

Facultative sludge Two-phase concentra-
lagoons ticn

Anaerobic liquid Two-phase concentra-
sludge lagoons tian

x

x

x

Storage limited to equalizing by high
costs of detention and continuous
mixing.

Time required for initial settling limits
storage to short or long term.
Mechanics of sludge removal makes short
term storage very expensive. Door free
operation requires anaerobically di
gested solids. Organic loadings must be
restricted and surface agitation pro
vided. Odor mitigation required when
surface area exceeds 30 to 40 acres.

Time required for initial settling limits
storage to short or long term.
Mechanics of sludge removal make::> short
term storage very expensive. Odor
minimization requires anaerobic digested
solids. Usually operated without organic
loading restriction. No surface agita
tion provided. Potential odor risk
high. although no quantifying data
avai lable.

---------

15.2.1.1 Grit Removal

Grit removal basins and channels may be used to store unusually
heavy grit loadings which, when combined sewer systems are
in vol ved, generally arr ive at the trea tment plant af ter a dry
spell and during the first flush of a storm. Storage must be
provided to contain all of the grit which could accumulate during
the storm. The requ ired storage volume is a funct ion of gr i t
loading and the rate at which the grit can be transferred out of
the bas in or channel. Where gri t is transferred manually (for
example, in sma 11 plants wi th dupl i ca te channels), the des igner
may wish to provide storage sufficient to hold grit during
per iods when the plant may be unattended (long weekends). Gr i t
production figures are shown in Chapter 4.
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TABLE 15-1

WASTEWATER SOLIDS STORAGE APPLICABILITY (Continued)

Detention time

Type

Facilities provided
primarily for stor
age of liquid 51 udge
(continued)

___-'M""ethod

Equalizing
(3 to 4
days)

Short term
()-4 weeks)

Long term
(Greater

than 1 month) Comments----

Unconfined stock- Displacement
piles

Aerated storage

Facilities provided
primarily for stor
age of dewatered
sludge

Sludge drying
lagoons

Confined hoppers
or bins

Single and two-phase
concentration and
displacement

Tw"o-phase concentra
tion and displace
ment

Displacement

x

x

x

x

x

High energy demand usually restricts
detention time. Same limits as
aerobic digesters.

Initial settling accomplishes two-phase
concentration. Process solids not
normally removable for one to two
months. Odor minimization requires
anaerobically digested solids. Can be
odorous if aerobically stabilized sur
face layers begin to decompose
anaerobically when rewetted.

Moist (15 to 30 percent solids) dewatered
sludge can present major material manage
ment and odor production problems if
storage time exceeds 3 to 4 days.
Structures usually too expensive for
long-term storage. Short-term storage
can be successful with dry (greater than
30 to 40 percent solids) stabilized
sludges.

Requires stabilized dry (greater than 30
to 40 percent solids) sludge. Stock
piles are usually covered in very wet
climates. Natural freeze drying is
possible.

Special teChniques or equipment may be needed to transfer heavy
grit accumulations. If grit is transferred mechanically (by
flight, bucket, and screw conveyors), the equipment mus~ be able
to start while the entire basin or channel is filled with grit.
If grit is transferred hydraulically, air agitation should be
used to loosen up the accumulated solids during the removal
operation. Hydraulic removal can be accomplished by eductors,
air-lift pumps, or special centrifugal pumps. When special
centrifugal (torque-flow or vortex) pumps are used, the grit
should be loosened up in the immediate vicinity of the pump
suction by a high-velocity water jet. More design information on
grit removal facilities is available (4,5).

15.2.1.2 Primary Sedimentation

If storage is provided in primary sedimentation, solids
processing systems can operate at rates independent of
the rate at which solids are removed from the wastewater.
This is especially useful for small plants which are not
manned continuously and for any size plant that experiences
large diurnal or seasonal fluctuations in settleable solids.
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concentration of sludge removed from the primary sedimentation
tank may be controlled to some degree if the depth of the sludge
layer in the sludge removal hoppers is controlled. Hopper sides
should be sloped at least 60 degrees off the horizontal so
that solids can flm., by gravity to the pump suction. Primary
sedimentation tank storage capacity should be sufficient to allow
suitably sized primary sludge pumps to remove the peak sludge
loadings. Otherwise the solids may interfere with the gathering
function of the longitudinal sludge collectors in rectangular
tanks or the main collector in circular clarifiers.

Efficient use of primary sedimentation storage requires the use
of a control timer, density, and blanket level instrumentation.
Ideally, all three devices can control primary slUdge pump
opera tions. Blanket level sets the time when the pump starts;
control timers set the cyclical period when the pumps can
share the discharge piping (if necessary) and the minimum pump
operating period if the density of the pumped sludge is below
the required concentration; and density sets the time when the
pump shuts down. Chapter 17 provides more information on this
instrumentation.

More design information on primary sedimentation tank design
is available (4,5).

Design Example

The designer of a 7.5-MGD (0.33-m 3/s) average design flow
wastewater treatment plant wishes to determine the available
sludge storage volume in three rectangular primary sedimentation
tanks, -che tanks are designed to treat a peak wet weather
flow of 20 MGD (0.88 m3/s). Available storage will determine
the max imum time allm.,ed between sl udge pump ing cyc les and the
maximum capacity of the sludge pumps.

Tank design is based on conservative experience involving
overflow rates and mean velocities at average design flows. Each
tank is 110 feet (33.5 m) long and 19 feet (5.8 m) wide, with an
average sidewater depth of ten feet (3.05 m). Longitudinal
collectors operating continuously bring the settled sludge to the
head end of the tank, where it is conveyed to the sludge removal
hopper by cross-collectors. The sludge is then pumped from the
removal hopper on a timed cycle with density and blanket level
ins trumenta t ion. Cross collection channels and sludge removal
hoppers have been laid out to aid in the concentration, storage,
and removal of the collected sludge by providing steep side
slopes, ample depths, and short suction pipelines. Combined
storage volume of the cross collector channel and removal hopper
of the selected tank design is approximately 350 cubic feet
(9.9 m3 ) for each tank.

It is assumed that peak and wet weather flows will be of at
least eight hours duration and will have an average suspended
solids content of 200 mg/l. Primary sedimentation tank removal
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efficienci is assum~d to be only 50 percent at peak wet weather
f~ow, down from 60 percent at average design flow, because of
hlgher overflow rate and higher mean velocity. Using these
assumptions, the solids collected in each primary sedimentation
tank during the storm can be calculated as follows:

(20 MGD) (200 mg/l) (0.50) (8.33 lb/gal) =
(3 tanks) (24 hr/day) 231 Ibjhr(105 kg/hr)

Primary sludge solids concentration and wet bulk specific
gravi ty are assumed to be six percent and 1.07, respectively.
Us ing these assumptions, the volume produced in each tank can
be calculated as follows:

231 Ibs/hr
(0.06) (1.07) (62.4 Ibs/ft3 )

= 58 ft 3/hr (1.6 m3/hr)

By d i vid ing this product ion into the storage volume ava ilable,
the designer finds the maximum period of time between pump
cycles to be slightly greater than six hours.

The primary sludge piping to the digester is arranged so that
only one primary sludge pump can operate at a time. To assure
sufficient pumping capacity to handle the peak wet weather
sludge, it is necessary that each pump operate only one-third of
the time. Each pump, therefore, must have the capacity to remove
all of the sludge stored during the six-hour cycle in two hours.
This capacity is calculated as follows:

(231 lbs/hr) (6 hr/2hr)
(0.06) (8.92 Ib/gal) (60 min/hr) = 21.6 gpm (1.36 lis)

As an addi tional safe ty factor, to assure max imum reI iab il i ty
and operational flexibility, this pumping rate is doubled and
rounded off to 50 gallons per minute (3.2 lis). The pump
selected (a diaphragm pump, see Chapter 14) can be adjusted down
to 25 gpm (1.6 lis) if higher flow rates are found to pull liquid
instead of concentrating solids.

15.2.1.3 Aeration Reactors and Secondary
Sedimentation

Solids are stored in aeration reactors and secondary sedimen
ta t ion tank s wheneve r the re is an i ncreas e in the sol ids
concentration of the mixed liquor. This solids increase requires
the two processes to be operated as one, with the sedimentation
tank providing the two-phase concentration necessary to fully
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u til ize the sing Ie-phase concentration storage capabil i ties of
the reactors.. Reac~ors should be des ig ned wi th the flex i bil i ty
to operate e1ther 1n the plug flow, step feed, reaeration or
contact stabilization modes or any combination of these. Given a
fixed reactor size, maximum solids storage capability is provided
when the process operates in a combination of the reaeration and
contact stabilization modes. Often the ability to switch between
complete plug flow and partial reaeration modes allows the solids
to be removed from the hydraulic flow stream and prevents their
loss when that stream receives a shock loading. Operation in the
step feed mode also minimizes the solid loading rates to the
secondary sedimentation tanks. This solids storage flexibility
should be provided regardless of whether the source of aeration
comes from dissolved air or pure oxygen. Plug flow nitrifying
aeration systems, which are often required to retain solids
for two to three weeks, operate at maximum efficiency when
the hydraulic and organic loadings have the least diurnal
fluctuation. This uniformity is often achieved in smaller plants
through upstream flow equalization. Oxidation ditches are a
simple type of aeration reactor found in many small treatment
plants. More design information on aeration reactors and flow
equalization is available (4-8).

Secondary sedimentation tank two-phase concentration storage is
vital to the successful operation of an aeration system. Design
of secondary sedimentation facilities usually involves the
use of the solids flux theory, which is discussed briefly in
Chapter 5 and in detail in references 9 and 10. To take maximum
advantage of the concentration capabilities, secondary sedimenta
tion tanks are usually from 150 to 200 percent deeper than
p rim a r y sed i men tat ion tan k s (1 4 to 2 0 fee t [ 4 . 3 to 6. 1 m]-).
Blanket level instrumentation is commonly used to keep track
of sludge storage levels within the secondary sedimentation
tanks. Instrumentation for this determination is discussed in
Chapter 17. More design information on secondary sedimentation
tanks is available (4,5,7).

15.2.1.4 Imhoff and Community Septic Tanks

Both the Imhoff and the communi ty septic tank were in use long
before most of the sludge treatment processes discussed in this
manual. For this reason, it is not surprising that their design
includes significant sludge storage capabilities. Imhoff tanks
are still in use in many of the older treatment plants, and
therefore, still provide those plants with extensive solids
storage capacity in what are essentially unheated low rate
anaerobi c d iges ters (see Chap ter 6). The storage capaci ty 0 f
Imhoff and septic tanks is part of the empirical design criteria
for these facilities. While their future use may be limited
because of today's secondary treatment mandate, both processes
offer low cost primary treatment for upgrading small community
waste~ater stabilization pond facilities. In Newman, California,
existing community septic tanks are being upgraded to provide
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primary treatment for a O. 76-MGD (33. 3-1/s) complete treatment
plant with pond stabilization for secondary treatment and
overland flow for tertiary treatment (11). More information on
Imhoff and community septic tank design is available (4,12,13).

15.2.1.5 Wastewater Stabilization Ponds

Wastewater stabilization ponds are cost-effective because
of their ability to store solids. Pure aerobic wastewater
stabilization ponds provide only single-phase concentration type
storage, whereas the more commonly used anaerobic and facultative
ponds, can provide for long-term, two-phase concentra tion type
storage of removed settleable and created biological solids.
When debris is thoroughly removed from their influent, secondary
facultative ponds can store most of the wastewater solids from a
large secondary treatment plant for many years. In Sunnyvale,
California, secondary treatment facultative stabilization ponds
covering 425 acres (172 ha) have been receiving the majority of
sewage solids from a 15-MGD (657-1/s) plant for the past ten
years wi th no ill effects. Sunnyvale's tertiary treatment
facilities for algae and nitrogen removal return all solids
removed by dissolved air flotation and gravity filtration to the
ponds (13). Primary sludge is removed from the plant before the
primary effluent is discharged into the pond and anaerobically
stabilized in complete-mix digesters. Supernatant from these
digesters is discharged daily into the plant's influent. Most of
the sol ids eventually find the i r way to the f acul ta ti ve pond.
Bottom sludge is withdrawn every week or ten days from the
complete-mix digesters and discharged to anaerobic sludge
lagoons. The primary sedimentation ef fluent, and the uncaptured
and unrecycled contents of the supernatant merge with the
anaerobic bot tom layers in the secondary treatment facul tati ve
stabilization ponds.

Pr imary wastewater (usually anaerobic s tabi 1 iz at ion) ponds that
receive raw sewage must be drained and cleaned approximately
every five to ten years, depending on loadings. Secondary
wastewater (usually facultative stabilization) ponds that are
sufficiently deep (6 to 8 feet [1.8 - 2.4 m]) and that receive
only those solids generated by biological activity probably
never requ i re cleaning. Hore des ign information on was tewa ter
stabilization ponds is available (14).

15.2.2 Storage Within Wastewater Sludge
Treatment Processes

Table 15-1 lists wastewater sludge treatment processes that
provide some degree of solids storage. The following paragraphs
discuss how much of this storage capability can be used and how
its use can be made as effective as possible.
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15.2.2.1 Gravity Thickeners

Gravity thickeners separate liquid from primary and fixed-growth
biological secondary solids. In this sense, they function
like primary and secondary sedimentation facilities. Cool
temperatures and chemicals which retard septicity enable
gravity thickeners to store sludge for several days. Equipment
precautions recommended for primary sedimentation facilities
apply to grav i ty thickeners. Using the same type of calcula tion
indicated in the primary sedimentation design examples, storage
capaci ty can be increased by provid ing extra depth. For more
design information on gravity thickeners see Chapter 5.

15.2.2.2 Anaerobic Digesters

Anaerobic digesters provide all three types of storage. Those
wi th floating cove rs have the flex ibil i ty to store abou t 20 to
25 percent of the digester's volume. The cover movement is used
to provide displacement storage. Fixed cover digesters must be
protected from excessive vacuum or pressure conditions whenever
an attempt is made to achieve displacement storage.

Secondary digesters can be used for two-phase concentration
storage by means of liquid-solids separation as long as they
are not treating stabilized biological suspended growth
(waste-activated) secondary sludge. Biological fixed growth
secondary sludge normally does not use secondary digester,
two-phase concentration storage. More and more treatment plants
are finding that the stabilization of waste-activated sludge has
a major impact on digester operation. Without waste-activated
sludge, the liquid-solids separation process in secondary
digesters can concentrate and store solids for considerable
periods of time. These time periods usually equal the time
required to fill the secondary digester at design flow rates and,
depending on the quality of acceptable supernatant, can often be
extended.

All digesters can be used to provide equalization storage.
Digesters may be used to equalize peak loadings and thereby make
dOvmstream dewatering more cost-effective as the following
example illustrates.

Design Example

This example illustrates how the digester storage can be used
to "damp-out" solids surges and thus prevent overloading of
downstream dewatering units.

Consider a primary wastewater treatment plant with the flow
scheme and average loads depicted on Figure 15-1. Average
loading to the dewatering units is 103,313 pounds per day
(46,904 kg/d). DeHatering unit capacity is 200,000 pounds
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per day (90,800 kg/d); under average loading conditions the
dewatering uni~s are clearly not stressed. The treatment plant,
however, receives flow from a combined sanitary/storm sewer
network. During storms, hydraulic loadings increase dramatically
as a result of infiltration and inflow to the sewer system.
Plant solids loadings also increase sharply as the result of
solids being carried into the sewer by run-off and the scouring
of previously accumulated materials from the sewer system.

From historical records, the peak 5-day solids loading (average
load for the most heavily loaded five consecutive days) is
433,000 pounds per day (196,582 kg/d). This is 2.57 times
greater than the average digester load. If the storage available
upstream of the dewatering units is not utilized, dewatering
unit loading would also be 2.57 times the average value or
265,000 pounds per day (120,310 kg/d). The dewatering units
would therefore be overloaded. Overload can be prevented,
however, if digester storage is properly utilized. Solids can be
stored within the digester so that, during peak loading periods,
dewatering capacity is not exceeded. The accumulated solids can
be released after the storm has passed and the dewatering units
are no longer stressed.

Solids may be stored in the digesters by either of two
mechanisms, acting either singly or in concert.

• The digester working volume is increased by allowing the
flodting covers to rise (displacement storage).

• The digester feed is thickened to a greater degree than
previously. As a result, the solids concentration of the
digested materiai increases (single-phase concentration).

The following analysis examines how one of several possible
operating strategies can be implemented. It is assumed that
the system is at average conditions (see Figure 15-1) when a
large storm occurs and for the next five days average digester
loadings increase to 433,000 pounds per day (196,582 kg/d). At
the onset of the storm, the plant operator decides to ease a
potentially serious dewatering overload situation by (1) allowing
the floating covers to rise at the rate of one foot per day
(0.305 mid) and (2) by thickening the raw sludge withdrawn from
the primary sedimentation basin from the normal five percent
concentration to seven percent concentration. The addi tional
thickening is accomplished by allowing sludge to accumulate
to greater depths in the primary sedimentation tanks cross
collection trough and sludge hoppers. The intent of these two
operations is to maintain digested solids mass flow rates below
200,000 pounds per day (90,800 kd/d) to prevent dewatering unit
overload.
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The effects of these operations can be estimated from an
unsteady state analysis of digester operations. The basic
predictive equation is derived by an unsteady state mass balance:

1. Solids in - solids out - solids destroyed = solids
accumulated.

a. Solids in = QCi

b. Solids out = (Q-k)C

c. Solids destroyed = QCi X

d. Solids accumulated =
d(VC)

dt

Where:

Q = digester feed rate, volume per time;

Ci = digester feed solids concentration, mass per volume;

C = digester sludge solids concentration, mass per
volume;

k = rate of liquid accumulation in the digesters due to
rise of floating covers, volume per time;

X = f ract ion of d iges ter feed destroyed by d iges tion,
dimensionless;

v = digester liquid volume;

t = time.

2. Summing the terms:

d(VC)
= dt·

3. The right-hand side of the above equation can be further
developed:

d(VC)
dt

de dV
= V dt + C dt

de
= V dt + Ck

4. Simplifying:

QCi (l-X) - QC
dc

= V dt
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5. Make the simplifying assumptions that digester feed flow,
feed concentration, and liquid volume are constant for the
period t. The above equation is integrated and solved
for C.

15-1

Equa tion 15-1 pred icts digested sludge solids concen
tration at any time beyond initiation of the operating
strategy. Co is defined as digested sludge concentration
at the time the operating strategy is put into operation.
Note that the product of digested sludge concentration
(C) and digester effluent liquid flow (Q-k) is the load
which the dewatering units must process.

TABLE 15-2

CALCULATIONS FOR DIGESTER EFFLUENT MASS
FLOW RATE FROM EQUATION 15-1

Digester
volume

Time after Digester feed Digester incrdase/day Digester DigestBd Dewatering
start of Dil1ester solids feed due to rise Digester Fractional effluent sludge Solids unlt
storm, loading, concentration, rate, of floating volume, solids flow, concentration, feed rate,

Operating strategy days Ib/day p~rcent gpd ccvers I 9Pd gal clest-ruction gpd percent Ib/day

A. F'loatin'g cover rlse < 0- 168,520 396, 051 5.97 x 10
6

0.39 396.051 3.05 102,797
1 ft/day; digester feed o· 433. 000 726,875 5.97 x 10

6
0.20 550,632 3.05 142,919

thickened to 7 percent 1 433,000 726,875 176, 24~. 6.05 x 10
6

0.20 550,632 3.38 156,429
2 433,000 726,875 :!. 76,24 6.23 x lOG 0.20 550,632 3.58 167,772
3 433,000 726,875 176,243: 6.41 x 10

6
0.20 590,632 J.78 177,373

4 4J~,OOO 726,875 176,243. 6. Sa x 10
6

0.20 590,632 3.96 18S,561
5 433,000 726,875 176,24: 6.76 x 10

6
0.20 550,632 4.11 192,594

8. Floating cover rise < 0- 168,520 396.051 5.97 x 10
6

0.39 396,051 3.05 102,797
1 it/day; digester feed a· 433,000 1,017,626 ,j 5.97 x loG 0.20 841,383 3.05 218,385
remains at 5 percent 1 433,000 1,017,626 176,24:. 6.05 x 10

6
0.20 841,383 3.20 228,903

2 433,000 1,017,626 176,24~ 6.23 x 10
6

0.20 841,383 3.31 237,330
3 433,000 1,017,626 176,24~. 6.41 x 10

6
0.20 841,383 3.41 244,156

4 433,000 1,017,626 176,24· 6.58 x 10
6

0.20 841,383 3.49 249,740
5 433, 1,017,626 176,24:; 6.76 x lOG 0.20 841,383 3.5G 254,989

c. Floating covers are not a- 168,520 396,051 (, 5.97 x 10
6

0.39 396,051 3.05 102,797
allowed to rise; di- D· 433,000 726,875 I: 5.97 x 10

6
0.20 726,875 3.05 188,664

gester feed thickened 1 433,000 726,875 (~ 5.97 x 10
6

0.20 726,875 3.34 206,745
to 7 percer,t 2 433,000 726,875 5.97 x 10

6
0.20 726,875 3.60 222,755

3 433,000 726,875 5.97 x 10
6

0.20 726,875 J.83 236,928
4 433,000 726,875 (0 5.97 x 10

6
0.20 726,875 4.03 249,478

5 433,000 726,875 5.97 x 10
6

0.20 74:6,875 4.21 260,588

lIb/day"" 0.454 kg/d
1 gpd "" 0.00378 m3/d
1 gal"" 0.00378 m3

Calculations related to the operating strategy just described are
summarized in Table 15-2 part A. The digested solids mass flow
rates are calculated just before the storm (t = 0-), immediately
after the storm begins (t = 0+) and for each of the next
five consecutive days. It is assumed digester loading increases
in one step from 168,520 pounds per day (76,508 kg/d) to
433,000 pounds per day (196,582 kg/d) at t = O. Digested sludge
liquid volume at the beginning of the storm is 5.97 x 106 gallons
(22,600 m3 ). Each 1 foot (0.305 m) of cover rise increases tank
volume by 176,243 gallons (667 m3 ). Solids destruction within
the digesters is assumed to be 39 percent ( X = 0.39) during
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average conditions, dropping to 20 percent X = 0.20) during
the storm due to decreased digester retention time. The calcula
tion shows that dewatering capacity (200,000 pounds per day
[90,800 kg/d]) is not exceeded during the storm, thus the
operating s tra tegy has been successful. Calculations for two
other strategies which were not successful are also included.
The results are shown graphically on Figure 15-2.
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15.2.2.3 Aerobic Digesters

To use an aerobic digester for two-phase concentration type
storage, the normally highly agitated contents must be made
quiescent and the solids made to settle from the liquor before
the whole mass becomes anaerobic and starts to decompose and
create nuisance odors. Chemical treatment can facilitate solids
settling. Without successful decanting, only single-phase
concentration type storage and displacement type storage can be
used by aerobic digesters. When displacement type storage is
used with a fixed surface area, the liquid surface must rise or
fall. Under such conditions, the aeration and mixing source must
automatically adjust to such changes. Floating mechanical units
and fixed-bot tom mounted di ffusers are both adaptable to these
requirements; fixed mechanical aerators are not. Long-term
storage in aerobic digesters will have a relatively low capital
cost and a very high operating (energy) cost. Often, evaporation
can account for significant concentration of the stored solids.
As long as the solids remain aerobic throughout the digester,
the odor impact of such storage is very minimal. For more
information on aerobic digesters, see Chapter 6.

15.2.2.4 Composting

Composting is one of the two wastewater solids processes with
storage capabil i ties that are eff ective for long-term storage.
Once the wastewater solids have been stabilized by composting,
the curing step can be extended as long as storage is required.
This curing step usually involves nothing more than the placing
of the composted material in unconfined stockpiles exposed to the
atmosphere. As long as there are no site restrictions, this
method of storage can be very economical, for it is actually just
another use of time needed for curing and removing the material
to its point of final disposal. For more design information on
composting, see Chapter 12.

15.2.2.5 Drying Beds

Drying beds are used extensively by many smaller plants in
conjunction with anaerobic and aerobic digestion. They are
operated on a fill and draw basis and are often used to provide
two-phase concentration and displacement type storage between
production and disposal. To assure adequate storage capability,
the designer should allow for up to 50 percent excess drying bed
area. More design information on sludge drying beds can be found
in Chapter 9.

15.3 Dedicated Storage Facilities

When solids storage wi thin \vastewa ter treatment processes and
sludge solids trea tment processes cannot provide the operational
flexibility necessary to maintain cost-effective solids treatment
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and disposal, these within-process storage capabilities must
be augmented wi th special dedicated storage facili ties. These
dedicated storage facilities can provide storage for sludge in
either the liquid or dewatered state, and may, depending on
design considerations and upstream treatment, be utilized for any
of the three detention times listed in Table 15-1.

15.3.1 Facilities Provided Primarily for
Storage of Liquid Sludge

Usually, dedicated liquid storage facilities consist of one
of the three types listed in Table 15-1. Although listed as
primarily for storage of liquid sludge, any of these facilities
that are used for anything other than equalizing storage (3 to
4 days) will also provide some degree of solids treatment.
Holding tanks, without air agitation, and facultative sludge
lagoons usually continue anaerobic stabilization. Holding
tanks, with air agitation, and aeration basins continue aerobic
s tabi 1 iza t ion. As these are side benef its to the rna in des ign
funct ions of these f acil it ies , they have been ignored for the
purpose of these classifications. However, if the storage is for
a long term, then the addi tional treatment afforded certainly
must be taken into account in setting final disposal criteria.

15.3.1.1 Holding Tanks

Holding tanks are commonly provided as an integral part of most
conditioning processes and many stabilization processes. Holding
tanks may be used for blending different materials as well as for
equalizing storage, thereby assuring that the downstream sludge
treatment process is uniformly loaded, both in quality and
quantity. Holding tanks also often provide the decanting
facilities for sludge treatment processes, such as thermal
conditioning, which create products .that support two-phase
concentration.

Holding tanks that are to be used for blending must be maintained
in a homogeneous condi tion. Such tanks can thus provide only
single-phase concentration type storage or displacement type
storage. Usually such tanks are relatively small, with detention
times measured in hours instead of days. Most of the storage,
therefore, is provided by volume adjustments. Holding tanks that
involve blending and provide equalizing storage are usually
limited to a batch, or a near-batch, type of operation or
continuous level adjustments. Tank contents can be mixed by
mechanical impellers, hydraulic recirculation, or gas agitation.
Each method's applicability may be restricted by the type of
material requiring the blending. For example, mechanical
impellers are not applicable when unground sludge is being
stored. The use of gas agitation and recirculation mixing is
normally only limited by the volume which must be blended.
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If the holding tank is located downstream from a sludge treatment
process, special precautions may be required. For example, if
downstream from anaerobic digestion and planned for more than a
few hours of storage, the blending tank should be designed with a
cover and be equipped to collect and remove combustible digester
gas. If downstream from chlorine stabilization, it should be
designed to function in a very low pH (acid) environment.
Whatever its function, however, the holding tank must be designed
to eliminate the production of malQdorous gaseous discharges.
This elimination is made especially difficult when the holding
tank must provide equalizing storage and operate on a batch
basis. Unless the solids supplied to the holding tank are
completely stabilized (a condition seldom encountered with
wastewater sludge), the tank's use for E:xtended periods of
storage will result in the creation of nuisance odors.

Even short periods of storage of unstabilized primary and
secondary sludges in a holding tank can produce nuisance odors if
no form of temporary inhibiting treatment has been applied.
Decant tanks following thermal conditioning often create major
odor problems. There are many ways of deal ing with the odorous
gases created by these holding tanks--for example, by passing the
gases back through the aeration system, activated carbon filters,
chemi cal scrubbers, and inc inera tors. The bes t des ign solu tion,
however, is to minimize their creation.

Design Examples

The Sacramento California Regional Wastewater Treatment Plant,
now under cons truction, is to be provided with a holding and/or
blending tank that will be capable of receiving the daily
anaerobically digested sludge discharged from nine complete-mix
digesters (15). This digested sludge discharge will vary from
0.56 to 0.94 MGD per day (24.5 to 41.2 lis) over the next
20 years. The blending tank will be 110 feet (33.5 m) in
diameter and will have a 38.5-foot (11.7 m) sidewater depth. It
will be provided with a Downes type floating cover that will have
a vertical movement of at least 14 feet (4.3 m). This floating
cover movement will allow the blending tank to mix the entire
daily discharge from all the nine digesters prior to discharging
its daily accumulation to downstream facultative sludge lagoons.
This blending tank will provide a complete separation between the
operational control of the complete-mix tank and the controlled
feed i ng of the 20 lagoons. Total sol ids reten t ion time of the
blended sludges will be at least three days, and approximately
one-third of the liquid contents of the blending tank will be
displaced each day. Except for the provision for the extra
floating cover travel and the use of bottom mounted gas
diffusers, the blending tank will have the same design as the
four complete-mix tanks now under construction. This method of
blending and containment will minimize the release of odorous
gases and maintain a safe control on the production and use of
the digester gas during the blending operation. Figure 15-3
shows a sectional sketch of this proposed blending digester. In
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Aliso, California, two 26,OOO-gallon blending tanks are being
proposed to blend and equalize unstabilized sludge flows froI:\
several sources at the Aliso Regional Solids Stabilization
Fac il i ty (16). These tanks are be ing provided wi th hyd raul ic
mixing and fixed covers. The gas cap above the varying liquid
level within the fixed covered tanks will be maintained at a
constant pressure by an intertie with the low pressure digester
gas system. Th is in tertie wi 11 el imi na te the need for speci al
odor control equipment, minimize the danger froITI the possible
production of an explosive gas-air mixture, and negate the need
for some highly compl icated pressure control system to protect
against a rapid drawdown that might pull a vacuum or air into the
blending tank. Figure 15-4 shows a sectional elevation of this
raw sludge blending tank.
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General Comments

While very little specific design guidance is provided in
the 1 i tera ture for sludge hold ing tanks, the maj or iss ue that
must be dealt with is the same as for most sludge treatment
processes--ma terial management. Wastewa ter sludge can contain
almost anything. If a holding tank design is to incorporate
mechanical mixing, which can be incapacitated by stringy
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material, the designer must make
removed or cu t up before reaching
hydraulic mixing pumps must be
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The other major design problem involves the control of odors that
are so often an integral part of any type of sludge holding tank.
The Sacramento and Aliso holding tank design examples indicate
two very successful means of deal ing with such odors (that is,
containing and incorporating them with the low pressure
digester gas system). In many locations stabilized material is
held within the holding tank only a few hours. Under these
circumstances, their design depends on minimum odor generation, a
reasonable assumption given the short retention period. Often
decant tanks and condi tioning blending tanks cannot depend on
either of these methods of odor control. The designer should be
very aware that when such a situation exists it will be expected
that odors will be confined and treated to the point where their
discharge ceases to create a nuisance. Odor control is a very
complicated subject. Designers are referred to a Manual of
Practice soon to be released by a Joint Committee of the ASCE and
Water Pollution Control Federation.

15.3.1.2 Facultative Sludge Lagoons

Introduction

Sludge lagoons have been used for years to store wastewater
sol ids. Un fortuna tely, mos t of this use has been with complete
disregard to the aesthetic impact on the surrounding environment.
Such misuse has become so widespread that just the use of
the term "sludge lagoon" is often enough to eliminate their
consideration in present-day alternatives analyses.

Recent studies in Sacramento, California, based on the successful
operation of facultative sludge lagoons in Auckland, New Zealand,
indicate that sludge lagoons can be designed to be environmen
tally acceptable and still remain extremely cost-effective
(17,18). The facility studied in Sacramento provides storage for
at least five years of sludge production. The sludge stored in
the facultative sludge lagoon continues to stabilize without
creating an odor level unacceptable to the surrounding neighbor
hood. Table 15-3 1 is ts the advantages and 1 imi ta t ions of us ing
facultative sludge lagoons for long-term storage.

~"

Facultative sludge lagoons (FSLs) are designed to maintain
an aerobic surface layer free of scum or membrane-type film
build-up. The aerobic layer is maintained by keeping the annual
organic loading to the lagoon at or below a critical area loading
rate and by using surface mixers to provide agitation and mixing
of the aerobic surface layer. The aerobic surface layer of the
FSLs is usually from one to three feet (0.30 to 0.91 m) in depth
and supports a very dense population of between 50 x 10 3 and
6 x 10 6 organisms/ml of algae (usually Chorella). Dissolved
oxygen is supplied to this layer by algal photosynthesis, by
direct surface transfer from the atmosphere, and by the surface
mixers. The oxygen is used by the bacteria in the aerobic
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degradation of
digested sludge
to the bot tom
decomposition.
returned to the

colloidal and soluble organic matter in the
liquor, while the digested sludge solids settle

of the basins and continue their anaerobic
Sludge liquor or supernatant is periodically

plant's liquid process stream.

TABLE 15-3

ADVANTAGES AND LIMITATIONS OF USING FACULTATIVE SLUDGE
LAGOONS FOR LONG-TERM STORAGE

Advantages

Provides long-term storage with 1.
acceptable environmental impacts
(odor and groundwater contamination
risks are minimized) .

Continues anaerobic stabilization, with up 2.
to 45 percent VS reduction in first year.

Decanting ability assures minimum solids 3.
recycle with supernatant (usually less
than 500 mg/l) and maximum concentration
for storage and efficient harvesting
(>6 percent solids) starting with digested
sludge of <2 percent solids.

Long-term liquid storage is one of few 4.
natural (no external energy input) means
of reducing pathogen content of sludges. 5.

Energy and operational effort requirements
are very minimum. 6.

Once established, buffering capacity is
almost impossible to upset.

Allows for all tributary digesters to
operate as primary complete-mix units
(one blending unit may be required for
large installations).

Provides environmentally acceptable place
for disposal of digester contents during
periodic cleaning operations.

Sludge harvesting is completely independent
from sludge production.

Limitations

Can only be used following anaerobic
stabilization. If acid phase of
digestion takes place in lagoons they
will stink.

Large acreages require special odor
mitigation measures.

Requires large areas of land, for
example, 15 to 20 gross acres (6 to
8 hal for 10 MGD, (438 lis) 200
gross acres (80 hal for 136 MGD
(6,000 1) carbonaceous activated
sludge plants.

Must be protected from flooding.

Supernatant will contain 300-600 mg/l
of TKN, mostly ammonia.

Magnesium ammonia phosphate (struvite)
deposition requires special supernat
ant design.

"--_.-.--------

The nutrient and carbon dioxide released in both the aerobic and
anaerobic degradation of the remaining organic matter within
the digested sludge are, in turn, used by the algae in the
cyclic-symbiotic relationship. This vigorous relationship
rna intains the pH of the FSL surface layer between 7.5 and 8.5,
which effectively minimizes any hydrogen sulfide (H2S) release
and is believed to be one of the major keys to the successful
operation of this sludge storage process.

Facultative sludge lagoons must operate in conjunction with
anaerobic digesters. They cannot function properly (without
major environmental impacts) when supplied with either
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uns tabil iZ~d or a~r?bic~lly d iges ted sludge. I f the acid phase
of,anaeroblc stablllzatlon becomes predominant, the lagoons will
s t lnk. Figu re 15-5 provides a schema tic representation of the
reactions in a typical FSL.
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FIGURE 15-5

SCHEMATIC REPRESENTATION OF A FACULTATIVE
SLUDGE LAGOON (FSL)

Current Status

Facultative sludge lagoons were installed initially in 1960
in the Auckland, New Zealand, Manukau sewage treatment plant
to provide for the storage and disposal of that plant's
anaerobically digested primary sludge. Al though lagoons were
installed at Dublin-San Ramon, California in 1965, Medford,
Oregon in 1971, and other sites in the United States since 1960
in an attempt to duplicate the successful Auckland installation,
it was not until 1974 that the area loading became the critical
criterion for their success. Studies at Sacramento since 1974,
with approximately 40 acres (16.2 hal of FSLs, have determined
that the standard annual loading rate can be doubled during the
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warm, long, sunny days of July, August, and September. Reduced
algae activity during the colder winter months indicates that the
standard loading rate should not be exceeded.

Since 1974, additional FSLs have been placed in service at
Corvallis, Oregon - 4.5 acres (1.82 ha) and Salinas, California 
6.0 acres (2.43 ha). Other FSLs are being bu il t or are under
design for Eugene-Springfield, Oregon - 25 acres, (10.1 ha) i
Red Bluff, California 0.93 acres (0.38 ha)i Sacramento,
California - 84 acres (34 ha)i Flagstaff, Arizona 7.3 acres
(2.95 ha) i and Colorado Springs, Colorado - 60 acres (24.3 ha).
Successful operation was experienced this past winter under
freezing condltions at Corvallis, Oregon. Experience to date
indicates the design criteria established at Sacramento are
applicable under other climatic conditions.

Des ign Cr i te.E~~~

Design considerations for the FSLs include the area loading
rate, surface agitation requirements, dimensional and layout
limitations, and physical factors. All have been developed
during the studies conducted over the past five years at the
Sacramento lagoons.

Area Loading Rate. To maintain an aerobic top layer, the
annual organic loading rate to that FSL must be at or below
20 pounds of volatile solids (VS) per 1,000 square feet per day
(1.0 t VS/ha-d). Lagoons have been found to be capable of
receiving the equivalent of the daily organic loading rate every
second, third, or fourth day without experiencing any upset.
That is, lagoons have assimilated up to four times normal daily
loadings as long as they have had three days of rest between
loadings. Loadings as high as 40 pounds VS per 1,000 square feet
per day (1.0 t VS/ha-d) have been successfully assimilated for
several months duri:19 the warm summer and fall. Experiments on
small basins loaded to failure indicate that peak loadings up to
90 pounds VS per 1,000 square feet per day (4.4 t VS/ha-d) can be
tolerated during the summer and fall as long as they do not occur
for more than one week.

Surface Ag i tation Requirements. Experiments on FSLs that were
continuously loaded at the standard rate indicate FSLs cannot
function in an envi ronmentally acceptable manner wi thou t dai ly
operation of surface agitation equipment. Observations indicate
the brush-type mixer is required to breakup the surface film that
forms during the feeding of the lagoon. If this film is not
dissipated, a major source of oxygen transfer to the surface
layer is eliminated. FSLs with surface areas of from 4 to
7 acres (1.6 to 2.8 ha) require the operation of two surface
mixers from 6 to 12 hours per day to successfully maintain scum
free surface condi tions. All of the successful installations
to date have used brush-type floating surface mixers to achieve
the necessary surf ace ag ita t ion. Figure 15-6 shows a typ ical
brush-type surface mixer. Recent experiments indicate that
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two brush-type mixers with 8-foot-long (2.4-m) rotors turning at
approximately 70 rpm and driven by 15 horsepower (11.2 kW) motors
are required for a 4 to 7 acre (1.6 to 2.8 ha) lagoon. The
mixers need to operate 12 hours per day. Lagoons of much less
than 4 acres (1.62 ha) should be able to achieve the same results
with two mixers with 6-foot (1.8-m) long rotors and 5-horsepower
(3.7 kW) motors. Operation time is expected to be about the same
number of hours per day. FSLs of larger than 7 acres (2.8 hal
have not been found to be cost-effective because of the need to
take the lagoons out of service during sludge removal operations.

FIGURE 15-6

TYPICAL BRUSH-TYPE SURFACE MIXER,
SACRAMENTO, CALIFORNIA

Brush type mixers have been used to 1 imi t the agi tation to the
surface layer of the FSLs. So far this has been an acceptable
a p p 1 i cat ion; h ow eve r , the rei s so me que s t ion a s tot h e i r
applicability for very cold climates. Several submerged pump
type floating aerators have been reviewed, and they could be

15-27



adapted to provide the necessary surface agitation if the
brush-type could not function under severe freez ing condi tions.
Two mixers are used per FSL to assure maximum scum break-up in
those areas of the lagoon where the prevailing wind deposits the
daily loading of scum. The agitation and mixing action of the
two mixers located at opposite ends or sides of the lagoon also
act to maintain equal distribution of the anaerobic solids.

DLl1ensional and Layout Limitations. FSL size is usually
determined by the number of lagoons required to assure adequate
surface area, while sludge is removed from a lagoon. If the
removed sludge is to be reused, several spare lagoons are
required to keep full lagoons out of service for the 2- to 3-year
pathogen die-off period (3). The maximum area for a single
lagoon area is somewhat arbitrary but is based on the most
practical size for loading, surface agitation, mixing, and
removal requirements. Large, 4 to 7 acre (1.6-2.8 hal individual
lagoons would be appl icable only to plants wi th over 70 acres
(28 hal of FSLs. FSLs as small as 150 feet (45.7 m) on a side
have been operated successfully.

Lagoon depth was established by the practical limitation of
commercially available dredges with a proven capability of
removing wastewater solids from beneath liquid surfaces.
Equipmen t that meets th is requ i rement is ava i lable to ext ract
sludge from FSLs up to 11-1/2 and 15 feet (3.5 and 4.7 m) of
depth. For plants ~10 MGD (440 lis), the 11-1/2 foot (3.5 m)
depth dredge should be adequate. For plants >10 MGD (440 l/s)
the 15-foot (4. 7-m) depth should be used to provide addi tional
storage flexibility. If surface agitation must be maintained
by submerged pump type aerators, it may be necessary to employ
the deepest lagoon possible to assure adequate separation between
the aerobic zone and the anaerobic settling zone of the FSL.
Contractors can supply dredge equipment for a lagoon, either with
or without the manpower to operate it.

FSLs are usually best designed to have a long and a short
dimension with the shortest dimension oriented parallel to the
direction of the maximum prevailing wind. The longer side is
made conducive to efficient dredge operation, while the short
side's parallel orientation to the prevailing wind direction
helps to minimize wave erosion on the surrounding levees.
Figure 15-7 is a typical FSL layout, while Figure 15-8 is a
typical FSL cross section.

When the area of FSLs exceeds 40 acres (16.2 hal, the potential
cumula t i ve e ffe ct of large odor emi ss ion areas to the vi ci ni ty
must be considered. Figure .15-9 shows the layout for the
124 acres (50.2 ha) of Sacrame nto FSLs that we re sited on the
basis of the least odor risk to surrounding areas.

Work at Sacramento has also determined that batteries of FSLs
totalling 50 to 60 acres (20 to 24 hal are about the maximum size
for most effectively reducing the transport of odors.
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FIGURE 15-8

TYPICAL FSL CROSS SECTION

Physical Considerations. Many of the detailed physical
considerations applied to the final design of the Sacramento FSLs
are shown on Figures 15-8 and 15-9. Superna tan t wi thd rawal is
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located upstream from the prevailing winds to minimize scum
build-up in its vicinity. FSL supernatant will precipitate
magne~ium ammonia phosphate (struvite) on any rough surface
that is not completely submerged. It has also been found to
precipitate inside cavitating pumps. This crystalline material
can completely clog cast iron fittings and pump valves when the
surface goes through a fill-and-draw cycle or when its operation
results in the presence of diffused air. The most practical
approach to successful elimination of this problem has been to
use PVC piping throughout the FSL supernatant process and to
design the process for gravity return to the plant influent, with
a minimum of critical depth conditions. If pumping is required,
submerged slow-speed non-clog centrifugal pumps with low suction
and discharge velocities (to minimize cavitation) will be the
most trouble-free. All equipment that cannot be PVC or other:
smooth non-metallic material should be coated with a smooth,
impervious surface.

Two digested sludge feed lines are provided, each with its
own au toma tic val ve, to assure adequate distribu tion of solids
over the whole volume of the FSL. Surface mixers are downstream
of the prevail ing winds. The harvested sludge dredge hookup is
centrally located. Lagoon dike slopes are conserva ti ve--three
horizontal to one vertical--with adequate rip-rap provided in the
working zone of the surface level. Sufficient freeboard is
provided to protect against any conceivable overtopping of the
dikes. Digested sludge feed pipelines are located directly
below the bottom of the lagoons, wi th the inlet surrounded by a
protective concrete surface. All piping within the basin is
out of the way of future dredging operations.

Many of the physical considerations for the basins have
been required by the State Dam Safety Agency. Larger FSLs
most probably will come under some regulatory agency whose
respons ibi I i ty in vol yes see ing tha t earthen structures used to
confine large quantities of liquid a significant height above
the existing ground surface are safe. It is wise to check early
to ascertain what, where, and how these agencies will be involved
in FSL design.

Operational Considerations

Operational considerations can be divided into three categories:
the loading or placement of sludge into the FSLs; their routine
operation; and the removal of their solids. Considerations
listed below were developed during the five years of study on the
Sacramento lagoons.

Start-up and Loading. FSLs should be initially filled with
errluent~-rdeallY;thateffluent should then have about three to
six weeks for development of an aerobic surface layer prior to
the introduction of digested sludge. All FSLs should be
loaded daily, with the loading distributed equally between FSLs.
Loadings should be held below 20 pounds VS per 1,000 square feet
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per day (1.0 t VS/ha-d) on an average annual basis. As indicated
ear lier, cons iderable flex ibi 1 i ty does exi st. Loads can vary
from day to day, and batch or intermittent loading of once every
four days or less is acceptable. Shock loadings, such as wi th
digester cleanings, should be distribu ted to all opera ting FSLs
in proportion to the quantity of sludge inventory they possess.
FSLs should be loaded during periods of favorable atmospheric
condi tions, particularly jus t above ground surface, to maximize
odor di spers ion. The fixed and vola tile sludge sol ids load ings
to the FSLs and their volatile contents should be monitored
quarterly.

Daily Routine. Surface mixers should operate for a period
of between 6 and 12 hours. Operation should not coincide with
FSL loading and should always be during the hours of minimum
human exposure (usually midnight to 5 a.m.) and during periods of
favorable atmospheric conditions. FSL supernatant return to the
wastewater treatment process should be regulated to minimize
shock loadings of high ammonia. Supernatant return flows should
be monitored so that their potential impact on the liquid
treatment process can be discerned. The sludge blanket in a
lagoon should not be allowed to rise higher than two feet below
the operating water surface.

~ud~~_Remova!. FSLs that are to be emptied of accumulated
solids should be removed from routine operation at least 30 days
prior to the removal of any solids. Pathogen safe reuse requires
removal from operations for two to three years (3). Sludge
removal should be 1 imi ted to those FSLs that are concentra ting
the sludge solids to six to eight percent. During FSL sludge
removal operations, the water surface level should not be allowed
to drop more than 12 to 18 inches (30 to 46 cm) below its normal
operating level.

Energy Impacts

Energy requirements of FSLs are relatively small because FSLs use
solar energy. The sun suppl ies the needed energy for the algal
photosynthesis. In turn, the algal cells supply the dissolved
oxygen to support the aerobic bacterial action in the surface
layer. The only outside power used in normal FSL operation is for
surface agi tation, supernatant pumping and treatment, and the
supply and removal of the sludge. For the 124-acre (50.2 ha)
Sacramento ins tallation, it was recently calculated tha t these
energy requirements could equal 31,700' x 10 6 Btu per year
(33,400 GJ/yr) when the FSLs became fully loaded in 1990 (19).
As loading is based on area, the energy impact of FSLs '.vill be
255 x 10 6 Btu/yr/acre (670 GJ/yr/ha). With maximum odor source
control and transport reduction measures, this energy use will
increase to 294 x 10 6 Btu per year per acre (765 GJ/yr/ha).
As no chemicals or major structures are involved, all FSL energy
impacts are direct. There are no secondary impacts.
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Actual Performance Data

The following figures and tables report the actual performance of
the eight FSLs in operation at the Sacramento Central Wastewater
Treatment Plant. Although the plant is designed as a 24-MGD
(1.1-m3/s) carbonaceous activated sludge secondary wastewater
treatment plant -with anaerobic digestion for solids
stabi Ii za tion, it treats the total sol ids from three ups tream
secondary treatment plants, the total annual flow of which is
cons iderably greater than its own. Sol ids f rom those ups tream
plants are transported to the Central plant by its tributary
sewer collection system. The Central plant also receives a
subs tant ial sol ids load ing (up to 35 percent da ily surcharge)
from seasonal canning operations. Table 15-1 indicates the FSL
loadings for the four years from 1975 through 1978.

TABLE 15-4

SACRAMENTO CENTRAL WASTEWATER TREATMENT
PLANT VOLATILE REDUCTIONS, DIGESTED

SLUDGE QUANTITIES AND FSL AREA LOADINGS

Digested solids to FSLs FSL loading

Annual average
Digester volatile total solids, Percent

Year reduction, percent 10 3 Ib/daya volatile

Annual average
Percent Ib volatile solids,
solids 103 sq ft/daya

1975
1976
1977
1978

52
50
51
45

44.1
35.9
44.0
52.7

63
67
68
66

1.7
1.6
1.6
1.6

22.5
15.9
17.1
20.7

a Dry weight.

Source: Treatment plant records.

lb = 0.4536 kg.
sq ft = 0.0929 sq m.

Figure 15-10 summarizes typical surface layer data for four of
the FSLs for July 1977 through June 1978. Unfortunately, some
turbidity and algae count data are missing, but the seasonal
trend is quite apparent. Table 15-5 summarizes the FSL's design
data and provides the necessary baLkground to understand the FSL
solids inventory in Table 15-6. Data from Table 15-6 was used to
calculate a volatile solids reduction of 42 percent. Solids
profiles are taken quarterly in all FSLs.

