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FOREWORD 

Man and his environment must be protected from the adverse 
effects of pesticides, radiation, noise, and other forms of pollution, 
and the unwise m:magerrent of solid waste. Efforts to protect the 
environment require a focus that recognizes the interplay between 
the CCT!lp)nents of our physical environment--air, water, and land. 
The Municipal Environmental Research I..a.l:::orato:ry contributes to this 
multidisciplinary focus through programs engaged in 

o studies on the effects of environmental contaminants 
on the biosphere, and 

o a search for ways to prevent contamination and to 
recycle valuable resources. 

The research reported here was performed for the Ultimate Disposal 
Section of the Wastewater Research Division to provide design and cost 
data on li.m= use, reuse, and recove:ry in wastewater sludge handling and 
disposal operations. The information presented in this report is of 
innediate use to the treat:m2nt plant designer and should make possible 
irrproved operation as W'ell as operation at a reduced cost. 
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ABSTRACT 

This report presents design and cost information on lime use in wastewater 
treatment applications. It includes design and cost information on lime handling, 
liquid processing, solids generation and dewatering, lime recovery and ultimate 
ash disposal. The report takes a design manual approach so that the information 
presented has maximum usefulness to environmental engineers engaged in both 
the conceptual and detailed design of wastewater treatment plants. 

Design data on alternate sludge thickening and dewatering processes are 
presented with special emphasis on wet classification of calcium carbonate from 
unwanted materials and on maximizing the dewatering of wasted solids. 

Alternative recalcining techniques are assessed and problem areas identified. A 
relatively new technique for beneficiation of the recalcined product is presented. 
Approaches to heat recovery are presented that minimize the net energy require
ments for recalcination and incineration. 

A computer program for computation of solids balances is included as a design 
aid and two case histories are presented which portray the cost of lime treatment, 
sludge processing and lime reclamation. 

This report was submitted in fulfillment of Project Number CI-73-0131, Contract 
Number 68-03-0334, by Brown and Caldwell, Consulting Engineers, under the 
sponsorship of the U.S. Environmental Protection Agency. Work on the first 
draft was completed as of June, 197 4. 
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SECTION I 

CONCLUSIONS 

The purpose of this report is to present design and cost information on lime 
handling, liquid processing, solids generation and dewatering, lime recovery and 
ultimate ash disposal. Since the report takes a design manual approach rather 
than a research investigation approach, the conclusions are of a different nature 
than those which would normally be found in most Office of Research and 
Development reports. The following conclusions were drawn: 

1. Lime treatment of raw sewage is an attractive process with many 
advantages, has wide applicability, is state-of-the-art technology and 
should be evaluated in the selection procedure of treatment alternatives. 

2. The choice of coagulants to be used in waste treatment processes should 
be based on cost and performance comparisons. The selection process 
should consider both chemical costs and the costs of sludge processing, 
as considerable savings can be made by careful choice of operating pH 
and supplemental metal salts for coagulation. 

3. Combined sludges generated by lime coagulation in a chemical primary 
sedimentation tank can be effectively wet classified into two components 
with a solid bowl centrifuge. One component, the cake, contains the 
bulk of the calcium carbonate and silica. The other component, the 
centrate, contains the bulk of the organics and other chemical pre
cipitates. Wet classification produces a cake ideal for recalcination, 
as it is high in calcium carbonate and low in moisture content. 

4. Sludge handling processes incorporating wet classification are more 
effective in reducing the total water to be evaporated in furnaces than 
processes not employing wet classification. 

5. Sludge handling processes incorporating wet classification coupled with 
pressure filtration of the centrate are less costly than processes where 
whole sludge recovery is practiced. 

6. Lime recovery through recalcination can produce a readily reusable 
quicklime that can significantly reduce chemical costs in larger plants. 

7. The multiple hearth furnace (MHF) is well established in the wastewater 
sludge recalcination field as a result of operational experience with 
tertiary lime sludges and large-scale recycling tests with raw wastewater 
lime sludges. The fluidized bed reactor (FBR) has been used in similar 
applications, but operating experience has not yet been obtained in the 
wastewater field. Developmental work will have to be done to establish 
the FBR as a working tool. The rotary kiln needs substantial research 
and development work before it can be applied with confidence to waste
water sludge applications. 
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8. When applied with energy recovery features, both the MHF and the FBR 
can be competitive, on an energy basis, with the industrial production of 
lime from limestone . 

g. Recalcined lime applied in the primary sedimentation process causes more 
complete phosphorus removal and improves the softening reactions when 
compared to the use of "new" lime alone. 

10. Sludge handling processes incorporating wet classification recycle 
substantially less unwanted solids than processes not employing wet 
classification. 

11. When centrifugation and pressure filtration are used, the use of recalcined 
lime has been shown to improve the dewatering of waste sludges generated 
in lime treatment. 

12. When centrifuges are used for wet classification or whole sludge recovery, 
dry classification of the recalcine furnace product is essential for control
ling the level of silica in the system. High levels of silica recycle cannot 
be tolerated due to centrifuge wear. 

13. Relative effectiveness of the alternative dewatering processes for the 
centrate from the wet classification step are as follows: pressure filtration, 
vacuum filtration and centrifugation. However, vacuum filtration rates are 
low and the cake does not separate easily from the septum. 

14. As a rule, the pH of operation of the chemical primary tank must be con
siderably in excess of pH 9. 5 to generate enough calcium carbonate to 
justify lime recovery. 

15. Low lime treatment plants are considerably less efficient in phosphorus 
and organic removal than either high lime treatment plants or plants 
incorporating the use of lime with other metal salts. 

16. Flocculation pH influences the dewatering processes significantly. A pH 
greater than 11. 0 adversely affects the dewatering of the wet classification 
centrate. Higher filter yields on nonclassified whole sludges are obtained 
with high pH sludges (pH >11.5) than with low pH sludges (pH< 11.5). 

17. Rectangular sedimentation tanks incorporating preaeration for grit 
removal and flocculation are lower in capital cost than circular tanks 
with separate grit removal. 

18. The quantity of sludge produced where lime is used in a primary 
sedimentation tank can be accurately estimated by high-speed digital 
computation. 
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SECTION II 

RECOMMEND A TIO NS 

1. The Energy Crisis has brought to the forefront the need for consideration 
of the impact that the choice of a particular treatment process has on 
energy demands. Rapid application and development of the use of heat 
recovery in incineration systems is justified. The full economic and 
environmental benefits of such applications should be investigated. 

2. Lime treatment is not a new-untried technology; the environmental 
engineering profession should adopt it as one of its standard techniques. 

3. As lime treatment techniques advance in their development, this develop
ment should be documented. to expand the data base, especially in the 
areas of economics and long-term plant operating data. 
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SECTION III 

INTRODUCTION 

Increasingly, waste treatment systems are being designed to produce ef~luents of 
substantially higher quality than can be obtained by conventional primary or 
secondary processes. These new, "advanced waste treatment" systems are 
oriented toward the removal of sewage constituents which are not significantly 
removed by conventional treatment processes. These advanced waste treatment 
systems often incorporate the addition of coagulant chemicals for enhanced 
phosphorus, solids, grease or heavy metals removal. Coagulant chemicals that 
are commonly in use today include iron (ferrous or ferric) , aluminum (alum or 
sodium aluminate) , and calcium (lime) . 

Lime is an attractive chemical for utilization in advanced waste treatment systems, 
and has been selected as the chemical of choice in a number of situations. In some 
locales lime costs may be lower than either aluminum or iron compounds, and lime 
sludges are generally easier to dewater than ferric and alum sludges. The use of 
lime allows higher surface overflow rates on sedimentation tanks than does an iron 
or aluminum salt, and this is an important factor for upgrading existing treatment 
plants. In all cases, however, coagulant choice should be based on an engineering 
economic evaluation of each alternative. 

Lime was used in waste treatment long before the present era of "advanced waste 
treatment" (AWT) . An example of this was the Laughlin Process, which was used 
during the 1930 1s and employed lime in a first stage system followed by ferric 
chloride in a second stage. Chemical treatment was considered a competitive 
process to biological treatment in the 1920 1s and early 1930 1s but was supplanted 
in later years by refinements of the activated sludge and trickling filter processes 
which seemed to be more promising for strictly BOD removal. 

Interest in lime treatment rekindled in the 1960 1s when environmental concern 
began to be expressed about other sewage constituents such as phosphorus, heavy 
metals and viruses. This concern spawned the present AWT era in the tech
nology of sewage treatment. The use of lime in the treatment scheme enhances 
removals of phosphorus, metals and viruses over that obtained by conventional 
primary and biological treatment schemes. 

Initial full-scale applications of lime treatment in the AWT era were so-called 
"tertiary" applications and followed conventional biological treatment. An example 
of such a practice is at South Lake Tahoe. Generally, these applications were 
primarily intended for phosphorus removal, but heavy metals, suspended solids 
and virus removals were also obtained. In the particular case of South Lake Tahoe, 
pH elevation for ammonia stripping was also desired . Some of the later applications 
of lime in AWT have integrated lime precipitation into an earlier stage, the primary 
stage of the treatment system. In terms of historical perspective, this could be 
considered a partial reversion to the chemical treatment systems of the 1920's and 
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1930's. The main difference is that downstream processes normally polish the 
chemical primary effluent. The advantage gained from moving lime forward from 
the tertiary stage is that one or more treatment stages can be eliminated, making 
the overall treatment system less complex. 

PURPOSE AND SCOPE 

This report is basically concerned with the design of treatment facilities where 
lime is incorporated in the primary stage of treatment. Tertiary applications have 
been well documented in the literature. Examples of primary stage applications 
are: 

l. Low level lime addition into the primary for phosphorus removal followed 
by biological treatment for organic reduction. 

2. Moderately high level lime addition into the primary for organic reduction 
to permit nitrification in a biological treatment step. 

3. Lime addition into the primary, followed by filtration and activated 
carbon adsorption. 

4. Lime addition into the primary for improved organics, grease, and heavy 
metals removal, followed by ocean disposal of the lime clarified effluent. 

This review presents design and cost information on lime handling, liquid proces
sing, solids generation and dewatering, lime recovery and ultimate disposal. 

BACKGROUND 

Much of the information contained in this manual has been derived from the 
experience of Brown and Caldwell, of Walnut Creek, California and Caldwell 
Connell Engineers of Melbourne, Australia, gained in the design of four treatment 
plants which will employ lime in the primary stage of treatment. Two of these 
plants, the Central Contra Costa Sanitary District (CCCSD) plant and the City of 
Livermore plant, are located in the State of California and are oriented towards 
water reclamation. Two other plants, Canberra and Darwin, are located in 
Australia and are oriented towards water pollution control. Practical operating 
experience has been gained in full-scale operations in con~ unction with the CCC SD 
at the CCCSD Advanced Treatment Test Facility (ATTF) 1, where chemical pri
mary flows average up to 2. 5 mgd. Full scale liquid and solids processing 
studies have been conducted at the ATTF. Additional information was compiled 
from the literature covering lime use in water and wastewater treatment, 
manufacturers data and information data supplied by the Environmental 
Protection Agency, and from site visits made during the project. These sources 
are specifically referenced where used and summarized in the acknowledgments 
section. 
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SECTION IV 

FUNDAMENTALS OF LIME 

DEFINITIONS 

Lime is a general term applied to several chemical compounds that share the 
common characteristic of being highly alkaline. In the water and wastewater 
treatment fields, the term is usually applied to quicklime and hydrated lime. 
Both types of lime are frequently used and are readily available throughout the 
United States. The definitions given below are intended to clarify the confusing 
terminology often found when dealing with different forms of lime. Standard 
definitions used in the industry follow. 

Limestone is the basic compound from which usable lime forms are derived. 
There are two kinds of limestone: ( 1) high calcium limestone which is almost 
entirely calcium; and (2) dolomitic limestone which is a double carbonate mineral 
of calcium and magnesium containing 35 to 45 percent of the latter, expressed as 
magnesium oxide. 

Quicklime is derived from high calcium limestone by a high temperature calcina
tion process . Quicklime contains about 90 percent calcium oxide, and for this 
reason is also called calcium oxide. Two other terms sometimes applied to 
quicklime are burned lime and unslaked lime. Quicklime does not react uniformly 
when applied directly to water or wastewater but must first be converted to the 
hydrate Ca (OH) 2 . 

Hydrated lime or slaked lime is a dry powder obtained by a chemical reaction 
that occurs when sufficient water is added to quicklime to satisfy its affinity for 
water. This form of lime is also referred to as hydrate. The chemical composition 
of hydrated lime depends on the calcium oxide content of the quicklime from which 
it is derived. A high calcium quicklime will provide a high calcium hydrated 
lime containing 72 to 7 4 percent calcium oxide and 23 to 24 percent water of 
hydration. 

Pebble or crushed lime is the most common form of quicklime, and the effective 
diameter of the pebbles varies from about 1/4-inch to 2 inches. This lime is 
produced mostly in rotary kilns. 

Lump lime is the product whose pebbles or lumps range in effective diameter from 
eight down to two or three inches. Lump lime is produced in stationary vertical 
kilns and is crushed after burning. 

Recalcined lime is the product recovered after burning lime sludge from a water 
softening or wastewater plant. Calcination takes place in a rotary kiln or any of 
several types of furnaces available in the industry. (See Section IX) . 
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So far, no standard specifications have been issued for lime to be added to 
wastewaters. American Water Works Association (AWWA) Standard B202-54, for 
quicklime used in water works, can be followed when specifying lime for waste
water treatment. Tables 4-1 and 4-2 summarize the main characteristics of lime 
chemicals in general, and of quicklime in particular. 

LIME IN WASTEWATER TREATMENT 

Chemical treatment of municipal wastewaters has been practiced for almost a 
century - It is usually employed as a simpler and more flexible alternative to 
secondary biological processes, although it is not as effective in removing soluble 
organic matter. While chemical treatment has never been widely practiced, it was 
found particularly useful when colloidal solids and finely divided suspended 
matter could not be removed by plain sedimentation, and coagulants had to be 
added to the wastewater . Chemical treatment has found its widest application in 
the treatment of industrial wastes, where its flexibility, lower cost and simplicity 
of operation and maintenance were all attractive assets to industry. The fact that 
some trade wastes are either not amenable to biological treatment or toxic to the 
microorganism population has also contributed to the wide application of chemical 
treatment in the industrial wastes field. 

The advent of AWT processes has brought a new popularity to chemical treatment. 
The inability of conventional biological treatment to effectively remove nutrients, 
i.e., nitrogen and phosphorus, and other organic and inorganic pollutants, paved 
the way for physical-chemical-biological treatment. These combined processes 
have put the goal of wastewater reclamation and reuse well within the confines of 
present day technology_ The use of lime as a coagulant in AWT is due to its well 
established efficacy in removing phosphorus from raw wastewaters. Additional 
benefits derived from lime coagulation in the primary treatment stage include the 
increased removal of organic matter, which decreases the organic load on 
subsequent biological processes; the enhanced removal of heavy metals and 
viruses; and, as the pH value is raised above 9. 5, precipitation of magnesium 
as magnesium hydroxide. The addition of lime to raw wastewater is treated in 
detail in Section VI. 

LIME SLAKING 

Slaking is a chemical process which makes quicklime reactive in water and 
wastewater. "Slaking" and hydration are synonymous terms from a chemical 
standpoint. As used in the lime industry, however, slaked lime is hydrated 
quicklime containing considerable excess water. In contrast commercial 
hydrated lime is a dry, ultrafine white powder, more concentrated than aqueous 
forms of slaked quicklimes; however, chemically both are the same, i.e., hydro
xides. 
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Table 4-1. CHARACTERISTICS OF LIME CHEMICALS 

Chemical Shipping data 

Common name Available 
Containers Appearance 

Formula forms 
and and 

requirements properties 

Quicklime 
Cao Pebble Moisture proof White (light grey, 

Crushed bags - 80-100 tan) lumps to 
Lump lb.; wood bbl.; powder. 
Ground bulk - C/L. Unstable, caustic 
Pulverized Store dry max. irritant. 

60 days; keep Slakes to hydrox-
container ide slurry evolv-
closed. ing heat. 

Air slakes to 
Ca CO 
Sat. Slot. 
pH 12.4 

Recovered lime 
CaO Pellets Bulk deli very Light grey, tan 

direct from Sarne properties 
kiln to as quicklime 
storage bin 

Dolomitic lime 
CaO • MgO Pebble Bags, 50-60 Same appearance 
(MgO content Crushed lb.; bulk - and properties as 
varies) Lump C/L; bbl. quicklime, 

Ground except MgO 
Pulverized slakes slowly 

Hydrated lime 
Ca(OH)2 Powder Bags - 50 lb.; White, 200-400 

(Passes Bbl. - 100 lb.; mesh; powder 
200 mesh) Bulk - C/L free of lumps; 

(Store dry) caustic, dusty 
irritant; 
absorbs H

2
0 and 

CO 
2 

from air to 
form Ca(HC0

3
) 

2
. 

Sat. Sol. 
pH 12.4 

Carbide lime 
Ca(OH)2 Powder Bulk Coarse, grey 

70 - 90% powder; grey 
(200 mesh) slurry (35% 
Slurry solids) 

Dolomitic hydrated 
lime 

Ca(OH)2 + Mg(OH)2 Monohydrated Bags-50lb.; Tan to white 
powder Bbl. pONder free 
slaked at Bulk - C/L of lumps 
atmos. press. (Store dry) (-200 mesh); 
Dihydrate caustic, dusty 
powder irritant; Sat. Sol. 
slaked at pH 12.4 
high press. 
and temp. 

Limestone 
(unburned lime) 

Caco
3 

Powder Bags - 50 lb.; White amorphous 
Granules 80 lb. powder; Sat. Sol. 
Ground 100 lb. drums; pH 9 - 9. 5 

Bulk - C/L 

Dolomite 
CaC03 · MgC03 

Lump or Bags - 50 lb.; White, grey, tan; 
crushed Drums Sat. Sol. 
Ground Bulk - C/L pH 9 - 9. 5 
Powler 

1 Reproduced by permission of BIF, a Unit of General Signal Corporation. 
2 

l lb/cu ft= 16 kg/cum 

9 

Physical and chemical characteristics 

Weight 
2 Commercial 

lb./cu. ft. 
strength 

(bulk density) 

55 to 75 70 to 96% Cao 
To calculate (Below 88% can 
hopper capacity - be poor quality) 
use 60; 
Sp.G., 3.2-3.4 

75 to 90% Cao 

Pebble, 60-65 CaO -
Ground, S0-75 55 to 57 ,5%; 
Lump, 50-65 MgO -
Powder, 37-63, 37.6 to 40.5% 
Avg. 60 
Sp.G., 3.2-3.4 

3 5 to 50 Ca(OH) 
To calculate 82 to 9~ %; 
hopper capacity - CaO -
use 40; some 20 62 to 74% 
to 30 - use 23; (Std. 70%) 
Sp. G., 2.3-2.4 

35 to 55 95% Ca(OH) 
2 

Monohydrate Monohydrate 
25 to 37; Ca(OH) ~ - 62% 
Dihydrate MgO - 4%; 
27 to 43; Dihydrate 
To calculate Ca(OH) 

2 
- 54% 

hopper capacity - Mg( OH)~ - 42% 
use 40; (approx. 
Sp.G., 2.65-2,75 

Powder, 35-60; 96 to 99% 
Granules, 100 -
115; 
Sp.G., 2.65-2.75 

87 to 95; Varies 
Sp.G., 2.8-2.9 

Solublllty 
in water 

g/100 ml.@ 25°C 

Reacts to form 
Ca(OH)2 
Each lb. of 
quicklime will 
form 1.16 to 1.32 
lb. of Ca(OH) 

2
, 

with 2 to 12% 
grit, depending 
on purity. 

Same as 
quicklime 

Slakes to form 
Ca( OH) 

2 
slurry 

plus MgO, which 
slakes slowly 

0.18@0°C 
0.16@20°C 
0.15@30°C 
0.077@100°C 

---··---

Sarne as Ca(OH) 
2 

Same as Ca(OH) 
2 

0.0013@ 20°C 
0.002@ 100°C 

Approx. same as 
limestone 



Table 4-2. CHARACTERISTICS OF MAIN GRADES OF QUICKLIME* 

Grades Calcium content Forrn 

High calcium > 88% Cao Lump 
Medium calcium 75 - 88% Cao Lump crushed 
Low calcium <60 - 76% Cao Pebble 

Dolomitic 51 - 58% Cao 
Pellet 35 - 41 % MgO 

Magnesium 5 - 35% MgO Ground 
Dolomitic lime could also be Pulverized 
classed as a low calcium lime. 

Burned or 
calcined 

Soft 

Norrnal 

Over 

Hard 

Calcinatlon temperature degrees F 

Calcined just above the decomposition 
temperature necessary--!, 800 to 2, 400° F 
in a minimum time. 

Calcined at about 2, 400 to 2, 600° F in a 
minimum time. 

Calcined at 2, 500 to over 2, 600° F. If 
lower, then time would be longer. 

Calcined above 2, 600° F. If at a lower 
temperature, time would be longer. 

Particle size 

3 11 
- 8 11 and smaller 

1/2 11 
- 2 1/2 11 to dust 

1/ 4 11 
- 1 1/2 11 and smaller 

to dust 

20 to 100 mesh 

-8 to -100 mesh 
+100 to -200 mesh 

Slaking characteristlcs2 

Very quick slaking and 
temperature rise 

Fast to medium slaking 
and temperature rise 

Medium to slow slaking 
and temperature rise 

Slow to very slow slaking 
and temperature rise 

1 
Reproduction by permission of BIF, a Unit of General Signal Corporation. 

2 
Time of calcination, type of kiln, composition of limestone and the composition 
of the surrounding atmosphere (C02 content in kiln), are all factors in the type 
of burned lime produced, as to reactivity, etc. At a lower ratio (say 2. 5 - 1) 
reaction could be quicker or at least similar. Air slaking will increase slaking 
time and decrease the temperature rise. 

Depending upon the proportions in which quicklime and excess water are com
bined, the hydration process can yield a milk-of-lime, a lime slurry, or a viscous 
lime paste of varying degrees of consistency. As will be seen later, the different 
types of slaked lime lend their names to the mechanical equipment used to mix 
quicklime and water. Predictably, this type of equipment is called a lime slaker 
and it is described in Section V. 
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Lime slaking provides two available hydroxyl ions that react readily. The 
process is exothermic, i.e. , appreciable heat is emitted during the chemical 
reaction. The progression from limestone to slaked lime is shown below. 

Calcination 

Limestone CaC03 

+ + 

Heat 

t 
Carbon dioxide 

+ + 

Quicklime Cao 

Slaking (Hydration) 

Quicklime Cao 

+ + 

Water 

t 
Slaked lime 

+ + 

Heat Lit 

Several variables influence the required slaking time and quality of the resulting 
hydrated lime. The National Lime Association lists the following: 

1. Reactivity of the quicklime: whether the quicklime is hard, soft, or 
medium burned will influence the speed of slaking and temperature 
attainment. 

2. Particle size and gradation of quicklime: whether the quicklime is lump, 
pebble, ground, pulverized, or run-of-the-mill gradation is important. 
The finer sizes of the same quality slake most rapidly. 

3. Optimum amount of water: whether too much or too little water is used. 
Limes vary in their optimum water: lime ratio. 
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4. Temperature of water: whether slaking water is too cold or possibly 
too hot (steam) for the particular slaking conditions can affect the 
product.· Slow reacting limes need heated water; reactive limes do not· 

5. Distribution of water: the manner in which water is introduced into the 
slaking chamber is a factor, and an even flow is desired. 

6. Agitation: too vigorous or insufficient agitation of quicklime and water 
is undesirable. Some agitation is necessary. 

The standard tests to determine the optimum slaking conditions for a given type of 
quicklime are AWWA B-202-65 and ASTM specification CllO on Physical Tests of 
lime. The reactivity of quicklime in water is expressed as the number of minutes 
required for a temperature rise of 40 degrees Centrigrade (104 F) . Reactivity is 
classified as follows: 

High-reactivity lime will show a 40 C temperature rise in 3 minutes or less 
and will complete the reaction within 10 minutes. 

Medium-reactivity lime will show a 40 C temperature rise in 3 to 6 minutes 
and will complete the reaction in 10 to 20 minutes. 

Low-reactivity lime will require more than 6 minutes to show a 40 C 
temperature rise and will require more than 20 minutes to complete the 
reaction. 

Under AWWA B-202 the particular quicklime will be rejected if the sample tested 
fails to produce more than a 10 C (50 F) rise in temperature in 3 minutes or fails 
to reach the maximum temperature in 20 minutes when slaked under test conditions 
It should be pointed out that these rules are applicable to commercial grades of 
quicklime and are not intended to cover recalcined limes. The standard test has 
aroused considerable controversy. A leading manufacturer of paste-type slaking 
equipment has the following comments: 

"This test is intended to predict the slaking characteristics of quicklime. It 
is obviously slanted toward the slurry slaker approach, as it uses a 4: 1 
water: lime ratio. We question its value. As an example, an oyster-shell 
lime barely qulified as a low-reactive lime. When the water was reduced to 
a 2: 1 ratio, it qualified as a medium-reactive lime. When repeated at 120 F, 
it reacted almost violently. This same lime is being successfully slaked in 
a paste slaker. 11 

The effect of water temperature and water-lime ratios on the slaking process will 
be further discussed when describing lime slakers in (Section V) . 
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SELECTION OF LIME 

As mentioned earlier, quicklime and hydrated lime are frequently used in water 
and wastewater treatment. Which type to use in a particular situation is influenced 
by a number of factors, such as scale of operation, method cost, transportation 
cost, and availability. Material cost depends on whether bagged or bulk lime, 
hydrated or quicklime is used. The choice between purchasing lime in bags or 
in bulk is a direct function of rate of use. Where chemical requirements are small, 
bagged lime is preferred. Conversely, at the larger treatment plants it is more 
efficient and economical to handle bulk lime. More details about lime delivery 
and handling will be given in the next chapter. 

The selection of quicklime or hydrated lime also depends on economics and avail
ability. The cost of hydrated lime is about 30 percent greater than the cost of a 
quicklime with the same calcium oxide content. The difference is due to the higher 
production cost of the former and to higher transportation charges; on the other 
hand, the capital cost of the slaking equipment required when quicklime is used, 
will tend to offset the savings in material cost. The source of supply and its 
relation to transportation costs also play an important role in determining whether 
quicklime or hydrated lime should be selected. Other factors to consider are 
storage space available at the treatment plant, plant process layout in relation to 
storage location, material handling problems, and the storage requirements of the 
two types of lime . 

In analyzing the factors discussed above, the National Lime Association offers the 
following comments: 

1. Where lime consumption is small, such as 50 to 1, 000 lb/ day, i.e. , 1 to 
20 50-lb bags, bagged hydrated lime is clearly indicated. Probably this 
limit could be extended to l, 500 lb/day, but at this point, if lime is being 
consumed seven days a week, consumption will reach 22i tons/month. 
Then, the economy of truck load bulk shipments of 15 to 20 tons starts to 
become attractive. But then bulk silo storage and unloading facilities 
may have to be purchased and installed . If headroom is unavailable for 
a silo and there is ample ground floor space for storing bags, then the 
use of bagged hydrate may be justified up to 2, 000 lb/day or even more. 

2. With respect to bulk lime, hydrate is generally indicated up to 3 to 
4 tons/day (100-125 ton/month) over quicklime. At this point the 
inherent economy of quicklime, in spite of slaking expense, should be 
considered. Again, due to peculiar plant conditions the use of hydrate 
up to 200 tons/month may be warranted; however, above this figure it 
is quicklime's province. Many of those plants that use quicklime in the 
lower ranges suggested for hydrate may be saving little or nothing due 
to greater losses of lime through air slaking and recarbonation. This is 
particularly true if the quicklime is highly reactive, of small particle 
size, and is used under humid conditions. Hydrate is more stable and 
stores better. 
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As is the case with most engineering decisions, selection of the type of lime to be 
used sh?uld be b.ased on a detailed economic analysis, taking into account all the 
factors JUSt mentioned. Table 4-3 summarizes the characteristics of quicklime 
and hydrated lime. 

Table 4-3. CHARACTERISTICS OF QUICKLIME AND HYDRATED LIME 

Formula 

Molecular Weight 

Physical State 

Particulate Size 

Bulk Density, lb/cu ft 

Specific Gravity 

Affinity for Water 

Solubility 

Stability in Bagged Storage 

pH of Saturated Solution 

Quicklime 

Cao 

56.1 

White solid 

Pulverized to lump 

55 to 75 

3.·2 to 3.4 

Reacts quickly to form 
Ca(OH)2 with heat of 
formation, 490 Btu/lb. 

Slightly, varies inversely 
with temperature 

In multiwalled bags, max. 
60 days 

12.4 

14 

Hydrated Lime 

Ca(OH)2 

74.1 

White solid 

Power, 200 to 400 
mesh 

35 to 50 

2. 3 to 2.4 

Absorbs H20 and C02 
from air to form 
CaCo3 

Slightly, varies inversely 
with temperature 

Up to 6 months,in dry 
tight bags 

12.4 



SECTION V 

HANDLING OF LIME 

LIME DELIVERY 

Lime can be delivered either in bags or in bulk. The choice between these two 
forms depends mostly on the rate of chemical use at the treatment plant. Bagged 
lime is delivered in truck or rail car. Once at the treatment plant, the bags are 
transferred by hand truck, fork lift, or overhead crane to storage. When a large 
number of baqs are used, it is advantageous to purchase lime in palletized ·ship
ments and use fork lift trucks to take the pallets to storage. In addition to saving 
space and labor, this procedure also minimizes bag breakage. Other methods of 
handling bagged lime will be reviewed when discussing in-plant transport 
practices. When lime use justifies bulk shipments, delivery can be made by 
using covered hopper railroad cars, container and box cars, and a variety of 
specially designed trucks. Bulk delivery offers many advantages: lower initial 
cost; faster unloading; reduced labor cost for handling; elimination of losses due 
to torn bags and spillage; and improved safety, operating, and housekeeping 
conditions . 

The method of transport to the plant is based primarily on economics. When 
railroad access is feasible and the rate of use justifies the cost of railroad siding 
and unloading facilities, delivery by rail is usually cheaper since a railroad car 
has three times t~e load carrying capacity of a bulk truck. The CCCSD water 
reclamation plant includes a complete in-plant railroad system connected to the 
Atchison, Topeka and Santa Fe railway mainline. Three chemical unloading 
platforms are being provided to unload lime, chlorine, ferric chloride, methanol, 
and carbon dioxide. 

Where a railroad siding is not practical or the distance from the shipping point is 
relatively short, a.trailer truck is a fast and economical way to deliver bulk ship
ments. Unlike rail cars, trucks can have access to nearly all areas within the 
treatment plant; therefore, there is more flexibility in selecting the location for 
storage. Also, the length of unloading lines can be kept at a minimum by parking 
trucks close to the storage facilities. The pneumatic truck is available in two 
basic designs. The more widely used is the self-unloading type, in which con
veying air is supplied by a positive displacement blower mounted on the trailer. 
Lime is blown from the truck directly to storage through a 4-inch pipeline. The 
second type of pneumatic truck requires an external souce of compressed air, or 
a separate mechanical conveyor system, to transfer lime to storage. Blower 
trucks are available in capacities varying from 20 to 36 cu m (700 to 1, 300 cu ft) . 
The latter can deliver up to 20 tons of hydrated lime and 24 tons of quicklime. 2 
The larger capacities are accommodated by dividing the trailer into compartments, 
each provided with a sloping or hoppered bottom to facilitate material outflow. 
Further details on truck design an available in the literature. 
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LIME UNLOADING AND STORAGE 

Unloading bagged lime is a simple operation and was previously described under 
Lime Delivery. The following storage precautions are recommended by the 
National Lime Association: 

"Storage areas for bagged materials must be covered to prevent rain 
from wetting the bags. Hydrated lime is normally packed in multiwall 
paper bags which are not resistant to free water or humid air. Quicklime 
is also packaged in multi wall paper bags, one or more of the plies moisture 
proofed. This moisture proofing is effective in preventing the entrance of 
humid air but is not usually designed to be effective against liquid water. 
This is particularly true at the valve where humid air or liquid water may 
enter more readily and start slaking the lime; and the heat and swelling 
will cause the bags to burst. Hence, quicklime storage must be designed 
to avoid any accidental contact with water. As an example, in one storage 
warehouse, a good tight roof was provided, but the bags were stored close 
to the door. This door was inadvertently left open a few inches during a 
driving rain which wetted the bags at the bottom of the pile. These broke 
open and the pile collapsed, resulting in an expensive clean -up operation 
together with considerable loss of lime. Because of the heat generated in 
accidental slaking of lime, bagged quicklime should never be stored 
adjacent or too close to combustible materials." 

"Hydrated lime may be stacked as much as twenty bags high without 
injuring the bottom bags (higher when palletized) . In dry storage, 
hydrate may be stored for periods up to one year without encountering 
serious deterioration. When stored for extended periods, a slight 
increment of carbon dioxide may be found at the corner of the bag near 
the valve. This carbonation during storage is usually evident only after 
storage for at least six months and then does not penetrate more than 
about one-half inch into the bag near the valve." 

"Quicklime will deteriorate in storage at a much more rapid rate than 
hydrated lime. 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 over three months. Care should be 
exercised to use the material in the order it is received, rather than 
maintain an inactive reserve stock which may not be consumed for 
several months . " 

Bulk shipments of lime can be unloaded from rail cars or trailer trucks by 
mechanical or pneumatic equipment. The latter method has gained wide accept
ance because of its simplicity and high unloading speed. Either system can be 
used to unload lime when effective particle diameters are smaller than 2~-inch 
(6. 4 cm) but 1 ~1-inch (3. 2 cm) or smaller is preferable for efficient pneumatic 
conveying.2 
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Mechanical handling usually involves several steps. Lime is first transferred 
from delivery car or truck into a receiver hopper. From this hopper, some type 
of conveyor (screw, belt, etc.) is used to feed the material to the elevating 
equipment (bucket elevator, screw-lift, etc.) which finally discharges it into the 
storage bin or silo. The basic equipment can be arranged in a variety of ways to 
suit each particular situation, e.g. , an inclined screw conveyor can be used to 
transfer lime directly from receiving hopper to storage bin when headroom is 
available and the silo is of limited height. Table 5-1 gives information published 
by the National Lime Association for preliminary sizing of mechanical conveyors 
and elevators. Mechanical handling of lime will be discussed in more detail under 
In Plant Transport Methods. 

Table 5-1. SIZING DATA FOR SCREW CONVEYORS AND BUCKET ELEVATORS 

Screw Conveyor Data 

Screw size Normal rpm 
Tons quicklime 

(inches) (per hour) 

6 50 2 - 2-1/2 

9 50 7 - 8 

12 50 15 - 20 

16 50 45 - 50 

Bucket Elevator Data 

Bucket size 
Bucket spacing Speed Tons quicklime 

(inches) (per hour) 

cm inches m/min ft/min 

6 x 4 33 13 69 225 8 - 10 

8 x 5 41 16 70 230 15 - 20 

10 x 6 46 18 82 270 30 - 35 

12 x 7 46 18 93 305 58 - 65 

14 x 7 48 19 110 360 50 - 60 
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Lime unloading which uses pneumatic conveying equipment usually results in a 
simpler and more flexible arrangement than that obtained by mechanical con
veyors. Dusting, a common occurrence around lime unloading operations, is 
reduced to a minimum and can be completely eliminated where a negative pres
sures system is used. These advantages have to be weighted against greater 
power requirements for pneumatic than for mechanical conveying systems of 
equal capacity. Safety considerations also favor the pneumatic approach, since 
there are no moving parts and, therefore, no risk of injury to the operator. The 
pneumatic conveyor transports material in suspension by means of a high velocity 
air stream. For quicklime and hydrated lime, this velocity varies from 914 to 
1520 meters per minute (3, 000 to 5, 000 fpm) . The higher values are required to 
blow quicklime because of its higher bulk density (880-960 kg/cu m or 55-60 lb/ 
cu ft) than pebble quicklime bulk density (400-560 kg/cum or 25-25 lb/cu ft) for 
hydrate. 

Two types of in-plant pneumatic systems are commonly used to unload dry 
chemicals: negative pressure (vacuum) and positive/negative pneumatic con
veyors. The equipment is commonly provided as a package. The lighter units 
can be mounted on skids, casters, or wagon type trailers when the application 
calls for a portable unit. The higher capacity unloading systems are normally 
stationary. The negative pressure unloading system consists of an intake nozzle, 
a receiver-separator, a vacuum pump, accessories, and interconnecting piping. 

To unload a rail car or truck, the intake nozzle is attached to the vehicle hoppers 
through quick-opening couplings. The intake assembly is usually mounted on a 
skid base to facilitate handling . Lime is drawn directly into the conveying line 
by air flow under the suction created by the vacuum pump. The air stream then 
conveys the fluidized material to the receiver-separator (usually a bag-type 
filter) . In the filter receiver lime separates from the air by cyclonic action, drops 
to the cone shaped bottom and is discharged to the storage silos through a rotary 
valve feeder. Conveying air is cleaned as it flows through the filter bags and, 
after passing through the vacuum pump, is exhausted to the atmosphere. 

Vacuum systems are limited to operating pressures of 25 to 30 cm of (10 to 12 in.) 
Hg below atmospheric pressure and by the number of storage bins which can be 
filled from a single receiver-separator. When pressure losses exceed 30 cm 
(12 in.) Hg, or when lime is stored in a large number of silos, a positive/negative 
pneumatic conveyor is required. 

Positive pressure conveyors are normally used when material must be delivered to 
several separated storage bins located at considerable distances from the delivery 
station. In a positive pressure system, the conveying stream is created by the air 
discharged from a blower, and this air "pushes 11 the solids through the conveying 
line. Normally, a rotary positive displacement unit or, less frequently, a cen
trifugal blower is used. Most positive pressure systems operate within the range 
of the positive displacement blower or up to 1.05 kg/sq cm (15 psig) 
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A positive/negative pressure pneumatic conveyor has certain features of the 
vacuum system and the distribution flexibility of the positive pressure system. 
A vacuum system can be converted to a combination system by connecting the 
vacuum pump exhaust pipe to the rotary valve feeder of the receiver-separator. 
Thus material collected in the separator is discharged into a positive conveying 
line. The rotary valve acts as an air lock between the negative and positive sides 
of the system. Material is then distributed to the storage bins through individual 
feed lines or through a series of two-way diverter valves. A typical positive/ 
negative pneumatic conveyor is shown in Fig. 5-1. 

Quicklime and hydrated lime can be stored in hopper-bottom concrete or steel 
facilities since both are noncorrosive materials. The interior of storage vessels 
should not be painted to avoid the possibility of product contamination. Storage 
bins or silos must be airtight to prevent air slaking caused by the moisture con
tent of atmospheric air. In this respect, hydrated lime is more stable than 
quicklime when stored for extended periods. There are some differences between 
quicklime and hydrated lime which must be considered in designing the storage 
facilities. Quicklime lime is generally free-flowing and will discharge readily 
from storage bins if the hopper bottoms have a minimum slope of 60 degrees from 
the horizontal. This value is related to the angl~ of repose of quicklime which, on 
the average, can vary between 50 to 55 degrees. Nevertheless, it is considered 
good practice to provide some type of flow-aiding device to regulate material dis
charge under all conditions. Hydrated lime, on the other hand, has a tendency to 
arch because of its physical characteristics and much smaller particle size. 
Therefore, more elaborate mechanical or aeration activators are necessary to 
insure a continuous discharge of material from storage. Detailed descriptions of 
the various types of devices commonly used to facilitate free flow of material from 
storage can be found in references 2 and 4. 

Sizing of storage facilities should be based on daily lime demand, type and 
reliability of delivery, future chemical requirements, and flexibility of expansion. 
A minimum sufficient storage should be provided to supply a 7-day lime demand, 
however, sufficient storage to supply lime for 2 to 3 weeks is desirable. In any 
case, the total storage volume should be at least 50 percent greater than the 
capacity of :fhe delivery rail car or truck to insure adequate lime supply between 
shipments. Average bulk density values used in structural design are 640 kg/ 
cu m (40 lb/cu ft) for hydrated lime and 960 kg/cu m (60 lb/cu ft) for quicklime. 3 

LIME FEEDERS 

The term feeder, as used in this report, refers to the mechanical devices employed 
to continuously deliver a measured amount of dry lime to the mixing equipment. 
Solution feeders are mostly limited to the smallest treatment plants, where bagged 
hydrated lime is handled and process lime is prepared in batch or intermittent 
form. 

There are two basic types of dry chemical feeders: volumetric and gravimetric. 
Each type is in turn available in a variety of designs and models, according to 
the preferences of equipment manufacturers. Regardless of type, all dry feeders 
share two essential components: 
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1. A day storage hopper, where material is transferred from the lime silos 
to provide a uniform supply to the feeding element. This hopper has a 
contracting bottom through which the chemical flows by gravity. 

2. An adjustable feeding element to vary the rate of chemical feed. The 
feed rate is controlled by volume (volumetric feeder) or by weight 
(gravimetric feeder) . 

When hydrated lime is used, a solution tank is frequently added to mix lime with 
water and form a slurry, which is then fed to the process. If quicklime is used, 
the solution tank is replaced by the slaking equipment. 