Recycled FSL supernatant quality for 1978 is given in Table 15-7,
and complete mineral, -heavy me tals, and chlorinated hydrocarbon
data for digested, FSL, and harvested solids for 1977 is provided
in Table 15-8. While the specific conductance in the supernatant
remains high (2,500 to 4,300 mhos/em), the supernatant contains
very little of the heavy metals. Rainfall increases the quantity
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of supernatant and decreases its strength. Winter-specific
conductivity always dropped in Sacramento following significant
rainfall. The only solution to this problem would seem to be to
reduce the heavy metals concentrations in the unstabilized
sludge.
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to have the following insignificant
Sacramento during five years of study:

Public Health and Environmental Impact

FSLs have been found
environmental impa~ts at

• No vector impacts

• No groundwater impacts

• Controlled pathogen impacts

• Acceptable odor impacts

TABLE 15-5

SACRAMENTO CENTRAL WASTEWATER TREATMENT
PLANT FSL DESIGN DATA

164.0 1,030.4
(3.8)

164.0 1,030.4
(3.8)

244.2 2,137.0
(5.6)

229.0 1,983.0
(5.3)

204.2 1,851.0
(4.7)

204.2 1,850.0
(4.7)

270.0 2,689.0
(6.2)

270.0 2,689.0
(6.2)

1,749.6 15,259.8
(40.1)

FSL

1

2

6

Date placed
in operation

7/73

8/73

9/74

11/74

8/76

8/76

11/75

11/75

Depth from
water surface
to bottom, ft

11

11

14

14

15

15

15

15

Total

Area at water
surface

1,000 ft2
(acres)

Volume below
sludge blanket,

1,000 cu ft

Loading capacity
of basin,a

1,000 Ib VS/day

3.28

3.28

4.88

4.58

4. 08

4.08

5.40

5.40

31. 80

aCapacity of lagoon based on a design volatile solid (VS) loading
of 20 Ib/l,OOO ft 2 of water surface area per day.

1 ft = .3048 m 2
1 ft 2 = .0929 m .
1 Ib = 0.4536 kg.
1 cu ft = 28.32 1.

TABLE 15-6

SACRAMENTO CENTRAL WASTEWATER TREATMENT
PLANT FSL SLUDGE INVENTORY I DRY TONS

FSL 1 FSI. FSL~1__--'-1'.::;5'.::.,_,_'__----"_'_.'~.::.L_'_5 "'_'!"s_'_·L_r_,_ FSL 7 I-'~L H
'",",,'F'_'_""~~--_..~

Total.

vs T5 V5 TS vs 'l'S V5 TS vs To vs TS vs

Digested sludge
addeda 3,92 '5 ~,5BO 2,995 5,3'18 3,41(, 5,801 3,5"h 2,222 1,4(,1 2,211 1,454 3,48{) 2,317 3,275 2,177 30,898 20,106

Stored sludge
b

1,973 aGU 1,009 1,619 2,Y50 1,711 3,845 2,0')2 1,45') HII) 1,173 71" 3,78:.1 2,214 3,208 1,(,76 21,39(j 11,727

aQuantities account for sludge that has been (1) added to the SSBs, (2) applied to land
(i,256 dry tons in 1974, 1,688 in 1975, 976 in !tJ7G and 1,930 in 1977) aud (3) transferred
between basins since beginning of operations.

bQuantities calculated based on data obtained from sludge samlJlcs collcc;;tcd ,July 1L, lY78.
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TABLE 15-7

SACRAMENTO CENTRAL WASTEWATER TREATMENT
PLANT RECYCLED FSL SUPERNATANT QUALITY

constituenta 10/5/78 10/6/78 10/7/78 10/11/78 10/30/78 12/20/78 Average
.._, - -,-,-,---

BOD 140 140 140 96 200 110 143
TP04 51 50 66 120 110 80 .. 79
Sulfides 0 0 0 0 0 0
COD 910 960 874 935

TKN 220 360 394 290
pH 7.7 7.7 7.8 7.7
SS 470 420 728 445
NH 3-N 300 335 300

a 1n mg/1 except for pH.

Vector Impacts. Rodents and flies have apparently not bred
around the FSLs for the last five years. Scum control is
obviously the key to elimination of this problem.

Groundwater Impacts. Groundwater contamination is nonexistent.
Monitoring wells surrounding the 40 acres (16.2 hal of existing
FSLs in Sacramento have been sampled monthly and have never shown
any indication of groundwater contamination traceable to the
lagoons. Tests show that sludge which settles to the bottom
quickly and effectively seals off the lagoon contents from the
surrounding soils. Undisturbed soil samples taken directly from
the bottom of a lagoon with a limited history (one to two
years) and a lagoon with a long history (four to five years)
confirm that the FSL contents have a limited penetration into the
surroundi ng so il s . These stud ies ind i ca te tha t the seal ing of
FSLs is a combination of soil pore plugging by suspended and
colloidal materials within the sludge and the formation of
mucus-like materials that create an impermeable membrane between
the stored sludge and the underlying soil. Sandy soils take
longer to seal than silty clay soils, but both achieve complete
sealing in two to three months.

The two- to six-inch (5.08 to 15.24 cm) engineered fill seal
provided over the natural bottom and side slopes of the typical
FSL cross-section on Figure 15-8 assures that none of the FSL
start-up sewage or diluted sludge content escapes during the
natural sealing process.

Pathogen Impacts. I t has been recognized for many years that
long-term liquid storage significantly reduces the pathogenic
microorganism content in sludge (3). Studies at Sacramento
confirm this for the most common bacteria. Figure 15-11
i nd i ca tes that the fecal col i form popul at ion decreases as the
sludge passes through the sludge management system. Studies of
parasitic protozoans and their cysts, helminths and their eggs
(ova), and virus \vere inconclusive either because insufficient
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numbers were found or the techniques required for reasonable
r"eprod uc ibil i ty were unavailable to the proj ect. The system of
disposal selected, that of dedicated land disposal, made further
investigatory work unnecessary.

TABLE 15-8

SACRAMENTO CENTRAL WASTEWATER TREATMENT PLANT
COMPARISON OF DIGESTED FSl. AND REMOVED

SWDGE ANALYTICAL DATA

",__"_,,_,~~,~,~,,ludge
a

Digested ,._,----- Removed
Consti tuent sludqea FSL 1 FSL 2 FSL 3 FSL 4 FSL 5 FSL 6 FSL 7 FSL 8 sludgea

---. "~"'---,--"".."'._.,, ,,,.,..•._-,-,,,,._-,,------,,-,,.
~

Alkalinityb
2,556 2,653 2,676 2,638 2,348 1,940 1,687 2,239 2,175 2,069

Chloridec 143 178 225 204 209 169 166 171 186 171
Ammoniac 444 685 765 751 649 502 452 613 600 573
solublecphosphorus IP)C ,,5 44 38 49 33 28 50 51 49 45
Sulfate 38 87 97 91 113 73 77 68 49 151

Percent dry weight

Total phosphorus (P) 1.8 2.0 1.9 1.7 1.8 1.4 1.6 1.6 1.4 1.9
Total oi trogen IN) 8.7 5" 1 5.2 5.2 4.1 5.4 6.2 5.8 5.1 5.9

ppm, dry weight

Calcium 21,000 27,000 25,000 21,000 28,000 28,000 24,000 26,000 21,000 24,000
Magnesj,um 5,800 8,200 7,900 7,900 6,300 5,500 5,300 6,300 3,500 8,600
Potassium 5,500 3,200 3,900 3,800 2,900 2,600 3,000 3,100 3,200 4,500
Sodium 9,200 3,100 3,450 3,500 3,300 4,100 5,600 4,600 4,200 5,400
Arsenic 47 75 72 89 101 22 28 82 62 15.4
Beryllium <2.2 <1. 1 <1.1 <1.0 <1.1 <1. 4 <1. 5 <1.0 <1.2 <1.3
Cadmium 12 24 26 19 16 14 18 21 17 19
Chromium 165 218 245 224 243 173 220 278 188 181
Copper 340 410 398 385 721 400 477 456 353 384
Lead 185 134 123 96 134 116 183 153 121 159
Mercury 3.7 5.3 5.1 5.3 5.2 5.0 5.8 5.8 4.2 5.6
Molybdenum <22 <13.4 <16 <14 <12.5 <13.7 <15.4 <12.2 <11.8 <13
Nickel 63 58 72 70 115 46 48 60 53 77
Selenium 1.6 1.7 1.4 1.6 1.4 4.1 3.2 2.6 1.4 5.6
Silver 28 26 26 26 23 34 38 35 27 28
Zinc 930 1,700 1,500 1,300 1,325 1,207 1,400 1,400 1,090 1,200
PCB 1242 e <2.8 <3.1 <2.9 <2.6 <2.3 <2.6 <3.0 <3.0 <2.1
PCB 1254 e 5.5 5.3 4.0 4.8 4.7 3.8 6.6 3.3 4.6
Tech chlordane e 3.8 4.0 3.6 4.0 3.9 4.2 5.9 3.8 5. a
Other pesticidalsd

e 0.30 0.27 a .25 0.22 0.25 0.25 0.27 0.23 <0.7

Units as noted

Cd/Zn ratio, percent 1.3 1.4 1.7 1.5 La 1.1 1.3 1.5 1.5 1.5
Total sol ids, percent 1.7 7.0 6.3 6.1 7.6 4.7 3.4 4.8 5.7 4.1
Volatile solids, per-

cent of total 68 55 55 53 52 60 62 61 52 54
pH

C
7.5 7.3 7.3 7.3 7.3 7.2 7.4 7.3 7.3 7.4

Specific conductance
llmhos/cm 4,742 5,109 5,847 5,743 4,914 4,434 4,093 5,061 4,760 4,731

"'"'...,"~.,_...

avalues are averages from samples collected during 1977.

bAS CaC0 3 , determined by potentiometric titration of supernatant.

CDetermined on supernatant; other dete,rminations run on solution resulting from acid digestion of whole sample.

dother pesticidals include residues such as DDT, DOE, dieldrin, etc.

eAnalysis not performed.

Odor Impacts. Odor impacts change in direct proportion to
the FSL's surface area. In most small plants (those requiring
<40 acres [16.2 hal of FSLs), controlling the loading rate, using
adequate surface agitation, providing sufficient buffering area
and carefully select ing the bes t time per iods for feed ing and
surface agitation operation are sufficient to achieve acceptable
levels of odor risk. Table 15-9 shows the annual odor risk
analysis developed for the existing 40 acres (16.2 ha) of FSLs at
the Sacramento site before the installation of the barriers and
wind machines (1). No high technology mitigation has been
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required to maintain this acceptable risk level. For larger
areas of FSLs, additional odor control measures would probably be
required. These might include the installation of a blender
digester to keep raw sludge from short c ircu i tingto the FSLs,
vacuum vaporiza tion to remove entrained odors from the digested
sludge prior to its discharge into the FSLs, separation of
batteries of FSLs, construction of special 12-foot (3.7 m) high
barriers around the FSLs, to ensure maximum odor dispersion
at low wind speeds, and the use of wind machines to aid odor
dispersion when the atmosphere is calm. Figure 15-12 shows
typical wind machines and barriers at the Sacramento FSLs.
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TABLE 15-9

SACRAMENTO CENTRAL WASTEWATER TREATMENT PLANT ODOR RISK
FOR 40 ACRES OF FSLa, ANNUAL EVENTS (DAYS)

Downwind odor Direction towards which wind is blowing
concentration,

C N NF. E SE S SW W NW Total

2b 2.8 2.1 3.2 7.3 1l.5 6.7 4.1 3.1 38.9
5

c
0.3 0.3 0.5 1.2 1.6 0.8 0.4 0.3 5.4

10d 0.08 0.06 0.10 0.20 0.3 0.2 0.1 0.1 1.1
---"...._..." .._.... "

.,~" ... m __'·····,~_~

arncludes source control mitigation - controlled organic surface loading rate,
adequate surface mixers, and controlled feeding and mixer operating times 
and odor transport mitigation - 2,000 to 5,000 feet of buffer.

b 2 ou/cf barely detectable ambient odor criteria.

c 5 ou/cf threshold complaint conditions.

d lO ou/cf consistent complaint conditions.

1 AC .4047 ha.
foot 0.3048 m'

31 cf 0.02832 m .

The odors from 40 acres (16.2 ha) of FSLs at Sacramento have
proven to be completely acceptable. An analysis of the expected
annual odor risks for the 124 acres (50.2 ha) of FSLs to be
constructed for the new regional treatment plant (see
Figure 15-9) is shown in Table 15-10 (1). This analysis shows
that with the installation of complete control measures, the
incidence of threshold complaint odor levels at the plant
boundary (2,000 to 5,000 feet [610 to 1,520 m] downwind) will be
less than once every two years, regardless of wind direction, and
once every seven years for the worst specif ic wind direction.
This level of odor risk was found to be acceptable in the public
environmental impact hearings.

Cost Information

The major elements involved in determining FSL costs are land and
earth moving. Both are usually qu i te site spec if ic. Normally,
land costs vary less predictably than construction costs.
A typical FSL storage facility for a 10-MGD (438-1/s) secondary
carbonaceous activated sludge treatment plant with primary
sedimentation, anaerobic digestion, and normal strength domestic
and industrial sewage will cost about $1.5 million to construct
and $25,000 per year to operate. Construction costs are based on
a 3500 Engineering News Record Construction Cost Index and do
not include the cost of land. Operation costs are based on 1978
wage rates and do not include dredge operators or any other
removal costs.
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FIGURE 15-12

TYPICAL WIND MACHINES AND BARRIERS
SACRAMENTO, CALIFORNIA

Cons truction cos ts include the ins talla t ion of three complete
four-acre (1.62 ha) FSLs. This is assumed to be the capacity
needed to meet the annual digested sludge loading rate criterion
of 20 pounds VS per 1,000 square feet per day (1.0 t VS/ha-d).
It is based on a conservative unstabilized sludge production
rate and a nominal 50 percent volatile solids reduction in the
anaerobic digesters. The three lagoons will provide capacity for
daily loading, digester cleaning, and maintenance and storage for
intermittent removal to dedicated land disposal. FSLs are
assumed to be 15 feet (4.6 m) in depth and have 3:1 dike side
slopes. If they are required, purchase of the dredge and booster
pump would add another $150,000 to $180,000 to the construction
costs.

Odor control costs, including blending digester, vacuum
vaporizer, barriers, and wind machine could increase the
construction costs another $250,000 and the operation costs
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another $25,000 per year. As indicated by the odor impact
as~ess~ent, sU£ficie~t area to ensure maintenance of loading
crlterla, together wlth surface agitators and proper buffer,
would make it possible to avoid the cos t of the aforementioned
more extensive odor mitigation facilities.

TABLE 15-10

SACRAMENTO REGIONAL WASTEWATER TREATMENT PLANT ULTIMATE
ODOR RISK FOR 124 ACRES OF FSLa , ANNUAL EVENTS (DAYS)

Downwind odor Direction towards which wind i,,~t:~?wing
concentration,

C N NE E SE S SW W NW Total
_~.•,,~.-e<'~ -"<.,,,,,,,,,,,---,,,,..,,,,,.'

2b 0.44 0.15 0.18 0.41 0.85 0.31 0.22 0.33 2.9
Sc 0.08 0.02 0.03 0.06 0.13 0.04 0.03 0.05 0.44

10d 0.02 <0.01 <0.01 0.01 0.02 0.01 0.00 0.01 <0.09
,·""·,·"""···,··<"",.,.·i.~"_,,,,,,,____",__

alncludes source control mitigation - controlled organic surface loading rate,
adequate surface mixers, blending digester, vacuum vaporization and controlled
feeding and mixer operation times, and odor transport mitigation - 2,000 to
5,000 feet of buffer and, separation of groups of FSLs, barriers and wind
machines.

b 2 oulcf barely detectable ambient odor criteria.

C s oulcf threshold complaint conditions.

d lO oulcf consistent complaint conditions.
1 AC .40407 ha.
foot = 0.3048 ID.

1 cf = 0.02832 m3 .

construction costs for the 124 acres (50.2 ha) of FSLs with
complete odor mi tig a tion facil i ties for the Sacramento Reg ional
Wastewater Treatment Plant are estimated to be $28.7 million.
This includes almost $3.3 million for the existing 40 acres
(16.2 ha) of FSLs with barrier wall and wind machines. This
acreage will store the solids from a 136-MGD (5,960-1/s) secon
dary carbonaceous activated sludge treatment plant. Operation
costs are estimated to be $650,000 per year.

15.3.1.3 Anaerobic Liquid Sludge Lagoons

Many such lagoons are being operated throughout the United
States. One system that has collected some meaningful data is
the 220.2 acres (89.1 ha) in operation at the Metropolitan
Sanitary District of Greater Chicago (MSDGC) Prairie Plan land
reclamation project in Fulton County, Illinois. In a personal
communication R.R. Rimkus, Chief of Maintenance and Operations
MSDGC provided the layout shown on Figure 15-13 of the four
lagoons at this site. He reports that Lagoons 1 and 2 have been
in service for eight and seven years, respectively, and Lagoons
3a and 3b for six years. Lagoons 1 and 2 have an average depth
of 35 feet (10.7 m), plus or minus one foot (0.3 m), while
Lagoons 3a and 3b are about 18 feet (5.5 m) deep. Lagoons 3a and
3b are utilized more for supernatant treatment and storage.
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ANAEROBIC LIQUID SLUDGE LAGOONS, PRAIRIE PLAN LAND
RECLAMATION PROJECT, THE METROPOLITAN SANITARY

DISTRICT OF GREATER CHICAGO
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Rimkus further indicates barged anaerobically digested
waste-activated sludge from Chicago is discharged into Fulton
County Lagoons 1 and 2 throughout the year, when river shipment
conditions permit, at a frequency of about 20 days per month.
Solids loading varies between 65,000 to 95,000 dry tons
(59,000 to 86,200 t) per year. Based on the total loading
received by Lagoons 1 and 2 and the volatile solids content of
the digested sludge equaling 57 percent, the organic loading rate
to the Fulton County Lagoons varies between 36 and 50 pounds VS
per 1000 square feet per day (1.7 to 2.4 t/ha-d). This is
considerably above the 20 pounds VS per 1000 square feet per day
(1.0 t/ha-d) established at Sacramento to maintain facultative
conditions within the lagoons. If the area of all four lagoons
is considered, this organic loading rate drops to 21 to 29 pounds
VS per 1,000 square feet per day (1.0 to 1.4 t/ha-d), which is
close to the facultative sludge lagoon concept.

Rimkus reports that the solids concentration of sludge pumped
from the barge to the lagoons varies from four to six percent by
weight. Further, the sludge pumped from lagoons to fields in
1978 varied from 3.57 to 5.93 percent by weight. The average
annual quantity of removed sludge is 60,000 dry tons (54,400 t).
Mean value for volatile solids content of 1978 removed sludge
was 47.5 percent. If the barged sludge volatile content is
57 percent, then the lagoons are reducing the volatile solids
by 17 percent. Data for sludge removed in 1978 are given in
Table 15-11. Sludge removal is usually accomplished in about
115 days, between May 1 and November 15.

According to Rimkus, Fulton County supernatant is disposed of on
1,320 acres (534.2 ha) of alfalfa-brome hay fields. Average
annual quantity to dispose equals 700,000 wet tons (634,900 t)
with an average ammonia content of 109.9 mg/l and an average TKN
content of 156.4 mg/l. Table 15-12 provides other data on lagoon
supernatant. Dissolved oxygen (D.O.) measurements taken in
the summer and fall of 1977 in Lagoons 3a and 3b indicate the
surface D.O. ranged between 0.9 and 8.5 mg/l,while the bottom
D.O. ranged between 0.4 and 2.6 mg/l. The lowest lagoon
temperature during this period was 40.6°F (15.5°C). The lagoon
surface is frozen between 45 and 60 days per year, with scum
build-up experienced only during periods of new sludge input. No
surface agitation equipment is used on any of the lagoons. The
nearest residence to the lagoon is approximately 6,000 feet
(1,800 m) from the perimeter of the installation. No information
is available regarding odors or odor complaints.

15.3.1.4 Aerated Storage Basins

To use aerated storage basins successfully for wastewater solids,
a design must meet the following criteria:

• Bas in con ten ts mus t be
uniformity of solids
dissemination of oxygen.

sufficiently mixed
concentration and

to assure
complete
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• Sufficient oxygen must
conditions throughout
solids concentration .

be available
the basin at

to maintain aerobic
maximum attainable

• Liquid level variation must be sufficient to
accommodate maximum storage needs under anticipated
rainfall.

TABLE 15-11

1978 REMOVED SLUDGE-PRAIRIE PLAN LAND
RECLAMATION PROJECT, THE METROPOLITAN
SANITARY DISTRICT OF GREATER CHICAGOa

Minimum, Maxim~m, Mean, Mean content,
Constituent mg/1b mg/1 mg/1 b ton

m._',.".." ..,.,,_,'

pH, units 7.2 7.9
EC, umhos/cm 2,500 6,800 4,675
Total phosphorus 900 2,960 1,416 59.6
Kjeldahl nitrogen - N 1,276 2,905 2,329 98. 1
Nitrogen as ammonia - N-NH 3 772 1,338 1,046 44.0

Alkalinity as CaC03 1,640 5,750 3,630 153
Cloride - Cl 228 752 388 16.3
Iron - Fe 1,000 2,900 1,938 81.6
zinc - Zn 87 231 171 7.2
Copper - Cu 44.8 124 81.6 3.44

Nickel - Ni 9 28 18 0.76
Magnesium - Mn 8.5 28.3 18.0 0.758
Potassium - K 80 200 166 6.99
Sodium - Na 30 120 88 3.7
Manganese, Mg 80 810 450 18.9

Calcium - Ca 710 1,800 1,185 49.9
Lead - Pb 25.9 54.5 42.1 1. 77
Chromium - Cr 90.6 513 175 7.37
Cadmium - Cd 7.5 20.2 13.2 0.556
Aluminum - Al 340 900 679 28.6

Mercury - Hg 0.132 1. 920 0.417 0.018
Total solids, percent 3.57 5.93 4.75 2,000
Total volatile solids, percent 43.5 50.0 47.5 950

aLiquid fertilizer applied to fields from May 23, 1978 to November 18, 1978.
Results are based on 24 weekly composite samples. Data supplied by Metropolitan
Sanitary District of Greater Chicago.

bmg/ 1 unless otherwise noted.

1 lb = 0.4536 kg
1 ton = .907 t

Mixing Requirements

Equipment required for aerated storage basins is similar to that
for aerobic digestion (see Chapter 6). Unfortunately for the
designer, mixing capability for various types of static or
mechanical aeration devices varies greatly. Fixed or floating
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turbine or propeller-type aerators are often affected by very
limited side boundaries, while brush-type aerators and aspirating
pumps often have almost unlimited side boundaries but rather
restricted vertical mixing capabilities. Submerged static
aeration deyices are excellent for vertical mixing but are always
1 imi ted by ve ry conf ined s ide boundar ies . The des ig ner should
rely on a performance-type specification to achieve desired
results. The equipment supplier should be given information
about the configuration of the basin, its liquid level operating
range, the maximum solids concentration expected, and the level
of dissolved oxygen to be maintained. The designer is expected
to have es tabl ished the mos t cos t:-e ffect ive bas in conf igu rat ion
based on loading, site-specific conditions and available aeration
equipment requirements. A maximum horsepower limi t should be
established, and the specifications stiould include a bonus to be
added to the bid price and a penal ty to be subtracted from the
bid price based on the energy costs involved when the equipment
meets the required performance. A guarantee should be used to
assure that the final installation will meet the performance
requirement.

TABLE 15-12

1973/1974 SUPERNATANT-PRAIRIE PLAN RECLAMATION
PROJECT, THE METROPOLITAN SANITARY

DISTRICT OF GREATER CHICAGO a

Mean value, Range,
Constituent mg/l mg/l

BOD - total 170 28 - 466

BOD - soluble 62 20 - 114

COD - total 951 325 - 2,120

COD - soluble 695 328 - 1,026

TSS 276 52 - 1,041--_.-""""""'.-

a Data supplied by The Metropolitan Sanitary
District of Greater Chicago.

2~ygen RequireIJ.ler:_~~

Oxygen requirements to maintain aerobic conditions within an
aerobic storage basin will be considerably less than that
required for aerobic digesters if the material being stored has
been stabilized prior to its introduction to the basin. Minimum
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measurable dissolved oxygen levels of about 0.5 mg/l are qui te
adequate to maintain a basin free from anaerobic activi ty, as
long as it is provided with adequate mixing. If the basin
influent is not sufficiently stabilized to minimize oxygen
requirements, then the aerobic storage basin must be designed for
oxygen requirements similar to aerobic digesters (see Chapter 6).
Oxygen trans f er capabi 1 i ties are simi lar to mixing capabil i ties
for the various types of applicable equipment. The design should
therefore include oxygen transfer requirements as part of the
performance requirement indicated in the preceding section on
mixing specifications.

Level Variability

Often, aerated storage basins cannot .be decanted, because
solids settle when the aerator is turned off, and anaerobic
decomposition may also occur, resulting in odor production.
Attempts at in-basin decanting without aeration and mixer
shutdown will usually result in the recycling of the concentrated
solids back to the liquid process. Separate continuous decanting
is usually possible either by sedimentation or dissolved
air flotation. Evaporation will also quite often result in
significant liquid removal. Aerobic storage basins that do
not have separate decanting facilities must be operated on
single-phase concentration or displacement storage concepts.

The single-phase concentration concept will function as described
for aerobic digesters. The displacement concept, however, will
requ ire liqu id level variabi 1 i ty and make aerated storage bas in
equipment installation quite complicated. Under such conditions,
this equ ipmen t mus t be capable of mainta ining adequate mi xing
and oxygen transfer over the complete range of liquid level
variation. This requirement may cause this equipment to have
varying mixing and aeration capabilities, depending on the basin
depth. Variable speed drives, multi-speed drives, or variation
in the quan ti ty of diffused ai r should be inves tiga ted. At no
time should the equipment be operated under conditions that will
waste energy. Mixing and aeration design requirements and layout
details can be found in Chapter 6.

15.3.2 Facilities Provided Primarily for Storage of
Dewatered Sludge

Dedicated dewatered sludge storage of wastewater solids can
include the storage of easily managed dry solids (>60 percent
solids) or hard to manage wet solids (15 to 60 percent solids).
Dry solids are usually the product of heat-drying, high
temperature conversion, or air-drying processes and can be stored
by standard dry material storage techniques. Descript ions of
these techniques are readily available in materials processing
textbooks, and, if desired, more detailed data is available
(20,21). The storage of wet solids is another matter, however.
The successful application of common storage techniques to this
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normally unstable organic material is practically impossible.
The most commonly accepted methods of providing dedicated storage
for wet organic material involves the use of drying sludge
lagoons, placing the material in some type of confined structure
or placing it in unconf ined stockpiles. All three methods can
involve special design considerations.

15.3.2.1 Drying Sludge Lagoons

Drying sludge lagoons are probably the most universally practiced
method of storing of wet organic sludge. Actually, the material
arrives at the lagoons in a liquid form, but as described under
Chicago1s actual performance data, most of the storage capability
is derived while the material is in a partially dewatered state.
Unfortunately, many existing applications of this method
of storage are being operated with sludge that has not been
anaerobically stabilized prior to its discharge to the lagoons.
In some cases, drying sludge lagoons are used after aerobic
d iges t ion, and in 0 ther cases they have been used as d iges ters
with no upstream stabilization. In these instances, odors that
are quite unacceptable to the surrounding community are produced.
When such lagoons are considered a means of ultimate disposal,
they are called "permanent lagoons." Because permanent sludge
lagoons have sometimes been the source of strong odors, they are
often rejected as a means to store s1udge, either in the liquid
or semisolid state (22). A detailed discussion of design
criteria for drying sludge lagoons can be found in Chapter 9.

Performance Data

Several reasonably successful drying sludge lagoon operations do
exist. An investigation of their actual performance, however,
indicates that these lagoons are acceptable because they receive
adequately stabilized anaerobically digested sludge and do not
normally generate the odors associated with the acid phase of
anaerobic stabilization.

San Jose, California. The San Jose/Santa Clara Water Pollution
Control Plant in San Jose, California, is a secondary treatment
plant that operates on the Kraus modification of the activated
s 1 u d g e pro c e s s d uri ng its sea son a 1 can n ing 10ad i ng per i 0 d .
The plant stores its anaerobically digested primary and
waste-activated sludge in 73 sludge lagoons on 580 acres (235 ha)
of land immediately adjacent to the plant (2). In 1978 the plant
operated both anaerobic liquid sludge lagoons and drying sludge
lagoons with 35 either filled or more than half filled with
liquid sludge and 32 containing 2 feet (0.60 m) or less of dried
sludge. Three lagoons have never been used, 'and three ~ave been
dredged and are riow empty. The drying sludge lagbons were filled
in layers of approximately one foot (0.3 m), and each layer was
allowed to dry by evaporation prior to the addition of the next
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layer. The drying lagoon operation took place from 1974 until
1976, when operational limitations and odor production resulted
in the return to anaerobic liquid sludge lagoon storage. Liquid
sludge lagoon storage had been practiced prior to 1974.

As a result of existing operations, the present storage capacity
of the lagoons will last until 1986. Because the plant does not
have existing dewatering facilities, it will not be able to
dispose of over 900,000 gallons per day (3,400 lid) of liquid
sludge without providing additional sludge treatment facilities
by 1986. Studies are now under way evaluating alternative
dewatering and drying processes and facilities for the disposal
and use of dewatered and dried sludge.

Residents living in areas near the sludge lagoons have become
increasingly concerned about odors produced by the lagoons.
During 1976, several complaints were registered with the Air
pollution Control Board. The area most affected is a residential
community just southeast of the plant. Correlation of complaints
with atmospheric conditions indicates that the greatest odor risk
occurs wi th a northwest wind and when dry weather is followed by
heavy rain. This points to the danger of rewetting the dried
surface layers and anerobically stabilized material and confirms
that this can create strong odors.

Chicago, Illinois

The Metropolitan Sanitary District of Greater Chicago (MSDGC)
operates 30 drying sludge lagoons, each with an average storage
capacity of 200,000 cubic yards (153,000 m3 ) and a storage depth
of 16 feet (4.9 m) (23). Figure 15-14 provides a plan vie\.; of a
typical lagoon. Anaerobically digested sludge is pumped to the
MSDGC lagoons at a solids content of about 4 percent. Volatile
content of this material is approximately 57 percent. Sludge is
usually applied to each available lagoon in 6-inch (152-mm)
layers in rotation. Rotations are repeated.

Superna tant appears on the lagoon surface approxima tely five to
seven days after each fresh sludge application. It is then
drained from the surface and returned to the west-Southwest
Sewage Treatment Works by removing one or more stop logs from the
draw-off box. Once the supernatant is decanted, the eight to
ten percent solids sludge is further concentrated by evaporaion.
Evaporation tapers off, however, as an aerobic sludge crust
de vel op s . Supply s 1 ud g e con c en t rat ion (4 per c e n t sol ids) i s
beneficial, as it covers the entire lagoon surface with only a
slight gradient from the point of application. Any higher
concentration would inhibit this coverage and reduce the
evaporative surface area per unit volume. Lagoons that have been
filled to capacity by this method have an average solids content
of 18 to 22 percent by weight. Volatile solids content of this
material is in the range of 35 to 40 percent, indicating that
the lagoons are producing about a 34 percent volatile solids
reduction.
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FIGURE 15-14

PLAN VIEW OF DRYING SLUDGE LAGOON NEAR
WEST-SOUTHWEST SEWAGE TREATMENT WORKS, CHICAGO

Once the drying sludge lagoons are filled, they are taken out of
service and preconditioned to provide an improved drainage
gradient. For this purpose, the sludge is excavated from the
area adjacent to the draw-off box and the slope within the lagoon
is allowed to stabilize to the point at which the area remains
reasonably free of solids. Excavation is by pump wi th nearby
mixers and additional water, if necessary, to assure sludge
fluidity. Figure 15-15 illustrates a cross section of this
area after preconditioning is complete. When the sludge has
stabilized, the lagoon is left dormant through the following
winter and early spring. Trapped water and rainfall runoff are
drained by gravity to the draw-off structure.

Once relatively dry weather returns, a slackline cable system is
utilized with a dragline crane to further condition the sludge.
The slackline system, which is shown on Figure 15-16, is used to
improve the lagoon surface drainage and to scrape as much of the
dried crust as possible to the side of the lagoon. This system
provides the follmving four operational benefits:

• Drier sludge is scraped to the side, where it can be
reached by portable dragline or clamshell and loaded onto
dump trucks.

• Piling sludge along sides improves lagoon drainage
pattern and profile.

• Removal of crust exposes wetter sludge to atmosphere for
optimum evaporation.
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• Some of dried crust mixes with wetter material during
removal and increases the wet sludge solids content.
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CROSS SECTION OF DRAW-OFF BOX AREA DRYING
SLUDGE LAGOON NEAR WEST-SOUTHWEST SEWAGE

TREATMENT WORKS, CHICAGO

Figure 15-16 shows the location of the equipment during lagoon
partial dewatering and removal operation.
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FIGURE 15-16

CROSS SECTION OF DRYING SLUDGE LAGOON WITH
SLACKLINE CABLE NEAR WEST-SOUTHWEST

TREATMENT WORKS, CHICAGO
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Once the sludge crust is scraped to the side of the lagoon,
it is removed by portable dragline or clamshell, loaded onto
watertight five-axle dump trucks, and delivered to the general
public for reuse. This lagoon sludge, at its time of delivery,
usually has an average solids content of 30 to 35 percent by
weight. Tree nurseries, sod farms, landfills, and stripped land
are among the major users of this material. In 1977, the MSDGC
disposed of 69,362 dry tons (62,925 t) of drying lagoon sludge at
an average cost of $16.75 per dry ton ($18.47/t). In 1978,
production was expected to exceed 100,000 dry tons (90,700 t) at
a cost of $17.76 per dry ton ($19.58/t). Preconditioning costs
are approximately $3.00 per dry ton ($3.31/t), which makes the
cost for the whole operation about $21.00 per dry ton ($23.15/t).
Preconditioning is accomplished by MSDGC manpower and equipment,
and the services of the slackline, dragline, and trucks are
contracted out. The overall operation requires little capital
investment, minimal lead time, and limited effort. Natural
processes are optimized and odors minimized. The level of odor
involved has not been qualified.

15.3.2.2 Confined Hoppers or Bins

A designer is often tempted to take advantage of the volumetric
reduction in material provided by the dewatering process and lay
out his sludge disposal system based on short and long-term
storage (3 weeks to >6 months) of the dewatered product. If the
product is too wet «30 percent solids), several problems
may arise with this type of storage. These problems include
continuing decomposition, liquefaction, and concentration and
conso 1 ida t ion. Al though each may have its own resul t, a 11 three
problems are interrelated and combine to limi t the use of this
type of storage to equalization storage and then only if special
attention is given to controlling the difficulties. A brief
description of some of these difficulties is given in the
following paragraphs.

Continuing Decompositio~

Unless it is stabilized to non-reactive levels «50 percent
by weight), the biodegradable volatile organic material of
wastewater solids will continue to decompose if the moisture
content is too high (solids content <30 percent). This
decomposition will reduce organic material and generate gaseous
byproducts. Depending on the stage and sometimes the type of
stabilization employed prior to dewatering, the method of
condi t ioning for dewa teri ng, and the dewa ter ing me thod i tse If,
gaseous byproducts mayor may not be odorous. For example, a
biodegradable volatile content of <50 percent would result in
strong odors; aerobically stabilized dewatered sludge would be
more subject to strong odors than anaerobically stabilized
dewatered sludge; polymer-conditioned dewatered sludge would be
more subject to strong odors than lime and ferric conditioned
dewatered sludge; and centrifuged dewatered sludge would be more
subject to strong odors than vacuum filtered dewatered sludge.
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Enclosed structures are often used in this type of storage to
assure odor-free operation. Such structures may be extremely
hazardous if the designer fails to recognize the potentially
explosive nature of some of these gaseous byproducts and assure
that they are never mixed with air within the combustible
range. If such protection involves the replacement of the
displaced volume, it may become the limiting feature of the
storage structure1s ability to manage the sludge.

One solution to this problem is to treat the volume above the
solids as part of the digester gas storage system. However, this
is only practical if the overall solids treatment system uses
anaerobic digestion for stabilization and the gas collection
system has sufficient capacity to fill the void created by
storage discharge within the required period of time. Major
problems of such a system are the seal ing of sludge supply and
discharge and the assurance of accessibility for maintenance.

To eliminate the discharge and supply problems and assure
convenient access to the storage loading equipment, the enclosed
area of the storage structures should be sufficiently ventilated.
The area must be ventilated with about 20 to 30 air changes per
hour. Air movement should be felt by the operators who work in
the area. To assure ventilation of all areas, regardless of any
continuously or intermi ttently operating openings, both supply
and exhaust air should be managed by powered fans. All exhaust
air should pass through an odor removal system. The quantity
of exhaust ventilation air should be slightly greater than the
quantity of supply ventilation air to assure a negative pressure
within the area and minimize leakage that might bypass the odor
removal system. The atmosphere of enclosed areas should be
monitored with hydrocarbon detectors (see Chapter 17) to provide
ample warning if the gas release begins to develop dangerous
mixtures of methane and air.

Liquefaction

When the reduction of putrescible organic material is carried out
within a confined structure used for short or long-range storage
(three to four weeks to more than one month), the liquefaction of
dewa tered solids occu rs. Lique fact ion is neg 1 ig ible when the
storage is limited to equalization (three to four days). The
designer must be aware of the effects of this liquefaction
and realize that as the liquid or moisture content of the
sludge increases, the d iff icul ties of transport also increase.
An example of this liquefaction, in which no evaporation or
additional moisture is assumed to be added during storage, can be
seen in the following calculation:

Typical Liquefaction Calculation

Dewatered digested sludge (polymer conditioner used)

Solids to be stored, dry wt, tons
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Total solids (TS) content, percent

Volatile solids, percent

Assumed reduction of VS during
6 months storage, percent

Water content of dewatered sludge, tons

VS,. dry tons at start of storage

VS, dry tons at end of storage

Fixed solids, dry tons (unchanged)

TS, dry tons at end of storage

Total solids content at end of storage,
percent

20

65

20

5,000

650

520

350

870

14.8

(4,535 t)

(590 t)

(472 t)

(317 t)

(789 t)

The example indicates how a reasonably dry, dewatered digested
sludge (20 percent solids) can be liquefied to a fairly wet,
digested sludge (14.8 percent solids) if the putrescible organic
material continues to be reduced. The speed of this reduction is
greatly affected by temperature and organic content in the
dewatered sludge. Thus, liquefaction will be a greater problem
in warm climates or during the hot summer seasons. If lime and
ferric chemicals are used to condition the digested sludge for
dewa ter ing, 1 iquefact ion wi 11 be greatly reduced, both because
of the lower overall organic content of the material and the
inhibiting effects of the chemicals on the bacterial reduction of
the putrescible organic matter.

Concentration and Consolidation

The material handling properties of the dewatered sludge entering
the storage facilities often do not resemble those of the
material discharged from the same facility. The method of
controlling the discharge must be flexible enough to adapt to
these changes in properties at any time. A live bottom discharge
for variable positive control and back-up isolating valves for
positive shut-off if the live bottom equipment fails or the
material starts to run like water are mandatory when the volume
of storage greatly exceeds the volumetric capacity of the
transport system receiving the discharge. As long as the
storage structure's volume does not exceed the capacity of the
transport system receiving the discharge, and that transport
system is of the bulk handling type (for example, truck, rail
car, or barge) the discharge control can be a simple open-close
valve. Water collecting, tracked, hopper valves with remote
motor or air cylinder operation can be used for this control.
Facil i ties whose storage volume exceeds the discharge transport
system capacity or whose transport system is of the continuous
rate type (for example, conveyor belts, screw conveyors, and
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pipelines) must be provided with a discharge system capable of
infinite variability under all degrees of moisture content or
concentration. Such systems must be provided with remote
controls that are capable of detecting overloads prior to
their overwhelming the transport system. The controls must be
capable of automatically closing the discharge control system's
back-up, open-close isolating valve. . Sonic level detectors and
capaci tance probes can be used for this funct ion. Chapter 17
provides additional information on this type of level detection
instrumentation.

The use of polymers to condition the sludge prior to dewatering
can have a major effect on its ability to be stored conveniently
in the dewatered state. Hansen reports that high polymer
doses used experimentally (testing a belt filter press) at the
Los Angeles County plant created a dewatered sludge that was
quite viscous. This material tended to act like glue and \vas
extremely difficult to remove from conveyors especially at
transfer points and the head point above the hoppers. The
material could be stored, but required a positive type of
unloading system at the storage discharge to assure that the
lumps were pushed onto the discharge conveyor.

When exceptionally dry dewatered sludge (greater than 30 percent
solids) is stored, bridging can be a very difficult problem.
None of the facilities investigated had successfully solved this
problem. It is suggested that any large system which anticipates
storing dewatered sludge much dryer than 30 percent solids set up
a test facility to develop a reliable system for overcoming this
difficulty.

Performance Data

Probably one of the most successful confined bin dewatered sludge
storage facilities is located at the County Sanitation Districts
of Los Angeles County Joint Water Pollution Control Plant in
Carson, California. The Joint Water Pollution Control Plant
(JWPCP) provides advanced primary wastewater treatment for about
350 MGD (15.3 m3/s) of wastewater. The JWPCP also receives the
sludge from five tertiary treatment plants that employ activated
sludge followed by multimedia filtration and have a combined
capacity of 120 MGD (5.2 m3/s). Sludge from all six plants
is treated at the JWPCP using the anaerobic stabilization
(digestion), dewatering (centrifugation), and composting
(windrow) processes.

In June 1979, Mischeri reported the centrifuges were producing
about 400 to 600 wet tons (360 to 540 t) of dewatered digested
sludge each day with a 25 percent average solids content. Twelve
storage bins, each capable of holding 550 wet tons (500 t) of
dewatered sludge, are provided to equalize 24-hour-per-day
centrifuge production with 10-hour-per-day windrow construction.
The storage bins also provide the five-day storage needed to
assure continuous dewatering when both the composting and backup
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sa~itary fill disposal options are unavailable due to excessive
ra1nfall. The facilities have been in service about three
years, and accord ing to Hansen, the maximum period of disposal
unavailabil~ty has not exceeded two days to date, although there
have been t1mes when all twelve of the bins have been filled with
dewatered ~ludge•. An. isometric sketch of the JWPCP storage and
truck load1ng stat10n 1S shown on Figure 15-17.
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FIGURE 15-17

ISOMETRIC OF SLUDGE STORAGE AND TRUCK LOADING
STATION, JOINT WATER POLLUTION CONTROL PLANT,

LOS ANGELES COUNTY, CALIFORNIA

The upper and end areas of the JWPCP storage facilities are
completely enclosed with metal cladding and equipped with
positive supply and exhaust ventilation. The potentially most
odorous ventilation air is passed through caustic wet scrubbers
prior to discharge to the atmosphere. There is some indication
that additional activated carbon scrubbing may be required to
assure complete removal" of all odors. Although the supply
and discharge areas of the storage buildings are continuously
monitored for explosive conditions, Hansen reports little methane
gas seems to be generated as long as the dewatered sludge solids
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content is greater than 18 percent and the sludge
storage more than a few days. Bubbles, which can
the stand ing wa ter on top of the stored sludge,
fact that decomposition is continuing in the bins.

is not left in
be observed in
attest to the

Each storage bin is fabricated of steel, is 30 feet in diameter,
and tapers at the bottom to a five-foot-square discharge. The
taper is at 30 degrees off the vertical. Hansen indicates this
taper seems to eliminate bridging, except during the storage
of extremely dry (greater than 30 percent solids) sludge.
The five-foot-square (1. 5-m square) discharge is equipped wi th
five 12-inch (30.5 em) diameter continuous screw conveyors
(live-bottom system) that can be operated in any combination or
number to positively control the stored sludge discharge to the
discharge conveyor belt. Normal operation requires only the
three middle screw conveyors to be in service. Acyl inder-type
plug valve with five ten-inch (25.4-cm) long by eight-inch
(20.3-cm) wide openings has been provided to assure positive
isolation between the live-bottom system and the discharge
conveyor. The plug valve is fabricated of 0.406-inch (1.03 em)
steel wall, 12-inch (30.5 em) 0.0. steel pipe, approximately
five feet (1.5 m) long and is actuated by a pneumatic cylinder
that positively rotates the valve 90 degrees from a full open to
a tight shut-off position. An isolating bull gate that can be
hydraulically forced between the bottom of the storage bin and
the top of the live-bottom assembly is also provided. It can be
used to cut off sludge discharge should the live-bottom assembly
fail with a load in the hopper. It has been suggested that a
hydraulically operated gate valve or knife-gate valve could also
be used to provide this isolation. An isometric view of this
discharge control system is shown on Figure 15-18.

Hansen reports the storage facilities were built in 1973 at a
cost of $3 million. Sludge variability during start-up created
several problems that have now been success fully solved ( 24) .
Solutions included: simplifying the supply to the storage
tanks by equipping each wi th a plow and moving the end of the
supply belts over the end hoppers; providing the live-bottom
dis c h a r g e s y s tern with a posit i v e dis c h a r g e i sol a t ion val ve iand
increasing the ventilation level in the supply and storage areas
to achieve the hbreeze" atmosphere necessary to satisfy operator
safety concerns.

15.3.2.3 Unconfined Stockpiles

Unconfined stockpiles are a major method of providing long-term
storage for dewatered sludge. This method is used primarily for
the storage of air-dried, anaerobic or aerobic stabilized sludge
at thousands of small plants across the country. Probably the
largest storage and weathering installation is operated by the
Metropolitan Sanitary District of Greater Chicago (MSDGC) at
their West-Southwest Sewage Treatment Works (WSW-STW). All of
the air-dried Imhoff sludge at WSW-STW is stored and aged up to
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several years on between 50 and 100 acres (20 and
land and then made available for delivery to the
"Nu-Earth" (23). The air-dried material weathers to
50 percent moisture after one to two years of aging.
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FIGURE 15-18

STORAGE BIN DISCHARGE CONTROL SYSTEM, JOINT
WATER POLLUTION CONTROL PLANT, LOS ANGELES

COUNTY, CALIFORNIA

40 hal of
public as
less than

Unconfined stockpiles of mechanically dewatered stabilized
sludge, which has less than 25 percent solids, usually are
destroyed (loose all semblance of stability) when exposed to
extensive rainfall. While it is possible to maintain such a
stockpile for equalizing or short-term storage, especially in
very dry climates like the southwest, long-term storage is
usually quite impossible. Stabilized sludges with a high chemical
content (greater than 40 percent lime plus some ferric) or a very
low organic content (less than 50 percent volatile solids)
sometimes prove to be exceptions. Highly stabilized lagooned
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sludges can also be one of these exceptions. Such open
stockpiles usually quickly absorb atmospheric moisture and
rapidly deteriorate in climates with intense or frequent
rainfall.

Covered stockpiles are often used ln those areas where rainfall
is intense or frequent to assure the dewatered sludge integrity
during periods of equalizing storage. Such stockpiling is
usually limited because of the expense of developing covered
areas of suf f ic ien t size to prov ide adequate storage area and
equipment accessibility. The North Shore Sanitary District
(NSSD) (25), north of Chicago, Illinois, disposes of their
anaerobically stabilized (digested) dewatered sludge in deep
trenches on a 300 acre (121 hal site. During 10 to 20 days
per year, the NSSD disposal operation is abandoned due to wet
conditions, and the dewatered sludge is stored in a covered and
enclosed building for disposal within a few days. The building
is enclosed to maintain odor control. The District also
frequently 1 iberally spr inkl es the dewa tered sl udge with 1 ime
during transport and storage to maintain odor control.

Unfortunately, no quantitative work has been published regarding
the odor risk of stockpiling dewatered sludge. Drying lagoons,
like those operated at San Jose, California, do create malodorous
conditions in surrounding urban areas during or immediately
after being wetted by rainfall. Work in Sacramento, California,
however, indicates that odors are generated cumulatively in
direct relationship to the area covered by the odor producing
sludge (1). Good housekeeping around such stockpiles is
mandatory to assure proper rodent control.

15.4 References

1. Sacramento Area Consultants. Sewage Sludge ~1anagement

Program Final Report, Volume 4, SSBs and Odors, 1978.
Sacramento Regional County Sanitation District. Sacramento,
California 95814. September 1979.

2. San Francisco Bay Region Wastewater Solids Study,
San Francisco Bay Region Sludge Management Plan. Volume V,
San Jose/Santa Clara Project and Environmental Impact
~~E~!"~. p. 2-4. Oakland, California 94620. December 1978.

3. USEPA. Communication to J .B. Farrell, Ultimate Disposal
Section to Office of Solids Waste. Best Management
Technology Definitions for (a) Sludge Stabilization and
(b) Additional Pathogen Reducing Processes. MERLE.
Cincinnati, Ohio 45268. November 1978.

4. Metcal f and Eddy, Inc. Was tewa ter Eng i neer ing : Trea tmen t
Disposal, Reuse - Second Edition. McGraw-Hill Book Company.
p. 322 and 353. 1979.

15-58



5. Water Pollution Control Federation. Manual of Practice
No.8, Wastewater Plant Design. WPCA Washington, D.C.
p. 57. 1977.

6. USEPA. MERL Publication Series. Evaluation of Flow
E9ualization in Municipal Wastewater Treatment. Cincinnati,
Ohio, 45268. EPA-600/2-79-096. May 1979.

7. USEPA. Technology
Treatment Plants.
1974.

Transfer Upgrading Existing Wastewater
USEPA Cincinnati, Ohio 45268. October

8. Berk, W.L. The Design, Construction and Operation of the.
Oxidation Ditch. RAD-211, Lakeside Equipment Corporation,
1022 E. Devon Avenue, Bartlett, Illinois 60103.