Day Storage Hoppers 

The capacity of the day hopper should be sufficient to store no less than eight 
hours' supply at the maximum feed rate. In most cases, the hopper bottom slopes 
at least 60 degrees. This angle would normally assure free flow of quicklime 
independent of particle size. On the other hand, hydrated lime will tend to 
arch or bridge, even if the bottom slope is steeper than 60 degrees. Closely 
related to bridging is the phenomenon of flooding which occurs when an arch of 
material suddenly collapses and inundates the feeder. Various types of agitating 
devices are used to prevent arching. Several manufacturers of chemical feeders 
(Bif, Infilco, Wallace & Tiernan, among others) incorporate paddle type (internal) 
or pulsating diaphragm type (external) agitators as part of their feeding equip
ment. When the storage hopper is not included with the feeder, three general 
classes of agitators are available: electromagnetic or electromechanic vibrators 
as manufactured, by Eriez, Jeffrey, Syntron and others; aerators (air pads and 
air diffusers) , as manufactured by Airnetics, Bibco, National and others; and 
the live-bottom bins originally developed by Vibra Screw. Regardless of their 
operating principle, agitators aim at promoting the flow of bulk materials that 
tend to pack in storage containers. It is critical to stop agitation when the feeder 
is not in use, since continuous vibration could actually defeat its purpose by 
deaerating the material and increasing its density (packing) . 

The flood prevention device most commonly used is the rotary vane inlet valve 
which allows only a fixed amount of material to discharge from the storage hopper 
at any given time. The rotary valve is also utilized as a volumetric feeder. 

Volumetric Feeders 

Volumetric feeders deliver a constant, preset volume of chemical regardless of 
changes in material density. The accuracy of the volumetric feeder is closely 
related to the physical characteristics of the chemical and is greater for uniform, 
cohesive materials which tend to flow readily. On the other hand, this type of 
feeder is less reliable when the density of the material handled varies. Varia
tions in density can be compensated by recalibrating the feeder whenever a 
change occurs. Nevertheless, in the case of hydrate and quicklime, which 
exhibit wide variations in bulk density, the error of a volumetric feeder is 
normally in the 5 percent range by volume. 
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Most volumetric feeders operate on the principle of displacing a predetermine~ 
volume of chemical from the point where it leaves the stora?e hopper to the p~rnt 
of material discharge. The method used to move the material can be a travelling 
(Wallace & Tiernan) or vibrating (Vibra-Screw) belt; a screw-type feeder (BIF, 
Vibra-Screw, W&T); an oscillating throat at the base of a .hopp.er (BIF); a roll-
type feeder (W&T); a rotary vane or paddle (BIF); or a vibrating f~eder . 
(Syntron) . Although a few other types of volumetric feeders are still found rn 
treatment plants, 2 the types listed above are the most frequently us.ed '. The . 
screw or helical conveyor appears to have gained wide acceptance m. l.ime. feeding 
applications and each of the leading manufacturers offer several modifl~at10ns of 
the basic configuration. A screw feeder is a positive displacement device that. 
delivers a constant stream of chemical from the storage hopper. Feeder capacity 
can be varied by simply adjusting the speed of the screw shaft. Fig. 5-2 
illustrates a typical screw type feeder. The capacity range of volumetric feeders 
varies widely from as low as 6 to I for the roll-type, which is driven by a con
stant speed motor, up to 200 to 1 for a screw feeder which is equipped with 
variable speed drive. For best results, lime feeders should be selected to 
operate in the 40 to I range. Volumetric feeders are considerably cheaper than 
the gravimetric type, therefore their application can be justified when only 
limited funds are available or when greater chemical feeding accuracy is not 
required. 

Gravimetric Feeders 

A gravimetric feeder is indicated when chemical dosage must be accurately and 
reliably measured. In this type of feeder, the quantity of material discharged in 
a unit of time is continuously weighed and the speed of operation automatically 
adjusted to maintain a constant weight. Consequently, feeder accuracy is not 
affected by changes in bulk density and variations in particle size. Despite its 
higher first cost, a gravimetric lime feeder is often warranted, even for small 
treatment plants. Apart from eliminating the need for recalibration, savings in 
chemicals are frequently achieved due to greater feeding accuracy and reliability, 
i.e. , operation and maintenance costs are reduced . 

Gravimetric feeders are available in three types: pivoted belt, rigid belt and 
loss-in-weight hopper. The two belt types include an endless traveling belt 
conveyor supported on weighting scales, a counter-weight assembly to balance 
the load on the belt and controls to automatically adjust the rate of feeding. The 
loss-in-weight type uses the loss of weight in a hopper, rather than the 
instantaneous weight on a belt conveyor, to adjust the material feed rate. Belt 
type gravimetric feeders are available from a number of manufacturers including 
BIF, Jeffrey, Syntron, Vibra-Screw and W&T. Flow of material is normally 
regulated by throttling an inlet gate located in the passage between storage 
hopper and belt; by changing the speed of a rotary inlet valve, or by changing 
the belt speed. Control action can be achieved by mechanical, pneumatic, 
electric or electronic means. Fig. 5-3 shows a typical gravimetric feeder. 
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The standard capacity range of a gravimetric feeder (10-100 to 1) can be greatly 
increased by combination of control modes or the addition of equipment options. 
For instance, Wallace & Tiernan inlet gate or rotary valve control (10 to 1 range) 
can be combined with a variable belt speed control (20 to 1) for a combined range 
of 200 to 1. This can be further increased by adding a 10 to 1 gear box for a 
resultant capacity range of 2000 to 1. The loss-in-weight type, developed by 
BIF, is electronically controlled and has a capacity range of 10 to 1. Most 
manufacturers of gravimetric feeders will guarantee a minimum accuracy of 
within+ 1. 0 percent, by weight, of the set rate. For uniform and free flowing 
materiaTs, the error can be reduced to ~ 0. 25 percent. 

DISSOLVING OF LIME 

As indicated previously, before a measured amount of lime is fed to water or 
wastewater, it is first mixed with water either in a dissolving tank (hydrated 
lime) or in a slaker (quicklime) . In each case, mixing of lime and water is done 
for different reasons. Hydrated lime is prewetted to facilitate transport to the 
point of application and improve dispersion and efficency after it is added to the 
process. In general quicklime does not react uniformly with water and therefore 
should never be applied dry. The only exception would be a high calcium, soft 
burned quicklime of small particle size and uniform gr~ding. (The most common 
form of commercial lime is the crushed or pebble type, which ranges in effective 
partial diameter from about 2 to 1/4 inches). 

Lime Dissolvers 

Both volumetric and gravimetric feeders handling hydrate can be readily fitted 
with dissolving or solution tanks. Dissolvers are often supplied as part of a 
packaged feeder-solution system. Dissolvers are usually sized to provide three 
to five minutes of detention at the maximum rate of feed. Concentration of lime 
solution is usually kept at or below 6 percent. Mixing and agitation is 
accomplished by water or compressed air jets at a minimum pressure of 2. 8 kg/ 
sq cm (40 psi) or by mechanical agitators. Depending on the solution tank 
size, one or two impeller type agitators are provided to effect a more rapid and 
thorough mixing of lime and water. Due to the noncorrosive properties of lime 
solutions, dissolving tanks are usually made of steel. 

Lime Slakers 

A lime slaker is used to add water to quicklime and accomplish the slaking 
reaction. Two basic types of slakers are available: detention type which pro
duces a lime slurry, and pug mill or paste type which produces a viscous, paste
like product. Both types are provided with dilution tanks to lower the concentra
tion of slaked lime to that of a milk-of-lime (thin slurry) . They also include grit 
removal equipment, vapor and dust separators, and thermostatic controls for 
personnel safety. 
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The major difference between the two types of slake rs rests in the ratio, by 
weight, in which water and lime are mixed. In detention slakers this ratio 
averages 3~ to 1 on a weight basis, while in paste slakers, the proportion of 
water to lime is about 2 to 1. In mixing water and quicklime, two extreme con
ditions should be avoided. When too much water is added, i.e. , water-lime 
ratios in excess of 6 to 1, the surface of the material hydrates rapidly forming 
a coating which hinders water penetration to the center of the particle disintegra
tion. This reaction is commonly called 11 downing 11 and results in delayed or 
incomplete slaking and coarser hydrate particles. Downing is more likely to 
occur when cold slaking water is used. On the other hand, if insufficient water 
is added, "burning" will occur as a result of excessive reaction temperature 
(120-260 C) . Some slaking water escapes as steam and this loss will leave a 
considerable portion of particles unhydrated. 

Dentention Slakers - The detention type slaker is manufactured in the 
United States by BIF and Dorr-Oliver at the present time. The BIF unit is divided 
in two, three, or four compartments, depending on slaker capacity and detention 
time needed for complete hydration. Quicklime is fed continuously to the first 
compartment where water is added and the mixture blended by a propeller-type 
agitator. The lime slurry formed overflows into the second compartment where 
the slaking process is completed. Mechanical agitation is provided to promote 
hydration by continuously exposing lime particles to moisture. In case a third 
and fourth slaking compartment is required, the principle of operation is the same 
and each additional compartment will be equipped with a separate agitator. From 
the last slaking compartment the hot slurry overflows into a separation chamber 
where it is further diluted and agitated by water jets to promote settling of grit 
particles. In the large capacity models, i.e .. above 450 kg/hr (1000 lb/hr), a 
helical screw, driven by an electric motor, is recommended for continuous 
removal of grit. Below 1000 lb/hr (450 kg/hr) grit removal is done manually. 
Finally, the milk-of-lime slurry flows over a weir into the outlet. Fig. 5-4 shows 
the BIF detention slaker. 

Due to the higher water-to-lime ratio, a detention type slaker operates at a much 
lower temperature than a paste slaker; consequently, the slaking process requires 
a longer retention time to reach completion (about 20 to 30 minutes as compared to 
5 to 10 minutes for paste slakers). To accelerate the hydration reaction, the body 
?fa detention slaker is ~nsulated to reduce heat losses. A coil type heat exchanger 
1s also offered as an opt10n to preheat the slaking water by recovering some of the 
heat of hydration from the mixing compartment. If hot water is available, it can 
be blended with slaking water to obtain a desirable process temperature of 77-
88 C. It should be pointed out that the ideal slaking temperature is closely related 
to the reactivity of quicklime. If the material handled is a quick reacting lime 
("soft" burned) , water at ambient temperature would still produce quick slaking 
and temperature rise. Conversely, "hard 11 burned quicklime would normally 
slake very slowly and the addition of cold water will tend to further delay the 
reaction. 
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Several methods can be used to control the supply of slaking water. Manual 
control is the simplest and can be used when the rate of lime feed is fairly constant. 
As will be seen later however, feeder operation is often controlled by variables 
such as wastewater flow and pH; then the amount of water of hydration has to be 
adjusted accordingly to maintain the required water-to-lime ratio. 

Paste Slakers - Paste type slakers are manufactured by Wallace & Tiernan and 
Infilco. The design and operation principle of these units are very similar so the 
description now given applies to both. The slaker body is divided into two com
partments. Quicklime and water are fed continuously to the inlet end of the 
slaking compartment in a ratio of approximately 2 to 1 (water to quicklime) by 
weight. The lime-water mixture is thoroughly mixed and moved to the discharge 
end of this compartment by two sets of counter-rotating (pug mill) paddles. The 
mixing paddle shafts are driven by a gear reduction unit. The torque exerted on 
the gear reduction unit controls the hydration water supply through a torque 
actuated valve. An increase in torque, indicating an increase in viscosity of the 
paste, opens the water valve and admits additional water to the inlet end of the 
slaking compartment. High consistency of the paste is maintained to carry grit 
and inert material through the slaking compartment. When it reaches the end of 
the first compartment, slaked lime flows over a weir and drops into the grit 
removal compartment. As it moves over the weir, the heavy paste is broken by 
water jets and diluted to a lime slurry. Water-to-lime ratio of the slurry varies 
with changes in slaker input, since the supply of dilution water is normally 
constant. Once in the second compartment, rakes attached to the same shaft as 
the mixing paddles agitate the slurry to keep the lime particles in suspension. 
The slurry then flows under a dust shield and over a weir to the discharge port 
in the slaker. An external grit conveyor is attached to the discharge compartment. 
A classifier is provided in the bottom section of the grit conveyor for separation of 
the grit from the slaked lime.. Water is applied in the grit conveyor to continuously 
wash lime from the grit particles. Fig. 5-5 shows the Wallace & Tiernan paste 
slaker. 

Because of the low water to quicklime ratio, more heat is generated during the 
slaking reaction in a paste slaker than in a detention type unit. Therefore the 
former operates at higher temperatures (190-210 F) and shorter detention times. 
The high operating temperature also eliminates the need to insulate the slaker 
body. The lower detention time required by the paste slaker results in a more 
compact design of this unit as compared with a detention type slaker of the same 
capacity. 

IN-PLANT TRANSPORT METHODS 

In the small treatment facility using bagged hydrated lime, in-plant handling is 
commonly limited to taking bags from storage, either manually or with the aid of 
a han.d truck or fork lift, and emptying them into the storage hopper of the 
ch~m.1cal feeder. T.o ta:ilitate bag dumping, day hoppers can be equipped with 
a filling canopy which includes a bag splitter, a screen and a dust collector. As 
both the treatment plant size and the chemical requirements increase, the methods 
of transporting lime become more elaborate. In-plant transport systems can be 
divided into two general groups: mechanical and pneumatic. 
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As was mentioned before, mechanical conveyors require less power to operate 
per ton of solids handled than pneumatic conveyors, and therefore the type of 
transport system to use is a matter of careful evaluation. It is common to combine 
pneumatic and mechanical units and retain the best features of each method to 
achieve flexibility, reliability and economy of operation. 

Mechanical Transport 

In-plant mechanical transport systems include a variety of conveying devices 
used to move material from one point to another which is at either the same or a 
different elevation. Mechanical conveyors and elevators were briefly discussed 
under lime unloading methods. They find further application where chemicals 
have to be transferred from storage to the point of usage. Where lime recalcination 
is practiced, mechanical conveyors can be used to return the reclaimed product to 
storage and also to transport the inert ash to a loading area prior to final disposal. 
Of the various types of conveying and elevating equipment found in industrial 
plants, only a few have been used in water and wastewater treatment plants. Belt 
and screw conveyors, bucket elevators, Screw-Lifts, and combination conveyor
elevator (Bulk-Flo) are the types most commonly seen in municipal applications. 

Belt conveyors are the most versatile and widely used type of mechanical conveyor 
They can transport dry materials over paths beyond the capability of c.ny other con
veying device. However, belt conveyors are not recommended for t2e transport 
of lime, particularly hydrate or reclaimed lime, because of dusting. The dust 
problem can be solved by adding covers over the conveyor and an exhaust air 
system to collect the dust. This configuration however, eliminates some of the 
basic advantages of the belt conveyor concept and there are simpler ways to 
approach a dusting situation. 

Screw conveyors are one of the oldest and simplest methods of handling granular 
materials which exhibit noncorrosive and low abrasion characteristics. The basic 
screw conveyor is compact and can be mounted in horizontal and inclined positions. 
This versatility is particularly advantageous in congested locations, when the 
distance does not exceed about 60 meters (200 feet) , and the slopes are not greater 
than about 35 degrees. Preliminary sizing information for screw conveyors has 
been given in Table 5-1. 

Bucket elevators are widely used to elevate bulk materials. Bucket elevators are 
available in two types: chain-mounted and belt-mounted, and the latter is used 
when handling abrasive materials. Data for preliminary sizing of bucket elevators 
has also been given in Table 5-1. 

The Screw-Lift is a vertical screw conveyor installed in a dust proof enclosure. 
The unit is compact and it is used to elevate both granular and pulverized 
materials. The Screw-Lift is normally fed by a horizontal screw conveyor, and 
therefore it could also be considered as a combination conveyor-elevator. 

Bulk-Flo is an enclosed elevator and conveyor which can carry bulk materials in 
horizontal, vertical or inclined positions. This flexibility can then be used to 
replace several straight line conveyorf. with a single unit. 
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Mechanical material handling is a specialized field and the final design of a 
mechanical system for in-plant conveying of lime should be done in consultation 
with the equipment manufacturers. Rexnord (previously Rex Chainbelt) and 
Link-Belt are two companies in the wastewater treatment field with extensive 
experience in materials handling . 

Pneumatic Transport 

The basic types of pneumatic transport systems were described earlier under the 
section entitled Transport Methods. Pneumatic conveying can also be used for 
in-plant lime transport. This approach becomes more advantageous as the size of 
the plant increases and chemical processes become more sophisticated. Pneumatic 
conveying is probably the only streamlined means of moving chemicals in a large 
treatment facility where the process areas are interconnected thlough piping 
tunnels. As an example, in the CCC SD water reclamation plant, quicklime and 
recalcined lime will be handled in pneumatic conveying systems. These systems 
include quicklime unloading; transfer of a mixture of quicklime and recalcined 
lime over a distance of about 120 meters or 400 feet from the storage silos to the 
slakers day hopper; and return of reclaimed lime to storage (a distance of about 
300 meters or 1, 000 feet) . Also, inert ash is transported pneumatically from the 
sludge burning furnaces to holding hoppers from where it is loaded into trucks 
for final disposal. 

Pneumatic conveying is still much as an art as it is a science. Design depends 
largely on practical knowledge, and the judgment and experience of the equipment 
manufacturers plays a key role. A number of companies specialize in the pneumatic 
field (Butler, Fuller, Semco, Sprout-Waldron) . The more progressive manu
facturers would normally size a conveying system only after the particular material 
has been tested in a pilot plant. Close cooperation between the purchaser and the 
manufacturer is required to arrive at a sound design. A satisfactory approach 
could be for the purchaser to prepare a comprehensive performance specification, 
preceded by a careful assessment of the knowledge and experience of the equipment 
manufacturers. 

SAFETY CONSIDERATIONS 

Although lime is considered a nonhazardous chemical, certain precautions should 
be observed regarding the caustic nature of the material. A comprehensive 
review of safety practices can be found in reference 2 of this section. 
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SECTION VI 

LIQU~D PROCESSING WITH LIME 

GENERAL CONSIDERATIONS 

Lime can be added to wastewater either ahead of primary treatment or following 
biological treatment. In the latter case, lime addition is mostly practiced to 
remove phosphorus, i.e. , as part of a typical tertiary treatment sequence. 1 

On the other hand, when the use of lime in the primary treatment stage is coupled 
with biological treatment, much of the organic carbon load is removed from sub
sequent treatment processes. This reduction in the organic carbon load reduces 
the needed size of subsequent biological units and allows stable oxidation of 
ammonia to nitrate (nitrification) . 2 Besides the removal of organic matter, lime 
improves the removal of phosphorus, heavy metals, grease and viruses. Although 
the use of lime for phosphorus removal is less efficient with raw wastewaters than 
it is in tertiary treatment, the residual phosphorus concentration in the primary 
effluent is sufficiently low for effective biological uptake in the activated sludge 
process. 3' 4 

The improved BOD and suspended solids removal associated with chemical addi
tion greatly increases the mass of raw sludge settled in the primary tanks. When 
excess sludge from biological treatment is returned to the primaries, the result
ing physical-chemical-biological precipitation contains all of the sludge produced 
in the liquid treatment phase. Precipitation of all sludges in a single basin can 
simplify subsequent handling of solids. It has generall? been found that primary 
sludges more readily dewater than secondary sludges. Methods for computing 
sludge quantities are presented in Section X. 

PROCESS CHEMISTRY 

Many chemical reactions occur when lime is added to raw wastewater. When 
lime alone is added, the reactions producing most of the sludge involve calcium, 
magnesiurr. and phosphorus. Other chemical reactions take place coincidentally, 
such as changes in alkalinity, and precipitation or adsorption of heavy metals. 
However, calcium, magnesium and phosphorus precipitation are responsible 
for the bulk of the inorganic chemical sludge production. At the same time, 
chemical coagulation of the raw sewage solids takes place, resulting in the co
precipitation of the organic sludge. The chemistry of the process is extra
ordinarily complex, so only a process-oriented review is presented. 
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Calcium Carbonate Precipitation 

At moderate to high lime doses, the bulk of the calcium added to the process is 
precipitated as calcium carbonate according to the reaction: 

(6-1) 

Water chemistry equilibria would suggest much lower levels of soluble calcium 
than do actually occur in chemical primary effluents where lime addition is 
practiced. In other words, the reaction indicated in equation 6-1 usually does 
not closely approach equilibrium conditions as might be defined by water 
chemistry transposed from water softening theory - Considering the host of con
stituents in raw wastewater not present in raw municipal water supplies, it is not 
surprising to find that there may be competitive reactions that inhibit calcium 
carbonate precipitation. 

Schmidt and McKinney, 3 in fact, demonstrated with jar tests that polyphosphate 
could completely inhibit calcium carbonate precipitation up to a pH of 9. 5 Ortho
phosphate also caused inhibition of the reactions, as shown in Figure 6-1. The 
theory cited for this inhibition is that phosphorus is adsorbed on the growing 
faces of the calcium carbonate crystal, preventing further calcium carbonate 
growth. Schmid and McKinney concluded that lime recovery is not justified for 
low pH operations, since there is very little, if any, calcium carbonate preci
pitation below a pH of 9. 5. 

Control of nucleation of the calcium carbonate crystal and crystalline growth are 
important factors governing the extent of completion of the reaction indicated in 
equation 6-1. Allowing the reaction to take place in the presence of calcium 
carbonate crystals enhances both the reaction rate and the extent of its comple
tion. In terms of the treatment process, crystals can be recycled from the sedi
mentation tank underflow to encourage calcium carbonate precipitation. This 
principle has long been recognized in water treatment practice and has led to the 
development of solids contact-type clarifiers. For instance, Hartung 7 found that 
in a water softening operation soluble calcium decreased when the solids concen
tration in the reaction chamber was increased from one and a half to two percent 
total solids by weight. Stone8 found in both laboratory and full-scale water 
softening tests that the soluble calcium level was decreased by solids recycle. It 
was concluded that the lime dose could be reduced for the same effluent hardness 
with solids recycle; or alternatively, at the same lime dose, effluent hardness 
could be reduced by solids recycle. 

In a raw wastewater application, Horstkotte, et al. 9 found that with no solids 
recycle, the hardness increase across the primary sedimentation tank was 32 
mg /1 at pH 11. 0 operation. With solids recycle and the maintaining of flocculator 
solids in the 900 to 1500 mg/l level, the hardness increase across the primary 
was only 6 mg /1. Most of the change occurred in the calcium ion concentration. 
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Figure 6-1 Effect of phosphate form 

on calcium carbonate precipitation 

PressleylO studied the effect of sludge recycle on coagulation in jar test experi
ments of raw wastewater. At a pH of 11. 65, the rate of removal of soluble 
calcium was calculated as a function of time. Fig. 6-2 shows the effect of solids 
content on the rate of calcium removal. As can be seen, little is gained in terms 
of improving the calcium carbonate reaction rate by incrnasing the solids level 
above 2500 mg /1. 
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The importance of solids recycle is not limited to hardness considerations. If 
the calcium carbonate reaction is not complete, the effluent from the clarifier 
will remain unstable with respect to calcium carbonate precipitation, unless pH 
adjustment is made. The result of this instability is that the calcium carbonate 
will plate out on the clarifier itself and downstream structures. For instance, 
at the South Tahoe Plant, where a tertiary lime application is made and only 
minimal solids recycle is practiced, copious quantities of solids are deposited 
on the weirs, piping, and distribution trays above the ammonia stripping tower. 
Similar scaling has been observed in clarifier weirs prior to pH adjustment at 
the CCCSD's ATTF. In comparison, far less scale formation has been reported 
at Envirotech 's Salt Lake City pilot plant where solids contact units have been 
employed. In the latter case, between 0. 2 to 1. 2 percent TS has been employed 
in the reaction zone, 12 a level which is much greater than the cited solids 
recycle applications . 

The stability of the effluent is exceptionally important in those treatment systems 
employing ammonia stripping for nitrogen removal, as calcium carbonate scaling 
on the tower media has been one of the major operating difficulties of the ammonia 
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stripping process. It should be recognized that ammonia is stripped at high pH. 
Even effluents which have been stabilized to calcium carbonate at pH 11 will 
contain free Ca (OH) 2 which can react with COz from the air producing scale. 

Calcium Phosphate Precipitation 

Precipitation of calcium phosphate creates another lime coagulant demand and 
leads to further sludge precipitation. The exact nature of the precipitate is the 
subject of continuing controversy. Up until recently, the nearly universal 
opinion has been that the form of calcium phosphate precipitated was crystalline 
hydroxyapatite, which has the formula Ca50H (P04) 3. Recently, Menar and 
J enkins6 evaluated calcium phosphate and calcium carbonate precipitation 
phenomena in both "chemically defined" water systems and in actual wastewater 
coagulation. Crystalline hydroxy apatite could not be detected either by x-ray 
diffraction techniques or by solubility tests. Rather, the solubility data suggested 
the formation of an amorphous tricalcium phosphate, Ca3 (P04) 2. Further, in the 
chemically defined systems, where raw sewage organics were absent, Menar and 
Jenkins found that a phase change eventually took place, whereby crystalline 
tricalcium phosphate (Ca3 (P04) 2 · 4Hz0) was formed. The extent of completion 
of the reaction was not evaluated, nor could the presence of the crystalline phase 
be detected in the wastewater systems tested. 

In explaining the absence of hydroxyapatite Menar and Jenkins6 make the follow
ing statement: 

"Magnesium appears to inhibit the nucleation of calcium phosphate, to slow 
down the formation of apatite from amorphous calcium phosphate, and to 
stabilize the formation of tricalcium phosphate. 11 

For the purposes of this report, the simplifying assumption is made that all 
phosphate precipated is present in the form of amorphous tricalcium phosphate 
according to the reaction: 

(6-2) 

Obviously, this is not the only phosphorus removal mechanism operative, since 
there are other forms of phosphorus than orthophosphate present in raw sewage. 
As with calcium carbonate solids recycle, the presence of preformed calcium 
phosphate solids has a catalytic effect on the formation of the calcium phosphate 
solid phase. Albertson and Sherwood4 showed with jar tests run on waste
water that .solids recycle significantly reduces residual phosphate concentration 
at constant pH up to a pH of 11. Further, in one case, the effect of solids re
cycle was to reduce by 50 percent the dose required to achieve the same residual 
soluble phosphate. Menar and Jenkins6 showed that the activity product or 
solubility of tricalcium phosphate decreased with increased solids levels in 
11 chemically defined" systems in experiments conducted up to a pH of 8. 
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Contrary to the results of previous investigators, PressleylO found that soluble 
phosphate residuals increased with the level of solids recycle in jar tests and 
that the 11 organic phosphorus 11 fraction in the recycle solids accounted for the 
increase in the systems studied. No increase in orthophosphorus residuals was 
observed. 

Magnesium Hydroxide Precipitation 

For most wastewaters, magnesium is not precipitated until enough lime is added 
to raise the pH above 10. 0. The chemical reaction involved is: 

++ 
Mg + Ca(OH)2 

++ 
Mg (OH) 

2 
+ Ca 

Soluble magnesium levels are a function of pH and typical values follow: 

10.0 
10.2 
10.4 
10.6 
10.8 
11. 0 

Soluble Mg as Caco
3

, mg/l 

370 
145 

57 
22 

9 
4 

(6-3) 

In raw sewage applications, the magnesium hydroxide reaction does not closely 
approach the equilibrium predicted on the basis of Mg (OH) 2 solubility. For 
instance, at the CCCSD's ATTF, the effluent magnesium averaged 33 mg/lat pH 
11.0, when a supplemental coagulant dose of 14 mg/l of ferric chloride was 
added. Apparently the magnesium hydroxide reaction is inhibited, although 
the specific inhibition mechanism is as yet undefined. 

Trace Metals Precipitation 

Of the unit processes available for waste treatment today, lime precipitation is 
one of the most effective methods for removing heavy metals and, as a rule, is 
more effective than either iron or aluminum .13' 14' 15 Trace metals are of 
significance in water pollution control because many are toxic to the biota in the 
receiving waters, either at their discharge concentration or through concen
tration in living cell tissue. Other metals are micronutrients essential for 
biological growth. 

Lime removes trace metals from wastewater through adsorption, flocculation, or 
by conversion of soluble metals to an insoluble precipitate. Most metals form 
insoluble hydroxides, oxides, carbonates, sulfates, or chlorides. 14 Solubility 
data were summarized by Argaman and Weddlel4 and are presented in Table 6-1 
for the common trace metals and their precipitates. As can be seen, silver, 
cadmium, cobalt, copper, iron, mercury, manganese, nickel, lead and zinc 
ought to form relatively insoluble hydroxides or oxide precipitates when lime 
treatment is practiced. Actual performance often does not match predicted 
chemical equilibrium because of slow rates of reaction or the formation of 
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w 
l..O 

Metal 

Ag, Silver 

Ba, Barium 

Cd, Cadmium 

Co, Cobalt 

Cu, Copper 

Fe, Iron 

Hg, Mercury 

Mn, Manganese 

Ni, Nickel 

Pb, Lead 

Zn, Zinc 

Table 6-1. SOLUBILITY PRODUCTS OF HEAVY METAL SALTS 

Oxide or Hydroxide Carbonate Sulfate Chloride Sulfide Chromate 

Ag
2

o 
-8 . -10 

1. Oxl0-51 -13 
1. 9xl0 - - - - Agel 2. 8xl0 Ag2S Ag

2
Cr0

4 
7.lxlO 

BaC0
3 

-9 l. lxlO-lO BaCr0
4 

2.lxlO-lO - - 1. 6xl0 BaS0
4 - - - -

Cd(OH)
2 

2.0xlo-14 - - - - - - CdS 1.4xl0-28 - -

Co(OH)
2 

-15 
1. 6xl0 - - - - - - - - - -

Cu(OH)
2 

-19 
4.0xlo-38 -6 

1. 6xl0 - - - - - - CuS CuCr0
4 

3.6xl0 

Fe(OH)
3 

2.0xl0-39 
- - - - - - FeS - - -

HgO 4.0xlo-26 3. Oxlo-53 -9 - - - - - - HgS HgCr0
4 

2.0xlO 

-13 
Mn(OH)

2 
1. 6xl0 - - - - - - MnS 7.0xlo-16 - -

Ni(OH)
2 

2.0xlo-15 - - - - - - - - - -

1. 3xl0-15 -13 -8 - 3.0xlo-13 
Pb

2
0(0H)

2 
PbC0

3 
1. 5xl0 PbSO 

4 
1. 3x10 - - PbS 7. OxlO PbCr0

4 
-16 -10 

Zn(OH)
2 

1. 6xl0 Znco
3 

2. OxlO - - - - ZmS 4. 5xl0 
-24 

- -

Arsenate 

- -

- -

- -

- -

- -

- -

- -

- -

Ni(As0
4

)
2 

3.lxl0-26 

PbHAs0
4 

4.0xl0-36 

Zn(As0
4

)
2 

1. 3xl0 
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complexes (chelation) . In other instances, removals may exceed predicted levels 
through adsorption or coprecipitation on other compounds. 

Two metals, barium and chromium, may pose problems in lime precipitation 
systems. Barium does not form a hydroxide precipitate, and it is often not 
removed efficiently with lime. In fact, Maruyama, et al. found, in pilot testing, 
that ferric sulfate removes barium more efficiently than lime, since barium forms 
an insoluble precipitate as a sulfate .15 Chromium in the hexavalent form exists 
as an oxide (chromate or dischromate anion) , which forms a soluble salt with 
most cations found in wastewater .14 If reduced to the trivalent form, the metal 
may precipitate as an insoluble hydroxide (solubility product of 1. 0 x 10-30) . 

Coagulation 

Unlike the situation in water treatment, lime is not added to raw wastewater for 
the exclusive purpose of precipitating calcium or magnesium. Rather, lime is 
ordinarily used for precipitation of phosphorus or metals, and for coagulation 
of raw sewage solids. Only when water reclamation is to be practiced do hard
ness considerations influence process operation. 9 Criteria for coagulation of 
raw sewage solids and precipitation of phosphorus compounds may set quite 
different operating criteria than that for treatment of water hardness alone. 

When pH is controlled at 10 or below and lime is the only coagulant, effluents 
tend to be very turbid and have high concentrations of finely divided or dis
persed solids. In other words, the effluents do not appear to be well coagulated. 
This solids loss results in lower phosphorus removal, since some precipitated 
phosphorus is lost over the effluent weirs. For cases where a very high degree 
of phosphorus removal is required in primary treatment, the encouragement of 
magnesium precipitation is often recommended. The reason is that magnesium 
hydroxide forms a gelatinous matrix that binds the precipitated calcium 
phosphate and calcium carbonate together into readily settleable floes. This 
normally requires a pH of 10. 5 or greater. depending on the raw water 
magnesium content. 

Menar and Jenkins6 have suggested that additional coagulants be employed for 
high phosphorus removal below pH 10. Since above pH 8 to 9. 6, calcite 
(calcium carbonate) carries a net negative charge, a cationic material was 
suggested for coagulation. While they showed that a high calcium ion concen
tration could fill this role, they suggested that cationic polymers or alum or 
ferric salts could be more efficient coagulants. 

Jar tests conducted at the A TTF have demonstrated that the addition of ferric 
chloride and its precipitation as ferric hydroxide could be substituted for the 
high pH conditions conducive to magnesium hydroxide precipitation, while 
obtaining similar supernatant turbidity and phosphorus levels. The jar test 
were conducted on CCCSD raw sewage utilizing both lime and iron at the doses 
and pH levels indicated in Figure 6-3. As can be seen in Figure 6-3, the 
turbidity at a pH of 9. 6 is equal to that obtained at a pH of 11. 4. The high 
clarity obtained at a pH of 9.6 was due to the use of 25 mg/l of FeCl3 as a 
supplemental coagulant. To obtain effluent phosphorus levels less than 1 mg/l 
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P, however, the pH had to be raised to at least 9. 85 (lime dose = 150 mg/l) . 
Lower pH levels resulted in higher supernatant phosphorus as shown in Figure 
6-4 for another jar test series. Nonetheless, Figure 6-4 demonstrates that there 
is a broad pH range where comparable phosphorus removals are obtainable as 
long as appropriate iron doses are employed. 

Other items of interest in Figure 6-3 are the alkalinity and hardness data. Note 
that there is no clear minimum solubility point for calcium, rather there is a 
broad range where the calcium concentration is roughly in the same range (pH 
10. 3 to 11. 0) . This is contrary to what would be predicted from water softening 
experience which usually indicates a minimum solubility point for calcium in the 
pH 9. 5 to 10 range. Note also that magnesium is not completely removed at pH 
11. 4, contrary to solubility predictions. Very little magnesium is precipitated 
up to a lime dose of 250 mg/l (pH = 10 .1), yet excellent clarity is obtained. This. 
again, is evidence that iron has substituted for magnesium as the coagulation aid. 

Quite similar hardness relationships were reported by Burns and Shell 12 for 
Salt Lake City wastewater when lime was used without supplemental coagulants. 
Effluent calcium was lowest in a pH range from 10 to 11, with a minimum at pH 
of 10.4. Complete magnesium removal did not occur even at a pH of 11.5 
(Figure 6-5) . 

These hardness relationships led to the decision to select an operating pH of 11. 0 
at the ATTF. This was the point of minimum total hardness, which is a consid
eration when the treatment product is to be reused. The data in Figure 6-3 on 
CCCSD wastewater can be reworked to show another interesting relationship. 
Knowing the lime requirement for phosphorus removal (Equation 6-2) , and the 
measured supernatant calcium, the loss of calcium to tricalcium phosphate 
formation and to soluble calcium in the supernatant can be calculated. Theoret
ically, this loss when subtracted from the lime dose, gives the lime precipitated 
as calcium carbonate. Obviously, if all the calcium added is lost to the super
natant and phosphorus precipitation, there can be no lime recovery as no 
calcium carbonate is precipitated. In Figure 6-6, the calcium loss is expressed 
as a percent of the lime dose (as CaC03) and plotted against the lime dose (as 
Ca (OH) 2) . It can be seen that at pH 9. 5 nearly all the calcium is lost. Other 
investigators have also found that at pH 9. 5 or less, there is essentially no 
calcium carbonate formation. 3, 6, 12 It can also be seen from Figure 6-6, that 
the pH must be at least 10 for the loss to be less than 30 percent, leaving 70 
percent for lime recovery. In practice, losses occur in other parts of the 
treatment system, and obtainable recovery is even less. 

Subsequent work done in connection with the design of a wastewater treatment 
plant in Australia showed that either ferrous or ferric sulfate could be sub
stituted for ferric chloride. Also, an investigation at the A TTF showed that 
alum or aluminate could be substituted for ferric chloride as the supplemental 
coagulant. 

The choice of coagulants to be employed should be based on jar tests for 
screening purposes, and if possible, final selection should be based on pilot 

43 



:::::: 
O> 
E 

(/) 
:::i 
0:: 
0 
I a.. 
(/) 

0 
I a.. 
_J 

;::! 
~ 

pH 

4.0 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

0 
0 50 

~IOmg/I Fe Cl3 

~, 'X2smg11 Fe c1 3 

\ \ 

"' \ ~ \ 
\ 
\ 

\ 

100 150 200 250 

LIME DOSE Ca(OH)2 , mg/I 

300 350 400 

12.0~------------------------------, 

11.0 

10.0 

7.0 

LOW LIME W/ 
50 mg/I Fe Cl 3 

LOW LIME W/ 
25mg/I Fe Cl 3 

400mg/I Co(OH)2 
Omg/I Fe Cl3 

6.0 ...__ __ _.._ ___ ....._ ___ ..L....,_ __ ___i ___ --1.. ___ ....J_ ___ .J.._ __ __J 

0 50 100 150 200 250 300 350 400 

LIME DOSE Ca(OH)2 , mg/I 

Figure 6-4 Phosphorus removal for low pH operation. 

Lime and iron treatment of CCCSD wastewater 

44 



~ 
'i 
8 
0 

i.3 

' 0 
E 
UJ~ 

~ 
(/) 
0 
Cl 

UJ 
:!: 
:J 
I') 

0 
u 
0 
u 

~ 

' 0 
E 
(/)~ 

(/) 
UJ 
z 
Cl 
a:: 
~ 
:r 

900 

800 

700 

600 RAW WASTEWATER 
ALK = 240 mc,;i/I 

(AS caco3J 
pH= 7.75 

500 

400 

300 

200 

NON-ca+-+ HARDNESS 

x 
100 

0 

7 8 10 11 

LIME TREATMENT pH, UNITS 

Figure 6-5 Effect of lime treatment on Salt Lake City 
wastewater 

45 

12 



100 11.5 

80 

11.0 

I-
z 
w u 60 41 .. n:: I 
w 0. 
0.... 

(J') 
(J') 10.5 (J') 
(J') w 
9 L) 

0 
~ 40 n:: 

~ 0.... 
O"I :::) 

u 
....J 
<( 
u 10.0 

20 

~ 
/ 

0 9.5 

0 50 100 150 200 250 300 350 400 

LIME DOSE, Ca (OH )2 

Figure 6-6 Calcium loss to supernatant and phosphorus precipitation 



or plant scale testing. Cost and performance comparisons should dictate 
coagulant choice. 

Hydrolysis 

The discussion of lime treatment process chemistry would not be complete with
out mention of the concept of "hydrolysis". Certainly, no aspect of this subject 
is more controversial than the role of hydrolysis. Zuckerman and Molofl6 have 
theorized that, by managing the lime treatment stage, the downstream activated 
carbon treatment or activated sludge treatment can be optimized. The procedure 
suggested was that at high pH ( 11. 5 in the wastewater studied) high molecular 
weight organics (e.g., MW > 1200) are hydrolyzed to low molecular weight 
organics (MW ,.._ 400) . Zuckerman and Molofl6 concluded that high molecular 
weight organics are not efficiently adsorbed, whereas low molecular weight 
organics are. It has also been suggested that the activated sludge process would 
also benefit by hydrolysis in the chemical primary on the basis that low molecular 
weight organics are more easily and completely degraded. 

No other investigators have documented or supported the 11 hydrolysis 11 

concept as advanced by Zuckerman and Molof. In facti reviewers and other 
researchers have made contrary conclusions. Weber, 7 in a discussion, 
questioned the character of the high molecular weight organics determined by 
the gel-permeation chromatography and wondered if they were in fact colloidal 
material. If they were really colloidal material, they could have been removed 
by coagulation rather than hydrolysis. Weber disputed the molecular weight 
concept as a determing factor in carbon efficiency for a number of reasons (see 
discussion) . He also provided high pH data which showed no significant 
hydrolysis effect at a pH of 11. 5. In a later discussion, Weberl8 concluded that 
hydrolysis-adsorption could not demonstrate any advantage in terms of effluent 
quality when compared to other physical-chemical effluents. McDonald, et al, 9 
found very little high molecular weight material in raw wastewaters from various 
locations. The proportion of this material was always less than 10 percent, which 
is contrary to the findings of Molof and Zuckerman. 20 If there are essentially no 
high molecular weight materials Rresent, there can be no benefit from their 
hydrolysis. Westrick and Cohen21 found no benefit in high pH lime operation to 
carbon adsorber efficiency as compared to low pH lime operation or ferric opera
tion. These findings are again contrary to the findings of Zuckerman and Molof. 

The weight of evidence appears to be against the concept of hydrolysis as a 
significant effect in lime treatment of raw wastewater. 

LIME ADDITION 

Lime is added in sufficient quantity to increase the wastewater pH to the level 
required by the treatment process. The amount of lime needed is a function of 
wastewater flow, total alkalinity and calcium hardness. When lime is fed ahead 
of the primary clarifiers, the lime slurry should be added at a point of high 
turbulence in the wastewater. This turbulence can be created by a sudden drop 
in the hydraulic profile, as by passage of the liquid through a Parshall flume or 
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over a weir, or may be produced by a mechanical agitator or mixer. The degree 
of agitation is more important than the mixing period. When using mechanical 
rapid mixers scaling of the shaft and impeller is likely to occur. Also, unless 
removed, rads will tend to wrap around it. Therefore, to facilitate maintenance, 
provisions should be made for duplicate units. 22 

Where preaeration is provided for the removal of grit, the addition of lime ahead 
of the preaeration tanks could offer several advantages. When quicklime is used, 
the lime slakers do not require grit removers, since grit particles will settle in 
the preaeration tanks. This arrangement saves power, simplifies maintenance 
and provides a more compact equipment layout. The savings in space can be 
significant when paste type slakers are specified since, as was pointed out before, 
they require considerably less floor space than detention slakers. 

Also, if the slakers can be located nearby or directly above the point of chemical 
application, the difficulties of slurry handling can be largely eliminated. Pro
blems associated with the transport of lime slurries derive from the fact that the 
water in which lime is suspended, because of its high pH, undergoes a softening 
reaction with the precipitation of calcium carbonate. This forms a dense hard 
scale which in time will plug the solution lines. 23 At the wastewater treatment 
plant in Holland, Michigan, the lime slurry line has to be cleaned with a special 
polurethane tool ("Poly-Pig") every other day to keep it clear. 24 The scale also 
forms at the point where lime is added to the treatment process. 7 

Fig. 6-7 shows the 3600 kg/hr (8000 lb/hr) paste slakers in the CCCSD water 
reclamation plant25 located above a steep channel. A hydraulic jump occurs in 
this channel when the rapidly moving flow encounters the horizontal water surface 
of the preaeration and flocculation tank. The turbulence created by the jump will 
be used to mix lime, ferric chloride and polymer with the raw wastewater. 

CONTROL OF LIME DOSAGE 

Lime dosage control is normally based on one or more of the following measure
ments: plant flow, influent pH and effluent pH. Because there is no correlation 
between wastewater flow and wastewater characteristics (e.g., BOD, suspended 
solids, alkalinity, and the like) , it is generally recommended that one of the 
following three methods be used to control lime dosage to maintain a fixed pH 
level in the flocculation tank: 

1. Influent flow and off-line measurement (i.e. , periodic laboratory 
analysis of wastewater samples) of flocculator pH. 

2. Influent flow and on-line measurement (i.e., continuous measurement 
by a pH sensor) or flocculator pH. 

3. Influent flow and on-line measurement of influent and flocculator pH. 

Fig. 6-8 (top) is an example of open-loop feeder control whereby the lime dosage 
ratio is automatically proportioned to the influent flow rate. The pH in the lime 
flocculator is manually measured at preset time intervals, and changes in the 
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dosage rate can be made by changing the setting on the ratio relay FY via manual 
loading station HIK. The control system shown in Fig. 6-8 (bottom) is an example 
of compound loop control whereby the dosage rate is proportional to flow. and the 
dosage controller AIC acts as a dosage trimming device, compensating for varia
tions in lime demand as measured by the pH in the flocculator. Optimum dosage 
control is attainable with a feedforward control system with feedback trim. The 
feedforward portion of the control system is used to calculate the desired lime 
dosage per unit of influent flow based on the measurement of influent flow and pH. 
Although there is not a consistent relationship between influent pH and lime dose, 
the feedforward control action results in a first approximation to the required 
dosage. 

The feedback controller is then used to compensate for changes in wastewater 
characteristics that have not been taken into consideration in the f eedforward 
calculation. In addition, the feedback controller also compensates for inaccuracies 
in the various transmitters and computing elements in the Control System. For the 
Control System shown in Fig. 6-9, the feedback controller AIC adjusts the ratio 
setting of ratio relay UY, if the feedforward prediction, executed through relay 
FYl, proves inaccurate as determined by the flocculator pH measurement. 
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Figure G-9 Lime dosage control diagram - feed forward control mode 
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Symbols in Figs. 6-8 and 6-9 follow Instrument So~i.ety .of American's (ISA~ 
Standard SS .1 Instrumentation Symbols and Ident1hcat1on. A comprehensive 
review of the principles of instrumentation and control and their practice in the 
wastewater treatment field is presented in reference 26. 

FLOCCULATION 

The unit process of flocculation is concerned with the aggregation of particles 
which have been destabilized ·in a preceding coagulation step. In a flocculation 
basin, opportunities for particle collision are provided by inducing flu~d moti~n 
so that larger floes can be produced and separated in a subsequent sed1mentat10n 
step. Design considerations involve energy input (such as "G", the root mean 
square (rms) velocity gradient) , detention time, degree of flocculator compart
mentalization, and the type of shearing device (such as paddle design) . 
Consideration must be given to floe breakup in addition to floe aggregation. In 
general, the rate of floe breakup varies with the level of turbulence. At 2fgh 
levels of turbulence floe breakup can predominate over floe aggregation. 

Flocculation design concepts have been investigated in detail for other waste and 
water treatment applications, but comparitively little work has been done with 
flocculation processes in wastewater treatment using lime as the coagulating agent. 
Parker and Niles28 found that a preaeration-grit removal tank could be used for 
flocculation when lime was used as a coagulant. The currents caused by the 
release of diffused air in the grit removal tank encourage the formation of large 
flocculant particles which settled readily. By using air instead of mechanical 
means, the problems associated with rag fouling of mechanical flocculators were 
avoided. The same has not been found true when ferric chloride was used as the 
principal coagulant. Indications were that maximum particle aggregation was pre
vented due to floe breakup in the preaeration tank. 29 

When preaeration is used for flocculation, the coarse bubble air diffusers should 
be of the swing arm type to allow maintenance without having to take the tank out 
of service. Maintenance is required because of scaling inside the diffuser orifices, 
which is caused by carbon dioxide in the preaeration air. Monthly cleaning of 
diffusers may be required, although the maintenance period can be extended to as 
long as three months by providing a high pressure air or water connection for 
blowing out scale deposits. 

Critical design criteria for flocculation in the preaeration tank are detention time 
and aeration rate. Detention time at average dry weather flow should be no less 
than 10 minutes and preferably 20 minutes for optimum results. The air supply to 
the preaeration headers should be separately regulated and provided with flow 
metering. Standard preaeration air requirements of O. 75 cu m per cu m (0 .1 cu ft/ 
gal) of sewage are adequate as a maximum delivery capability for low pressure air. 
While actual air usage has not been determined for applications such as at the ATTF. 
air rates for flocculation are normally set lower than for standard preaeration. 
Preliminary estimates indicate that air requirements may be lower than that 
normally used in preaeration. Care must be used to ensure adequate dis.tribution 
of turbulence throughout the preaeration tank to prevent deposition of organics or 
chemical precipitation with the grit. A typical theoretical relationship (developed 
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for the ATTF) between air rate and "G", the rms velocity gradient, is shown in 
Figure 6-10 . 

Mechanical means may also be employed for inducing the turbulent shearing 
necessary for flocculation. When mechanical means are employed, extreme care 
must be taken in the design and operation of devices used for rag removal. It has 
been found that when rags are screened, comminuted and then returned to the 
sewage, rag fouling problems develop. For instance at the Hatfield Township 
Plant, comminuted rags were found to reweave themselves and foul paddle-type 
flocculators. 30 Frequent maintenance was necessary. Rags have also fouled 
turbine-type flocculators and draft tubes in solids contact units, such as at the 
pilot plant at Salt Lake City. 31 To overcome this problem, it is recommended that 
rags be removed from the sewage after screening and disposed of separately when 
mechanical flocculation is to be employed. 

Another aspect of flocculation concerns solids contact. In addition to aiding 
coagulation, solids contact promotes floe aggregation. Argaman and Kaufman 
showed that the rate of flocculation was proportional to the number of particles, 
the level of turbulence, 11 G11 

, and the nature of the floe, in addition to other 
factors. 32 By increasing the solids concentration, flocculation efficiency may 
be enhanced. 

Solids contact may be promoted by two means, solids recycle or integral recircula
tion in a "solids contact clarifier". Solids recycle has been useg at CCCSD's ATTF 
to maintain the solids concentration between 900 and 3900 mg/l. Solids recycle 
was accomplished by pumping a portion of the underflow solids back to the influent 
to the preaeration tank. Integral recirculation is described under primary clarifier 
design. Burns and Shell found that the solids level in the recirculation zone had to 
be limited to 4000 to 6000 mg/l to prevent prolonged contact and effluent deteriora
tion due to septicity. Common detention times (based on influent flow) cited for the 
recirculation zone in a solids contact clarifier were given as 15 to 30 minutes .12 

ALTERNATE PROCESSES FOR PRIMARY APPLICATION 

Depending upon pH level, the addition of lime to raw wastewaters has resulted in 
three distinct processes, each of which is intended to achieve different degrees of 
basically the same objectives. These processes are: the Low Lime Process, the 
High Lime Process, and a process employing lime and other metal salts. 

The low lime process normally operates in a pH range of 9. 5 to 10. 5. Phosphorus 
removals are lower than for the high lime process, since magnesium is not pre
cipitated to coagulate the colloidal phosphorus. Solids and organics removal are 
also somewhat lower for the same reason. 

The high lime process must operate at a pH of at least 10.5, so that magnesium 
precipitation can aid coagulation. While the lower limit of operating pH is given 
as 10. 5, operation for most applications has usually been at 11. 0 or even higher 
for a number of reasons that will be discussed in detail. 
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The third lime process is a relatively recent development. Lime is coupled with 
another metal salt, such as iron, to enhance the removal of phosphorus, organics 
and other solids. The metal salt permits production of a high quality effluent 
without the need to precipitate magnesium. As a result, lower lime doses are 
possible. Operating pH normally will be between 9. 5 and 11. 0. 

Low Lime Process 

The low lime process is a relatively economical method, from a chemical cost stand -
point, to remove a large percentage of phosphorus from wastewater. Inspection of 
the data in Fig. 6-11 shows that beyond a given initial removal (eighty percent) , 
the incremental amount of lime required to precipitate incremental quantities of 
phosphorus increases rapidly. If the desired level of phosphorus removal falls 
within the steeper portion of the curve, a relatively low dosage of coagulant will 
be sufficient. It can be observed that there is a minimum dose required before 
normal primary treatment removals are exceeded. As an example, in jar tests 
conducted by Tofflemire and Hetling33 it was observed that 85 percent removal 
of phosphorus was obtained with a dosage of 125 mg/l of Ca (OH) 2 at pH 10. 
Albertson and Sherwood4 reported similar results. 

Figure 6-11 is derived from a pilot treatment study at Kansas State University34 
where the primary operation was at a low overflow rate of 12. 2 cu m/day /sq m 
(300 gpd/sq ft) . The allowable upper limits for overflow rate were not defined 
in the study. Lower phosphorus removals have been reported by Burns and 
Shell.1 2 In one run, the removal was only 41 percent at pH 9.8, at 270 mg/l 
total alkalinity and a lime dosage of 270 mg /1 as Ca. (OH) 2 . 

The amount of lime required to precipitate phosphorus will normally cause 
coagulation also; therefore, suspended solids are removed along with phosphorus. 
Table 6-2 gives the results reported by Tofflemire and Hetling for approximately a 
month of clarifier operation at each pH value shown. Clarifier overflow rate was 
16.3 cum/day/sq m (400 gpd/sq ft). Coagulation aids have been used to 
increased the settling velocity and to flocculate insoluble phosphorus. The 
former is achiev~% by adding small dosages (lower than 1. 0 mg/l) of organic 
polyelectrolites . 

Table 6-2. EFFECT OF PRIMARY CLARIFIER pH ON PERFORMANCE 
AT WATERFORD, NEW YORK 

Influent Removals Effluent 
pH COD COD s.s COD s.s Turbidity 

mg/l % Sol. mg/l % % JTU 

9. 9 542 40.9 240 60.7 76.3 36 
10.3 548 25.5 356 69.5 88.5 20 
10.8 782 23.l 548 75.6 91. 0 27 
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Three full-scale plants (Holland, Mich. ; Hastings, Mich. and Hatfield Township, 
Pa.) , using the low lime process were surveyed in connection with this project. 
All of the plants were designed around the "PEP" process patented by Dorr-Oliver 
and feature sludge recirculation to the flocculator zone. Operating data for these 
plants are shown in Table 6-3. As can be seen, primary performance in two of the 
plants is low. This may be due to insufficient lime dose (see Fig. 6-11), or to 
excessive overflow rate. 

In general, design overflow rate for low lime applications is fairly low and runs 
about 16-32 cum/day/sq m (400-800 gpd/sq ft) at average dry weather flow. 
Dorr-Oliver recommendation for overflow rates at peak wet weather flow is 33 to 
40 cu m/day sq m (800 to 1000 gpd/sq ft) . 

High Lime Process 

When certain requirements on final effluent water quality demand raising the 
wastewater pH to 11 or 11. 5, i.e. , to increase lime dosages, the resulting pro
cess is called the High Lime Process. The figures given in Table 6-2 show the 
improvement in BOD (COD) and suspended solids removal with increased pH 
values. As was mentioned earlier, wastewater clarification in the high lime 
process is directly related to the removal of magnesium in the form of magnesium 
hydroxide. The reaction of magnesium with calcium hydroxide requires a pH 
greater than 10. 5. Clarification is further enhanced by the precipitation of 
additiona1galcium carbonate which improves floe stability and settling charac-
teristics. The high lime process also aids in removing phosphorus, ammonia 
nitrogen (via air stripping) and certain viruses. Phosphorus removal as a 
function of lime dose approaches a logarithmic relationship. After the initial 
fraction is removed, further unit precipitation of phosphorus occurs with 
successively increasing lime dosage. 

The efficiency of ammonia air stripping as a result of high lime treatment depends 
on the pH of the wastewater. The process requires a high pH to achieve efficient 
removal of ammonia, because this nitrogen compound is very soluble in water and 
is highly ionized at pH 7. 0. The following table illustrates equilibrium conditions 
between ammonium hydroxide and disassociated ammonia at various pH levels: 

7.0 
8.0 
9.0 

10.0 
11. 0 

0.0055: 1 
0.055: 1 

0.55: 1 
5.5: 1 

55: 1 

Since only the undisassociated ammonium hydroxide can be removed by air 
stripping, the process is practical only at pH levels of 10. 5 and higher. 
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Table 6-3. OPERATING PARAMETERS FOR PRIMARY TREATMENT IN "PEP 11 PLANTS 

Ca(OH) z Present ADW p SS BOD 
Present ADWF, overflow rate, (COD) 

Plant 
cu m/d (mgd) 

dose, pH 
cu m/day sq m 

removal, removal, 
removal, 

mg/l 
(gpd/sq f) 

percent percent 
percent 

Hastings 3 '030 (0. 8) 297 9.6 29 (700) 68 71 58 

Holland 15,140 (4.0) 166 9.3 21 ( 5 2 O) 34 44 (a) 

Hatfield 8 '3 2 0 (2. 2) 394 9.5 16 (390) 58 45 77 ( 61) 

(a) Not available 

Reference 
No. 

35 

36 

37 



The removal of virus through high lime treatment appears virtually complete. 
Cooper, et al. 40 found that a pH of 11. 0 resulted in no detection of inoculated 
polio virus Type I. Lower operating pH values resulted in detectable levels of 
virus. Other unit processes, such as activated sludge, sand filtration, and 
carbon adsorption did not completely remove the virus. 

Table 6-4 summarizes the results obtained in the Contra Costa ATTF when 
operating in the high lime process. The table shows the high degree of organics 
removal possible when the high lime process is used. For comparison, results 
from a control primary are shown. 

As increasing quantities of lime are added to the wastewater, recovery of the 
spent chemical by recalcination becomes economically attractive. Basically, 
calcination converts calcium in the lime sludge to calcium oxide. Calcium must 
be in the carbonate form for lime recovery to be a feasible process. As was 
mentioned earlier, it has been found that the pH has to be raised above 9. 5 
before calcium carbonate will begin to precipitate from the wastewater. Another 
factor is the alkalinity of the wastewater. In highly alkaline wastewaters, 
additional CaC03 will be precipitated at high pH levels. Therefore, for the same 
lime dosage, the flow at which lime recovery becomes feasible is smaller for plants 
treating a highly alkaline wastewater. Figure 6-12 illustrates the relationship 
between lime dosage and wastewater alkalinity in the high lime process. 41 

Lime and Other Metal Salts 

The coupling of lime with other metal salts for wastewater coagulation is a fairly 
recent development. It derives from the practice in water softening plants, where 
metal salts are used in the recarbonation stage to improve the flocculation of the 
finely divided calcium carbonate precifitate. The first application of lime coupled 
with iron was reported by Wuhrman. 4 Iron (Fe+++) was used at a dose of 1 to 2 
mg /1 as a flocculation aid to improve phosphorus precipitation in the pH range of 
10. 5 to 11. 0. The lime was applied to secondary effluents. Wuhrman also noted 
that excess biological sludge could effectively be coprecipitated with the lime 
sludge. Lime has been coupled with alum in precipitation of oxidation pond 
effluents. 43 A pilot plant operated by the Napa County Sanitation District 
obtained 83 percent SS removal when operating at a pH of 10. 8 the lime dose (as 
Ca (OH) 2) was 260 mg/I and was cou,pled with an alum dose (as Al2 (S04) 3. 
18H20) of 50 mg/l. Bishop, et al., 4 employed ferric chloride with lime at low
pH operation but has not reported the details. 

Considerable experience has been gained at the Advanced Treatment Test Facility 
in the use of lime coupled with ferric chloride. 9 Results are summarized in 
Table 6-5. Comparing these results to those obtained with the use of lime alone 
(Table 6-4) , it can be seen that there is relatively little difference in the removals 
obtained for the conventional parameters (BOD, SS, TOC) . Moreover, it can be 
seen that the phosphorus removal obtained at pH 10. 2 with iron, exceeds that 
obtained at pH 11. 5 without iron. Chemical dose, is of course, appreciably less 
at the low pH. Further, there is approximately 28 percent less solids generation 
at pH 10. 2 than 11. 5. 45 Grease removal is also considerably better with lime and 
iron operation compared to lime alone. 
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Table 6-4 HIGH pH TREATMENT OF CCCSD WASTEWATER 

pH 11 . 5 operation 
a 

Constituent 
Ca (OH)

2
: 500 mg/l 

(mean value) Raw Control primary Chemical primary 
sewage % % 

mg/I mg/I removed mg/l removed 

BOD5 190 103 46 50 74 
SS 199 57 71 41 79 
vss - 43 - 20 -
Turbidity - 35C - 16c -
TOC 107 59 45 37 65 
Soluble organic carbon 16 16 0 23.4 -46 
Total phosphorus as P 9.4 - - 0.96 90 
Settleable solids 8.2d 0.3d 95 nil 100 
Calcium hardnesse 76 - - 168 -
Magnesium hardnesse 96 - - 40 -
Hardness increasee - - - 46 -28 
Grease 57 32 44 12 79 

a 
December 22, 1971 to February 10, 1972, at average flow 1.30 mgd. 

b 
February 11 to February 28, 1972, at average flow 1.12 mgd. 

CJTU 

dml/l 

e 
as Caco

3 

pH 11. 0 operationb 
Ca (OH) 2: 400 mg/l 

Raw Control primary Chemical primary 
sewage % % 
mg/l mg/l removed mg/l removed 

192 121 37 60 69 
195 57 71 47 76 
- 46 - 25 -
- 4oc - 26c -

118 68 42 48 59 
17 21 -24 28 -65 

9.2 - - 2.3 75 
9.5d o.2d 98d <0.ld >99 

76 - - 156 -
103 - - 59 -
- - - 36 -20 
53 42 21 19 64 
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Table 6-5 LIME AND IRON TREATMENT OF CCCSD WASTEWATER 

pH 11. 0 operation 
a 

Ca(OH)
2

: 400; FeC1
3

: 14 

Constituent Control primary Chemical primary 
(mean value) Raw 

% 
sewage mg/l 

removed 
mg/l 

mg/l 

BOD
5 

210 109 48 53 

SS 305 69 78 27 
vss - 49 - 14 
Turbidity - 45C - 14c 

TOC 130 72 45 37 
Soluble organic carbon 23 18 21 24 
Total phosphorus as P 9.5 - d - 0.85 
Settleable solids 13.2d 0.13 99 nil 
Calcium hardness as 

CaC0
3 

75.5 - - 139 

Magnesium hardness 
as Caco

3 
90 - - 32.5 

Hardness increase as 
CaC0

3 
- - - 6 

Grease 146 - - 9.5 

aMarch 23, 1972 to April 5, 1972 at average flow 1.19 mgd. 

b April 7, 1972 to April 30, 1972 at average flow 1.20 mgd. 

CJTU 

dml/l 

% 
removed 

75 

91 
-
-
72 
-4 
91 

100 

-

-

-4 

94 

pH 10.2 operation 
b 

Ca(OH)
2

: 289; FeC1
3

: 24 

Control primary Chemical primacy 
Raw 

% % 
sewage mg/l 

removed 
mg/l 

removed 
mg/l 

178 106 40 59 66 

235 59 75 31 87 

- 48 - 19 -
- 41c - 15c -
117 68 42 43 63 

20 17 15 25 -25 
9.4 - - 0.68 93 

12.1d .1 99 <0.ld >99 

72 - - 148 -

90 - - 70 -

- - - 56 -34 

66 - - 8 88 



It is probable that future applications of lime to raw sewage coagulation will 
increasingly employ supplementary dosages of other metal salts because of the 
savings in chemical and solids handling costs. 

RECARBONATION 

Raising the pH of wastewater by lime will result in deposition of calcium scale on 
surfaces with which the water comes in contract. To prevent this the pH is 
adjusted downward to a value of about 7 by the addition of carbon dioxide (COz) 
after the wastewater leaves the lime treatment unit and before it undergoes other 
treatment processes (an exception involves ammonia stripping which requires 
high pH) . The hydroxides and carbonates which have been produced in raising 
the pH are reconverted to bicarbonates according to the following reactions: 

Ca (OH) 2 + co2 --- CaC03 + H20 

CaC03 + co 2 + H20 >Ca (HC0 3) 2 

Recarbonation is a process which has been used for many years in water treatment 
for downward adjustment of pH following lime-soda water softening. The recent 
increase in the use of lime for treatment of wastewaters has resulted in recarbona
tion being increasingly used in advanced waste treatment schemes. 

Sources of Carbon Dioxide 

There are three principal sources of carbon dioxide for recarbonation: (1) liquid 
carbon dioxide; (2) combustion of a fuel such as propane or fuel oil, and (3) stack 
gas from either a lime recalcining furnace or a sludge incineration furnace. In 
most waste treatment applications, the latter source is usually used. Stack gas 
from sludge incineration contains 8-14 percent carbon dioxide, and gas from a 
lime recalcining furnace contains 14-20 percent carbon dioxide. 

It is interesting to note that at the CCCSD's ATTF sufficient carbon dioxide is 
normally supplied by the biological oxidation reactions in the nitrification units to 
lower the pH to the desired value as the wastewater enters the aeration tanks. 9 
Liquid C02 is used on a standby basis when the pH in the aeration tanks becomes 
too high for efficient biological oxidation. When external carbon dioxide is 
required, it is added directly to the aeration tanks. 

The quantities of carbon dioxide necessary for recarbonation can best be deter
mined by laboratory tests. The best procedure is to bubble co2 into a sample of 
lime-treated wastewater under conditions likely to ensure nearly complete transfer 
efficiency; required dosage generally range from 200 to 400 mg/l. It is possible to 
compute directly the dose of carbon dioxide necessary to lower the pH to 8. 3 (i.e., 
to change hydroxide and carbonate alkalinity to bicarbonate alkalinity) if the initial 
types and quantities of alkalinities pres;nt are known. An example of such a 
calculation is given by Culp and Culp. 21 
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Recarbonation Equipment 

Recarbonation equipment consists of a reaction basin for recarb.on~tion to take 
place equipment required to produce and deliver the carbon dioxide to the basin, 
and a' diffusion system to add the carbon dioxide to the wastewater· 

Regarding reaction basin design, it is important to note that the recarbonatio~ 
reaction is not instantaneous. Although the co2 gas may enter the water as dis
solved co

2 
rapidly, the time required for recaroonation reactio~s to be completed 

and the pH to be lowered to the desired value may be 10 to 15 mmutes. Thus, 
sufficient detention time must be allowed in the basin or scale will form on the 
surfaces of downstream units and piping. 

Design of the reactor also depends on whether the pH adjustment is made in one 
or two stages. When lime is used in tertiary treatment in high lime application, it 
is common practice to recarbonate in two steps. In the first step the pH of the 
wastewater is usually reduced to a value near 9. 3. This is the point of minimum 
solubility of calcium carbonate in tertiary treatment applications. This calcium 
carbonate is then settled in the reaction basin and can be reclaimed by recalcin
ing. At South Tahoell about 17 percent of the lime which is recovered comes 
from the recarbonation settling basin. In the second step of the recarbonation 
process, the pH is brough down to about 7. 0 to provide a stable effluent. 

If two-stage recarbonation is used, sufficient detention time must be 
4
illowed to 

provide both reaction and settling in the first stage. Culp and Culp recommend 
at least 30 minutes with an overflow rate of not more than 98 cu m/sq m/day 
(2,400 gal/sq ft/day). Provisions should be made for sludge removal in the 
settling basin. In single-stage recarbonation Culp and Culp recommend a 
detention time of at least 15 minutes. However, no provisions for settling and 
collection of sludge are required. 

The equipment required to deliver the carbon dioxide to the reaction basin will 
depend on the source of the carbon dimdde. 46 If liquid co2 is used, it can be 
fed in either the gaseous or liquid form. In either case, pressure reduction cools 
the carbon dioxide as it is withdrawn from its insulated, pressurized storage 
container, and care must be taken to prevent dry ice formation. To prevent icing, 
storage containers are provided with means to heat the unit. For gas feed, an 
orifice plate in the feed line can be used to measure the flow. For liquid feed, 
equipment similar (except for materials) to solution-feed chlorinators may be used. 

If fuel is burned to produce carbon dioxide, either underwater burners utilizing 
natural gas or pressure generators, which can burn a variety of fuels, are usually 
used. Pressure or forced-draft generators operate by compressing air and fuel in 
a chamber at sufficiently high pressure to allow discharge directly to the water 
after combustion. With underwater burners, air and natural gas are compressed 
and then burned at the point of application. When stack gas from a furnace is used 
as a source of carbon dioxide, the gas is passed through a wet scrubber to remove 
particulate matter and for cooling. The gas is then fed through a compressor in 
order to attain sufficient pressure to feed against approximately 2. 4 m (8 ft) of 
water. 
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The type of diffusion system utilized will depend in part on the source of carbon 
dioxide. For example, underwater burners act both to produce carbon dioxide 
and to diffuse it into the wastewater; for liquid carbon dioxide, cotton fabric hose 
with controlled porosity may be used. 

For dispersing gaseous carbon dioxide into the wastewater, commercial devices 
such as those manufactured by Walker Process or Lightnin (Mixing Equipment Co.) 
are available. These consist of a propeller mixer placed above a sparger through 
which carbon dioxide is added to the wastewater. The bubbles formed by such 
systems are quite small (on the order of 1 mm) , and gas transfer efficiencies can 
range up to 90 percent. Culp and Culp described an absorption system consisting 
of a grid of perforated PVC pipe that is submerged 2. 4 m (8 ft) in the wastewater. 
Transfer efficiencies of 85 percent or greater can be obtained with 4. 7 mm (3/16-in) 
diameter holes that discharge 0. 03 to 0. 05 cu m/min (1.1 to 1. 65 cfm) of gas. They 
recommend that the holes be spaced along the pipe at least 7. 6 cm (3-in) apart, 
and that the pipes be spaced 0. 46 m (1. 5 ft) apart. 

Since the recarbonation reaction takes considerable time and gas transfer can be 
accomplished fairly rapidly, it is often convenient to add gas only in the first 
portion of the reaction basin. However, this may result in incomplete transfer 
unless pure co2 is used. The concentration of C02 which can be dissolved in 
water depends on the partial pressure of C02 in the gas. For example, if stack 
gas is used, the equilibrium concentration of C02 in the wastewater may be less 
than the required dosage. In order to overcome this, it may be necessary to add 
carbon dioxide over a large fraction of the detention time, so that as carbon dioxide 
is removed from solution by the recarbonation reactions, more can be transferred 
from the gaseous phase into solution. 

Single-Stage vs Two-Stage Recarbonation 

When lime is applied to raw wastewater, it is doubtful that the recarbonation 
should be carried out in two steps, rather the pH be brought down to about 7 in 
a single step. Horstkotte, et al., 9 found little difference in hardness where two
stage and single stage operations were compared during studies at the ATTF for 
pH less than 11. 0. From this observation, it can be deduced that very little cal
cium carbonate precipitation will occur after first-stage recarbonation for most pH 
levels in the chemical primary. Studies at the Cleveland Westerly Plant47 tend to 
confirm this conclusion. When the chemical primary clarifier was operated at 
pH 1O.5, it was found that very little sludge was precipitated in the second-stage 
of 2-stage recarbonation. Calcium hardness across the clarifier was reduced only 
6 mg/l. However, when the operating pH was raised to 11. 5 to 12. 0, large 
quantities of calcium carbonate were precipitated in the second of the two recar
bonation stages. When single-stage recarbonation was practiced, no significant 
precipitation following recarbonation was observed. In Studies at Blue Plains, 
O'Farren48 found that two-stage recarbonation in raw sewage coagulation at a 
pH of 11. 4 to 11. 7 resulted in sludge production of 0. 9 kg/cum (7. 5 lb/1000 
gallons); when lime and iron were used at a pH of 10. 5, only 0. 4 to 0. 5 kg/cu m 
(3. 5 to 4. 0 lb/1000 gallons) of sludge was obtained. 
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In summary, two-stage recarbonation appears to have a role to play onl_Y i~ 
tertiary treatment applications and in those few primary treatment applications 
where the pH is considerably above 11. 0. Since effluents of the same quality can 
be obtained where lime, at lower dosages, is used in combination with other salts, 
two-stage operation at high pH is not economically justified. The latter process 
also produces greater quantities of sludge than lime coupled with metal salts. 

TERTIARY APPLICATIONS 

Lime use in tertiary treatment applications has been covered in detail in References 
1, 11 and 46, based mostly on the experiences gained at the South Tahoe Water 
Reclamation Plant. The main advantages of the tertiary treatment approach are 
listed as greater flexibility of the operation because the biological and chemical 
processes are separated; and the separation of the organic, i.e. , primary and 
secondary, sludges from the chemical ones, which tends to facilitate subsequent 
handling of the sludge and prevent the build up of inerts if lime recovery is 
practiced. It was acknowledged that the principal drawback of tertiary treatment 
was its high initial cost. 

Although a comparison between the two lime processes is beyond the scope of this 
manual, it should be pointed out that two years of operation at the CCCSD 1 s ATTF 
have demonstrated the stability of a biological system, i.e. , nitrification-denitri
fication, following the addition of lime to raw wastewaters. The test facility also 
showed that combined sludges can be effectively classified with a solid bowl 
centrifuge, thereby minimizing the problem of recycling inerts. (See also 
Section VIII) . 

DESIGN CONSIDERATIONS FOR PRIMARY CLARIFIERS 

When lime (or any other chemical) is added to raw wastewaters to increase the 
removal of suspended solids, phosphorus and toxic materials, the unit operations 
required are similar to those found in water treatment plants, i.e., rapid mixing, 
flocculation, sedimentation and sludge handling. These four processes have often 
been integrated into a single unit resulting in the upflow solids contact clarifier or 
sludge blanket clarifier. In connection with water treatment, it has been stated 
that the main advantage of this design, when compared to the separate tank 
approach, is its lower construction cost. Another important feature of the solids 
contact tank is the ability to bring the raw wastewater in contact with high con
centrations of suspended solids. Figure 6-13 shows a typical solids contact unit. 

It has often been stated that solids contact units are lower in capital cost than 
primary sedimentation tanks. However, detailed examination of this in Section XII 
shows that there is no economic advantage to solids contact units. It has now been 
common pr.f!ctice for many years to provide grit chambers ahead of the main treat
ment units 9 to protect mechanical equipment and, when sludge digestion is 
practiced, to prevent grit accumulation in the digestion tanks. Therefore, grit 
removal facilities are usually required and, preferably, precede the primary 
clarifiers. As mentioned earlier, a preaeration and grit removal tank can perform 
well as a flocculation basin. This flocculation can be provided with conventional 
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primary tanks at no extra cost if preaeration is used for grit removal. In com
parison, the solids contact unit must have previous grit removal so that the 
functions of flocculation and grit removal cannot be combined. 
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In lieu of grit removal tanks and a pumped grit slurry system, effective grit 
separation can be accomplished by degritting the primary sludge. With this system 
relatively thin primary sludge is pumped to centrifugal cyclonic separators. The 
grit separators would discharge the heavier, inorganic particles to a grit classifier 
with both the classifier and centrifugal separator overflowing to a sludge sump. 
Sludge would then be pumped from this sump to the thickening tanks. Although 
lower in first cost than separate grit removal tanks, disadvantages of sludge 
degritting include increased odor production because of an open classifier and 
sludge sump, plus more difficult maintenance of grit separation equipment due to 
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the higher concentrations of organic material wh~ch may cause. fouli~g of the equi~
ment. The lower sludge concentration also requires larger thickening tanks, which 
offsets some of the cost savings of sludge degritting. 

Culp and Culp46 have also pointed out that sludge blanket clarifi.ers are diff~c.ult to 
control under varying flow rates or changing physical and chemical composition of 
the wastewater. Another operational problem in certain upflow clarifiers, when 
used in primary lime applications, is the tendency of rags and similar materials to 
wrap around the flocculator paddles. Shuckrow and Bonner, 46 based on pilot plant 
studies at the Westerly WTP in Cleveland, have recommended against the use of 
solids contact units for the full-scale plant. They found severe difficulties in 
maintaining a sludge blanket in the clarifier and stated that this problem would 
be further aggravated under variable hydraulic loadings. 

Burns and Shell have reported stable operation of a solids contact clarifier . 12 This 
was a solids contact operation and not sludge blanket clarification operation; this 
kept sludge out of the clarification zone. Sludge was kept at or below the bottom of 
the reaction well (Fig. 6-13) . 

Conventional primary sedimentation basins are commonly of circular or rectangular 
cross section, although some equipment manufacturers offer a square tank design. 
Fig. 6-14 shows a typical section of the chemical primary treatment units designed 
for the CCCSD Water Reclamation Plant. 25 A compact layout has been provided by 
the common wall construction of rectangular tanks and by the separation of the 
flocculation and sedimentation tanks by the distribution channel over an equipment 
gallery. The gallery houses the grit, sludge and scum pumps, the preaeration 
blowers and the associated pipine and appurtenances. The primary sedimentation 
tank in the ATTF has two basic functions: separation of the solids from the liquid 
and thickening of the solids. While the water reclamation plant under construction 
will incorporate separate thickening stages, considerable thickening takes place 
in the primary sedimentation tank itself. 

From the surface of the ATTF tank the sludge could be seen to settle out very 
rapidly. Sludge profiles taken along the bottom confirmed that the bulk of the 
sludge settled out in the first three-eighths of the primary tank. Expansion of the 
sludge layer into the effluent end of the primary tank was taken as evidence of 
sludge thickening failure, since no significant increase in underflow solids con
centration occurred at the time of layer expansion. On this basis, it is estimated 
that only 50 percent of the tank floor is effective in thickening. 

Whenever sludge intruded under the effluent weirs or beyond, large floes immedi
ately began appearing in the effluent. As long as the sludge layer was held in the 
first half of the tank, no large floes appeared. This factor helps explain the 
observed stability of these clarifiers as a function of overflow rate. Little deteri
oration in effluent quality occurred up to a maximum hourly overflow rate of 90 cu 
m/day/sq m (2200 gpd/sq ft). During these tests, the average dry weather over
flow rate was 59 cum/day/sq m (1440 gpd/sq ft). The detention time at the peak 
rate of flow was only 0. 9 hours. The good separation of thickening and clarification 
functions in the conventional rectangular primary allows relatively high overflow 
rates to be obtained. 
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The degree to which sludge could be thickened was affected by process pH. At 
pH 11. O and above when lime alone was added to the primary, the sludge could be 
thickened to as much as 9 or 10 percent total solids (TS) . However, at about 7 per
cent total solids and above, coning and bridging occurred in the sludge hoppers, 
and septic sludge zones developed. This problem can be minimized by designing 
steeper hoppers and providing positive feeding of sludge to the suction line of the 
sludge pumps. When the pH was dropped to 10. 2, "thinner" sludges were obtained 
The sludge could not be thickened to greater than 4. 2 percent TS . However, when 
an anionic polymer coagulant aid was employed at a dose of 0. 25 mg /1, 6. 0 percent 
TS was attained in the underflow. Burns and Shenl2 have reported on the solids 
content of sludges over a slightly different pH range. At pH values above 11. 5, 
the lime sludge thickening properties were significantly poorer than at pH 10. 5 to 
11.0. 

Table 6-6 and 6-7 give maximum and recommended design parameters respectively 
to size primary clarifiers of both solids contact and rectangular design. The 
rectangular tank design for which these figures are applicable is that which is 
depicted in Fig. 6-14. Other rectangular tank designs may have differing limiting 
overflow rates and caution should be used in establishing design overflow rates 
unless specific test data is available . While solids contact type units are designed 
at approximately the same surface overflow rates as conventional rectangular pri
mary tanks, considerably longer hydraulic retention times are employed. This 
translates into the need for deeper tanks when solids-contact units are designed. 
Even considering the separate preaer'ation and grit removal tank (at 20 minutes 
retention) as an addition to conventional tank cost, solids-contact units require 
greater structure size and therefore greater cost. 

Table 6-6 MAXIMUM CLARIFIER DESIGN PARAMETERS 

Rectangular tank Solids contact clarifier 
b 

Flow 
Overflow rate Detention Overflow rate Detention 

cu m/d/sq m (gpd/sq f) time, hours cu m/d/sq m (gpd/sq f) time, hours 

Average dry weather 
59 (1, 440) 1. 3 44(1,080) 2.5 (ADWF) 3.0 

Peak dry weather 
(PDWF)a 

90 (2, 200) 0.9 73 (1,800) 1. 5 2.0 

a Peak flow during dry weather of 1 2 hour duration. 

b Based on Reference 3 8. 

It should be noted that Tables 6-6 and 6-7 apply to an operating pH of equal to or 
greater than 10. 5. For both types of clarifiers, the design data are for highly 
buffered wast.ewaters (alk~linity 200-300 as CaC03) . Low alkalinity wastewater 
would. result i:i 10.wer calcium carbonate precipitation and different, as yet 
undefm~d, cntena would apply. Criteria for low lime applications are not as 
well defmed and were briefly discussed in a preceding section. 

70 



Table 6-7 RECOMMENDED CLARIFIER DESIGN PARAMETERS 

Rectangular tank 

Flow 
Overflow rate Detention 

cu m/d/sq m (gpd/sq f) time, hours 

Average dry weather 
49 (1, 200) 2.2 (ADWF) 

Peak dry weather 
(PDWF)a 73 (1, 800) 1. 4 

Peak wet weather 
(PWWF) 147 (2,400) 0.7 

a Peak flow during dry weather of l - 2 hour duration. 

b Based on Reference 12. 

c Proportioned from Table 6-6. 
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Solids contact clarifier 

Overflow rateb Detention 
cu m/d/sq m (gpd/sq f) time, hours 

24 41 (580 - 1,010) l. 4 2.8 

-

76 (1, 870) l. 4 1.9 

c 
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SECTION VII 

LIME SLUDGE THICKENING AND DEWA TERING 

GENERAL CONSIDERATIONS 

Sludge thickening and dewatering are preparation or pretreatment steps which 
normally precede further sludge processing or final disposal. In wastewater 
treatment, thickening and dewatering have often been considered as different 
types of processes; in fact, thickening is a dewatering process. As currently 
applied, however, sludge thickening implies solids concentration with the aim 
of reducing the volume of sludge to be handled in subsequent treatment steps. 
Dewatering implies further removal of water, generally by mechanical means, 
to produce a relatively dry sludge cake for further treatment or disposal. 

Land methods of sludge dew ate ring have not been included in this section, since 
in the majority of applications, they constitute the ultimate method of sludge 
disposal. For a discussion of ultimate disposal of ash, see Section XI. 

SLUDGE THICKENING 

Although sludge thickening is a preliminary process, it removes a major amount 
of liquid from the sludge. The curves presented in Fig. 7-1 show the reduction 
of water content under varying degrees of thickening. For example, when the 
sludge concentration is increased from 1. 5 to five percent, over 70 percent of 
the original moisture is removed. 

Two methods are commonly used to thicken sludge - gravity and air flotation. In 
general, the gravity method is used to thicken primary sludges; i.e., sludges 
that settle readily, while air flotation is employed when dealing with the lighter 
biological sludges. 

A third thickening method, using centrifugal equipment, l, 2 is gammg accept
ance, generally as an alternative to dissolved air flotation. When centrifuges 
are applicable, their use results in considerable savings in floor space require
ments. Power costs, however, are likely to be higher than with gravity or air 
flotation thickeners . 