9. Dick, R.I., E.L. Thakston, and W.W. Eckenfelder, Jr., Ed.
Water Quality Engineering New Concepts and Developments.
Jenkins Publishing Co., Austin and New York. 1972.

10. Keinath, T.M, M.D. Ryckman, C.H. Dana, Jr., D.A. Hofer.
Design and Operational Criteria for Thickening of Biological~

Sludges, Parts I, II, III, IV. Water Resources Research
Institute, Clemson University. September 1976.

11. Tucker, D.L., N.D. Vivado. "Design of an Overland Flow
System at Newman, California." Proceeds o( the 51st Annual
Wa ter Poll u t ion Control Federation Conference. Anahe im,
California. October 1978.

Handbook,
p. 807.

12. Liptak, B.G., Ed. Environmental Engineers
Volume I Water Pollution. Chil ton Book Comany.
Radnor, Pennsylvania. 1974.

13. S tate of Cal i forn ia Wa ter Resources Control Board. Final
Report-Phase I, Rural Wastewater Disposal Alternatives:
Sacramento, California. p. 12. September 1977.

14. USEPA. Upgrading Lagoons. Technology Transfer Seminar
Publication. Cincinnati, Ohio 45268. EPA-626/4-73-0016.
Revised June 1977.

15. Sacramento Area Consultants. Sewage Sludge Management
Program Final Report, Volume 7, Environmental Impact Report
and Advanced Site Planning. Sacramento Regional County
Sanitation District. Sacramento, California 95814.
September 1979.

16. Brown and Caldwell. Joint Regional Wastewater and Solids
Treatment Facility Project Design Report. Moulton-Miguel
Water District-Aliso Water Management Agency. March 1978.

17. Sacramento Area Consultants. Sewage Sludge Management
Program Final Report, Volume 2, SSB Operation and
Performance. Sacramento Regional County Sanitation
District. Sacramento, California 95814. September 1979 .

15-59 •



18. Sacramento Area Consultants. Study of Wastewater Solids
Processing and Dispo~al, Appendix C. Sacramento Regionaf
Coun ty Sani ta t ion Dis t r ict. Sacramento, Cal i fornia 95814.
June 1975.

19. Sacramento Area Consultants. Innovative and Alternative
Technology Documentation Sacramento Regional Wastewater
Treatment Plant - Solids Project. Sacramento Regional
County Sanitation District. Sacramento, California 95814.
April 1979.

20. Hawk, H.C. Ed.
Pitsburg, School
1971.

Bulk Materials Handling.
of Engineering. Pittsburg,

University of
Pennsylvania.

21. National Lime Association. Lime Handling Application and
Storage in Treatment Processes, Bulletin 213. Washington,
D.C. Second Edition. 1971.

22. Vesilind,
Sludges.
Michigan.

P.A. Treatment
Ann-Arbor Science
1974.

and Disposal of
Publishers, Inc.

Wastewater
Ann Arbor,

23. Rimkus, R.R., J.M. Ryan, R.W. Dring. "A New Approach to
Dewatering and Disposal of Lagooned Digested Sludge."
Proceeds of the Annual Convention, ASCE, Chicago, Illinois.
October 1978.

24. B.E. Hansen, D.L. Smith, W.E. Garrison. "Start-Up
Problems of Sludge Dewa ter ing Facil i ty." Proceeds of the
51st Annual Water Pollution Control Federation Conference,
Anaheim, Californi~. October 1978.

25. Lukasik, G.D., J. W. Cormack. Development and Operation of.
a Sanitary Landfill for Sludge Disposal - North Shore.
~nitary District. North Shore Sanitary District. 1976.

15-60



EPA 625/1-79-011

PROCESS DESIGN MANUAL
FOR

SLUDGE TREATMENT AND DISPOSAL

Chater 16. Sidestreams from Solids Treatment
Processes

U.S. ENVIRONMENTAL PROTECTION AGENCY

Municipal Environmental Research Laboratory
Office of Research and Development

Center for Environmental Research Information
Technology Transfer

September 1979



CHAPTER 16

SIDESTREAMS FROM SOLIDS
TREATMENT PROCESSES

Sidestreams are a major reason why solids treatment and disposal
facilities often become trouble spots at wastewater treatment
plants. Failure to account for these sludge processing liquors
in the wastewater treatment design can result in overloading of
the treatment facility. It has been conventional practice to
return sludge sidestreams to the treatment plant at a convenient
point, usually at the headworks, with no pretreatment and with
little concern for its pollutant loadings. These sidestreams can
increase the organic loading by 5 to 50 percent, depending on the
type and number of solids treatment processes used.

The major objectives of this chapter are to describe the
sidestreams produced by sludge treatment processes, factors that
affect sidestream quality, and options available to designers in
managing the sidestreams. Information on the pollutant loads of
the sidestream produced by a particular process is presented in
the chapter dealing with that process.

16.1 Sidestream Production

Sidestreams are produced when wastewater solids are concentrated,
and when water, usually plant effluent, is used to remove odors
or particulate matter from flue gases, or to wash and transport
debris from structures and equipment. Some sidestreams require
special attention because of their impact on a wastewater
treatment plant's efficiency.

Usually several sidestreams are produced at a particular plant.
Figure 16-1 is a flow diagram showing eight wastewater solids
sidestreams: (1) screenings centrate, (2) grit separator
overflow, (3) gravity thickener supernatant, (4) dissolved air
flotation subnatant, (5) decantate following heat treatment,
(6) vacuum filter filtrate and washwater, (7) scrubber water from
furnace flue gas cleanup, and (8) ove rf low from b iolog i cal odor
removal system.

Th i s chapter devotes spec i al at ten t ion to the mos t pronounced
examples of the problem--anaerobic digester supernatant and
thermal conditioning liquor. For additional information on
production and treatment of wastewater solids sidestreams,
several publications are available. Municipal Wastewater
Treatment Plant Sludge and Liquid Sidestreams deals with side
streams from several solids handling and treatment processes (1).
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Effects of Thermal Treatment of Sludge on Municipal Wastewater
Treatment Costs describes the increased wastewater treatment"
capacity required by use of thermal conditioning (2).
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FIGURE 16-1

EXAMPLE OF SIDE STREAM PRODUCTION

16.2 Sidestream Quality and Potential Problems

The interrelationship between a wastewater treatment plant's
effluent quality requirements and the processes used for solids
treatment and disposal must be carefully scrutinized during
planning and design to avoid problems caused by sidestreams.
Generally~ more sophisticated wastewater treatment plants produce
greater quantities of more difficult-to-manage biological and
chemi cal sl udge s. When proces sed, these sl udges may i ndi rectly
cause the production of sidestreams containing large quantities
of soluble and colloidal materials including nutrients.

Sidestream quality from a specific process is strongly affected
by upstream solids handling processes. Vacuum filter filtrate
and washwater quality, for example, are determined by the
upstream conditioning or stabilization process.
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Sidestreams should be returned to points in the wastewater
treatment process which \vill .result in treatment of the side
stream and prevent nuisances and operational problems. The
return points shown on Figure 16-1 comply with this requirement.

Runoff from sludge composting areas and leachate from sludge
landfilling areas may pose a unique problem, since it may be
difficult and costly to return them to the treatment plant if
the landfill or composting site is remote from the treatment
facility. Chian and DeWalle extensively investigated the
composition and treatment of sanitary landfill leachate,
i nclud ing anaerobic bi olog ical f il tra tion, chemi cal prec ipi ta
tion, chemical oxidation, and activated carbon treatment (3).
Da ta are also available on groundwa ter moni tor ing near sewage
sludge or combined solid waste sewage sludge landfills (4,5,6).
In addition, USEPA's Process Design Manual, Municipal Sludge
Landfills, discusses methods of handling leachate (7). In dry
climates, leachate can often be recycled to the landfill site.

At Beltsville. Maryland, runoff from a composting site is stored
in a pond and periodically sprayed on a forest floor. Monitoring
wells have been installed, and no groundwater contamination has
been detected. At Durham, New Hampshire, and Bangor, Maine,
runoff is recycled back to the treatment works without pretreat
ment. At Sacramento, California, runoff has been returned from
a dedicated land disposal site to the plant headworks and has
been monitored for several parameters (8). It was found that
runoff is polluted with constituents, particularly the first
runoff following the spreading of sludge. The concentrations of
insoluble constituents such as heavy metals, however, were
low.

16.3 General Approaches to Sidestream Problems

Several general approaches to preventing or solving problems that
may result from sidestreams can be identified:

• Modification of solids treatment and disposal systems
to eliminate particular sidestreams.

• Modification of previous solids processing steps to
improve sidestream quality from a particular solids
treatment process.

timing, return rate, or return point for
sidestreams into the wastewater treatment

• Changing the
re in troduc ing
process.

• Modification of wastewater treatment facilities to
accommodate sidestream loadings.

• Prov i s ion of separa te sides tream t rea tmen t pr ior to
return.

Potential applications for each of these are described.
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16.3.1 Elimination of Sidestream

Al though not generally pract ical, speci f ic si t ua tions ar ise in
which it is possible to modify the solids treatment and disposal
system and eliminate a troublesome sidestream. A particular case
invol ve s anaerobi c diges ter superna tan t, whi ch has of te n been
identified as a source of problems when a mixture of primary and
waste-activated sludges is digested. Mignone has pointed out
that where mechanical dewatering follows anaerobic digestion, it
would be beneficial to eliminate the secondary (unmixed) digester
by converting it to a primary mode (9,10,11). There would be no
variable supernatant stream, only a predictable filtrate or
centrate stream of low solids content which would be amenable to
biological treatment.

16.3.2 Modification of upstream
Solids Processing Steps

Thickening of sludge prior to anaerobic digestion by the use of
gravi ty, flotation, or centrifugal thickeners can improve the
qual i ty and reduce the quanti ty of digester superna tan t (12).
Residence time in the digesters is increased and/or smaller
digesters can be constructed. Liquor that would otherwise be
produced by the secondary digester as superna tant is produced
instead in the thickening step. Its quality will be better, and
it will have a lesser impact when returned to the wastewater
treatment facility.

Other digester operating parameters such as organic loading and
temperature also affect supernatant quality. An increase in
organic loading will generally result in poorer supernatant
quality (13). Thermophilic digestion produces poorer supernatant
quality than mesophilic digestion.

Substitution of an equivalent solids treatment process for
another may also reduce sidestream problems. For example,
substitution of chemical conditioning for elutriation or heat
treatment can reduce the level of contaminants in sidestreams
from subsequent dewatering steps.

The high colloidal content of elutriate has been successfully
reduced in several instances by addition of chemicals,
particularly polymer, to the elutriation process. In 1973 the
sludge treatment system at the District of Columbia's Blue Plains
plant (a 253-MGD [11.l-m3/sec] facility) consisted of gravity
thickening, single-stage anaerobic digestion, elutriation of
digested sludge, chemical sludge conditioning, and vacuum filtra
tion. Large quantities of fines and activated sludge solids
were recycled with the elutriate, and the primary clarifiers and
aeration process could not accommodate them. Solids accumulated
in the plant; upsets occurred in both the wastewater and sludge
treatment systems; and it became necessary to temporarily
discharge elutriate directly to the plant effluent. Eventually,
addition of polyelectrolyte to the elutriation process, coupled
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with intensive effort on the part of plant staff to improve
elutriation and vacuum filtration performance, resulted in a
90 percent solids capture through the two processes.

The Metropolitan Toronto main plant and the Richmond, California,
facili ty experienced the same resul ts as the Blue Plains plant.
An example of successful use of polymer to improve elutriation is
shown in Table 16-1 (14). .

TABLE 16-1

EFFECT OF POLYMER ON ELUTRIATION (14)

Parameter

Elutriate suspended
solids, mg/l

Solids capture, percent

Underflow solids con
centration, percent

Before
polymer

use

3,385

65.1

3.5

After
polymer

use

365

95.3

4.3

16.3.3 Change in Timing, Return Rate,
or Return Point

Sidestreams are normally returned to the wastewater treatment
facilities at the plant headworks. In general, return of
sidestreams to plant headworks should be at a low, steady rate
rather than in slugs, since these are likely to cause upsets and
overloads. In instances where there are high diurnal load
fluctuations and the plant is approaching capacity, consideration
should be given to returning sidestreams during off-peak hours,
thus equalizing wastewater loadings. Adverse effects on primary
treatment facilities, such as septicity, odors, and floating
sludge can be avoided by returning sidestreams to the biological
trea tme nt process infl uen t. Al terna ti vely , mi xing superna tan t
with waste-activated sludge before returning it to the headworks
may also aid in reducing odors because of the adsorptive nature
of the activated sludge particles.

16.3.4 Modification of Wastewater
Treatment Facilities

Liquid treatment facilities should be designed with the capacity
to treat recycled sidestreams whenever the sidestream will
contain significant concentrations of pollutants or have a large
hydraulic impact. Table 16-2 shows an example of the effect of
supernatant return on suspended solids and phosphorus loadings at
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an act iva ted sl udge pI an t us ing two-s tage anaerobi c
(15). Table 16-3 shows estimated increases in BODS
capaci ty required by sidestreams from several sludge
processes (16).

TABLE 16-2

EFFECT OF SUPERNATANT RETURN (15)

digestion
treatment
treatment

Suspended solids, lb/day Phosphorus, lb/day

with Without With Without

Point
supernatant supernatant supernatant supernatant

of measurement returna return returna return
---,-,----- .",""""-,,,._-,-,_.__.

Raw wastewater 10,520 16,035 756 857

To primary clarifiers 36,801 15,969 1,304 914

To secondary clarifiers 15,306 9,501 991 803

Final effluent 3,467 2,836 435 500

Primary sludge 19,626 13,249 299 156

Waste activated sludge 14,645 9,593 453 287
"·"··0"·"'~W'_"""'~.~

" ..... "'Hm'_'.um,_u_o,_,__

aReturned ahead of primary clarifiers.

The Central Contra Costa Sanitary District Water Reclamation
Plant, an advanced waste treatment facility, removes
nutrients through chemical-primary treatment and nitrification
denitrification. Recycled sidestreams were taken into account in
plant design by allowing for additional loads of 12 percent for
BODS and 21 percent for suspended solids. Recycled streams
include gravi ty thickener overflow, cent rate from a two-stage
dewatering centrifuge~ and drainwater from a wet scrubber.

Side streams may con tain compounds that are d iff icul t to remove
in wastewater treatment facilities. For example, the nonbio
degradable COD in heat treatment liquor will pass through normal
secondary treatment unchanged. Digester and sludge lagoon
supernatant may contain high concentrations of nutrients. In
some instances separate treatment may be appropriate. The
r1etropoli tan Sani tary District of Greater Chicago has conducted
several investigations involving nitrification and nitrogen
removal from sludge lagoon supernatant" using both attached
growth and suspended growth biological processes (17,18,19).

In eva 1 ua ti ng sol ids trea tmen t and di sposal processe s, both the
direct costs of the solids treatment and disposal systems and the
indirect costs associated with return of sidestreams to the
wastewater treatment facilities should be included in the cost
effectiveness analysis. The cost of hanJling the increased
sidestream flows mayor may not be negligible, but capital and
operating expenses will surely increase as a result of the BODS
and suspended solids load of the returned stream. Major
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components of such indirect costs include increased aeration tank
size and blower capacity (for diffused air-activated sludge
systems), increased sludge treatment capaci ty, increased power
requirements for blowers, and increased labor for operating and
maintaining more heavily loaded secondary treatment facili ties.
Additional costs will also be incurred if odor control facilities
are required.

TABLE 16-3

ESTIMATED INCREASE IN WASTEWATER STREAM
BIOLOGICAL TREATMENT CAPACITY REQUIRED TO

HANDLE SIDESTREAMS FROM VARIOUS SOLIDS
TREATMENT PROCESSES (16)

Treatment process

Liquid sludge to land
Raw sludge to drying beds
Chemical conditioning and

filter pressing
Rotoplug dewaterer

Digestion and drying beds
Digestion, chemical con

ditioning, and filter
pressing

Digestion, chemical con
ditioning, and vacuum
filtration

Heat treatment of raw
sludge

Heat treatment of di
gested sludge

Required capacity
increase, percent

o
7

6 - 11

10 - 30

0.6
5

4

30

7

Indirect solids treatment costs for handling sidestreams will
vary significantly. The indirect costs associated with heat
treatment have been estimated as 20 percent of the direct thermal
treatment costs. A report has been prepared describing the
effects of sludge heat treatment on overall wastewater treatment
cos ts (2).

16.3.5 Separate Treatment of Sidestreams

Most s idestreams from properly operating solids trea tment and
disposal systems can be recycled to the wastewater treatment
facilities without significant problems. In many cases two-stage,
anaerobic digester supernatant return to the wastewater treatment
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'facilities causes operating difficulties. Heat treatment is less
widely used, but it results in conversion of some of the COD to
the soluble form. Furthermore, a portion of the COD can be
nonbiodegradable.

16.3.5.1 Anaerobic Digester Supernatant

In most cases, BODS and suspended solids are of concern, although
under certain circumstances, nitrogen and phosphorus removal may
also be desirable. Anaerobic digester supernatant characteris
tics are summarized in Chapter 6, and typical values are given as
a part of the example on Figure 16-2. Table 16-4 lists possible
treatment processes for each major constituent (20). Chemical
treatment of digester supernatant has been studied for many years
(21,22,23). Rudolfs and Gehm studied coagulation using ferric
chloride, lime, caustic soda, sulfuric acid, chlorine, bentonite
clay, and zeolite (21). It was found that a lime/ferric chloride
combination gave the best results and 150 mg/l ferric chloride
and 1,200 mg/l lime reduced turbidity from 420 to 110 units.

The carbon dioxide in digester supernatant will react with the
lime to form calcium carbonate precipi tate. Lime requirements
and the quantity of lime sludge produced can be reduced
significantly by first air stripping carbon dioxide from the
superna tant. This may also release odors, and for this reason,
its use should be approached with caution. Because lime raises
the pH of the supernatant and under high pH conditions the
ammonia molecule tends to be in the nondissociated form, ammonia
stripping can be affected after coagulation. The relatively high
temperature of digester supernatant also aids ammonia stripping
for the same reason.

Figure 16-2 shows a possible treatment scheme for digester
supernatant based principally on chemical coagulation (20). Also
shown are probable removals and common influent and expected
effluent concentrations. Straight aeration of digester super
natant at plant scale has also been attempted (12,24,25).
Even where the supernatant after aeration was not settled prior
to return and no discernible improvement in quality resulted, it
was found that wastewater treatment operation improved, probably
as a result of better settling in the primary clarifiers.

Biological filters, either aerobic or anaerobic, appear to be
feas ible me thods of b iolog i cally trea t ing diges ter superna tant.
The Greater London Council studied aerobic biofilter treatment of
supernatant liquor using coke as the filter medium (26). At a
1:1 dilution with clarified plant effluent, 85 to 90 percent
BODS removal and 60 percent ammonia removal were obtained.

Howe suggested storage of digester supernatant in lagoons
for long periods to reduce contaminant levels (22). In one
experiment, a detention time of 60 days reduced BODS, suspended
solids, color, and ammonia by about 85 percent; hydrogen sulfide
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was reduced by approximately 95 percent. Facultative sludge
lagoons designed for long-term storage have been found to reduce
levels of all contaminants except ammonia (see Chapter 15).

! SUPERNATANT

I BO05 ~ 7.500 moll
SS" 5,000

I OAG.N = 400
; p", 150

NH3 WI 600
C0 2 == 1,000

REDUCTIONS

C02 STRIPPING

I
--

LIME!
)l FE AR IC CHLOAI DE

COAGULATION
PLUS SETTLING

l~

~, 95-96 PERCENT C02

7D-85 PE RCENT BODS
80-90 PERCENT SS
65·70 PERCENT ORG.N
85.-95 PERCENT P

AMMONIA
STRIPPING

TREATED
SUPERNATANT

.......... 85·90 PERCENT NH3

,.........-----------l

BOOS'" 1,150 mg/l
55 = 750

ORG.N == 150
p.. 15

NH3 = 75
C02 = 50

FIGURE 16-2

POSSIBLE TREATMENT SCHEME
<FOR ANAEROBIC' DIGESTER SUPERNATANT (20)
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TABLE 16-4

POSSIBLE DIGESTER SUPERNATANT
TREATMENT PROCESSES (20)

constituent Processes

Suspended
solids

Coagulation, settling,
microstraining

-----------",,-,----

BODS

Phosphorus

Nitrogen

Removal with suspended
solids, stripping of
volatile acids, bio
logical treatment, ad
sorption on activated
carbon

Removal with suspended
solids, chemical pre
cipitation, ion exchange

Removal with suspended
solids (limited),
ammonia stripping, ion
exchange

Lime addition, air strip
ping

-"-~'''''~-----------------

The chlorine stabilization process (see Chapter 6) has also been
used to treat digester supernatant before it is returned to the
treatment plant (Table l6-S). Low chlorine doses (100 to
300 mg/l) have little effect on BODS and COD levels, but
according to the manufacturer, they may be used to reduce odors
and improve treatability of the supernatant. Very high dosages
(1,500 to 2,000 mg/l) are required to appreciably reduce the
levels of oxygen demanding materials in the supernatant liquor.

16.3.5.2 Thermal Conditioning Liquor

Heat treated sludge liquor, which is received as decantate
and filtrate or centrate, contains high levels of soluble
pollutants and a significant fraction of nonbiodegradable COD.
The color level of the liquor may also be high, affecting
the color of the final effluent (27). Furthermore, chlorination
of effluent containing recycled heat treatment liquor may cause
taste and odor problems if the receiving stream is used for
drinking water supply (28).

Loll has cited average BODS loading increases of 7 to 15 percent
and COD increases of 10 to 20 percent at wastewater facilities
recycling untreated liquor (29). Recycle of heat treatment
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liquor at Colorado Springs, Colorado, caused the BODS
to be increased by 20 percent and the suspended solids
30 percent (27).

TABLE 16-5

CHLORINE TREATMENT OF DIGESTER SUPERNATANT

loading
load by

Valuea

Supernatant treated at indicated
chlorine dose mg/l

Untreated
---

Parameter supernatant 500 1,500 1,800 1,900 2,000

Suspended solids,
percent 1.9 1.7 1.8 1.7 1.7 2.0

Chlorine residual, mg/l 0 0 0 10 80 190

pH 6.8 5.8 5.5 4.8 4.4 2.7

Specific conductance,
micrornhos 1,950 2,750 2,380 2,500 2,600 4,500

Alkalinity, mg/l 1,100 170 83 60 32 0

BODS' mg/l 2,600 2,600 2,600 2,200 2,000 1,500

COD, mg/l 43,900 43,100 40,800 32,000 31,200 20,200

Total nitrogen, mg/l 2,100 2,200 1,900 1,600 1,400 1,100

Total phosphate
phosphorus, mg/l 510 430 440 400 380 260

~.. "".,,~-,._,.

aBased on results obtained with Purifax laboratory unit.

Trickling filters, the activated sludge process, anaerobic
biolog i cal f il tra t ion, and aerobi c diges tion have been used to
treat the liquor. To reduce the nonbiodegradable COD, activated
carbon has been used. Ozonation or chlorination can also be used
to reduce COD levels.

Loll has described
aerobic digestion
the reactions are
self-supporting.

experiments using
of heat treatment

exothermic, the

autothermal thermophilic
liquors (29). Because
process is thermally

Presented on Figure 16-3 are the results of batch aerobic
digestion tests. Note that the temperature rose during the
period of most rapid degradation. The results of continuous flow
tests are presented in Table 16-6 at residence times of five
and ten days. The COD reduction is significantly less than the
BODS reduction, reflecting the nonbiodegradable character of a
portion of the waste.

Erickson and Knopp used the activated sludge process for heat
treatment liquor (30). They reported a COD reduction of
83 percent and a BODS reduction of 98 percent with an aeration
time of 41 hours. Results are shown in Table 16-7, (page 16-14).
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AEROBIC DIGESTION OF
HEAT TREATMENT I BATCH TESTS (29)

Anaerobic biological filtration of heat treatment liquor has been
tested for use at the City of Los Angeles Hyperion treatment
plant (31). The waste-activated sludge treatment scheme is shown
on Figure 16-4. The anaerobic filter, originally developed by
Young and McCarty is similar to the conventional aerobic trick
ling filter in that organisms are attached to the media surface
and a short hydraulic detention time results (32). Advantages
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are that the production of methane can result in energy recovery
and that no power is required for oxygen addition. Care must
be taken, however, to avoid any plugging from periodic high
suspended solids loadings. Results of a two-month test are shown
in Table 16-8 (31). At a hydraulic detention time of two days,
BODS and COD removals averaged 85 and 76 percent, respectively.
This study concluded that detention time could be reduced to
about 0.5 to 1.0 days without significant deterioration in
performance. Other pilot scale tests on anaerobic filtration of
heat treatment liquor have been conducted. One study reported
COD removals of approximately 65 percent at detention times of
3.5 days and organic loadings of 125 Ib COD per 1,000 cubic feet
per day (2.0 kg/m 3/day)(33).

TABLE 16-6

AEROBIC DIGESTION OF HEAT TREATMENT LIQUOR (29)

Residence time,
days

--"'--"'"".w "n'~~.,",-.--__

Parameter

Temperature, °c

COD
Influent, mg/l
Effluent, mg/l
Reduction, percent

BODS
Influent, mg/l
Effluent, mg/l
Reduction, percent

5 10

38 34

13,500 12,400
4,100 3,800

66 71

6,900 6,100
510 250

94 96

Figure 16-5 illustrates the AS pilot treatment scheme used in
a pilot study in Great Britain (28). The purpose of the study
was to reduce the quantity of refractory organics entering
the Thames River from treatment plants conditioning sludge
with heat treatment. The study was prompted by the fact that the
Thames is used for water supply, and possible taste and odor
problems would result from chlorinating the water; in addition,
there was uncertainity about the exact composition and effects of
the organics in the liquor. The process can reduce COD from
20,000 mg/l to about 100 mg/l, or by approximately 99.5 percent.

The chlorine oxidation process can also be used for treating
liquor from thermal sludge condi tioning. BODS and COD levels
are reduced by approximately 25 to 35 percent. The odor is
changed from noxious to chlorinous or -medicinal. The color is
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changed from dark brown to yellow or tan which may allow the
liquor to go undetected when diluted in the liquid stream.
Results of a pilot test on Zimpro process liquor are shown in
Table 16-9. A flow diagram indicating sampling point locations
is shown on Figure 16-6.

TABLE 16-7

ACTIVATED SLUDGE TREATMENT OF THERMAL
CONDITIONING LIQUOR (30)

Aeration time,
hours

Parameter 21.8 40.9

Temperature, °c 33.4 31. 7

COD
Influent, mg/l
Effluent, mg/l
Reduction, percent

10,600
4,300

59

11,900
2,000

83

BODS
Influent, mg/l
Effluent, mg/1
Reduction, percent

4,700
400

91

5,900
110

98

METHANE
CA.RBON DIOXiDE

EFFLUENT
HECYCLEO TO
TREATMENT
PLA.NT

ANAEROBIC
FILTRATION

HEAT
TREATMENT
LIQUOR

UNDERflOW
TO TREATMENT

PLANT

WASTE
AcTIVATED
Sl-UDGE

HEAT
• • .. FLOTATION """'-"'!Il-iTREATMENT I----..,........--....r
SOLIDS
CONCENTRATION
"'1%

FIGURE 16-4

FLOW DIAGRAM, ANAEROBIC FILTRATION OF
HEAT TREATMENT LIQUOR (31)
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TABLE 16-8

AEROBIC BIOLOGICAL FILTRATION OF THERMAL
CONDITION LIQUOR (31)

Parameter

Hydraulic detention time, days
Temperature, °c

COD
aInfluent, mg/l

Effluent, mg/l
Reduction, percent

BODS aInfluent, mg/l
Effluent, mg/l
Reduction, percent

Suspended solids
aInfluent, mg/l

Effluent, mg/l

Total solids
aInfluent, mg/l

Effluent, mg/l

Volatile acids
aInfluent, mg/l

Effluent, mg/l

Alkalinity, as CaC03
Influent, mg/l a

Effluent, mg/l

pH
Influenta

Effluent

Value

2 . 0
32

9,500
2,300

76

3,000
450

85

110
100

8,800
4,900

520
300

2,200 b

3,500

7.1b

7.1

a l'Decant lquor.

bpH following thermal conditioning was
approximately 5.5; 1,600 mg/l alkalinity
added to influent for pH adjustment.
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HEAT TAEATMENT LIQUOR
COD 20,000 my/I APPROXIMATELY

ACTIVATED
CARBON
COLUMN

EFFLUENT TO SEWAGE
TREATMENT WORKS

(COD 100mg!O

0000 mglll

I rII I

ACTIVATED ACTIVATED I
ROUGHING t

FILTER CARBON CARBON
COLUMN COLUMN I

L...... L.!
I

I
AERATION

, ~ TANKS
~

HUMUS
~

PUMP- 49 HRS. TANKS(COO 3,000 mgll) WELL
DETENTION

I (CO

~

FtGURE 16-5

SCHEMATIC DIAGRAM OF PLANT FOR PROCESSING
HEAT TREATMENT LIQUOR (2)