Gravity Thickening 

The results obtained at the CCCSD's ATTF in terms of thickening in the primary 
clarifiers lead to the conclusion that gravity thickening has clear advantages 
when dealin% with the heavy lime sludges generated from primary treatment 
applications. This process is not only simple to operate but also more econom
ical than dissolved air flotation or centrifugation. 
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Figure 7-1 Relationship between increase in sol ids concentration and 
moisture removal (after Katz (12)) 

Scant information is available on gravity thickening of primary lime sludge. 
Black and Lewandowski conducted a three-month plant scale operation at 
Richmond Hill, Ontario, where lime sludge concentrations of up to 12 percent 
solids were achieved in gravity thickeners. 4 

Burns and Shell5 have reported the results of eight months of laboratory 
thickening tests at pH values between 9. 8 and 11. 6. From these results they 
conclude that 11 the moderate treatment pH (below 11. 0) sludges tested were 
generally more concentrated than the high treatment pH sludges (above 11. 5) . 11 

Burns and Shell also stated that 11 it appears that the more concentrated the 
chemical clarifier underflow (initial solids) the more the solids can be concen
trated. 11 During the same work, Burns and Shell also evaluated the effect of 
polyelectrolytes as flocculation aids on thickener performance. They concluded 
that, although the continuous use of polyelectrolytes solely to reduce the thick
ener size was probably unjustified, the addition of chemicals would maintain a 
high underflvw concentration under decreasing feed solids concentration. 
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At the time this report was being prepared, Burns and Shell were reevaluating 
their projections for thickener performance. A compression zone analysis 
indicated that to obtain ultimate sludge concentration (18-25 percent TS) , 
thickener solids loading would have to be reduced below 49 kg/sq m/day 
(10 lb/sq ft/day), which is considerably lower than the 196 - 245 kg/sq m/day 
(40 - 50 lb/sq ft/day) previously recommended. 5 This came to light when they 
found that the results obtained in the laboratory tests could not be reproduced 
in a 2. 4 m (8 ft) diameter gravity thickener. 6' 7 Thickener performance was 
erratic, varying from no additional concentration to about 35 percent increase 
in the feed solids concentration. The concentration of feed solids ranged from 
8.1to12.0 percent TS. Average thickener loading was 78 kg/sq m/day (16 lb/sq 
ft/day) . The most recent recommendations on the design of gravity thickeners 
based on the work at Salt Lake City are included in Reference 8. 

Investigators at EPA 1s Blue Plains pilot plant have conducted tests on the thick
ening properties at high lime sludge. 9 Interfacial settling velocity as a function 
of total solids concentration is shown in Fig. 7-2. Essentially, no differences in 
settling rates were observed between cases where recalcined lime was used and 
where only new lime was used. Using a batch flux method of analysis, it was 
concluded that with a solids loading of 673 kg/sq m/day (138 lb/sq ft/day), 10 
percent underflow solids could be obtained. Similarly, at a solids loading of 
430 kg/sq m/day (88 lb/sq ft/day), it was calculated that 20 percent total solids 
in the underflow could be obtained. The investigators cautioned, however, that 
this data had not been verified in continuous thickening tests. 

Gravity thickeners are commonly deep circular tanks provided with a rotating 
arms mechanism for sludge agitation and collection. The feed sludge is intro
duced into a circular influent well and the overflow is usually collected over 
peripheral weirs. The thickened underflow forms a sludge blanket so the unit 
performs not unlike a solids contact clarifier. Sludge is withdrawn, contin
uously or intermittently, from a centrally located bottom hopper. A typical 
section of a gravity thickener is shown in Fig. 7-3. 

To prevent septic conditions in the thickener, the use of chlorine has been rec
ommended. The dosage should produce a residual chlorine concentration of 
0. 5 to 1. 0 mg /1. 2 Low pressure air has also been used to prevent septicity. 
The gentle agitation provided by the compressed air also aids in promoting 
solids concentration by allowing entrapped water to escape through the sludge 
blanket .10 This approach is seen in Fig. 7-4, which shows a cross section of 
the lime sludge thickener at the CCCSD water reclamation plant.11 A 20-ft 
deep existing digester is being converted into a thickening tank. Design 
loading is 390 kg/sq m/day (80 lb/sq ft/day) and the lime sludge will be fed at 
an approximate concentration of 6 percent TS. Compressed air can also be used 
to fluidize the sludge blanket to control maximum solids concentration and to 
allow low-torque starting of the rotating arms. 
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Figure 7-3 Typical gravity thickener (courtesy of Walker Process) 

Although the concentration of solids that takes place in the primary sedimentation 
tank (see Section VI) could justify eliminating separate gravity thickeners, the 
latter also perform as sludge flow equalization basins. This function is as 
important as solids concentration to smooth out the flow of solids to downstream 
treatment processes. Since sludge production varies during the day, removal 
from the primary clarifiers is normally intermittent to insure that only well 
compacted sludge is withdrawn. The presence of thickeners then allows a 
fairly constant sludge feed to the centrifuges or furnaces which is essential for 
steady state operation. It is under steady state conditions that the dewatering 
and incineration equipment can achieve peak performance. 

Surface skimming has not always been employed on gravity thickening tanks. 
Surface skimming has been found to be mandatory on tanks receiving centrate 
from a centrifuge classification step at the CCCSD's ATTF. (See a later 
discussion of classification in this section) . The centrifuge operation caused 
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the incorporation of fine bubbles into the centrate, resulting in some foam flota
tion. This phenomenon has been used at Blue Plains9 to accomplish flotation 
thickening, as is discussed in this section under Flotation Thickening. 

Thickening data obtained to date have resulted in wide variations in terms of 
design recommendations . Therefore, development of firm design criteria will 
have to await further investigation. 

Flotation Thickening 

Thickening of sludge by dissolved air flotation has seen wide acceptance in 
recent years, particularly in waste activated sludge applications. To separate 
solids from water by flotation, gas bubbles are formed by dissolving air into the 
water at a pressure of approximately 2. 8 kg/sq cm (40 psig) . The air charged 
stream is then mixed with the sludge where the pressure is released forming 
fine air bubbles which adhere to the solid particles. Once introduced into the 
tank, the lowered specific gravity of the solid particles causes them to rise to 
the surface. As the solids accumulate, a blanket of sludge is formed. An over
head skimmer removes the top of the sludge blanket, where the high solids 
concentration occurs, and discharges it to a sludge hopper. The relatively 
clear underflow moves out of the separation zone under a submerged baffle and 
flows over the effluent weir. Fig. 7-5 shows a schematic diagram of the air 
flotation process .12 The pressurized flow source may be recycled thickener 
underflow, plant effluent or some other process flow. 

When centrifugal equipment is used for separation of calcium carbonate from 
other waste solids (see Wet Classification in this section) , the high speed 
centrifuge operation tends to aerate the sludge and to create fine bubbles in the 
centrate. These bubbles behave as air bubbles would in a conventional air 
flotation system when the centrate enters a quiescent tank. Bennett9 has used 
this effect to accomplish thickening of the centrate solids without a supplementary 
air dissolution step. Centrate at 2-3 percent total solids, has been thickened by 
this procedure to 4. 7 to 7. 3 percent total solids. Bennett cautioned, however, 
that the transfer of the centrate to the thickening tank must be immediate to 
prevent bubble release from the sludge. To insure consistent operation, it is 
desirable to make provisions for standard air dissolution equipment. 

The application of conventional air flotation equip;nent to thicken lime sludges 
must be approached with caution. The introduction of carbon dioxide from the 
pressurized air may cause scaling of equipment with the accompanying main
tenance problems. Purified oxygen or nitrogen might prove a better gas source 
than ambient air for dissolved air flotation in this application, since they con
tain a negligible quantity of carbon dioxide. 

Specific design criteria for flotation thickening of lime sludges have not been 
published to date. 
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SLUDGE DEWA TERING 

The main purpose of mechanical dewatering is to minimize the moisture content of 
the sludge. When oriented towards incineration, a more specific purpose is to 
increase the volatile content per pound of wet sludge. Approximately 450 kg-cal 
(1800 Btu) are required to evaporate a pound of water (at an off-gas temperature 
of 700 F); therefore, excessive moisture increases the thermal load on the incin
eration process and the amount of auxiliary fuel required. The influence of 
moisture content on the cost of sludge incineration is shown in Figs. 7-6 and 7-7 
for primary sludge. 2 

Two methods are commonly used in the United States for sludge dewatering -
vacuum filtration and centrifugation. A third method, utilizing filter presses, 
enjoyed limited use in the past, 10 although in recent years there has been 
renewed interest in pressure filtration for dewatering the more difficult sludges. 
Pressure filtration of sludge has been practiced in Europe for many years. 

The methods employed for sludge dewatering have a marked impact on the solids 
processing design, when the objective is recovery of lime from sludges. When 
vacuum or pressure filtration is used to dewater the primary-generated sludge, 
all of the sludge is captured in a single dew ate ring stage. Therefore, all of the 
sludge must be recalcined in a Plural Purpose Furnace (Fig. 7-8) . Inerts (con
stituents other than calcium carbonate or calcium oxide) must be controlled from 
building up through recycling after several passes; therefore, blowdown of a 
portion of the recalcined product is mandatory with consequential loss of a 
portion of the reclaimed lime. 3 Dry classification, a process described in detail 
in Section VIII, allows this ash blowdown to be somewhat more efficient in terms 
of rejecting silica inerts. 

When centrifugation is employed, it is possible to classify the calcium carbonate 
from most of the magnesium, phosphorus, and iron compounds as well as from 
the organics. A high calcium carbonate cake is produced which can be 
recalcined (Fig. 7-9) to produce reclaimed lime. Dry classification can be 
effectively employed in this flowsheet to blow down silica. The centrate from 
the wet classification step containing the waste solids can be disposed of by a 
number of procedures. One alternate, shown in Fig. 7-9, is to use another 
centrifuge to separate the waste solids and use incineration to produce an ash 
residue for final disposal. Another alternative would be to employ lime stabi
lization of the solids prior to dewatering, followed by direct disposal of the cake 
as land fill. Alternately, digestion of the centrifuge centrate could be used 
before final disposal. 3 

Centrifugation 

Centrifuges have long been used for sludge dewatering, although at a limited 
scale, due mostly to their early design and construction deficiencies .10 How
ever, the development of the present efficient machines has led to the wide 
acceptance of centrifuge equipment for mechanical dewatering applications. The 
theory of centrifugal separation has been presented in References 10 and 13. 
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Three general types of centrifuges are available today - basket, disc, and solid 
bowl. However, only the last type is capable of producing both a dry sludge 
cake and a well clarified centrate in a single step. 

The main elements of a solid bowl, scroll type centrifuge are the rotating bowl 
and the conveyor mechanism. The solids, under the effect of the separating 
force ("G" force) settle in the cylindrical-conical bowl, and are then picked up 
by the screw conveyor which carries the settled solids to the discharge ports. 

Solid bowl centrifuges used in sludge dewatering are available in two basic flow 
configurations - concurrent and counter-current. In the concurrent design, the 
feed is introduced at one end and the liquid and solids travel together toward the 
outlet ports. In the counter-current type, the feed is introduced near the conical 
portion of the bowl (the dewatering beach) . The solids are moved in one direction 
while the centrate is discharged in the opposite direction. Fig. 7-10 shows both 
types of centrifuges . 

Solid bowl centrifuges can be manufactured of various alloys to provide protection 
under abrasive or corrosive operating conditions. Table 7-1 lists materials of con
struction used by a major manufacturer of centrifuge equipment. Where an abrasion 
problem is more likely to occur, such as in the feed zone and conveyor flights, 
hard surfacing techniques are often used to provide abrasion-resistant materials. 

Table 7-1. SOME BASIC MATERIALS OF CONSTRUCTION USED IN 
SHARPLES CENTRIFUGES 

METALS 

Steel, Carbon & Alloy 

Stainless 

304, 304L, 316, 316L 

317L, 329, l 7-4PH, 431 

(Misc PH Grades) 

Carpenter 20-Cb 3 

Titanium, C. P. Grades 

Ti (6 Al-4V, ), Ti (0. 2% Pd) 

Hastelloy B; C-276 

Wiscalloy B, C (Low Carbon) 

Monel 400, K-500 

Incaloy 800, 825 

Nickel 200 

ABRASION RESISTANT 
MATERIALS 

Tungsten Carbide (Solid) 

Tungsten Carbide (Plasma Fused) 

Tungsten Carbide Composites 

WC & Steel Matrix 

WC & Hastelloy Matrix 

WC & Ni, Dr, B, Matrix 

WC & Co, Cr, W Matrix 

Formaflex Coatings 

Ceramics (Solid) 

Ceramics (Plasma & Flame Sprayed) 

Hard Chromium & Armaloy 

Cobalt-Chrome-Tungsten 

(Stellite-Stoody) 

Nickel-Chrome-Boron 

(Colmonoy-Coast) 
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CORROSION RESISTANT 
COATINGS 

Hard Rubber 

Neoprene 

Kynar 

TFE 

Penton 

Tin, Cadmium, Zinc 

Nickel (Electroless) 

Chromium 

Multiple Paint Systems 

Epoxy-Phenolic 

Urethane, Vinyl 

Alkyd, Plastisol 

Organic Zinc 
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Centrifuges are normally designed for horizontal installation, although one 
manufacturer, Sharples, offers a line of vertical units. Among the advantages 
attributed to the vertical centrifuge, when compared to the horizontal design, 
are smaller floor space requirements and higher unit capacity. The latter 
feature is particularly advantageous in large installations where the required 
number of horizontal machines can be replaced by a smaller number of vertical 
units. This reduction of equipment would often compensate for the higher initial 
cost of the vertical centrifuges. At the CCC SD water reclamation plant, the 
capital cost of providing four vertical machines to wet classify 110, 000 kg of dry 
solids (DS) per day (242,000 lb/day DS) and to clarify 40,800 kg/day (90,000 
lb/day) DS (wet classification will be described later in this section) was 7. 5 
percent lower than the alternative to supply six horizontal machines to handle 
the same sludge quantities. Each alternative included the cost of the auxiliary 
equipment normally required for centrifuge operation. Fig. 7-11 shows the 
vertical centrifuge layout at the CCC SD plant .11 

Sludge dewatering by centrifugation is affected by both process and machine 
variables. The Water Pollution Control Federation (WPCF) manual on sludge 
dewatering practices lists the following: 

"Process Variables: 

(a) sludge feed rate, 
(b) sludge solids characteristics, 
(c) sludge consistency, 
(d) sludge temperature, and 
(e) chemical addition. 11 

"Machine Variables: 

(a) bowl design; 
i L/D ratio, 
ii bowl angle, 
111 flow pattern 

(b) bowl speed, 
(c) pool volume, 
(d) conveyor design, and 
(e) relative conveyor speed. 11 

~he ~ffects of some of these variables will be covered in detail under Wet Classi
fi~at10n. The best way to evaluate all of the variables listed above is through 
pilot plant testing .. Test centrifuges are avail.able from several equipment 
manufacturers, which use a scale-up factor, ~, to predict results at full scale 
operation .14 
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Scaling Factors -

. 14 
The equation for 2. is as follows: 

z_ = 2 Tr "f::!:!_ lR + l_R 2 ( 2 2) 
g 4 1 4 2 

where: L = 
R1= 
R2 = 
w = 

bowl length, cm 
radius of the liquid surface, cm 
radius of the inner wall of the bowl, cm 
rate of rotation, rad/sec. 

These terms have been represented in Fig. 7-10. The ~ factor represents the 
area, in sq cm, of a theoretical gravity sedimentation tank having equivalent 
clarification characteristics to the centrifuge. Thus, ~ can be used to relate 
capacities of different centrifuges, such as the filtering surface area which is 
used in sizing vacuum filters. 

There is some controversy among centrifuge manufacturers concerning the 
appropriate bowl length to be employed in the ~ equation. Some manufacturers 
use the total bowl length, some include the portion of the dewatering beach 
that is wetted, and still others include only that portion of the beach between 
the liquid discharge and the mid-point of the feed ports . From a theoretical 
standpoint, the effective clarification length is most closely approximated by 
the latter definition for the counter-current design (see Fig. 7-10) . At any 
rate, if machines of different manufacturers are to be compared, ~ must be 
calculated on the same basis for each. The calculation of the :£ factor is one of 
the essential steps in comparing equipment proposals of different manufacturers. 
However, it must be remembered that the value of Lis only an index of clari
fication capacity for a given centrifuge. Machine speed, i.e. , rpm or "G", 
also influences cake dryness and it is another important parameter in design 
and operation of centrifuges. 

Sample calculations for 2. are shown below: 

Manufacturer A 
Model X 

L = 86 .4 cm 
w = 251 rad/sec 
R1 = 30 .5 cm 
R2 = 22. 8 cm 
g = 980 cm/sec2 

;;;:: = 2(86.4) 1 ~i6) 2 [~(30.5) 2 

+ ~(22. 8) ~ 
L = 2 . 9 x 10 7 cm 2 
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Manufacturer B 
Model Y 

L = 98. 7 cm 
w = 262 rad/sec 
R1 = 31. 8 cm 
R2 = 26 .4 cm 
g = 980 cm/sec2 

~ = 2 (98. 7) (~~;) 

+ ~(26.4) 2] 

2 

L-= 4.0 x 107 cm2 

[~(31. 8) 
2 



From the above calculation, it would be expected that it would take four of 
Manufacturer A's machines to do the job that three of Manufacturer B's machines 
would do. 

Wet Classification 

The problem in recovering lime from raw sewage sludge is that many constituents 
are precipitated with the sludge besides calcium carbonate. As explained in 
Section VI, organics, phosphorus, magnesium, iron, and other constituents are 
coprecipitated with calcium carbonate. These constituents, if left with the 
calcium carbonate during recalcining, are returned to the process. Eventually, 
these 11 inerts 11 build up to such a magnitude that the solids processing facilities 
are overwhelmed. This problem has been the major reason that recovery of lime 
added in the primary sedimentation tanks has not been practiced .15 The problem 
of lime recovery has also been a deterrent to the use of lime in raw sewage 
coagulation. 

Sludge solids vary greatly both in size and density and as a result, they settle at 
widely different rates. The process whereby the sludge constituents are 
separated into various categories based on this spread in settling rates is called 
wet classification. Centrifugal action magnifies the difference in settling of solids 
particles; therefore, centrifuges are particularly suitable for wet separation. 
The ability of centrifuges to classify particles on the basis of both size and 
density has been used in industrial applications for many years .16 Wet classi
fication has been used for over three decades to control inerts buildup in water 
softening plants practicing lime reclamation .17, 18, 19 Classification data from 
three studies where Bird centrifuges were employed are shown in Table 7-2. 
Except for anamolous behavior with silica, good rejection of all components was 
obtained, while retaining silica. The procedure for calculation of the recoveries 
has been described previously. 3 

Table 7-2. CLASSIFICATION DATA FOR WATER TREATMENT 
PLANT SLUDGES 

Plant 

Constituent 

Total Solids 

Calcium 

Magnesium 

Iron 

Aluminum 

Silica 

aReference 17 
bReference 18 
cReference 19 

Wright Aeronautical 
Corp., Cinncinati, Ohio a 

Run 1 Run 2 Run 3 

74 81 96 

84 88 100 

51 57 36 

43 11 53 

17 40 <l 

38 

Recovery of stated constituent, percent 

Columbia Steel a lllarshalltown, 
Corp. , Provo, Utah low ab 

Run 1 Run 2 Control Cycle 1 Cycle 2 Cycle 3 

92 85 80 75 75 77 

96 90 89 98 95 92 

3 3 16 20 9 20 

51 47 62 58 66 70 

50 58 

92 

95 

Findlay 
Ohioc 

73 

77 

40 



In the case of lime sludges, the purpose of wet classifi:::ation is to maximize 
recovery of calcium carbonate in the centrifuged cake while rejecting the other 
components to as great an extent as possible. The calcium carbonate crystals 
settle more rapidly than the other solids. Consequently, a partial recovery of 
the total solids with a centrifuge concentrates the calcium carbonate along with 
the heavy inert solids in the cake. 

Classification Efficiency - Classification efficiency of a centrifuge is expressed 
in terms of the percentage of the particular constituent in the feed that is 
recovered in the cake. Good classification efficiency is achieved when calcium 
carbonate recovery is high and when recovery of the other constituents is low. 

In pilot plant studies at the CCCSD's ATTF, 3, 20 the recovery of each component 
was compared with the total solids recovery, to get an indication of the efficiency 
of component classification. The relationships derived from this analysis are 
shown in Fig. 7-12. From the figure, it can be observed that there is a fairly 
broad range in which fairly high calcium carbonate recovery is coupled with 
reasonable classification. For instance, at 50 percent total solids recovery, 70 
percent of the calcium carbonate is recovered with less than 30 percent of the 
other major constituents, while at 70 percent total solids recovery, almost 90 
percent of the calcium carbonate is recovered with less than 50 percent of the 
other major constituents, except the acid insoluble inerts. The one constituent 
without good classification characteristics is the acid insoluble inerts. Re
coveries shown in Table 7-3 range from 41 to 100 percent recovery. Quite wide 
variation in recovery of these inerts was obtained, perhaps because of variations 
in composition of these inerts in the feed sludge. In subsequent work21 where 
recalcined lime was recycled, the acid insoluble inerts were found to be com
prised primarily of silica (80 to 90 percent) . 

Data obtained at the CCC SD' s A TTF on classification during a representative 
period of lime reuse are shown in Table 7-4. 21 During this work, specific tests 
on the silica levels in the sludge allowed the determination of silica recovery at 
85 percent. This means that there is essentially no rejection of silica; it is 
recovered at nearly the same "level as calcium carbonate. A plot of the classi
fication relationships determined during the ATTF test work on lime recycling 
is shown in Fig. 7-13. Classification for all constituents, except ferric 
hydroxide and silica, was similar to that experienced without lime recycle 
(Fig. 7-12) . With silica, it was found that recovery increased from less than 
the calcium carbonate recovery prior to lime recycle to a level greater than 
the calcium carbonate recovery after lime recycle .21 Apparently, the furnace 
operation altered the classification characteristics of the silica recycled to the 
process. Iron recoveries were consistently greater than experienced previously, 
even during the period prior to the actual implementation of lime recycle. It is 
felt that this was due to the addition of iron to the downstream nitrification 
system, so that iron precipitates entered the primary incorporated into the waste 
activated sludge, rather than as a supplemental coagulant as in previous work. 
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Figure 7-12 Summary of constituent recoveries during wet classification 
without lime recycle 

Besides demonstrating the feasibility of wet classification of lime sludges, the 
data presented in Table 7-3 show the wide range in degree of classification 
attained. These variations are due primarily to differences in centrifuge 
operating conditions. The principal variables are feed rate, centrifugal force 
and pond depth setting. 
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lO 
C1) 

Table 7-3. RUN DATA FOR WET CLASSIFICATION 

p l'fJCC'SS Pa ramclc rs 

r ~ u n Machine Cenlrifug-al Conveyor Conveyor Pond Feed Floccula- Total 
fo l'('L' spcecl, ritch, number rale, ti on solids 

per lh OH!'~! in. gpme: pll 
mas'>, f!:'S 

'2-7 
Sh:l l'pk's 

P-f)OO 
21 no !JO 2 1 " 11.5 i,7 

2-5 10 <i3 

2-1 3 10 li9 

2--l 12 G5 

2-~2 1050 35 l 9 (j{j 

2-12a 2100 lli 3 3 HG 

,'-;-I 
Sharples 

2100 2(i 
!'-:moo 3 1 23 11 .0 li4 

.'-\--! 49 5fi 

S-12 2 25 li9 

8-9 49 47 

8-.'i 3 21 72 

~-5 49 r;4 

H-41 I 1500 1 19 Gl 

8-40 
I 
i 1500 43 55 

4-3-72 
I 

Sharples 
3050 

P-fiOO 
G5 1 1 10 (j2 

4-134 I 2100 50 5 10. 2 57 

4-lOu 7 4R 

4-105 14 49 

4-123b 9 4 4 97 

a 
Three pounds of Allied Chemical colloid 72G polymer added per ton of dry solids in the feed. 

bTwo and a half pounds of !Cl America Atlasep 2A2 polymer added per ton of dry solids in feed. 

"one gpm ~ 0. 0408 I/ sec 

Recoveries in Cake, 

Calcium Magnesium Tricalcium 
carbonate hydroxide phosphate 

90 30 23 

8(i 27 20 

90 43 25 

7R 35 24 

R4 (j(i rn 
~ 100 51 7ti 

--

9G H 10 

R9 34 11 

RH fi4 30 

57 31 13 

9{) 5.R 34 

75 45 41 

85 3G 11 

7G 32 9 

87 30 23 

79 38 23 

fi9 21 18 

77 32 lG 

/V 100 97 89 

percent 

Ferne Volatile Acid 
hydroxide matter Insoluble 

Inerts 

41 57 

41 51 

43 57 

49 87 

59 44 

u5 uO 

50 (j(j 

42 uO 

43 u7 

32 50 

Su GG 

55 GG 

42 7G 

35 74 

31 38 5G 

23 41 41 

[j 33 52 

12 35 30 

87 91 ~ 100 



Table 7-4. CENTRIFUGE PERFORMANCE SUMMARY-LIME SLUDGE 
RECYCLE PROJECT 

Recoveries in Centrifuge Cake, Percenta 

Total 
Date Solids CaC0

3 
Volatile Ca

3
(P0

4
)
2 Mg(OH)2 

Recovery Matter 
Percent 

7-27 62.9 87.4 42.8 18.0 7. 5 

29 61. 8 82.1 38.5 21.8 28.9 

31 60.4 82. 7 40.4 17.8 41. 8 

8-2 57.7 78.8 35.7 21. 5 30.3 

4 53.4 77.9 32.0 19.7 25.6 

6 55.2 78.3 33.2 23.4 25.6 

8 56.6 76.8 35. 9 21. 4 36. 3 

10 53.0 84.7 29.0 19.5 18.7 

~lean 57. 6 81. 0 35.9 20.4 26.8 

aOperational pH in the primary was 11. 0; the machine was the Sharples P3000 
operating at 2100 G, a pond setting of 1, and an influent flow rate ranging 

bfrom 2. 2 to 2. 5 !/sec (35. 2 to 40. 0 gpm) 
Acid insoluble inerts other than silica 

Fe(OH)
3 

62.9 

54. 0 

48.3 

43.2 

53.4 

55.2 

51. 9 

53.0 

52.7 

Si0
2 

Otherb 

66.2 (100) 

75.8 61. 8 

84.6 

99.6 69.2 

82.3 (100) 

94.0 47.3 

84.l 75.5 

90.0 63.7 

84.6 75.3 

Effect of Feed Rate - One of the most important parameters in the design of 
equipment is the feed rate and the effect of variations in feed rate. Fortunately, 
wide variation in feed rate can be tolerated for the purpose of constituent 
classification. Examination of the data in Table 7-3 reveals that for runs made 
under the same conditions, except for feed rate, there was only a slight deteri
oration in constituent classification with an increase in feed rate. 

Effect of Centrifugal Force - Another important variable in centrifuge opera
tion is the centrifugal force. Most of the runs were made at a centrifugal force 
per unit mass of 2, 100 times the acceleration of gravity (G) . However, a few 
runs were made at different G levels. Over the range of about 1, 000 to 3, 000 
G, recovery of calcium carbonate increased only slightly with an increase in 
centrifugal force. 

Effect of Pond Setting - The depth of the liquid layer in the centrifuge bowl 
would be expected to be an important variable. Increasing the depth of the 
liquid (increasing pond number) had an adverse effect on the separation of 
constituents. The best constituent separation was always attained at the 
lowest pond setting. For example, runs 8-4 and 8-5 (Table 7-3) held all 
process parameters constant except pond setting. The pond setting of 1 as 
compared to 3 gave a higher recovery of calcium carbonate and a greater 
rejection of all other components. 

Effect of Lime Dosage, or pH - There is some indication that calcium carbonate 
is more easily classified from the other components at a high pH than at a low 
pH. Further, calcium carbonate recovery was better at a high pH than at a 
low pH. However, some of the other variables were also changed simultaneously 
with pH, and the pH effect could therefore not be firmly established. For 
example, runs made at pH of 10. 2 and 11. 5 were made with different machine 
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conveyors, while runs made at pH 11. 0 were made with the larger of the two 
machines. Also, the concentration of the various constituents in the sludge 
was substantially different at the various pH levels, and that also could account 
for the differences in degree of classification . 
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Figure 7-13 Summary of constituent recoveries during wet classification 
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Dewatering During Wet Classification -

Besides classifying the individual constituents of the solids, the dewatering of 
the recovered cake must also be considered. Factors which are important are 
the centrifuge operating conditions and the lime dosage or pH level used in the 
primary treatment from which the sludge is produced. As with the classifica
tion of solid constituents, the extent of dewatering is affected by several 
centrifuge operating variables. The effects of feed rate, centrifugal force and 
pond setting have been studied to determine their relative importance. 

Effect of Feed Rate - As was noted in the discussion of constituent classifica
tion, feed rate can be varied over a wide range with only a minor effect on 
classification. Feed rate was also found to have little effect on total solids 
recovery at all pH levels. For instance at pH 11. 0 (Fig. 7-14) total solids 
recovery at a pond setting of 1, decreased only from 63 to 54 percent when 
flows increased from 0. 9 to 3. 2 l/sec (15 to 50 gpm), more than a threefold 
range. 

Effect of Centrifugal Force - For constituent classification, centrifugal force 
seemed to have a slight influence. For dewatering and solids recovery, how
ever, the tests showed that centrifugal force is an important variable. In
creasing the centrifugal force improved dewatering (Fig. 7-14 and 7-15) . A 
centrifugal force of 2100 appears to be adequate for dewatering. 

Effect of Pond Setting - The liquid depth (pond setting) had a substantial 
effect on cake dryness (Fig. 7-15) . For dewatering, as in classification, the 
best results were obtained with as shallow a liquid depth as possible (pond 
setting No. 1). 

Centrate Processing by Centrifugation -

One alternative for processing the centrate from the wet classification stage is 
to dewater the centrate in a second stage centrifuge and incinerate the cake. 
In addition to dewatering the rejected solids from wet classification, a high 
recovery of solids in the second stage is necessary to prevent a large return 
of solids to the primary treatment process. The solids to be captured in the 
second centrifuge stage are the slow-settling solids which were rejected in 
the first centrifuge stage. Different operating conditions must therefore be 
used in the second stage than in the first stage. Efficient capture requires 
the addition of a polymer and a high centrifugal force to improve the settling 
characteristics. Since it was found that with high recoveries the extent of 
classification among the constituents was small, the major concern is the de
watering and capture of the solids. 

Effect of Conveyor Speed - Since the solids separated by centrifugal force are 
removed from the bowl with a conveyor, its speed relative to the bowl speed 
(6 rpm) is one of the important operating variables. An example of the effect 
of conveyor speed is shown in Fig. 7-16. The polymer requirement to attain 
an 80 percent recovery of solids was reduced to about half by increasing the 
conveyor speed from 8 to 12 6 rpm. However, the extent of dewatering was 
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reduced by the increased conveyor speed. Apparently there is an optimum 
conveyor speed that gives the best balance between polymer usage and extent 
of dewatering for a given feed and set of operating conditions. 
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Fig1:1re 7-16 Effect of conveyor speed on polymer requirement 

Effect of Pond Setting - Several factors are involved when the liquid depth is 
changed. Increasing the depth increases the liquid residence time, which 
should improve the separation. Offsetting to an extent the increased residence 
time is a reduced centrifugal force at the liquid surface because the surface is 
nearer the hub of the revolving bowl. Consequently, the average centrifugal 
force is reduced. Increasing pond depth also increases solids removal effi
ciency. As the depth is increased, the solids are more easily "lifted over" the 
beach of the bowl by the conveyor. For the second centrifuging stage it was 
found that increasing the liquid depth reduced the required polymer dosage to 
attain a given recovery, but also reduced the solids content of the cake. 

Effect of Centrifugal Force - Recovery would normally be expected to improve 
with an increase in centrifugal force, with the only limitation being the equip
ment and operating cost relative to the improvement in degree of recovery. As 
shown in Fig. 7-17, solids recovery is improved as the centrifugal force is 
increased. 
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Figure 7-17 Effect of centrifugal force on sol ids recovery 

Effect of Feed Rate - In the centrifuge test runs shown in Fig. 7-18, the feed 
rate was varied from 0. 9 to 1. 8 l/sec ( 14 to 29 gpm) with no significant change 
in polymer requirement or percent of solids recovered. There was an apparent 
slight increase in cake water content at the higher feed rate. At the low feed 
rate of 0. 7 l/sec (11 gpm), about a third of the maximum rate used, solids 
recovery was slightly better, and the polymer requirement was reduced. Fig. 
7-18 shows that a wide range of feed rates can be used without changing the 
efficiency to any great extent, which will lend flexibility to prototype operation. 

For the runs at different feed rates, the conveyor speed was also varied to 
maintain a relatively constant ratio of feed rate to conveyor speed. Since the 
concentration of solids in the feed was essentially constant, the amount of solids 
removed per conveyor revolution was also maintained constant, thereby essen
tially eliminating the effect of conveyor speed on cake dryness. 

Effect of Flocculation pH - No relationship was found between flocculation pH 
and the polymer dose required to attain a given recovery level. However, 
significant differences occurred in the observed dewatering. A flocculation pH 
greater than 11. 0 had a detrimental effect on second stage water content as 
shown in Table 7-5. This difference would have a significant impact on sludge 
incineration costs and would be a drawback to lime recovery with a flocculation 
pH greater than 11. O. 
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pH 

Table 7-5, EFFECT OF FLOCCULATION pH ON SECOND STAGE 
CAKE DRYNESS 

Total solids in cake, percent 

Range Median 

11. 2 to 11. S 
11. 0 

11. 0 to 14. 4 
15. S to 19. 6 
13. 7 to 20. 3 

11. 8 
17.2 
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Sludge Recarbonation - Some lime sludge processing flow sheets include pH 
adjustment of the sludge with carbon dioxide (11 recarbonation 11

) prior to sludge 
processing. The purpose of recarbonation is to dissolve the magnesium hydroxide 
fraction which may hinder dewatering if left in the sludge .1 Parker, et al. 3 
investigated recarbonation of the sludge prior to second stage centrifugation. In 
general, there appeared to be little, if any, benefit derived from recarbonation 
of the first or second stage feed sludge. The lowest pH investigated by Parker 
et al. was 9. O. At this level, there was essentially no magnesium hydroxide 
dissolved from the sludge. Therefore the findings of no change in sludge de
watering properties by these investigators is not surprising. 

Thompson and Black22 investigated dissolution of magnesium hydroxide from 
water treatment plant sludge. It was found that a pH of 7. 3 was required for 
complete dissolution. They reported that the partial pressure of carbon dioxide 
determined the rate of magnesium dissolution. Considering the work of 
Thompson and Black, 22 it appears that future work on sludge recarbonation 
should be done with pH levels lower than that used by Parker, et al. 3 Special 
attention should be given to whether other materials (such as phosphate, calcium 
or organics) are released in the process. The effects of centrate return to the 
plant should also be evaluated. 

Effect of Lime Recycle - Bennett evaluated lime sludge recalcination and reuse 
at the Blue Plains pilot plant on sludge generated from raw sewage coagulation. 9 
Limited centrifuge data indicate a marked reduction in polymer requirements 
when reclaimed lime was reused. (See Fig. 7-19) . The favorable influence on 
sludge dewatering of recycling the inerts with the reclaimed lime can be com
pared to the planned use of fly ash in other dewatering applications. Additional 
data from the Blue Plains pilot plant on centrate treatment is given in Table 7-6. 

Table 7-6. DEWATERING OF HIGH UME 01 IPC" SOLIDS AFTER 
CENTRIFUGE CLASSIFICATION 

Dewatering Method Lime Feed Solids Loading Cake Solids Chemical 
Reuse Cone., % TS Cone., % TS Cost, $/ton 

Vacuum Filter No 7.7 7. 3-9. 8 kg/sq m-hr 24-25 None 
(1. 5-2. 0 lb/sq ft-hr) 

Filter Press 
a 

No 7.5 l, 169 kg/cum (73 29-34 None 
lb/ cu ft) 197 min cycle 

Centrifuge 
b 

No 5.7 35-48 ton DS/day 14-16 4-5 

Vacuum Filter Yes 5.2 4. 9 kg/sq m-hr 25-26 None 
(1. O lb/sq ft-hr 

Filter Press 
a 

Yes 2.6 1, 202 kg/cum (75 34 None 
lb/cu ft) 155 min cycle 

Centrifuge 
b 

Yes 6.6 35-50 ton DS/day 14-16 1-4 

~C\ichols 1 sq ft filter press 
Sharpless P600 centrifuge operated in high recovery mode. 
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Whole Sludge Recovery with Centrifuges -

In addition to its classification capability, a centrifuge can also be used for whole 
sludge recovery. A typical flow sheet for this application has been shown in 
Fig. 7-8. Typical data from the Blue Plains pilot plant on operation for whole 
sludge recovery is given in Table 7-7. 

Table 7-7. DEWATERING OF "IPC" WASTE SOLIDS (WHOLE SLUDGE) 

Sludge Source Vacuum Filter 

Cake Loading, Cake 
Solids, kg/sq ,n-hr Solids, 
% TS (lb/sq ft-hr) % TS 

IPC High Lime 35-36 30-45 (6-9) 28-32 

IPC Low Lime 28-29 10-15 (2-3) 28-29 

aSharples P600 centrifuge in high recovery mode 
bNichols 1 sq ft filter press 

Centrifuge 
a 

Recovery, % 

98-99 

91-99 

Filter Press b 

Cake Cake Cycle, Bulk Density, 
Production, Solids, hrs. kg/cu m (lb/cu ft) 

ton/day % TS 

43-90 44-45 1. 0-1. 2 1378-1794 (86-112) 

85-90 45-47 2.6-3.6 1250-1314 (78-82) 

Shuckrow and Bonner23 have reported the results of dewatering tests on primary 
lime sludges in a 5. 7 I/sec (90 gpm) pilot plant located in Cleveland. The pH 
of the centrifuge feed was 10. 5. When the centrifuge was operated at 5, 000 rpm 
(2, 120 G) , solids capture ranged from 50 to 80 percent solids and the solids 
concentration in the cake varied from 20 to 45 percent. Centrifuge performance 
at 3, 500 rpm (1, 020 G) produced only a one percent drop in cake solids concen
tration. Shuckrow and Bonner found that to increase solids capture to 95 per
cent, approximately 0. 55 to 0. 75 kg ( 1. 2 to 1. 7 pounds) of polymer per ton of 
dry solids were required. It was found that at 5, 000 rpm the required polymer 
dose was 30 percent lower than at 3, 500 rpm for equal centrate quality. De
watered sludge solids content was dependent on solids capture; solids content 
averaged 26 percent at 70 percent capture and 22 percent at 90 percent capture 
when using polymer conditioning. 

Brown and Caldwe1124 tested whole sludge recovery on sludge generated at pH 
10. 2 at the A TTF . In order to obtain 90 percent recovery at 2, 000 G, it was 
necessary to use 0. 7 to 0. 9 kg of anionic polymer per ton of dry solids ( 1. 5 to 
2. 0 lb/ton) . Cake solids varied from 19. 5 to 28. 4 percent TS. 

Sludges generated in a two-stage lime treatment system processing partially 
clarified raw wastewater have been tested at a 0. 6 to 1. 2 l/sec ( 10 to 20 gpm) 
pilot plant at the CCCSD treatment plant. 25 It was found that sludge generated 
at pH 10. 2 dew ate red more easily than sludges at pH 10. 8. To obtain 90 percent 
recovery required 0 .14 to 0. 45 kg of anionic polymer per ton DS (0. 3 to 1. O lb/ 
ton) . Inspection of the data at pH 10. 8 indicates that increasing the 11 G 11 level 
from 750 to 2, 100 improved recoveries from 72 to 90 percent at a polymer dose 
of 0 .17 kg per ton DS (0. 38 lb/ton) . Cake dryness was strongly related to 
recovery in the centrifuge. At 90 percent recovery, 24 percent TS in the cake 
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was obtained; at 80 percent recovery, 28 percent TS was obtained; at 70 percent 
recovery, 33 percent TS was obtained; and at 60 percent recovery, 37 percent 
TS was obtained . 

Smith26 found that a pH of 10 was optimum for good centrifuge results on primary 
lime sludge. He obtained average cake concentrations of 33 percent and solids 
recoveries of 78 percent without the use of polymers. However, centrate quality 
was poor (1. 3 percent SS) . Addition of an anionic polyelectrolyte resulted in 
reductions of centrate solids in proportion to the polymer dose. Fig. 7-20 shows 
the effect of polymer addition on suspended solids removal. 

Tofflemire and Hetling27 conducted centrifuge dewatering tests using primary 
sludge from a 0. 3 l/sec (5 gpm) low lime pilot plant. Solids recoveries were 
excellent, ranging from 93 to 100 percent at a conveyor speed of 4,600 rpm and 
86 to 100 percent at 5, 000 rpm. The pH varied from 8. 6 to 12. 3. Contrary to 
the results obtained at Cleveland, 23 Tofflemire and Hetling found that, as long 
as fresh lime sludge was fed to the centrifuge, the addition of an anionic polymer 
did not appear to affect the recovery of solids. 

Vacuum Filtration 

Historically, vacuum filtration has found wide acceptance for dewatering muni
cipal and industrial sludges. In the municipal field, the leading role of vacuum 
filters has only been recently challenged by the increasing use of centrifuges 
in sludge dewatering applications . An excellent review of the theory of sludge 
filtration is given in Reference 10. 

Basically, a vacuum filter consists of a rotating drum partially (20 to 40 percent) 
submerged in a sludge tank or pan. The drum cylindrical surface is covered 
with the filter medium and a vacuum of about 25 to 65 cm (10 to 26 inches) of Hg 
is applied between the drum compartments and the filter medium. As the drum 
passes through the pool of sludge, solids are attracted to the drum surface by 
the vacuum effect forming a sludge mat (filter cake) . Moisture (filtrate) is 
extracted and filtered through both sludge cake and filter medium. As the drum 
rotates, the captured solids undergo further dewatering. Before the next pick
up and dewatering cycle begins, filter cake is scraped off the drum surface and 
falls into a mechanical conveyor. This conveyor then carries the dewatered 
sludge to a loading area, to storage, or to further processing stages . The 
filtering medium is usually a cloth or metal belt (belt-type filters) , or a double 
layer of stainless steel coil springs (coil-type filters) . Several variations of 
these basic designs are also available. Fig. 7-21 show a typical belt-type 
filter. 

The performance of a given vacuum filter installation depends both on the 
sludge characteristics and on the filter operating variables. Sludge type, age, 
solids concentration, and chemical composition are some of the sludge charac
teristics that affect the vacuum filtration process. Operating variables include 
applied vacuum, filter submergence, chemical conditioning, type of filter media, 
and drum rotational speed. All these sludge and operating variables influence 
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the filtration process performance expressed in terms of sludge cake moisture 
content, solids recovery, cake thickness, filter yield, and filtrate clarity. 

Although lime has been intensively used in vacuum filtration of sludges, either 
alone or, more commonly, coupled with ferric chloride, its role has been 
primarily as a conditioning agent to improve the dewatering and handling charac
teristics of the sludge. Dewatering of primary generated lime sludges by vacuum 
filtration is a far less common practice. Burns and Shell6 conducted numerous 
vacuum filter tests, using the test leaf method, 10 on both moderate ( < 11. 0) and 
high (> 11.5) pH treatment sludges. The results of these tests, adjusted by a 
scale up factor, together with the operating conditions, are given in Fig. 7-22. 
Conditioning the sludge with 0. 09 to 0. 27 kg (0. 2 to 0. 6 lb) of anionic polymer 
per ton of dry solids increased the vacuum filter yields from 30 to 70 percent 
above the values obtained from Fig. 7-22. 

Mulbarger et al .1 used filter leaf tests following gravity thickening to determine 
the dewatering characteristics of lime sludges during bench scale studies of 
lime clarification, recovery, and reuse. The sludges had been produced by lime 
treatment of secondary effluent. Two-stage treatment was selected for study at a 
pH equal to or larger than 11. The investigators found that reclaimed limes pro
duced sludges which were easier to filter than new lime sludges. They attributed 
this to the presence of recycled inerts acting as a filter aid. Filter cake solids 
varied between 28 and 45 percent for the range of lime dosage studied. Recovery 
efficiencies of the gravity thickener-vacuum filter system for total solids, calcium, 
phosphorus, and magnesium varied between 96 and 100 percent (without sludge 
carbonation) . 

Leaf tests on polymer conditioned centrate from a centrifugal classification step 
were conducted at the CCCSD's ATTF. The centrate was difficult to dewater 
and resulted in extremely low filter yields, ranging from 1. 75 to 2. 20 kg /sq 
m/hr (0. 36 to 0. 45 lb/sq ft/hr) . The feed solids concentration was only 2. 4 
percent. Other tests produced even lower filter yields, ranging from 0. 98 to 
1. 46 kg /sq m/hr (0. 2 to 0. 3 lb/sq ft/hr) . Also, the discharge characteristics 
of the filter cake were poor. 3 

Best media in the ATTF tests on centrate was a synthetic fabric (Eimco Dyne! 
DY 453) . The centrate solids did not contain enough fibrous material to allow 
solids capture on the coil filter medium tested. 

Whole high-lime sludge (pH 11) was somewhat easier to dewater, with filter 
yields ranging from 8.8 to 13.2 kg/sq m/hr (1.8 to 2. 7 lb/sq ft/hr) without 
polymer conditioning. These yields are consistent with the data of Burns and 
Shell (Fig. 7-22) since the feed solids for the ATTF tests ranged from 3. O to 
3. 6 percent total solids. 

Investigators at Blue Plains have extended considerable effort towards defining 
vacuum filtration operating parameters for lime sludge generated by an indepen
dent physical-chemical system (IPC) . 9 The IPC System consisted of lime 
coagulation, flocculation, sedimentation, filtration, and activated carbon 
adsorption. Vacuum filtration data on whole primary sludge are shown in 
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Table 7-7. Consistent with the experience of Burns and Shell, 5 high lime sludge 
filtered at a higher rate than low lime sludge. Similar experience was gained at 
Blue Plains on centrate (Table 7-6) , as found at the ATTF. Filter yields were 
higher, 4.9 to 9.8 kg/sq m-hr (1.0 to 2.0 lb/sq ft/hr) compared to 0.98 to 
2. 2 kg/sq m/hr (0. 20 to O .45 lb/sq ft-hr) at the ATTF, but feed solids were 
greater at Blue Plains as a result of flotation thickening. 

In summary, the leaf-test data of Burns and Shell (Fig. 7-22) stand up well 
compared to the results of other investigators and can be used for design purposes 
on vacuum filters treating lime sludge from primary applications. However, two 
features on Fig. 7-22 should be highlighted. First, there is variation in filtration 
rates above and below the trend lines shown, reflecting day-to-day variations in 
sludge characteristics. Since sludge quality will be subjected to variations, some 
conservatism in the application of Fig. 7-22 is justified. The other design factor 
apparent in Fig. 7-22 is that the filtration rate is strongly affected by feed solids 
concentration. To obtain an economic filter loading, for example 24 kg/sq m/hr 
(5 lb/sq ft/hr), the feed solids concentration must be between 10 and 13 percent 

total solids . This requires consistent performance out of the preceding thick
ening step. If thickener performance should deteriorate, the allowable vacuum 
filter loadings would be lower, and the sludge inventory will build up in the 
thickener. This in turn might result in further thickening deterioration. Stand
by vacuum filtration capacity should be provided to avoid overloading of filters. 

While both Burns and Shells and the Blue Plains investigators9 found that 
polymer conditioning was not required for vacuum filtration of whole sludge, 
others have reported the need for polymer addition. Shuckrow and Bonner23 
conducted pilot studies of lime sludge in a 3 ft diameter belt drum filter. Raw 
sludges had been generated at a clarifier pH ranging from 10. 0 to 12. 2. They 
found that vacuum filter performance was dependent on influent solids content, 
polymer dose, and drum speed. The effect of these parameters is plotted in 
Figs. 7-23, 7-24, and 7-25 for sludges generated at pH 10. 5. Cake solids 
ranged from 19 to 36 percent dry solids and filter loadings rates varied from 
14. 6 to 92. 8 kg/sq m/hr (3 - 19 lb/sq ft/hr) . Cake solids content was mainly 
dependent on filter loading rate. The addition of less than 0. 9 kg (2 lbs) of 
polymer per ton of dry solids allowed loading rates up to three times higher 
than without polymer conditioning. Maximum loading rates were obtained at 
the fastest drum speeds (50 rph) , but a wetter cake was produced causing it to 
adhere to the filter medium. Solids capture was found to be strongly dependent 
on solids content and only slightly dependent on drum speed. 

It is recommended that facilities for polymer conditioning be provided to be used 
in case actual operation demonstrates this need. Polymer conditioning is some
times required periodically only, as is often found in treatment plants receiving 
seasonal industrial wastes. In any event, facilities for polymer addition provide 
flexibility of operation and a margin of safety in case that changes in sludge 
characteristics might occur. An additional benefit of polymer conditioning is 
that, by increasing the filter loading, it allows reduction of the filter area 
required. 
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Although vacuum filtration seems to yield fairly dry cakes and achieve excellent 
solids recovery, it does not permit classification of the sludge constituents prior 
to lime calcination. Consequently, a large proportion of inerts and other unde
sirable solids are recycled through the treatment processes. The amount of 
recycled solids can be decreased either by wasting reclaimed lime ("blow down") 
or by dry classification of the recalcination product. However, wet classification 
is a more efficient process to separate calcium carbonate from the undesirable 
components of the sludge cake. 

Vacuum filtration of centrate from a classification step does not appear to be 
economically attractive, since filter loading rates are so low. and the cake 
discharge properties are poor. 

Pressure Filtration 

Filter presses are used extensively to dewater sludges from the chemical process 
industry. As indicated before, they have been used mostly in Europe for de
watering municipal sludges. In the U.S., pressure filtration has found limited 
application in the water treatment field to dewater coagulant (i.e. , alum) sludges28 
and in the wastewater field to dewater a digested mixture of primary and trickling 
filter sludges. 29 

Steward30 has listed two installations where filter presses are being used to 
dewater lime sludges and one that treats a lime and ferric chloride sludge. 
Although in two or these plants the sludge cake is incinerated, no attempt has 
been made to recalcine and reuse the lime. 

Pressure filtration is a batch process. Basically, the process utilizes a high 
pressure differential up to 15. 8 kg/sq cm (225 psig) to produce a sludge cake 
ranging between 30 and 65 percent solids. Sludge is fed to a series of filter 
plates lined with the filter medium which typically has been precoated with a 
filter aid, commonly fly ash. The filter feed system is designed to satisfy 
initial high volume-low pressure and final low volume-high pressure require
ments. Normally, the average dewatering cycle takes less than two hours, after 
which the hydraulic pressure is relieved and the filter opened. The cake 
formed inside the chamber then drops, through cutting bars, directly to a 
loading truck or, more commonly, onto a belt conveyor underneath the filter. 
If the cake is to be incinerated, the conveyor discharges it into a storage bin. 
Since stored cake will tend to bridge over the discharge opening and, in the 
case of the wetter cakes, to adhere to the bin walls, the design of the storage 
facilities deserves special attention. Fig. 7-26 shows a schematic diagram of 
a pressure filtration system. tv1edia conditioning by placing a protective layer 
of porous material on the filter media before the dewatering step is often 
practiced to prevent premature blinding of the filter. (Ash from a sludge 
incinerator can be used as a pre-coat material, see Section XI) . 

In lime recovery application, filter presses have the same limitation that vacuum 
filters do, namely, their inability to classify the sludge solids prior to incinera
tion. They present the added disadvantages of intermittent operation coupled, 
in some systems, with the need to clean the filter media after every cycle and to 
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pre-coat it before the next dew ate ring cycle can start. These draw~3cks are 
partially offset by the fact that the entire process can be automated. Data on 
a whole sludge application are shown in Table 7-7 _ 9 

The greatest potential for pressure filtration in lime sludge applications seems 
to lie in the dewatering of first stage centrate. Bennett31 has reported filtrate 
solids concentrations greater than 30 percent obtained on a 1 sq ft pilot filter 
press operated at 7 kg/sq cm (100 psi) . The pH of the lime sludge fed to the 
classifying centrifuge was 11. 5. Cake discharged from the filter press without 
difficulty and no conditioning chemicals were required. Tables 7-6 and 7-8 
present data obtained at the Blue Plains pilot plant on centrate filtration. One 
of the principal advantages of pressure filtration is evident in Table 7-8, namely 
high filtrate clarity. Lime recycle appears to reduce the cycle time required 
for pressure filtration (Table 7-8) . Apparently, the recycling of lime to the 
primary sedimentation tank is equivalent to the use of fly ash for sludge condi
tioning in terms of its effect on filter performance. Comparable results have 
been obtained at the CCCSD's ATTF on centrate (Table 7-9). Both the cycle 
time and the obtainable cake solids are lower than obtained at Blue Plains when 
no lime was recycled; this difference is likely due to differences in quality of 
the sludges. 

Comparison of Dewatering Techniques 

As introduced at the beginning of this section, there are several approaches to 
sludge dewatering. The method of dewatering has a marked impact on the 
recovery of lime. Of the alternatives considered, only the solid bowl centrifuge 
allows control over the amount of inerts recycled in the process. If a vacuum 
filter or filter press is utilized, furnace products must be blown down to con
trol inerts which cause a loss of reclaimed lime. 

Equipment Requirements -

To compare equipment requirements for the alternate flowsheets (Figs. 7-8 and 
7-9) , Table 7-10 was prepared. To lend some reality to the comparison, actual 
manufacturers' equipment models were used for illustration purposes. In all 
cases, the model chosen was the largest unit made by the manufacturer. This 
reduced the total number of machines required for each alternate. Machines of 
other manufacturers having similar sludge processing capacity may be substi
tuted for those listed in the table. 

In the ATTF flowsheet, two types of solid bowl centrifuges are given for the 
first dew ate ring function, vertical and horizontal. In the second stage dewater
ing step, vacuum filtration and filter pressing are presented as alternates. In 
the Plural Purpose Furnace flowsheet, centrifugation, vacuum filtration, and 
filter pressing alternatives are illustrated. The centrifugation alternatives are 
based on those included in the plans and specifications for the CCCSD Water 
Reclamation Plant .11 The filter pressing alternatives are based on CCCSD and 
Blue Plains data (Tables 7-8 and 7-9) . Second stage vacuum filter loading is 
based on ATTF and Blue Plains data. 31 Vacuum filtration of whole sludge is 
based on Cleveland Westerly data (Figs. 7-23, 7-24, and 7-25) . 23 
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Table 7--8. PRESSURE FILTRATION OF CENTRATE AT BLUE PLAINS 

Cairn solids, % Filtrate solids, % 

Run No. Feed SS, TS, Cycle Bulk density 
solids, Outside Middle Inside mg/I mg/I kg/cu m (lb/cu ft) 

% hrs 

1. No lime recycle, 7.3 33.1 29.9 26. 6 60 3.32 1195 (74.6) 
thickened by flotation 

2. No lime recycle, 7.7 34.6 37.3 32.4 3.30 1149 (71. 7) 
thickened by flotation 

3. Lime recycle, no 2.6 30.3 34.0 26.6 47 2.58 1202 (75. 0) 
thickening 

4. Only one recycle of 3.7 31. 2 28.2 27.6 106 1212 3.75 1158 (72. 3) 
lime, thickened by 
centrifugation 

5. Only one recycle of 9.8 31. 8 31. 6 31. l 644 1630 1. 34 1173 (73. 2) 
lime, thickened by 
centrifugation 

6. With one recycle, 4.7 31. l 29.0 26.5 228 588 2,5 1136 (70. 9) 
thickened by flotation (2) 

Temp. 11-15 C, (52-50 F) operating pressure 7 kg/sq cm (100 psi) test performed on 0. 09 sq m ( 1 sq ft) Nichols 
pilot filter press (2) thickened in the pilot 1 sq ft dissolved air flotation unit. 

Table 7-9. PRESSURE FILTRATION OF CENT RATE AT CCCSD 

Filter 
a 

cycle Feed solids, Cake solids, Cake thickness, 
Run no. time, hr percent percent 

Feed pHC 
cm (inch) 

1 2.75 4 .1 26.5 10.75 2. 54 ( 1.0) 

2b 2.0 3.4 24 .1 12.0 2. 54 ( 1.0) 

3 2.2 4.1 24.6 l0.75 2. 54 ( 1. 0) 

4 3.0 3.3 23.0 10.4 3.18 (1.25) 

Sb 2.5 3.4 26.6 11. 9 3. 18 (1 . 2 5) 

6 2.0 3.4 24.8 10.8 2. 54 ( 1. 0) 

a Tests performed with a Nichols 0 .09 sq m (1 sq ft) filter press at 7 kg/sq cm (100 psig). 

b Tests performed with the addition of dry classification rejects on an 8 percent dry weight basis. 

c Primary sedimentation operated at pH 10. 8. 

121 

No. of 
cells 

3 

3 

1 

2 

2 

2 



Table 7-10. COMPARISON OF MACHINE AND FLOOR AREA REQUIREMENTS FOR ALTERNATE FLOW 
SHEETS AT 1. 31 CU M/SEC (30 MGD) 

First stage Second stage 
sludge 

Loading, Floor area, 
b sludge 

Loading, 
rlow sheet 

dewatered, 
Machine metric 

No. units 
sq m (sq ft) 

dewatered, a 
Machine metric kg/day required kg/day 

(Lb/day) I (English) each/total 
(lb/day)/ 

(English) 

percent TS percent TS 

CCCSD's ATJF 101, 729 Centnfuge: 14.41/sec 1 6.9 (74)/ 38,258 Centrifuge: 10,9 !/sec 
at pf I 11. 0 (224,312)/8 Sharples (221 gpm) 6. 9 (74) (84' 363)/4 Sharples (172 gpm) 

P6800e P6800
8 

98,806 Centrifuge: 13.61/sec l 6.9 (74)/ 36,219 Vacuum filter 4. 9 kg/sq m-hr 
(217,875)/8 Sharples (215 gpm) 6' 9 (74) (79' 865)/4 Elmco belt (1 lb/sq ft-hr) 

P6800e 12 x 20 

96,783 Centrifuge: 13.3 !/sec l 6.9 (74)/ 35,132 Filter press 25% TS, 
(213,414)/8 Sharples (211 gpm) 6.9 (74) (77 ,469)/4 Nichols 2. 25 hr cycle 

P6800e 72" x 48" 

101 '725 Centrifuge: 14.41/sec 1 17. 7 ( 191) I 38,259 CentrifuQE?: 5,41/sec 
(224,312)/8 Sharp1(s (221 gpm) 17. 7 (191) (84,363)/4 Sharp1fs (86 gpm) 

P5400 P5400 

Plural PUJPOSe 
133,064 Centrifuge: 18,21/sec l 6,9 (74)/ - - -furnace at 

20% ash (293 '415)/8 Sharples (289 gpm) 6. 9 (74) 
blowdown P6800e 

132,843 Vacuum filter 39 kg/sq m-hr 2 28.5 (307)/ - - -
(292' 928)/8 Elmco belt ( 8 lb/ sq ft-hr) 57 .0 (614) 

12 x 20 

126,835 Filter press 45% TS, 3 25. 7 (276)/ - - -
(279 ,680)/8 Nichols 1. 2 hr cycle 77 .1 (828) 

72" x 48" 

a See Section X for solids balances. 

b Machine only, not including ancillary equipment such as chemical feed equipment, cake conveying equipment, piping, etc. 

c Standby equipment is not included, normal practice requires standby capacity. 

d Two furnaces are required. 
e 

Vertical machine. 

Horizontal machine. 

g Number of units per furnace. 

Floor area, 
b Total 

Total no. of 
No. units 

sq m (sq ft) 
floor area, 

machines 
c 

required both stages 
each/total 

sq m (sq ft) 
(both stages) 

1 6,9 (74)/ 13.8 (148) 2 
6. 9 (74) 

5 28,5 (307)/ 149,4 (1,609) 6 
142.5 (1,535) 

3 25.7 (276)/ 84 (902) 4 
77 .1 (828) 

2 17,7 (191)/ 53.1 (573) 3 
35.4 (382) 

- - 6' 9 (74) 1 

- - 57.0 (614) 2 

- - 77 .1 (828) 3 



Comparing flowsheets, it can be seen from Table 7-10 that less dewatering equip
ment is required for the Plural Purpose Furnace flowsheet than for the ATTF 
flowsheet. Among the Plural Purpose Furnace flowsheet alternates, the least floor 
area is required for the centrifuges. This reflects more compact equipment 
arrangements possible with centrifuges. Among the ATTF flowsheet alternatives, 
the centrifuges also require the least number of machines and the least total floor 
area. The floor area requirements for ancillary equipment, e.g. , sludge condi
tioning equipment, feed pumps, etc., are considered similar for each alternative 
and are not included in the comparison. As a general rule, floor requirements 
for auxiliary systems usually exceed those for the dewatering machines themselves 

Maintenance -

Maintenance requirements will differ among the machine alternates and are 
difficult to quantify. High speed centrifugals, even with hard surfacing of the 
conveyor, will require periodic resurfacing. The operating period between 
overhauls will depend on the amount of sandy material contained in the feed 
sludge. Efficient grit removal is of paramount importance when dewatering 
with centrifuges. Vacuum filter belt and the filter medium in filter presses 
require routine cleaning and may eventually have to be replaced. Their service 
life, however, is usually not affected by grit. Pressure filtration, even with 
the degree of automation provided in today's systems, requires more operator 
attention than vacuum filtration or centrifugation. The presence of an operator 
is recommended during the cake discharge cycle to make sure that all filter cakes 
drop from the press plates. 

Relative Dewatering -

The alternatives must also be evaluated in terms of the basic dewatering objec
tive, water elimination. This objective receives special emphasis when incin
eration follows dew ate ring, as approximately 450 kcal ( 1, 800 Btu) are required 
to evaporate a pound of water (at off-gas temperature of 700 F) . Table 7-11 has 
been prepared which presents an analysis of the weight of water which must be 
evaporated in the furnaces for each alternate presented in Table 7-10. Com
paring the results for the ATTF flowsheet to the results for the Plural Purpose 
Furnace flowsheet, it can be seen that there is no disadvantage in incorporating 
the wet classification process into the ATTF flowsheet in terms of the energy 
required to evaporate water. In fact, there is a considerable advantage to the 
ATTF flowsheet. 

Employing pressure filtration in the second dewatering stage of the ATTF flow
sheet has a substantial advantage over vacuum filtration or centrifugation in 
terms of the energy required for incineration. This factor will no doubt 
encourage wider utilization of pressure filtration in this energy-conscious age. 

Flexibility -

The centrifugation process has demonstrated greater stability to changes in 
influent characteristics than either the vacuum filtration process or pressure 
filtration. This is partially indicated by the effect of influent solids level on 
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Table 7-11. COMPARISON OF WATER EVAPORATED FOR ALTERNATE DEWATERING SYSTEMS 
AT 1. 31 CU M/SEC (30 MGD) 

Flow Sheet 
and Dewatering 

ATTFa 
1st: centrifuge 
2nd: centrifuge 

ATTFt 
1st: centrifuge 
2nd: vacuum filter 

ATTFC 
1st: centrifuge 
2nd: filter press 

Plural Purpose Furnaced 
centrifuge 

Plural Purpose Furnace e 

vacuum filter 

Plural Purpose Furnacef 
filter press 

~Case 100, Section X 
Case 101, Section X 

~Case 102, Section X 
Case 106, Section X 

~Case 114, Section X 
Case 117, Section X 

Dry Solids Percent 
Burned in Total 

First Stage, Solids 
kg/day (lb/day) 

62, 977 (139, 950) 58 

62, 104 (138, 011) 58 

61, 653 (135, 945) 58 

126, 204 (278, 281) 24 

126, 204 (278, 281) 28 

126, 204 (278, 281) 44 

Water Dry Solids Percent Water Total Water 
Evaporated Burned in Total Evaporated Evaporated 
First Stage, Second Stage, Solids Second Stage, kg/day (lb/day) 

kg/ day (lb/ day) kg/day (lb/day) kg/day (lb/day) 

46, 961 (101, 343) 33, 136 (73, 614) 17 162, 998 (359, 410) 209, 960 (460, 753) 

45, 323 ( 99, 939) 33, 782 (75, 073) 20 136,187 (300,292) 181, 510 (400, 231) 

44, 645 ( 98, 443) 34, 782 (76. 694) 25 104, 346 (230, 002) 148,991 (306,776) 

399, 648 (881, 223) - - - 399, 468 (881, 223) 

324, 526 (715, 580) - - - 324, 526 (715, 580) 

160,624 (354,176) - - - 160, 624 (354, 174) 



filter yield for vacuum filters shown in Fig. 7-22 and the effect of influent con
centration on cycle time for pressure filters in Table 7-8. This makes the vacuum 
filters and pressure filters more dependent on the uniformity of operation of up
stream thickening process than the centrifuge. 

Choice -

Choice of the dewatering process must be based on evaluation of all the factors 
listed in this section, past experience and preferences of the operating agency 
and the consulting engineer, operator competence and training, economics and 
local factors. The relative ranking of these factors may be different for many 
situations and lead to quite different solutions. The multiplicity of dewatering 
designs in evidence today is testimony to the variability in solutions. 

SLUDGE CAKE CONVEYING 

Sludge cake can be pumped or transported by mechanical or pneumatic methods. 
First stage centrifuge cake is usually too dry to be handled by pumps. Attempts 
to convey first stage cake from the ATTF with a progressive cavity, positive 
displacement pump were unsuccessful. Second stage cake, however, having the 
consistency of a slurry, can be pumped with positive displacement units. Cen
trifugal, torque-flow pumps have also been used to handle lime sludge. Aldworth32 
has reported the use of this type of unit to recirculate lime sludges of up to 28 
percent solids concentration, in digestion tanks. He recorr1mended abrasion
resistant construction for this application. 

Mechanical conveyors are similar to the ones used to move dry materials (see 
Section V) . Belt and screw conveyors and bucket elevators are often employed 
to transport the wet sludge cake to storage or to feed it to the incinerator. 
Screw conveying gave satisfactory results at the ATTF. "Totally enclosed" 
conveyor designs are also available. This type of mechanical conveyor features 
a series of flights dragged by one or two hardened chains. The conveying flights 
are enclosed in a rectangular casing. The return flights may be housed in the 
same casing or in a separate one. Apart from the advantage of enclosed trans
port of sludge cake, this conveyor is designed to change directions, a capability 
not possessed by conventional belt or screw conveyors. The degree and extent 
of directional changes varies among the various designs. As it was pointed out 
in Section V, selection of mechanical conveyors should be done in consultation 
with the equipment manufacturers. 

The pneumatic conveying equipment used in wet sludge applications is of the 
pressure vessel (i.e. , pneumatic ejector) type. Pneumatic ejection of sludge 
cake offers several advantages. The material is completely enclosed and can 
be conveyed in any direction, above or below grade. The flexibility of trans
port is particularly advantageous in multiple hearth furnace applications since 
it permits locating the devllatering equipment at or near ground level instead of 
above the top (feeding) hearth. The saving achieved by eliminating the elevated 
structures required to support the dewatering equipment can be substantial. 

The key to successful application of pneumatic conveying techniques to sludge 
cakes lies in the characteristics of the sludge. Although cakes at solid concen-
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trations of 40 to 50 percent DS have been successfully handled in pneumatic 
ejectors, 33 some sludges are difficult to expel from the vessel. In these cases, 
the compressed air usually blows holes through the sludge mass instead of 
forcing it through the discharge opening. Some manufacturers of pneumatic 
conveying equipment have pilot plant facilities33 where the suitability of the 
sludge to pneumatic handling can be tested. 

In sizing sludge conveyors, the specific weight of the material is often required. 
Fig. 7-2734 was developed for converting from mass loading rates to volumetric 
loading rates. The data presented is for dense high calcium carbonate cake. In 
those cases where the cake is crumbled prior to transport and air is entrapped, 
a rule of thumb is to reduce the specific weight by half. 
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SECTION VIII 

LIME SLUDGE RECALCINATION AND WASTE SLUDGE INCINERATION 

GENERAL CONS ID ERA TIO NS 

Lime recovery from chemical sludges has been practiced in the pulp and paper 
industry and in the water softening field 1 for many years. In wastewater treat
ment however, the practice is much more recent dating back to 1968 when the 
South Tahoe water reclamation plant began to successfully reclaim lime from the 
tertiary treatment sludge. 2 

The economics of lime recovery from wastewater sludges are quite different than 
for water softening sludges. In the latter case, since the softening reactions 
cause calcium hardness to precipitate as calcium carbonate, generally more lime 
is produced than is added for treatment. As a result, lime recovery operations 
in the water softening industry often show a profit. 1 On the other hand, due to 
process inefficiencies and losses, which will be explained later, only 50-70 
percent recoveries of the required lime dose are usually possible from waste
water lime sludges. Consequently, new lime must be purchased to make up for 
the losses. Once steady state conditions are reached, the quantity of make up 
lime required can be expected to remain constant. 

Lime recovery from wastewater sludge is attractive because recalcination, being 
a combustion process, can also be regc.rded as a method of sludge disposal. 
Therefore by recalcining the lime sludge, not only the spent chemical is re
claimed to be used again, but also the expensive problem of process solids 
disposal is greatly simplified at the same tirne. 

In general, sludge incineration involves two steps, (a) drying and (b) com
bustion. In turn, the drying and combustion processes consist of the following 
phases: (1) rc:.ising the temperature of the feed sludge to 100 C (212 F) , 
(2) evaporating water from the sludge, (3) increasing the water vapor and air 
temperature of the gas, (4) increasing the temperature of the dried sludge 
volatiles to tl'.e ignition point, and (5) combustion of the volatiles. The end 
products of combustion are water vapor, carbon dioxide, sulfur dioxide. 
nitrogen gas c:md inert ash. 

Another important consideration in incineration processes is the required 
amount of combustion air. Vvhen any material burns, it combines with the 
oxygen in the air. The amount of air required can be theoretically calculoted 
from the sludge composition. 3 This amount is called 11 theoretical air 11

• In 
practice, however, it is necessary to supply rrore air than is theoretically 
required since it is not possible to distribute thE: air evenly over the burning 
bed of material. The amount of air supplied in addition to the theoretical air 
is called "excess air 11 and is usually given as a percentage of tho theoretical 
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air. So, burning with 100 percent excess air means supplying twice as much air 
as is theoretically necessary. The fundamental requirement is that enough air 
be admitted to the incinerator to ensure proper combustion of the sludge. If not 
enough air is admitted, the sludge will burn with a smoky flame, produce pro
ducts of incomplete combustion such as carbon monoxide, and emit offensive 
odors. Insufficient air may also encourage formation of clinkers in certain types 
of incinerators . On the other hand, after the theoretically required air is supplied 
the more excess air is admitted, the cooler the incinerator will become and the 
more auxiliary heat will be required to maintain combustion. Fig. 8-1 illustrates 
the relationship between auxiliary fuel and excess air. 4 Gas costs are rising and 
the fuel costs per ton can be proportionately increased over that shown in Fig. 
8-1 to reflect local conditions . 

LIME SLUDGE RECALCINATION 

Recalcination of lime sludges is a process in which sludge is burned to decompose 
calcium carbonate to calcium oxide (lime) for reuse in treating more wastewater. 
The incinerator temperatures required to achieve this conversion are 871-·982 C 
(1600-1800 F) and the decomposition is expressed by the following equation: 

----- CaO + co2 (gas) 

Quantitatively this equation can be represented as a function of co2 concentra
tion and temperature as shown in Fig. 8-2. 5 Since any incinerator will contain 
10-20 percent C02 by volume it can be seen that active and energetic decomposi
tion can be expected when the solids reach temperatures above 760-816 C (1400-
1500 F) . Any hydrated materials such as magnesium and iron hydroxides will 
decompose to their respective oxides well below these temperatures. 

During the test work at the CCCSD 1s ATTF, it was found that the conversion 
efficiency of calcium carbonate was related to temperatures in the recalcining 
hearths of the multiple hearth furnace. 6 To obtain 95 percent lime recovery 
efficiency, a temperature of 932 C (1710 F) in the recalcining hearth was 
required. The carbon dioxide content was 13-17 percent, and Fig. 8-2 shovvs 
that the practical recalcining terr perature is considerably greater than the 
theoretical valuer because (a) c temperature difference is needed to transfer 
heat between the gas c.nd the solids being recalcined and (b) the equilibrium 
data (Fig. 8-2) wen; obtained at long contact times and do not apply exactly in 
a practical circumstance where reaction time is net long. 

Carbon dioxide liberated during combustion cu.n be collected and used for pH 
adjustment, i.e., recarbonu.tion, in the lime treatment system. 

As indkated in Section VI, lime recovery is economically attractive in high lime 
J.pplicCJ.ticns since the additional benefits derived from higher lime doses can be 
justified when lime is to be recovered. At this range of pH (11-11.5), the 
precipitation of magnesium as magnesium hydroxide is practically complete and 
the calcined magnesium (MgO) does not react in water. Consequently, unless· 
the lirne sludge is classified to rer:nove magnesium prior to incineration, the 
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recalcining process will render a product with a high percentage of unreactive 
magnesium oxide. By contrast, wet classification of the lime sludge is expected 
to reduce the proportion of magnesium oxide in the recalcined product to 5 
percent or less by weight. 7 However, even after wet classification, other inerts 
will build up in the system because complete rejection of inerts is not achieved. 
Inerts which build up are magnesium, phosphorus, iron, silica and other 
compounds. As a result, the available lime in the recalcined product may be 
only 60 to 77 percent. 7, 8 

Inerts buildup can also be controlled by continuously purging ("blowing down") 
a portion of the furnace product to equal the incremental increase in non-carbonate 
solids added to the lime sludge during precipitation. 9 Naturally, the blowdown 
also wastes a portion of the reclaimed calcium oxide so make up lime is required. 
Solid balances presented in Section X, Table 10-10, show that in a flow sheet 
without wet classification, 28 percent of the furnace product must be purged to 
approximate the amount of solids generated in a system that incorporates wet 
classification (Fig. 7-9) . Also, at 28 percent ash blowdown, the makeup lime 
requirements are 55 percent of the overall requirements; in the flow sheet with 
wet classification, makeup lime accounts for only 38 percent of the total require
ments. Thus, product purging is a wasteful means of controlling inerts as the 
overall recovery of lime in the process is reduced. 

Another means for increasing the effectiveness of purging is to use dry classifi
cation. It may be used alone or .in conjunction with wet classification. As 
described later in this section, dry classification uses particle size selection to 
preferentially reject silica from the system. 

Three types of recalcining plants are used to recover lime from process sludges: 
rotary kilns, fluidized bed reactors and multiple hearth furnaces. The first 
two types have been used extensively in industrial and water softening appli
cation. The multiple hearth furnace seems to have taken the lead in lime 
recovery applications from wastewater sludges. 

Multiple Hearth Furnaces 

Multiple hearth furnaces (MHF) are used at South Tahoe, California, 2 Colorado 
Springs, Colorado and Piscataway, Maryland for full scale recovery of lime 
from tertiary treatment wastewater sludge. Four additional installations are 
under different stages of construction in the U.S. and several more are in the 
planning and design phases .10 The MHF was initially developed for use in 
the mining industry for roasting ores. It has been widely used in municipal 
applications for disposal of both primary and biological sludges for over 40 
years .11 Other solid products of wastewater treatment including grit, scum 
and screenings have also been incinerated in the MHF. The popularity of 
multiple hearth units can be attributed to their simple design and flexibility 
of operation under varying feed rates. 4 

The multiple hearth furnace is a circular structural steel shell lined with re
fractory brick, and the interior is divided into separate compartments (i.e., 
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hearths) by horizontal brick arches. An air cooled central shaft supports the 
cantilevered rabble arms (two or four) provided on each hearth. Revolving 
rabble arms move the sludge from hearth to hearth alternately inwards and 
outwards so the sludge travels radially the full width of each hearth before 
dropping to the next one. This travelling pattern has been used to name the two 
hearth types. Those in which sludge enters near the periphery and exits through 
openings around the center shaft are called "in-feed" hearths. Those in which 
sludge is rabbled from the center towards the hearth periphery, where the drop 
holes are located, are called "out-feed 11 hearths. Fig. 8-3 shows a typical MHF. 

As the material passes down through the furnace, three distinct zones are estab
lished. The upper hearths form a drying and gas cooling zone. Here, vaporiza
tion of some free moisture occurs as well as cooling of exhaust gases by transfer 
of heat from the hot gases to the sludge. Intermediate hearths form a high tem
perature burning zone, or combustion zone, where all volatile gases and solids 
are burned. Combustion of most of the total fixed carbon takes place on the 
lowest hearth of the combustion zone. The bottom hearths of the furnace function 
as a cooling and air-preheating zone where ash is cooled by giving up heat to the 
returned shaft cooling air. The relative location of the zones will tend to shift 
as the result of changes in the quality and quantity of the feed, i.e. , the sludge 
feed rate and the moisture content of the cake. If there is enough combustible 
matter in the sludge cake, sufficient heat will be liberated by the burning solids 
to drive off the moisture in the sludge cake on the upper hearths to the point 
where this material itself will ignite as it reaches the combustion zone. Thus, 
the incineration process may be self-sustaining (autogenous combustion) . 

A comprehensive thermal analysis of combustion in the MHF is given in Reference 
11. In general, sludge has to be 25-30 percent solids with a volatile solids 
content of 70 percent (and no solids to be calcined) for autogenous combustion. 
If afterburning is required to control air pollution (see Section IX) , auxiliary 
fuel is necessary to reach afterburning temperatures, although autogenous 
combustion could still occur in the burning hearths. 

A temperature profile across a typical sludge furnace is given in Table 8-1.12 
For design purposes, excess air for combustion of volatiles in the sludge is 
usually set at 50-75 percent. Normal operation conditions may show a lower 
percentage of excess air. 12 

For a given solids load to a MHF, lirne recalcination requires additional hearths 
over the number normally required for sludge combustion. In the CCCSD water 
reclamation plant, 13 the furnaces will have ten hearths (an eleventh hearth 
will be used as an afterburner) . Approximately two hearths are required to 
dry the feed, two hearths to preheat the feed to calcining temperature (899 C 
(1650 F) solids temperature or about 1010 C (1850 F) gas temperature), four 
hearths to get complete calcination and two hearths to cool the product.14 
Excess air for sludge recalcination is normally set at 100 percent. Table 8-2 
gives the anticipated temperature profile for the CCCSD lime furnaces. 
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Table 8-1. TYPICAL TEMPERATURE PROFILE 

IN SIX HEARTH FURNACE 

Hearth No. Temperature 

c F 

1 (Top) 427 800 

2 649 1,200 

3 899 1,650 

4 788 1,450 

5 649 1,200 

6 (Bottom) 149 300 

Table 8-2. TEMPERATURE PROFILE IN LIME 
RECALCINATION FURNACE FOR CCCSD 

Hearth No. Temperature 

1 (Top) 

2b 

3 

4 

5 

6 

7 

8 

9 

10 

11 (Bottom) 

a 
b Top hearth used as afterburner 

Feed hearth 

c 

7:60a 

427 

677 

899 

1,010 

1, 010 

1,010 

1,010 

1,010 

677 

399 

cTest work indicates that a temperature 
as low as 932 C (1, 710 F) may be 
adequate. 

138 

F 

l,400a 

800 

1,250 

1,650 

l,850c 

l,850c 

l,850c 

1,850° 

l,850c 

1,250 

750 



The MHF is sized based on solids loading per unit of hearth surface area. Sizing 
is influenced by the characteristics of the sludge cake, including moisture, volatile 
solids, inerts content, and calorific value. 34 to 59 kg of wet sludge per hour per 
square meter of hearth area ( 7-12 lb /hr I sq ft) is the range of loading rates com
monly used in determining the required hearth area .12 Rates for recalcining 
furnaces are generally in the low end of this range. The somewhat lengthy pro
cedure used to size a MHF has been greatly simplified by the development of 
digital computer routines .11, 12 

The modular construction of MHFs allows their use in a wide range of solids 
loadings. Typically, additional capacity is obtained by increasing the furnace 
diameter, increasing the number of hearths, or both. Table 8-3 shows the 
standard furnace sizes offered by a large manufacturer of the MHF .12 The same 
manufacturer has developed a 11 Plural Purpose 11 furnace (a patented application) .15 
This concept permits the use of a single unit for both lime recalcination and 
organic sludge incineration (Fig. 7-8) . Scum, grit and screenings can also be 
burned together with the lime and organic sludges. The rl_~laimed lime is 
separated from the inerts by dry classification techniques. Dry classification 
will be covered in detail later in this section. 

Fluidized Bed Reactors 

Fluidized bed reactors (FBR) are the type of recalciners most commonly used to 
recover lime from water softening sludges .1 The FBR is also used in the pulp 
and paper field and in other industrial applications such as ore roasting, 
calcination of phosphate rock and limestone, etc. In wastewater treatment, 
fluidized bed techniques were first applied in Lynnwood, Washington in 1963 to 
burn both raw sludge and scum .16 The first full-scale application of a FBR in 
lime recalcination from wastewater sludge was started in Elkhart, Indiana in 
1974.17 . 

Basically, a FBR consists of a vertical steel shell internally divided into hori
zontal compartments. In general, the number of compartments depends on the 
type of material burned in the reactor and its mode of operation. A layer or 
11 bed 11 of the granular material (either lime pellets or sand) is placed at the 
perforated bottom of a compartment. As preheated air flows into the burning 
section, its upward velocity suspends the solid particles and the bed expands. 
This mixture of solids and gas is said to be fluidized since it behaves not unlike 
a true liquid .18 The physical appearance of the fluidized bed has been described 
as similar to boiling water due to the intense mixing between air and bed 
material. Combustion of either fuel or sludge takes place within this bed and 
is completely dependent upon this intense mixing action. 

Two distinct types of fluid bed systems have been applied to lime recovery from 
waste calcium carbonate sludges. The bed in one type of unit (Fig. 8-4) consists 
of pellets of re calcined lime. In the other type of unit, sand is used to form the 
fluid bed. 
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Table 8-3. STANDARD MULTIPLE HEARTH FURNACE SIZES (COURTEST OF BSP DIVISION
ENVIROTECH SYSTEMS, INC.) 