TABLE 16-9

CHLORINE OXIDATION TREATMENT
OF THERMAL CONDITIONING LIQUOR

Valuea,b

Parameter 1 2 3

COD, mg/l 40,664 31,280 3,910

Suspended solids, mg/l 19,300 15,400 172

Total solids, mg/l 24,500 16,800 5,700

Total volatile solids, percent 63.1 65.5 66.4

Ammonia, mg/l 225 209 209

Chlorine dose, mg/l 0 1,000 1,000,
Chlorine residual after three 0 0 0

hours, mg/l

pH 5.1 3.7 3.5
~~~"'''-,-'''''

"._-,-"_.,,

4

70,380

51,600

52,000

56.1

269

1,000

o

3.9

a For location of sampling point, see Figure 16-6.

b Data taken at Canton Water Pollution Control Center,
May 10 and 11, 1977.
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NOTE: CIRCLED NUMBERS DESIGNATE SAMPLING
POINTS; SEE TABLE 16-9 FOR QUALITY DATA.

FIGURE 16-6

CHLORINE TREATMENT OF HEAT TREATMENT LIQUOR
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CHAPTER 17

INSTRUMENTATION

17.1 Introduction

Was tewa ter sol ids t rea tment and di spos al sys terns are genera lly
under-instrumented in comparison to other treatment systems,
such as those in water supply or chemical processing plants (1).
While the economics and operating efficiencies of various
measuring devices, control equipment, and operator interface
displays should be carefully evaluated by the treatment system
designer, increased use of instrumentation is recommended. This
chapter examines instruments suitable for sludge treatment and
disposal facilities.

17.1.1 Purposes of Instrumentation

Most of the measuring devices described in this chapter are
"on-line" equipment designed for essentially unattended
operation. However, some critical data can be obtained only by
the use of portable test or laboratory equipment that requires
manual operation or at ten t ion. On-l ine ins trumenta t ion serve s
the following purposes in a wastewater solids treatment system:

• Reduces labor
• Reduces chemical consumption
• Reduces energy consumption
• Improves treatment process efficiency and reliability
• Provides information for planning
• Verifies compliance with discharge requirements
• Assures personnel safety

17.1.2 Instrumentation Justification
and Design Considerations

Some uses of instrumentation--for example, to reduce labor,
chemical consumption, or energy consumption--will be justified
primarily from an economics viewpoint. Economics may, however,
be a secondary consideration in decisions to install instrumenta
t ion for any of the other purposes 1 i s ted above. For ins tance,
ins trume nta t ion for provid i ng plann ing inf orma t ion and/or for
verifying compliance with discharge requirements may be justified
on non-economic grounds. The information provided may be
essential for planning new facilities and/or improving existing
facilities. Such information may also be required for monitoring
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treatment results for reports to various ,government agencies.
Economic considerations will also be secondary for those systems
requiring continuous monitoring to protect operating personnel.

Economic analyses of instrumentation, when required, must
include both capital and operation and maintenance (O/M) costs.
O/M costs can be high, especially in sludge management, where the
rna ter i al s being measured are usually debr i s-l aden and some time s
corrosive. A 1976 USEPA study found that many wastewater
treatment instruments are not properly operated or maintained
and quickly fall into disuse (1). This is particularly 'true
in small plants where the maintenance staff usually does not
include full-time instrumentation specialists, and where contract
instrumentation specialists are unavailable. The designer
must consider whether proper operation and maintenance will be
available before incorporating instrumentation into a plant's
design. In larger plants (20 to 30 t1GD [0.88 to 1.3 m3/s]),
O/M staffs should include full-time instrumentation specialists.

Aside from the cost evaluations and O/M requirements discussed
above, several factors will influence the selection of
instruments for a specific application. These include:

• Characteristics of the process fluid, particularly the
water, grease, grit, and gas content and the degree of
variability in the influent material from day to day.

• Configuration of process piping, channels, or vessels.

• Requirements relating to instrument measurement range and
accuracy.

• Utility availability (instrument air, purge water,
electricity, etc.).

The instrumentation information presented in Tables 17-1 through
17-12 is applicable to a wide variety of sludge treatment and
disposal processes. The tables list the process and process
variables, the measurements, and the suggested instruments
for individual process steps in treatment and disposal. The
specific instruments listed in these tables should be considered
as candidates, not as specific recommendations.

More detailed information about the various instruments is
available including illustrations, descriptions, and lists of
manufacturers (2). Note, however, that al though many speci fic
instrume nts are used in both sl udge process ing and in conven
tional industrial processes, some manufacturers are not active in
the wastewater field. The suitability of their instruments for
sludge applications has not been established.
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TABLE 17-1

THICKENING

P~ocess and process
variables Measurements Suggested instruments

Gravity Thickener

Feed sludge

Dilution ,later

Tank sludge depth

Supernatant
Collection equipment

Thickened sludge

Polymer or chemicals

FIO\I Venturi ,Ii th diaphragm sensors
Magnetic
Doppler
Weir
Pump displacement

FIO\I Venturi
Magnetic
Ultrasonic
Propeller
Orifice

Blanket level Optical
Ultrasonic

(See Table 17-12, Sidestreams)
Torque or power Shearpin

draw Alnme ter
Flow Magnetic

Doppler
Pump displacement

Pressure Bourdon with cylindrical seal
Diaphragm

Density Nuclear
Optical
Ultrasonic

Level Tape and float
Capacitance
Ultrasonic

Flow Magnetic
Rotameter
Pump displacement

Weight Static

Flotation Thickener

Feed sludge

Thickened float or
sludge

Subnatant
polymer or chemicals

Flow

Pipe empty

Flow

(See Table 17-12,
Level

Flml

\'ieight

17-3

venturi with diaphragm sensors
Magnetic
Doppler
Capacitance
Nuclear
Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement

Sidestreams)
Capacitance
Ultrasonic
Tape and float
Magnetic
Rotameter
Pump'displacement
Static



TABLE 17-1

THICKENING (Continued)

Process and process
variables _____.:..:M:.:e:.:a:.:s:..:u:..:r::....e:..:m.:.:.e.::..:..:n~ts__~ _ __--=s~u~g~g!..:e:..:s:..t.::.e.::.d=---=i..::n:.:s:..:t:.:r~u::m::e~n_=t:=s, _

Flotation Thickener (continued)

Dissolution system (assuming
subnatant recycle
or full make-up)

Air supply

Flow

Pressure

Flow

Pressure

Venturi
Magnetic
Ultrasonic
Propeller
Orifice
Bourdon
Diaphragm
Rotame ter
Pitot tube
Bourdon
Diaphragm

Centrifuge

Feed sludge

Centrate
Thickened sludge

Centrifuge operation

polymers or chemicals

Flow Magnetic
Pump displacement

Pipe empty Capacitance
Nuclear

(See Table 17-12, Sidestreams)
Level Ultrasonic
Flow Pump displacement
Pressure Bourdon with cylindrical seal
Density Nuclear

Optical
Ultrasonic

Vibration Accelerometer
Displacement probes

Torque or power Ammeter
draw

Level Capacitance
Ultrasonic
Tape and float

Flow Magnetic
Rotameter
Propeller
Pump displacement

Weight Static
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Process and process
variables

Anaerobic Digesters

Feed sludge

TABLE 17-2

Measurements

Flow

Pressure
Dens i ty

~ug3ested instruments
~--

venturi ~~th diaphragm sensors
Magnetic
Doppler
Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic

Digester liquid surface
Floating cover
Fixed cover

Gas holding coyer
Digester contents

circulating sludge

Digested sludge

Supernatant
Digester gas

Hot water heating system

Atmospheric monitoring

Level
Level

Level
Temperature
pH and ORP
Pressure
Temperature
pH and ORP
Flow

Pressure

Dens i ty

pH and ORP
(See Table 17-12,

Flow

Pressure
Composition
Heat value
Pressure
Temperature
Hydrocarbons
Odors

17-5

Tape (attach to cover)
Bubbler with nitrogen purge
Diaphragm
Capacitance
Ultrasonic
Diaphragm (differential pressure)
RTD
Portable selective-ion
Bourdon with cylindrical seal
RTD (pad type)
Selective-ion (pipeline mtg)
Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
RTD (pad type)
Nuclear
Optical
Ul trasonic
Portable selective-ion

Sidestreams)
Orifice
Turbine
Vortex
Diaphragm
Chromatograph
Calorimeter
Bourdon
RTD
Ca talytic
Portable olefactometer



TABLE 11..,2

STABILIZATION (Continued)

Process and process
var iables

--~
Measurements Suggested instruments

Aerobic Digesters

Feed sludge

Digester liquid surface

Flow

Pressure
Density

Level

Venturi with diaphragm sensors
Magnetic
Doppler
Bourdon with cylindrical seal
Nuclear
Optical
Bubbler
Diaphra']m
Capacitance
Ultrasonic
RTD
Optical
Polarographic
Galvanic
Thallium
Portable selective-ion
Optical
Ultrasonic

Sidestreams)
Venturi with diaphragm sensors
Magnetic
Doppler
Nuclear
Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
RTD (pad type)
Nuclear
Optical
Ultrasonic
Selective-ion (pipeline mtg)pH and ORP

pH or ORP
Blanket level

Density
Flow

Pressure
Temperature
Density

Temperature
Suspended solids
Dissolved oxygen

{See Table 17-12,
Flow

Digested sludge

Superna tan t
Recycled sludge

Sedimentation tank

Digester contents

Lime Trea tmen t

Feed Sludge

Treated sludge

Flow

Pressure

Density

pH and ORP
Flow

Pressure
Temperature
Density

pH and ORP

Magnetic
Doppler
Venturi with diaphragm seal
Pump displacement
Bourdon with cylindrical seal

Nuclear
Optical
Ultrasonic
Portable selective-ion
Magnetic
Pump displacement
Bourdon with cylindrical seal
RTD (pad type)
Nuclear
Optical
Ultrasonic
Selective-ion (pipeline mtg)
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TABLE 17-2

STABILIZATION (Continued)

Process and process
variables

Lime Treatment (continued)

Chemicals

Chlorine Treatment

Feed sludge

Treated sludge

Chemicals

Measurements

Level
Flow

Weight

Flow

Pressure
Density

Flow

Pressure
Temperature
Density

pI!
Flow

Pressure
Weight
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Suggested instruments

Ultrasonic
Magnetic
Pump displacement
Static

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic
Magnetic
Doppler
Bourdon with cylindrical seal
RTD
Nuclear
Optical
Selective-ion (pipeline mtg)
Rotameter
Orifice
Bourdon with diaphragm seal
Static



Process and process
variables

Pasteurization

Feed sludge

Pasteurization system

Pasteurized sludge

Steam supply

Electron Irradiation

Feed Sludge

Irradiation system E-beam
monitoring

Irradiated sludge

TABLE 17-3

DISINFECTION

Level

Flow

Pressure
Density

Pressure

Temperature
Time

Level
Flow
Pressure
Flow

Pressure

Temperature

Level

Flow

Pressure
Temperature
Density

Power draw
Flow

Pressure
Temperature
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SUCJgested instruments

Bubbler
Diaphragm
Capacitance
Ultrasonic
venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic
Bourdon with flush diaphragm

seal
RTD (pad type)
Digital
Synchronous motor
Ultrasonic
Pump displacement
Bourdon with cylindrical seal
Nozzle
Or if ice
Bourdon with steam service

siphon
RTD

Bubbler
Diaphragm
Capacitance
Ultrasonic
Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
RTD (pad type)
Nuclear
Optical
Ultrasonic

Ammeter
Venturi with diaphragm seal
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
RTD (pad type)



TABLE 17-3

DISINFECTION (Continued)

Process and process
variables Measurements

Electron Irradiation
(continued)

Cooling air FIQ;1
Floll loss

Pitot tube
Vane
Differential pressure
Thermal

Flow

Floll

Level

Dosage
Safety

Bubbler
Diaphragm
Capacitance
Ultrasonic
Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic
Geiger counter
Geiger counter
Dosimeter
Badge
Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Transport displacement

Pressure Bourdon with cylindrical seal
Temperature RTD (pad type)
Radiation Geiger counter

_____. ....mm....m"'«'·'-'-------

Pressure
Density

Irradiated sludge

Irradiation system
Radiation

Gamma Irradiation

Feed sludge
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Process and process
variables

TABLE 17-4

CONDITIONING

Inorganic Chemical Condi tioning

Feed sludge

Chemicals
(aluminum sulfate,

aluminum chloride,
lime ferric chloride,
ferrous sulfate)

Organic Chemical Conditioning

Feed sludge

Polymers

Non-Chemical Additions
"_,$.);.i%.o.",,,,,~

Feed sludge

Miscellaneous materials
(ash, pulverized coal,
sawdust, wastepaper

Flm,

Pressure
Density

Level

Flow

Pressure
Weight

E'low

Pcessure

Density

Level

E'low

Pressure
Height

Flow

Pressure
Density

Level

Weight

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic

Ultrasonic
Tape and float
Magnetic
Doppler
Pump displacement
Bourdon with chemical seal
Static

Venturi with diaphragm sensors
Magnetic
Doppler
Pump ~isplacement

Bourdon with cylindrical seal

Nuclear
Optical
Ultrasonic
Capacitance
Ultrasonic
Tape and float
Magnetic
Rotameter
Pump displacement
Bourdon with cylindrical seal
Static

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic

Capacitance
Ultrasonic
Static
Mass flow

17-10



TABLE 17-4

CONDITIONING (Continued)

Process and process
variables

Thermal Conditionin~

Feed sludge

Condi tioning

Solids separation

Atmospheric monitoring

Decant liquor
Conditioned sludge

Steam supply

Air supply

Elutriation

Feed sludge

Measurements

Flow

Pressure
Temperature
Density

Pipe empty

Pressure
Temperature

Level
Blanket level

Odors

(See Table 17-12,
Flow

Pressure
Temperature
Flow

Pressure
Temperature
Flow

Pressure

Flovl

Pressure
Density

Suggested instruments

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
RTD (pad type)
Nuclear
Optical
Sonic
Capacitance
Nuclear
Bourdon with cylindrical seal
RTD (pad type)
Thermocouple
Ultrasonic
Optical
Ultrasonic

Portable olefacttometer
Panel

Sidestreams)
Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
RTD (pad type)
Nozzle
Orifice
Bourdon with steam siphon
RTD
Venturi
Rotometer
Orifice
Bellows
Diaphragm

Venturi with diaphragm sensors
Magnetic

Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic
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TABLE 17-4

CONDITIONING (Continued)

Process and process
variables Measurements Suggested instruments

Elutriation (continued)

Solids separation

Elutriate
Conditioned sludge

Hash water

Level Bubbler
Diaphragm
Ultrasonic

Blanket level Optical
Ultrasonic

(See Table 17-12, Sidestreams)
Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement

Pressure Bourdon with cylindrical seal
Flow Venturi

Magnetic
Rotameter
Propeller

"",--------------
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,TABLE 17-5

DEWATERING

Process and process
variables Measurements Suggested instruments

RTD with lithium chloride
cloth (wet bulb tempera
ture)

Tipping bucket

Thermopile
Portable olefactometer

RTD with solar shield
Thermistor with solar shield

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic
Portable ohmmeter
Lab test
Transport displacement
Static
Portable ohmmeter
Lab test

Ra infall

Solar radiation
Odors

(See Table 17-12, Sidestreams)

Wind speed (15 ft (4.6 m)) Anamometer
above ground

Wind direction (15 ft Wind vane
(4.6 m)) above
ground

Temperature, dry bulb
(5 and 25 ft (1.5 and
and 7.6 m)l above
ground

Relative humidity

Moisture content

Flow

Flow (volume)
weight
Moisture content

Pressure
Density

Drainage and surface
runoff

Weather

Atmospheric monitoring

Dewatered sludge

Bed contents

Drying beds

Feed sludge

Drying Lagoons

Feed sludge Flow

Pressure
Dens i ty

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic
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TABLE 17~5

DEWATERING (Cc:mtinued)

Process and process
variables Measurements Suggested instruments

Drying Lagoons (Continued)

Lagoon contents

Harvested sludge

Moisture content

Flow (volume)
We ight

Portable ohmr.leter
Lab test
Transport displacer.len~

Static

Anemometer

RTD with lithium chloride
cloth (wet bulb ter.lperature)

Tipping bucket
Thermopile
Portable olefactor.leter

Hind vane

RTD with solar shield
Thermistor with solar shield

Ra infall
Solar radiation
Odors

(See Table 17-12, Sidestrear.ls)

Wind speed (15 ft
(4.6 m)) above ground

Wind direction (15 ft
(4.6 m above ground

Temperature (5 and 25 it
it (1.5 and 7.6 r.l)) above
ground

Relative hUr.lidity

Atmospheric
r.lonitoring

Supernatant and
surface runoff

Weather

Flow

Weight

Pipe er.lpty

FlOl; (volume)

Moisture content

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacer.lent
Bourdon with cylindrical seal
lJuclear
Optical
Ultrasonic
Capacitance
Nuclear

(See Table 17-12, Sidestreams)
Torque of pO\wr draw Ar.lr.leter
Vibration Accelerometer

Displacement probes
Pump displacement
Transport displacement
Static
Mass flO\;

Portable ohmmeter
Lab test

Pressure
Density

Dewatered sludge

CE;!ntrate
Centrifuge operation

Centrifugal Dewatering

Feed sludge

polymers or chemicals Level

Flow

Pressure
We igh t

Capacitance
Ultrasonic
Tape and float
Magnetic
Rotameter
Propeller
Pump displacement
Bourdon with chemical seal
Static
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"FABLE 17-5

D"EWATERING (Continued)

Level Capacitance
Ultrasonic

Pressure Bourdon with chemical seal
Speed Reluctance pick-up

(See Table 17-12, Sidestreams)

(See Table 17-12, Sidestreams)

Flow venturi
Rotameter
Propeller
Orifice

Pressure Bourdon

Pressure Bourdon or bellows with
chemical seal

Diaphragm
Speed Reluctance

(See Table 17-12, Sidestreams)

(See Table 17-12, Sidestreams)

Process and process
variables

Filtration Dewate~~..~_CJ

Feed sludge

Vacuum filter
operation

Filtrate
Spent wastewater

and rejected
feed sludge

Washwater

Belt filter presses
operation

Filtrate
Spent wastewater

and rejected
feed sludge

Washwater

Measurements

Flow

Pressure
Density

Pipe empty

Flow

Pressure

Suggested instruments

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
Nuclear
Optical
ultrasonic
Capacitance
Nuclear

Venturi
Rotameter
Propeller
Orifice
Bourdon

Recessed plate filter
presses

Operation
Filtrate
Spent washwater

and reject
feed sludge

Pressure Bourdon with cylindrical seal
(See Table 17-12, Sidestreams)

(See Table 17-12, Sidestreams)
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TAB l.;1; l7.-;5

DEWATERING (Cpotinued)

Process and process
variables

Filtration Dewatering
(Continued)

De\latered 'sludge

Polymers or chemicals

Cyclonic Separation

Feed wastewater solids

Overflow
Underflow

Measurements

Flow

\~eight

Moisture content

Level

Flow

Pressure
\~eight

Flow

Pressure
Density

(See Table 17-12,
Flow (volume)

Suggested instruments

Pump displacement
Transport displacement
Static
Mass flow
Portable ohmeter
Lab test
Capacitance
Ultrasonic
Tape and float
Ma<Jnetic
Rotameter
Propeller
Pump displacement
Bourdon with chemical seal
Static

Magnetic
Doppler
Bourdon with cylindrical seal
Nuclear (sludge system only)
Ultrasonic

Sidestreams)
Transport displacement

Screening

Feed wastewater

Feed wastewater solids

Automatic bar screens

Hydraulic sieve bends

Moving screens

Level

Flow

Level

Flow

Pipe empty

Torque or power draw

Level

Level

Speed

Bubbler
Diaphragm
Venturi
Magnetic
Doppler
Weirs and flumes
Bubbler
Diaphragm
Ultrasonic
Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Capacitance
Nuclear
Shear pin
Ammeter
Bubbler
Diaphragm
Bubbler
Diaphz:'agm
Bubbler
Diaphragm

Screened liquid (See Table 17-12, Sidestreams)
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'TABLE 17-6

HEAT DRYING

Process and process variables Measurements----------- ~-~---,,-,--",
Suggested instruments

Flash drying

Feed sludge

Drying operation

Dried sludge

Flow, volume

Weight

Moisture content

Pipe empty

Temperature

Flow, volume

Temperature

\'Jeight

Moisture content

Pump displacement
Transport displacement

Static
Mass flow

Portable ohmmeter
Lab test

Capacitance
Nuclear

RTD (pad type)

Transport displacement

RTD (pad type)

Static
Mass flow

Portable ohmmeter
Lab test

Flame monitoring

Flow

Hot air furnace
Burner operation

Fuel

Combustion air

Heated air

Fan monitoring

Scrubber water

Flow

Pressure

Temperature

Temperature

Flow loss

Vibration

Ultravilot scanner

Pitot tube
Orifice
Positive displacement

Pitot tube
Orifice plate

Diaphragm
Bellows

RTD

Thermocouple

Vane
Differential pressure
Thermal

Accelerometer

(See Table 17-12, Sidestreams)

Direct rotary dryer

Feed sludge

Drying operation

Dried sludge

Flow, volume

Weight

Moisture content

Temperature

Speed

Torque or power draw

Flow, volume

Temperature

Weight

Moisture content
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Transport displacement

Static
Mass flow

Portable ohmmeter
Lab test

RTD (pad type)

Reluctance

Shearpin
Ammeter

Transport displacement

RTD (pad type)

Static
Mass flow

Portable ohmmeter
Lab test



TABLE 17-6

HEAT DRYING (Continued)

Process and variables Measurements Suggested instruments

Direct rotary dryer (continued)

Hot air furnace
Burner operation Flame monitoring Ultravilot scanner

Flow

Flow

Pressure

Temperature

pitot tube
Orifice
Vortex
Positive displacement

Pitot tube
Orifice

Diaphragm

RTD

Thermocouple

Vane
Differential pressure
Thermal

Vibration Accelerometer

Temperature

Flow loss

Fuel

Combustion air

Heated air

Fan monitoring

Pump displacement
Transport displacement

Flow, volume

Scrubber water (See Table 17-12, Sidestreams)

Indirect and direct-indirect
II"..• ..""-_... ·" .. ID" "",,"'_

rotary dryers

Feed sludge

Drying operation

Dried sludge

Weight

Moisture content

Temperature

Speed

Torque or power draw

Flow, volume

Temperature

Weight

Moisture content

Static
Mass flow

Portable ohmmeter
Lab test

RTD (pad type)

Reluctance

Shearpin
Ammeter

Transport displacement

RTD (pad type)

Static
Mass flow

Portable ohmmeter

Hot air furnace
Burner operation

Fuel

Combustion air

Flame monitoring

Flow

Flow

Ultraviolet scanner

pitot tube
Orifice
Vortex
Positive displacement

Pitot tube
Orifice

Heated air

Fan monitoring

Pressure

Temperature

Temperature

Flow loss

Bellows
Diaphragm

RTD

Thermocouple

Vane
Differential pressure
Thermal

Vibration Accelerometer

Scrubber water (See Table 17-12, Sidestreamsl

a See Table 17-12, Sidestreams.
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TABLE 17-6

HEAT DRYING (Continued)

Process and process variables Measurements Suggested instruments

Incinerators

Toro.9ial dryers

Liquid or dewatered solids
storage

Dewatering

Feed sludge

(See Table 17-7, High Temperature Processes)

(See Table 17-11, Storage)

(See Table 17-5, Dewatering)

Flow, volume Transport displacement

Weight Static
Mass flow

Drying operation

Dried sludge

Hot air furnace
Burner operation

Fuel

Combustion air

Heated air

Fan monitoring

Moisture content

Temperature

Flow, volume

Temperature

Weight

Moisture content

Flame monitoring

Flow

Flow

Pressure

Temperature

Temperature

Vibration

Portable ohmmeter
Lab test

RTD (pad type)

Transport displacement

RTD (pad type)

Static
Mass flow

Portable ohmmeter
Lab test

Ultraviolet scanner

pitot tube
Orifice
Vortex
Positive displacement

Pitot tube
Orifice

Bellows
Diaphragm

RTD

Thermocouple

Accelerometer

Flow loss Vane
Differential pressure
Thermal

Scrubber water (See Table 17-12, Sidestreams)

a See Table 17-12, Sidestreams.

b See Table 17-7, High Temperature Processes.

c See Table 17-11, Storage

d see Table 17-5, Dewatering.

Spray drying

Feed sludge

Drying operation

Dried sludge

Hot air supply

Flow

Pressure

Density

Temperature

Flow, volume

Temperature

Weight

Moisture content

Temperature

Pump displacement

Bourdon with cylindrical seal

Nuclear
Optical
Ultrasonic

RTD (pad type)

Transport displacement

RTD (pad type)

Static
Mass flow

Portable ohmmeter

Thermocouple
--------------~....-~_.-
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TABLE 17-6

HEAT DRYING (Continued)

Process and process variables
-,--,,~._,.

Solvent extraction

Feed sludge

Cooled sludge

Extraction system

Dried sludge

Product water

Hot air

Chilled water

Multiple-effect evaporato~

Feed sludge

Fluidizing system
Fluidizing tank

Measurements

Flow

Pressure

Temperature

Density

Temperature

Pressure

Temperature

Flow, volume

Temperature

Weight

Moisture content

Flow

Pressure

Temperature

Suspended solids

Chemical oxygen demand

Temperature

Flow

Pressure

Temperature

Flow

Pressure

Temperature

Density

Level

Temperature

Suggested instruments

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement

Bourdon with cylindrical seal

RTD (pad type)

Nuclear
Optical
Ultrasonic

RTD (pad type)

Bourdon with chemical seal

RTD

Transport displacement

RTD (pad type)

Static
Mass flow

Portable ohmmeter
Lab test

Venturi
Magnetic
Pump displacement

Bourdon with chemical seal

RTD

Optical

TOC analyzer

RTD
Thermocouple

Rotameter
Propeller
Orifice

Bourdon

RTD

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement

Bourdon with cylindrical seal

RTD (pad type)

Nuclear
Optical
Ultrasonic

Ultrasonic

RTD (pad type)
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TABLE 17-6

HEAT DRVfNG '(C6ntinued)

Process and variables Measurements __________-=S~u~g~ges~ed instruments

Multiple-effect evaporator
(continued)

Fluidizing system (continued)

Fluidizing pump Pressure

Temperature

Feed tank Level

Bourdon with cylindrical seal

RTD (pad type)

Ultrasonic

Temperature

Feed pump Flow

Evaporation system

Dried sludge

Condensate

Recycled oil

Steam supply

Pressure

Temperature

Pressure

Temperature

Flow, volume

Temperature

Weight

Moisture content

Flow

Pressure

Temperature

Level

Flow

Pressure

Temperature

Flow

Pressure

Temperature
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RTD (pad type)

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement

Bourdon with cylindrical seal

RTD (pad type)

Bourdon with chemical seal

RTD (pad type)

Transport displacement

RTD (pad type)

Static
Mass flow

Portable ohmmeter
Lab test

Rotameter
Orifice

Bourdon with chemical seal

RTD (pad type)

Ultrasonic

Orifice
Pump displacement

Bourdon with diaphragm seal

RTD

Nozzle
Orifice

Bourdon with steam siphon

RTD



Process and process
variables

-----«._--«---

Incineration

iABLE 17-7

HIGH TEMPERATURE PROCESS

Measu~ements Suggested instruments
--------._-------

Feed sludge

Furnace operation

Mul tiple-hearth

Fluid-bed

Electric

Single-hearth cyclonic

Ash

Combustion air

Recycled flue gas

Afterburner
Multiple-hearth furnace

Electric furnace

Exhaust (stack gas)

Flow (volume)

Temperature
Weight

~loisture content

Temperature
Speed
Torque of power

draw
Flame monitoring
Pressure
Temperature
Flame monitoring
Temperature
Speed
Power draw
Temperature
Speed
Torque or power

draw
Flame monitoring
Flow (volume)
Temperat-ure
Weight

Flow loss

Pressure

Temperature

Temperature
Temperature
Flame monitoring
Temperature
Power draw

Pressure

Temperature
Oxygen content

Opacity

Other measurements
as required by
local air quality
management dis
tricts

Pump displacement
Transport displace~ent

RTD
Static
Mass flow
Portable ohmmeter
Lab test

Thermocouple
Reluctance
Shear pin
Ammeter
Ultraviolet scanner
Bourdon with diaphragm seal
Thermocouple
Ultraviolet scanner
Thermocouple
Reluctance
Ammeter
Thermocouple
Reluctance
Shear pin
Ammeter
Ultraviolet scanner
Transport displacement
Thermocouple
Static
Mass flow
Vane
Differential pressure
Thermal
Diaphragm
Bellows
Thermocouple

Thermocouple
Thermocouple
Ultraviolet scanner
Thermocouple
Ammeter

Bellows
Diaphragm
Thermocouple
Paramagnetic
Catalytic
Ceramic
Optical

As required
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TABLE ,17-7

HIGH TEMPERATURE PROCESS (Continued)

Process and process
variables Measurements Suggested instruments

Incineration (continued)

Heat recovery system
Flue gas
Boiler

Steam produced

scrubbing water

Fuel
Electric furnace
Other furnaces

Temperature
Level
Pressure
Temperature
Flow

Pressure
Temperature

(See Table 17-12,

Power draw
Level

Flow

Pressure

Thermocouple
Float (cage mounted)
Bourdon
Thermocouple
Nozzle
Orifice
Bourdon with steam siphon
Thermocouple

Sidestreams)

Ammeter
Diaphragm
Tape and float
Positive displacement
Orifice
Bourdon
Bellows
Diaphragm

Starved Air Combustion

Feed sludge

Furnace operation

Ash

Combustion air

Afterburner

Flow (Volume)

Temperature
We igh t

Moisture content

Pressure

Temperature

Flow (volume)
Temperature
Weight

Flow loss

Pressure

Temperature

Temperature
Flame monitoring
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Pump displacement
Transport displacement
RTD
Static
Mass flow
Portable ohmmeter
Lab test
Bellows
Diaphragm
Thermocouple

Transport displacement
Thermocouple
Static
Mass flow

Vane
Differential pressure
Thermal
Be llows
Diaphragm
RTD

Thermocouple
Ultraviolet scanner



TABLE 17-7

'HIGH TEMPERATURE PROCESS (Continued)

Measurements
Process and process

variables

Starved Air Som~~tio~ (continued)

Suggested instruments------- -,,-------,,-,

Exhaust (stack gas) Pressure

Temperature
Oxygen content

Opacity

Other measurements
as rquired by
local air quality
management dis
tricts

Bellows
Diaphragm
Thermocouple
Paramagnetic
Catalytic
Ceramic
Optical

As required

Heat recovery system
Flue gas
Boiler

Steam produced

scrubbing water

Fuel
Flue gas for after

burner
Supplemental fuel

Temperature
Level
Pressure
Temperature
Flow

Pressure
Temperature

(See Table 17-12,

Pressure

Level

Flow

Pressure

Thermocouple
Float (cage mounted)
Bourdon
Thermocouple
Nozzle
Or if ice
Bourdon
RTD

Sidestreams)

Bellows
Diaphragm
Diaphragm
Tape and float
Orifice
Positive displacemeent
Bourdon
Bellows
Diaphragm

Watergate Furnace

Feed scum

Furnace operation

Exhaust (stack gas)

Flow

Pressure
Density

Level

Temperature
Flame monitoring
Pressure

Temperature
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venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic
Diaphragm
Ultrasonic
Thermocouple
Ultraviolet scanner
Bellows
Diaphragm
Thermocouple



TABLE 11-7

HIGH TEMPERATURE PROCESS (Continued)

Process and process
variables Measurements Suggested instruments

Watergate Furnace (Continued)

Exhaust (stack gas)
(continued)

Oxygen content

Opacity

Other measurements
as required by
local air quality
management dis
tricts

Paramagnetic
Catalytic
Ceramic
Optical

As required

Scrubbing water
Fuel

(See Table 17-12,
Level

Flow

pressure

Sidestrearas)
Diaphragm
Tape and float
Orifice
Positive displacement
Bellows
Diaphragm

Venturi with diaphragm sensors
Magnetic
Dcppler
Pump displacement
Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic

Transport displacement
Static
Mass flow
Portable ohmmeter
Lab test

Transport displacement
Static
Mass flow
Portable ohmmeter
Lab test

Moisture content

Flow

Moisture content

Flow (volume)
Weight

Flow (volume)
weight

Pressure
Density

Dewatered state

Municipal refuse

Co-Combustion with Municipal Refuse

Feed sludge

Liquid state

Furnace operation
Grate fired

Multiple-hearth

Temperature
Flame monitoring
Teraperature
Speed
Torque or power

draw
Flame monitoring

Thermocouple
Ultraviolet scanner
Thermocouple
Reluctance
Shear pin
Ammeter
Ultraviolet scanner
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TABLE 17-7

HIGH TEMPERATURE PROCESS (Continued)

Process and process
variables ~1easurements Suggested instruments

Thermocouple
Ultraviolet scanner

Bellows
Diaphragm
Thermocouple
Paramagnetic
Catalytic
Ceramic
Optical

As required

Bellows
Diaphragm
Thermocouple
Ultraviolet scanner
Transport displacement
Thermocouple
Static
Hass flow
Vane
Differential pressure
Thermal
Diaphragm
Bellows
RTD

Thermocouple

Opacity

Other measurements
as required by
local air quality
management dis
tricts

Flow loss

Pressure

Temperature
Flame monitoring

Pressure

Temperature
Oxygen content

Temperature

Temperature

Pressure

Temperature
Flame monitoring
Flow (volume)
Temperature
Weight

Recycled flue gas

Afterburner

Multiple hearth

Exhaust (stack gas)

Ash

Combustion air

Co-Combustion with Municipal Refuse
(continued)

Furnace operation (contihued)
Fluid-bed

Heat recovery system
Flue gas
Boiler

Steam produced

Temperature
Level
Pressure

Temperature

Flow

Pressure

Thermocouple
Float (cage mounted)
Bellows
Diaphragm
Thermocouple

Nozzle
Orifice
Bourdon with steam siphon

Scrubber water (See Table 17-12, Sidestreams)
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TABLE 17-8

COMPOSTING

Process and process
variables

Unconfined

Windrow

Feed sludge

Composting

Compos ted sludge

Amendment or bulking
agent

Measurements

Level

Flow (volume)
Weight
Moisture content
Temperature
Moisture content

Aerobic condition

Flow (volume)
Weight
Moisture content

Flow (volume)
weight
/loisture content

Suggested instruments

Capacitance
Ultrasonic
Transport displacement
Static
Portable ohmmeter
Portable thermometer
Portable ohmmeter
Lab test
Portable galvanic cell
Portable polarographic cell
Truck displacement
Static
Portable ohmmeter
Lab test

Transport displacement
Static
Portable ohmmeter
Lab test

Leachate and surface
runoff (See Table 17-12, Sidestreams)

Weather

Atmosperic monitoring

Aerated pile

Feed sludge

Wind speed (15 ft
(4.6 m)) above
ground

Wind direction
(15 ft (4.6 m))
above ground

Temperature (5 and
25 ft (1.5 and
7.6 m)) above
ground

Relative humidity

Solar radiation

Odors

Level
Flow (volume)
weight
r10isture content

Anemometer

Wind vane

RTD with solar shield
Thermistor

RTD with lithium chloride cloth
(wet bulb temperature)

Thermophile

Portable olefactometer

Capacitance
Ultrasonic
Transport displacement
Portable ohmmeter
Lab test
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TABLE 17-8

COMPOSTING (Continued)

Process and process
variables

Unconfined (continued)

Aerated pile

Feed sludge

Composting

Compos ted sludge

Aeration air

Amendment or bulking
agent

Measurements

Level

Flow (volume)
weight

Moisture content

Temperature

Moisture content

Aerobic condition

Flo\! (volume)
Weight
Moisture content

Flow

Flml (volume)
Weight

Moisture content

Suggested instruments

Capacitance
Ultrasonic
Transport displacement
Static
Mass flow
Portable ohmmeter
Lab test

RTD
Portable thermometer
Portable ohmmeter
Lab test
Portable galvanic cell
Portable polarographic cell

Transport displacement
Static
Portable ohmmeter
Lab test

Venturi
pitot tube
Orifice

Transport displacement
Static
Mass flml
Portable ohmmeter
Lab test

Leachate and surface
runoff

Weather

(See Table 17-12, Sidestreams)

Wind speed (15 ft Anemometer
( 4 . 6 m)) above
ground

Wind direction Wind vane
(15 ft (4.6 m))
above ground

Atmospheric monitoring

Temperature (5 and
2 5 ft (1. 5 and
7.6 m)) above
ground

Relative humidity

Ra infal!
Solar radiation

Odors

RTD ) with solar shield
Thermistor)

RTD with lithium chloride cloth
(wet bulb temperature)

Tipping bucket
Thermopile

Portable olefactometer
------,-------------
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TABLE 17-8

COMPOSTING, (Continued)

Process and process
variables

Confined Systems

Feed sludge

Composting

Composed sludge

Amendment or bulking
agent

Atmospheric monitoring

Measurements

Level

Flow (volume)
Weight

Moisture content

Temperature
Moisture content
Aerobic condition

Level

Flow (volume)
weight

Moisture content

Level

Flow (volume)
weight

Moisture content

Odors

17-29

Suggested instruments

Capacitance
Ultrasonic
Transport displacement
Static
Mass flo\/
Portable ohmmeter
Lab test

RTD

Portable ohmmeter
Portable galvanic cell
Portable polarographic cell

Capacitance
Ultrasonic
Transport displacement
Static
Mass flm/
Portable ohmmeter
Lab test

Capacitance
Ultrasonic
Transport displacement
Static
Mass flow
Portable ohmmeter
Lab test

Portable olefactometer



TABLE 17-9

MISCELLANEOUS CONVERSION PROCESSES

Suggested instruments
OO_"_O_O~

Measurements
Process and process

variables
_________________~_~~_~__ oo

Fixation

Feed sludge

Fixed sludge

Flow (volume)
Moisture content

l10isture content

Transport displacement
Portable ohmmeter
Lab test

Portable ohmmeter
Lab test

Encal!sulation

Feed sludge

Polyethlene system

Asphalt system

Encapsulated sludge

Flow (volume)
!Ioisture content

Pressure
Temperature

Temperature

Flow (volume)

Transport displacement
Portable ohmmeter
Lab test
Bellows with diaphragm seal
RTD
Thermocouple
RTD
Thermocouple
Transport displacement

Earthworm Conversion

Feed sludge

Castings (egesta)

Flow (volume)
Temperature
Moisture content

Flow (volume)
Moisture content

Transport displacement
Portable thermometer
Portable ohmmeter
Lab test

Transport displaceement
Portable ohmmeter
Lab test
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TABLE 17-10

TRANSPORTATION

Process and process
variables

Pumping

Centrifugal and torque
flow pumps

Variable speed drive

Pumped sludge

Positive displacement
pumps

Variable speed drive
Pumped sludge

Pipelines

Corrosion, electrolytic
Pig location

Continuous belt

Positive displacement

Pneumatic ejection

Open screw

Trucking

Railroad Cars

'leasurements

Speed

Vibration

Flow

Pressure
Empty pipe

Speed
Flow
Pressure
Empty pipe

Power draw
Flow

Underspeed
Level (volume

overload)
Weight

Underspeed

Flow (volume)

Level (volume
overload)

Underspeed

Flow (volume)

Weight

Level

Flow (volume)

Weight

Suggested instruments

Tachometer generator
Reluctance
Accelerometer

Venturi with diaphragm sensors
Magnetic
Doppler
Bourdon with cylindrical seal
Capacitance
Nuclear

Reluctance
Reluctance (revolution counter)
Bourdon with cylindrical seal
Capacitance
Nuclear

Ammeter
Venturi with diaphragm sensors
Magnetic
Pump displacement

Reluctance
Capacitance
Ultrasonic
Mass flow

Reluctance

Transport displacement

Capacitance
Ultrasonic
Reluctance

Transport displacement
Vehicle detection
Static

Bubbler
Diaphragm
Ultrasonic

Transport displacement
Vehicle detection
Static

--------- --_._~ ~ ~ ..~

17-31



Process and process
variables

TABLE 17-11

STORAGE

Wastewater Treatment

Sedimentation facilities

Aeration reactors

Imhoff and septic tanks

Oxidation ditches

Stabilization ponds

Density

Suspended solids
Blanket level

Suspended solids

Blanket level

Density

Suspended solids

Suspended solids

Nuclear
Optical
Optical
Optical
ultrasonic

Optical

Optical
Ultrasonic
Nuclear
Optical

Optical

Optical

Wastewater Solids Treatment (See Individual Process Tables)

Liquid Storage

Holding Tanks
Feed sludge

Tank liquid surface
Fixed cover

Floating cover

Tank contents

Circulating sludge

Discharged sludge

["low

Pressure
Temperature
Dens i ty

Level

Level

Ter.1perature
pH

Pressure
Temperature
pH

Flow

Pressure
Temperature

Dens i ty
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Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
RTD (pad type)
Nuclear
Optical
Ultrasonic

Bubbler
Diaphragm
Capacitance
Ultrasonic
Tape (attach to cover)

RTD
Portable selective-ion

Bourdon with cylindrical seal
RTD (pad type)
Selective-ion (pipeline mtg)

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacer.1ent
Bourdon with cylindrical seal
RTD (pad type)

Nuclear
Optical
Ultrasonic



TABLE 17-11

STORAGE (Continued)

Process and process
variables

Confined Hoppers or Bins

Feed sludge

Hopper or bin contents

Discharged sludge

Atmosperic monitoring

Unconfined Stockp~~

Feed sludge

Stockpiled sludge

Harvested sludge

Weather

Atmospheric monitoring

MeasureIaents

Flo;l (volume)
Weight

Moisture content

Level

Weight

Level (volume over
load)

Flml (volume)
We igh t

Moisture content

Hydrocarbons
Odors

Flow (volume)
Weight
Moisture content

Moisture content

Flow (volume)
We igh t
Moisture content

Wind speed (15 ft
(4.6 m) above
ground

Wind direction
(15 ft (4.6 m)
above ground

Temperature (5 and
2 5 f t (1. 5 and
7 . 6 m» a bov e
ground

Relative humidity

Rainfall

solar radiation

Odors

Suggested instruments

Transport displacement
Static
Mass flml
Portable ohmmeter
Lab test

Capacitance
Ultrasonic
Static

Capacitance
Ultrasonic
Transport displacement
Static
Mass flow
Portable ohmmeter
Lab test

Catalytic
Portable olefactometer

Transport displacement
Static
Portable ohmmeter
Lab test

Portable ohmmeter
Lab test

Transport displacement
Static
Portable ohmmeter
Lab test

Anemometer

Wind vane

RTD ) with solar shield
Thermistor)

RTD with lithium chloride
cloth (wet bulb temperature)

Tipping bucket

Thermopile

Portable olefactometer
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TABLE 17-11

STORAGE (Continued)

Process and process
variables Measurements

"---
Suggested instruments

with solar shield

Anemometer

Wind vane

RTD
Thermistor

RTO with lithium chloride cloth
(wet bulb temperature)

Tipping bucket
Thermopile

Portable olefactometer

Density

pI!

Conductivi ty
Blanket level

Pressure

Dissolved oxygen

Pressure
Density

Ra infall
Solar radiation

Odor

Wind speed (15 ft
(4.6 ro)) above
ground

Wind direction
(15 ft (4.6 m))
above ground

Temperature (5 and
2 5 f t (1. 5 and
7.6 m)) above
ground

Relative humidity

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic

Portable selective-ion
Portable conductivity probe
Portable optical
Portable ultrasonic
Portable galvanic
Portable polarographic

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic

(See Table 17-12, Sidestreams)

Harvested sludge

Lagoon contents

Atmospheric monitoring

Supernatant

Weather

Facultative Sludge Lagoons

Feed sludge

Anaerobic Sludge Lagoon~

Feed sludge Flow

Pressure
Density

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
Nuclear
Optical
Ul trasonic

Lagoon contents Sludge blanket Portable optical
Portable ultrasonic
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TABLE 17-11

STORAGE (Continued)

Process and process
variables Measurements Suggested instruments

----~ ------

Anaerobic Sludge Lagoons
(Continued)

Harvested sludge Flow

Pressure

Venturi with diaphragm sensors
Magnetic
Doppler
Bourdon with cylindrical seal

supernatant (See Table 17-12, Sidestreams)

Weather

Atmospheric monitoring

Wind speed (15 ft
(4.6 m)) above
ground

Wind direction
(15 ft (4.6 m))
above ground

Temperature (5 and
2 5 f t (1. 5 and
7.6 m)) above
ground

Relative humidity

Rainfall
Solar radiation

Odors

Anemometer

I'll nd vane

RTD ) with solar shield
Thermistor)

RTD with lithium chloride cloth
(wet bulb temperature)

Tipping bucket
Thermopile

Portable olefactometer

Aerated Basin

Flow

Flo\!

Pressure

Dissolved oxygen

Pressure
Density

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic

Portable galvanic
Portable polarographic

Venturi with diaphragm sensors
Magnetic
Doppler

Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic

(See Table 17-12, Sidestreams)

Basin contents

Feed sludge

Supernatant

Solid State Storage

Drying sludge lagoons (See Table 17-5. Dewatering)
-----~~--_._..
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Process and process
variables

TABLE 17-12

SIDESTREAMS

Measurements Suggested instruments
------- c _

Thickening.

Gravity supernatant

Flotation subnatant

Centrifuge centrate

StabU iza tion

Anaerobic digestion
supernatant

Aerobic digestion
supernatant

Flow

Pressure
Suspended solids

Flow

Pressure
Suspended solids

Flow

Pressure
Suspended solids

Level

Flow

Pressure
Dens i ty
Sludge blanket

Suspended solids
pH
Chemical oxygen

demand
Ammonia

Level

Pressure
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Venturi with diaphragm sensors
Magnetic
Doppler
Heirs and flumes
Pump displacement

Bourdon with diaphragm sensors
Optical

Venturi with diaphragm sensors
Magnetic
Doppler
Heirs and flumes
Pump displacement

Bourdon with diaphragm sensors
Optical

Venturi with diaphragm sensors
Magnetic
Doppler
,ole irs and flumes
Pump displacement
Bourdon with diaphragm sensors
Optical

Bubbler
Diaphragm
Tape and float

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement

Bourdon with cylindrical seal
Nuclear
Optical
Sonic
Optical
Selective-ion (pipeline mtg)
TOC Analyzer

Selective-ion analyzer

Bubbler
Diaphragm
Float and tape

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement

Bourdon with cylindrical seal



Process and process
variables

TABLE 17-12

SIDESTREAMS (Continued)

Measurements Suggested instruments
----- -----

?tabilization (continued)

Aerobic digestion
supernatant (continued)

Atmospheric monitoring odors

Cond it ioning,

Thermal liquor
(decant and filtrate)

Elutriation elutriate

Flow

Pressure
Temperature
Density

Suspended solids
pH
Ammonia

Level

Flow

Pressure
Temperature
Density

Suspended solids
pH
Chemical oxygen

demand

Ammonia

Level

Flow

pressure
Density

suspended solids
pH
Ammonia
Blanket level
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Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement

Bourdon with cylindrical seal
RTD (pad type)
Nuclear
Optical
Ultrasonic
Optical
Selective-ion (pipeline mtg)
Selective-ion analyzer

Portable olefactometer

Bubbler
Diaphragm
Float and tape

Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
RTD (pad type)
Nuclear
Optical
Ultrasonic
Optical
Selective-ion (pipeline mtg)
Toe a naly zer

Selective-ion analyzer

Bubbler
Diaphragm
Float and tape
Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic
Optical
Selective-ion (pipeline mtg)
Selective-ion analyzer
Optical
Ultrasonic



TABLE 17-12

SIDESTREAMS (Continued)

Process and process
variables Measurements Suggested instruments------_._-_._-

~.~d i thc:miner (continued)

Atmospheric monitoring

Dewatering

Drying bed drainage
and surface runoff

Drying lagoons super
natant and surface
runoff

Centrifuge centrate

Vacuum, belt press, recessed
plate and frame and screw
and roll press filters

Filtrate

Odors

Level

Flow

Pressure
Suspended solids

pH
Ammonia

Level

Flm,

Pressure
Suspended solids
pH

Level

Flow

Pressure
Density

Suspended solids
pH
Ammonia
Blanket level

Level

Flow
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Portable defactometer
Panel

Bubbler
Diaphragm
Float and tape

Venturi with diaphragm sensors
Magnetic
Doppler
Heirs and flumes
Pump displacement

Bourdon with cylindrical seal
Portable optical
Portable selective-ion
Lab test

Bubbler
Diaphragm
Ultrasonic

Magnetic
Doppler
Heirs and flumes
Pump displacement

Bourdon with cylindrical seal
portable optical
Portable selective-ion

Bubbler
Diaphragm
Venturi with diaphragm sensors
Magnetic
Doppler
pump displacement
Bourdon with cylindrical seal
Nuclear
Optical
Ultrasonic
optical
Selective-ion (pipeline mtg)
Selective-ion analyzer
Optical
Ultrasonic

B'ubbler
Diaphragm
Float and tape

Venturi with diaphragm sensors
Magnetic

Doppler
Heirs and flumes
pump displacement



TABLE 17-12

SIDESTREAMS (Continued)

Process and process
variables

Dew_~!~Ei!lc'l (Cont inued)

Filtrate (continued)

spent washwater and
rejected feed sludge

Cyclonic separation

Overflow

.§ C::E..~El rl i n 9-
Screening liquid

High Temperature Proces~~~

and Heat Drying

Scrubber water
supply

Discharge

Measurer.1ents

Pressure
Suspended solids
pH
Ammonia

Level

Flm,

Dens i ty

Suspended solids

pH
Ammonia

Level

Flow

Level

Flow

Dens i ty

Level

Flm,

Pressure
Temperature

Flow

Temperature
Suspended solids
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Suggested instruments----------------_._------

Bourdon with diaphragm seal
Optical
Selective-ion (pipeline mtg)
Selective-ion analyzer

Bubbler
Diaphragm
Venturi with diaphragm sensors
Magnetic
Doppler
Pump displacement
Nuclear
Optical
Ultrasonic
Optical
Selective-ion (pipeline mtg)
Selective-ion analyzer

Bubbler
Diaphragm
Magnetic
Doppler
\ve irs and flumes

Bubbler
Diaphragm
Venturi
Magnetic
Doppler
Heirs and flumes
Nuclear
Sonic

Bubbler
Diaphragm
Float and tape

Rotameter
Propeller
Orifice
Bourdon

RTD

Ventur i
Magnetic
Ultrasonic
Orifice

RTD
Optical



TABLE 17-12

SIDESTREAMS (Continued)

Process and process
variables

Composting Leachate and
Surface Runoff

Storage

Facultative sludge
lagoon supernatant

Anaerobic sludge
la~oon supernatant

Landfilling Leachate and
Surface Runoff

Measurements

Level

Flow

Pressure
Suspended solids
pH
Chemical oxygen

demand

Level

FIOlI

Pressure
Suspended solids
pH
Ammonia

Level

Flow

Pressure
Suspended solids
pH
Ammonia

Level

Flow

Pressure
Suspended sol ids
pH
Chemical oxygen

demand

Ammonia
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Suggested instruments

Bubbler
Diaphragm
Float and tape

Venturi with diaphragm sensors
Magnetic
Doppler
Weirs

Bourdon with cylindrical seal
Optical
Selective-ion (pipeline mtg)
Total organic carbon
analyzer

Bubbler
Diaphragm
Ultrasonic

Magnetic
Doppler
We irs and flumes
Bourdon with cylindrical seal
Portable optical
Portable selective-ion
Lab test

Bubbler
Diaphragm
Ultrasonic

Magnetic
Doppler
\'ieirs and flumes
Bourdon with cylindrical seal
Portable optical
Portable selective-ion
Lab test

Bubbler
Diaphragm
Ultrasonic
Float and tape

Venturi with diaphragm sensors
Magnetic
Doppler
Weirs and flunes
Pump displacement

Bourdon with cylindrical seal
Optical
Selective-ion (pipeline mtg)
Total organic carbon
Analyzer

Selective-ion analyzer



17.2 Measurements

This section briefly describes each of the instrumentation
devices listed in Tables 17-1 through 17-12.

17.2.1 Level Measurements

Level measurements are required for both displacement volume and
open channel flow instrumentation. Some instruments have almost
unlimited applicability, while others are restricted because of
mater ial interferences. Sometimes these interferences can be
minimized or eliminated with special purging; however, the
designer must provide the support systems required if such
instruments are to be reliable.

17.2.1.1 Bubblers

The pneumatic bubbler remains the most universally applicable
liquid level measuring device in wastewater treatment facilities.
In its simplest form, a bubbler consists of a dip tube through
which a constant small flow of purge gas, usually air, is
discharged. The gas flow prevents the liquid from rising in the
dip tube; therefore, the pressure required to maintain the gas
flow is directly proportional to the depth of a liquid above the
dip tube outlet. This pressure can be measured by virtually any
pressure measurement device, some of which are described in
Section 17.2.3. The bubbler can be used with almost any liquid,
but clogging may be a problem when solids are present. Clogging
can be controlled by frequent purging with high pressure aiL
Wh ere the use 0 fan air pur g e i sundes ira b 1 e , s u c has in
anaerobic digesters, nitrogen or natural gas can be used for
purging the bubbler dip tube. Figure 17-1 shows a typical
bubbler schematic with air purge capabilities.

17.2.1.2 Diaphragms

Bubbler dip tube clogging problems can be overcome by use of
diaphragm level element. A diaphragm is usually 3 to 4 inches
(7.6 to 10. em) in diameter and serves as one wall of what is,
essentially, a box. Inside the box, a pneumatic, hydraulic,
or electric mechanism transmits any pressure exerted on the
diaphragm. The entire box is submerged in a vessel, or the
diaphragm may be inserted in the wall of the vessel by means
of a standard pipe flange. In either case, the pressure exerted
on the diaphragm is directly proportional to the depth of
liquid above the diaphragm. The type of diaphragm shown on
Figure 17-2 is air-purged and produces a back pressure similar to
a bubbler. Thus, both the air supply and pressure measuring
devices are similar to those used in bubbler systems. The
air-purged diaphragm can, therefore, be used as a replacement for
existing bubblers. The second type of diaphragm uses a filled
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capillary tube between the diaphragm and a conventional pressure
transmitter, thus eliminating the need for an air supply. When
a filled capillary tube is employed, the volumetric displacement
of the diaphragm is critical, and pressure indicators or
transmi tters should have as low a displacement as possible so
that diaphragms with low movement can be used. Capillary filling
fluid should have a low thermal expansion coefficient to limit
errors resulting from temperature changes. Diaphragms are
flush-mounted and have no crevices to accumulate solids. The
almost insignificant movement required for accurate measurement
is maintained even when the diaphragm is coated with grease.

17.2.1.3 Capacitance Transmitters

In recent years, several electronic level measuring devices
have appeared. Capacitance and ultrasonic instruments are
particularly applicable for sludge measurements. The capacitance
liquid level transmitter consists of a steel rod or cable
(probe), usually teflon-coated, which is installed in the tank.
The probe forms one plate of a capacitor, and the liquid, which
mus t be cond uc t ive and grounded, forms the second. The probe
insulation forms a dielectric between these two plates. The
electrical capacitance between the probe and the liquid is
proportional to the axial length of probe immersed in liquid. An
electrical instrument measures this capaci tance and provides a
signal proportional to level. This signal can be used to provide
either on-off or continuous level measurement. Gross changes in
flu id conductance can affect cal ibra t ion of capac i tance probes.
This is not ordinarily a problem in sludge handling facilities.
One disadvantage with capacitance instruments is that, even with
teflon-coated probes, greasy material can adhere and cause
errors. Improved electronics has reduced this problem on some
units. Very successful level measurements have been made for all
types of sludge, including the fluid level inside fixed cover
digesters. Capacitance instruments are also used to measure the
level of dry solids in bins or silos. In this application, a
bare rod or cable (probe) is used, and the side of the tank
serves as the ground plate. Where tanks are non-metallic, a
metallic ground plate can be installed on the side of the tank.
The material in the tank then serves as the dielectric and must
have a stable dielectric constant significantly different from
air. Since many solids contain large and varying amounts of air,
the use of capaci tance probes for solids level measurement is
frequently unsuccessful.

17.2.1.4 Ultrasonic Transmitters

Ultrasonic level instruments operate with the level transmitter
completely out of contact with the process material. This is a
very appealing advantage for sludge treatment and disposal
processes. A transducer suspended above the material emits an
ultrasonic pulse toward the liquid. The pulse bounces off
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the material surface and the reflected pulse returns to the
transducer. The time that elapses between the transmitted pulse
and the received pulse is related to the distance between the
transducer and the reflecting surface by the speed of sound in
air. Unfortunately, the speed of sound in air is affected by
both temperature and humidi ty, and the reflected signal is also
scattered. These condi tions substantially weaken the received
pulse. All these problems can be overcome with more complex
electronics and larger transducers, but experience to date (1979)
wit h the s e un its has bee n ve r y po 0 r . The i r use can not be
recommended until their serviceability has been proved under
treatment plant conditions.

17.2.1.5 Tape-Supported Floats

Tape-supported floats are suitable for level measurements of many
liquids. Floats are suspended from a tape that winds on a drum.
The drum is provided with either a counterweight or a "constant
tension" spring to remove all the slack from the tape. The
position of the drum is a very accurate measure of float position
and, hence, liquid level. Standard units provide an accuracy of
0.01 feet (3.09 mm) for local readout and can be equipped with
electric signal transmission for remote readout. In the case of
floating cover digesters, the cover becomes the float, and the
same drum assembly provides measurement of level in the digester.
Tape-supported floats are often located within concentric wells
to isolate them from the turbulence of the liquid surface being
measured. To assure maximum reliability, these wells are usually
purged with water at rates sufficient to keep a continuous
flow from the well, even during periods of maximum rising levels.
Such installation is usually not practical when the material
being monitored contains significant amounts of debris and
grease.

17.2.2 Flow Measurements

Flow is an important measurement for sludge treatment and
disposal operations. Accuracy has been an ongoing problem wi th
all types of flowmeters. venturi-type flow tubes, orifice
plates, and weirs are regarded as standard flow measuring devices
providing proper approach conditions--the length of straight pipe
upstream and downstream from the device--are maintained. This by
itself is a strong argument in favor of their use. In many
situations, proper approach conditions cannot be obtained or a
wider range of operation is needed. Some in-plant method should
be provided to "prove" the accuracy of non-standard meters.
A 1 iquid flowme ter can frequently be cal ibra ted by d i scharg i ng
a flow into a tank of known dimensions and measuring the change
in level. In other cases, meters may be compared with other
meters of proven accuracy. For comparison, the meter under
test must be left in the actual plant piping, or a test stand
with an identical piping configuration must be provided. Flow
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measurements of wastewater sludge are difficult to take. The
designer must select the instrument wi th care, recognizing that
reliability may be a far more important criterion than accuracy.

17.2.2.1 venturi Tubes

venturi-type flow tubes have been successfully used for all
sl udge s, incl ud ing pr imary sl udge. Ven tur i tubes are class ica1
differential pressure producers that function according to
Bernoulli's relationships. A venturi tube has a restricted
throat. A. pressure drop is produced as the fluid accelerates
through the throat. The pressure drop is proportional to the
square of the liquid velocity and is measured by differential
pressure instruments, as described in Section 17.2.3. Modern
flow tubes operate on the same principles; they are improvements
on early venturi devices. However, they are less expensive and
produce less residual head loss. When used for sludge flow
measurement, the pressure taps must be protected from plugging.
This can be done by water purge or by use of diaphragms similar
to those described earlier and installed in the tube wall. The
disadvantage of a Venturi tube is the narrow usable flow ranges
available. Anything over 3 to 1 is usually accomplished at
reduced accuracy. If air-purging is used, the Venturi tube
static lines require careful sloping to eliminate errors caused
by trapped bubbles. Water-purged systems require a source water
free of both soluble and insoluble solids to avoid clogging of
flow control needle valves. Consideration should be given to the
potential impact of purging water on downstream sludge processes.

17.2.2.2 Nozzles