_, -~ 

0.D. for Square feet of effective hearth area and "normal" shell height b 

wall thickness of 
Col. Hearths 

l.D. 6" 9" 13 1/2" heigh ta 1 2 3 4 5 6 7 8 9 10 11 

13" 18" l' 1 2 1/4 2 1/4 3 
@ 2 1/2" 1'8" 3'4" 

20" 30" l '3" 2 4 6 8 10 12 
@ 5" 2 'O" 4'0" 6'0" 

30" 3' 44" 1 1/2" 4 8 12 16 20 24 28 32 36 40 
@ 3" @ 7" 2 '2" 4'4" 6' 7' 8" 9'4" 

39" 4' 3" 4'9" 4'6" 2 1/2" 7 14 19 28 32 37 42 48 54 61 
3' 6" 6' 8'6" 11'0" 13' 6" 

54" 5'6" 6' 6'9" 4' 15 31 42 63 74 85 98 112 126 140 
4'2" 7 '4" 10 '6" 13 '8" 16' 10" 

5 1/2' 6' 6" 7' 7'9" 4' 24 47 63 94 110 125 145 166 187 208 
4'8" 8'3" 11'10" 15 '5" 19 'O" 

7' 8 'O" 8'6" 9 '3" 5' 32 65 96 130 161 193 225 256 288 319 351 
6'3" 10'10" l 5 '5" 20'0" 24'7" 

8 1/2" 9' 6" l 0' 19 '9" 6 1/2' 47 94 138 188 235 276 323 364 411 452 510 
6'3" 10' 8" l 5' l" 19 '5" 23' 10" 

80 
148 

227 
295 

374 
442 

521 
589 

668 
736 

815 
l 0 1/2' 11'6" 12' 12 '9" 6 1/2" 8'4" 14'0" 19 '8" 24'4" 31 '0" 

12' 13 'O" 13 '6" 14 '3" 6 1/2" 97 195 287 390 487 575 672 760 857 944 1,041 
6'9" 11 '8" 16'7" 21'5" 26'4" 

14 1/2' l 5' 6" 16' 16 1 9 fl 7' 143 286 422 573 716 845 988 l, 117 1,260 1,400 1,540 
8'0" 13 '2" 18' 7" 24' l" 29'6" 

16 1/2' 17'6" 18' l 18'9" 7' 181 363 534 727 908 1,068 1,249 1, 410 1,591 1 '752 1,933 
8'4" 14 '3" 20 '2" 26 'O" 31' 11" 

18' 19 'O" 19 '6" 20'3" 8' 215 431 634 863 1,078 l '2 68 1,483 1,660 1,875 2,060 2,275 
8'4" 14'4" 20 '2" 26 1 l 11 31' 11" 

20' 21'0" 21'6" I 22 '3" 8' 269 538 790 1,077 1,346 1,580 1 '849 2,084 2' 350 2,600 2,860 
9 '6" 16' 1" 22 '9" 29'6" 36 1 2 11 

23 1/2' 24 '6" 25 25 '9" 8' 3 82 764 1,145 1,528 1,909 2' 292 2,674 3,056 3,438 3,818 4,200 
11 14 11 18'9" 26' 2" 33 '7 '1 41' 

26' 27'0" 27 '6" 28'3" 8' 463 926 1'389 1,852 2,315 2' 77 8 3,241 3,704 4' 167 4,630 5,093 
12 '7" 20'9" 28' 10" 36'11" 45' 

28' 29 'O II 29'6" 30'3" 8' 610 
1,155 

1,690 
2,235 

2' 770 
3,315 

3,850 
4,395 

4,930 
5,475 

6 ,010 13' 22' 31' 40' 49' 

a 
b Dimension H in Fig. 8-3. 

Dimension L in Fig. 8-3. 

12 

383 

560 

883 
36' 8" 

1,128 
31' 2" 

1,675 
35 'O" 

2,090 
37'9" 

2,464 
37' 10" 

3,120 
42' 11" 

4,584 
48'5" 

5,556 
53' l" 

6,555 
58' 
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A wide range of capacities can be accommodated with the FBR. Lamb 
17 

has 
reported 18 lime mud reburning installations as of March 1972, ranging in 
capacity between four and 220 tons of lime per day. The maximum capacity of a 
single fluidized bed calciner is estimated at 250 tons of lime per day. Sand bed 
reactors have been built from four to 20 ft in internal diameter for the incineration 
of wastewater sludges. 

The FBR is sized on the basis of the gas velocity required to fluidize the bed 
material. For pellet bed type units, velocities of approximately 1. 8 m/sec 
(6 ft/sec) are usual whereas for sand bed units, the superficial reactor velocity 
is about O. 6-0. 9 m/sec (2-3 ft/sec) . Any given bed material will fluidize only 
over a limited range of gas velocities and this fact imposes a limitation on the 
flexibility of the FBR to accommodate variations in capacity much beyond ~ 20 
percent of design without serious losses in efficiency. In a practical sense the 
capacity in terms of tons of sludge per square foot per hour is largely governed 
by its moisture content and its calcium carbonate content--the two principal 
contributors to heat requirements. 

An attractive feature of the FBR is its ability to restart quickly on shut down. The 
fluidized bed acts like a large heat reservoir. Normally a hot sand bed will lose 
only O. S C per hour during down time .19 The FBR can also build up temperature 
rapidly due to the high heat transfer properties of the gas-bed mixture. Heat 
transfer rates for an FBR bed are some 5 to 25 times that of gas alone . 19 As a 
result of the heat properties of a FBR, shut down-start up cycles are much 
shorter than for a MHF . 

Pellet Bed Units -

In the fluidized bed sy.?tern that has been used to recover lime from water soft
ening and pulp and paper mill sludges, the pellet bed reactor is only the 
calcination and cooling part of the lime recovery system. Essential to the 
operation of the system are some related processes which will now be described. 
After passing through a thickening-dewatering stage (see Fig. 8-4 and Section 
VII) , sludge cake is mixed with predried calcium carbonate in a paddle type 
mixer. Mixing with a dry product, required because dewatered cake is sticky 
and difficult to transport, results in the formation of easily moveable lumps. 
From the paddle mixer solids are discharged into a cage mill. Here, the lumps 
are broken up and the solids are exposed to a stream of exhaust gases from the 
reactor. The solid particles are rapidly dried by the hot gases and carried to 
a cyclone where the dried carbonate is separated from the gas stream. A 
portion of the material collected in the cyclone is returned to the paddle mixer 
to condition dewatered cake and the remainder is transferred to a dried sludge 
storage bin. From the storage bin, a pneumatic conveyor feeds the dried sludge 
to the burning compartment of the FBR. Fuel, either gas or oil, is also injected 
into this compartment. Once in the burning compartment, where temperatures 
are maintained at 816-927 C (1500-1700 F) , the calcium carbonate particles are 
rapidly converted to calcium oxide. The CaO particles agglomerate into larger 
particles, aided by the violent mixing in the bed. To promote pellet formation 
and to control its size, an agglomerating agent (soda ash) is normally introduced 
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along with the feed sludge. Crushed lime pellets are added as seed particles. 
Lime pellets are discharged from the calcining zone to the cooling section 
through an internal transfer pipe. In the cooling compartment hot lime is 
fluidized with incoming air which lowers the product temperature to 227 C (440 F) 
and in turn, preheats the air to that same temperature before entering the calcin
ing section. Cooled, dust free pellets are continuously transferred from the 
cooling compartment to a storage bin through a bucket elevator. Fig. 8-5 shows 
a cross section of a typical fluidized bed calciner. 

One attractive feature of the pellet bed unit is the heat recovery that is integral to 
the system. Hot off-gases from the reactor are used for flash drying of the cake 
fed to the system. Dischar2e 2as temperature from the system usually is only 
135 to 149 C (275 to 300 F) , 0' 1 compared to the usual 427 C (800 F) in a MHF 
(without after burning) or 816 C (1500 F) in a sand bed FBR. As a consequence, 
the pellet bed uni2 requires from one-half to one-third the fuel per ton of CaO of 
a sand bed FBR .2 The excess air required for the burning of either or both the 
fuel and sludge is only 20-30 percent as opposed to 70-100 percent in the MHF. 

Up to the present time, the pellet bed FBR has been applied strictly to paper pulp 
mill and water softening applications. The process will be applied to a tery.ary 
treatment lime sludge in a plant currently under construction in Virginia . 1 

The chief U.S. manufacturer of the unit, Dorr-Oliver Incorporated, is cautious 
about the application of the pellet bed FBR to lime sludges generated in the 
primary sedimentation tank. The main concerns expressed are related to whether 
excessive dusting would occur in the reactor due to the increased level of inerts 
in a cake generated by primary processes as compared to tertiary processes. In 
one water softening application, granular silica in the raw influent increased 
dust losses from the normal 15 percent loss up to 25 percent. It was concluded 
that if the pellet bed FBR is going to be applied to lime recovery in raw waste
water treatment, further research on the control of pelletization in the process 
is required. 22 The same note of caution is expressed by Krause. 23 He noted 
that even sludges from similar application, but different locations, differed in 
their behavior in the pellet bed FBR. A considerable period must be allowed 
after start up for fine tuning and modification of the system to allow its full 
performance to be obtained. 

When the pellet bed reactor is applied to wastewater sludges, attention must also 
be given to odor control in the unit. During incineration of organic sludges, it 
is often contended that the combustion zone must be held at 649-816 C (1200 to 
1500 F) for effective destruction of odorous substances (see Section IX) . While 
it is true that the pellet bed FBR operates at 816 C (1500 F) in the calcining zone, 
the hot off-gases are used to dry the cake in a cage mill. As a result of the pre
drying of the .lime cake before it is fed to the reactor, the off gas temperature 
ahead of the wet scrubber is in the range of 135 to 149 C (175 to 300 F) . Conse
quently, odors may be created in the drying zone from volatilization of organics. 
Afterburning of the off-gases may be required if the pellet bed FBR is applied to 
lime recalcination of raw wastewater sludge. Afterburning will naturally reduce 
its overall fuel efficiency. 
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Due to lower levels of organic solids in tertiary lime sludges, afterburning may 
not be required for tertiary treatment applications. 

Sand Bed Units -

Originally, the sand bed FBR was developed to incinerate sludges from both 
primary and biological treatment. It has since been applied to lime sludges as 
well. Differences from the basic pellet bed unit are the elimination of the sludge 
drying step, the dewatered cake being fed directly to the burning zone of the FBR 
by a positive displacement pump or a screw conveyor; and the replacement of the 
bed of lime pellets used with water softening and paper pulp sludges with a bed 
of graded silica sand. Fig. 8-6 shows the modified flow sheet for applications 
involving lime treatment of raw wastewater. 

In the modified FBR for lime recalcination, pellet formation is inhibited and all the 
calcium oxide particles are carried by the exhaust gases to a hot cyclone where 
CaO is separated from the gas stream. From the cyclonic collector, lime dis
charges into a quenching tank, where it is slurried by the cooling water and then 
discharged to a collection tank. Slaking of the lime to Ca (OH) 2 takes place in 
this tank. In this tank, which also receives water discharged from the wet 
scrubber and a conditioning ash slurry, the lime slurry is further diluted and 
then pumped to an ash thickener. In the process of dilution, the lime is dis
solved, resulting in a nearly saturated solution of calcium hydroxide and 
leaving the other constituents in suspension. Albertson24 has reported that the 
separation of the suspended matter from the calcium hydroxide solution in the 
thickener is extremely rapid. Overflow rates of 100 to 120 cu m/day /sq m (2500 
to 3000 gpd/sq ft) may be possible. Supernatant from the thickener, containing 
the calcium hydroxide, is then returned to the primary clarifier to recycle the 
lime. Thickener underflow is pumped to a dewatering step prior to final ash 
disposal. 

At the time this manual was being written, no full-scale operational data were 
available on the modified FBR flow sheet shown in Fig. 8-6. Albertson and 
Sherwood25 have reported the results of lime recovery tests conducted both in 
a 12-inch, laboratory scale reactor and in a 4-ft FBR used to incinerate organic 
sludge. In these tests lime sludge, obtained during bench scale studies of lime 
precipitation, was mixed with centrifuged organic cake and the mixture was 
fed to the reactor. Bed temperature was maintained at 871 C (1600 F) . The 
combustion gases then passed through a cyclone separator and a wet scrubber. 
Laboratory analysis of the solids in the cyclone underflow showed that 79. 6-90 
percent available lime was captured in the unit. 

Experience at Holland, Michigan - As mentioned before, there is no informa
tion available on full-scale operation of a sand bed-type FBR on wastewater 
sludges. The closest operation similar to lime recalcination is the FBR in 
operation at Holland, Michigan. At Holland, the FBR is used for sludge 
disposal for a low lime treatment plant rather than for lime recalcination. As 
a result, it does not have the hot cyclone and recovery system shown in Fig. 
8-6. Nonetheless, the furnace is operated at 816 C (1500 F) . 26 This operating 
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temperature is sufficient for recalcination in a FBR. Certain operating experiences 
with this unit are worthy of discussion. 

The FBR at Holland is a 4 m ( 13 ft) ID unit with a 1. 5 m (60-inch) expanded bed. 
A total of 14 burners are provided. Normally, a screw conveyor is used to feed 
centrifuge cake. In cases where the centrifuges are down, thickened slurry may 
be fed through four feed ports using a Moyno pump. The unit has considerable 
overload capacity. It has been fed at 725 kg/hr (1600 lb/hr) without difficulty 
while its design is for 408 kg /hr (900 lb/hr) . 26 

The current operating problem is that material is building up in the venturi 
scrubber causing high head losses in the gas discharge from the unit. 26 It is 
likely that calcium oxide is slaking in the scrubber, causing a deposit to form, 
much as occurs in a lime slaker. This condition requires at least semiannual 
maintenance. 

Some pelletization has occurred on the sand bed particles, and bed material must 
be blown down to hold a constant bed volume in the system. Martin26 stated that 
a volume equal to the bed volume has been blown down in approximately a seven
month period. After this initial blowdown, the sand particles seemed to have 
reached a maximum size and no further removal has been found necessary. 27 It 
has been found that 40 to 50 percent of the bed is calcium oxide. If pelletization 
occurs in a sand bed FBR, it defeats the intended mode of operation of the unit 
for recalcination, since product is removed from the effluent gases rather than 
from the bed. Dorr-Oliver states that pelletization has not occurred in a recal
cining application where the sludge contains calcium carbonate from a tannery 
waste treatment plant. It is felt that the occurrence of unintentional pellet 
formation is affected by the type of inerts in the waste sludge, which may be 
unique in each application. 22 Further research on pelletization is required to 
define the conditions necessary for its control in the sand bed FBR before it can 
be applied with certainty to wastewater lime sludges. 

Rotary Kiln Calciners 

Until 1963, when the first fluidized bed reactor was installed at S·. D. Warren Co. 
in Muskegon I Michigan I 20 the rotary kiln calciner (RKC) was the conventional 
method to recover lime in the pulp and paper mill industry. Rotary kilns have 
also been successfully used to reclaim lime from water softening sludges. 1 To 
date, no attempts have been made to apply the RKC to the recovery of lime from 
wastewater sludges. 

A typical RKC consists of a long rotating steel shell lined with a refractory 
material. The shell is slightly inclined to facilitate movement of sludge along the 
kiln. Dewatered lime sludge is fed and off-gases exhausted at the upper end of 
the shell. This section is provided with a heat recovery chain to facilitate the 
exchange of heat between the sludge cake and the hot exhaust gases. Sludge is 
dried in this end of the RKC . After a residence time of one and a half hours and 
before being discharged at the lower, or firing end of the shell, sludge is 
nodulized (i.e. , agglomerated in round-shape lumps) and converted to calcium 
oxide in the calcining zone. From the rotary shell, the product enters a peri
pheral tube cooler from which it is mechanically transferred to storage. 
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The temperature of the calcining zone is maintained at approximately 1093 C 
(2000 F) , considerably higher than the theoretical temperatures required for 
recalcination. Temperatures as high as 1371 C (2500 F) have been used in some 
applications. Exhaust gases are emitted at 204 C (400 F) . In the integral tube 
cooler, recalcined lime is cooled to approximately 316 C (600 F) . The RKC 
requires higher temperatures than the MHF or FBR because the particle size of 
calcium carbonate in the rotary kiln is so much larger than in the other recal
cining units. A higher temperature is required to provide the necessary force so 
that carbon dioxide can be driven out of the center of the larger clumps. Uneven
ness of particle sizes requires higher temperatures than necessary for the bulk 
of the particles. 28, 29 A schematic diagram of a typical RKC is shown in Fig. 8-7. 

It seems unlikely that rotary kilns will find application in recovering lime from 
wastewater sludges. The RKC requires appreciably more area than either 
multiple hearth furnaces or fluidized bed reactors. Also, the RKC would be 
limited only to large installations processing more than 50 tons of product per 
day. Perhaps more important is the fact that rotary kiln technology is completely 
foreign to the wastewater treatment field whereas the MHF and the FBR have been 
successfully applied to the disposal of wastewater sludges for many years .12, 16 
As a result, a wealth of experience has been gained in these installations and 
important modifications have been made, and new designs incorporated, to the 
original equipment. It could take the manufacturers of rotary kilns a comparable 
investment, both in time and money, to develop the expertise required to 
satisfactorily recover lime from wastewater sludges. 

HANDLING OF RECLAIMED LIME 

The type of process used to recalcine wastewater sludges has a direct influence 
on the way the reclaimed lime is handled. In the case of the FBR, each type of 
recalcine reactor produces a unique product; consequently, product handling 
differs among reactor types. 

Handling of Lime from the MHF 

As mentioned earlier, recalcined lime from a multiple hearth furnace is dis
charged at the bottom hearth. Unless operating difficulties cause the formation 
of lumps (clinkers), the lime discharged from the furnace is a fine, powder-like 
product. Table 8-4 show the size analysis of a typical sample of recalcined lime 
taken at Concord, California. 6 As shown in Table 8-2, the discharge tempera
ture of the recalcined product is approximately 399 C (750 F) . To protect 
operating personnel from injury and to avoid the need to use heat resistant 
material in process equipment, it is advisable to cool the lime to a temperature 
of 38-93 C (100-200 F) . Several types of industrial coolers can be used for this 
application. At the CCC SD water reclamation plant, water cooled, disc-type 
coolers will be supplied. After cooling, the reclaimed lime is either transported 
to storage by mechanical or pneumatic conveyors (see Section V) or it can be 
classified, using dry techniques, to separate inert solids and other undesirable 
constituents from the recalcined product. 

148 



STACK 

SECONDARY 
SCRUBBER 

7'7\7'\ --WATER 

WASTE 

PRIMARY 
SCRUBBER 
/ 

~-'-

'----~PUMP 

SECONDARY AIR 7 
BUCKET -
ELEVATOR 

PRODUCT SCREW 

Figure 8-7 Typical rotary kiln calciner 

LIME 
STORAGE 

BIN 

PRODUCT 



Table 8-4. SIZE DISTRIBUTION ANALYSIS OF RECALCINED LIME FROM A MHI-

Particle size Weight retained, grams Percent Cumulative 

U.S. mesha Microns 
b Sample 1 c Sample 2 

d retained percent passing 

100 0.8100 0.36 99.64 

140 1.3091 0.58 99.06 

200 1.5756 0.69 98.37 

270 3.1673 1. 39 96. 9 8 

325 44.00 6.2182 2.74 94.24 

34.48 3.3822 1. 97 92.27 

31. 22 0.8490 0.55 91.72 

24. 77 2.5264 1. 51 90.21 

15.57 12.5030 7.42 82.79 

11.12 22.8780 13.66 69.13 

7.55 40.3914 24.0l 45 .12 

3.34 51.0089 30.91 14.21 

1. 36 18.7903 11. 72 2.49 

( 1. 36 e 2.49 

a 
Sieve analysis 

b Bahco analysis 

c 
Weight of sample: 227 .0706 grams 

d Weight of sample: 155. 3 664 grams 

e Weight smaller than l.36;c 3.0362 grams 

Dry Classification of Reclaimed Lime -

Dry (i.e. , air) separation of reclaimed lime can be used in lieu of the wet classi
fication process described in Section VII or in addition to it. In the former case, 
this method of solids separation can be used in conjunction with sludge dewater
ing by vacuum filters or filter presses (Fig. 7-8) . In the latter, dry classifica
tion aims at increasing the purity of the recalcined product beyond that obtained 
by wet classification alone (Fig. 7-9) . Dry classification has been found most 
effective for blowing down silica from the system shown in Fig. 7-9. 6 

Most air classifiers operate on the principle of centrifugal separation combined 
with the effect of opposing drag forces created by a current of air. The settling 
rates of particles are increased many times when centrifugal forces are used 
in place of gravitational acceleration. Once the difference in settling rate 
between particles of two given sizes has been magnified, the classifier separates 
them into two groups when centrifugal and drag forces reach equilibrium. The 
point of equilibrium, at which a particle of certain size is either accepted or 
rejected by the classifier is called the "cut point". The Envirotech Corporation 
has found that a cut point at the 45 micron ( µ) particle size achieves a partial 
classification of the acid insoluble inerts (mostly silica) from the other materials. 
Fig. 8-8 shows the size distribution of a furnace product sample taken during an 
extended test of lime sludge recycling at CCCSD. 6 It can be seen for this single 
sample that a fairly good rejection of silica can be obtained while recovering the 
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bulk of the reclaimed lime at cut point points between 20 and 45 µ . The selection 
of the cut point is best established in field trials. The accepts include fine dust 
particles ( < 5 µ ) which normally must be retained for reuse in the process. 
This is accomplished by a second separation step that takes place in two stages. 
First in a cyclonic separator where the solid particles are driven by centrifugal 
force to the cyclone wall while the dust laden air escapes through the gas outlet. 
Dust is subsequently removed, in the second stage, in a bag type filter. The 
rejects (coarse) portion after discharge from the classifier is usually carried 
directly to waste by mechanical or pneumatic conveyors. 
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Figure 8-8 Particle size distribution of recalcined lime 

Several types of classifiers are available which can successfully accomplish size 
classifiction of the furnace product. Both the Bauer 11 Centri-Sonic 11 classifier and 
the BSP Air Classifier have successfully been applied to this application. The 
Bauer machine (shown in Fig. 8-9) is typical of conventional classification design 
and operates with a rotating classifier section. The feed, admitted at the top, 
first passes through a dispersing rotor which ensures that each individual 
particle is free to move in the classifier zone. The particles then move downward 
between the louver curtain and the rotating classifier where they are intercepted 
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by a controlled flow of air. The air is forced through the classifier carrying with 
it the fine particles and excluding the coarse particles which are held out by drag 
forces. The "cut point" in the Bauer design is determined by the air rate; the 
classifier speed; the number of deck openings, as fixed by the position of the 
deck selector; and the rotating classifier design. 

The BSP air classifier is unique in that it does not incorporate moving parts (Fig. 
8-9) . The sharp bend after the introduction of the feed moves the bulk of the 
solid particles sliding against the inside of baffle plate A leaving a nearly clean 
gas stream passing on the outside of this baffle plate, next to the chamber wall. 
At the bottom of baffle plate A, the gas stream crosses a curtain of particles sliding 
off the inside of the baffle plate producing a separation between the particles, 
allowing each to react separately to the drag and centrifugal forces induced on it 
in the chamber. Large particles settle by gravity to the bottom of the chamber. 
Intermediate size particles and fines flow with the gas in a controlled spiralling 
stream. Each of these particles is subjected to a centrifugal force, tending to 
move it to the chamber walls, and to a drag force, created by the gas stream, 
tending to move the particle to the exhaust orifice. At the "cut point", the two 
forces are equal. Particles larger than the cut point are affected predominately 
by centrifugal forces and flow outwardly until they impinge on the chamber wall 
and settle by gravity to the classifier bottom. Particles smaller than the "cut 
point" are affected mostly by drag forces and are swept out with the gas stream. 
The BSP classifier "cut point" is controlled by the chamber dimensions, rate of 
air flow and secondary air flow. 

Fig. 8-10 shows the adaptation of the basic air classification system to the separ
ation of calcium carbonate from inerts in applications involving lime recovery 
from wastewater sludges. 

Using sludge generated at the ATTF, full-scale tests on air classification were 
conducted at Concord, California6 in a BSP air classifier. During the course of 
the Concord tests it was initially felt that the dust collected in the bag filter (see 
Fig. 8-10) should be wasted from the process; this was done because initial 
batch testing showed the dust to be high in phosphates. However, when tested 
at the A TTF with wet classification blowing down phosphorus, the dust did not 
contain excessive amounts of phosphorus. Table 8-5 compares the phosphorus 
and other constituent levels in the accepts to those in the dust during a period 
in the ATTF operation when the process was believed to be close to steady state. 
Due to the small effect of phosphorus, dust was returned to the process along 
with the other accepts . 

Dry classification performance is expressed similarly to wet classification per
formance; for good classification, high recovery of calcium oxide to the accepts 
and dust is desired with low recovery of all other constituents. As shown in 
Table 8-6, essentially no classification of calcium oxide from the other constit
uents occurred, except for silica and iron. The period of July 27 to August 30 
represented production operation of the classifier during the lime recycle project. 
The runs on September 20 represented an attempt to operate the classifier closer 
to design conditions. During the production runs, the classifier was not loaded 
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Table 8-5. COMPARISON OF ACCEPTS AND DUST COMPOSITION 
DURING ATTF TEST WORK 

Date Sample Calculated composition, percent dry weight 

Cao MgO CaC03 Ca3(P04)2 Fe2o 3 Si02 Other 

August 6, 1973 Accepts 61. 9 4.3 7.4 7. 0 1. 6 11.1 0.9 

Dust 58.3 6.9 13.5 10. l 1. 4 1. 2 0.3 

August 10, 1973 Accepts 60.4 4.5 7.4 7. 2 1. 5 10.7 2.3 

Dust 61. 4 8.2 10.1 10.2 1. 4 0.6 1.6 

August 12, 1973 Accepts 61.1 4.0 3.5 7.1 1. 7 15.5 1.1 

Dust 64.6 5.7 5.8 9. 7 1. 6 3.0 1. 3 

Table 8-6. COMPONENT RECOVERIES IN CLASSIFICATION TESTS 
DURING ATTF TEST WORK 

Date Classifier load 
(1973) 

kg/hr lb/hr 

July 27 -- --

July 31 -- --

Aug. 6 729 1,607 

Aug. 12 670 1,477 

Aug. 14 592 1,305 

Aug. 16 562 1,240 

Aug. 18 718 1,583 

Aug. 20 622 1,382 

Aug. 22 702 1,548 

Aug. 24 730 1,609 

Aug. 26 848 1,870 

Aug. 28 776 1, 710 

Aug. 30 789 1,740 

Mass 
703b 1,551b a average 

Sept. 20-1 227 500 

Sept. 20-2 227 500 

Sept. 20-3 454 1,000 

Mass c 303 667 average 

aJuly 27 to Aug. 30 
bExcluding July 27 and 31 
csept. 20 only 

Cao 

99.2 

99.2 

93.8 

95.5 

98.5 

96.3 

97.6 

94.8 

97.5 

97.6 

98.2 

98.8 

96. 7 

97.3 

98.2 

97.6 

98.5 

98.1 

Recovery to accepts and dust of stated constituent, percent Total 
recovery, 

Si02 MgO CaC03 Ca3(P04)2 Fe203 Other percent 

84.6 98.2 98.2 98.0 91. 4 96. 8 98.1 

80.6 98.1 99.0 97.8 92.2 96. 3 97.8 

88.6 93.l 93.l 93.l 92.0 85.7 93. 0 

92.2 95.3 95.8 95.0 94.3 94.8 94.9 

95.1 98.6 97. 8 98.2 97.1 97.4 97.9 

93. 9 95.4 95.5 96. 0 94.7 94.9 95.5 

92.7 95. 8 96. l 97.1 94.9 94.3 96. 8 

89.4 93.4 96. 5 94.0 92.3 98.3 94.1 

94.8 98.2 96. 3 97.2 96.1 81. 0 97.1 

92. 0 97.1 97.5 97.0 95.4 75. 9 96. 4 

92.6 97.9 97.1 97.3 95.8 100.0 97.0 

94.7 98.8 93. 8 98.l 96. 7 100.0 98.0 

90. 3 95.7 98.4 95. 7 93.6 99.1 95.1 

91. 8 96. 8 97.7 96.6 94.5 95.4 96. 5 

79.0 95. 5 97.9 94.6 88.0 84.2 94.5 

67. 6 96. l 98.5 95.2 84.1 93.3 93. 8 

78.8 97.3 98.6 96.6 84.7 97.3 96. 0 

76. l 96.6 98.4 95.7 86. 4 92. 9 94.4 
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on a steady set basis. Furnace product, that had been stored in the thermal disc 
cooler (see Case History) and a water jacket conveyor, was loaded into the classi
fier on an intermittent basis. This resulted in surges in operation which adversely 
affected process efficiency. Constant rate operation on September 20, 1974 pro
duced performance consistent with Envirotech 's previous experience. 

Even under the best conditions, the rejection of silica and iron is not high as 
compared to the rejections obtained for most constituents in wet classification. 
Nonetheless, silica is not classified well in the wet classification process; there
fore, dry classification provides a means to blow down additional amounts of a 
difficult to reject constituent. As will be shown in Section X, dry classification 
is a more efficient means of blowing down silica than direct wasting of the furnace 
product. 

Handling of Lime from the FBR 

As described earlier, lime recovered in a pellet bed reactor is discharged from 
it in pelletized form. Recalcination of water softening sludges and pulp and 
paper mill sludge shows that the product obtained in these applications is a 
dense, dust free lime pellet which can be handled without difficulty in mechani
cal or pneumatic conveyors (see Section V) . A typical size distribution for this 
material is given in Table 8-7. 30 

Table 8-7. TYPICAL SIZE DISTRIBUTION FOR PELLETS FROM A 
FLUIDIZED BED CALCINER 

Accumulative weight 
retained, percent 

1. s 
13.S 
24.6 
50.1 
81.S 
19.sa 

aWeight with particle size smaller than 20 mesh 

U.S. Sieve 
series 

6 
8 

10 
14 
20 

< 20 

A disti.nctive fe~ture of the .sand bed FBR used in wastewater sludge applications 
(see ~1g. 8-~) is. the handlrng of reclaimed lime in slurry form. The problems 
asso.c1ated with lime slurry handling were described in Section VI under Lime 
A?~1ti.on. Th.e National Lime Association lists several corrective measures to n:1mm1ze scalrng problems. 31 Engineers considering a sand bed FBR to recover 
lime from wastewater sludges should give careful attention to these types of 
~roblems an.ct provisions to either correct or alleviate them should be incorporated 
m to the design. 
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Handling of Lime from the RKC 

As shown in Fig. 8-7, reclaimed lime discharged from a RKC (rotary kiln calciner) 
is transported to storage via mechanical conveyors. Since the nodulized pro-
duct from a kiln occasionally includes large lumps, up to 15-20 cm (6-8 inch) in 
size, 32 the recalcined lime is normally screened so only 1. 9-2. 5 cm (3/ 4 - 1 inch) 
particles are discharged to the screw conveyor. In the lime reclamation plant at 
Miami, Florida, lumps retained in the screen are put through a crusher and then 
fed to the same screw conveyor. 32 Reclaimed lime, discharged at approximately 
316 C (600 F) from the RKC, is not usually cooled prior to storage; mechanical 
conveyors must therefore be designed to handle the hot product. 

RELATED PROCESSES 

Incineration is not the ultimate means to dispose of wastewater sludges. All com
bustion processes yield two end products: a solid residue or ash and a gaseous 
product, usually called exhaust or off-gases. Both have important effects on the 
environment and must therefore be subjected to further treatment before final 
disposal. Furthermore, off-gases are a source of heat that can be recovered. 
Methods used to handle ash are covered in detail in Section XI. Handling of 
exhaust gases is described in the following paragraphs. A third environmental 
concern, noise, is often associated with incineration systems. Since noise and 
its control in areas where operators are present is receiving increasing attention 
by federal and state authorities, methods to reduce noise levels around incinera
tion installations will also be briefly reviewed. 

Off Gases Scrubbing 

It has been stated33 that uncontrolled gases emitted from the MHF and the sand 
bed FBR contain approximately 0. 9 and 8. 0 grains per dry standard cubic foot 
(gr/dscf) of particulate matter respectively. Since the air quality standards 
(see Section IX) limit particulate emissions to the atmosphere to 0. 03 gr Ids cf 
maximum, high efficiency scrubbers are required to reduce incinerator emissions 
to acceptable levels. 

Particle collection equipment has been classified 34 as follows: 

11 l. High-efficiency, high-cost collectors: 
a. Electrostatic precipitators. 
b. Sonic agglomerators. 

2. High-efficiency, moderate-cost collectors: 
a. Fabric or fibrous filters. 
b. Wet collectors, packed towers, scrubbers, and centrifugals. 

3. Low-cost, lower efficiency designs: 
a. Cyclones and dry centrifugals. 
b. Dry dynamic. 
c. Inertial. 11 

157 



To control the emission of particulate matter, multiple hearth furnaces are 
usually equipped with inertial wet scrubbers of the impingement baffle or 
Venturi designs. In fluidized bed reactors, due to their operational features 
which result in higher emission of particulates, the wet scrubber is often 
preceeded by dry cyclones which reduce the dust load of the secondary (wet} 
collector. 

The MHF used to recalcine lime from wastewater sludge can be expected to have 
higher particulate emissions than units burning organic sludges. This is due 
not only to the characteristics of the feed material but also to the fact that classi
fied lime sludge cakes, at 50-60 percent solids concentration, would tend to dry 
in the top hearth (feed hearth} where the off-gases are removed from the 
furnace. Dried particles could then be carried by the outgoing gases. In one 
testing and two full-scale installations, the dust load from multiple hearth 
furnaces recalcining lime has been found to average approximately 30 lb per 
1000 lb of exhaust gases. The dust loading would sometimes justify the use of 
a cyclonic precleaner ahead of the wet collector. Cyclones are highly efficient 
in removing medium and coarse dust particles. Particulate matter collected in 
the dry cyclone, containing an appreciable percentage of calcium carbonate, can 
be returned to one of the furnace's burning hearths for recalcination. To 
minimize carry over of small lime particles (passing a 200 mesh} , the gas 
velocity inside a MHF should be maintained below 10 fps .14 

Fig. 8-11 shows the arrangement of the scrubbing equipment for the lime recal
cination furnaces at the CCCSD water reclamation plant. The wet scrubber is a 
three stage venturi-spray unit designed for low head loss operation. Besides 
removing particulate matter, wet scrubbers also cool the off-gases to avoid the 
formation of a steam plume. A temperature of approximately 43 C (110 F} is 
required to suppress a stack plume .12 

A more detailed review of gas cleaning techniques is beyond the scope of this 
report. The reader is referred to a series of reports published by the American 
Petroleum Institute on the Removal of Particulate Matter from Gaseous Wastes for 
a comprehensive coverage of this subject. (Reference 34 is part of this series} . 
Selection of scrubbing equipment should be made in consultation with the manu
facturers of incineration systems or even left entirely to them if a performance 
specification, warranting compliance with the applicable air pollution standards, 
is used to select the incineration equipment. 

Waste Heat Recovery 

Incineration of wastewater sludges requires that sufficient heat be generated: 
1) to evaporate the remaining moisture from dew ate red cakes, and 2} to ignite 
and burn the dried sludge. Furthermore, when lime is to be recovered, addi
tional heat is required to convert calcium carbonate in the sludge to calcium 
oxide. Heat is derived from combustion of volatile matter in the sludge and 
from auxiliary fuel supplied through the incinerator burners. Heat generated 
by combustion leaves the incinerator in the exhaust gases, in the hot ash 
product, and, in the case of the MHF, in the air used to cool the central shaft. 
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The heat loss in the hot ash product cannot be recovered economically but is 
normally a small fraction of the total heat generated. Heat losses by radiation 
to the surroundings are minimized by the use of thermal insulation. The other 
two ways in which heat may leave the incinerator, and heat recovery methods 
applicable to them, are discussed below. 

In multiple hearth furnaces, the heat contained in the warmed shaft cooling air, 
at a temperature of 149-260 C (300-500 F), would normally be .recovered by using 
it as part of the combustion air, thus reducing fuel requirements. As mentioned 
earlier, in the pellet bed calciner (see Fig. 8-4) , the reactor off-gases are used 
to dry the lime sludge before it is fed to the FBR, thereby practically eliminating 
the need for auxiliary fuel to evaporate water in the reactor. In the sand bed 
units (see Fig. 8-6) , the drying step has been eliminated so no heat recovery 
step is inherent. 

Apart from the heat recovery features included in multiple hearth and fluidized 
bed incineration systems, heat can be recovered from incinerator off-gases by 
using them to generate steam in a waste heat boiler. A waste heat boiler is 
essentially a heat exchanger in which heat is extracted from hot gases and 
transferred to water to generate steam. A water-tube type (water inside the 
boiler tubes, hot gases outside the tubes) is generally to be preferred over a 
fire-tube type boiler (gas inside. the tubes, water outside) . 36 A basic water
tube boiler would consist of two steel boiler drums placed one above the other, 
with a multiplicity of small diameter boiler tubes connecting the two drums. 
Drums and tubes are enclosed in a refractory lined housing having an inlet and 
an outlet for the gases from which heat is being reclaimed. The heat recovered 
with a typical waste heat boiler is approximately 75 percent of that contained in 
the hot gases at a reference temperature of 15. 6 C (60 F) . This value is an 
assumed average ambient temperature which is customarily used in combustion 
calculations. Heat losses to the surroundings from the casing would be about 
two percent of the heat transferred from hot gases to steam. 

For the CCCSD water reclamation plant, each multiple hearth furnace has been 
provided with a waste heat boiler. Each boiler is capable of generating 15, 870 
kg/hr (35,000 lb/hr) of steam at a pressure of 10.5 kg/sq cm (150 psig) and a 
temperature of 185 C (365 F) .37 Heat is obtained from 52,200 kg/hr (115,000 
lb/hr) of exhaust gases leaving the furnace at 760 C ( 1400 F) . In passing 
through the boiler and generating steam, the gases are cooled to approximately 
232 C (450 F) . The high pressure steam produced is used to power turbine
driven aeration blowers and boiler feed water pumps and to supply heat to the 
plant's air conditioning and heating systems. 

In Fig. 8-11, a waste heat recovery boiler in a typical MHF at the CCCSD plant 
has been shown. Worth noticing is the location of the dry cyclone precleaner 
provided ahead of the wet scrubber, which also reduces the load of fly ash 
going to the boiler. In the design of the boiler, particular attention should be 
given to the dust load and the size of the particles entering the boiler. 
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Heat recovery can be expressed as a percentage of the heat input to the incinerator 
by making a complete heat balance for the incinerator and the waste heat boiler. 
To make this balance the following parameters must be known: feed rate and com
position of the sludge; heat of combustion of the sludge volatile solids; amount of 
excess air and furnace temperature required for complete combustion; and physical 
dimensions and thermal characteristics of the incinerator. In addition to the 
parameters just listed, the properties and heating value of the fuel must also be 
known. The heating value of fuels is expressed in two ways, (1) as the high 
heat value (HHV) also known as "gross" heat value and (2) as the low heat value 
(LHV) , also called the "net" heat value. The essential difference between the 
HHV and the LHV is the heat of condensation of water equivalent to the hydrogen 
contained in the fuel. Because the water formed in combustion always leaves the 
furnace as water vapor (uncondensed) , the heat of condensation of the water is 
unavailable for use. Therefore, in combustion calculations, the LHV is the one 
normally used. 

The heating value of gaseous fuels is usually expressed as the HHV of 0. 028 cu m 
(one cubic foot) of the gas measured at 15. 6 C (60 F) and a pressure of 76 cm 
(30 inches) of mercury. Thus, a stated heating value of 9, 450 kcal/cu m 
(1, 050 Btu/cu ft) for natural gas normally means the HHV for the conditions 
stated. The LHV for such a gas would be about 8, 550 kcal/cu m (950 Btu/cu 
ft), the exact difference between the HHV and the LHV depending upon the gas 
composition. For liquid and solid fuels, the heating values are normally 
expressed in kcal/kg (Btu/lb) . Approximate heat values for common petroleum 
fuel oils are given in Table 8-8. 

Table 8-8. TYPICAL HEAT VALUES OF FUEL OILS 

Weight Heat values, kcal/kg (Btu/lb) 
Type 

kg/cum lb/gal HHV LHV 

No. 6 - Heavy 17.85 8.34 10 I 290 (19 I 540) 9, 730 (17, 540) 

No. 6 - Light 16.67 7.79 10 I 560 (19 I 020) 9,950(17,930) 

No. 2 (Diesel) 14. 72 6.88 10,960(19,750) 10 I 270 (18 I 510) 

Noise Control 

Noise can be defined as undesired sound. The intensity of sound is usually 
measured in decibels (dBA) , a term that expresses the relative magnitude of a 
particular sound when compared to a reference sound pressure level. One 
decibel is equal to a force of 0. 002 dyne per square centimeter. It is important 
to keep in mind that decibels are measured not on an arithmetic but on a loga-
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rithmic scale. Thus a reduction of 3 dBA is almost a 50 percent reduction of 
noise energy. Typical sound levels are given in Table 8-9. 36 

Table 8-9. TYPICAL SOUND LEVELS 

Class Found in 
Sound level, 

dBA 

Very faint Sound proof room 10 

(threshold of audibility) 

Faint Whisper 20 
Quiet conversation 30 

Moderate Private office 40 
Average conversation 50 
Average office 50 

Loud Average factory 60 
Average street noise 70 

Very loud Noisy office 80 
Noisy factory 90 
Unmuffled truck 90 

Deafening Loud street 100 
Boiler factory 100 
Nearby riveter 110 

Threshold of feeling 120 

The Occupational Safety and Health Act of 1970 (OSHA) considers noise above 
certain established levels as occupational hazards, i.e. , possible loss of 
hearing, and has established limits of exposure for workers subjected to noisy 
environments. Table 8-10 shows permissible noise exposure set forth by OSHA 
Federal and state industrial safety orders have also limited the degree of noise 
exposure that employees may endure without ear protection devices. 