Flow nozzles are similar in operation to Venturi tubes but
are substantially less expensive. Residual head loss is much
greater than for Venturi tubes and approaches that of an orifice
plate installation. Flow nozzles do not wear out as quickly as
orifice plates and can handle fluids containing limited solids.
The most common application of the flow nozzle is for steam flow
measurement.

17.2.2.3 Magnetic Meters

The magnetic flowmeter functions according to Faraday's law
which, in simple terms, states that when an electrical conductor
(in this case water) passes through a magnetic field, an
electrical voltage is developed at right angles to the direction
of the field and to the direction of the movement. If the
magnetic field is constant, the voltage is proportional to the
conductor's veloci ty. Hence, a magnetic flowmeter is simply a
tube with magnetic coils that uses electronics to measure the
voltage produced. In the past, a number of poor applications has
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put magnetic flowmeters in disfavor. When they are properly
applied with modern electronics, magnetic flowmeters are now as
reliable as any other flow measuring devices.

Flow velocity of primary sludge through a magnetic flow tube
should be in the range of 5 to 25 feet per second (1.5 to
7.6 m/s), providing a usable range of 5:1. The lower limit is
established by the minimum scouring action required to keep
electrodes free of grease. The upper limit is necessary to
limit erosion of the tube1s plastic liner. Flow velocity for
secondary sludges may be extended down to 3 feet per second
(0.9 m/s) because less grease is present. For intermittent flow,
velocities may be extended up to 30 feet per second (9 m/s)
because less grit is present. Combining these conditions
provides a usable range for secondary sludges of 10:1. Magnetic
flowmeter manufacturers generally recommend certain accessories,
such as electrode cleaning devices, when metering sludge.
Purchase specifications should clearly state the application and
require provision of all recommended accessories. Properly
applied and installed, modern magnetic flowmeters are giving
excellent service in many installations.

17.2.2.4 Ultrasonic Meters

Ultrasonic meters are a fairly new development, and no two meters
work exactly the same. There are two basic types. The first and
most common one, which is listed as the ultrasonic device in this
chapter, consists of a pair of transducers mounted on opposite
sides of the pipe and displaced so that one transducer is one
pipe diameter downstream from the other. The first transducer
emi ts an ul trasonic pulse, and the time it takes this pulse to
reach the second transducer is measured. The system is then
reversed. The second transducer emi ts the pul se, and the time
until the first transducer receives this pulse is measured. The
travel time is known as propagation time. In one case, flow
veloci ty decreases propagation time, and in the reverse case,
increases the propagation time. The difference in time between
the two measurements is directly proportional to flow velocity.
The ultrasonic flow measuring system is relatively insensitive to
factors that normally affect the speed of sound (for example,
temperature). This is because the effects are cancelled as
the signals reverse. However, some difficulties have been
experienced with this technique. Most sludge is sonically
opaque. The signal cannot travel between the transducers, even
with a high power. Therefore, at this time, this type of meter
is not considered reliable.

17.2.2.5 Doppler Meters

The second type of ultrasonic flowmeter depends on the Doppler
effect. A continuous ultrasonic signal is emitted into the
pipe by the transducer. This signal is reflected by solids
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or bubbles in the liquid stream and is returned to a second
transducer at a frequency different from that transmitted.
This difference is related to the velocity of the material that
caused the reflection. Presently, difficulties prevent the
practical application of this technique. The frequency change is
affected by the velocity of sound, which in turn is affected by
tempera ture in the f1 u id • Furthermore, in sl udge appl ica tions,
the particles or bubbles causing reflections will very probably
be located close to the pipe walls, and their velocity may not be
representative of average fluid velocity. Hence, the accuracy of
this type of meter is questionable. Actual field experience with
this type of meter is not extensive.

17.2.2.6 Rotameters

Rotameters are commonly used for both gas and liquid flow
measurements of clear homogeneous fluids. Their use in sludge
management is primarily for chemical feed systems, air flows, and
purge systems. A rotameter consists of a "float" in a conically
shaped tube. The "float" does not actually float, since it must
sink into the fluid being measured. The size of the rotameter
orifice increases as the "float" rises in the tube; therefore,
the upward force on the "float" for any fluid velocity decreases
as the float rises. The equilibrium point between "float" weight
and upward force due to flow velocity is an indication of flow.
Rotameters are constructed of a wide variety of materials,
including metals and plastics. They can be constructed to
measure almost any type of fluid. Rotameters are available up to
3-inch (8 cm) pipe size. Larger pipes are accommodated by
installing an orifice plate parallel to the rotameter so that a
known fraction of the flow passes through the rotameter. This is
called a "by-pass" rotameter. If the float is made of magnetic
material or contains an iron core, a magnet mounted on the
outside of the tube can be made to follow it. This magnet can be
attached to a transmitting mechanism to provide remote readout.

17.2.2.7 Propeller Meters

Relatively clean, non-corrosive fluids flowing through large
pipe s (2 inches [5 cm] or 1 arger) can be read i ly measured wi th
propeller meters. propeller meters can provide local readout or
can be equipped wi th transmi tting mechanisms for remote readout
or recording. They are not applicable for sludge flows, but can
provide reliable, cost-effective service for support systems.

17.2.2.8 pitot Tubes

pi tot tubes very economically measure flow in pipes of almost
any size. The pitot tube produces a differential pressure
proportional to the square of the fluid veloci ty, which may be
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measured by differential pressure transmitters described in
Section 17.2.3. One commercial uni t provides four ports spaced
across the diameter of the pipe and averages the impact pressure
of each to provide compensation for irregular flow profiles.
The pitot tube produces a very small pressure differential for
liquid flow velocities typically used in treatment plants and,
therefore, is not part icul arly sui table for liquid s erv i ce. It
is frequently suitable for gas flows where wide flow ranges are
not required. The small tube entrances make it completely
unsuitable for use with sludge flows.

17.2.2.9 Weirs and Flumes

Wei r sand flu me s pro v ide a s imp Ie, very a c curate met hod 0 f
measuring liquid flows in open channels. They are not applicable
to pressure systems. Any of the level measuring instruments
described in Section 17.2.1 provide a means of measuring the
liquid level behind the weir or at the critical point in a flume.
Weirs are not suitable for flows with large amounts of settleable
solids or debris. This material will collect behind the weir and
change weir measuring characteristics.

17.2.2.10 Orifice Plates

Gas flow measurement is commonly required where anaerobic or
aerobic digesters are used. Gas produced by anaerobic digesters
is dirty and corrosive. Permissible head losses in anaerobic and
aerobic digesters are often very low and the range of operating
requirements extreme. An orifice plate can be used in this
service. Orifice plates are similar in theory to Venturi tubes;
that is, pressure drop through the device is proportional to the
square of the liquid veloci ty. Or if ice plates, however, lack a
smooth recovery cone and, consequently, have a much greater
residual head loss. The advantage of the orifice plate, other
than lower cost, is the ease with which it can be changed. The
optimum size of orifice plate can be readily installed for any
flow. Quick change fittings permit changing of orifice plates
without disturbance of a piping run.

17.2.2.11 Turbine Meters

Turbine meters, which provide good service in gas flow
applications, consist of flow directing channels, a suitable
tu rbi ne blade, gearing, shaf ting, and a readou t dev ice. I n the
simplest form, the output shaft directly drives the readout
register. Where remote readout is desired, the shaft rotation
actuates an electrical switch. E~ch switch closure represents a
discrete quantity of gas. The meter must be specially designed
for dirty and corrosive gas. Moderate maintenance is required to
keep the me ter clean. The turbine me ter' s abil i ty to operate
over wide ranges makes it attractive for the measurement of
anaerobic digester gas.

17-49



17.2.2.12 Vortex Meters

The Vortex shedding flowmeter is a comparatively new meter that
is also applicable to anaerobic di:Jester gas flow measurement.
The meter consists of an obstruction placed in the pipeline with
sensors that detect the vortices caused by the obstruction. The
flow is proportional to the number of vortices produced. These
meters are suitable for Reynolds Numbers above 5,000 and readily
provide a usable operating range of 100:1.

17.2.2.13 ~ositive Displacement
Meters

Orifice plates, turbine meters, and Vortex meters have all
provided adequate instrumentation for anaerobic digester gas
flow. However, these instruments cannot provide the absolute
accuracy of positive displacement meters at the very low flows
encountered during digester operations. positive displacement
meters can be of the rotating cavity (lobe) or the diaphragm
type. positive displacement meters are probably the oldest meter
used for digester gas measurements. In recent years, they have
been almost completely replaced by the in-line meters described
in the previous paragraphs. positive displacement meters are
frequently used for clean oil or clean gas flow measurements and
are inherently useful over an extremely wide operating range.
The me ter' s cavi ties, exposed bear ings, and/or close clearances
make them unsuited for dirty gas service.

17.2.2.14 Pump and Transport
Displacement Systems

Sludge transport systems should not be overlooked as flow
measurement devices. Progressive cavity and other positive
displacement pumping equipment can be equipped with speed
monitors or cycle counters that provide a fairly accurate
flow indication. None of the problems usually associated
with flowmeters operating on sludge are encountered. Where
materials are trucked, the number of truck loads will provide a
rough measure of quantities. If the trucks are also weighed-in
and -out, accurate measurements can be obtained.

17.2.3 Pressure Measurement

Pressure measurement is basic to many level and flow measuring
systems, as well as to the measurement of individual process
pressures. As a result, pressur":! elements are without a doubt
the most highly developed instruments used in industry.
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17.2.3.1 Bourdons or Bellows

Pressure Elements

The bourdon tube is the most commonly used pressure element for
pressure ranges of 15 pounds per square inch (103 kN/m 2 )
or greater. The bourdon tube is essentially a piece of
tubing closed at one end and bent in an arc. When pressure is
applied to the tube, it tends to straighten. The movement.
produced at the free or closed end is ampl i f ied by mechan ical
linkage to operate a pointer or transmi t ter mechanism. Bellows
are frequently used when lower pressures must be measured or
greater movement is required for direct actuation of control
mechanisms. Bourdon tubes are rarely used in modern industrial
process pressure transmi tters. Bellows elements are frequently
used in process pressure transmi tters for pressure ranges from
10 inches water pressure (2.4 kN/m2 ) to as high as 600 pounds per
square inch (4.14 MN/m 2 ); Bellows elements are also readily
adaptable to differential pressure measurements and absolute
pressure measurements.

Chemical Seals

Both bourdon tubes and bellows are unsuitable for direct
measurement of fluids containing solids. Collecting solids
within the pressure element is the problem. Corrosive fluids
also must be kept out of the pressure element. A "chemical seal"
is used for these applications. The most common chemical seal
consists of a small metal or elastomer diaphragm, one side of
wh ich is exposed to the process flu id. Somet imes th is exposed
side is purged with water or mounted flush with the fluid
containment vessel. The other side of the seal is close-coupled
or connected by a capillary tube to the measuring element and
filled with a suitable fluid such as silicon oil. For very
dirty, grease-laden process flu ids such as was tewa ter sludge,
an in-line tubular or cylindrical chemical seal, as shown on
Figure 17-3, must be used to assure operational reliability.
This seal is constructed as an elastomer tube of the same size
as the process pipe line and mounted within a flanged steel
pipe spool. The space between the elastomer and steel spool
is sealed, filled with a suitable fluid (anti-freeze when
necessary), and connected directly to the pressure element.
Pressure elements with electrical contacts and cylindrical
chemical seals should be used immediately downstream from all
positive displacement pumps transporting wastewater sludge. This
wi 11 prov ide a reI iable sys teln for emergency shutdown 'whenever
the pump ~ischarge pressure becomes excessive.

Chemical seals used to isolate corrosive fluids from pressure
elements are available in a great variety of materials. Care
must be exercised in the application of any chemical seal to
ensure that it has sufficient displacement to operate the
measuring element. Use of chemical seals for ranges of less
than 50 pounds per square inch (345 kN/m2 ) can be expected to
introduce significant errors in the measurement.
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FIGURE 17-3

CYLINDRICAL CHEMICAL SEAL FOR
SLUDGE PRESSURE MEASUREMENT

17.2.3.2 Diaphragms

Pressure Element

Where a direct mechanical readout is not required from a pressure
element, the diaphragm pressure transmitter is suitable for
any application where bourdon tubes or bellows would be used.
The force-balance is the oldest type of diaphragm pressure
transmitter and continues to be widely applied in industry and
wastewater treatment. Newer types such as the strain gauge,
reI uctance, and capac i tance, are funct ionally simi 1ar and are
becoming more common. Diaphragm pressure transmi tters are
available to measure gauge pressure, differential pressure, or
absolute pressue, with ranges as low as I-inch water column to
10,000 pounds per square inch (250 N/m 2 to 80 MN/m 2 ) or higher.

Chemical Seals

Chemical seals are not generally required with diaphragm pressure
transmitters for solids bearing fluids because the measuring
element itself is an essentially flat diaphragm. Chemical seals
are still frequently used for corrosion protection and, in high
temperature applications, to separate transmitter electronics
from tempera tures above permi ss ible 1evels. Chemi cal seals are
also used wi th differential pressure configurations to penni t
flush-mounting of the diaphragms to the process at two physically
separated locations.

17.2.4 Temperature Measurements

Stabilization, disinfection, conditioning, composting, and
heat processes in sludge treatment all may require temperature
information to assure successful operation. Temperature
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instrumentation is relatively simple; however, successful
application requires locating probes to obtain representative
readings wi thout obstructing sludge flow. The designer must be
aware of these application restrictions and locate and specify
instruments correctly.

17.2.4.1 Resistance Temperature
Detectors (RTDs)

Resistance temperature detectors (RTDS) are applied at
temperatures up to about 1,OOO°F (540°C). This is well within
the range of most sludge temperatures. RDTs work on the basis of
the fact that the electrical resistance of metals changes wi th
temperature. Electronic amplifiers measure this resistance
change and provide an output proportional to temperature.

Thermistors are sometimes used for special temperature
measurement applications. A thermistor is a temperature-
sensitive semi-conductor. Like RTDs, the thermistor 1 s
resistance changes with temperature, but the change is extremely
non-linear. The advantage of using a thermistor is that a
large change in resistance can be obtained over a very narrow
temperature range.

17.2.4.2 Thermocouples

For processes with temperatures in excess of approximately
1,OOO°F (540°C) (for example, incineration), RTDs are not
su i tabl e and thermocoupl es mus t be used. Thermocouples cons i s t
of two junctions of dissimilar metals. One junction, the
measuring junction, is placed in or on the material to be
measured. The second, or reference, j unction is located in a
constant temperature zone, or the measuring instrument may
include an artificial reference junction. The Peltier effect
states that at any junction of dissimilar metals, an electric
moti ve force (vol tage ) wi 11 be prod uced . Th us, two vol tages,
(one at each junction) are produced in a series circuit. The
measuring instrument detects the difference between these
two voltages and produces an output proportional to process
tempera ture. Thermocouples produce very small vol tages at low
temperatures. More importantly, the difference in voltage
produced by the reference and measuring junction is very small.
For this reason, thermocouples are not generally used to measure
small variations in temperature. Thermocouples are generally
less expensive than RTDs but require greater attention to
installation procedures to reduce electrical interference.
Wiring for thermocouples must be especially matched to the
thermocouple junction material.
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17.2.5 Weight Measurements

Two types of weight measurements are of interest in sludge
handling facilities. The first is the common static measurement.
The second is the weight per unit of time, which is actually a
mass flow measurement.

17.2.5.1 Static

Mechanical scales are frequently used fo~ static weight measure
ments. Such scales consist of a platform or vessel and a system
of pivots and levers to provide a usable readout. ~1echanical

scales are constructed to measure anything from 0.40 ounces (llg)
in the laboratory to 100,000 pounds (45.4 Mg) or more to weigh a
railroad car. Many modern scales use load cells under the
pIa tform to e 1 imi na te the compl ex lever and pivot system. Load
cells are placed under one or more of the platform support
points, and the output of the cells is summed to obtain the total
weight. In some cases, the number of load cells can be lower
than the number of support points because load symmetry allows
multiplying the output of the installed cells by a factor to
account for the missing cells. Load cells may be either the
hyd raul i c or strai n gauge type. Hyd raul ic load ce 11 s resemble
a piston that converts force to a hydraulic pressure. This
pressure is readily monitored by pressure instruments, as
previously described. Strain gauge load cells consist of a
calibrated structural member to which a resistance wire element
is attached. When the structural member is strained by an
applied force, the resistance wire element's dimensions change.
Hence, its el ectr i cal res is tance changes. Su i table ele ctron i c
circuitry converts these small resistance changes to an
electrical output proportional to the force applied to the cell.

17.2.5.2 Mass Flow

Mass flow measurements involve a fixed transport system such as a
belt conveyor. Mass flow measurement on a belt conveyor is made
by supporting one or two conveyor belt idler rollers on a scale,
measuring the conveyor speed as described in Section 17.2.8, and
multiplying weight and speed together to obtain mass flow.
Modern belt scales using load cells and two idlers are very
accurate and are easily maintained. Nuclear belt scales can
provide this function without contacting either the belt or
the material being weighed. This may be an advantage in some
installations. Nuclear scales are almost identical in operation
to nuclear density meters. The only difference is that a nuclear
scale is calibrated to monitor total mass in its path rather than
the change in mass caused by suspended solids in a liquid. This
is a less difficult application, and premium radiation monitors
are not required, but nuclear source decay still causes the
calibration to drift. The radioactive source is a controlled
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substance subject to united States Nuclear Regulatory Commission
restrictions and regulations. It requires special training,
safety precautions, and testing. This adds to operation and
maintenance costs.

All conveyor mass flow scales measure the total mass of material
on the platforms or belt. No differentiation is made between
solids and water; therefore, the reading is most accurate if the
moisture content is constant or can be measured.

17.2.6 Density and Suspended
Solids Measurements

Sludge density and suspended solids are the same measurement from
an instrumentation point of view. However, they are quite
d i ff eren t from the operation standpo in t. Sl udge dens i ty is a
common term used to describe the concentration of solids in
sludge mixtures in which solids are the favored component.
Sludge density is usually expressed in percent solids by
weight. Suspended solids is a common term used to describe the
concentration of solids in water in which the liquid element is
the favored componen t--for exampl e , the sol id s presen tin the
plant influent or the solids left in the supernatant after
gravity thickening. Suspended solids are usually expressed
in weight of solids per unit volume of water. There is no
instrument available that directly measures either sludge density
or suspended solids. Instruments that are used actually measure
nuc lear rad i at ion absorption, 1 igh t t ransmi ss ion or refl ect ion
(optical), or sonic attenuation characteristics of the mixture.
These measurements are then empirically correlated to sludge
density or suspended solids concentration. In most cases, this
correlation does not remain constant, and periodic recalibration
is necessary. The frequency of this recalibration is dependent
on the characteristics of the liquid being monitored. In no case
do these instruments provide adequate accuracy for reporting
purposes, although they can be used for control. Laboratory
analysis is usually required to obtain the accuracy necessary to
develop QFD (see Chapter 3) diagrams. Nuclear and opacity
density measurements can be used in conjunction with control
systems to allocate sludge automatically to various process
facilities on a mass flow basis. Sonic density measurements are
usually only applicable to the on and off control of sludge
pumping equipment.

17.2.6.1 Density

Nuclear

Nuclear density gauges usually work well on primary and mixed
primary and secondary sludges in the higher concentration range.
They usually have limited applicability to secondary sludge
alone. The nuclear density gauge consists of a small radioactive
source, usually cesium-137, and a detector placed on opposite
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sides of the pipe. Gamma radiation is emitted and absorbed
by the material in the pipe in direct proportion to its density.
However, the difference in radiation absorption between plain
water and water containing the suspended solids concentration
must be significant for nuclear meters to function well. These
meters are generally effective where suspended solids concentra
tions are in the range of I to 10 percent. The radioactive
source itself decays, and the high gain amplifiers suffer from
gain changes resulting from component aging. Both factors cause
the instrument calibration to change rapidly, and frequent
adjustment is required to maintain accuracy. When nuclear
density gauges are to be used to measure sludge solids concentra
tion, they must be specified with special premium low-drift
amplifiers. The source is a controlled substance subject to
united States Nuclear Regulatory Commission restrictions and
regulations. When properly installed and maintained, nuclear
density gauges have functioned quite successfully with wastewater
sludge.

Optical type meters are usually used to measure sludge density
concentrations of less than 3 percent. These instruments use
either light transmittance or a combination light transmittance!
scatter measurement and are suitable for concentrations from
0.2 percent to 10 percent solids. units that employ a mechanical
wiper to keep the optics clean have been very successful.
Cau t ion mus t be exerci sed in the appl i ca t ion of these un its to
primary sludge, which may contain grit that damages optical
surfaces and wipers.

Ultrasonic

The sonic density gauge is a relatively new product proposed for
measuring the density of primary sludge. The sonic density gauge
consists of two ultrasonic transducers mounted on opposite
sides of a pipe section. Ul trasonic signals emi tted from one
transducer pass through the material in the pipe to the second
transducer. Suspended solids in the signal path attenuate this
signal. The signal received decreases in strength with an
increase in suspended solids. The relationship between the
strength of the signal received and the suspended solids
concentration is non-linear but sufficiently predictable to be
used for control of sludge pumps. Sonic density meters have been
used successfully and are much less expensive than nuclear
density meters.

17.2.6.2 Suspended Solids Measurements

The optical instrument described for providing density
measurements is also suitable for suspended solids measure
ments. Instruments are available with a range from 0-30 to
0-30,000 mg/l. The mechanical wiper optical unit is generally
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the most suitable for this application. Surface scatter types
with no optics in contact with the process fluid are also
usable. Care should be taken to exclude larger solids, such as
particles of floating debris, that are frequently present in the
1 iqu id being moni tored. More informa tion on suspended sol ids
instrumentation is available (3).

17.2.7 Time Measurements

Digital and synchronous motor batch (reset) timers are available
for control of sludge management and support services. Digi tal
timers provide one second resolution up to about 2 3/4 hours.
Synchronous motor timers provide 0.1 minute resolution up to
16 hours and 0.1 hour resolution up to 1,000 hours. Both types
use power line frequency as a time reference. They are designed
to reset at zero at the completion of a cycle. If time functions
cannot be interrupted by power failure or the wastewa ter plant
generates all its own electrical power, the designer must take
spe c i al precautions to see that all control timers funct ion as
required on the emergency standby or continuous plant electric
power frequency. Digital timers can be obtained with an internal
quartz crystal to provide their frequency reference. They can
therefore operate independently of power line frequency.

17.2.8 Speed Measurements

Speed is readily measured either by a tachometer-generator
coupled to equipment or by a reluctance pick-up. Tachometer
generators are generally more expensive and require higher
maintenance than reluctance pick-ups. This is because
tachometers have their own bearings, brushes, and usually a
timing belt coupling. A reluctance pick-up installation consists
of a split gear bolted around a shaft on the equipment. The
pi ck-up is then moun ted in close prox imi ty to the gea r teeth.
Suitable electronics amplify the pulses that come from the
pick-up each time a gear tooth passes and converts these pulses
to a voltage or current output proportional to speed.

Electronic trip units can be used with either tachometer
generators or reluctance pick-ups to permit these devices to be
used as underspeed switches. Mechanical underspeed switches
are also available. Tachometer-generators and mechanical units
are not reliable for operating speeds that are normally below
50 revolutions per minute. Reluctance pick-"p systems can
provide reliable operation at virtually any speed.

17.2.9 Moisture Content Measurements

Measurement of the moisture content of dewatered sludge is
necessary if the output of weighing equipment is to be directly
interpreted as weight of dry solids.
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There is no proven on-line instrumentation for measuring
moisture in sludge. Consideration of available options leads
to essentially two possibilities--a manual resistance probe
and laboratory tests. A manual resistance probe must be
considered a very approximate instrument since it is not actually
measuring moisture, and resistance measurements (moisture
content) will vary significantly with the contact pressure
between the monitored material and the probe. However, the
portable res istance probe can provide the accuracy needed for
immediate process control measurements; for example, compost
piles or windrows. The laboratory test is the only moisture
measurement method, however, that can provide the repeatable
accuracy demanded for QFD calculations (see Chapter 3). Special
infrared drying equipment with integral weighing instrumentation
is available to make such laboratory testing both convenient and
efficient.

7.2.10 Dissolved Oxygen Measurements

Three types of dissolved oxygen probes are commonly used in
wastewater treatment plants for measuring the dissolved oxygen
level in liquid streams containing high levels of suspended
solids. These include the galvanic cell type, the polarographic
cell type, and the thallium cell type.

Each of these cell types has its own proponents. The galvanic
cell is probably the most commonly used in existing wastewater
treatment plants. Both the galvanic cell and the polarographic
cell use a membrane (usually teflon) through which oxygen can
migrate into an electrolyte in which the electrodes are immersed.
Membrane cleaning and electrolyte replenishment require a
significant maintenance effort with these cells. The thallium
cells dispense with the membrane and immerse the electrodes
directly in the fluid to be analyzed. None of these cells is
applicable for measuring dissolved oxygen in liquids having
solids contents much higher than 2 percent.

17.2.11 pH Measurements

Modern selective-ion pH sensors with "non-flowing" reference
electrodes are suitable for measuring the pH of sludge. The
non-flowing reference electrode replaced the liquid reference
j unction in wh ich the electolyte (generally potass i urn chlor ide)
flowed continually from a reservoir into the process stream.
These systems sometimes plugged, causing erroneous readouts.
Non-flowing reference electrodes use a semi-solid electrolyte
that does not require frequent replenishment or reservoir
pressurization to maintain flow. Electrodes should be installed
in lines where sludge flows pass the sensor, maintaining a fresh
sample at the measuring point; for example, circulation lines.
Electrode assemblies should be designed to hold electrodes
essentially flush with the pipe wall. The electrodes should be
easily removable for cleaning or replacement.
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17.2.12 Chemical Oxygen Demand Measurements

Often liqu id sides treams from sl udge t rea tmen t processes carry
significant levels of organics back into the liquid processing
system. The chemical oxygen demand measurements can be useful
in determining the strength of these sidestream organic loadings
and, therefore, provide input on their effect on the liquid
treatment processes downstream from their point of recycle.
Automated wet chemistry analyzers are capable of making a
standard chemical oxygen demand (COD) analysis, but these units
have not given satisfactory service under wastewater treatment
plant condi tions. The total organic carbon (TOC) analyzer is
more suitable operationally, providing suitable correlation
can be established between TOC analyzer measurements and COD
laboratory data. There are several ~nits on the market, and each
operates somewhat differently. Operation of one TOC unit is as
follows: The sample is treated with HCl to remove inorganic
carbon as C02' It is then oxidized in a thermal reactor and
the resulting C02 measured by an infrared analyzer.

TOC analyzers operate with moderate-sized samples and can handle
suspended sol ids. However, they are high maintenance devices
requiring daily servicing.

17.2.13. Ammonia Measurements

A selective-ion electrode is available for measuring ammonia.
Ions other than ammonia frequently interfere with accurate
measurement and elimination of interferences requires treatment
of the sample before the measurement is made. Package analyzers
are available to prepare the sample and make the measurement.
Since custom sample preparation is frequently required, a sample
should be submitted to the analyzer manufacturer prior to
purchasing this type of equipment.

17.2.14 Gas Measurement and Analysis

17.2.14.1 Composition Analyzer

The composition of digester gas is a useful parameter for
moni toring the heal th of the anaerobic digestion process (see
Chapter 6). The chemical process industries make extensive use
of on-line gas chromatographs for measuring gas composition. The
heart of the chromatograph is the "column." The column is a
length of tubing filled with an absorbent material. As a gas
sample passes through this column, different gas components are
first absorbed, then released back into the gas stream. The
rate of absorption/release is different for each component and,
as a consequence, each component erne rges from the col umn at a
different time. The components are thus separated from one
another. A detector at this exit measures the eluting gas,

17-59



and its output is plotted as a function of time. The resul ting
plot consists of a series of peaks and valleys, with each peak
representing the detector's response to one of the gases being
measured. Each peak can be associated with a specific component,
since the time (relative to sample injection) at which the
component peak will emerge from the column is known. The area
under each of the peaks is proportional to the gas concentration.
Even though this unit is called "on-line" it is a batch
instrument which, at best, might make four measurements per
hour. The on-l i ne mass spectrome ter is al so capable of these
measurements but is even more expensive than the chromatograph.

Digester gas samples for analysis must be stripped of hydrogen
sulfide and filtered to remove solids before passing through
analysis equipment. Sample lines must be heat-traced to avoid
moisture condensation. with adequate sample preparation, gas
analysis instruments should function wi thout undue maintenance;
however, at present, no data is available on a successful
wastewater treatment plant installation of any of these
instruments.

17.2.14.2 Calorimeter

A suitable instrument for measuring the heat value of digester
gas is a calorimeter, which essentially burns a gas sample. The
instrument must be located in an area free of drafts, which can
affect its accuracy or even extinguish the flame. Instrument
response is slow. This should be of no consequence during
monitoring applications, however, since digester gas composition
will normally change slowly. Care must be exercised, however, if
the instrument is to be used to control mixing of digester gas
with other gases to maintain a constant heat value or if the
instrument is to be used with a multiple sampling scheme for
monitoring several digesters. Calorimeters have been used
successfully in full-scale operations at wastewater treatment
plants.

17.2.15 Stack Gas Measurements
and Analysis

On-l i ne analys is of boiler or furnace stack gas compos it ion is
used frequently and has proven successful. It is directly
applicable to wastewater solids systems incorporating heat drying
and high temperature processes. These measurements are used
for combustion control and are usually mandatory if air pollution
is to be minimized. Obtaining a representative sample and
conditioning it for the analyzer are the biggest problems
in application of these instruments. There are a number of
different parameters that may require measurement to meet air
pollution control requirements, but oxygen is the parameter
normally used to control the air-fuel ratio. Two types of stack
gas oxygen analyzers are commonly used. The older uni t is the
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paramagnetic type and the more modern is the catalytic type.
A new system uses a ceramic element for which the manufacturer
claims satisfactory operation on dirty flue gases without
clean-up. Precautions are requi red where sulf ides are present.
Oxygen analysis equipment is normally included as part of the
combustion control system of a furnace.

17.2.16 Odor Measurements

Odor measurements are required during sludge management to
assure that the treatment and disposal processes selected meet
regulatory agency requirements (no nuisance). There are no
instruments for on-line measurement of odors. A device called a
"direct reading olfactometer" (ORO) provides a means to make a
semi-objective manual measurement of odors directly in the
location affected. Figure 17-4 shows a close-up of the ORO
assembly and a ORO in use wi th subject and con troller. The ORO
is essentially a breathing mask with carbon filter, rotameters,
and valves to permit mixing known ratios of filtered and
unfiltered ambient air. The subject conditions his nose by
breathing 100 percent filtered air and then the operator adds
increasing amounts of unfiltered air until the subject indicates
he detects an odor. Repeated measurements with the same subject
permit detection of changes in odor conditions or odor levels at
different locations, within an accuracy of about plus or minus
25 to 50 percent. However, no absolute measurement exists.
Standard test procedures call for the use of odor panels (usually
six people) who rate odor levels from bagged samples taken at the
location affected. The panel usually works in a filtered air
environment, where absence of extraneous odors can be guaranteed.

17.2.17 Aerobic Condition Measurements

Aerated pile composting operations require the measurement of
oxygen concentration in the pile. The portable oxygen indicator
frequently used for personnel safety monitoring is applicable to
this service. These instruments operate on the same principle as
the catalytic or polarographic cell dissolved oxygen analyzers
descr i bed in Sect ion 17.2.10 bu t are des igned to be portable,
with a hand pump for drawing a gas sample.

17.2.18 Blanket Level Measurements

Measurements of sludge blanket level in sedimentation tanks and
gravi ty thickeners can be accomplished wi th optical (turbidi ty)
type instruments and with ultrasonic' instruments, as described
in Section 17.2.6. The success of this measurement is dependent
on the characteristics of the sludge blanket. A well defined
blanket interface provides a readily detectable change in
suspended solids concentration. Where the blanket is poorly
defined, this measurement is not satisfactory.
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ASSEMBLY DETAILS OF DRO SHOWING
SUBJECT'S MASK AND CONTROL'S DILUTION METERS

SUBJECT AND CONTROL MEASURING FOR ODORS Thl FIELD
BATTERY PACK USED FOR PORTABILITY

FIGURE 17-4

DIRECT READING OLFACTOMETER (DRO) (4)
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Air-lifts with intakes at multiple elevations have been provided
in a number of plants for drawing a sludge sample. The
individual air lifts for a tank can be manifolded together
and the flow passed through a turbidimeter to provide remote
monitoring. The individual air lifts are actuated in sequence,
and a sludge profile is obtained. A turbidimeter of the falling
s t ream t y pe i s r e com mende d for t his s e r vic e . Its h 0 u1 d be
installed at the air-lift location.

17.2.19 Hydrocarbons and Flammable
Gas Detectors

Methane is the flammable gas most likely to occur in sludge
management. Catalytic detectors, available from a number of
manufacturers, are sensitive to any flammable gas and ordinarily
may be installed in the space to be monitored, thus eliminating
sampl i ng systems. The de tec tor cons is ts of a heated ca talyt ic
element exposed to the ambient air and a similar reference
element isolated from ambient air. If flammable gas is present,
the exposed element temperature will rise above the reference
probe as the gas is oxidized. This temperature difference
results in a change in electrical resistance, which is measured
by the detector's electronics. These units should be calibrated
periodically with a standard reference gas. Catalytic probe life
is definitely limited, and periodic replacement is required.
Under very severe conditions, the probe may lose sensitivity
in 1e ss than a year. When the se cond i tions occur, a sampl i ng
system to clean up the sample and remove the moisture should be
considered.

17.2.20 Radiation Monitoring

If gamma radiation is used in sufficient quantities to effect
treatment, safety monitoring will be required to protect
personnel. Note that nuclear density and weight equipment
uses such small gamma sources that no significant hazard exists,
and personnel safety monitoring is not required. Personnel
safety monitoring requires monitoring of the radiation levels in
the exposed spaces to detect abnormal leakage from the process
and individual monitoring to detect exposure of that individual
to radiation. Space monitoring is accomplished by suitable
geiger counters. Personnel who are not normally exposed to
radiation can be adequately monitored by badges containing
photographic emulsion. Personnel who may absorb radiation
during job performance will have to carry instrumentation
capable of accurately accumulating the amount of radiation
absorbed to control dosage to acceptable limits. Specialists in
nuclear monitoring must be consulted if this type of process is
contemplated.
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17.2.21 Machinery Protection

Wastewater solids treatment and disposal machinery requires
protection similar to that required by the machinery in other
wastewater treatment systems. However, some solids system
protective instrumentation is unique. This section deals wi th
this unique protective instrumentation.

17.2.21.1 Empty Pipe Detectors

Empty pipe detectors were developed to provide protection for
sludge pumps that might be operated with no fluid in the suction
pipe. This protection is particularly applicable to positive
displacement or progressive cavity pumps, which can suffer
extensive stator damage if operated without fluid. Capacitance
elements fabricated as a wafer to fi t between pipe flanges are
most commonly used. The theory of operation is identical to
the capacitance level elements described earlier. Nuclear
level switches can also be used for this application but require
more mounting space. The nuclear device clamps onto the outside
of the pipe and operates much like the nuclear density meter
described earlier. This is a very simple application of the
nuclear unit. The unit used has a much lower cost than nuclear
units required for density measurement. The nuclear device may
be easier to install in existing plants since existing piping
would not have to be dis turbed as long as suf fi c ien t space is
available.

17.2.21.2 Vibration - Acceleration and
Displacement Systems

Vibration detectors are provided for most machinery that operates
a t high rotational speeds--for exampl e, cent r i fuges. Vi bra tion
detectors are usually capable of giving advance warning of
inc ipien t mach ine fail ure. This allows for orderly sh utdown,
thereby minimizing damage to both process and machinery. The
cost of the protection afforded is usually justified only for
larger pieces of equipment. Two types of detectors are generally
applicable: acceleration and displacement. Accelerometers are
less expensive than displacement systems and provide moderate
protection to lower value machinery, such as thickening or
dewa ter ing cen tr i fuges. Di spl aceme n t probes are moun ted rig id ly
to a bearing pedestal or similar stationary object and provide a
very accurate measure of actual shaft movement in the journals.
A large number of displacement probes are required to provide
full protection. Their installation and alignment is rather
complex when compared to the accelerometer, which is simply
attached to the machine housing. As a result, displacement
installations must be carefully engineered and are relatively
expensive. Displacement systems are generally used on large,
high-speed machinery, such as centrifugal blowers in sizes of
500 horsepower or greater.
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17.2.21.3 Flow Loss Monitors

Gas or air flow can be effectively monitored for loss of flow by
vane switches, differential pressure switches, and thermal flow
swi tches. Vane swi tches are the simplest, but requi re fairly
high velocities for reliable operation. A differential pressure
rise from the suction to the discharge side of a fan or blower,
or a differential pressure loss from the suction to the discharge
side of a filter or other piping element provides a simple
monitor of flow that is adequate for most purposes. Where
precision operation is required, particularly at low velocities,
a thermal flow switch is most suitable. These devices consist of
a heated element that is convection-cooled by air flow. The
change in heat loss of the element provides reliable detection of
gas or air flow. •

Vane switches, differential pressure switches, and thermal flow
switches are also applicable to liquid flows. However, the vane
switch is unsuitable for solids-bearing fluids, such as sludge.
One thermal flow switch is constructed as a smooth rod. If
installed at an angle with the pipe radius or into an elbow, this
unit is applicable to solids bearing fluids. Differential
pressure devices must be provided with chemical seals if they are
to be successfully applied to solids-bearing fluids.

17.2.21.4 Overload Devices

All electric motor drives at wastewater treatment plants are
provided with thermal overloads. However, these units are not
fast enough to protect the driven machinery from damage due
to mechanical blockage. Collector drives, in particular,
are virtually always provided with some type of instantaneous
protection from excessive torque. One of the most common
applications involves the circular collector of secondary
sedimentation tanks and circular gravity thickeners. The
simplest overload device for such equipment is the shear pin.
The shear pin has the disadvantage of working only once. When it
has provided protection for one overload, it must be replaced
with an identical pin. As a result, several mechanical resetable
overload devices have been used. The one most commonly used
today is an instantaneous over-current relay or ammeter with
high alarm contacts installed in the motor circuit. These
units are simple, very reliable, and also provide a continuous
indication of load. This is useful for detecting any abnormal
load build-ups.

17.2.21.5 Flame Safeguard Equipment

Wastewater solids
maintain anaerobic
processes require
safeguard equipment

systems that use boilers or furnaces to
digestion, heat drying, or high temperature
flame safeguard instrumentation. Flame
shuts off the oil and gas burners in case of
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ignition loss. Ultraviolet light detectors provide virtually
instantaneous protection since ultraviolet energy is present
only in the actual flame. This equipment is normally provided
as part of the burner control package. This package also
includes sequencing systems as necessary to ensure the purging of
explosive gases from the fire boxes before burner relighting
following a flame-out.

17.3 Sampling Systems

Sampling systems include sample transport and sample condi
tioning. Where practical, measuring elements should be installed
directly into process vessels. In some cases, however, immersing
a measuring element directly into the process is not possible or
desirable. Some analyzers simply are not adaptable to direct
on-line measurements. In other cases, the cost of an analyzer is
so great that it must be time-shared between several sample
streams.

Anytime a sample must be transported a significant distance, care
must be taken to ensure that the sample delivered to the analyzer
is fresh and that critical characteristics do not change during
the transport time. Pumps and piping materials must not be
corroded by the sample nor should they in any way affect the
sample composition. Fluid velocities in transport lines must be
kept high enough to prevent solids settlement and to limit
transit time. Flow to the analyzer should be continuous to
maintain clean lines and deliver a fresh sample immediately to
the analyzer, where sample switching is practiced. Where pumps
are required, they must be suitable for continuous operation
wi thout excessive maintenance. Where swi tching systems aLe used
to direct multiple samples into an analyzer, three-way diveLter
valves aLe required for each sample stream, with one pOLt to
the drain and the other to the sampler.

Solenoid-controlled, pneumatically operated ball valves are
recommended for sample swi tching. These units are capable of
handling many operations without excessive maintenance and
can provide slow operation of the ball valve and, therefore,
smooth swi tching of the sample stream. ElectLic motor-operated
ball valves can be used but life expectancy of ball valves in
repetitive operations is short. Rapid direct switching with
large solenoid valves causes significant pressure stress on
sample valve piping. If solenoid valves aLe used to switch
samples directly, some system must be provided to absorb
wa ter hammer. Large, three-way sol enoid valve s wi th su i tabl e
characteristics are not readily available; therefore, two two-way
val ves, one normally open and one normally closed, are usually
required to obtain the three-way switching function.

Some type of program timer is requiLed to contLol sample valves
and synchronize readout devices with the sdmples. The time
program must also consider the settling time of an analyzer
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after S"nitching s~mp12s. The settling time includes beth
transport delays required to get new samples through piping
between switching valves and time for the analyzer itself to
reach new reaningR. In many cases, an analysis is used only for
recording or indication (that is, not for qontrol purposes), and
it is acceptable to provide a single output instrument with some
means of identifying the sample source currently being measured.
In systems where the output of the analyzer is used for control,
some means must be provided of holding the last value of the
parameter during periods that the analyzer is working on other
samples. It is also essential to review control system dynamics
in an intermittently sampled data environment. In general,
completely different control strategies are required for
intermittently sampled data systems than for continuous data
systems.

Gas sample lines should be heat-traced to avoid condensation
within the lines. In cold climates, exposed liquid samples will
also require heat tracing to avoid freezing.

Sample preparation is critical to satisfactory operation of
analysis equipment. The degree of grinding and/or filtering
required depends on the nature of the analysis and the equipment.
In general, the aid of the analyzer manufacturer should be
enl i s ted in worki ng out a su i table system. More informa tion on
sample transport is available (5).

17.4 Operator Interface

17.4.1 Location

Modern electronic instruments that provide information to
operators (for example, indicators and recorders) are designed
for installation in clean, air-conditioned control rooms.
Field loca t ions are usually not sui table for the se ins trumen t s
unless additional protection is provided. Hydrogen sulfide is
present in many process areas, and if it is allowed to contact
instruments that are not designed for this atmosphere, failures
may result from corrosion. Some process areas are classified as
hazardous, so that electrical equipment must be explosion-proof.
Explosion-proof electronic operator interface instruments are not
available. To be usable in a hazardous area, non-explosion-proof
instruments must be enclosed in a suitable box. This makes them
virtually inaccessible and, therefore, difficult to use and
maintain. Where instruments must be located in a contaminated
or hazardous process area, pneuma~ic instruments, which are
inherently explosion-proof and are fairly resistant to dirt and
corros ion, should be cons idered . Where pneuma ti c instruments
are not practical, air purging of cabinets or special filters
may provide adequate protection to electronic instruments.
A suitable remote control room is the most desirable solution.
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17.4.2 Indicator Boards

Sludge handling systems are frequently designed with considerable
operating flexibility, with large numbers of valves and many
possible flow configurations. As a minimum, some means is
required to tell the operator what the present flow configuration
is. A chalk board can be used for this purpose, but it does not
readily provide a graphic picture of the piping configuration.
Therefore, in more complicated plants, some type of graphic
indicator board is desirable to prevent errors. In the simplest
form of indicator board, a graphic panel is produced with
manually moveable flags or indicating lights with which the
operators indicate current valve positions and pump operation.
Such a system can give an excellent picture of the present
operating configuration, but is dependent on the operators to set
the flags correctly. The use of limit switches on valves and
indicating lamps is more reliable and also provides the operator
wi th a ready means to check the validi ty of the valve settings
and pump selection. Figures 17-5 and 17-6 show two examples of
graphic panels with indicating lights for showing valve or gate
positions.
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FIGURE 17-5

AERATION CONTROL GRAPHIC PANEL AND CONSOLE
UGHTS SET MANUALLY ON GRAPHIC PANEL
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F\GURE 17-6
INCINERATOR-DIGESTER CONTROl.. GRAPHIC PANEl..

1..\GHTS CONTROI..t.ED BY REMOTE VAI..VE 1..\MIT SWITCHES

17-70

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



EPA 625/1-79-011

PROCESS DESIGN MANUAL
FOR

SLUDGE TREATMENT AND DISPOSAL

Chapter 18. Utilization

U.S. ENVIRONMENTAL PROTECTION AGENCY

Municipal Environmental Research Laboratory
Office of Research and Development

Center for Environmental Research Information
Technology Transfer

September 1979



CHAPTER 18

UTILIZATION

18.1 Introduction

Utilization refers to the beneficial use of sludge or sludge
by-products. Sludge disposal options that do not involve
beneficial use (for example, when disposal is the only goal) are
discussed in Chapter 19.

Sludge may be used as a:

• Soil amendment. Sludge contains both crop nutrients and
organic matter. Sludge can be used as a fertilizer
and in the reclamation of disturbed lands, such as
construction sites, strip-mined lands, gravel pits, and
clear-cut forests. It may be used to stabilize bank
spoils and moving sand dunes.

• Source of heat and work. Energy may be recove red from
the gas produced during anaerobic stabilization, or
partial or full pyrolysis of sludges, and from the direct
burning of sludges. This energy may be converted to
heat or work and put to a variety of in-plant uses, or
exported for uses outside the plant.

• Source of other useful products. Other useful products
include waste treatment chemicals, landfill toppings,
industrial raw materials, animal feed, and materials of
cons truction.

The thrust of recent legislation has been to encourage beneficial
reuse. The Federal Water Pollution Control Act of 1972
(PL 92-500) stated that liThe Administrator shall encourage waste
treatment management which results in the construction of revenue
producing facilities for . the recycling of potential sewage
pollu tants through the production of agricul ture, s il vi cul ture,
or agricultural products, or any combination thereof. II The Clean
Water Act (CWA) of 1977 (PL 95-217) offered further incentives
for projects that involved innovative and alternative technology
(for example, sludge utilization, energy recovery). In
addition, the CWA requires the establishment of industrial
waste pretreatment programs with the objective of reducing
toxic pollutant loadings to municipal treatment facilities.
Implementation of pretreatment programs will make more municipal
solids suitable for reuse.
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The pretreatment program supplements programs established by the
Toxic Substance Control Act (PL 94-469) which authorized USEPA
to obtain production and test data from industry on selected
chemical substances and regulate them where they pose an
unreasonable risk to the envi ronment. Steps towards the goal
of furthering sludge utilization were taken by the Resources
Conservation and Recovery Act (RCRA) (PL 94-580), which
authorized USEPA to develop treatment and application rate
criteria for sludge to be applied to land growing food-chain
crops, as well as to nonagricultural areas. RCRA also authorized
funds for research, demonstrations, training, and other
activities related to development of other resource recovery
schemes.

At the same time, it is recognized that there are potential
hazards associated with wastewater sludge utilization and that
uti 1 iza t ion wi thou t careful pI anning, management, and operation
could present a danger to human health and to the environment.

18.2" Sludge as a Soil Amendment

Approximately 1.3 million dry tons per year (1.2 million t/yr),
or 31 percent of the treated municipal sludge generated in the
United States today, is applied to the land for productive
use. The quantities of treated sludge projected for ultimate
disposal by 1990 range from 5.6 to 7.6 million dry tons per year
(5.1 to 6.9 t/yr). The sludge quantities generated will depend
in .great part upon the extent to which municipalities adopt
land treatment of wastewater. Land treatment, which is an
alternative to conventional forms of wastewater treatment,
reduces substantially the amount of sludge produced.

18.2.1 Perspective

The impact of sewage sludge on the national commercial
fertilizer market is relatively insignificant. This is shown in
Table 18-1, where the amount of nutrients in currently utilized
and potentially usable sludges are compared against the
nutrients presently consumed in the form of commercial
chemical fertilizers. Nitrogen, phosphorus, and potassium in
currently utilized sludges are estimated to be only 0.2, 0.9, and
0.1 percent, respectively, of those nutrients consumed with
chemical fertilizers. If all united States wastewater sludges
were appl ied to land, these percentages would increase to 0.6,
3.2, and 0.4 percent, respectively. If the value per pound of
nutrient in the sludge was the same as that paid by farmers
for the corresponding commercial nutrient, the monetary
value of utilized nutrient sludges in 1978 was $9.5, $26.0, and
$1.7 million per year for nitrogen, phosphorus, and potassium,
respectively.
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TABLE 18-1

COMPARISON OF CURRENT AND POTENTIAL SLUDGE UTILIZATION
TO COMMERCIAL FERTILIZER CONSUMPTION IN THE UNITED STATES (1)

Nutrient usage, 1,000 ton/yr

Nutrient

Nitrogen as N

Phosphorus as P

Potassium as K

A. Nutrients in
currently

utilized sludges

21.5

4.3

B. Nutrients in
potentially

useable sludges

80.7

18.9

C. Nutrients
presently consumed

in commercial
fertilizers

10,642

2,453

4,841

A, as
percent

of C

0.2

0.9

0.1

B, as
percent

of C

0.6

3.2

0.4

aNitrogen in sludge expressed as available N, assumed to be
50 percent of total N.

While the values of nutrients in sludge are small relative to the
current dollar values of commercial fertilizers, they are by no
means ins ignif icant to those who would benef it monetarily. For
example, wastewater treatment plants could reduce operating costs
by sludge sales or by elimination of more expensive treatment and
disposal methods. Sludge users, for example, private citizens,
can obtain nutrients for lawns and gardens at low cost.

It is estimated that by the year 1990, annual savings in
treatment costs could be $100-$500 million if sewage sludge
utilization were increased to about 50 percent (2). This
utilization increase could result, in part, from the incentives
for innovative and alternative technologies provided by the
1977 CWA if various constraints to sludge utilization, including
regulations, are not overly stringent. If 50 percent of sewage
sludge were utilized on land, about $50 million (1978 dollars) in
nutrients and organic matter could be recovered and utilized for
growing crops and improving soil structure.

A number of locations where various sludge utilization options
are currently being employed are listed in Table 18-2. Some of
these operations have only recently started up (for example,
Madison, Wisconsin), while others have been in operation for as
long as 50 years (for example, Los Angeles County, California).

18.2.2 Principles and Design Criteria for Applying
Wastewater Sludge to Land

Certain basic elements are common to all land
projects, no rna t ter how or where the sludge is to
These elements include preliminary planning, site
process design (which includes determination
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application rates), facilities design, and facility management
and operation. Full and complete discussions of each of
these elements are too lengthy to be included in this manual.
Therefore, this section will provide only a brief outline. For
full details, the reader should consult Reference 3. At this
writing, this is USEPA's primary reference for the utilization of
sewage sludges on land. The entire subject of sludge use on
land will be covered more extensively in a future Technology
Transfer design manual.

TABLE 18-2

EXAMPLES OF COMMUNITIES PRACTICING LAND UTILIZATION (2)

Wastewater Sludge
flow, utilized,

aCommunities MGD dry ton/day Description

Landspreading of liquid sludges
Clinton, New Jersey 1 o. 5 PO, PL
Rochester, Indiana 1 o. 8 MO, PL
Little Falls, Minnesota 1 0.6 MO, ML, PL
Peru, Indiana 2.5 0.8 MO, PL
Bowling Green, Ohio 3.5 1.7 MO, PL

Muncie, Indiana 17 10 MO, PL
Salem, Oregon 30 8 MO, PL
Madison, Wisconsin 36 27 FO, PL
Seattle, Washington 150 28 PO, PL
Chicago, Illinois 909 165 MO, ML

Composting
Durham, New Hampshire 0.8 0.7 MO, GAM
Burlington, Vermont 5.8 2.3 MO, PL, ML
Toms River, New Jersey 6.5 7.8 ML, PL
Bangor, Maine 7 2 MO, GAM

Windsor, Ontario 21 25 MO
Camden, New Jersey 32 12 MO, GAM
Philadelphia, Pennsylvania 113 30 MO, ML, PL
Washington, D.C. 300 55 PO, GAM, S
Los Angeles, California 440 150 MO, S

Drying
Little Falls, Minnesota 1 0.4 Drying bed, ML, PL
Largo, Florida 8 2.5 Heat dry, S
Marion, Indiana 9 0.2 MO, PL
Fort \',orth, Texas 75 41 Drying bed, MO, ML

Houston, Texas 73 18 Heat dry, S
Toledo, Ohio 78 35 PO, PL, Filter cake
Milwaukee, Wisconsin 132 190 Heat drying, MO, S
Denver, Colorado 140 125 MO, ML, Filter cake
Chicago, Illinois 909 131 Heat dry, MO, S

a PO - Privately operated (contractor)
PL - Private land
MO - Municipally operated
ML - Municipal land
FO - Farmer operated

GAM - Giveaway to municipality
S - Sale
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18.2.2.1 Preliminary Planning

Preliminary planning consists of the following steps:

• A planning team is formed of individuals who are
interested in the proposed program and whose expertise
and support are required. A major activity of the
planning team is to solici t and obtain public support
for the program, particularly the support of potential
sludge users and local government. The importance of
obtaining public support cannot be overemphasized. Many
utilization projects have failed because planners have
failed to recognize this necessity.

• Basic data is collected, including sludge quantities and
characteristics, climatic conditions and local, state,
and federal regulations.

18.2.2.2 Site Selection

Site selection consists of:

• Preliminary screening. A rough estimate of total acreage
required is obtained by dividing total sludge quantity
by an assumed application rate. Land that might be
available within about 30 miles is identified; obviously
unsuitable sites are immediately eliminated. If this
rough analysis indicates that sufficient land is
a va i 1 a b 1e , a m0 redeta i 1e d studY 0 f po ten t i a lsi t esis
initiated.

• Site identification. Potentially available sites
rema ini ng after prelimi nary screening are characteri zed
as to topography, land use, soil characteristics,
geology, and distance from treatment plant. The
characterization at first is general, taken from
published and readily available sources of information,
such as soils surveys and topographical maps. The least
suitable sites are eliminated by an objective ranking
procedu re, simi lar to the second-cu t analys is described
in Process Selection Logic, Chapter 3. The procedure
is reiterated, with more detailed and site-specific
information in each iteration, until finally the best
site or sites are determined.

• Site acquisition. Sites are acquired either by outright
purchase or by the municipality o~taining a contract for
the right to use private land for sludge utilization.

18.2.2.3 Process Design

Process design involves selecting suitable crops and determining
appropriate sludge application rates as well as application
methods. Although basic design goals (maximization of crop yield
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and qual i ty , and mi nimi za t ion of envi ronmental damag e) rema in
constant regardless of projected land use, design procedures
differ for applications on agricultural, forested, and reclaimed
lands:

• Application on agricultural land. Sludge should be
applied to agricultural land at a rate equal to
the nitrogen uptake rate of the crop unless lesser
application rates are required because of cadmium
limitations. Annual loading rates for cadmium on
soils have been set at 1.8 pounds per acre per year
(2.0 kg/ha-yr) for food chain crops; however, this value
can be regarded as provisional and may be revised on the
basis of ongoing and future research and future federal
regulations. The basis for the nitrogen criterion is to
mi nimi ze n i tra te 1 each ing to g roundwa ter. The annual
limit for cadmium is chosen to minimize uptake by crops
and the potential for long-term, sub-clinical adverse
effects on human health. Site lifetime limits are
established on the basis of maximum cumulative loadings
of lead, zinc, copper, nickel, and cadmium. These limits
are designed to allow growth and use of food-chain crops
at any future date.

• Appl ica t ion on fores ted land. As with ag ronomi c crops,
the harvesting of a forest stand removes the nutrients
accumulated dur ing growth. However, the amounts removed
in forest harvesting annually are significantly lower
than in agronomic crop harvesting. Uptake by vegetative
cover is negligible. Therefore, forest systems rely
pcimarily on soil processes (denitrification) to minimize
nitrate leaching into groundwater. As a result, nutrient
loadings on forested lands must generally be less than
those on ag r i cul tural sites. No annual 1 imi ta tions are
set for cadmi urn, since no food-chain crops are grown.
Lifetime metals limits used for agricultural sites are
s ugges ted for fores ted land; this woul d mi n imi ze me tal
toxicity to trees and allow growth of other crops if the
area were cleared at a future date.

• Application on reclaimed land. Sludge is usually applied
to impoverished lands at rates sufficient to satisfy the
nutrient requirements of the cover crop.

18.2.2.4 Facilities Design

Once the site has been chosen and crops and approx ima te sludge
application rates have been decided upon, the project can proceed
to the facility design stage. This phase of the project is
site-specific and consists of:

• Detailed site investigations. On-site soil analyses are
conducted to determine such factors as available
phosphorus and potassium, soil pH and lime requirements,
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cation exchange capacity, and organic matter. Such
information will allow for finalizing sludge application
rates determined in the Process Design phase. Soil
should be characterized to provide baseline data against
wh ich subseq uen t analyses can be compared. Th is wi 11
allow documentation of changes in the physical and
chemical properties of the soil due to sludge applcation.

• Determining pre-application treatment. This refers to
upstream sludge treatment, including thickening,
stabilization, disinfection, conditioning, dewatering,
and drying (see Chapters 5 through 10 for detailed
d i scu ss ions) • For new plan ts, the me thod of sludge
disposal or utilization may dictate the preapplication
pro c e s s~i ng con fig u rat ion. For ex i s t i ng p 1 ant s ,
pre-application treatmen~ influences sludge form and
composition, and thus affects application rate,
the method of spread ing, and the mode of sludge
transportation.

• Determi ning sludge appl ica tion mode. The appl ica tion
mode depends upon the sludge form. Liquid sludge can be
spread by tank truck, sprayed, injected, or applied by
the ridge-and-furrow technique. Dewatered sludges are
usually applied by conventional fertilizer spreading
equipment. See Chapter 19 for a discussion of sludge
application techniques.

• Determining sludge storage requirements. Storage should
be provided when sludge cannot be spread (for example,
during inclement weather). Storage can also provide
additional stabilization and disinfection. See
Chapter 15 for information on storage.

18.2.2.5 Facility Management, Operations,
and Monitoring

Once the system has been constructed, it must be made to run
smoothly and efficiently:

• Operations must be scheduled. Spreading must be timed to
satisfy farming requirements. If the municipality
grows its own crops, tilling, planting, and harvesting
operations must also be scheduled.

• Operations must be managed
(odors, contamination of
waters) .

to reduce off-s i te
groundwater-s, and

impacts
surface

• Operations must be monitored to assure that the system is
operating as intended. Sludge must be analyzed to ensure
its acceptability to the user and to provide a record of
nutrient and metal additions to the soil. Soil, crops,

18-7



groundwaters, and surface waters need to be monitored
only if sludge nutrients are applied at rates exceeding
the uptake capacity of crops or soils.

18.3 Sludge as an Energy Source

Whether produced from direct burning of
combustion of sludge-derived fuels such
pyrolysis gas, the end product is energy.
perform a variety of useful functions.

sludge or from the
as digester gas or
Heat can be made to

18.3.1 Perspective

The precipitous rise in energy prices during the 1970s has
generated intense intere"st in the conservation and recovery of
this precious commodi ty. For example, the Uni ted States Energy
Research and Development Administration (now the Department of
Energy) has proposed one-seventh of the united States energy
requirements be produced by bioconversion processes (for example
anaerobic digestion) by the year 2020 (4). Clearly, however,
this awesome quantity of energy will not be generated from
municipal wastewater sludge; there is simply insufficient sludge.
Very large external organic sources (for example, manure from
feed lots or municipal refuse) and external processing systems
(energy farms) will be required to effect such production. As
with utilization of sludge on land, the impact of energy recovery
from municipal sludges will be largely local, that is, it will be
felt most strongly at the treatment plant and in its immediate
vicinity. Here, the effects can be significant.

As Figure 6-32 indicates, the energy value of methane generated
from the anaerobic digestion process exceeds the energy
requirements of the digestion process. The excess can be used to
supply the energy needs of other plant processes. In some
instances, the gas generated is sufficient to supply the energy
needs of the entire wastewater treatment plant, with excess gas
available for sale. Notable examples are the British Southern
and Mogden plants and the County Sanitation Districts of
Los Angeles County Joint Disposal Plant (5). Heat recovery
is possible even if digestion is not used, for example, heat
recovery from coincineration of sludge and municipal refuse is
expected to provide all the energy needs of the Central Contra
Costa Sanitary District (CCCSD) plant in Concord, California (6).

I n Jan u a ry 1 9 7 8 , the S tat e 0 f Cal i for n i a Pub 1 i cut iIi tie s
Commission (PUC) passed a resolution directing all state
utilities to augment cogeneration projects by setting up new rate
schedules covering interruptible electric service; by creating
new specific rates to encourage cogeneration, including revisions
to standby rates; and by developing guidelines covering the
price and conditions for the purchase of energy and capacity
from cogeneration facilities owned by others (7). The term
cogeneration in this context means the production of power by
utilization of waste heat; it also covers power produced through
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the burning of alternative fuels, such as municipal waste.
The resolution significantly changes the economics of power
generation at California wastewater treatment plants and
encourages the use of in-plant energy recovery.

On June 27, 1979, the Federal Energy Regulatory Commission issued
proposed regulations providing for the qualification of small
power production and cogeneration facilities under Section 201 of
the Public Utility Regulatory Policies Act of 1978 (8). The
proposed regulations are set up to assure opportunities for
small power producers «80 MW) to sell electricity to electric
utilities when such electricity is generated through the u~~ of
renewable energy sources (such as sludge) or recovered process
heat.

These regulatory actions are an indicator of future trends in-' the
United States as the country seeks to increase its non.:..fossil
fuel energy production. The designer should be aware of their
impacts on future planning for using sludge as an energy source.

The r e c 0 very 0 fen ergyin the for m 0 f f ue 1sand h eat fro m
mun ic ipal sludges wi 11 be discussed in detail in the follow i ng
sections.

18.3.2 Recovery of Energy From Sludge

Figure 18-1 shows on one diagram processes which release energy
from sludge; devices which convert the released energy to useful.
forms; useful energy forms; and suggested applications of
recovered energy, either at the wastewater treatment plant or
off-site. Special consideration must be made when designing
processes to recover energy from wastewater sludge. Some of
these considerations are discussed below.

18.3.2.1 Treatment of Digester Gas

The treatment required depends on the digester gas' anticipated
use. Treatment is minimal if the gas is burned in a boiler or in
a high temperature internal combustion engine. Conversely, if
it is sold for utilities as a natural gas substitute it must be
upgraded to natural gas quality. Thi.s involves treatment to
remove particulates, H2S, C02, and water. As a general rule, gas
treatment should be avoided to as great a degree as possible. It
is preferable to set up recovery systems that can be operated
with untreated digester gas.

Particulates are carried over with the gas as it leaves the
digester. They may be removed in large sedimentation traps and
cyclonic separators.

H2S is most commonly removed by iron-sponge scrubbers. The
"sponge" consists of wood shavings impregnated with iron oxide.
H2S reacts with iron oxide to form nonvolatile ferric sulfide.
The sponge can be regenerated with air. Sponge capacity is
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OF ENERGY FROM SLUDGE
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about 0.6 pounds of sulfur per pound of iron oxide (0.6 kg/kg).
Problems have been experienced with fouling of the iron-sponge by
oils and greases entrained in the digester gas. Iron-sponge
scrubbers are commercially available. Other H2S scrubbing
processes are less commonly used and are proprietary.

C02 removal processes can be divided into three broad categories;
absorption (both physical and chemical), adsorption, and
cryogenic processing. Many C02 removal processes also remove
H2S. The only process which has received much use in wastewater
treatment plants is absorption in water; this process has
been tested at Modesto, California, and Los Angeles County,
California. In 1976, total costs for a water scrubbing unit
of 1,000,000 cubic feet per day (28,300 m3/d) capacity were
estimated at $2.50 per million Btu ($2.37/GJ) of energy (9).
Some methane is also absorbed during the scrubbing process; costs
were based on energy leaving the scrubber as opposed to energy in
the untreated gas. Of this, $0.15 per million Btu ($0.14/GJ) was
attributed to the cost of iron-sponge H2S removal, which must
necessarily precede the water scrubber. It was estimated that
this unit would produce 2 MGD (87 lis) of spent scrubbing water.
Costs for treating the spent scrubbing water were included in the
estimate. These units are commercially available.

Gas leaves the digestion system at approximately 95°F (35°C) and
is saturated with water vapor. During transport the gas is
cooled. Condensate formed must be removed to protect downstream
equipment. Water traps should be installed at low spots in the
gas pipe and at frequent intervals. If moisture must be reduced
substantially, adsorption drying or glycol dehydration can be
used.

18.3.2.2 Gas-Burning Equipment

Corrosion Factors

One of the major problems associated with recovering heat
from digester gas is corros ion caused by S02 and S03, the
combustion products of H2S. I f the exhaust gas temperature is
allowed to drop below its dewpoint, the condensate which
forms is acidic as the result of absorbing S02 and S03. The
acidic condensate is corrosive to metallic elements of the
exhaust-carrying system. There are two alternatives to alleviate
the problem. The first is scrubbing of H2S from the gas
before combustion. The second is maintaining the exhaust gas at
temperatures considerably greater than its' dewpoint, to prevent
condensation. This generally requires that the water temperature
of any boiler or engine using unscrubbed gas be at least 212°F
(100°C). Also, stack gas temperatures should not be allowed
to drop below 350° to 400°F (177° to 204°C). Use of unscrubbed
digester gas is preferred. Equipment fueled by unscrubbed
digester g as should not be used in in termi t ten t serv ice, since
condensation will occur each time the unit is shut down.
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Shutdowns should be mi nimized. Similarly, the equipment should
be designed so that even when operated at its lowest loadings,
exhaust gas temperatures are sufficiently high to prevent
condensation.
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SYSTEM FOR HOT WATER PRODUCTION
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Boilers

Scotch-type tube boilers and cast iron sectionalized boilers
have both worked well with untreated digester gas as long as the
water or stearn temperatures are maintained above 212°F (100°C).
Figure 18-2 illustrates an effective method for hot water
production using boilers. The heat source (the boiler) and heat
demands are not directly tied together, but separated by a
condenser. The condenser is mounted directly above the boiler.
The specific gravity of the steam/water mixture produced in the
boiler tubes is less than that of the water returning to the
boiler. The mixture is displaced upward into the condenser,
gives up its heat, then flows by gravity back to the boiler. A
natural circulation pattern is thus set up.

If heat supply exceeds heat demand, the excess heat is released
by venting steam from the condensers. Temperature control is
automatic, being set by the vent pressure. Advantages of this
system are simplicity, elimination of costs associated with
pumping, automatic temperature control, and independent
operation of the boiler from other heat sources and heat demands.
Ir.dependen t opera t ion is pa rt icul ar ly important; ita llows the
boiler to operate at its own best conditions, without being
affected by the operations of other components of the system.

Prime Movers

Digester gas can be used to fuel reciprocating engines and gas
turbines. Prime movers convert part of the fuel's energy to
work, rejecting the remainder as waste heat. Thermal efficiency
can be dramatically improved if portions of the rejected heat can
be recovered and used for process or building heating. Waste
heat recovery is more efficient if prime movers are run hot,
since heat rejected at higher temperatures can be put to a
greater variety of uses than heat rejected at low temperature.
Also, exhaust systems last longer because S02-S03 corrosion is
reduced.

Reciprocating Engines. Engines may be cooled using either a
forced circulation system in which water is pumped through the
engine, or a natural draft system. The equipment configuration
for natural circulation cooling is similar to that described
for boiler natural circulation systems except the engine
replaces the boiler in the flow diagram (see Figure 18-2). The
advantages of natural circulation cooling are the same as those
discussed for natural circulation boiling. Cooling system
pressures are limited to about 10 psig (69 kN/m 2 ); if operated at
higher pressures cooling water could leak past the cylinder
liner seals and into the cylinder. The maximum cooling water
temperature is thus about 240°F (116°C), corresponding to the
temperature of saturated stearn at 10 psig (69 kN/m2 ). Engines
using natural circulation cooling are relatively small, typically
developing less than 1,500 horsepower (1,120 kW). Flow rates
developed by natural circulation cooling may be insufficient to
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cool larger engines. Flow rates may be increased by installing
a booster pump in the circulating loop near the entrance to the
engine jacket. There are reciprocating engines on the market
designed to operate at temperatures in the 160 0 to 180°F (71° to
82°C) range. However, they are not recommended for services
with unscrubbed digester gas because of potential problems
with S02-S03 corrosion. Heat recovered from the engine jacket is
typi cally used to sus ta in the digest ion process and for spa ce
heating.

Reciprocating engines commonly employed in wastewa ter treatment
plants fall into two categories; dual-fuel (compression ignited)
and spark ignited engines. Dual-fuel engines use a blend of
diesel fuel and digester gas; the fraction of diesel fuel can be
varied from a minimum of 4 percent all the way to 100 percent of
the mixture. Dual-fuel eng ines are typically used if there is
insufficient digester gas to satisfy power demands. Dual-fuel
engines have been specified for new plants where digester gas
production is expected to lag behind power demands for several
years.

Spark-ignited engines are generally used when there is sufficient
digester gas to satisfy power demands. Spark-ignited engines can
operate on several different types of fuel (for example, digester
gas and natural gas). Special carburetors are provided to blend
digester gas with an air-diluted backup fuel (for example,
natural gas) during infrequent periods when not enough digester
gas is available to satisfy power requirements. Spark-ignited
engines are less complex then dual-fuel engines, are available
in smaller sizes, and are less costly to operate since expensive
diesel fuel is not required.

Na turally asp i ra ted feed sys terns are preferred to t urbocha rged
systems for spark-ignited engines. Turbocharged systems require
that gas be delivered at high pressure, which means the gas must
be first compressed, then delivered through a fuel metering
system with restricted openings. Gas impurities (oils,
greases, and water) are condensed when the gas is compressed and
cooled; these impurities often clog the fuel metering system.
Naturally aspirated systems operate at low pressures «0.5 psig
[3.4 kN/m 2]). with careful design of the gas transport systems,
compres s ion of the feed gas is not requ ired. Low pressure fue 1
metering systems also have relatively large openings compared
to metering systems used with turbocharged units. For these
reasons, naturally-aspirated fuel systems are therefore less
susceptible to clogging than systems with turbocharged units.

Engines represent a large capital investment and should be
conservatively designed to protect that investment. For
four-stroke engines it is recommended that brake mean effective
pressure (BMEP) not exceed 80 to 85 psig (550 to 590 kN/m 2 ) to
minimize strain on the equipment. Engine speeds in the 700 to
1,000 rpm are preferred as are average piston speeds in the range
of 1,200-1,500 feet per minute (370 to 460 m/min). Heavy-duty
industrial engines should be specified, not automotive engines.
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Gas Turbines. Gas turbines have had relatively 1 imi ted use to
date. Where used, there have been fouling problems which are
inherent with compressing a dirty gas through fuel metering
systems with small clearances. However, new developments in
the turbine field and the fact that less NO x is produced by
turbines than by reciprocating engines has led to a second look
at turbines, particularly in nonattainment air quality areas. A
new system that uses a relatively low (4/1) pressure ratio
turbine with recuperation has the potential to solve many of the
problems which plagued earlier installations (10). The normally
low efficiency of the low pressure ratio turbine is boosted by
preheating the compressed air with heat recovered from the
exhaust gas. Ignition for this turbine can be staged to minimize
NO x ge nerat ion. Emi ss ions control is part i cuI ar ly important in
non-attainment areas where new stationary sources must use
Best Available Control Technology (BACT). BACT for reciprocating
engines is considered to be catalytic denitrification, while BACT
for low pressure ratio turbines can be staged ignition.

18.3.2.3 Generators

Genera tors may be synchronous or induction types. Synchronous
generators are by far the most common. However, in smaller sizes
(below 5 or 10 MW) induction units are generally less expensive
than synchronous units. They are also easier to maintain since
they require no governor or synchronizing equipment. Induction
generators have the disadvantage of being unable to operate
unless parallelled with synchronous generation, either utility or
in-plant. Thus an induction generator by itself cannot be used
to provide emergency power.

18.3.3 Examples of Energy Recovery

The following two examples demonstrate calculations for two of
the most commonly encountered energy recovery practices. Other
examples and case histories can be found in References 11 and 12.

18.3.3.1 Energy Recovery from Digester Gas

Gas from an anaerobic digestion system is to be utilized to help
supply plant energy needs in a 30 MGD (1.3 m3/s) activated
sludge plant. Digester gas will be used to fuel a spark-ignited
internal combustion engine equipped with natural circulation
cooling. The engine will drive an electrical generator. The
electricity generated will be u~ed to power various plant motor
drives. Heat recovered from the engine cooling jacket and from
the exhaust silencer will be used for space and process heating.
It is hoped that sufficient heat will be recovered to supply at
least digester heat requirements; any excess heat recovered will
be used for "other" process heating. It is anticipated that heat
recovered from the engine jacket (usually low temperature heat)
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will be used to make hot water for digester heating, while heat
recovered from the exhaust silencer (high temperature heat) will
be used to generate steam. Figure 18-3 is the system flowsheet.
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PROCESS SCHEMATIC FOR EXAMPLE OF ENERGY
RECOVERY FROM DIGESTER GAS

The folj.owing data is estimated for the sludges and digester gas:

• Digester feed = 50,000 pounds per day (22,700 kg/d), dry
weight basis. The feed solids are 75 percent volatile.
The sludge is 4 percent solids by weight.

• Fifty percent of the volatile solids {VS) are destroyed
during digestion.

• Raw sludge temperature is 60°F (16°C).

• Fifteen standard cubic feet (0.42 m3 ) of digester gas
are generated for every pound (0.454 kg) of VS destroyed.

• The gas composition is 66 percent CH4,
C02' and 5.7 percent water (by volume).
(H2, H2S, N2) are present but not in
quantities to affect the heat balance.

28.3 percent
Other gases
sufficient
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• 619 Btu (648 kJ) of heat are produced for every standard
cubic foot (28.3 liters) of digester gas combusted.

The plant has the following energy requirements, which could
be supplied in part or in whole by energy recovery from
digester gas:

• 1,000 kW of electricity.

• Energy for raw sludge and digester heating (to be
computed).

• 15 x 10 6 Btu
heating.

per day (15.8 x GJ/d) for miscellaneous

The following calculations are required:

• Determine the energy value of the digester gas.

• Determine if energy that can be recovered from the
combusted gas is sufficient to satisfy the energy
requirements listed above.

• Provide an energy flow diagram.

• Determine overall heat recovery efficiency.

To make comprehension of this example easier, the energy flow
diagram is presented first (see Figure 18-4). The calculation
is divided into four sections, as illustrated by the numbered
"boxes II on the diagram. The magni tudes of the energy s treamd
shown on Figure 18-4 are developed in the following calculations:

Determine the Energy Value of the Digester Gas (Box 1)

1. Digester gas flow rate

= ( 50,000 Ib SOlidS)
day

x (It vsl~e~~;Oyed) =

(
0.75 Ib VS) (0.5 Ib VS destrOyed)
Ib solids Ib VS fed

281,250 scfd (8,157 m3/d)

2. Energy value of the gas

= (281,250 scfd) (619 Btu/scf)

= 174 x 106 Btu per day (183.5 GJ/d)

Strictly speaking, the energy value of the digester gas
should include not only the heat of combustion but the
hea t contents (enthalpy) of the reactan ts (a i r, fue 1 gas)
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calculated with respect to a selected base temperature.
However, the heat contents of the reactants are very small
compared to the heat of combustion and may be neglected with
very little loss of accuracy and with a substantial reduction
in amount of calculations necessary.
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~. __.~._-------- _______ lIIm<3

FIGURE 18-4

ENERGY FLOWSHEET FOR EXAMPLE OF
ENERGY RECOVERY FROM DIGESTER GAS

1. Assume 28 percent of the energy value of the fuel gas is
converted to work.

Work produced

= 0.28 (174 x 10 6 Btu/day)

= 48.7 x 10 6 Btu per day (51.3 GJ/d)

Assume 90 percent of the work produced can be converted to
electrici ty.
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Electricity

= 0.90 (48.7 x 10 6 Btu/day) = 43.9 x 10 6 Btu/day (46.2 GJ/d)

This is equivalent to 535 kW. Since average plant electrical
demand is 1,000 kW, auxiliary power must be purchased.

2. Assume 33 percent of the energy value of the fuel gas is
recovered in the engine jacket water.

Energy recovered in the jacket water

= 0.33 (174 x 10 6 Btu/day)

= 57.4 x 10 6 Btu per day (60.5 GJ/d)

3. Assume the radiant heat loss from the engine is 4 percent of
the energy value of the fuel gas.

Radiation loss

= 0.04 (174 x 10 6 Btu/day) = 7.0 x 10 6 Btu per day (7.4 GJ/d)

4. Assume 5 percent of the energy value of the fuel gas is
transferred to lubricating oil.

Heat loss to oil

= 0.05 (174 x 10 6 Btu/day) = 8.7 x 10 6 Btu per day (9.2 GJ/d)

5. Heat in the exhaust gas is the difference between the energy
value of the fuel gas and the heat losses determined in items
1 through 5.

Heat in the exhaust gas

= (174.0 - 48.7 - 57.4 - 7.0 - 8.7) x 10 6

= 52.2 x 10 6 Btu per day (55.0 GJ/d)

Determine Whether Sufficient Heat can be Recovered From the
Jacket Cooling Water to Satisfy Dig~,§"t.eI"__!,!~ating Requirements'
(Box 3)

1. Energy required to heat raw sludge

(
50,000 lb solids/day )( 1.0 BtU) °

0.04 lb solids/lb sludge lb sludge/oF (95 - 60 F)

= 42.0 x 10 6 Btu per day (44.3 GJ/d)

2. Determine energy required for circulating sludge heating.
The purpose of the circulating sludge heater is to make
up for any heat los t through the d iges ter structure. Heat
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loss calculations similar to these shown in Chapter 6,
Section 6.2.6.2, indicates that for the digester of this
example, losses are on the order of 5.0 x 10 6 Btu per day
(5.3 GJ/d).

3. Determine heat loss in the hot water circulating loop. There
is very little heat loss because this is a closed system
(see Figure 18-3). The only losses will be through the
insulation. It is roughly assumed that heat loss is 5 percent
of the heat leaving the engine jacket.

Heat loss

= 0.05 (57.4 x 10 6 )= 2.9 x 106 Btu per day (3.0 GJ/d)

4. Total heat required for the digestion system

= (42.0 + 5.0 + 2.9) x 10 6 = 49.9 x 10 6 Btu/day (52.6 GJ/d)

5. Heat available in the cooling water minus total heat required
for the digestion system

= (57.4 - 49.9) x 10 6 = 7.5 x 10 6 Btu/day (7.9 GJ/d)

To keep the internal combution engine adequately cooled,
this heat must be rejected in some manner. The heat may be
rejected by venting steam from the condenser. In this case,
however, the designer has chosen to use the extra heat for
building heat, thereby utilizing rather,than wasting it.

Determine if Sufficient Heat can be Recovered from the Hot
Combustion Gases Leaving the Engine to Satisfy "Other" Process
Requirements (Box 4)

From previous calculations, the heat available in the hot
combustion gas is 52.2 x 10 6 Btu per day (55.0 GJ/d). Not
all of this heat can be recovered for use. Practical limits
exist to the degree to which the hot gas can be cooled. For
example, the hot gases must be substantially warmer than the
material being heated to carry out heat transfer in an exchanger
of reasonable size and cost. In this example, however, the lower
temperature limit is set at 350°F to preclude corrosion that
might occur by condensation of water vapor on the inside of the
exhaust stack walls. The designer must therefore determine if
sufficient heat can be obtained to satisfy "other" process uses
when the hot combustion gases are cooled to 350°F (117°C) in the
exhaust silencer. Since the heat content of the hot combustion
gases is known (52.2 x 10 6 Btu per day [55.0 GJ/dj), heat
available can readily be calculated once the heat content of
the gas at 350°F (117°C) has been determined. This is calculated
as follows:

1. First calculate the volume of exhaust gas. Gas production
can be predicted from stoichiometry:
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(18-1)

a. C02 present = C02 in digester gas plus C02 formed
by combustion of methane.

1. From previous calculations, digester gas production
is 281,250 standard cubic feet per day (8,157 m3/d).

2. Unburned digester gas contains 28.3 percent C02 by
volume.

C02 associated with digester gas

= 0.283 (281,250 scfd) = 79,593 scfd (2,252 m3/d)

3. From Equation 18-1, one cubic foot of C02 is formed
for every cubic foot of methane burned. Digester gas
contains 66 percent methane by volume.

C02 formed by combustion of methane

= 0.66 (281,250 scfd) = 185,625 scfd (5,253 m3/d)

4. Total C02 volume

= 79,593 + 185,625 = 262,218 scfd (7 1 505 m3/d)

b. CH4 present: none, all converted to C02'

c. 02 present: assume that air supplied exceeds theoretical
requirements by 10 percent. Oxygen associated with this
excess is not consumed. From Equation 18-1, theoretical
oxygen requirements are two cubic feet of oxygen for
every cubic foot of methane burned.

Oxygen in excess of theoretical requirements

= (2)(0.10)
(

0.66 ft 3 CH4
---·-ft3 digester gas

) (281,520 scfd)

= 37,125 scfd (1,050 m3/d)

d. N2 present: N2 associated with the air passes through
the system unchanged in quantity.
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(
0.66 ft 3 CH4 )= 281,250 scfd

ft 3 digester gas

x ([l.10 x 2J ft 3 02 deliVered) (0.79 ft 3 N2 )

ft 3 CH4 0.21 ft 3 02

= 1,536,265 scfd (43,476 m3/d)

e. H20 present = H20 in digester gas plus that created by
combustion of methane.

1. Digester gas contains 5.7 percent H20 by volume.

H20 in digester gas

= 0.057 (281,250 scfd) = 16,031 scfd (453 m3/d)

2. From Equation 18-1, two cubic feet of H20 are formed
for every cubic foot of methane burned.

= 281,250 scfd

= 371,250 scfd

(
0.66 f t 3 CH 4 ) (2 f t 3 H20)

ft 3 digester gas ft 3 CH4

(10,506 m3/d)

3. Total water = 16,031 + 371,250 = 387,281 scfd
(10,960 m3/d)

f. Total gas flow = 262,218 + 37,125 + 1,536,265 + 387,281
= 2,222,889 scfd (62,907 m3/d)

2. Next calculate the heat content of the exhaust gas at 350°F
(117°C) . The heat content of the exhaust gas is the sum of
the heat contents of its ind i vidua1 components. The heat
content of any component at 350°F is the sum of the sensible
and latent heats required to raise the component from an
arbitrarily selected base temperature to 350°F (177°C). Mean
heat capacity data for several gases is shown on Figure 18-5.
The base temperature for Figure 18-5 is 77°F (25°C). The
mean heat capacity of a gas over the range 77°F to 350°F is
the value found at 350°F.

a. Heat content of C02

-(lb9~~1:~~F) O~9rn~~~) (350°-77°F) (262,218 scfd)

= 1.9 x 10 6 Btu per day (2.0 GJ/d)
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b. Heat content of 02

= Ib7~~1:~~F (~~9m~;~) (350°-77°F) (37,125 scfd)

= 0.2 x 10 6 Btu per day (0.2 GJ/day)

c. Heat content of N2

6.8 Btu (lb mOle) (350°-77°F) (1,536,265 scfd)= Ib mole/oF 359 scE

= 7.9 x ,10 6 Btu/day (8.4 GJ/d)

d. Heat content of water. In this calculation, water is
pictured as heated in a liquid state to the dew point,
evapora ted, and heated as a vapor to final tempera ture.
Other approaches can also be used; these are described in
thermochemistry textbooks.
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(
387,281 scfd H20 ) 100

1. Water comprises 2,222,889 scfd total

= 17.4 percent by volume of the exhaust gas. The
dew point for gas containing 17.4 percent wa ter by
volume is 135°P (58°C).

2. Heat to raise liquid water to the dew point

=( 387,281 scfd )(" 18 BtU) (135-77 0P)
359 scf/lb mole Ib mole/oF

= 1.1 x 10 6 Btu per day (1.2 GJ/d)

3. Heat to vaporize water at the dew point

=( 387,281 scfd )(18,720 BtU)
359 scf/lb mole Ib mole

= 20.2 x 10 6 Btu per day (1.19 GJ/d)

4. Heat to raise water vapor from the dew point
to 350 0P

=( 8.2 Btu )( 387,281 scfd )(350~1350F)
Ib mole/oF 359 scf/lb mole

= 1.9 x 10 6 Btu per day (2.0 GJ/d)

5. Total heat content of water = (1.1 + 20.2 + 1.9)
x 10 6 = 23.2 x 10 6 Btu per day (24.5 GJ/d).

e. Heat content of exhaust gas at 350°F (117°C)

= (1.9 + 0.2 + 7.9 + 23.2) x 10 6 = 33.2 x 10 6 Btu per day

(35.0 GJ/d)

3. Energy available to satisfy "other" requirements

= (52.2 - 33.2) x 10 6 = 19.0 x 10 6 Btu per day (20.0 GJ/d).

4. Determine heat loss in steam/condensate circulating loop.
There will be very little heat loss because this is a
closed system (see Figure 18-3). Assume losses are roughly
5 percent of the heat transferred from the exhaust silencer.

Heat loss

= 0.05 (19.0 x 10 6 Btu/day) = 0.9 x 10 6 Btu per day

(1.0 GJ/d)
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5. Heat available for "other" process demands

= (19.0 - 0.9) x 10 6 = 18.1 x 10 6 Btu per day (19.1 GJ/d)

The available heat is sufficient to satisfy the demands.

Determine Efficiency of. the Energy Recovery System

There are several methods for evaluating the efficiency of the
energy recovery system. One approach is to compute the useful
heat and work recovered as a percentage of the energy input.

1. Useful heat and work:

a. Electrical energy = 43.9 x 10 6 Btu per day (46.2 GJ/d).

b. Raw sludge heating = 42.0 x 10 6 Btu per day (44.2 GJ/d).

c. Circulating sludge heating = 5.0 x 10 6 Btu per day
(5.3 GJ/d).

d. "Other" process heating = 15.0 x 10 6 Btu per day
(15.8 GJ/d).

e. Space heating ~ 7.5 x 10 6 Btu per day (7.9 GJ/d).

2. Energy input from digester gas = 174 x 10 6 Btu/day

(183.4 GJ/d).

3. Computed efficiency = (43.9 + 42.0 + 5.0 + 15.0 + 7.5) 100
174.0

= 65 percent

This activated sludge plant is not able to supply all its energy
needs using digester gas (insufficient electrical energy).
Generally, digester gas is sufficient to satisfy the energy
requirements of most primary treatment plants but not activated
sludge plants, since aeration blowers generally have high
electrical demands.

18.3.3.2 Recovery of Energy from Incinerator Flue Gas

A was tewa ter t rea tmen t plan t o"f 125 MGD (5.48 m3/s) capac i ty uses
incineration to process 190,000 pounds per day (82,260 kg/d) of
combined primary and waste-activated sludges. Heat is recovered
from the flue gases as electricity and steam in a steam turbine
power cycle, using a waste heat boiler. The designer's objective
is to maximize work production (electricity and direct power).
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Steam is not used for space or process heating. A flow sheet of
the process is shown on Figure 18-6. The following addi tional
information is provided:

• The flue gas heat content is 606 x 10 6 Btu per day
(639 GJ/d), based on an assumed gas composition and
gas temperature, using methods described in the example
of Section 18.3.3.1. Similarly, the heat content of the
stack gas is 250 x 10 6 Btu per day (263 GJ/d). Heat
losses from the boiler structure are 18 x 10 6 Btu per
day (19 GJ/d).

• The boiler produces superheated steam at 615 psia
(4,261 kN/m 2 ) and 825°F (441°C), which is then fed to
a steam turbine, called the "main turbine."

• Steam is withdrawn from the turbine at three points.
First, 50,000 pounds per day (22,700 kg/d) are withdrawn
at 165 psia (1,143 kN/m 2 ) and applied to drives for
pumps and compressors. Th is is called "process" steam.
Second, a quantity (to be computed) is withdrawn and used
for preheating of the boi ler f eedwa ter. Thi s is called
"preheat" steam. The remaining steam, which is "primary"
steam, is exhausted at 1 psia (6.9 kN/m 2 ). The
efficiency of the turbine (actual to theoretical work
output) is assumed to be 76 percent.

• Exhausted "process" steam from the pump and compressor
drives is condensed at 1 psia (6.9 kN/m 2 ), combined
with the "primary" condensate, and s8nt to the feedwater
heater. "Primary" and "process" condensates are
assumed to be saturated water at the exhaust pressure
(1 psia [6.9 kN/m2]).

• "Preheat" steam is mixed with "primary"
condensates in the feedwater heater
saturated feedwater at 300°F (149°C).

and "process"
to produce a

• The feedwater is pressurized to 615 psia (4,261 kN/m2 ),
and returned to the boiler.

The following information is desired:

• Steam and condensate flow rates.

• Electric power generated.

• Pump and compressor work produced by the "process" steam.

• Energy recovery efficiency.
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FLOWSHEET FOR EXAMPLE OF ENERGY RECOVERY
FROM INCINERATOR FLUE GAS

Analyze the Operation of the Main Turbine

Turbine operations can be analyzed using a Mollier diagram. A
Mollier diagram is a plot of enthalpy versus entropy for specific
two-phase systems which display lines for constant pressure,
temperature, percent moisture, and superheat, among others.
Figure 18-7 is a Mollier diagram for the steam-water system.
Note that the terms "enthalpy" and "heat content" are equivalent
and will be used interchangeably in the following discussion.

The "state line" concept is used for turbine analysis. The state
line describes the steam condition at every point within the
turbine. The line can be drawn once any two points describing
steam conditions in the turbine are established. For this
example, the turbine feed steam and the "primary" steam exhaust
conditions will be determined, then plotted on the Mollier
diagram of Figure 18-7.

1. The turbine feed steam condition (615 psia [4,261 kN/m2]),
825°F [441°C]) is plotted as point A on the Mollier Diagram
(see Figure 18-7). Figure 18-7 is not detailed, so that
data points and state lines can be clearly seen. More
detailed diagrams are available (14,15).
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2. Determine the "primary" steam exhaust condition. If the
turbine were 100 percent eff icient, the steam would expand
isentropically, that is, the entropy of the steam at any
point in the turbine would be identical to the entropy
of the feed steam and the state line would be vertical
(dashed line in the Mollier Diagram). The "primary" exhaust
steam condition would be located at the intersection
of the vertical state line and the exhaust pressure
(1 psia [6.9 kN/m2 ]), at point B. Enthalpy of the steam at
point B is 915 Btu per pound (2.13 MJ/kg).

However, turbines are not 100 percent e f fie ien t since
isentropic expansion is never attained. The energy which can
be extracted from the steam in practical applications is only
a percentage of that which can be extracted by isentropic
expansion. This is expressed by Equation 18-2.

Turbine efficiency = ( Hl - H2 P ) 100
Hl - H2i

Where:

Hl = enthalpy of inlet steam, Btu/lb.

(18-2)

= enthalpy of steam
turbine, Btu/lb.

exhausted from a practical

H2i = enthalpy of steam exhausted from an ideal
turbine, Btu/lb.

The efficiency described by Equation 18-2 is the actual
work output relative to theoretical output--it is less than
100 percent because of irreversibili ty in the expansion of
gases in the turbine. Mechanical losses in the turbine and
generator are not included.

For the practical turbine, enthalpy of the exhausted
steam (H2p) can be computed from Equation 18-2. For the
turbine of the example (76 percent efficient).

H2p = (1,420 - 1~~) (1,420 - 915)

= 1,036 Btu per pound (2,405 kJ/kg)

(18-2)

The "primary" exhaust steam cond.ition for the practical
turbine is located at point C, the intersection of the
exhaust pressure (1 psia [6.9 kN/m 2 ]) and enthalpy value
1,036 Btu per pound (2,405 kJ/kg). The state line for the
practical turbine is then drawn between points A and C.
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3. The "process" steam condition must lie on the state line. It
is located at the intersection of the state line and the
"process" steam operating pressure (165 psia [1,145 kN/m2 ]),
at point D.

4. As with the "process" steam, the "preheat II steam cond it ion
can be determined once its pressure is known. Pressure can
be determined by the following reasoning:

a. "Preheat" steam pressure is essentially equal to the
pressure in the feedwa ter heater (pressure drop through
the lines connecting the turbine and feedwater heater is
assumed negligible).

b. The feedwater heater is
Sufficient "preheat" steam
"process" condensates to
300°F (149°C). Thus the
saturated system.

a direct contact device.
is mixed with "primary" and

form a two-phase system at
feedwa ter hea ter sys tern is a

c. The feedwater heater pressure, therefore is the pressure
of saturated steam at 300°F (149°C), which is 67 psia
(464 kN/m 2 ).

The "preheat" steam condition is located at the intersection of
the state line and the 67 psia (464 kN/m 2 ) constant pressure
line (point E). Enthalpy of the "preheat" steam is 1,258 Btu per
pound (2,921 kJ/kg).

Determine Steam and Condensate Flows

1. Circulating steam rate is computed by a heat balance around
the boiler.

a. Enthalpy of the water entering the boiler is assumed
equal to that leaving the feedwater heater; that is,
pumping affects the enthalpy value negligibly. This
is a jus t i f iable assumpt ion for the pump ing of 1 iqu ids.
From steam tables (14,15), the enthalpy of saturated
water at 300°F (149°C) is 270 Btu per pound (627 kJ/kg).

b. By prev ious cal cuI at ions, enthalpy of superheated stearn
leaving the boiler is 1,420 Btu per pound (3,297 kJ/kg).

c. From the problem statement, heat absorbed in the boiler

= 338 x 10 6 Btu per day (356 GJ/d).

d. Therefore stearn circulating rate

= 338 x 10 6 Btu/day
(1,420 - 270) Btu/lb

= 293,900 pounds per day (133,400 kg/d).
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2. "Process," "primary," and "preheat" stearn rates are
determined by mass and heat balances around the feedwater
heater. Let X and Y be the flow rates for "primary" and
"preheat" stearn, respectively. Equation 18-3 is the mass
balance around the feedwater heater.

293,900 = X + Y + 50,000 (18-3)

Equation 18-4 is the heat balance for the feedwater heater.

293,900 (270) = 70 X + 1258 Y+ 70 (50 f OOO) (18-4)

Enthalpies of the "process" and ("primary" condensates
(70 Btu per pound or 162 kJ/kg) are for saturated water
at 1 psia (6.93 kN/m 2 ). Solving Equations 18-3 and 18-4
simultaneously, "primary" and "preheat" stearn rates are
1 9 4 , 6 2 6 po u n d s per day (8 8 , 3 5 0 kg / d) and 4 9 , 2 7 4 po u n d s
per day (22,370 kg/d), respectively.

At this point, construction of an energy flowsheet should
be in i tia ted (see Figure 18-8). This allows the des igner
to see all pertinent data on one sheet and gives a feeling
for the magnitude of the various energy flows.

Determine Electrical Energy Generated

Work produced is the sum of the total enthalpy changes across the
turbogenerator:

1.

2.

3.

Work from "process" steam

= 50,000 lb/day (1,420,- 1,320 Btu/lb)

= 4.90 x 10 6 Btu per day (5.l6 GJ/d)

Work from "preheat" stearn

= 49,274 Ib/day (1,420 - 1,258 Btu/lb)

= 7.98 x 10 6, Btu per day (8.41 GJ/d) ,

Work from "primary" stearn

= 194,620 lb/day (1,420 - 1,036 Btu/lb)

= 74.73 x 10 6 Btu per day (78.77 GJ/d)

4. Total work produced

= (4.90 + 7.98 + 74.73) x 10 6

= 87 x 10 6 Btu per day (92.3 GJ/d)

5. Assume mechanical efficiency of the turbine/generator
combination is 95 percent.
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Net electricity produced

= 83.2 x 10 6 Btu per day (87.7 GJ/d)

This is equivalent to 1,015 kW of electricity.
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FIGURE 18-8

ENERGY FLOWSHEET FOR EXAMPLE OF ENERGY
RECOVERY FROM INCINERATOR FLUE GAS

Determine Work Produced in the "Process" Stearn C'ycle

Enthalpy of the "process" stearn is 1,320 Btu per pound (3,065 kJ/
kg). Enthalpy of the exhausted steam can be determined using
the same technique employed for analysis of the main turbine.
Isentropic expansion of process stearn (initially at point D,
Figure 18-5) to 1 psia (6.9 kN/m 2 ) produces an exhaust gas
of enthalpy 950 Btu per pound (2,206 kJ/kg). Assume process
turbines are 50 percent efficient.

(1,320 - 950)= 1,320

1. Enthalpy of exhausted stearn

50
TOo

= 1,135 Btu per pound (2,635 kJ/kg)

18-32



2. Work produced

= (50,000 Ib/day) (1,320 - 1,135 Btu/lb)

= 9.2 x 10 6 Btu per day (9.7 GJ/d)

3. Assuming mechanical losses of 5 percent, work delivered

= (9.2 x 10 6 Btu per day) (0.95) = 8.8 x 10 6 Btu per day
(9.3 GJ/d)

This is equivalent to 107 kW.

Determine Energy Recovery Efficiency

Assume heat removed in the condensers is not used beneficially,
but discharged to the atmosphere via cooling towers.

1. Energy recovery, based on heat transferred to steam

= (( 8 3 . 2 x 10 6 + 8.8 x 10 6 )) 1 00 27 2 t
338 x 10 6 = . percen

2. Energy recovery, based on heat in the incinerator flue gas

=((83.2 x 10 6 + 8.8 x 10
6

))100 = 15.2 percent
606 x 10 6

Compare the recovery of this example (15 percent) against the
recovery of energy from digester gas (65 percent), as illustrated
by the example in Section 18.3.3.1. Qreater efficiency was
obtained by the jnternal combustion system because:

1. No heat was lost prior to the work producing step. In
contrast, fully 41 percent of the heat available in the
incinerator flue gas was rejected in the waste heat recovery
b 0 i 1 e r be fore any use f u 1 work co u 1 d b e ex t r a c ted ( see
Figure 18-8).

2. With the internal combustion system, waste heat from the
work producing step was used benefically (for digester
and space heating). In contrast, waste heat from the steam
condensers was not used benefically but rejected to the
environment. It is difficult to use this heat since it is
available at only a very low temperature (102°F [39°C]).

These two examples demonstrate the general rule that energy
recovery schemes whose sole effect is the production of work are
not likely to be efficient.
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It should not be inferred from the examples that energy recovery
from flue gases must necessarily be inefficient. In this
example, the objective of the designer in recoverying heat from
incinerator flue gas was to maximize work. Had he chosen to
exhaust stearn from either of the turbines at higher pressures and
used it for heating purposes or had he used "process" stearn
solely for heating, some work would have been sacrificed but
thermal e ff i c iency coul d have been subs tan t ially improved. The
point to be made here is that the designer should examine a wide
range of optiorts when analyzing energy recovery operations.

18.3.4 Other Factors Affecting Heat Recovery

The previous calculations point out some of the factors a
designer must consider in conducting a heat recovery analysis.
They are by no means the only factors; much mor~ detail must be
added. For example:

• The full range of conditions expected at the plant
mus t be evaluated, not just average cond i t ions. Energy
supply and energy demand schedul es must be establ i shed.
Heat recovery equipment must be sized to handle peak
demands. Storage requirements for primary and backup
fuels must be determined.

• A source of backup energy must be available in the event
that plant energy recovery systems experience partial or
total failure.

• The physical
genera ted mus t
corrosiveness,
content).

and chemical nature of
be cons idered (for example,
particulate concentration,

flue gases
temperature,

and moisture

• The equipment must be designed to withstand the
conditions to which it will be subjected. Appropriate
materials of construction must be used.

• Any solid, liquid or gaseous residual from the heat
recovery operation must be collected and disposed of in a
safe and environmentally sound manner.

• Chemical and physical treatments for makeup and
circulating water or stearn must be established.

• Manpower to operate the heat recovery system must be
determined. Specialists may be required for certain
equipment, for example, stationary engineers for high
pressure boilers and engine specialists for internal
combustion engines.

• Control strategies must be decided upon, and instrumenta
tion to carry them out must be provided.
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• Economic analyses must be performed to determine
if the system can be economically justified. As
a rule-of-thumb, the larger the plant, the more
sophisticated the heat recovery system which can be
j u stif ied.

18.4 Other Uses of Wastewater Solids and Solid By-Products

Wastewater solids may sometimes be used beneficially in ways
other than as a soil amendment or as a source of recoverable
energy. Lime and activated carbon have been recovered from
sludges for many years at plant scale. These applications are
discussed in Chapter 11. Stabilized sludge, when mixed with
soil, is used as interim or final cover over completed areas of
refuse landfills (see Chapter 19). Wastewater scum has been
collected (sometimes purchased) by renderers at several treatment
plants for use as a raw material in the manufacturing of cosmet
ics and other products. Grit, particularly incinerated grit, may
be used as an aggregate, for example, as a road sub-base.

Other beneficial uses of wastewater solids have been considered;
some have been tested on a laboratory or plant scale. These
include:

• kecovery of ammonia from the filtrate or centrate
following anaerobic digestion and dewatering of sludge.
Ammonia is stripped from the liquor, absorbed in sulfuric
acid and crystallized as ammonium sulfate.

• Recovery of ammonia and phosphates by
MgNH4P04 from digester supernatants.
is used as a fertilizer.

precipi tat ion of
The precipi ta te

•

•

•

•

Addition of sludge to processes designed to compost
or anaerobically digest municipal refuse. In such
situations, sludge serves principally as a nutrient
source.

Recycling of wastewater solids for use as a foodstuff
for livestock (cattle, sheep, goats, poultry, and fish).
Note that solids used for this purpose have generally not
originated from municipal wastewater treatment plants,
but from systems treating purely industrial or animal
wastes. However, the use of dried municipal sludge
disinfected by gamma irradiation is being investigated as
a food source for grazing animals.

Use of wastewater solids as an organic substrate in worm
farming (see Chapter 13).