Due to the auxiliary equipment normally associated with sludge incineration 
systems, a large number of noise sources are located near incinerators. Gen
erally speaking, the sound produced by a machine is directly related to the 
horsepower input to it. Also, high speed machines are noisier than low speed 
units. As an example, Table 8-11 gives estimated sound pressure levels for 
one of the multiple hearth furnaces at the CCCSD water reclamation plant. 38 
The values given are for the equipment operated alone without background 
noise. As seen in Table 8-11, the noise level is controlled by fan and blower 
noise. Since several pieces of equipment operate simultaneously, the overall 
sound pressure level will be higher than shown in the table. For example, if 
the maximum noise level allowed in the incineration area is set at 95 dBA, the 
noise produced by the shaft cooling fan has to be lowered to meet the combined 
noise level. 
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Table 8-10. PERMISSIBLE NOISE EXPOSURES 

Sound Level, Duration per 
dBA day, hours 

90 8 

92 6 

95 4 

97 3 

100 2 

102 1-i/2 

105 1 

110 1/2 

115 1/4 or less 

Table 8-11. SOUND PRESSURE LEVEL OF MHF EQUIPMENT 

Furnace 
Center shaft drive 
Center shaft cooling air fan 
Combustion air fan 
Induced draft fan 

Lump breaker (intermittent) 

Lump breaker (continuous) 

Ash cooler 

Screw conveyor 

Pneumatic conveyor air lock valve 

Pneumatic conveyor air blower 

Air classification system 
Feed bin vibrator (full bin) 
Feed bin vibrator (empty bin) 
Rotary feeder 
Air classifier 
Air filter (intermittent) 

Pneumatic conveyor air blower 

Ash bin discharge screw conveyor 
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Motor 

1 

HP 

15 
20 
40 
50 

1/2 

10 

2 

1/2 

10 

1/2 
25 

15 

3 

dBA@ 3 ft 
distance 

70 
95 
85 
85 

90 

80 

65 

60 

50 

90 

30 
70 
50 
86 
90 

90 

60 



Several techniques can be applied to control noise. The level of sound generation 
of the source can be reduced. Examples of this approach are the installation of 
acoustic enclosures around the entire fan or blower assembly, the addition of 
inlet and discharge silencers, and the use of low noise electric motors. Equipment 
enclosures have resulted in average reductions of 4 dBA. 39 Intake silencers can 
reduce inlet noise levels by 10-15 dBA, 38, 40 while discharge mufflers have 
resulted in an additional reduction of 6 dBA. 39 Reductions of 4 dBA in the sound 
pressure level have been reported for blowers enclosed in acoustic shields. 39 
When the incineration equipment is housed in a building, further reduction can 
be obtained by adding absorbing material to the walls to reduce the reverberant 
sound level. Dobbs40 has reported that a noise reduction of approximately 8-10 
dBA could be accomplished with the use of 3-inch thick glass fiber boards for 
acoustical absorption. 

Vibration isolation is another method of noise control. Large fans and blowers 
should be mounted on a heavy inertia base and attached to it with vibration isola
tors of the combined spring and rubber type. 40 Since piping can transmit the 
sound generated by machinery, the junction between equipment and ducts should 
be through a flexible connector. The flexible connectors should have sufficient 
mass to be at least equal to that of the duct walls. 40 Lead loaded vinyl or rubber 
are thus better insulators than the canvas fabric found in standard connectors. 

SUMMARY OF LIME RECOVERY CASE HISTORIES 

Several wastewater treatment plants have practiced lime recovery either on an 
experimental or full-scale basis. Information is available from two tertiary 
treatment plants (South Tahoe and Piscataway) and two plants practicing 
primary lime addition (Blue Plains and Central Contra Costa) . A brief descrip
tion of the lime recovery operations in each of these four plants is given below. 

South Tahoe Water Reclamation Plant 

The water reclamation experiences at the South Tahoe plant have been extensively 
documented and reported. Reference 2 of this section is a report covering three 
years operation of the 7. 5 mgd advanced wastewater treatment plant. The 
summary that follows highlights the thickening, dewatering and recalcination 
processes only. 41 

At South Tahoe, secondary effluent from the activated sludge process is treated 
with lime, clarified, passed through an air scrubber to remove ammonia, recar
bonated, and finally treated by filtration and carbon adsorption. Sludges from 
the lime clarifier and recarbonation basin are first gravity thickened and then 
dewatered in a solid bowl centrifuge. The sludge cake is calcined and recycled 
for reuse along with makeup lime in the lime clarifier. A second centrifuge 
dewaters the centrate from the first unit and its cake is conveyed to an organic 
sludge MHF. The first centrifuge is a concurrent type one and is operated in a 
wet classification mode (see Section VII) . The centrate is sent to the second 
centrifuge of the same type where the remaining solids are removed. The 
centrifuges can be operated at 2200, 1800, or 1600 rpm. Initial tests were 

164 



carried out on the lime mud feed stream to determine optimum operating speed. 2 

Data showed approximately the same percent solids in the cake and the same 
recovery of solids at all three speeds. The lowest speed was selected to reduce 
wear and maintenance. 

At South Tahoe it has been found that the percent capture or recovery of lime 
into the first stage cake decreases linearly with increasing feed rate of lime 
sludge. At approximately 8 percent solids in the feed, 93 percent capture was 
achieved at a feed rate of 10 gpm. When the feed rate was increased to 20 gpm, 
solids capture dropped to 79 percent. 41 

The South Tahoe report2 states that at a flow of 7. 5 mgd through the water recla
mation plant, the total blowdown of waste solids from the lime clarification opera
tion would be about 17 tons per day of lime mud (dry CaO basis) if there were 
no lime recovery. With lime recovery, this quantity is reduced to about 1. 5 tons 
per day. The cost of recalcined lime at Tahoe ($31. 61/ton CaO) is slightly 
higher than that of make up lime. This figure however, does not take into 
account the savings in sludge disposal realized through reduction of the solids 
volume achieved by incineration and the on-site production of C02 for recar
bonation. 

The centrifuged cake is fed by a belt conveyor to a 4 .1 m (14. 3 ft) diameter, six 
hearth MHF. The recalcined lime is discharged by gravity through a crusher 
to a thermal disc cooler where lime temperatures are lowered from 371 C to 
38-66 C (700 F to 100-150 F) . Cooled lime drops into a rotary air lock and is 
pneumatically conveyed to a 35 ton capacity recalcined lime storage bin for 
reuse. Stack gases are scrubbed in a multiple tray scrubber before being 
exhausted to the atmosphere. A portion of the gases are recycled to the recar
bonation system. Solids are continuously wasted to prevent a buildup of inerts 
in the recycled product. 

Since 1968 the South Tahoe plant has successfully recalcined lime sludge from the 
lime chemical treatment process. Over this period makeup lime has accounted 
for only 28 percent of the calcium oxide used. Monthly CaO values in the 
recalcined lime have averaged 66. 0 percent over the entire period. 2 A reduc
tion of approximately 40 percent in fuel requirements was achieved when 
centrifugal classification was used rather than whole sludge recovery. 2 

The influence on lime activity of recalcined temperature, rabble arm speed and 
feed rate were investigated at South Tahoe. Of the three parameters, temperature 
had the most effect on recalcined lime activity. The CaO content in the recalcined 
lime was increased 15 percent by raising the temperatures from 871 to 1038 C 
(1600 to 1900 F) . At nine tons of solids to the MHF per day, the optimum recal
cining conditions were 1038 C (1900 F) on hearths numbers 4 and 5 with a 1. 5-
2. 0 rpm rabble arm speed. 

Fig. 8-12 is a schematic diagram of the lime sludge handling facilities at South 
Tahoe. 2 
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Piscataway Advanced Wastewater Treatment Plant 

The EPA is supervising the operation of a 0. 22 cu m/sec (5 mgd) tertiary facility 
at Piscataway, Maryland. The system employs two-stage lime treatment, effluent 
filtration and activated carbon adsorption (Fig. 8-13). A single sludge dewater
ing stage (centrifugation) is employed. Because the centrifuge is operated at 
high recovery, the inerts are retained in the recalcined lime. 42 

The recalcined product has an available lime index of 60 percent. The calcium 
oxide content might even be lower if it were not for the fact that the secondary 
effluent is low in phosphorus concentration (3 .1 mg/l as P) . During a 36-day 
operating period when 26 percent of the furnace produce was blown down, 68 
percent of the total dose of 271 mg/l CaO was recalcined lime. The resulting pH 
for this operation was 11. 45. Secondary effluent alkalinity is approximately 
100 mg/las Caco3 .42 

Blue Plains Advanced Wastewater Treatment Plant 

A two and one-half month test of lime recovery from combined sludges has been 
conducted at the EPA-DC Blue Plains Pilot Plant. 43 The system consisted of an 
Independent Physical Chemical treatment (!PC) pilot plant with two stage lime 
precipitation, dual media filtration and granular carbon adsorbtion treating 
District of Columbia raw wastewater at 189, 000 lpd (50, 000 gpd) . The first stage 
of clarification with lime addition was operated at approximately pH 11. 5 while 
the second stage with co2 recarbonation was operated at pH 10. 0-20. 5 with an 
Fe+++ dosage of 5 mg /1 as added flocculant. Solids from the clarification system 
were gravity thickened to 9-13 percent solids and classified in a Sharples model 
P600, 6-in. diameter solid bowl centrifuge to separate carbonate and noncar
bonate solids. The centrifuge cake at 51 percent solids was calcined in a multiple 
hearth furnace, mixed with make-up lime and recycled to the clarification system. 
The centrate was wasted from the lime recycle system and dewatered by alternate 
centrifugation, vacuum filtration and pressure filtration systems. 

The classification centrifuge operated at approximately 74 percent solids recovery. 
At this solids recovery the constituent recovery of CaC03 averaged 93. 0 percent 
while that of Ca3 (P04) 2 1 Mg (OH) 2 and volatile solids averaged 37. 3, 46. 0 and 
41. 3 percent, respectively. The classification centrifuge prevented a buildup of 
inert materials in the recalcined product; during the test period, the fraction of 
calcium oxide hovered between 70 and 80 percent. During the test period, the 
fraction of reclaimed lime of the total dose was 72. 5 percent. 

Comparing the use of virgin lime or recalcined lime, effluent qualities of the 
!PC system were equivalent during periods when the plant was run under 
computer control. The comprehensive investigations of the Blue Plains investi
gators in the area of dewatering second stage centrate has been summarized in 
Section VII. 

Central Contra Costa Sanitary District Water Reclamation Plant 

In connection with the design of the CCC SD 1 s Water Reclamation Plant, test work 
has been conducted at its Advanced Treatment Test Facility on the reclamation 
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and reuse of lime from lime sludges. 6 The test involved the setup of the follow
ing experimental components of the system: (1) centrifuge (Sharples P3000) for. 
wet classification, (2) a screw conveyor positioned for loading a truck bed, 
(3) a truck unloading hopper at the site of a nearby municipal MHF, (4) a tem
porary belt conveying system for loading the MHF, (5) a thermal disc cooler and 
water jacketed screw conveyor for cooling and conveying the furnace product, 
(6) an air classification system for the purpose of separating silica from the 
furnace product, (7) a hopper for storage of recalcined lime and (8) a slaker for 
reclaimed lime hydration. 

The experimental procedure involved wet classification by centrifuge of all of the 
sludge produced at the ATTF in the chemical primary. The centrifuge cake was 
trucked twice daily to another treatment plant (the City of Concord's plant) where 
an existing MHF was available. The cake was unloaded from the trucks into a 
receiving hopper, and sludge was conveyed from the hopper to the furnace at a 
uniform rate by a temporary belt conveyor. Centrifuge cake was recalcined in 
the MHF, and then the furnace product was cooled and fed to a dry classification 
system. In the classification system the furnace product was separated into 
three fractions--an accepts fraction, a coarse rejects fraction and a fine dust 
fraction. Each fraction was stored in 55 gallon drums, labeled and weighed. 
The accepts and fine dust drums were then trucked back to the CCCSD's ATTF 
where the drums were unloaded into an accepts hopper. From the accepts 
hopper lime was fed via a rotary valve to the slaker, and the slaked lime was 
then directed back to the chemical clarifier. 

Actual recycling of lime was carried out from July 17, 1973 to August 30, 1973, a 
period of 5 weeks. Only a portion of this period can be considered representative 
of design conditions. The late July period was characterized by erratic furnace 
production caused by filling the space between the rabble arms and the hearth 
bottom ("bedding down"), and certain operational difficulties with the centri
fuge and the furnace which affected furnace production adversely. After 
August 10, 1973, the centrifuge performance deteriorated markedly due to 
centrifuge wear. The rented centrifuge did not have hardened surfaces and 
therefore the scroll suffered considerable wear. The end result was that after 
August 10, calcium carbonate recovery decreased significantly. Therefore, 
the period of August 1 to 10 best represents design conditions. During this 
period, 7,110 kg (15,660 lb) of new lime (Ca(OH)z) was used, while 10,199 kg 
(22,465 lb) of reclaimed lime was returned to the process. Thus, 17,309 kg 
(38,125 lb) of total lime was used, resulting in a dose of 332 mg/l of calcium 
hydroxide since the total flow for the 10-day period was 52, 235 cu m (13. 8 mil 
gal) . This dose corresponded with an operational pH of 11 . 0. 

One artifact was imposed on the experiment that will not be presented in the 
CCCSD design. The Concord MHF had only wet scrubbing of the stack gasses, 
whereas the CCCSD design incorporates a dry cyclone prior to the wet 
scrubber. The solids captured in the cyclone are returned to the MHF for 
recalcination and reuse in the process. During the tests at Concord, approxi
mately 21 percent of the calcium carbonate fed to the furnace were exhausted 
with the stack gases. Analysis of the particle size of this material indicates 
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that 59 percent of this material will be captured in a cyclone of CCCSD design. 
Assuming that a dry cyclone could have been installed during the Concord tests, 
a total of 12, 165 kg (26, 823 lb) of lime could have been returned to the process. 
Under this condition, a total of 70. 4 percent of the total dose would derive from 
reclaimed lime. This value is in excellent agreement with the predicted recycle 
level of 69 percent. 7 · 44 Calcium oxide content of the reclaimed lime durinf the 
10-day period averaged 64 percent; the predicted content was 63 percent. The 
lime slaked readily and the average temperature rise in the AWWA slaking rate 
test was 36. 2 C (range 33. 7 to 39. 5 C) . The temperature rise is lower than the 
40 C minimum stipulated for new lime in the AWWA test; however. this merely 
indicates that the reclaimed lime has a lower CaO content than new lime. 

Chemical primary treatment performance during the lime recycling period was 
superior to a period preceding the lime recycling (Table 8-12) . Organic re
movals improved, as indicated by the BOD5, SS, TOG and soluble organic 
carbon measurements. Phosphorus removal markedly improved, and this 
eliminated the need for supplemental coagulant addition that had previously been 
necessary for obtaining high phosphorus removals at pH 11. 0 or less (see 
Tables 6-4 and 6-5) . The data in Table 8-12 also indicates that the calcium 
reaction was more complete during lime recycling than prior to it. 

Table 8-12. COMPARISON OF PRIMARY SEDIMENTATION PERFORMANCE 
WITH AND WITHOUT LIME RECYCLE 

With lime recyclea 
pH 11.0 operationc 

Without lime recycleb 
pH 11. 0 operation c 

Constituent 
Ca(OH)

2
:335 mg/l Ca(OH) 

2
:332 mg/l 

(mean value) 
Raw Chemical Raw Chemical 

sewage, primary, 
Percent Percent 
removed 

sewage, primary, 
mg/l mg/l mg/l mg/l 

removed 

BOD
5 

177 50 72 207 75 64 

SS 230 25 89 205 38 81 

TOC 145 34 77 126 44 65 

Soluble organic carbon (SOC) 27 23 14 24 29 -19 

Total phosphorus as P 10.9 0. 60 95 11. 0 1. 45 87 

Orthophosphate as P 10.4 0.40 96 10.4 1.04 90 

Calcium hardness 
d 

101 127 67 144 -

Magnesium hardness 
d 

106 23 100 25 

Hardness increase 
d 

43 +28 +2 -1 

a 
July 27 to August 30, 1973, at an average flow of 5,300 cum/day (1.40 mgd) 

b 
July 1 to July 25, 1973, at an average flow of 5,030 cum/day (1.33 mgd) 

c No ferric chloride addition 
d 

As Caco
3 
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WASTE SLUDGE INCINERATION 

As stated in Section VII, when wet classification is employed to separate the 
calcium carbonate portion from the other constituents of the lime sludge, one 
method to dispose of the waste solids in the centrifuge centrate is to thicken and 
dewater it prior to incineration (Fig. 7-9) . Incineration of first-stage centrate 
cake is similar to incineration of municipal sludge (the purpose is obviously the 
same, i.e., the destruction of volatile matter to produce an inert ash residue for 
final disposal) . The calorific value of the dewatered centrate cake has been 
estimated at 5, 000 to 5, 550 kg-cal per kg of voi'atile solids (9, 000 to 10, 000 Btu/lb 
VS), 37 which is close to that of biological sludges .16 Wet classification does not 
normally achieve 100 percent capture of calcium carbonate (Section VII); there
fore the centrate from the first stage centrifuge will contain some CaC03 as well 
as other inorganic chemicals such as magnesium, phosphorus and iron com
pounds. Since these compounds are inert, their presence tends to reduce the 
thermal value of the centrate cake. Moreover, the endothermic decomposition of 
CaC03 to CaO further increases the thermal load on the incinerator. A similar 
situation occurs when conditioning chemicals are added to organic sludges to 
improve their dewatering characteristics. 

As it was shown in Figs. 7-6 and 7-7 and in Table 7-10, the moisture content of 
the dew ate red cake, i.e., the weight of water which must be evaporated prior to 
combustion, has a decisive influence on both performance and economics of 
waste sludge incineration. Centrifuge centrate, as biological sludges, is also 
difficult to dewater. This is indicated in Table 7-11, which shows solids con
centrations ranging from only 17 percent TS for centrifugal (second stage) 
dewatering to 25 percent TS for a filter press operated at 100 psi. 

Due to the similarities between centrate from centrifugal classification and bio
logical sludges, it can be assumed that the same incineration systems can be 
applied to burn both types of dewatered sludges. Sludge incineration practices 
have been reviewed in Reference 4. Rotary kilns, which are not covered in 
that report, cannot be used to incinerate municipal sludges due to the relatively 
high moisture content of the sludge cake. 

The presence of lime in the incinerator off-gases might prove troublesome, 
particularly in fluidized bed reactors. Since the normal operating temperature 
of the reactor is 760-816 C (1400-1500 F) , some of the CaC03 particles carried 
with the exhaust gases will be converted to the oxide form. In the sand bed 
FBR, which is normally used for sludge incineration, exhaust gases are 
scrubbed in a wet scrubber before being discharged to the atmosphere. It is 
possible for the CaO to slake in the scrubber thereby causing scaling deposits 
in this unit (see Section V) . 

ENERGY CONS IDE RA TIO NS 

The Energy Crisis has affected practically every field of activity in the U.S. and 
in wastewater treatment, its impact has been acutely felt in plants where solids 
disposal by incineration is practiced. In some instances, the scarcity of fuels 
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has forced the shut down of sludge incinerators and alternate means of sludge 
disposal had to be found and implemented within a short period of time. Where 
possible, dewatered cake can be trucked to sanitary dumps. As both the size of 
the plant and the distance to the dump increases, the amount of fuel consumed 
in trucking could become an energy consideration on its own and should be 
compared with the fuel requirements for incineration. 

In lime recovery from wastewater sludges, the energy considerations are 
different than for direct sludge incineration. Since new lime is obtained by 
calcining of limestone, its production is also a process of high energy consump
tion. Thus, to evaluate properly the merits of recovering lime from wastewater 
sludges from an energy standpoint, a comparison in terms of energy requirements 
should be made between reclaiming spent lime at the wastewater treatment plant 
and producing new lime from limestone. For a true comparison, the energy used 
in transporting new lime to the treatment plant should be added to the energy of 
production to arrive at the overall energy requirements of makeup lime. 

Before introducing numerical calculations, it should be pointed out that what 
follows is not a typical economic comparison. No capital, operating or annual 
costs are presented in this section, since no attempt has been made to assign a 
dollar value to the processes examined. Rather, the following paragraphs will 
try to bring the practice of lime sludge recalcination into a balanced perspective. 
Incineration processes are highly visible and therefore, an easy target for those 
concerned with fuel consumption. Costs will be presented in Section XII. To 
illustrate the energy comparison, materials and heat balances for both a MHF and 
a FBR will be developed based on the design loadings for the CCC SD 's water 
reclamation plant. 37 Since cake moisture plays a decisive role in the economics 
of sludge incineration, heat balances have been made at different percentages of 
solids in the second stage cake (see Fig. 7-9) . 

Energy Requirements of the MHF 

The following conditions have been assumed: 

1. Sludge flow rate and composition, as shown in the materials balance, 
Table 8-13. 

2. Excess air for volatiles combustion to be 100 percent of theoretical 
requirement. 

3. Temperature of exhaust gases, 760 C (1400 F) , required for after
burning. 

4. Fraction of calcined solids passing through the dry cyclone and 
entering the wet scrubber, 7 percent of the total calcined solids. The 
remaining portion is discharged from the bottom hearth. 

The materials balance, Table 8-13, requires an explanation of the chemical re
actions assumed to take place in the furnace. The volatile solids were assumed 
to be burned completely to carbon dioxide, water, and elemental nitrogen. The 
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conversion of calcium carbonate to calcium oxide was taken as 90 percent com
plete. Magnesium and ferric hydroxides were assumed to be converted completely 
to the respective oxides. The combustion products of the auxiliary fuel (natural 
gas) were assumed to be carbon dioxide and water. 

Table 8-13. MATERIALS BALANCE FOR MHF IN RECALCINE MODE 

Inputs a 

Water 
Sludge solids: 

Volatiles 
CaC03 
Mg(OH)z 
Fe(OH)z 
Si Oz, etc. 

Natural gas b 
Combustion air 

Total of Inputs 

Outputs 

Gasesc: 

H20 
COz 
Oz 
N2 

Calcined solids d 
From bottom hearth 

Cao 
CaC03 
Others 

With off gases'°' 
Cao 
Caco3 
Others 

Total of Outputs 

Notes: 

~All figures taken at 15.6 C (60 F). 
Includes excess air. c 

d Taken at 760 C (1400 F). 
e 93 percent of the total. 

7 percent of the total. 

596 
1,873 

66 
15 

288 

4,228 
3,053 
1,244 
2,886 

878 
175 
321 

6& 
13 
24 

kg/hr 

2,838 

2,838 
406 

16,806 

22,888 

21, 411 

1,374 

103 

22,888 

1,312 
4,125 

145 
34 

634 

9,313 
6,724 
2,739 

28,384 

1,934 
384 
706 

146 
29 
53 

lb/hr 

6, 250 

6,250 
894 

37,018 

50,412 

4 7' 160 

3,024 

228 

50,412 

Calculation of the amount of auxiliary fuel required is described in the explana
tion of Table 8-14, which shows the heat balance. Combustion air requirement 
was calculated by stoichiometry, using specified excess air of 100 to 10 percent, 
respectively, for the volatiles and the auxiliary fuel, together with analyses for 
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the volatiles and the fuel. Atmospheric moisture in air was taken as 0. 0055 lb of 
water per lb of dry air. The heat balance shown in Table 8-14 is based on a 
customary reference temperature of 15. 6 C (60 F) and all materials entering the 
furnace are assumed to enter at that temperature. The term "sensible heat", 
which is used in Table 8-14, means the heat content above 15. 6 C (60 F) in the 
process stream named. The itimized explanations of Table 8-14, given below, 
include essential basic data and assumptions used in making the heat and 
materials balance calculations. 

Table 8-14. HEAT BALANCE FOR MHF IN RECALCINE MODE 

Item Heat Requirements: kcal/hr Btu/hr 

1 To evaporate moisture in sludge 2,704,900 10, 734,000 
2 Heat loss in calcined solids 214,100 849' 600 
3 For heat loss by radiation 114,700 455,000 
4 For net heat loss in shaft cooling air 66,200 262. 600 
5 Heats of reaction, CaC03 & Mg(OH)z decompositions 759,000 3,011,900 
6 Sensible heat at 1,400 Fin gases from incineration 2,171.100 8.615.400 

and calcination 

7 Total Heat Requirements 6,030,000 23,928,500 

Heat Inputs: 

8 From volatiles, using low heat value (LHV) 3,050,500 12,105,200 
9 From auxiliary fuel (net available at l, 400 F) 2,979.500 11.823.300 

10 Total Heat Inputs 6,030,000 23,928,500 

11 Gross heat input from auxiliary fuel, based on LHV 4,634,400 18,390,400 
12 Sensible heat in auxiliary fuel combustion gases 

@l,400F 1,654,900 6,567,100 
13 Sensible heat at 1, 400 F in evaporated water l,035,600 4,109,400 
14 Total sensible heat in furnace off-gases 4,861, 600 19,291,900 
15 Heat recoverable with waste heat boiler 3,548,900 14,083,000 

Item 1, is the heat required to convert 2, 838 kg ( 6, 250 lb) of liquid water at 
15. 6 C (60 F) into water vapor at 760 C (1, 400 F) . From steam tables this heat 
requirement per kg of water is 954.3 kcal (1,717.4 Btu/lb). 

Item 2, the heat loss in the calcined solids, is for 1,374 kg/hr (3,024 lb/hr) 
leaving the bottom hearth at 649 C (1, 200 F) and 103 kg /hr (228 lb/hr) leaving 
the off-gases at 760 C (l, 400 F) . The average specific heat used was O. 2264 
Btu/lb/F. 

Item 3 is an average of the figures supplied by two manufacturers of the MHF 
who provided heat balances for a furnace of the size to be used based on their 
experience. 

Item 4 is also an average of the figures supplied by the same two MHF manu
facturers. A large amount of air is required to cool the rotating central shaft 
and rabble arms in a MHF, but 85-90 percent of the heat in this warmed air can 
be recovered directly by returning it to the furnace as combustion air. Item 4 
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is the 10-15 percent of the heat in this air stream which is lost by radiation and 
air leakage. 

Item 5 is the heat required for the endothermic chemical reactions: 

CaC0 3 

Mg (OH) 2 

cao + co2 

> MgO + H20 (gas) 

The heat of reaction for calcium carbonate decomposition is 436. 7 kcal/kg (786. 8 
Btu/lb) of CaC03; for magnesium hydroxide conversion to the oxide, 347. 9 kcal/ 
kg (626. 8 Btu/lb) of Mg (OH) 2. The heat of conversion of ferric hydroxide to 
the oxide is negligible because of the small amount present. 

Item 6 is the difference in heat content between 15. 6 and 760 C (60 and l, 400 F) 
for the sum of: ( 1) the gaseous combustion products of the volatile solids, 
including the 100 percent excess air which was specified to insure complete com
bustion of the volatiles; (2) the carbon dioxide evolved in calcium carbonate 
decomposition; and (3) the water vapor evolved in converting magnesium and 
ferric hydroxides to the respective oxides. 

Item 7 is the sum of Items 1 through 6. 

Item 8 is the heat generated by combustion of the volatile solids based on a low 
heat value (LHV) of 5119 kcal/kg (9, 223 Btu/lb) . This was calculated from a 
stated high heat value (HHV) for the volatiles of 5550 kcal/kg (10,000 Btu/lb) 
and the hydrogen content of the volatiles. Composition of the volatiles was 
taken as: 

Carbon 55. 8 percent, Hydrogen 8. 2 percent, Oxygen 31. 0 percent, 
Nitrogen 5. 0 percent. 

Item 9 is the heat required for the sum of the heat inputs to equal the sum of the 
heat requirements. Numerically, it is equal to Item 7 minus Item 8. The fuel 
requirement shown in Table 8-13 is obtained by dividing Item 9 by 7, 338 kcal/kg 
(13, 221 Btu/lb) which is the calculated net, or effective, heating value per 
kilogram (pound) of auxiliary fuel at l, 400 F. 

Item 10 shows that the sum of the heat inputs equals the total heat requirements. 

Item 11, the gross heat input from the auxiliary fuel, is obtain.ed by multiplying 
the kilograms (pounds) per hour of auxiliary fuel required, as calculated from 
Item 9, by the LHV for the fuel in kcal/kg (Btu/lb) . The definition of heating 
value of a fuel is the heat evolved per unit weight when the fuel is burned and 
the combustion products cooled to 15. 6 C (60 F) . This is exactly equivalent to 
assuming the fuel to be burned and the heat to be evolved at this temperature. 
Therefore, in order to obtain the effective heating value of a fuel at a tempera
ture above 15.6 C (60 F), in this case 760 C (1,400 F), the heat required to 
raise the combustion products to the higher temperature must be subtracted 
from the published heating value. Published heating values are given in two 
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ways, as the high heat value (HHV), and the low heat value (LHV) . The essential 
difference between HHV and LHV is the heat of conde.nsation at 15. 6 C (60 F) of 
the water formed by combustion of hydrogen in the fuel. The LHV has been used 
in these combustion calculations because the heat of condensation of water formed 
in combustion is unavailable in ordinary combustion processes and excluding it 
allows a clearer presentation of the heat balance. In this case, the fuel was 
assumed to be natural gas having a LHV of 11, 413 kcal/kg (20, 564 Btu/lb) and 
the following analysis: 

Carbon 73. 48 percent, hydrogen 23. 20 percent, Oxygen 1.10 percent, 
Nitrogen 2. 22 percent. 

The calculated net or effective heating value of the gas at 760 C ( 1, 400 F) , when. 
burned with a specified 10 percent excess combustion air, is 7338 kcal/kg (13,221 
Btu/lb) of gas. Details of this calculation can be found in books dealing with 
combustion stoichiometry. 

Item 12 is the difference in heat content, between 760 C (1,400 F) and 15.6 C 
(60 F) of the auxiliary fuel combustion products, including the 10 percent of 
excess combustion air assumed to be used with the fuel. Item 12 is the arithmetic 
difference between Item 11 and Item 9. 

Item 13 is the difference in heat content between 760 and 15. 6 C ( 1, 400 F and 
60 F) of the water vapor evaporated from the sludge. From steam tables the 
difference in heat content of water vapor between these two temperatures is 
364. 9 kcal/kg (657. 5 Btu/lb) . 

Item 14 is the sum of Items 6, 12, and 13. It is the difference in heat content 
between 760 and 15. 6 C ( l, 400 F and 60 F) of all gases leaving the furnace. 

Item 15, the heat potentially recoverable from the furnace off-gases by generating 
steam in a waste heat boiler, is taken as 73 percent of Item 14. In addition to 
generating steam, the waste heat boiler will have the useful function of cooling 
the furnace gases to about 219 C (425 F), thereby greatly reducing the cooling 
load on the wet scrubber. 

Table 8-15 is a summary presentation of the heat balance which may be more 
readily understood by readers who are unfamiliar with heat balance calculations. 

Discussion -

From the heat balance in Table 8-14, it can be seen that of the total heat gener
ated in the furnace, approximately 40 percent is from combustion of sludge 
volatiles and 60 percent from the auxiliary fuel. In other words, Item 8 is 
approximately 40 percent of the sum of Items 8 and 11. To evaluate the thermal 
energy requirement to reburn lime in this way, in comparison with the thermal 
energy requirement to produce fresh calcium oxide from limestone in a conven
tional plant, the heat recoverable in a waste heat boiler should be taken into 
account where a use for steam exists, as in the case of the CCCSD's water 
reclamation plant. To account for the energy requirement to transport calcium 
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oxide from the producer to the user, the energy requirements of transportation 
are as follows46: 

Rail transport - 98 kcal per ton-km (624 Btu per ton-mile) 

Truck transport - 542 kcal per ton-km (3, 462 Btu per ton-mile) . 

Table 8-15 SUMMARY OF HEAT BALANCES FOR MHF IN RECALCINE MODE 

Gross Heat Inputs kcel/lu' Btu/hr 
r---

Combustion of volatile solids 3,050,500 12,105,200 
From auxiliary fuel 4,634,400 18,390,400 

Total of Inputs 7,684,900 30,495,600 

Heat Accounted for 

To evaporate water at 60 F 1,669,300 6,624,600 
Loss by radiation 114,700 455,000 
Loss in shaft cooling air 66,200 2 62' 600 
Chemical reaction heats, CaC03 & Mg(OH)2 759,000 3,011,900 
Heat loss in calcined solids 214,100 849,600 
Heat content above 60 F in off-gases 4,861,600 19,291,900 

Total Accounted for 7,685,900 30,495,600 

The materials balance (Table 8-13) shows 878 kg ( 1934 lb) of CaO, equivalent 
to 0. 967 ton, to be recovered with a gross thermal energy input (Item 11, Table 
8-14) of 4.6 x 106 kcal (18.4 x 106 Btu). Heat recoverable with a waste heat 
boiler from the furnace off-gases amounts to 3.5 x 106 kcal (14.1x106 Btu). 
The difference between these two heat quantities may be taken as the energy 
requirement to reburn 0. 967 ton of CaO, which is equivalent to 1.1 x 106 kcal 
per ton ( 4. 5 x 106 Btu/ton) of reburned Cao. 

The thermal energy requirement to produce CaO from limestone, in modern rotary 
kilns equipped with efficient heat recovery devices, is approximately 1. 5 x 106 kcal 
(6 x 106 Btu) per ton of CaO. 47, 48 The rail line distance from a competitive 
supplier's plant to Martinez, California, where the CCCSD plant is located, is 
approximately 550 miles. Using . 98 kcal per ton-km (624 Btu per ton-mile) for 
rail transport, the energy requirement for transport is approximately 86, 000 
kcal (343, 000 Btu) per ton of CaO. Thus, the total thermal energy requirement 
for a ton of fresh Cao delivered to the CCCSD's water reclamation plant is 1. 6 x 
106 kcal (6. 3 x 106 Btu) compared with 1.1 x 106 kcal ( 4. 5 x 106 Btu) for in-
plant recalcination. 

Incineration of Second Stage Cake -

To illustrate the thermal effect of cake moisture in the incineration of dewatered 
sludges, materials and heat balances for three different levels of cake moisture 
are developed in the following paragraphs. Source of sludge in these cases is 
the thickened centrate from a classification centrifuge (see Fig. 7-9) . Since 
the purpose of this calculation is to show the relationships between cake moisture 
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and heat demand, the example only covers incineration in a MHF . Incineration 
in a FBR would show similar increases in heat requirements with increased 
percentages of moisture in the cake. 

The heat and materials balances were calculated by the same methods used for 
dewatered primary sludge, described earlier in this section, taking into account 
the differences in sludge solids composition. Calculated results are presented 
for sludge moisture levels of 88, 81 and 70 percent by weight. The two higher 
values represent moisture contents obtainable in centrifuged cakes; while the 
lowest value might represent moisture content of a cake produced by a filter press. 
Compostion of sludge solids, in weight percent, was taken as: 

Organics (volatiles) 
CaC03 
Ca5 (P04) 3 (OH) 
Mg (OH) 2 
MgO 
Fe (OH) 3 
Fe203 
Si02 and others 

Total 

44. 6 percent 
15.3 
17.7 
7.4 
3.4 
2.1 
0.9 
8.6 

100. 0 percent 

The fuel value (HHV) of the volatiles was taken as 5,550 kcal/kg (10,000 Btu/lb) 
and the calculated low heat value (LHV) was taken as 5, 119 kcal/kg (9, 223 Btu/ 
lb) , the same as for the volatiles in the primary sludge. The conservative 
assumption was made that calcium carbonate, magnesium hydroxide and ferric 
hydroxide were converted to the respective oxides. The specified gas exit 
temperature from the furnace was 760 C ( 1, 400 F) . The basis for calculating 
the heat loss in the ash was 93 percent by weight leaving the bottom hearth at 
649 C (1,200 F) and 7 percent leaving in the effluent gases at 760 C (1,400 F). 
This high exit temperature is required to destroy odorous organic compounds. 
The auxiliary fuel was assumed to be natural gas with a low heating value (LHV) 
of 11,413 kcal/kg (20,564 Btu/lb). A customary reference temperature of 15.6 C 
(60 F) , was used, with all inputs to the furnace assumed to be at that temperature. 

The effect of reducing the sludge moisture content on auxiliary fuel requirement 
can be seen in the materials balance, Table 8-16. Reducing sludge moisture 
from 88 to 70 percent reduces the auxiliary fuel requirement by 74. 9 percent. 
For a reduction in moisture from 88 to 81 percent, the reduction in auxiliary 
fuel is 46 percent. 

Heat recoverable in a waste heat boiler attached to the MHF is shown for each of 
the three moisture levels as Item 10 in Table 8-17, the heat balance tabulation. 
Item 10 is taken as 73 percent of Item 8. 

For situations where by-product steam can be used, examining the net auxiliary 
fuel requirement to incinerate the sludge may be of interest. If the heat recover
able with the waste heat boiler (Item 10, Table 8-17) , is deducted from the gross 
auxiliary fuel input, (Item 2, Table 8-17) , the difference may be taken as the net 
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Table 8-16. MATERIALS BALANCE FOR MHF AT THREE MOISTURE LEVELS 
OF SECOND STAGE CAKE 

Cake moisture, % weight 

Materials 88 81 70 

kg/hr lb/hr kg/hr lb/hr kg/hr lb/hr 

Inputs: 
Water in sludge cake 9,712 21,391 5' 646 12,436 3,090 6,806 
Volatile solids in sludge cake 590 1,300 590 1,300 590 1,300 
Inorganic solids in sludge cake 734 1, 617 734 l, 617 734 1, 617 
Natural gas l, 149 2,531 621 1, 3 67 289 636 
Combustion air, total weight 28,991 63,856 19,428 42,793 13,423 29,566 

Total of Inputs 41,176 90,695 27,091 59,513 18, 126 39,925 

Outputs: 
Gases a 

HzO 12 '722 28,022 7,509 16,539 4,232 9' 321 
COz 4 ,381 9' 649 2,958 6,515 2,064 4,547 
Oz 1,244 2,740 1,044 2,299 918 2,023 

N2 22,212 48,926 14,891 32,802 10,295 22' 67 6 

Total for gases 40,559 89,337 26,402 58,155 17,509 38' 567 

Ash 617 1,358 617 1, 358 617 1,358 

Total of Outputs 41,176 90,695 27,019 59,513 18,126 39,925 

a At 7 60 C (14 0 0 F) • 

Table 8-17. SUMMARY HEAT BALANCE FOR MHF AT THREE MOISTURE 
LEVELS OF SECOND STAGE CAKE 

Cake moisture, % weight 

Item Item 
88 81 70 

No. 1000 1000 1000 1000 1000 1000 
kcal/hr Btu/hr kcal/hr Btu/hr kcal/hr Btu/hr 

Gross Heat Inputs a 
1 Volatile solids combustion 3,021 11,990 3,021 11'990 3 ,021 11,990 
2 Natural gas auxiliary fuel 13,116 52,047 7,084 28,111 3,296 13,079 

Total of Inputs 16, 137 64,037 10,105 40,101 6,317 25' 069 

Heat Accounted For: 
3 To evaporate water at 15. 6 C 

(60 F) 5,713 22' 672 3,321 13,181 1,818 7,214 
4 Loss by radiation 115 455 115 455 115 455 
5 Net loss in shaft cooling air 66 263 66 263 66 2 63 
6 Chemical reaction heats 114 451 114 451 114 451 
7 Heat loss in calcined solids 95 375 95 375 95 37 5 
8 Heat content above 15. 6 C (60 F) 

in furnace off gases 10,034 39,821 6,394 25,376 4,109 16,311 

9 Total Heat Accounted For 16,137 64,037 10, 105 40,101 6,317 2 5 '0 69 

10 Heat recoverable with waste heat 
boiler: 7,325 2 9 '0 69 4,668 18,524 3,000 11,907 

a Based on LHV. 
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fuel requirement to incinerate the sludge. The values for the three sludge 
moisture levels are presented in Table 8-18. Table 8-18 shows in another way 
the fuel saving benefit to be derived from reducing sludge moisture content to 
the lowest feasible level; at 30 percent moisture, the net heat required to incin
erate the sludge cake after heat recovery is negligible. 