Use of sludge as a raw material for the production of
powdered activated carbon (see JPL/ACTS process,
Chapter 11).
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CHAPTER 19

DISPOSAL TO LAND

19.1 Introduction

Wastewater sludge may not always be used as a resource because
of land acquisition constraints or because they contain
high levels of metals and other toxic substances. In these
situations, the sludge must be further processed by other
methods. Non-utilization disposal processes are the subject of
this chapter.

As discussed in Chapter 2, ocean disposal is no longer considered
appropriate. Consequently, land disposal processes are being
optimized so that the increasing amounts of municipal wastewater
sludge produced by the adopted secondary treatment standards can
be accepted. Two principal land disposal methods, landfilling
and dedicated land disposal, differ in application rates and
methods of application. Typical landfill operations involve
dewatered-sludge subsurface application rates, often several feet
in depth. Dedicated land disposal operations, however, typically
involve repetitive liquid sludge applications, which may only
raise the land surface a few inches per year.

19.1.1 Regulatory Agency Guidance

Development of formalized methods for sludge disposal to land is
recent. Major efforts in this area have been encouraged and
funded by the USEPA since 1974. The reader is referred to
Chapter 2 for a discussion of some of the guidance and regulatory
documents which deal with the recent federal laws to control the
disposal of wastewater solids. State and local guidance has also
been provided. Extensive sludge research is being funded by
USEPA and various states.

19.2 Sludge Landfill

19.2.1 Definition

Sludge landfill can be defined as the planned burial of
wastewater solids, including processed sludge, screenings, grit,
and ash at a designated site. The solids are placed into a
prepared site or excavated trench and covered with a layer of
soil. The soil cover must be deeper than the depth of the plow
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zone (about 8 to 10 inchesI20.3 to 25.4 em] ). For the most
part, landfilling of screenings, grit, and ash is accomplished
with methods similar to those used for sludge landfilling.

19.2.2 Sludge Landfill Methods

Sludge landf ill methods can be grouped into three general
categories: sludge-only trench fill, sludge-only area fill, and
co-disposal with refuse. General site and design criteria are
discussed under these categories. A detailed discussion of
sludge landf ills is presented in the USEPA Technology Transfer
Process Design Manual, Municipal Sludge Landfills (1). The
remaining parts of the landfill portion of this chapter summarize
the information presented in this design manual. Other
information on the disposal of wastewater sludge in sanitary
landfills is available (2).

19.2.2.1 Sludge-Only Trench Fill

The sludge-only trench method involves excavating trenches so
that dewatered sludge may be entirely buried below the original
ground surface. In some locations, liquid stabilized and
unstabilized sludges (Blue Plains, Washington, D.C. and Colorado
Springs, Colorado) have been buried by the trench fill method.
In this method, the sludge is deposited directly into the trench
from a haul vehicle. Normal operating procedure requires daily
coverage. Trench disposal is appropriate for unstabilized sludge,
because the immediate application of cover material reduces
associa ted odors. Vector control requ ires daily cover, except
during very cold weather.

Narrow Trenches

Trenches are defined as narrow when their widths are less than
10 feet (3 m). Disposal in narrow trenches is applicable to
sludges with a relatively low solids content of from 3 to
28 percent. The application rates range from 1,200 to
5,600 cubic yard of sludge per acre (2,270 to 10,580 m3 jha).
Excavated material can be either used immediately to cover
adjacent sludge - filled trench or stockpiled alongside and used
to cover the trench from which it was removed. The surface soil
cover thickness is about 4 feet (1.3 m). Excavation and covering
equipment operates from surface areas adjacent to the trench.

Wide Trenches

Trenches are defined as wi-de when'they have widths greater
than 10 feet (3 m). Material excavated from the trenches is
stockpiled neatly and used as cover for the trench. Disposal in
wide trenches is sui table for sludges wi th solids contents of
20 percent or greater. The application rates range from 3,200 to
14,500 cubic yards of sludge per acre (6,050 to 27,400 m3jha).
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The surface cover thickness depends on the solids concentration
of the. sludge.. The covered sludge will only be capable of
supportlng equlpment when the solids concentration of the sludge
exceeds 25 to 30 percent and the sludge has been tooped with 3 to
5 feet (1 to 2 m) of soil. 4

The wide trench method has two distinct advantages; it is less
land-intensive than the narrow trench method and groundwater
protection can be provided by liners. The use of liners permits
deeper excavations. The primary disadvantage of the wide trench
method is the need for sludge solid contents of greater than
20 percent. Sludge with solid contents of gceater than 30 to
35 percent will not flow, and extca effort is therefore required
to spread them evenly in the trench. Figure 19-1 provides two
views of a wide trenching operation at the North Shore Sani tary
District just north of Chicago, Illinois.

19.2.2.2 Sludge-Only Area Fill

In the sludge-only area fill method, the sludge is mixed with
soil and the mixture is placed on the original ground surface.
This method requires substantial amounts of imported soil but may
be suitable io aLeas ~heLe ~roundwater is shallow (liners can be
easily installed) or bedrock prevails (that is, where excavation
is neither possible nor required). Stabilized sludge is
best suited for this method, since daily cover is not usually
provided. Adequate drainage and runoff control are necessacy to
prevent contamination of nearby surface watecs.

Area Fill Mound

Area fill mound applications are generally suitable for
stabilized sludges with solids concentcations of 20 percent or
more. Soil is mixed wi th sludge to pcovide bulk and stabili ty
befoce hauling to the filling area. At the filling area, the
mixture is placed in 6 foot (2 m) mounds and then covered wi th
3 to 5 feet (1 to 1.5 m) of soil. A level area is required for
disposal; ho~evec, the use of earthen containment structuces
permits disposal in hilly areas.

Area fill layer applications are suitable for stabilized slurlae
with solids as low as 15 percent. Soil is mixed ~ith sludge,
either at the filling area oc at a special mixing area. The
sludge/soil mixture is spread in even layers of approximately
1 EiJot (0.3 m) thick, and 3 to 5 feet (1 to 1.5 m) of soil ace
added for final cover.

Level ground is preferred for this type of operation, but milcH}'
sloping terrain can be used.
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The District's operation consists of opening 20 feet (6.1 m)
deep trenches on 300-acre (121.5 hal site with large
backhoe equipment. This same equipment is used to cover
each layer of sludge with a layer of soil and cap each trench
with several feet of soil. Production in 1976 was 30 dry
tons/day (27 t/day) .

Dewatered sludge is dumped from trucks directly into the
trench. Various equipment is shown in the background.
Also, the dewatered sludge storage building is shown in
the background. Sludge is stored inside the bui Iding on
weekends for transfer to trenches during daytime hours
Monday through Friday.

FIGURE 19-1

WIDE TRENCHING OPERATION, NORTH SHORE
SANITARY DISTRICT
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Dike Containment

Dike containment applications require sludge with a solids
content of 20 percent or greater. This method is suitable for
either stabilized or unstabilized sludge. Sludge is usually not
mixed with a bulking agent. If the disposal site is level,
earthen dikes are used on all four sides of the containment area.
If the site is at the toe of the hill, only a partial diking is
required. Access is provided to the top of the dike so that
haul vehicles can dump sludge directly into the containment.
Depending on the type of equipment used, the interim cover will
vary from 1 to 3 feet (0.3 to 1.0 m) and the final cover from
3 to 5 feet (1.0 to 1.5 m). Although diked containment is an
efficient disposal method from the standpoint of land use, it may
necessitate controls for leachate outbreaks.

19.2.2.3 Co-Disposal with Refuse

The term co-disposal is used when municipal sludge is disposed of
at a refuse landf ill. There are distinct trade-offs in using
co-disposal method rather than the sludge~only methods.

Sludge can be disposed of in this manner if it is mixed with
refuse or wi th soil. Mixing techniques are discussed in detail
in the USEPA Off ice of Solid Waste Report, Disposal of Sewage
Sludge into a Sanitary Landfill (2).

Sludge/Refuse Mixture

Stabilized or unstabilized sludge with a solids content of three
percent or greater is mixed wi th the refuse. Normally sludge
content is approxima tely ten percent of the sludge/refuse
mixture. The sludge is applied on top of the refuse at the
working face of the landfill. The sludge and refuse are
thoroughly mixed before they are spread, compacted, and covered
with soil. An interim cover of approximately one foot (0.3 m)
and a final cover of two feet (0.6 m) is used .. Application rates
range from 500 to 4,200 cubic yards of sludge per acre (950 to
7,900 m3/ha).

Sludge/Soil Mixture

In this operation, sludge is mixed with soil and the mixture is
used as cover for a refuse landfill. This method requires
stabilized sludge with at least a 20 percent solids content.
It promotes vegetation growth over completed landfill areas
without the use of fertilizer. However, it may cause odors,
since the sludge is not completely bu r ied. A final soil cover
could be added if necessary to eliminate this problem.
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19.2.2.4 Suitability of Sludge for Landfilling

Some wastewater treatment sludges may not be suitable for
landfilling by any of the methods described above. For
sludge-only landf ills, the solids concentration should be
15 percent or more. Although soil may be used as a bulking agent
to effectively increase the solids concentration to this level,
cost-effectiveness may become a problem. Solids concentrations
down to three percent are tolerated for co-disposal, but the
absorptive capaci ty of the refuse should not be exceeded. An
assessment of the suitability of various sludge types is given in
Table 19-1. In general, only stabilized and dewatered sludges
are recommended for landfill disposal.

19.2.3 Preliminary_Planning

The purpose of the preliminary planning activity is to select a
disposal site and suitable method(s) of disposal. Preliminary
planning is followed by detailed design, initial site develop
ment, site operation and maintenance, and final site closure.

Site selection is the major activity during the preliminary
planning phase. Since the selection of a site is not completely
independent of the selection of a method, the preliminary
planning phase should also include the determination of sludge
characteristics and the identification of alternate landfill
me thods for each site. Chapter 2 of Municipa 1 Sludge Land fill
(1) provides an excellent discussion on public participation in
this and other phases of the project.

19.2.3.1 Sludge Characterization

Sludge must be characterized as to quantity and quality.
Chapter 4 provides further discussion on sludge characterization.

An estimate of the average sludge quantity is necessary to
establish landf ill area requirements and the probable life of
the disposal site. Data on minimum and maximum sludge quantities
are important for developing an understanding of daily operating
requirements. Maximum daily sludge quantities will govern
equipment and storage facility sizing and daily operating
schedules.

Sludge Quali!y_

The character of the sludge to be landfilled is directly related
to the choice of a landfill method. Sludge quality and the
corresponding leachate can be roughly correlated; design of
leachate treatment facilities is more effective if sludge quality
is known.
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TABLE 19-1

SUITABILITY OF SLUDGES FOR LANDFILLING

Type of sludge

Liquid - unstabilized
Gravity thickened primary,

WAS and primary, and WAS
Flotation thickened primary

and WAS, and WAS without
chemicals

Flotation thickened WAS with
chemicals

Thermal conditioned primary
or WAS

Sludge only landfilling Co-disposal landfilling
---, "''''''''''''',,--

Suitability Reason Sui tabi lity Reason'.., ~..- ~_._,_.

NS 00, OP NS 00, OP

NS 00, OP NS 00, OP

NS OP NS 00, OP

NS 00, OP MS 00, OP

NS OP MS OP

NS OP MS OP

NS OP MS OP

S S

S S

S S

S S

S S

S S
Heat dried

Heat dried digested

Dewatered - stabilized
Drying bed digested and

lime stabilized
Vacuum filtered, lime

conditioned digested
Pressure filtered, lime

conditioned digested
Centrifuged, digested and

lime conditioned digested

Liquid - stabilized
Thickened anaerobic digested

primary and primary, and
WAS

Thickened aerobic digested
primary and primary, and
WAS

Thickened lime stabilized
primary and primary, and
WAS

Dewatered - unstabilized
Vacuum filtered, lime

conditioned primary

High temperature processed
Incinerated dewatered

primary and primary, and
WAS

Wet-air oxidized primary
and primary, and WAS

S

NS 00, OP

S

MS 00, OP

WAS - Waste-activated sludge
NS - Not suitable
MS - Marginally suitable
S - Suitable
00 - Odor problems
OP - Operational problems

Parameters that should be analyzed are discussed briefly below.
Although all of these may not be critical to the design of a
particular disposal system, a complete analysis is necessary,
because the sludge must be adequately characterized.

• Concentration. Concentration or solids content of sludge
is related to the nature of wastewater treatment and
sludge processing steps. The type and operation of
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dewatering equipment may have a significant effect on the
sludge concentration. A certain degree of flexibil i ty
should be incorporated into the design of landf ills to
compensate for the variability in solids concentration of
dewatered sludge.

• Volatile content. Volatile solids are a measure of the
organic content present in the solid fraction of sludge.
This organic matter is eventually broken down into
methane gas and other digestion by-products. Typically,
volatile solids represent 60 to 80 percent of the total
solids in raw primary sludge and 30 to 60 percent in
anaerobically digested primary solids.

• Nitrogen. Nitrogen found in sludge is a potential source
of groundwater pollution. The total quantity and type of
nitrogen are of importance. Nitrate is relatively mobile
in soil and is therefore of concern.

• Inorganic ions. Inorganic ions such as heavy metals are
found in most municipal sludges. These are more readily
leached if soi 1 and sludge are acidi c. I f near neu tral
or alkaline conditions are maintained, the metals will
not be as readily leached from the sludge or through the
soil.

• Bacteriological quality. Sludge treatment systems reduce
the number of pathogens and the possibility of pathogenic
contamination associated with landfilling of sludges;
however, they do not provide a sterile product.

• Toxic organic compounds. Toxic organic compounds can
present potential contamination problems. Solids
contaminated with toxic materials must be placed in
appropriately designated disposal facilities.

• E.!!. Acidic conditions promote leaching of heavy metals
and other compounds from the sludge.

19.2.3.2 Selection of a Landfilling Method

Relationships between the characteristics of alternative
landfill sites, the characteristics of the sludge to be
landfilled, and the landfill method need to be considered in the
preliminary planning process. These relationships are summarized
in Table 19-2.

19.2.3.3 Site Selection

Site selection is a critical process in the planning of a sludge
landfill project. It is directly related to the method of
ultimate disposal. The site finally selected must be suitable
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for the type of sludge to be disposed of and situated in a
convenient, yet unobtrusive, location. Chapter 4 of Municipal
Sludge Landfill (1) provides an in-depth approach to site
selection.

TABLE 19-2

SLUDGE AND SITE CONDITIONS

Method----
Narrow trench

Wide trench

Area fill mound

Area fill layer

Diked containment

Sludge/refuse mixture

Sludge/soil mixture

Sludge solids
content, percent

15 - 28

~20

~20

~15

~20

Approprlate
sludge

characteristics

Unstabilized or
stabilized

Unstabilized or
stabilized

Stabilized

Unstabilized or
stabilized

Stabilized

Unstabilized or
stabilized

Stabilized

Appropriate Appropriate
hydrogeology ground slope

-"'''''~-_..'''~'"
Deep groundwater and <20 percent

bedrock

Deep groundwater and <10 percent
, bedrock

Shallow groundwater Suitable for steep
or bedrock terrain as long as

level area is pre
pared for mounding

Shallow groundwater Suitable for medium
or bedrock slopes but level

ground preferred

Shallow groundwater Suitable for steep
or bedrock terrain as long as

a level area is pre
pared inside dikes

Deep or shallow <30 percent
groundwater or bed-
rock

Deep or shallow <5 percent
groundwater or bed-
rock

-------- --"" ....__ ...

Site Considerations

The following factors must be considered during the evaluation of
poss ible landf ill sites. Informa tion on these factors should
therefore be collected and assessed in advance of the final
decision making process.

• Haul distance. The most favorable haul conditions
combine level terrain and minimum distances.

• Site life and size. The site life and size are directly
related to the quantity and characteristics of the sludge
and the method used for landfilling. Since the entire
site cannot be used as fill area, both the gross area and
the usable or fill area must be considered in determining
the site size. Initially, the life of the site can be
estimated. As the landfill is used, the expected
1 ife should be reevaluated to ensure adequa te capaci ty
for future operations.

• Topography. In general, sludge landfilling is limited to
sites with minimum slopes of one percent and maximum
slopes of 20 percent. Flat terrain tends to result in
ponding, whereas steep slopes erode.
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• Surface water. The location and extent of surface waters
in the vicinity of the landfill site can be a significant
factor in the selection process. Existing surface waters
and drainage near proposed sites should be mapped and
their present and proposed uses outlined. Leachate
control measures including collection and treatment may
be required as part of the landfill design.

• Soils and geology. Soil·· is an important determinant in
the cho ice of an appropr ia te sludge landf illing site.
Properties such as texture, structure, permeabil ity,
pH, and cation exchange capacity, as well as the
characteristics of soil formation, may influence the
selection of the site. The geology of possible landfill
sites should be thoroughly examined to identify any
faults, major fractures and joint sets. The possibility
of aquifer contamination through irregular formations
must be studied.

• Groundwater. Data on groundwaters in the vicinity of
poten t ial land fill sites is essent ial to the select ion
process. Knowledge of characteristics such as the depth
to groundwater, the hydraulic gradient, the quality and
use of the groundwater, and the location of recharge
zones is essential for determining the suitability of a
potential landfill site.

• Vegetation. The type and quantity of vegetation in the
area of proposed landfill sites should be considered
in the evaluation. Vegetation can serITe as a natural
buffer, reducing visual impact, odor, and other
nuisances. At the same time, clearing a site of timber
or other heavy vegetation can add significantly to the
initial project costs.

• Meteorology. Prevailing wind direction, speed,
temperature and atmospheric stability should be evaluated
to determine potential odor and dust impacts downwind of
the site.

• Environmentally sensitive areas. Environmentally
sensitive areas such as the wetYands, flood plains,
permafrost areas, critical habitats of endangered
species, and recharge zones of sole source aquifers
should be avoided if at all po~sible when selecting
a landfill site.

• Archaeological and historical significance. The
archaeological ana 'filsto~rical significance of proposed
sites should be determined early in the evaluation
process. Any significant finds at the selected site must
be accommodated prior to final approval.
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•

Site access. Haul rou tes should be major- highways, or
dr-terials, preferably those with a Ifllnimum of traffic
during normal transport hours. Proposed routes should be
studied to determine impacts on local use and the
potential effects of accidents. Transport through
nonresidential areas is preferable to tr-anspoet through
res idential areas, high-dens i ty urban aeeas, and areas
with congested traffic. The access roads to the site must
be adequate for the anticipated traffic loads.

Land use. Zoning restrictions, and future development
on potential sites should be considered in the selection
process. Ideally, the sludge landf ill site should be
loca ted on land cons ide red unsu i table for higher uses;
howevee, the designer should be aware that this may
be a politically sensitive issue and maximum public
participation must be assured.

• Costs. Cost-effectiveness of each potential landfill
s i te- must be evaluated. Factors to be included in the
economic evaluation include capital costs and oper-ating
and maintenance (O,s,M) costs. In the latter category,
sludge hauling may prove to be a significant component.
The tcade-offs between high capi tal and high Os<'1 costs
wi 11 depend on the des ign li fe of the land filL These
trade-offs will become evident when the total annual
(amortized capital and 0&1'1 costs) are compared. This
evalua tion should be performed in accordance wi th the
methods outlined in the cost-effectiveness analysis
section discussed in Chapter 3.

~Selection Methodology

The selection procedure can be roughly divided into three phases:
initial inventory and assessment of sites, screening of potential
sites, and final site selection.

Initial inventory and assessment is designed to develop a list of
potential sites that can be evaluated and rapidly sceeened to
produce a manageable number of candidate sites. Information used
in this phase is generally available and readily accessible.
Investigation of each option becomes more detailed as the
selection procedure pr-ogresses.

Initial Assessment of Site

Initial assessments will consist of identifying Federal, State,
and local regulatory constraints, eliminating inaccessible areas,
locating potential sites, roughly assessing the economic
feasibility of such sites, and performing preliminary site
evaluations. The less desirable sites are eliminated on the basis
of preliminary economics, regulatory, and technical information.
A public participation program is initiated (4). Attitudes of
the public should be determined early. The public may assist in
identifying candidate sites.
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Screening of Candidate Sites. Sites remaining after the initial
assessment are subjected to closer scrutiny. Information used in
evaluating each option is more detailed and somewhat more site
specific than in the initial assessment. Remaining sites may be
rated by a scoring system including both objective and subjective
evaluations (Chapter 3). Table 3-4 serves as an example of
a rating system. Candidate systems with lowest overall ratings
are eliminated, and the higher rated systems are carried forward
for final evaluation.

Site selection findings for the remaining candidate systems
should provide input into an environmental impact report, if
required. Public attitudes toward the remaining sites should also
be determined.

for final
procedure

However,
Public
can be

Final Site Selection and Site Acquisition. Methodology
site selection is similar to that for the screening
just discussed, in that rating systems are still used.
each site remaining is investigated in greater detail.
hearings may also be scheduled so that final inputs
received from local government officials and the public.

Once the best sites are determined, they must be acquired. Site
acquisition should begin immediately following acceptance of the
program by local, State, and Federal regulatory authorities.
The selleral acquisi tion procedures include: purchase option,
outright purchase, lease, condemnation and/or other court action,
and land dedication.

It will generally prove advantageous to purchase the site
rather than hold a long-term lease. The managing agency IS

responsibility will normally extend well beyond the life of the
site. Certain advantages may also be gained by leasing with an
option to buy the site at the time of planning approval. A
purchase option assures the availability of land upon completion
of the facility planning process. This approach also allows time
for the previous owner to gradually phase out operations, if
desired.

19.2.4 Facility Design

19.2.4.1 Regulations and Standards

Local, State, and Federal regulations and standards must be fully
unde rs tood before the landf ill is des ig ned. Cons idera t ion mu s t
be given to requirements governing the degree of sludge
stabilization, the loading rates, the frequency and depth of
cover, monitoring, and reporting. The design should conform to
all building codes and should include adequate buffer zones to
protect public roads, private structures, and surface waters.
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Obtai,ning permits for construction and operation of sludge
landf 111s can be a long and costly process. To minimize delays
associated with this task, permit application should be initiated
early in the design stage. A sound regulatory-consultant
relationship and a mutual understanding should be developed.

The following is a partial list of the permits which may be
required:

• NPDES permit--if landfill is in wetlands.

• Army Corps of Engineers permit--for construction of
levees, dikes, or containment structures to be placed in
the water in a wetlands area.

• Office of Endangered Species permit--if landf ill is
located in critical habitat of an endangered species.

• Solid Waste Management permit.

• Special Use permit.

• Highway Department permit.

• Construction permit.

• Building permit.

• Drainage and/or Flood Plain Alteration permit.

19.2.4.2 Site Characteristics

Site characteristics should be clearly described and analyzed to
ensure the sui tab il i ty of the landf ill site and the method of
landf illing. Design phase work will build upon planning phase
data but will be carried to a higher level of detail and include
working drawings.

Site Plan

The site plan should contain the following minimum information:

• Boundaries of fill area and buffer zones.

• Topographic features and slopes of fill area and buffer
·zones.

• Location of surface water, roads, and utilities.

• Existing and proposed structures and access roads.

• Vegetation to remain and to be removed; areas to be
revegetated.

19-13



Soils

The soil characteristics at the landfill site should be
thoroughly catalogued and mapped. The information of most
importance to the design and operation of the landfill includes
de~th, texture~ ~tructure, bulk density, porosity, permeability,
mOisture, stability, and ease of excavation. Areas with rocky
soils or extensive rock outcrops should be noted. The pH and
ca tion exchange capaci ty have a direct bearing on heavy metal
transport through the soil. Translocation of metals must be
considered to ensure protection of surface and groundwater
supplies.

Groundwater

The groundwater aquifers underlying the landfill site must be
located. Depth of the aquifer under varying conditions should be
determined a t several locations. Other characteristics such as
the direction and rate of flow, the hydraulic gradient, the
quality, and present and planned uses should also be established.
Location of the primary recharge zones is critical in protecting
quality.

Subsurface Geology

The geolog ical formations underly ing the landf ill are important
in establishing the design parameters. Critical design
parame ters include the depth, distribu tion, and characteristics
of subsurface soils in relation to stability and groundwater
transmissability.

Climate

Climate can influence many factors in the design of landfills.
Climatic conditions effect rate of organic decomposition, the
composition and yuantity of leachate and runoff, the day-to
day fill operations, and the dispersion of odors and dust.
Information such as seasonal temperature, precipitation,
evaporation, wind direction and speed and atmospheric stability,
can be obtained from a local weather station.

Land Use

The present and proposed use of the landf ill site and ad jacent
properties should be evaluated. If the site is already dedicated
to refuse or sludge disposal, it is unlikely that expanding it
will result in adverse impacts. However, if the site is located
in or near a populated area, extensive control measures may be
needed to eliminate concerns and minimize any public nuisance
which would detract from the vqlue of adjacent properties.

19.2.4.3 Landfill Type and Design

More than one sludge landfill method may be suitable for the
selected site, as shown in Table 19-21. If this is the case, a
method must be selected before the final design is begun.
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Maximizing utilization of the site is an important consideration
in method selection. If daily cover is to be applied, the daily
sludge generation rate will affect the net capacity of the
site. If several days are required to fill a trench, as the
result of low sludge generation, and cover is required each day,
then the ratio of sludge/cover will be less than for sites
managing larger sludge quantities. The net sludge capacity will
be higher at sites where trenches are filled each day.

The amount by which the net capacity of the site will be reduced
will vary with t'he landfill methods, the specific site, and the
daily sludge generation rate. Before a final method is selected,
estimates of net capacity and site life should be made for each.

Additional design criteria are summarized in Table 19-3 (1).

TABLE 19-3

LANDFILL DESIGN CRITERIA

Sludge
solids Trench

content, width, Bulking Bulki ng

___:..::Me:.:t:..::ho:.::.d .....::cpe:.:r.::.~e=ll:.:t_-=-f.::.t _--=r.::.eq.::.u:.:i.::.re;..c0d_..:.a..:.qe=n:..:c.t Bulkinq ratio
a

Cover
thi cknes~," it

Interim Final

Imported
soil

required

Sludge
application

rate, b
cu yd/acre

Sludge only-trench fill
Narrow trench lS-20C 2- 3

. 20_28c 3-10

Wide trench 20_2ec "10
!~9d 10

Sludge only-area fill
Area fill mound

Area fill layer

Diked containment

No
No

No

No

Yes

Yes

No
No

Soil

Soil

Soil
Soil

2-3 No 1,200-5,600
3-4

3-4 No 3,200-14,500
4-5

0.5-2 soil : 3-5 Yes 3,000-14,000
1 sludge

0.25-1 soil: 0.5-1 2-4 Yes 2,000-9, QfJQ

1 sluu<.fc

0.25- 3-4 Yes 4,800-15,000
1 sludgf:'

Backhoe with loader i

excavator, trenching
machine

Track loader, dragline,
scraper i track
dozer

Track loader, backhoe
with loader. track
dozer

Track dozer, grader,
track loader

Dragline, track d02.er,
scraper

Codisposal with refuse
Sludge/refuse mixture Yes Refuse 4-7 tons refuse: 0.5--1

1 wet ton sludge
No 500-4,200 Draqlill€, track dozer

Sludge/soil mixture Yes Soil 1 soi 1:
1 sludge

0.5-1 No 1,600 Tractor wit.h disc,
grader, track loader

aVolume basis unless otherwise noted.

bIn actual fill areas.

eLand-ba.seo equipment.

dSludge-based equipment

e But sometimes used.

19.2.4.4

1 ft = 0.305 m
1 eu yd = 0.765 eu m
1 acre = 0.405 ha

Ancillary Facilities

An c i 11a ry f a c iIi tie s
landfill site. These
sect ions.

Leachate Controls

may
are

be needed
described

in association
briefly in the

with the
following

Leachate from the landfill site must
to eliminate potential water pollution
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constituents

health problems. In many cases, leachate containment and
treatment may be required by state or local regulations.
Numerous methods are available for controlling leachate, includ
ing drainage, natural attenuation, soil or membrane liners, or
collection and treatment. The method and the design features
chosen are specific for each project. Table 19-4 depicts
sludge-only leachate quality for one site sampled over two years.

TABLE 19-4

LEACHATE QUALITY FROM SLUDGE-ONLY LANDFILL

Valuesb

COEstituents
pH
TOC
COO

Anunonia nitrogen

Nitrate nitrogen
Chloride
Sulfate

Specific conductivity
Cadmium
Chromium
Copper
Iron

Mercury
Nickel
Lead
Zinc

6.7
c

1,000d
5,100

19Sd

0. 2S d
6.7

10

3,600 e

0.017
1.1
1.3
170

0.0004
0.31
0.60

5.0

a oata from "Site S" monitored from July 1975
through September 1977. First received
sludge in 1973. Receives unstabilized
primary and WAS, gravity thickened and
centrifuged. Sludge is lagooned, allowed
to dry, and covered with soil. Soil
characteristics: sand and gravel, glacial
deposites.

bspecific conductivity in micromnos/cm, pH
in units, all others in mg/l.

CRanged from 3,000 mg/l to 1 mg/l.

dLimited to early part of sampling program.

eRanged from 10,000 micromhos/cm 340
micromhos/cm.
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Gas Control

Gas produced by decomposition of organic matter is potentially
dangerous. This condition is of particular concern if the
landfill is located near a populated area. Methane gas, in
particular, is highly explosive if confined in an enclosed area.

Control of the gases produced at the landfill must be provided.
Two widely accepted methods control paths of gas migration.
Permeable methods usually consist of a gravel-filled trench
around the fill area for intercepting migrating gas and venting
it to the atmosphere. Impermeable methods consist of placing a
barrier of low permeabili ty material, such as compacted clay,
around the f ill area to minimize lateral movement of gas. This
method provides for gas venting through the cover material. In
general, methane recovery is not cost-effective at sludge-only or
small co-disposal sites.

Roads

Paved access and on-site roads are necessary at the landfill
site. Temporary roads may be constructed of well compacted
natural sailor gravel. Cons iderations should include grades,
road surface and stability, and climate. Grades in excess
of ten percent should be avoided. Provisions should be made to
allow trucks to turn around within the site area.

Soil Stockpiles

Storage area should be provided for on-site stockpiling of
transpol ted soils where on-s i te soils are insuff ic ient or the ir
use inappropriate. The quantity and type of soil to be stockpiled
depends on the individual demands of the landfill. Stockpiles
may also be desirable for winter operations where frozen ground
may limit excavation.

Inclement Weather Areas

Special landfill areas should be placed near the entrance to
the site so that operations may be continued during inclement
weather. Paved or all-weather roads should be provided for
working these sites.

Structures

An office and employee facilities should be located at the
landfill site. For large operations, a permanent structure
should be provided. At smaller sites a trailer might suffice.
An equipment barn and shop may be desirable for some locations.

utilities

Electrical, water, communication and sanitary services should be
provided for large landfill operations. Chemical toilets, bottled
water, and on-site electrical generation may reduce the cost of
obtaining services from utility companies. This approach may be
appropriate for remote sites.
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Fencing

The landfill site should be fenced. Access should be limited to
one or two secured entrances. The height and type of fence
should suit local conditions. A 6-foot (1.8 m) chain link fence
topped with barbed wire will restrict trespassers; a wooden fence
or hedge is effective for screening the operation from view, and
a 4-foot (1.2 m) barbed wire fence will keep cattle or sheep away
from the site area.

Portable lighting should be provided if landfill operations are
carried out at night. Permanent lights should be installed for
all structures and heavily used access roads.

Wash Racks

A cleaning program should be required for frequently used
equipment. A curbed wash pad and collection basin should be
provided to contain the contaminated washwater for treatment.

Monitoring Wells

It is crucial to monitor groundwater. The number, type, and
location of monitoring wells and monitoring frequency should be
designated to meet specific conditions associated with the
landfill.

Depending on the size and location of the landfill, landscaping
may be an important design factor. The aesthetic acceptability
of the landfill is critical, especially in an urban or densely
populated area. In general, shrubbery chosen should require
little maintenance and become an effective visual barrier.

19.2.4.5 Landfill Equipment

A wide variety of equipment may be required for a sludge
landfill. The type of equipment depends on the landfill method
employed and on the quantity of sludge to be disposed of.
Equipment will be required for sludge handling, excavation,
backfilling, grading, and road construction. Table 19-5 presents
typical equipment performance characteristics for various
sludge landfilling methods.

19.2.4.6 Flexibility and Reliability

Because sludge characteristics and quantities may change, a
landfill site should be designed with maximum flexibility. Since
the life of a landfill is difficult to accurately predict,
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expansion may be needed sooner than originally planned or it
may be delayed. Any change in wastewater treatment or sludge
management processes may affect the nature and quantity of sludge
produced. Operational modifications may be needed if these
changes are drastic. The landf ill design should be such that
changes can be made without major disruption to operations.

TABLE 19-5

LANDFILL EQUIPMENT PERFORMANCE CHARACTERISTICS

Equipment type

Backhoe Tractor
Landfill Trenching with Track Wheel Track with

_m_e_th_od Su_bm_e_th_od__Eq:....U'..:.·p_me_n_t_fu_n_ct_io_n_..::ma::.:c::.:h'::·n..::e_....:"..::oa::d:::er'-----=E::xc::a.:.:va:.:.to::r_::"o..::ad::e..::r---=":=oa=d:::er,----.:::dazer
a

Scraper Dragline Grader disc

Trench Narrow trench Trench construction
Covering

Wide trench Trench construction
covering

P.rea fill Mound

Layer

Diked con
tainment

Soil hauling
Mixing
Sludge hauling
Mounding
Covering

Soil hauling
Mixing
Sludge hauling
Layering
Covering

Soil hauling
Dike construction
Covering

G

G

Codisposal Sludge/refuse Spreading
Covering

Sludge/soil Sludge spreading
MiXing
Hauling
Covering

Legend
G '" Good. Fully capable of performing function listed. Equipment could be selected solely on basis of function listed.
F' = Fair. Marginally capable of performing function listed. Equipment should be selected on basis of full capabilities

in other function.
- '" Not applicable. Cannot be used for function listed.

aCaterpillar 0-6 generally is the largest track dozer appropriate for a sludge landfill although some engineers
are investigating the use of the Caterpillar LG-T, double-wide track dozer.

Reliability is another important factor in designing a landfill
operation. Operation should continue even in inclement weather.
Special work areas and storage facilities should be available
on site for emergency operations or unexpected equipment
fa ilu.res.

19.2.4.7 Expected Performance

Although the overall performance of a sludge landfill may be
difficult to predict accurately, certain operating parameters
should be estimated. The site life depends on many factors;
an estimate is needed for purposes of economic evaluations
and future planning. Sludge application rate and soil cover
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requirements should be estimated before scheduling initial
operations. Performance can be more closely predicted after
actual operating experience is gained.

19.2.4.8 Environmental Impacts

Specific areas of environmental impact vary among landfill
locations. Crucial impact areas include: traffic, land use,
air quality, surface and groundwater quality, public health,
aesthetics, wildlife, and habitats of endangered species.
Adverse impacts should be mitigated during the site selection
process or by specific measures in the design.

19.2.5 Operation and Maintenance

A sludge landf ill should be viewed as an ongoing construction
site. Unlike conventional construction, however, the operating
parameters of a sludge landfill often change and may require
innovative alterations and contingency plans. An effective
landfill requires a detailed operational plan. Equipment
selection should be compatible with sludge characteristics,
site conditions, and landfill method.

Operational procedures can be separated into those specific to
the landfill method and those applicable to sludge landfills
in general. Method-specific procedures include: site
preparation, sludge unloading, sludge management and covering.
These procedures are discussed in detail in Municipal Sludge
Landfill (1).

General procedures include schedul ing, equipment select ion and
maintenance, management and reporting, safety, and environmental
controls. These items are discussed in Sanitary Landfill Design
and Operati~~ (2). Important points are summarized below.

19.2.5.1 Operations Plan

As with any construction activity, sludge landfilling must
proceed according to detailed plans and operating schedules. The
operation plan should address all relevant method-specific or
general operating procedures for the landfill, including:

• Hours of operation.

• Measuring procedures.

• Traffic flow and unloading procedures.

• Special wastes handling.

• Cover excavation, stockpiling, and placement.
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• Maintenance procedures and schedules.

• Inclement weather operations.

• Environmental monitoring and control practices.

An operations plan is an important tool for providing continuity
of activities, monitoring and control of progress, and personnel
training.

19.2.5.2 Operating Schedule

Major features of the operating schedule include: hours of
operation, availability of qualified personnel, site preparation
schedules, and equipment rna intenance schedules. The hours of
operation must be such that the site is open when sludge is to be
received. If variations in the rate of receipt are expected
during the day, it may be desirable to schedule for equipment and
personnel accordingly. The schedule may need to provide for the
application of daily soil cover.

19.2.5.3 Equipment Selection and Maintenance

Equipment selection depends largely upon the landf ill method,
design dimensions, and sludge quantity. Selection must be based
upon the functions to be performed and the cost of alternate
machines. Table 19-5 summarized general selection criteria.
Table 19-6 presents examples of equipment choices for seven
landfill schemes.

TABLE 19-6

TYPICAL EQUIPMENT TYPE AND NUMBER AS A FUNCTION
OF LANDFILL METHOD AND SITE LOADING

Trench method Area fill method Codisposal method
a

Narrow trench Wide trench Mound Laver Dik(~d containment Sludge/refuse Sludge/soil

Equipment I
b

2(; 3
d

4
8

Sf 1 2 3 4 5 1 2 3 4 5 1 2 3 4 50 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5-,-_.,,-
Trenching

machine

Backhoe with
loader 1 1

Excavator

Track loader

Wheel loader

1 2

TraCK dozer

Scraper

Dragline

Grader

Tractor with
disc

19 1 1 1 1 1 29 2 1 1 9 19 1 29

19 19 1 19 19 19 1 19 1

1 1 1

Total 1 2 2 3 5 1 2 2 2 4 1 2 4 5 5 1 2 2 3 4 1 2 3 3 4 - - 1 1 2 1 1 2 4

dAdditional equipment only.

bschemc 1 - 10 wet TPD.

c
5L:hcme 2 - 50 wet TPD.

dSc.:hemc 3 - 100 wet TPD.

eSc:hemc 4 - 250 wet TPD.

f Scheme 5 _ 500 wet TPD.

9May not rCt.:eive 100 percent utilization.
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Equipment rna intenance can be more expens i ve than the amortiz ed
annual purchase cost. A scheduled preventive maintenance program
should be followed to control maintenance costs. Operators
should perform routine daily maintenance (for example, check
fluid levels, cleaning, etc.). The operating schedule should
provide periods for thorough maintenance.

19.2.5.4 Management and Reporting

Management and reporting activities include the maintenance
of activity records, performance records, required regulatory
reports, cost records, on-site supervision and public relations
act i vi ties. Acti vi ty records include equ ipment and per-sonne 1
accounts, sludge and (if applicable) solid waste receipts, cover
rna terial quanti ties and used site area layouts. These records
become bases for scheduling site development, gauging efficiency,
and any billing as required.

Performance records may be required as a part of the regulatory
process. Regulatory agencies may perform periodic inspections on
a scheduled or an unscheduled basis. Operating and supervisory
personnel must be aware of these requirements.

For the purposes of safety and control, the site should be
staffed with two or more persons. At smaller sites, where only
one operator is required, daily visits or phone checks should be
made.

19.2.5.5 Safety

Providing a safe working environment at the landfill site should
be a part of general O&M, and certain safety features should be
built into the design. Certain practices must be followed daily
to provide safe working condi tions. The operations plan should
have a separate safety section, as well as specific safety
guidelines for each operation and feature of the landfill.

Soil and Fill Stability

The stability of the soil and fill can present a critical safety
problem, particularly with the use of large equipment. Disturbed
and filled areas should be approached cautiously as should muddy
areas or areas subject to erosion.

Equipment Operation

The operation of large, earth-moving equipment presents the
potential for accidents. Only fully trained operators should
be allowed to use such equipment. Regular maintenance and safety
checks can greatly reduc~ the number of accidents associated with
equipment failure and operator error.
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Gas Control

Caution must be used when dealing with gas control equipment.
The O&M manual should contain a complete set of instructions on
the safe servicing of gas control and monitoring equipment, and
the operation of this equipment should be explained periodically
at operation and safety training sessions.

19.2.5.6 Environmental Controls

The protection of the environment and public health are important
aspects of the landf ill operation. The operations plan should
contain guidelines for providing this protection and actual
operations should conform to the guidelines. General require
ments are summarized in Table 19-7. Critical areas are discussed
below.

TABLE 19-7

POTENTIAL ENVIRONMENTAL PROBLEMS AND
CONTROL PRACTICES

Environmental problems----._---_... _-_.
Siltation

and
_______Co_n_t_rol pract_i_c_e Spillage erosion Mud Dust Vectors Odors Noise Aesthetics Health Safety

Safety program

Maintain washrooms for person
nel

Training of new personnel

Use safety clamps on truck
tailgates

Maintain road markings and
trench barriers

Maintain fencing

Apply insecticide

Maintain buffer areas and grass

Proper equipment maintenance

Spray water/oil/liquid asphalt

Truck wash pad (to clean trucks)

Maintain grass waterways,
diversion ditches, rip rap

Final grading of disturbed
areas

Revegetation of disturbed
areas

Chemical masking agent

Lime on site

Workers supplied with
aerators

Cover sludge daily

Water diverted away from site

Environment

x

x
x x x x x x x x x x

x x

X X

X X

X X

X X X X X X

X X X

X X

X X X

X X X

X X

X X X X

X

X X X X X

X X X X

X X X X X

X X

Environmental protection is generally focused on leachate
and runoff controls for preventing surface and groundwater
contamination. Trench liners must be kept intact during and
af ter filling opera tions. Drainage sys terns should be checked
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~o ~ee that they are func~ioning as designed. If monitoring
indicates that adverse environmental impacts are occurring or
pending, immediate corrective action should be taken.

Public Health

Protection of public health should be a foremost concern in the
operation of sludge landfills. Protection of water supplies and
particularly sole source aquifers is an obvious responsibili ty.
In addition, control of potential disease by reduction of
vectors, the adequate vent ing of explos i ve or toxi c gases, and
the restriction of access to the landfill site are the
responsibility of the operators.

Social welfare

Minimizing the negative aesthetic impacts of a sludge landfill
can greatly increase public acceptance. Control of odors, noise,
and other nuisances is generally straight-forward and should be
accomplished as part of the daily operating routine. Efforts
should be made to reduce the undesirable social impacts of the
fill operation.

19.2.6 Site Closure

In closing a sludge landfill site, certain criteria must be met
to make the site publicly acceptable. These criteria are
established according to the type of landfill and the location,
size, and ultimate use of the site. The procedures for site
closure should be included in the operations loanual and updated
or modified as the original landfill plan is altered.

19.2.6.1 Ultimate Use

The ultimate use of the site should be described and illustrated
in the O&M manual or in a separate document describing the
closut::'e of the site. The actual work involved in completinc] the
site will depend on its ultimate use and on the care taken in
day-to-day fill operations.

19.2.6.2 Grading at Completion of Filling

When each section of the landfill is completed, the final cover
should be graded according to a predetermined plan. It is
imperative that no sludge become or remain exposed after the
grading has been completed.
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19.2.6.3 Final Grading

Final grading of the site is to be performed after sufficient
time has elapsed to allow for initial settlement. The final
grading plan should be designed in accordance with the intended
ultimate use of the landfill site. It is important that all
sludge be completely covered to the specified depth wi th cover
material.

19.2.6.4 Landscaping

The landscaping plan should reflect the intended ultimate use of
the landfill site. Where practical, landscaping may be done on
completed sections before the entire fill project is completed.

19.2.6.5 Continued Leachate and Gas Control

Since decompos i t ion of the org anics in the sludge may continue
even after the landfill has been completed, an ongoing monitoring
and control program must be maintained. Leachate and gas must be
controlled even after the filling operations have stopped. Th€
completion plans should clearly outline this program.

19.2.7 Landfilling of Screenings, Grit and Ash

Screenings and gr it normally contain some putresc ible materials
and, if landfilled, should be covered every day. Odors from
temporarily uncovered solids may be alleviated by sprinkling the
sol ids with 1 ime. Spec ial care should be exe rci sed to assure
vector control (for example, safe po isons for rodent control,
spraying for flies, and animal-proof fencing to keep pets from
the area).

Residues (ash from the combustion of municipal wastewater solids)
generally contain high concentrations of trace metals. Leachate
from sites where incinerator ash is landfilled must be controlled
to prevent metals contamination of groundwater. In California,
for example, wastewater sludge furnace ash must be placed
in a "protected" Class 11-1 site. See Chapter 11 for more
information.

19.3 Dedicated Land Disposal

19.3.1 Definition

Dedicated land disposal means the application of heavy sludge
loadings to some finite land area which has limited public
access and has been set aside or dedicated for all time to the
disposal of wastewater sludge. Dedicated land disposal does not
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mean in-place utilization. Dedicated sites typically receive
liquid sludges. While application of dev.'atered sludges is
possible, it is not common. In addition, disposal of dewatered
sludge in landfills is generally more cost-effective.

As with any other land disposal technique, dedicated land
disposal requires the v.'astev.'ater sludge be stabilized prior
to application. Once the sludge has been stabilized, however,
it can be applied to the dedicated land in either the liquid
or the dewatered state. Use of anaerobically digested sludge
minimizes odor and potential nuisances.

Many existing v.'astev.'ater treatment plants practice some form of
dedicated land disposal. However, precautions necessary for
assuring that this method of disposal is not harmful to the
environment have not always been practiced.

19.3.2 Background

Dedicated land disposal was first developed as an informal
practice in response to the need to reduce high operational costs
associated wi th sludge disposal. The practice was applicable
particularly in cases where the plant site had adequate acreage
or where adjacent land was available and hauling costs to the
nearest landfill were high. Groundwater contamination, odor
production, and aesthetic concerns were not usually addressed in
this informal practice.

A more sophisticated approach to dedicated land disposal had to
be taken as sludge quantities increased with higher treatment
le 'Ie Is, and on-s i te sludge disposal v.'as perce i ired as associ a ted
with environmental problems. Recent research on this method of
sludge disposal has developed key environmental controls which
are covered in subsequent sections.

The use of dedicated land disposal has several major advantages.
These include flexibility in managing sludges in excess of
utilization demand; minimum land use because sludge application
rates per acre are maximized; inexpensive dewatering through
the use of solar energy instead of the relatively expensive
electrical energy required for mechanical dev.'atering; relatively
low capital and operating costs (6).

Dedicated land disposal is applicable as a disposal method for
liquid, dewatered, or dried sludges. To maximize the advantage
of low-cost solar drying and minimize the cost of upstream sludge
processing, disposal of liquid sludge is the most cost-effective
approach. Disposal of sludges in the liquid form requires
storage capacity. Facultative sludge lagoons (FSLs), as
discussed in Chapter 15, can provide that storage. FSLs provide
a buffer between continuous sludge production and intermi ttent
land disposal operations. Disposal of the thickened (solids
concentration of 6 to 8 percent) sludges from the FSLs.vill
commence 1 to 5 years after the first anaerobically stabilized
sludge is discharged into FSLs.
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19.3.3 Site Selection

There are five maj or cons iderations in s electing an appropriate
dedicated land disposal (DLD) site. These considerations are
ownership, groundwater patterns, topography, soil types, and
a va ilabil i tyof sufficient land. All are discussed briefly in
the following paragraphs.

19.3.3.1 Ownership by Wastewater Treatment Authority

By definition, the selected DLD site will be dedicated in
perpetui ty to the sludge disposal function. Long-term bu ildup
of heavy metals and salts in the soil surface layers will
make the site unsuitable for future direct agricultural use.
Public access to these sites must be restricted because of
their potential pathogen contamination. These factors require
complete control and thus ownership of the site by the wastewater
treatment authority. However, merely because certain elements
accumulate to toxic concentrations on that site does not mean
that the surface soils are forever useless.

19.3.3.2 Groundwater Patterns

Groundwa ter movement must be cons ide red in the select ion of a
DLD site. Groundwater flow patterns must be known in order to
protect present or future domestic water supply wells. The
following three control options are possible:

1. Choice of a site with an isolated groundwater pattern.
This option requires that there be well-defined
groundwater migration to a river or the ocean; In this
case, there must be no intermediate domestic source
wells. An adequate subsurface buffer strip between the
site and the receiving waters should be provided to
permi t further potential poIlu tant a ttenuation, uptake,
or d i 1uti 0 n.

2. Choice of a site with a tight/low permeability surface
and/or subsurface soil layer which essentially prevents
DLD leachate from reaching the groundwater. In this
option, additional monitoring wells may be required
to confirm the design assumptions over the long term.

3. Construction of an artificial leachate control barrier
composed of a minimum 2-f oat (0.6 m) depth clay 1 aye r
under the entire site and deep cutoff trenches at the
groundwater downstream end of the site for leachate
collection and recycling. It should be noted that when
there are low-permeable soils too close to the surface,
liquid disposal operations can be hindered. Shallow
clays can cause ponding and reduced loading rates
with these systems.
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19.3.3.3 Topography

Natural topography is an important consideration in selecting a
DLD site. Natural slopes greater than 0.5 percent wi 11 have to
be modified to prevent erosion. The lack of vegetation on
the disposal site increases the potent ial eros ion problem and
subsequent runoff control. The use of level or nearly level land
eliminates erosion problems. Graded or terraced sites can be
used, but increased earthmoving costs are involved.

19.3.3.4 Soil Types

Most soil types can accommodate one or another form of DLD system
with proper protection of ground and surface waters as outlined
above. Preference should, however, be given to soils with a
moderate to high cation exchange capacity (CEC), typically
greater than 10 milliequivalents per 100 grams.

Desirable soil conditions include restrictive permeability,
minimal ponding, and freedom from boulders. Technical assistance
in the areas of soil science, soil agronomy, and soil engineering
is recommended, so that the impacts of specific soil types on the
project can be accurately evaluated.

19.3.3.5 Availability of Sufficient Land

The amount of land required depends upon the quantity of sludge
generated and upon the acceptable loading rates. Sufficient land
must be available to ensure the integrity of the sy;stem.

19.3.4 Storage

Storage should be considered for DLD
climatic conditions and for increased
and control. As discussed earlier,
to meet these condi tions and to assist
Chapter 15).

19.3.4.1 Climatic Influences

systems under certain
operational efficiency
FSLs are recommended
in flow buffering (see

In most areas of the country, rainfall is seasonal, and in some
the ground may be frozen to a depth which makes it unworkable
during the winter. These conditions mean that dedicated land
disposal operations can occur only during the drier months. As a
minimum, provision for six months of sludge storage is required.
Systems designed for handling liquid sludge in Sacramento,
California (6), and in Corvallis, Oregon (7,8,9), are designed
for 18 to 60 months storage of anaerobically digested sludge in
FSLs. This allows upstream systems to operate through a winter
summer-winter cycle and without disposal problems during a wet
spreading season.
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19.3.4.2 Operational Storage

Even where climate is not sevece enough to require sludge
storage, storage may still be warranted for operational
efficiency. If storage is provided, routine equipment
maintenance can take place during normal work hours. Emergency
situations, such as those which require the retention of
unstabilized sludge for very short periods during any plant
upset, can be responded to effectively (10).

19.3.5 Operational Methods and Equipment

Dedicated land disposal has achieved recent prominence because
of its application to the problem of direct disposal of liquid
sludges. Systems that are designed to deliver and manage liquid
sludges on DLD sites are of primary interest (11).

19.3.5.1 Liquid Sludge

Application of liquid sludge is desirable because it simplifies
upstream processes. Dewatering processes are not required, and
inexpensive liquid transport and application systems can be used.
Four common surface application methods Eor the liquid sludge are
described in the following paragraphs. The first three are
irrigation systems and the fourth is a mobile tank application
system subsurface applications methods are described in the final
paragraph. Summaries of certain characteristics of those methods
are given in Tables 19-B and 19-9.

Spraying

Wastewater sludge can be applied to the land using either fixed
or portable irrigation systems. These systems must either be
designed specifically to handle solids without clogging, or
liquid sludges must be scceened. A liB-inch (0.32 cm) mesh
rotary strainer will perform satisfactorily.

It is advantageous to spray sludges because operating labor is
reduced, less land needs to be prepared, and a wide selection of
commercial equipment is available. Fixed irrigation systems can
be highly automated, whereas operator attention is required
for portable sprinkler systems. Sprinklers can operate
satisfactorily on rough, wet land unsuitable for tank trucks or
injection equipment.

Disadvantages of spraying sludges include power costs asscciated
wi th the use of high-pressure pumps, the potent ial for aerosol
pollution from entrained pathogens, odors, potential for ponding
of the sludge, and adverse public reaction. Preferred spray
sys terns direct the sludge towa rd the ground. ['1odi f ied vers ions
of center pivot systems provide for low pressure at the nozzles,
minimizing odors and aerosols. Such designs minimize direct
airborne transport of sludge, control application rates and
distribution, and minimize aerosol formation and transport.
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TABLE 19-8

SURFACE APPLICATION METHODS AND EQUIPMENT FOR LIQUID SLUDGES

Method

Spray (sprinkler) fixed
or portable

Overland flow and
flooding

Ridge and furrows

Tank truck

Characteristics

Large orifice required on
nozzles; large power and low
labor requirement~ wide
selection of commercial equip
ment available; sludge must be
flushed from pipes when use
stops for longer than 2 to 3
days.

Used on sloping ground with or
without vegetation with no
runoff permitted; suitable for
emergency operation; difficult
to get uniform aerial applica
tion; use of gated or perforated
pipe requires screening of
sludge prior to application;
sludge must be flushed from
pipes when use stops for longer
than 2 to 3 days.

Land preparation needed; lower
power requirements than spray;
limited to low solids con
centration (less than 3 percent
works best).

Capacity 500 to 3,800 gallons;
larger volume trucks will re
quire flotation tires; can use
with temporary irrigation setup;
with pump discharge can spray
from roadway onto field.

Topographical and seasonal
sui tabili ty

Can be used on a sloping
land; can be used year
round if the pipes are
drained in winter; odor
and aerosol nuisances may
'Occur.

Can be applied from all
weather ridge roads.

Between 0.3 and 1.0 percent
slope depending on solids
concentration and
condition of soil. Fill
able land not usable on
wet or frozen ground.

Tillable land; not usable
on very soft ground.

1 gal 3.8 1

Overland Flow and Controlled Flooding

Overland flow (wild flooding) and controlled flooding (border
check flooding) are common irrigation techniques. Both of these
use gated or perforated pipe to assure aerial uniformi ty. DLD
experiments wi th these techniques on stabil ized lagooned sludge
at Sacramento, California (12), indicate that neither resulted in
the satisfactory surface spreading of such sludge. Wild flooding
spread the sludge too far laterally and quite unevenly downslope.
Border check flooding took care of the lateral spreading, but
the downslope could not be adjusted to varying sludge solids
concentrations. Therefore, the sludge either collected at the
top of the sloped field (when there was too little slope for the
percent solids concentration) or at the bottom of the sloped
field (when there was too much slope for the percent solids
concentration). Both floodin<] techniques resulted in the
accumulation of excessive amounts of sludge on limi ted areas;
reappl ication was thus limi ted and problems such as odors and
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vectors were an outcome. In both techniques, clogging problems
were experienced with standard water irrigation gated and
perforated piping. This indicated that either special distribu
tion piping would be required for use with sludge or the sludge
would have to be screened in a manner similar to that indicated
for sprinkler application.

TABLE 19-9

SUBSURFACE APPLICATION METHODS AND EQUIPMENT
FOR LIQUID SLUDGES

Topographical and seasonal
________M_e_t_h_o_d c:~_~::~c;~:.r istic s , ~ui tabi 1 i ty _

Flexible irrigation hose
(umbilical cord system)
with subsurface injection
or surface discharge a

Tank truck with subsurface
injection or surface
dischargea

Farm tank trailer and
tractor with surface dis
chargea

Farm tank trailer and
tractor with subsurface
injectiona

Pipeline or tanker pres
surized supply; 650 ft hose
connected to manifold dis
charge on plow or disc
pulled by tracked vehicle;
abrasive wear can result in
short hose life; subsurface
injection by means of very
small furrow behind knife
edge cutting disk and/or
narrow plow; surface dis
charge into furrow
immediately ahead of plow
application rate of 50 to
100 wet ton/acre/pass.

500 - 3,800 gallon 4-wheel
drive commercial equipment
available; subsurface
injection by means of very
small furrow behind knife
edge cutting disk and/or
narrow plow; surface dis
charge into furrow
immediately ahead of plow
application rate of 50 to
100 wet ton/acre/pass.

Sludge discharged into fur
row ahead of plow mounted
on tank trailer - applica
tion of 170 to 225 wet
ton/acre/pass. Sludge
spread in narrow bank on
ground surface and imme
diately plowed under 
application rate of 50 to
125 wet ton/acre/pass.

Sludge discharged into chan
nel opened and covered by
a tillable tool mounted on
tank trailer - application
rate 25 to 50 wet ton/acre/
pass.

Tillable land; not usable on
wet or frozen ground.

Tillable land; not usable on
wet or frozen ground.

Tillable land; not usable on
wet or frozen ground.

Tillable land; not usable on
wet or frozen ground.

---------- ._----_...-

aVehicle reaccess to area receiving application dependant on
water content and application rate of liquid sludges.

1 gal = 3.8 1
1 ton/acre = 2.25 t/ha
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Ridge ~nd Furrow

The ridge and furrow sludge application method is similar to that
used in agricultural systems. At the high application rates and
given low solids content, the ridge and furrow method offers
better control than gated or perforated pipe systems used for
overland flow or controlled flooding. Key factors in the success
of ridge and furrow application are the solids concentration of
the sludge, the furrow slope, and the condition of the soil. The
effect of the solids concentration and the furrow slope on sludge
application, determined from a study in Sacramento, California
area (34), is summarized in Table 19-10. Generally, for
a well-stabilized sludge, the furrow slope should be about
0.1 to 0.2 percent per one percent sludge solids concentration,
particularly for sludges which behave like water (less than
3 to 4 percent solids). Sludges with much greater solids
concentrations cannot be successfully surface spread by the ridge
and furrow technique. As long as the soil remains loose and
friable, satisfactory ridges and furrows can be created and
friction losses can be tolerated. Excessive reapplications of
sludges with high moisture contents can create soils which clump.
This makes ridge and furrow construction difficult and increases
friction losses to intolerable levels.

Advantages of ridge and furrow irrigation include simplicity,
flexibility, and lower energy requirements. Disadvantages
include the settling of solids at the heads of furrows, the
need for a well-prepared site with proper gradients, and the
impossibility of maintaining a friable soil. In addition,
ponding of sludge in the furrows can result in odor problems.

furrow sludge irrigation also involves a
This must be carefully considered, laid out,
installation so that maximum efficiency in
use is assured.

Often, ridge and
covering operation.
and tested prior to
application and land

Tank Truck ~urface Spreadin~

A common method of liquid sludge surface application is direct
spread ing by tank trucks, tractors, and f arm tank wagons with
capacities of 500 to 3,800 gallons (2 to 14 m3 ). Sludge is
spread from a manifold on the rear of the truck or wagon as the
vehicle is driven across the field. Application rates can be
controlled either by valving the manifold or by varying the speed
of the truck.

The principal advantages of a t?nk truck system are low capital
investment and ease of operation. The system is flexible in
that a variety of application sites, pastures, golf courses,
farmland, athletic fields and the like, can be served. This
permits utilization of sludge, with a dedicated land disposal
system as a reliable backup disposal mode.
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TABLE 19-10

FURROW SLOPE EVALUATION

a
Slope,
percent

0.1

• 2

. 3

.4 - .5

Percent
solidsb

3.1

3.1

3.1

2.7

Observationsc

Sludge ponded or flowed
very slowly. On slopes
this flat slight
variations in grade
causing ponding. Gen
erally unsatisfactory.

No ponding, sludge flowed
slowly. Minimum grade
for 3 percent solids.
Would be too flat for
5 percent solids.

Sludge flowed evenly at a
moderate rate. Excel
lent slope for 3 per
cent solids.

Sludge flowed evenly at a
moderate rate. If
sludge-furrow was not
covered when full all
the sludge would flow
to the low end and pond.

a O. l percent equals 0.1 ft of fall/lOO ft
of run. (0.1 m/lOO m)

bpercent solids expressed determined In a
dry weight basis.

cAll observations are based on 12 in. (.30 cm)
deep furrows. Soil in excellent friable
condition. Deeper furrows would permit the
use of flatter slopes.

Disadvantages of this system include wet-weather problems
and the high operating costs for sludge hauling. Standard,
highway-operable tank trucks are not able to enter sites when the
ground is soft. Consequently, storage or wet-weather handling
alternatives must be available. Another disadvantage is that
truck traf f i c damages so i 1 structure and compresses the so iI,
thus yielding higher bulk densities and reduced infiltration
capacities.
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To maximize disposal time during days'when the site can be used,
a highway vehicle with a 3,000 to 6,000 gallon (11.7 to 22.7 m3 )
capacity tank can be used to transport the sludge to the DLD
sit e . S 1 u d g e i s the n t ran s fer red . toon e 0 C 111 0 reo f f - r 0 a d
application trucks. These trucks should be equipped with high
flotation tires and four-wheel drive for working wet sites.

Subsurface Injection

Subsurface injection involves a principle of incorporation, which
involves cutting a furrow, delivering sludge into that furrow,
and covering the sludge and furrow, all in one operation.
Modifications include methods in which the sludge is injected
beneath the soil surface or incorporated by use of a disk.

Advantages of incorporation include: immediate mixture of sludge
and soil, elimination of potential odor and vector problems from
ponding, and control of surface runoff. Incorporation procedures
are also favored when sludge utilization is desired, because less
nitrogen is lost from the soil through ammonia volatilization.

The principal disadvantages of incorporation are its complex
management procedures and the fact that the equipment cannot be
effectively used on wet or frozen ground.

19.3.5.2 Dewatered Sludge

Application of dewatered sludge is similar to application
of sol i d 0 r s e in i - sol i d fer til i z e r s ,lime, 0 ran i mal man u c e .
Sludge can be spread with bulldozers, loadecs, graders, or box
spreaders and then plowed or disked in. Spiked tooth harrows
used for normal farming operations may be too light to bury
sludge to the required depth. Use of heavy-duty industrial
discs or disk harrows may b2 requiced. l'1ethods and equipment
for appl i ca t ion of dewa te red sludges are shown in Table 19-1l.
Figure 19-2 shows views of Denver Metro's dewatered sludge
landspreading operations.

The principal advantage of using dewa·ter-ed sludge is that
conventional equipment for application bf fertilizer and lime
and for tillage can be used. Another ad van tage is that dewa te .n;,]

~31udge may be applied at higher rates' thdn liquid sludge.
Problems of flooding and ponding and subsequent site access
associated with the high hydraulic loading rates of liquid
sludge applications are avoided. The disadvantage is the higher
energy and operational costs dssociated with sludge dewatering
and the tr-eatment required for- resulting sidestr-eall1. The
disadvantages appear to outweigh the advantages, since dewatered
sludge is infrequently used for DLD.
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TABLE 19-11

METHODS AND EQUIPMENT FOR APPLICATION OF
DEWATERED SLUDGES

Method

Spreading

Piles or Wln
drows

Reslurry and
handle as in
Tables 19-8 and
19-9.

Characteristics

Truck-mounted or tractor
powered box spreader
(commercially available);
sludge spread evenly on
ground; application rate
controlled by over-the
ground speed; can be
incorporated by dis king
or plowing.

Normally hauled by dump
truck; spreading and
leveling by bulldozer or
grader needed to give
uniform application; 4
to 6 inch layer can be
incorporated by plowing.

Suitable for long hauls by
rail transportation.

19.3.5.3 Sludge Application Rates

Sludges should be applied such that soils can dry sufficiently
be twe ens lud ge appl i ca t ions to allow the passage of sl ud ge
distcibution vehicles. Sludge application does not create excess
leachate or runoff. Application should also be managed so that
the soil does not become anaerobic and generate odors.

Adverse moisture conditions can be avoided for the most part if
sludge application rates are not allowed to exceed the net soil
evaporation rate (that is, evaporation minus precipitation).
Using this guideline, water should be removed by evaporation as
rapidly as it is added with the sludge and the fields should dry
out prior to subsequent sludge applications. Since on the
average, all water is removed by evaporation, none should remain
to percolate or become runoff. The environmental hazard and
operating costs associated with controlling these streams
are thus minimized. Given this premise, sludge should be
applied only when the net soil evaporation rate is positive.
The Co 10 r ado S p r i n g s cas e e x amp 1 e dis c u sse s t his a p proa c h .
Opera t ions will tend to be seasonal, in tens i ve du ring warm, dry
conditions and slowed down during wet or cold conditions. Sludge
application must, of course, be terminated when the ground is
frozen.
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The Denver Metro uses large trucks to transport dewatered sludge cake to its rela
tively isolated disposal site at the former Lowry Bombing Range 25 miles (40 km)
from the treatment plant. This picture shows transfer of sludge to smaller dump
trucks for spreading in the field. Sludge is spread by allowing it to drop from the
truck as it is driven through the field. At one time the District used a manure
spreader instead of dump truck for sludge spreading purposes.

After spreading, sludge is incorporated into the soil by
plowing with this 6-bottom, 2-way moldboard plow.
Annual application was about 30 dry tons per acre
(67 dry t/ha) in 1976. Nine or ten months later, the
same land received another application of sludge.

FIGURE 19-2

DEWATERED SLUDGE LANDSPREADING, METROPOLITAN
DENVER SEWAGE DISPOSAL DISTRICT NO.1,

DENVER, COLORADO
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I t should be noted that runoff and leachate controls are still
required even though the system, on the average, eliminates all
water by evaporation. Leachate and runoff must be expected
since periods will occur when the net soil evaporation rates ar~
less than expected or where more sludge than permissible is
applied.

Organic rather than hydraulic limitations may govern,
particularly when dewatered sludges are applied. Odors can
develop if the soil/sludge layer does not remain aerobic.
Maintenance of the aerobic condi tion depends on rate of sludge
application, the sludge to soil ratio, temperature, and frequency
of soil turning or disking.

19.3.6 Environmental Controls and Monitoring

In general, environmental controls for dedicated land disposal
are not as severe as those for sludge utilization. The basic
requirement is that activities do not cause any nuisance
off-site. Control of all transport mechanisms for potential
pollutants, specifically via surface and groundwater, and through
aerosols and odor is required. If the sludge is well stabilized,
vector controls will be negligible.

19.3.6.1 Site Layout

Good site planning is the key to environmental pollution control
for DLD. Initial site selection should be based on slope, soil
type, and isolation possibilities from ground and surface water.
Subsequent detailed planning can significantly enhance final
environmental control measures.

Division of the OLD site into several fields is desirable for
operational and environmental controls. Individual fields should
be in the range of 10 to 100 acres (4 to 40 ha), and 50 acres
(20 ha) is typical. For the umbilical cord subsurface
injection method, a minimum dimension of 1,300 feet (400 m)
is desirable. This will allow a tractor dragging a 6S0-foot
(200 m) hose to cover a field, side-to-side, when the sludge
hydrant is located in the center of the field. Smaller sites are
more amenable to the use of tank vehicle systems.

The breakdown of the site into smaller areas will permit easier
terracing. First, fields with fairly uniform elevations must
be chosen, and slopes must then be regraded for the chosen
application method.

Beyond the site subdivision, plans for larger DLD systems should
include a layout of "nurse centers." These are take-off points
on a fixed distributional system for re-filling application
trucks in order to minimize their unproductive travel time
and undesirable extra field compaction. They also serve as
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hookups to the tractor-drawn umbilical cord system. Usually, the
nurse centers consist of a small (4- to 6-inch [10 to 15 cm] in
diameter) sludge force main riser with a quick connect coupling,
coming from a pump station or dredge operating in a sludge
storage lagoon. A small storage tank or vaul t (maximum volume
twice the tanker capacity) is often added at the nurse center to
simplify pumping control and to permit sludge pickup by a field
tanker by means of suction. Sludge should not be allowed to
remain unmixed in the vault for more than 30 minutes. Mixing of
the tank contents will prevent liquid-solid separation, which
could cause wide variations in solids concentrations at pickup
and, therefore, uneven solids application rates to the site.

19.3.6.2 Groundwater Controls

There are two distinct kinds of groundwater control for DLD
sites. The first involves complete collection of any and all
leachate from the site followed by either recycling back to
the treatment plant or further on-s i te treatment. The second
involves monitoring groundwater migration patterns from the
site and assuring that the quality of external waters are not
reduced.

In the case of the first, the site should be underlain with an
impervious soil, hardpan, or rock. Although it is possible to
prepare this barrier artificially using clay or a liner, it is
usually not economically feasible to do so. Thus, the original
site se lect ion determi nes the degree of vert ical conta inment.
Horizontal movement of groundwater is prevented by the use
of diking and cutoff trenches. Leachate is then collectec]
together with surface runoff.

In the edse of the second, extensive surveys may be necessary to
determine natural groundwater migration patterns. The direction
of leaching must be determined. Design should be such that final
concentrations of potential pollutants either in the off-site
groundwater or in surface water do not exceed contamination
guidelines preset by the applicable regulatory authority.

19.3.6.3 Surface Water Runoff Controls

Each DLD site should be graded such that all surface runoff would
drain toward one point near the edge or toward the corner of
the field. Each site should be surrounded by a berm to keep
uncontaminated surface runoff out and to contain contaminated DLD
runoff. A center drain should either direct the contaminated
runoff back to the nearest manhole on a facultative sludge lagoon
supernatant system, or be connected to a pump which directs the
runoff back to the treatment plant or to a separate on-site
treatment system. Temporary holding of the runoff to permit
settling of settleable solids and monitoring may be desirable.
If the stored water is found to be of sufficient quality to meet
discharge standards, it can be released without any treatment.
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The primary mechanism for water removal at most sites is
evaporation. Runoff can be minimized by adjusting sludge
loadings so that they are less than or equal to the net soil
evaporation rate (evapotranspiration rate minus precipitation).

Runoff control can be aided by disking in the sludge soon after
application, thereby preventing downward movement of the liquid
sludge.

19.3.6.4 Air Pollution Control

Two air pollution concerns are aerosol transport and odor.
There must be adequate buffer zones around the DLD site.
Operationally, systems which minimize the length of time sludge
is directly exposed to the air are preferred. It is possible to
incorporate special design features for air pollution control,
for example, vacu um s tr ippi ng of the d iges ted sludge to remove
odors prior to land application.

19.3.6.5 Site Monitoring

Moni toring requirements for DLD are rela ti ve ly s traigh tforward.
Groundwater monitoring is essential and should be conducted
from a pattern of groundwater wells located primarily at the
downstream boundary of the site. In addition to groundwater,
collected leachate and surface water runoff streams must be
monitored to determine if and when such streams must be treated.
Fot:" air pollution control, olfactometer measurements (see
Chapter 17) could be taken regularly, particularly during calm
periods and preceding and during times of air inversions. If
odors are a major pcoblem, operations could be stopped during
peLiods of calm winds and temperature inversion.

19.3.7 Costs

Extensive cost data are not available on DLD. Cost estimates
are, however, .'lv-:iilable from a new system developed at Colorado
Springs, Colorado, and a large prototype system a t Sacramento,
California. These cost estimates are discussed in the case
examples to follow. These DLD costs are quite site-specific, and
extrapolations from the Colorado Springs and Sacramento cost data
should be made with caution.

19.3.8 Case Examples

The relatively recent acceptance of dedicated land disposal
makes the select ion of case examples 1 imi ted, part icularly for
small plants. Colorado Springs, Colorado, a medium-sized system,
and Sacramento, California, a large system, are discussed in the
following sections.
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19.3.8.1 Colorado Springs, Colorado

The analyses for and design of a sludge management program Eor
Colorado Springs was based on population and average dry-weather
flow figures (see Table 19-12).

TABLE 19-12

COLORADO SPRINGS POPULATION AND WASTEWATER
FLOW PROJECTIONS

Population, Planning
Year thousands ADV'lF, mgd designation

_·".'_''''_m'_··.·

1978 230 25 Pres en t

E90 330 36 Phase I

2005 440 48 Phase II

Ultimate 60 Phase III
•• ~·__o --,--,-""._...

An interim sludge management system employs anaerobic digestion
of primary and waste-activated sludge at the wastewater treatment
plant site. 150,000 gallons (570 m3 ) of digested sludge of
2.5 percent solids concentration is produced each day. The
sludge is trucked f rom the t rea tment plants i te to two 5-a cre
(2.0 hal IS-feet (4.6 m) deep temporary storage lagoons located
20 miles (32 km) away. The sludge is later removed from the
lagoons by two special four-wheel drive high flotation-tired tank
vehicles equipped wiih suction devices and subsurface injected on
an adjacent dedicated land disposal site. Capacities of the
subsurface injection (SS1) vehicles are 3,600 and 3,800 gallons
(13.6 and 14.4 m3 ).

The Colorado Springs sludge manaogement system is being
substantially modified and upgraded (14). A schematic of the
modified system is shown on Figure 19-3, and an overall layout
of the sludge disposal site on Figure 19-4. Estimated capital
and operating costs for the various facilities are shown in
Table 19-13.

The soils at the DLD site consist of Verdos Alluvium, Piney Creek
Alluvium, and a weathered Pieere Shale having low to very low
permeabilities, in the range of 1.0 x 10- 4 £0 1.0 x 10- 6 cm per
second.

I'

Monthly average temperatures range from 29°F to 71°F (-1°C to
22°C). Effective soil evaporation occurs to a depth of about
2 feet (0.6 m), and moisture profiles from SST test sites show
a maximum downward migration of moisture to a depth of 22 inches
(57 em), after application of liquid sludge. '
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TABLE 19-13

COLORADO SPRINGS PROJECTED COST OF SLUDGE
MANAGEMENT SYSTEM

Phase cost, thousand dollarsa
-----

Item

Capital cost
Raw sludge conveyance system
Anaerobic digesters
Facultative sludge basins
Subsurface injection systemb
Supernatant lagoons
Supernatant treatment facility

Subtotal, capital cost

Engineering and contingenciesc

Total, capital cost

Present worthd
Capital costf
Operation and maintenance costg

I
----

3,552
5,539
3,924
1,696

461
1,681

16,853

5,899

22,752

II

98
2,289
1,236

756

217

4,596

1,609

6,205

22,473 d
8,048

III

98
2,313
2,068

841
75

5,394

1,888

7,282

N/Ae
N/A

Total, present worth of project
cost

Equivalent annual cost

30,521

2,881

N/A

N/A

aCosts based on an ENR cost index of 2600, Harch 1979, Denver.

bSSI system includes FSB dredge; harvested sludge distribution pumps, plplng and nurse
tanks; SSI tank vehicles; and site preparation including grading, cutoff trenches and
monitoring facilities, but excluding land costs, which were approximately $1,400 per
acre in 1972.

cAllowance for engineering and administrative expense and contingencies is based on
35 percent of construction cost.

dpresent worth costs based on an interest rate of 7 percent and projected construction
dates of Phase I and II facilities for a 20-year planning period.

ephase III not included--beyond 20-year planning period.
f'
~Salvage values based on assumed life of equipment and computed on straight-line
depreciation.

gBased on uniform series present worth for fixed costs and gradient series for variable
costs.

1 acre = .91 ha

Note: The term facultative sludge basin (FSB) is used
interchangably with facultative sludge lagoon (FSL).

There were no groundwater supplies which could be endangered on
the 160-acre (65 ha) disposal site or the immediately adjacent
areas. However, to provide maximum protection of the environ
ment, the system was designed to minimize percolate production.
The design approach was to match sludge application and net
soil evaporation rates. Net soil evaporation calculations are
presented on a month-to-month basis in Table 19-14. Note that
gross soil evaporation was estimated to be a fixed fraction
(70 percent) of the evaporation which would occur from a free
water surface (a lake).
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TABLE 19-14

COLORADO SPRINGS CLIMATIC CONDITIONS AFFECTING
SLUDGE DISPOSAL

Net lake d Net soila,e
precipitationa,c t' a, .___ev_a-,p"-,or~_ lo_n e\1_~por a t.lOn__Month

January
February
March
April

May
June
July
August

September
October
November
December

Annual

Lake
~_ev~rorationa, b

5.15

6.44
7.62
8.26
6.99

5.39
4.13

43.98

0.71
0.73
1. 56
1. 91

2.14
2.16
3.00
2.32

1. 55
1.11
0.95
0.67

18.81

-0.71
-0.73
-1.56

3.24

4.30
5.46
5.26
4.67

3.84
3.02
0.95
0.67

25.17

1. 70

2.37
3.17
2.78
2.57

2.22
1. 78

16.59

a All values shown in inches.

bDeveloped from "Interim Study of Land - Incorporated Sewage
Sludge" at Colorado Springs, Colorado, December 1978, by
Waste and Land Systems, Inc.

clncludes precipitation and snow assuming 10 percent of snow depth
is equivalent to precipitation depth in inches.

d Lake evaporation minus precipitation.

eEstimated net soil evaporation based on 70 percent of lake
evaporation less precipitation.

1 in. = 2.54 cm

Allowable sludge application rates were calculated on a monthly
basis for the months of April to October, assuming a sludge
con ten t 0 f 5 per c e n t . Res u 1 t s 0 f t his a n a 1y sis , show non
Figure 19-5 indicated total allowable sludge application on a
6-month and 7-month operating basis to be 86.0 and 95.8 dry tons
per acre (193 to 215 t/ha), respectively. The range of required
land area for the more restrictive 6-month period is shown on
Figure 19-6. Area required for average loadings (14.3 tons per
acre per month [32.1 t/ha-mo]) is shown by the "average" curve.
Area required if the sludge could be applied for all the
months at the maximum June rate (18.6 tons per acre per month
[41.7 t/ha-mo]) is shown by the "low range" curve. Similarly,
area required if all the sludge were applied at the minimum
October rate is shown by the "high range" curve. A second
analysis shown on Figure 19-7, indicated the range of area
requirements based on variations in sludge solids content of 4 to
6 percent, using average solids loadings (14.3 tons per acre per
month or 32.1 t/ha-mo).

With respect to surface water controls, cutoff ditches will be
constructed to prevent surface runoff from the disposal site.
The injection pattern will be parallel to the contours of the
area to reduce the potential for soil erosion and surface runoff
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from sludge-amended soils. To the south, the entire sludge
disposal area is contained behind a retention dam designed
to prevent runoff from reaching an existing ash disposal site.
This dam, designed for a flood level equivalent to a once in a
1,OOO-year recurrence interval, provides containment of both
surface runoff and upstream percolate. Although the operation of
the tank vehicle SSI system was based on a well-defined DLD area
with ground slopes typically 3 to 6 percent, portions of the mesa
area which have slopes of less than 10 percent can also be used
for injection. The maneuverabili ty and freedom of movement of
the detached vehicles allows maximum site utilization.

DECOCTJUN AUG
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FIGURE 19-5

SLUDGE APPLICATION RATE-DLD SYSTEM,
COLORADO SPRINGS, COLORADO
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COLORADO SPRINGS, COLORADO

The operation of the DLO/SSI system commences with harvesting of
the sludge from the facultative sludge basins (FSBs) (faculative
sludge lagoons [FSLs]) are referred to as facultative sludge
basins at Colorado Springs) (15). The sludge is transferred from
the basin to a sludge receiving/distribution station by a dredge
equipped with a diesel-driven pump. From the station, the
harvested sludge is conveyed through a distribution system
consisting of l2-inch (30 ern) diameter pipes to a series of OLD
nurse tanks. The fiberglass nurse tanks are each 7,50~ gallons,
twice the volume of the SSI vehicle tank. The nurse tanks are
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ESTIMATED NET DLD AREA REQUIREMENTS AT VARIOUS
SLUDGE CONCENTRATIONS, COLORADO SPRINGS, COLORADO

buried below ground and protected with a concrete slab on grade.
A steel pipe fitted with a gate valve and couplings extends from
the bottom of the tank to above the ground surface to feed the
SSI vehicles. The harvested sludge distcibution system is valved
to allow any combi na t ion or number of nurse tanks to be pI aced
into serv i ce. The network is des ig ned to allow approxima te ly
1,000 lineal feet (305 m) of injection area between nurse tanks
to optimize the injection operation and minimize downtimes caused
by travel with empty tanks. Depending on climatic conditions,
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FIGURE 19-8

SLUDGE APPLICATION RATES BY SUBSURFACE INJECTION,
COLORADO SPRINGS, COLORADO

the sludge injection cate can be adjusted to correspond with the
soil conditions in the injection area and will vary through
the sludge application season, as shown on figure 19-5. The
relationship between sluJ0c injection rate and solids application
rate on the basis of both liquid sludge and dry solids is shown
on Figure 19-8. Based on the estimated turnaround time for tank
refilling and normal maintenance, a net injection time of abol.lt
1 hours per day per vehicle can be expected. One dredge can
harvest sludge from the FSLs at a rate sufficient to feed two SSI
vehicles. Equipment requirements and operating characteristics
are shown in Table 19-15.

While the DLD/SSI system for Colorado Springs is designed as a
base disposal system, it can be used as a secondary, or utiliza
tion, option without significant additional expense. Eventual
agricultural utilization of a major portion of the sludge
production is, in fact, a defined goal of the chosen system. See
Chapter 3 for discussion of base and secondary disposal options.
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TABLE 19-15

COLORADO SPRINGS DEDICATED LAND DlSPOSAL/
SUBSURFACE INJECTION SYSTEM DESIGN DATA

Item

Facultative Sludge basins (FSBs)

Phase I Phase III

Basin dredge
Number
~Iaximum capacity, gpm
Solids capacity, percent

Naxirnum
Average

Pumping head, feet
Diesel engine power, hp

Deuicated land disposal (DLD)

Harvested sludge application
Quantity, dry tons per daya
Volume, gpda,b
Percent volatile
Average percent solids
Average annual application

6-month operating period, dry tons
per acre

7-month operating period, dry tons
per acre

OLD area required, acres
Maximum
Average

DLD distribution system
Nurse tanks

Number
Capacity, each gal

5S1 vehicles
Number
Tank capacity, each gal
Injection rate, gpm

Maximum
Average

Average vehicle speed, mph
Injection width, feet
Volume injected, gallons per vehicle

per day
Maximum
Average

Vehicle coverage, acres per vehicle
per day

Tillage tractors
Number

aAssuming 120 day per year operation.

bASSuming 5 percent solids.

1 2 3
1,400 1,400 1,400

8 8 8
5 5 5

65 65 65
175 175 175

43.2> 58.4 76.7
203,790 274,360 360,440

50 50 50
5 5 5

86.0 86.0 86.0

95.8 95.8 95.8

85 115 150
60 85 110

12 18 24
7,500 7,500 7,500

2 4 5
3,600 3,600 3,600

700 700 700
500 500 500
1.5 1.5 1.5

12 12 12

116,000 116,000 116,000
100,000 100,000 100,000

6.5 6.5 6.5

Note: The term facultative slu,dge basins (F5Bs) is
used interchan~ably with fatultative sludge
lagoons (F5LS).

1 gpm = 0.06 lis
1 ft = 0.30 m
1 hp = 746 W
1 ton/day = .91 t/day
1 gpd = 3.8 l/day
1 ton/acre = 2.24 t/ha
1 acre = .405 ha
1 gal = 3.8 1
1 mph = 1.61 km/hr
1 gal/vehicle =,,3.8 l/vehicle .
1 acre/vehicle = .405 hafvehicle
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19.3.8.2 Sacramento, California

Sacramento, California has been the site of much of the work
associated with the development of dedicated land disposal
technical criteria. The Regional Wastewater Treatment Plant
Sludge Management Program for the Sacramento Regional County
Sanitation District was approved by the Regional Board of
Directors in January 1979 (15) and the Environmental Impact
Report (EIR) (6) was certified at that time. The sludge planning
period for the treatment plant is divided into two phases;
Stage I includes operations to be conducted from 1980 to 1992,
and Stage II is devoted to operations for the period 1992-1999.

The sludge management program was approved after 3 to 4 years of
monitoring and detailed investigations directed primarily
at determining the engineering, economic, and environmental
aspects of storing liquid anaerobically digested sludge in solid
storage basins (SSBs) (12). Precise operational and design
criteria were developed for the Sacramento SSB/DLD system to
assure efficient operation and environmental acceptability. Most
investigative work was conducted on a large prototype SSB/DLD
subsurface injection system and therefore did not suffer the
problems normally associated with scaling up a pilot system.

FIGURE 19-9

PROTOTYPE DREDGING OPERATION, SACRAMENTO
REGIONAL COUNTY SANITATION DISTRICT

Initial work commenced in 1974. Site preparation included
installation of groundwater monitoring wells. The prototype
20-acre DLD sys tern has been in full operation since 1976, and
data has been collected and analyzed for 1976 through 1978 and
for part of 1979. Figure 19-9 illustrates the prototype dredging
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operations at Sacramento, while Figure 19-10 illustrates
prototype subsurface injection operations with a close-up view of
the injector units.

The sludge applied to the Sacramento OLD site has been
anaerobically digested and then subjected to long-term storage in
the SSBs. Application rates were planned at 100 dry tons/acre
(224 dry t/ha)i rates of 97 tons/acre (217 t/ha) were achieved
without problems in the 1977 tests. The application rates are
controlled by the water content of the sludge removed from the
SSBs, since DLD operates primarily on a solar evaporation basis.
New equipment installed at sludge removal operations in 1979 has
increased the solids concentration to over 6 percent, with
better than 8 percent achieved for several hours. It is expected
that when the FSLs are fully developed, an average harvested
sludge concentration of 6 percent can be sustained. The
following text discusses the final DLD subsurface injection
system for Sacramento based on experience gained over the 1976 to
1979 period.

Table 19-16 shows projected flows and loadings for the Sacramento
wastewater treatment plant for 1985. Figure 19-11 is a flow
diagram of the solids treatment and disposal system. The numbers
thereon give the solids flow in dry tons per day for operations
through 1992.

TABLE 19-16

SACRAMENTO REGIONAL WASTEWATER TREATMENT PLANT
PROJECTED 1985 WASTEWATER FLOW AND LOADINGS

Parameter Value
.~-------------""~-""... "_."----

Seasonal a
ADWF,b MGD
BOD5 , 1,000 Ib/day
Suspended solids, 1,000 Ib/day

Nonseasonal
ADWF, MGD
PWWF,c MGD

136.2
243.3
246.3

122.7
248.7

aSeasonal = canning season, mid-June to
mid-October.

bADWF = average dry-weather flow.

c pWWF = peak wet-weather flow.

lIb/day = 0.454 kg/day.
1 MGD = 0.044 m3jsec.
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View of tractor pulling sludge injector units

Close up view of prototype sludge injector units

FIGURE 19-10

PROTOTYPE SUBSURFACE INJECTION OPERATIONS,
SACRAMENTO REGIONAL COUNTY SANITATION DISTRICT
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The flow schematic indicates that not all the sludge will be
managed by the SSB/DLD subsurface injector system. Through
the 1980s, there will be sufficient furnace capacity in an
incinerator (designed for screenings, grit, and scum) to handle
about 30 percent of the primary sludge production. A total of
one month per year shutdown of the incinerator was assumed,
two weeks for maintenance during the time of low solids
production in spring, and two weeks miscellaneous upset.
Estimated sludge production rates at the Sacramento plant are
given in Table 19-17.

TABLE 19-17

SACRAMENTO REGIONAL WASTEWATER TREATMENT PLANT
PROJECTED DIGESTED SLUDGE PRODUCTION

Total solids production, ton/day

Estimated
solids

parameters

Solids Volatile 1980
concentration, solids,

percent percent Dry Wet
---------------

1985 1992

Dry Wet Dry Wet

Stage II

1999

Dry Wet

Digested solids, with
incinerators operating

Average annual
Maximum seasonal

Digested solids, with
incinerators not
operating

Average annual
Maximum seasonal

2.2-2.5
2.4-2.7

2.5-2.7
2.6-3.0

57-59 51.2 2,278 54.2 2,366 67.0 2,818 75.5 3,035
57-62 70.0 2,715 74.4 2,810 81.5 3,340 94.0 3,640

57-60 65.0 2,500 70.0 2,600 77.4 3,070 85.0 3,380
58-63 81.2 2,860 89.1 3,000 92.7 3,550 107.0 3,860

Average annual SSBa solids
removedb

---_._-------_....

6 43.0 38.6 643 40.8 679 50.7 844 57.0 951

a The term solid storage basins (SSBs) is used interchangably with facultative sludge lagoons (FSLs).

bActual daily removal rates are higher, since solids are harvested for only part of the year (May-October).

1 ton/day ~ 2.24 t/ha

The layout of the existing and future dedicated land disposal
sites in relation to the Sacramento Regional Wastewater Treatment
Plant is shown in Chapter 15, Figure 15-9.

Operation of the DLD system is practiced from May through
October. Several methods of sludge application were tested, and
for the prevailing conditions at the Sacramento site, subsurface
injection utilizing a flexible hose and injection unit mounted
behind a crawler-tractor fitted with extra-wide tracks worked
best.

Two dredges will take care of operations through 1992, (Stage I)
dredging solids at about a 6 percent solids concentration
from the lower depths of the SSBs and pumping the sludge to the
DLD site. Booster pumping is required to pump 6 percent solids
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mat e ria 1 0''1e r the ma x i mum 8, 0 00 - fo 0 t ( 2 , 4 4 0 m) dis tan c e .
Four-inch (1 Oem) diameter flexible hoses connect the tractor
inj ectors wi thhydrants located throughou t the DLD sites. Four
tractor-injectors are needed to handle the two-dredge disposal
operation. In normal operation of these facilities, freshly
applied solids remain unexposed to the atmosphere. The OLD sites
are loaded at 100 dry tons to the acre (224 dry t/ha) each
season. Sludge is supplied to approximately match the net soil
evapora t ion rate. The soil ev apora t ion rate in Sacramento is
abou t half the evaporation rate which occurs from a free wa ter
surface (lake evaporation rate). Stage I OLD operations will
utilize 185 acres (75 ha) in five 37-acre (15 ha) sites. Regular
disking of the site is necessary to break up the soil/sludge
surface and expose more of the loaded soil to the atmosphere.

Existing subsoils are fairly impervious and are underlain by
hardpan. The local groundwater supply is not endangered. Free
groundwater was measured at depths of 13 to 46 feet (4.0 to
14.0 m), with an average depth of 31.6 feet (9.7 m) for nine
borings. The aggregate coefficient of permeability for the
composite layered interval of the surface soils is on the order
of 5 x 10- 8 cm/sec. Cemented strata were encountered in the
borings at depths ranging from 5 to 10 feet (1.5 to 3.0 m), with
thicknesses of approximately 12 to 21 feet (3.7 to 6.4 m) and
permeability coefficients of 2.2 x 10- 8 cm/sec to 3.7 x 10-10 cm/
sec. Effective sealing of the surface soils from vertical
leachate movement to groundwater is thus achieved (6,12).
Increas es in the concentrations of ni tra tes and chlorides have
not been observed below the impervious strata (12).

Runoff is collected in detention basins and returned to the
regional plant influent after storm flows have subsided. Some
data on OLD runoff water quality are given in Table 19-18.

TABLE 19-18

SACRAMENTO TEST OLD RUNOFF WATER ANALYSIS

constituent 12/18/77 12/28/77 1/05/78 1/09/78
m"','m·'_N"____

Zn, mg/l 0.05 0.05 0.25. 0.12

Cu, mg/l 0.050 0.043 0.101 0.064

Cd, mg/l 0.001 0.001 0.001 0.001

Ni, mg/l 0.090 0.090 0.16 0.078

Pb, mg/l 0.014 0.008 0.016 0.028

Hg, mg/l O~OOOI 0.0001 0.0002 0.0002
TKN, a mg/l 30 24 17 7.6

Turbidity, NTU 3.0 1.5 170 37

TSS, mg/l 26 16 442 38

EC x 10 3 4.0 3.6 1.9 1.1

pH 7.2 8.4 7.4 7.4

N0 3 ' mg/l 440 310 43 31

NH 4 , mg/l 36. 5 2 1
_""~~'N __

aTotal Kjeldahl N.itrogen.
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For r~noff control, typical OLD sites are sloped transversely at
a max lmum of 0.5 percent and spread ou tward in both direct ions
~rom the cen~erline. A longitudinal slope of 0.1 to 0.2 percent
is also provided. Runoff drains from each OLD site to ditches on
both sides. To prevent erosion, the maximum field slope will be
held to O.S percent and water velocity in the ditches will be
limited to 5 feet per second (l.S m/s). Runoff from the ditches
is collected in a fairly flat (0.1 percent transverse slope)
detention basin, one per OLD site; the basin is situated
approximately 3 feet (0.9 m) lower than the main operational part
of the OLD site. Each bas in has a capaci ty 0 f 12. 7 acre- feet
(123 m3 ) and a maximum depth of 2 feet (0.6 m). The basins are
designed to contain two 4-inch (10 em) 24-hour storms (the
2S-year maximum rainfall for two 24-hour periods). The runoff is
drained from the basins via corner inlet structures fitted with
controlled release rate weirs and is transferred through a
21-inch (0.S3 m) runoff return pipe to a flow metering structure.
Then the runoff is drained to an interceptor sewer connected
to the wastewater treatment plant. A flood control levee is
constructed on the lowest three sides of the SSB/DLD area such
that the entire site is protected from flooding. Provision
is also made for the collection, retention, and pumping of
uncontaminated site runoff trapped by the flood control levee.
In this regard, facilities (including a pump station) are
designed to handle the same storm conditions (two 2S-year,
24-hour storms, one day apart) as are runoff facilities for
the OLD sites. A runoff of 80 percent is assumed based on a
saturated ground condition.

Final OLD sites have a gross area of about 50 acres (20 hal,
including space for drainage, road access, and injector turning.
As indicated earlier, this results in a net usable area of
37 acres (lS hal for each of the five sites. Each site is
approximately 1,300 feet (400 rn) wide, which allows a tractor
dragging a 6S0-foot (200 m) hose to cover the entire width of
the field. The sludge hydrant is then located in the center of
the field. Sites are approximately 1,600 feet (S60 m) long,
calculated from the area required to allow two injectors to
operate continuously on the same field 6 hours per day, 5 days
per week, during the peak dry months of June, July, and August.

Peak dry month operation assumes sludge removed from the FSLs can
be applied to the same site twice a week. During May, September,
and October, it is assumed the application of sludge removed from
the SSBs will be limited to one once a week. Thus, application
rates during June, July, and August are approximately double
(10 inches per month [2 Scm/month]) the rates of May, September,
and Octobe r (S inches per month [13 em/month] ). Each OLD site is
pro v ided with six field hyd rants for inj ector feed connect ion,
located at 230-foot (70 m) centers down the middle of each site.
The field hydrants each have a foulproof pressure sensing device,
a manual isolation valve, and a swivel-elbow assembly designed
for quick coupling to a 4.S-inch (11 em) injector feed hose.
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Operationally, SSB sludge removal piping is flushed with FSL
supernatant at the end of each week1s run with the flushing water
returned to the FSLs. Sludge remo va 1 operations thems el ves are
restricted to reducing the water level in the FSLs no more than
14 inches (36 cm) below normal operational levels. The water
level is never allowed to drop low enough to expose the sludge
blanket. The blanket is maintained below its maximum elevation
which is another 10 inches (25 cm) below the absolute minimum
water level.

Key DLD equipment for Sacramento includes:

• Two SSB dredges, each generating 1,400 gpm
(7,630 m3 /day) average flow at 6 percent solids
concentration.

• Two 200- to 250-horsepower (150 to 187 kW) diesel powered
floating booster pumps connected to the dredges with
variable speed pump operation to compensate for
variations in sludge solids concentrations.

• Four 60- to 80-horsepower (45 to 60 kW) crawler-tractors
with 30-inch (0.76 m) wide tracks and nine to ten rear
mounted subsurface injector sweeps, each with 2-inch
(5 cm) diameter feed hoses. Path width is 13 to 14 feet
(4.0 to 4.2 m), speed 1.0 to 1.5 miles per hour (1.6 to
2.4 km/hr), and average capacity 700 gpm (3,800 m3/day)
each .

• One four-wheel drive, rubber-tired, 150-horsepower
(112 kW) tillage tractor with heavy disk unit which can
be raised clear of the ground.

Staffing requirements for full Phase I DLD operations are
expected to reach 11 people on a 6-month seasonal basis, May
through October, to remove the sludge from the SSBs and inject it
into the soil at the five DLD sites. Personnel needs are given
in Table 19-19. Fifteen other full-time personnel are needed for
the whole solids processing and disposal system exclusive of
anaerobic digestion, with their time only partially attributable
to DLD operations. The 15 staff are composed of one at the
sc reenings, g r i t and ash landf ill, six in general operational
maintenance, six in mechanical and electrical maintenance, and
two in management and monitoring.

Ongoing requirements and possible concerns associated with
DLD 0 pera t ionsinc 1 u.d e the nee d t 0 1 i met h e s 0 i 1 (a tab0 u t
one ton of lime per acre per year [2.24 t/ha/yr]) to maintain a
proper pH and hence decrease mobil i ty of metal cations. Also,
the u sef ul 1 i fe of the present type of 4- inch (l 0 cm) diameter
feed hose is unacceptably short. The possibility of using
different hose construction or a different brand is being
explored. Finally, after a 20-year operation, DLD soils,
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building up at about 0.75 inch (1.9 cm) per year, will have
increased in salinity to about 8,000 mg/l in the saturation
extract. This concentration is not expected to affect the
bacterial decomposition of the organic matter, however.

TABLE 19-19

SACRAMENTO REGIONAL WASTEWATER TREATMENT PLANT
PROJECTED 1985 DLD STAFFING REQUIREMENTS

One operator for each dredge/booster pump combination

Relief operator for dredges

One operator for each tractor/injector

Relief operators for tractor/injectors

Operator for tillage tractor

Supervisor

Total

Number of
staff

1

2

1

1

11

Costs for sludge treatment and disposal at Sacramento are given
in Table 19-20. Costs do not include the main battery of
anaerobic digesters but do include the costs of a blending
digester (see Chapter 15).
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TABLE 19-20

SACRAMENTO REGIONAL WASTEWATER TREATMENT PLANT
PROJECTED COSTS OF SLUDGE MANAGEMENT SYSTEM

FOLLOWING ANAEROBIC DIGESTION

Costs, thousand dollars

Item
Phase I:

__ , ~~, ~1980-1992

Phase II:
1992-1999

additional costs Total

Capital costa
Levee/drainage
Blending digester
Odor-stripping facilities
Solid storage basins (SSBs)
EXisting SSB modifications

Barriers and wind machines
DLD sites
Electrical and controls
Wetlands/agricultural land
Landfill

Subtotal, construction cost

Administration, engineering
and contingenciesb

Landc
Sludge handling equipment

Total, capital cost

Operational cost, annual d

Labore
Materials and supplies f

Power and fuel g

Site monitoring

Total annual operating cost

Annual costs h
Stationary facil~ties

Mobile equipment 1

Land]
Operational costs

Total annual costs

670
3,910

980
7,810

480

1,020
2,480
1,640

840
280

20,110

4,840
2,690
1,150

28,790

574
248
126

30

978

2,218
144
185
978

3,525

2,730

420

100

3,250

750

1,150

5,150

112
25
18

5

160

359
48

160

597

670
3,910

980
10,540

480

1,440
2,480
1,740

840
280

23,360

5,590
2,690
2,300

33,940

585
273
144

35

1,138

2,577
192
185

1,138

4,122 k

aCosts based on an ENR cost index of 3900, Sacramento, 1980.

bAllowance for administrative and engineering expense, and contingencies. Includes
staging allowance for additional work in Stage I to accommodate Stage II.

c Land costs are $1,500/acre.

dOperational costs are based on estimated 1980 prices for solids loads at the midpoint
of each stage, i.e., 1985 for Stage I and 1996 for Stage II.

eTotal average annual cost per full-time individual of $28,000 in 1980, including all
fringe benefits and administrative overhead expenses. (20 1/2 person staff 1985,
24 1/2 person staff 1996).

fMaterials and supplies include special allowances for flexible hose for DLD operation
($25,000/yr), activated carbon for odor-stripping (11,200 lb/yr) percent allowances for
equipment (3 percent), structures (1 percent), and earthwork (1/2 percent) construction
costs.

gElectrical power projected at 2.9 cents/kWhr and diesel fuel at 80 cents/gal in bulk
in 1980.

hAmortization at 6 7/8 percent over a 25-yr life.

iMobile facilities have various useful lives. No salvage value assumed.

jLand value assumed the same at the end of 20 years.

kweighted average annual total program cost $3,824,000.

1 acre = 0.405 ha
1 kWhr = 3.6 MJ
1 gal = 3.8 1
1 Ib = 0.453 kg
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APPENDIX A
METRIC EQUIVALENTS

METRIC CONVERSION TABLES
La

Recummended Units Recummt'f1dt'd lInits

Length meter

Description Unit Symbol CommenlS

m 8tH/C Sf unit

16.86 gpm

0.0671l1bi
sech

16,860 gpm
~ 1110 elm

318 Ips

000318 Ips

2.230 mph

Commonty called
the cumec

m/s

mm/s

km/s

lis

radls

pOIse

meter per
second
milllmeler
per second
kilomet.rs
per second

cubic mller
per second

liter per second

ndi,ns per
second

Flow (volumetric)

angul.r

Velocity
linnr

Viscosity

Engltsh
Equlvale-nlS

39.31,n.· 3.28 It •
1.09 yd
0.62 mi
003931,n.
03937 In
3931 X 10.3 ~ 103A

10144 So It
~ 1196 so yd
6.384 So mi ~

247 acres
0.155 sq in
000166 So in.
2471 acresThe hectare (10,000

m2 ) IS a recognized
multiple unit and
will remain in inter
national use

km
mm
em
I'm.

m2

em2
mm 2
ha

kilometer
millimeter
cenllmeter
micrometer

square meter

SQuIre centtmele;
square millimeter
hectarE!

square kilometer

Area

Volume

Mus

Time

Force

cubic meter

cubIC centImeter

liter

kilogram
gram
milligram
tonne

second
day

yl.,

newton

em3

kg
g
mg
t

,
day

V' or
a

N

The lilet is now
recognized as the
spec'lal name for
the cubic deCImeter

Basic Sf unit

1 tonne ~ 1,000 kg

Basic SI utlit
Neither the day nor
the V", is an SI unit
but both are impor
tanl

The newton is that
force thaI produces
an acceleration 01
1 m/s 2 mamlSS
011 kg.

36314 cu It ~

1.3019 eu yd
0.061 cu in.

1.067 ot ~ 0.164 gal
"0.81 X 10-4 acre
It

1.1061b
0.03601' 1643 gr
0.01643 gr
0.984 ton Iiongi •
11023 Ion Ishortl

0.224811b Iw"ghlJ
': 7.5 pound.ls

Pres.sure

T8m~8r8ture

Work, ,ntrgV,
Quantity of hut

nIMton per
square mel.,

kilo newton per
lqu,re miter

kilo\jr,m llorcel
plr sQuart
centlmet.r

dlgr.. K.lvin
degrte C.lsIUS

joule

kilojoule

kN/m2

kglle m2

kJ

The newton is not
yel w.lI·known as
the unit 01 force
and kgl cm:7 will
clearlv be us.d lor
some time. In lhls
li.ld the hydraulic
hud expressed in
meters IS In accept
,bl'ltlernative

BasifS/10l1f
The Kllvin and
CllslUS degrlls
Ife IdenllCiI
Thl Uie of the
Clhl'us "ale is
recommend.d IS
It IS the former
clntignde stale

1 louie " I N·m

000014 PII

0.145 psi

14.223 PSI

~F _ 17.71
9

2.718 X 10- 7

kw hr"
3725 X 10-7
hphr • 0.737~6.

h-Ib • 9.48 X
10'· Btu
2.718 kw·hr

Pow.r Witt W
kilowatt kW
joule per s.cond J/s

1 w.tt z 1 J/s

Applicatiun uf U"its Applicatiull vI Units

16.86 gpm

1 lis ~ 864 :. J/day 1.83 X 10-3 gpm

I/person
day

kg/m 3 The density of
water under stand
Ird conditions is
1,000 kglm3 or
1,000 gil

:;D:.:e::sc:.:"!;,Pt::.;lo::.;n_~_,...::U:;:nl:...' ,Jl,!:"b'ol Comments

Conclnttltlon mllhgum per mgll
lit.,

O"cription Unit

Precipitation, millimeter
run-ofl,
ewporulon

Rivet flow cubic meter
per second

Flow in pipes, cubIC meter per
condults,chan· second
n.ls,overweirs,
pumping IItet per stcond

Oisch.rges or cubic meter
abstractions, per dav
yields

cubiC meter
pe, vear

Usage of water liter p.r person
per dey

D.nsity kilognm per
cubic meter

Symbol

mm

lis

m3/day

For meteorological
purposes it may be
convenient to meas
ure preCipitation In

terms of mass/unit
area (kg/m 31.
1 rnm of taln"
1 kglso m

Commonly called
the cumec

English
EQuivallnts

36.314 cis

0.264 gcpd

0.0624 Ib/cu '1

BOD 10lding

Hydraulic laid
pI' unit Ir..;
l.g.liltrItIOn
rallS

Hydrlulic 100d
plr Unit volum.:
I.g. biologIcal
lilters, lagoons

Air supply

PiplS
diam.ter
Iingth

OptlCiI units

kilogram per
cubIC mller
per dlY

cubiC mller
pit squafl m.tlf
per dlY

cubic miter
per cubic mile,
plr d,v

cubiC mlt'r or
liter of fr.ellr
per "cond

mdlimlllf'
meter

lum.n plr
lqUlfI m'ler

mJ!m2 dav If 1his is con
ytrl.d to I
....locitY. it
lhould b. IX

pressed In mm/s
II mml. ~ 864
mJ/m2 dlv)

II.

mm
m

lum.n/m2

tngilS/'l
EquiVilents

1 ppm

006241bleu·1t
day

3.28 cu f1!sQ It

0.03931 on
39.37 in
3,28 It

0.092 It
candl./sq 11
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