Table 8-18. AUXILIARY FUEL REQUIREMENTS OF MHF AFTER HEAT 
RECOVERY 

Cake moisture, % weight 

Item 88 81 70 

1000 1000 1000 1000 1000 1000 
kcal/hr Btu/hr kcal/hr Btu/hr kcal/hr Btu/hr 

Gross auxiliary fuel input 13,116 52,047 7,084 28, 111 3,296 13,079 

Recovery in waste heat boiler 7,325 29,069 4, 668 18,524 3,001 11,907 

Net heat required to incinerate 
sludge cake 5,790 22,978 2,416 9,587 295 1,172 

In the design of CCC SD water reclamation plant, steam generated by the waste 
heat boilers on the two multiple hearth furnaces is sufficient to supply 94 per
cent of the average steam requirements of the aeration blowers. 49 Each of three 
blowers, driven by a 2, 750 hp steam turbine, is capable of supplying 1680 cu ml 
min (60, 000 scfm) to the oxidation-nitrification system. Package steam boilers 
are provided to meet peak steam requirements. 

Energy Requirements of the FBR 

Materials and heat balances are presented below for the same composition and 
hourly input rate of dewatered primary lime sludge as was used in calculating 
the heat and materials balances for the MHF. 

As stated earlier in this section, the pellet bed FBR is in use to recover lime 
from water softening and pulp and paper mill lime sludges. A feature of this 
flow sheet is the use of the hot gases from the calcining reactor to evaporate 
water from the incoming sludge, whereby the feed to the calciner is moisture
free. This use of the hot gases from the calciner, therefore, is an important 
heat recovery feature which is of interest with respect to energy conservation. 

Up to now, the pellet bed reactor has not been used on sewage plant sludges. 
The drying of the sludge takes place at a relatively low temperature, with the 
gases leaving the dryer at a temperature of 163 C (325 F) . Because of this low 
temperature, there is the possibility that some volatile odorous compounds 
might not be destroyed and might escape through the final scrubber to the 
atmosphere. 
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Calculation of the materials and heat balances for the pellet bed calciner is rela
tive!~ complex and requires the use of data which were supplied by Dorr-Oliver, 
Inc. 0 The data supplied by Dorr-Oliver are: 

1. 15 percent of dry solids feed to the dryer is lost by carry-over to the 
scrubber. 

2. 15 percent of the calcined product returns to the dryer by carry-over. 

3. CaO and MgO in the calcined product carry-over to dryer recombine to 
form CaC03 and Mg (OH) 2. 

4. Radiation heat losses from calciner and dryer are about 5 percent of the 
heat input to each. 

5. Air in-leakage to the dryer (which is under suction) is 60 mole percent 
of the calciner stack gas flow. 

6. Gas temperature leaving calciner 899 C (1650 F). 

7. Gas temperature leaving dryer 163 C (325 F) . 

8. Water is injected into the hot gases leaving the calciner to reduce the 
temperature to 760 C (1, 400 F) , to protect the dryer system from too 
high a temperature. 

Other pertinent data are: 

1. Heating value (LHV) of sludge volatiles was taken as 5119 kcal/kg 
(9,223, Btu/lb). 

2. Auxiliary fuel was assumed to be natural gas having a LHV of 11, 413 
kcal/kg (20,564 Btu/lb). 

3. Temperatures of streams entering the system was taken as 15. 6 C 
(60 F) except for the combustion and fluidizing air, supplied by 
blower, which was taken as 54 C (130 F) . 

4. Recalcination in a pellet bed FBR requires the addition of a small 
amount, less than 0. 3 percent, of soda ash (Naz C03) to cause 
pellet formation. This small addition was considered negligible 
in the materials balance. 

The calculations for materials and heat balances are shown in Tables 8-19 and 
8-20, respectively. It will be apparent that separate but interrelated materials 
and heat balances must be made for the dryer, the calciner, and gas cooler 
(water quench to reduce calciner gas temperature from 899 to 760 C (1, 650 to 
1, 400 F)) , in order to obtain the overall balances. · 
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Table 8-19. OVERALL MATERIALS BALANCE FOR FLUIDIZED BED CALCINER 

To dryer To gas cooler To calciner a 

Item 
kg/hr lb/hr kg/hr lb/hr kg/hr lb/hr 

Inputs 

Volatile solids 596 1,313 - 507 1' 117 

CaC03 1,873 4,125 - 1,873 4' 125 
Mg(OH)z 66 145 - 66 145 

Fe(OH)3 15 34 15 34 

Inerts 288 634 288 634 

Water in sludge 2' 838 6, 250 -
Water to gas cooler - 555 l, 223 

Natural gas 122 268 -

Theoretical combustion air 6,021 13 '2 63 -
Excess combustion air 4,914 10,823 -
Air in-leakage to dryer 7,348 16,187 - -

Subtotals 24,081 53,042 555 1'22 3 2,749 6,055 

Total 24,636 kg/hr (54,265 lb/hr) 

To scrubber As product from calciner 

kg/hr lb/hr kg/hr lb/hr 
Outputs 

Nz 14,003 30,843 
HzO 4' 13 6 9' 111 - -
C02 2 '063 4,544 -
Oz 2,823 6,219 -

Volatile solids 89 197 -
CaC03 281 619 -
Mg(OH)z 10 22 -
Fe(OH)3 2 5 
Inerts 43 95 245 539 
CaO - 892 1'9 65 
MgO - 39 85 
Fe2 o3 - 10 21 

Subtotals 23,450 51,655 1,186 2 '610 

Total 2 4, 63 6 kg/hr (54, 2 65 lb/hr) 

a Input to calciner is not additive to dryer input but comes from dryer. 

The heat input from auxiliary fuel (LHV) is shown in Table 8-20 as 1, 389, 000 
kcal/hr (5, 511, 000 Btu/hr) . Table 8-19 shows the reburned lime (CaO) pro
duced as 892 kcal/hr (1, 965 lb/hr) , equivalent to 0. 982 ton/hr. The auxiliary 
fuel requirement per ton of CaO therefore is 1, 414, 000 kcal/ton (5, 612, 000 
Btu/ton) . 
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Table 8-20. OVERALL HEAT BALANCE FOR FLUIDIZED BED CALCINER 

Btu/hr kcal/hr 
Gross Heat Inputs: 

Volatile Solids 10,289,200 2,592,800 
Natural Gas 5,511,200 1,388,800 
Combustion and excess air@ 54 C (130 F) 376,000 94,800 
Heats of recarbonation and rehydration 500,600 126,200 

Total of Inputs 16,677,000 4,202,600 

Heat Accounted For: 
Heat of evaporation of 2 , 83 8 kg ( 6, 2 50 lb) water in sludge 6,624,400 1,669,400 
Heat of evaporation of 555 kg (1, 22 3 lb) water in gas cooler 1,295,800 326,500 
Heat of reaction, CaC03 ___...Cao + co2 3,245,600 817,900 
Heat of reaction, hydroxides---> oxides 90,900 22,900 
Radiation loss from calciner 800,000 201, 600 
Radiation loss from dryer 600,000 151,200 
Sensible heat loss in product 174,500 44,000 
Sensible heat loss, solids to scrubber 60,900 15,300 
Sensible heat loss, gases to scrubber 3,784,900 953,800 

Total 16,677,000 4,202,600 

Comparison may be made with the thermal energy requirements given before for 
one ton of CaO. These were: 

1. Reburning in a MHF with credit taken for heat recovery by means of 
waste heat boiler: 1, 122, 000 kcal/ton ( 4, 454, 000 Btu/ton) . 

2. Fresh CaO produced in a modern limestone plant in Nevada and trans
ported to Martinez, California: 1, 598, 000 kcal/ton (6, 343, 000 Btu/ton) . 

If the emission of odors is a problem with the pellet bed calciner operating on 
sewage sludge, reheating the off-gases to 760 C (1, 400 F) in an afterburner 
might be considered a possible solution to the problem. While this could be 
done physically, the thermal energy requirement would be so large that this 
approach seems impractical. 

In the sand bed FBR installed in Elkhart, Indiana 17, the wet sludge is fed directly 
to the calciner and all of the recalcined product leaves the reactor in the gas 
stream. About 85 percent of the calcined lime is separated from the gas stream 
in a cyclone and the remainder is removed in a wet scrubber. If a waste heat 
boiler could be successfully operated on gas with this high content of solids, or 
if the solids content of the gas could be substantially reduced, the same waste 
heat recovery process might be applied as in the case of the MHF. However, as 
the Dorr-Oliver Fluo-Solids process now stands, major alterations to it would be 
required to allow energy recovery by means of a waste heat boiler. 
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SECTION IX 

AIR QUALITY CONS ID ERA TIONS 

An important problem connected to the operation of sludge inci~erators is air pol
lution. The air pollutants emitted from incinerators that must m general be con-
trolled include: 

Particulate matter 

Nitrogen oxides (NOx) 

Sulfur oxides (SOX) 

Odorous substances 

Trace quantities of metals, pesticides, polychlorinated biphenyls (PCB) and 
other organic compounds. 

The particulate matter released by incinerators burning lime treated sludges 
includes small amounts of calcium carbonate (CaC03) , calcium oxide (CaO) , 
tricalcium phosphate (Ca3 (P04) z) , magnesium oxide (MgO) and inert solids. 
Representative proportions of these constituents which might be expected in the 
furnace off-gases are given in Table 9-1, where predicted compositions! are 
compared to actual measurements during the CCCSD's Lime Sludge Recycling 
Study. 2 

A modern sludge incinerator, provided with an adequate scrubbing system and 
properly operated, is capable of producing acceptable stack emissions of parti
culate matter, nitrogen oxides, sulfur oxides and odors. 3 The Task Force on 
sewage sludge incinerators found however, that while the gas emissions are 
below pollutant levels, most installations did not efficiently control the discharge 
of particulate matter. 

Under the provisions of the Clean Air Act of 1970, the U.S. Environmental Pro
tection Agency (EPA) has implemented standards of performance for municipal 
sewage treatment plants which would limit the emission of particulate matter 
from new incinerators burning process sludges. 4 There are also state and 
local codes covering sludge incinerator emissions and under the Clean Air Act 
of 1970, state and local codes may not be more lenient but can be more stringent. 
Typical of these is the regulations of the Bay Area Air Pollution Control District 
(BAAPCD) . The BAAPCD has jurisdiction over nine counties in the San Francisco 
Bay Area in California. Regulation 2 of the BAAPCD covers particulate emissions 
in terms of capacity and maximum emission by weight per dry standard cubic 
foot (DSCF) . The weight is corrected for auxiliary fuel consumed in the com
bustion of sludge. 5 
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Table 9-1. SOLIDS COMPOSITION OF LIME FURNACE OFF - GASES, 
PERCENT 

Constituent 

CaC03 

Cao 

Ca3(P04)2 

MgO 

Inerts 
Si Oz 
Fe 2o3 
Other 
Total 

Unaccounted for 

a Reference 1. 

b Reference 2. 

Design a 
condition 

62.5 

20.5 

5. 5 

3.5 

8.0 

0 

Measurements during Lime Sludge Recycling Studyb 

August 16, 1972 September 11, 1972 

Test 1 Test 2 Test 1 Test 2 

68.0 59.3 64. 6 67.7 

10.4 20.6 19.8 16.5 

4.4 4.5 3.7 3 .1 

4.8 4.6 3.4 3.2 

4.9 4.4 6. 6 6.6 
0.8 0.7 0.6 0.5 
0.0 0.0 o.o o.o 
5.7 5.1 7.2 7.1 

6.7 5.9 1. 3 2.4 

In view of the state of flux in which air pollution control regulations seemed to be at 
the time this report was written, it would appear to be in the best interest of each 
project to design for the most rigid control regulations whether they be federal, 
state, or local. 

Under the present EPA standards, dated March 8, 1970, particulate emissions to 
the atmosphere would be limited to: 4 

11 1. No more than 70 miligrams per normal cubic meter (mg/Nm3) undiluted, 
or 0.031 grains per dry standard cubic foot (gr/dscf). -

2. No more than 10 percent opacity. 11 

These same standards do not mention gas pollutant control since the 
exhaust concentrations of SOX, NO , and CO emitted by a sludge incinerator 
are below serious pollutant levels .t However it is advisable to check state and 
local regulations for compliance of the gaseous emissions. 

In the proposed standards, particulate matter is defined as 11 any material, other 
than uncombined water, which exists in a finely divided form as a liquid or solid 
at standard conditions. 11 Opacity is defined as 11 the degree to which emissions 
reduce the transmission of light and obscure the view of an object in the back
ground. 11 
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The following paragraphs are included in the standards: 
4 

11 Available data indicate that, on the average, uncontrolled multiple-hearth 
incinerator gases contain about 0.9 gr/dscf of particulate matter. Uncontrolled 
fluid bed reactor gases contain about 8.0 gr/dscf. For average municipal 
sewage sludge, these values correspond to about 23 lb/hr in a multiple-hearth 
unit and about 205 lb/hr in a fluid bed unit. Particulate collection efficiencies 
of 96. 6 to 99. 6 percent will be required to meet the standard, based on the 
above uncontrolled emission rate. Emissions will be on the order of 1 . 0 
lb/hr. II 

"Existing state or local regulations tend to regulate sludge incinerator emis
sions through incinerator codes or process weight regulations. The most 
stringent state or local limit, 0. 03 gr I dscf, is based on a test method that is 
different from the reference methods in that it includes impingers. Many 
state and local standards are corrected to a reference base of 12 percent 
carbon dioxide or 6 percent oxygen. Corrections to carbon dioxide or 
oxygen baselines are not directly related to the sludge incinerator rate 
because of the high percentage of auxiliary fuel required. In some regula
tions, the carbon dioxide from fuel burning is subtracted from the total in 
determinations of compliance. 11 

"For a typical incinerator with a rated dry solids charging rate of 0. 5 ton/hr 
at a gas flow rate of 3, 000 dscfm, the proposed standard would allow the 
incinerator to emit 0 .. 8 lb/hr of particulate matter. The reference process 
weight regulation would limit emissions to 6. 3 lb/hr, based on a charging 
rate of wet sludge (80 percent water) of 5, 000 lb/hr. Dry solids charging 
rates for new incinerators will range from 0. 5 to 4. 0 tons/hr, with gas flow 
rates of 1, 000 to 20, 000 dscfm. 11 

The production of odors and their control is also a consideration in the operation 
of sludge incinerators. It has been indicated that the range of temperatures for 
effective control is 649-816 C ( 1200-1500 F) . 7 Since the MHF operates at 760-
982 C (1400-1800 F) in the burning hearths8 and the FBR operates at a minimum 
of 760 C (1400 F) 7, both types of incinerators reach operating temperatures that 
are considered effective in the destruction of odorous substances. Nevertheless, 
due to certain features of these incineration systems, both may require an after
burner to ensure off-gases deodorization, particularly in those cases where 
odorous volatile organics are present in the sludge. In the case of a MHF, since 
raw sludge is introduced to the upper hearth where. the drying of sludge occurs 
before combustion, the temperature of the exit gas from the upper hearth varies 
from 260 to 593 C (500 to llOO F) 8 which is below the temperature range for 
effective odor control. In the pellet bed FBR, the exhaust gases are normally 
cooled and mixed with the sludge cake (see Section VIII) . The preheated 
mixture then passes through a two-stage cyclonic separator before the off-gases 
are discharged to atmosphere. Due to the intimate mixing of gas and cake solids, 
some volatiles may be picked up from the latter and carried over with the 
exhaust gas. These volatiles are a potential source of odors. 
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Another important area of concern has been the destruction of pesticides and 
polychlorinated biphenols (PCB) . Both multiple-hearth furnaces with after
burners and fluidized bed reactors will reduce these pollutants to an acceptable 
level. Research9 has shown that 99. 9 percent of the PCB contained in sewage 
sludges is destroyed in a multiple-hearth furnace operated at an exit gas tempera· 
ture of 593 C (1100 F) . 

The use of a high energy scrubber, such as venturi or impingement type, that is 
required to achieve the maximum particulate removal from the exit gas stream, 
will also further reduce the pollutant gases. The total energy required by either 
of the above types of scrubbers is approximately the same (see Section VIII) . 
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SECTION X 

MASS EQUILIBRIUM BALANCES OF SOLIDS PROCESSING 

SYSTEMS BY DIGITAL COMPUTA:TION 

The design and operation of a chemical sludge solids processing system requires 
the computation of theoretical mass equilibrium values for each component in all 
process streams of importance. For the solids processing systems such as those 
shown in Fig. 7-8 and 7-9, manual computation of mass equilibrium values for 
each component in every process stream is a tedious and time consuming process. 
Furthermore, new mass equilibrium values for each component need to be calcu
lated each time a change in an operational parameter is made. The importance of 
having a theoretical model capable of predicting accurate mass equilibrium values 
for all components in such a complex process can not be overstressed. Rapid 
calculation of component equilibrium values for various operational modes is 
important in monitoring the operation of a solids processing system of this type. 
Also, in the design of this type of system, many different modes of operation 
must be evaluated before final design decisions are made. A computer program 
is then needed that can model the system and calculate mass equilibrium values 
for differing modes of operation. 

A computer program, SOLIDS lA, has been developed to solve (by direct nonit
erative equations) for the equilibrium mass values of all components in the 
solids processing sequence shown in Fig. 7-8 and 7-9. The solids processing 
sequence employs wet classification of primary sludge with recalcination of the 
recovered sludge solids; with options for second stage dewatering of the centrate 
from the wet classification step, and incineration of the recovered solids from 
the dewatering step. Also optional in the solids processing sequence are blow
down of a portion of the recalcination furnace product, dry classification of the 
recalcination furnace product to selectively purge inert materials from the 
process, and the ability to recycle furnace wet scrubber water back to the 
primary_ By appropriate adjustment of input data, the program is readily 
adapted to substitution of vacuum filters or filter presses for the second stage 
dewatering step; or a Plural Purpose Furnace flow sheet (Fig. 7-8) can be run 
by inputtinghigh recoveries in the first stage dewatering step. In this event, 
centrifuges, vacuum filters, or filter presses could be assumed. 

In the program, a simplifying assumption is made that solids in the thickener 
overflows are not returned to the primary stage. In terms of the first stage 
thickener, such overflows have no impact on any process stream except the 
primary sludge stream. In terms of the second stage thickener, it is assumed 
that the "thickener" is more-or-less a holding tank with little or no thickening 
action taking place so that no stream would return to the primary. 
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This program was compared to the full-scale test data generated during test work 
on lime recalcining and recycle at the CCCSD's ATTF. Agreement between pro
totype and computer output was found to be reasonably good .1 The program was 
developed in Fortran IV language for use on the time sharing service of General 
Electric Information Services, Business Division. It can be easily modified for 
use on other time share or batch processing services. A listing of the program 
is given in Section XV. A; symbols used in the program are given in Tables 10-1 
through 10-3. If for some reason the design engineer does not have convenient 
access to a computer, the equations presented in this section and in the program 
listing in Section XV. B can be used for manual calculations. 

Table 10-1. COMMON PREFIXES USED IN PROGRAM "SOLIDS 1A 11 

Prefix 

CA 
CAC 
CAP 
CAO 
CAH 
FE 
FEOH 
FEO 
FECL3 
XMG 
XMGH 
XMGO 
ORG 
p 

SI 
AII 

XLB 
RE 
TOT LB 
FR 
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Meaning 

Calcium as Ca 
Ca CO , Calcium carbonate 
Ca3 {Pb 4l i, Tri calcium phosphate 
Ca 0, calcium oxide 
Ca (OH) 2 , calcium hydroxide 
Iron as Fe 
Fe (OH) 3 , Ferric Hydroxide 
Fe2 o3, Ferric oxide 
Fe CL 3 , Ferric chloride 
Magnesium as Mg 
Mg {OH) 2 , Magnesium Hydroxide 
Mg 0, Magnesium oxide 
Organics, Volatile Matter 
Phosphorus as P 
Si o2 , Silicon dioxide 
Acid insoluble inerts 

(Other than silica) 
Pounds of 
Recovery of 
Total pounds of 
Fraction of 



Table 10-2. COMMON SUFFIXES USED IN PROGRAM "SOLIDS 1A81 

Suffix 

-MGL 
-IN ,-INF 
-OUT I -EFF I -EF 

-SLG 
-CAKl 
-CNTl 
-CAK2 
-CNT2 
-1 
-2 
-WAS 

-SSI I -SSIN 
-sso I -SSOUT 

-FP 
-FPI 
-F 
-FI 
-CL 

-CR 
-RS 

-BD 

-SE 1 

-SE2 

-lP 

-IND 
-EFD, EFFD 

Meaning 

In units of mg /1 
Into the primary flocculation basin 
Out of the primary sedimentation basin 

(primary effluent) 
In the primary sludge 
In the first stage centrifuge cake 
In the first stage centrifuge centrate 
In the second stage centrifuge cake 
In the second stage centrifuge centrate 
(Recovery) In the first stage centrifuge 
(Recovery) In the second stage centrifuge 

Waste activated (secondary) sludge added 
to the primary 

Suspended solids into the primary 
Sus pended solids out of the primary (in 
the effluent) 

In the recalcination furnace (product stream) 
In the incineration furnace (product stream) 
(Recovery) In the recalcination furnace 
(Recovery) In the incineration furnace 
(Recovery) In the classifier for re calcined 
product 

In the classifier reject stream 
In the recycled solids accepts stream back 
to the primary 

In the blowdown stream from the 
recalcination furnace 

In recalcination furnace wet scrubber 
effluent stream 

In incineration furnace wet scrubber 
effluent stream 

In the first pass precipitation (sludge) in 
the primary 

Dissolved in the primary influent raw sewage 
Dissolved in the primary effluent 
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Table 10-3. OTHER SYMBOLS USED IN PROGRAM "SOLIDS 1A11 

Symbol 

XMGD 
FECL3MGL 
CAHTODOS 

FRBD 

REC ALEFF 

XMGEFMGL 
FRAIISSO 

FRAIISSI 

FRSIWAS 

FRAIIWAS 

FRVWASIN 

FRVSSIN 

FRVSSOUT 

FRSISSI 

FRSISSO 

FRSINEW 
FRAIINEW 
FRMGONEW 
FRCAONEW 
CAOTOMGL 
CAO NEW 
TOTLBNEW 

CAONMGL 
CAORMGL 

CAORSFRA 

Meaning 

Flow into the primary, mgd 
Dose of Fe CL3 to the primary, mg/l 
Total dose of calcium hydroxide to the 
primary in units of mg /1 

Fraction of recalcination furnace stream 
to blowdown 

Recalcining efficiency of converting 
Ca co 3 to Ca 0 

Magnesium as Mg in primary effluent, mg /1 
Wt. Fraction of acid insoluble inerts in 
suspended solids out (effluent) 

Wt. fraction of acid insoluble inerts in 
suspended solids into the primary 

Wt. fraction silicon dioxide in waste 
activated sludge 

Wt. fraction acid insoluble inerts in waste 
activated sludge 

Wt. fraction volatile solids in waste 
activated sludge to the primary 

Wt. fraction volatile solids in influent 
suspended solids 

Wt. fraction volatile solids in effluent 
suspended solids 

Wt. fraction silicon dioxide in influent 
suspended solids 

Wt. fraction silicon dioxide in effluent 
suspended solids 

Wt. fraction of stated component in the 
new (makeup) dry lime solids added to 
the primary 

Total dose to primary of CAO, in mg /1 
Makeup CAO (lime) added to primary 
Total new makeup lime added, 
including impurities, lb 

CAO makeup added to primary, as mg/l 
CAO in recycled solids (RS) stream, as 
mg/l 

CAO in recycled solids stream, fraction 
of total CAO dose 
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Table 10-3. OTHER SYMBOLS USED IN PROGRAM usOUDS 1A 11 

(CONTINUED) 

Symbol 

TOTREl 

TOTRE2 

TOT RE CL 

SE REC 

CLASS IF 

FURNACE 

DESCRIPTION OF PROGRAM 

Meaning 

Total solids recovery in the first stage 
centrifuge (wet classification) 

Total solids recovery in the second stage 
centrifuge (dewatering) 

Total solids recovery in dry classification 
of recalcined furnace product (recovery 
in accepts stream) 

Option code for return or nonreturn of furnace 
scrubber water to the primary 

Option code for including or excluding dry 
classification of furnace product 

Option code for including or excluding second 
stage dewatering and incineration of cake in 
the processing sequence 

For a given set of operating conditions and unit performances, the equilibrium 
mass values for the following components are calculated for each process stream: 

Organics 
Calcium carbonate 
Calcium phosphate 
Magnesium hydroxide 
Magnesium oxide 
Ferric hydroxide 
Ferric oxide 
Silicon dioxide 
Acid insoluble inerts 
Calcium oxide 

(volatile matter) 
(CaC03) 
(Ca3 (P04) 2) 
(Mg (OH) 2) 
(MgO) 
(Fe (OH) 3) 
(Fe20 3) 
(Si0 2) 
(other than Si02) 
(CaO) 

The program also calculates the fraction of the total lime dose (as CaO) to the 
primary contributed by the recycled CaO from the recalcining furnace. 

Description of Input 

Inputs are required to specify the type of operation desired as described under 1 
and 2 below: 

l. The type of processing sequence (either Plural Purpose Furnace or 
A TTF system cases, i.e. , dew ate ring alone or wet classification 
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followed by dewatering) to be specified is inputted by using the appro
priate code for 11 FURNACE". For ATTF system cases, 11 FURNACE" = 2.0, 
while for Plural Purpose Furnace cases, 11 FURNACE" = 1. 0. Also, if a 
dry classifier is included in the processing sequence I 11 CLASSIF II = 1. 0 I 
while if no dry classifier is wanted, 11 CLASSIF 11 = 0.0. If a blowdown 
stream from the recalcination furnace product is desired (with or without 
the dry classifier) the appropriate fraction of the furnace product stream 
to be the blow down is inputted for "FRBD 11 

• If no blow down is wanted, 
set 11 FRBD 11 = 0. 0. The blowdown stream is located ahead of dry classi
fication in the processing sequence. If furnace scrubber effluent water 
is to be returned to the primary, then set 11 SEREC" = 1. 0. If not, then 
set 11 SEREC 11 = 0.0. 

2. The order of process and performance parameters to be inputted is: 

a. Flow rate in MGD as 11 XMGD 11
• 

b. Waste activated sludge solids added to the primary, in lb/day as 
11 XLBWAS". 

c. Ferric chloride dose to the primary, mg/l as 11 FECL3MGL 11 • 

d. Total lime dose as Ca(OH) 2 , in mg/las "CAHTODOS 11 • 

e. Fraction blowdown as "FRBD". 

f. Recalcining efficiency of converting Caco3 to CaO, fraction, as 
"RECALEFF" (as measured on the furnace product) . 

g. "FURNACE 11 as 2. 0 or 1. 0, and 11 CLASSIF" as 1. O or O. O as explained 
previously. 

h. Primary pH as "PH" 

i. "SEREC 11 as 1. 0 or 0. 0, as explained previously_ 

i. Iron as Fe in the primary influent raw sewage, mg/l, as "FEINFMGL". 

k. Silica dissolved in the primary influent raw sewage, in mg/l of 
SiOg, and silica dissolved in the primary effluent in mg/l of SiOz, 
as 1 SIINDMGL", and "SIEFMGL", respectively. 

1. Suspended solids in the primary influent in mg/las "SSINMGL", 
and suspended solids in the primary effluent in mg/las "SSOUTMGL 11 • 

m. Magnesium as Mg in primary influent, mg/l, as "XMGINMGL", and 
in the effluent (mg/l) as 11 XMGEFMGL". 

n. Calcium (dissolved and suspended) as Ca in the primary influent, 
mg/l, as CAINFMGL, and calcium (dissolved and suspended) as 
Ca in the primary effluent as "CAEFFMGL". 
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0. 

p. 

q. 

r. 

s. 

t. 

u. 

v. 

Total phosphorus as P, mg/l, in the primary influent as "PINFMGL 11 , 
and in the effluent as 11 PEFFMGL 11 

• 

Iron as Fe in the primary effluent, mg/las 11 FEEFFMGL 11
• 

Weight fraction of acid insoluble inerts (inerts other than SiOz) 
present in the suspended solids in the effluent as 11 FRAIISS0 11 , and 
in the primary influent as 11 FRAIISI 11

• 

Weight fraction SiOz in waste activated sludge solids as 11 FRSIWAS 11 , 
and the weight fraction acid insoluble inerts in the waste activated 
sludge solids as 11 FRAIIWAS 11 

• 

The weight fraction of volatile matter in the waste activated sludge 
solids as 11 FRVWASIN 11

, in the suspended solids in the influent 
11 FRVSSIN 11 and in the suspended solids in the effluent as 11 FRVSSOUT 11 . 

The weight fraction SiOz in the suspended solids in influent as 
11 FRSISSI 11

, and in the effluent as 11 FRSISS0 11 . 

The weight fraction of SiOz, acid insoluble inerts, MgO and CaO in 
the new makeup lime solids as 11 FRSINEW 11

, 
11 FRAIINEW 11 , "FRMGONEW 11 

and 11 FRCAONEW 11
, respectively. 

Recoveries of all components in the first stage (wet classification) 
centrifuge cake as fraction recovered: 

RECAP! is recovery of Ca3 (P04) z) 
RECAC 1 is recovery of CaC03 
RESil is recovery of SiOz 
REAIIl is recovery of acid insoluble inerts 
REXMGHl is recovery of Mg (OH) 2 
REXMGOl is recovery of MgO 
REFEOHl is recovery of Fe (OH) 3 
REFEOl is recovery of Fez03 
REORGl is recovery of organics (volatile matter) 

w. Similarly, fractional recoveries for all components in the second 
stage (dewatering) centrifuge cake are inputted as in 11 v 11 above, 
with the suffix being 11 2 11 instead of 11 l11: 

RECAP2 I RECAC2, RESI2 I REAII2, REFEOH2' REFE02, 
REORG2, REXMGH2, REXMG02 are inputted. 

x. Fractional recoveries of all components in the recalcination furnace 
are inputted (suffix is 11 F 11 for these components) . Furnace 
recovery means what is recovered as furnace product. Whatever is 
lost to the furnace dry cyclone is presumed to be recovered in a 
wet scrubber and the scrubber water returned to the primary. 
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Recalcination furnace recovery inputs are: 

RECAPF I RECACF I RESIT I REAIIF I REFEOHF I REFEOF I REORGF I 

REXMGHF I REXMGOF . 

The recovery of organics and metal hydroxides in the furnaces are 
intrinsically zero in the program, because all organics are assumed 
to be combusted, and all metal hydroxides (Fe (OH) 3 and Mg (OH) z) 
are assumed to be converted to metal oxides (Fez03 and MgO) . 
Hence, the recoveries of the metal oxides in the furnaces will be 
used for the metal hydroxides because they will exit the furnaces as 
metal oxides. Also, Caco3 is converted to CaO in the furnace, and 
the program uses the CaC03 recovery and recalcine 6fficiency to 
determine the CaO in the furnace product. 

y. The fractional recoveries of all components in the incineration 
furnace are inputted, similar to those for the recalcination furnace. 
The inputs are given the suffix 11 FI 11 for the incineration furnace. 
Recovery inputs are: 

RECAPFI I RECACFI I RES IF I I REAIIFI I REFEOHFI I REFEOFI I 

REORGFI I REXMGHFI I REXMGOFI . 

Again, recoveries are defined as in the case discussed above for the 
recalcination furnace, and inputs for recoveries of organics and 
metal hydroxides will be zero. 

z. The fractional recoveries of compounds in the dry classifier for 
recalcined product are inputted last. The fractional recovery is 
defined as the mass of material accepted and recycled back to the 
primary divided by the total mass of material classified. Classifier 
rejects are assumed to be discarded. Again, recoveries of organics, 
and metal hydroxides are inputted as zero because none of these 
appear in the recalcined product to be classified. 

Inputs are given the suffix ilCL 11
, as: 

RECAPCL I RECACCL I RESICL I REAIICL I REFEOHCL I RECAOCL, 
REFEOCL, REORGCL, REXMGHCL, REXMGOCL. 

The recovery of Cao is inputted here because it is present in the 
recalcination furnace product, as a separate compound, along with 
the remaining CaC03 that was not recalcined. If no dry classifier is 
to be used, input the recoveries of all components (except organics, 
Mg (OH) 2 and Fe (OH) 3, which are zero) in the classifier as 1. 0 
(total recovery) . 

200 



Input Data Format 

The input data is arranged into three data files (e.g .. three separate magnetic 
cards, three sets of punch cards, etc.) . The first input file, which is called 
11 DATl 11 simply lists a line number followed by the input terms. There are two 
lines on the first (DAT 1) file. Line numbers have been assigned arbitrarily. 
The first input file is shown in Table 10-4. 

Table 10-4. FORMAT FOR DATA FILE 11 DAT1 18 

Input parameters in computer code Description Sample file list 

L,XMGD,XLBWASIN,FECL3MGL,CAHTODOS, File list no,, primary flow, lb/day waste 110,30.0,9746.0,14.0,400.0, 
FRBD, RECALEFF activated sludge added; FeCL

3 
dose, 0. 0, 0. 95 

total dose of lime as mg/\ of Ca(Ol-1) 
2

, 
fraction blowdown, 
recalcination efficiency 

L ,FURNACE, CLASSIF, PH, SEREC, FEINFMGL, File list no., furnace option code, classifier 115, 2. 0, 0. 0, 11. 0, 1. 0, 0. 0, 
SIINDMGL, SIEFDM GL 0ption code, primary pH, furnace scrubber 0. 0, 0. 0 

water return option, Iron as mg/l Fe 
in raw sewage, dissolved silica as 
mg/\ Si0

2 
in raw sewage and primary 

effluent 

A sample of the numbers which might be used for a two stage centrifuge-furnace 
case with dry classification of the recalcined product is shown (case 100, 
Section XV. B) . The format is in the "variable specification 11

, so that any 
floating point format can be used for any of the input numbers. The first number 
on each line is the line number required to construct a data file list by the time 
share service. 

The second group and third groups of input data, which the program recognizes 
as files "DATZ" and 11 DAT3 11 are shown in Tables 10-5 and 10-6. 

It is important to input recovery values for all components, even those that are 
intrinsically zero (as recovery of organics or metal hydroxides in the furnaces 
or classifier - in these cases, the input values would be 0. 0) . Also, in the 
case that any component will not be present in the primary influent or in any 
stream added to the primary (hence, this component will not be in any of the 
process streams printed out) , it is important to input hypothetical recovery 
values for that component in either the first stage or second stage centrifuge to 
prevent division by zero in certain equations. In fact, if ever the recoveries in 
both the first and second stage centrifuge are inputted as zero for a particular 
component, division by zero results, causing the calculated amount of that com
ponent present in the primary sludge to be infinJ.te. 

Outputs 

The program prints out calculated equilibrium values as well as some specified 
recoveries, performance parameters, and operational conditions. Output for the 
cases evaluated for this report are shown in Section XV. B. 
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N 
0 
N 

Table 10-5. FORMAT FOR DATA FILE "DAT2" 

Input parameters in computer code 

L, SSINiVI (_;L, SSClUTr1.,l GL, XJV1CINM CL, XM GEFrvlGL, CAIN FM GL CAEFfMCL 

L. PINf!\·I ( ;1. rErrMGL' FCJ:Tf!Vl GL. FARIISSO, FRAIISSI 

L, FRS!WAS, FRAIIWAS, FINWAS!N, FRVSSIN, FRVSSOUT 

L, tRSISSI, FRSISSO, fRSINEW, FRAIL NEW, FRivl(;QNEW, FRCAONEW 

Descrlption Sample flle Hst 

File list no., influent primary suspended solids (mg/l); 131,240.0,26.0,22.3,8,74,30.0,60.0 
effluent primary suspended solids (mg/l); magnesium as 
Mg in the primary influent (mg/l); prlmary effluent total 
Mg as Mg (mg/1); primary tnfluent calclum as Ca (rng/l); 
Primary effluent total calcium as Ca (rng/1) 

rile list no., influent total pas p (rng/l), primary 132,10.0,0.68,0.0,0.0024,0.0024 
effluent total P (mg/l); pnmary effluent total Fe as 
Fe (mg/l); weight fractions of: acid insoluble inerts 
tn effluent suspended solids, acid insoluble inerts in 
Lnfluent suspended solids 

File hst no., weight fract10ns of: St0
2 

in waste 
activated sludge, acid tnsoluble inerts in waste 
activated sludge, volatile matter in waste activated 
sludge, volatile matter in influent suspended solids, 
volatile matter Ln effluent suspended solids 

141 ,0 .035, 0, 0024 ,0, BO, 0. 80 ,0. 80 

File list no., weight fra~t1ons of: S10
2 

ln influent 151,0.035,0.035,0.027,0.0096,0.07,0.89 
suspended solids, S10

2 
in effluent suspended solids, 

~1~~~~ ~t~: ~~k;~pi~i~:ke:~i~i~:~l~=~ /~::~~:p llme 

Table 10-6. FORMAT FOR DATA FILE "DAT3" 

Input parameters in computer code 

L' RECAP] I RECACl 'RESI] 'REA II 1 

L, REXIvlGH I , REXi'vl GOl, REFEOH 1, REFEO 1, REORGl 

L' RECAP2' RECAC2 I RES12 I REA112' REFEOH 2 

L, REFE02, REO RG2, REX?l:l GHZ, REXTvl G02 

L, RECAPF, REC ACF, RESIF, REAIIF, REFEOHF 

L, REFEOF, RE'ORGF, REXM GHF, REXMGOF 

L, RECAPFI RECACFI, RESIFI, REAIIFI, REFEOHFI 

L, REFEOFI REORGFI, REXM GHFI, REXMGOFI 

L, RECAPCL, RE CA CCL, RESICL, REAIICL, REFEOH CL, RECAOCL 

L, REFEOCL, REORGCL, REXMGHCL, REXM GOCL 

Description 

Recoveries in the first stage centrifuge of: 

F~l;1~1;~s~~: ,Il~e~~PO 4) 2 , CaC0 3 , 810 2 , 

Flle hst no., Mg(OH) 
2

, MgO, Fe(OH) 
3

, 
Fe

2
0

3
, Orgamcs 

Recoveries in the second stage centrifuge of: 

File list no., ca
3

(P0
4
)
2

, Caco
3

, SL0
2

, 
Acid In sol. Inerts, Fe(OH) 

3 

F~~~tst no., Fe2o3 , Organics, Mg(OH) 
2

, 

Recoveries in the recalcination furnace of: 

File list no., Ca
3

(P0
4

)
2

, CaC0
3

, Si0
2

, 
Acid In sol. Inerts, Fe(OH) 

3 

F~:~1st no., Fe 2o 3 , Organics, Mg(OH) 
2

, 

Recoveries in the incineration furnace of; 

File list no., Ca
3

(P0
4
)
2

, CaC0
3

, Si0
2

, 
Acid In sol. Inerts, Fe\UH) 

3 

r~:1~~1st no. I Fe203, Organics, Mg(OH)z, 

Recoveries in the dry classifier of: 

File hst no., Ca
3

{P0
4

J
2

, CaC0
3

, Si0
2

, 
Acid Insol. Inerts, Fe{UH) 

3
, Cao 

F~:~ist no., Fe2o 3
, Organ~cs, Mg(OH)

2
, 

Sample file llst 

161,0.20 ,0.825 ,0.90,0. 77 

171,0.27 ,0.27 ,0.30,0 .30 ,0.40 

181 ,0 • 90 I 0 o 99 I 0 • 97 ,0 • 81'o.90 

182,0,90 ,0 '78,0.90,0,90 

191, 0. 94 ,0. 93. 0. 98, 0. 87 ,0 .0 

192 ,0 '95 '0 .0 ,0 ,0 ,0 '92 

201,0 '94' 0. 93' 0 '98,0' 87 ,0 .o 

202 ,0' 95 ,0 .0 ,0. 0' 0 '92 

2!1, 0 .957 ,0 .984 ,0 '761'0 ,929 ,0. 0 ,0 '981 

212 ,0 .864,0.0,0 .0 ,0 .966 



The first output line is for primary operating pH, primary flow (MGD) , and lime 
use as calcium oxide. The total lime dose required for primary operation at pH 
11.0 is printed (this was an input value) . Calculated values for the doses (mg/l) 
of required makeup lime and recovered recalcined lime are printed also on the 
first line, as well as the fraction of the total dose contributed by the recovered 
lime (CaO) . 

The second output line simply prints out the inputted values for the dose of Fec13 
(mg/l) used in the primary and the amount of waste biological sludge added to 
the primary. 

The third output line prints out the specified fraction of recalcination furnace 
product to be blown down and the specified efficiency of recalcination (fractional 
conversion) of CaC03 to CaO, as measured in the furnace product. 

The fourth output lists the weight fractions of SiOz, acid insoluble inerts, MgO 
and CaO specified in the new (makeup) lime solids added to the primary. 

The fifth output line lists the primary influent compositon (mg/l) of suspended 
solids, magnesium, calcium, phosphorus, SiOz, acid insoluble inerts, and iron. 
The suspended solids composition in the raw sewage does not include the waste 
activated sludge solids added to the primary. The SiOz composition, however, 
for program calculation reasons, does include the SiOz present in the raw sewage 
suspended solids, the waste activated sludge solids, and the makeup lime. 
Similarly, the acid insoluble inerts includes what is present in the raw sewage 
suspended solids, the added waste activated sludge solids, and the new added 
makeup lime. The magnesium, calcium and phosphorus composition values are 
based on total magnesium, calcium and phosphorus (as the elements) in the raw 
sewage. 

The sixth output line lists the primary effluent composition values (mg/l) speci
fied for total calcium, magnesium, phosphorus and iron (Fe) as the elements, as 
well as composition values for suspended solids, SiOz and acid insoluble inerts. 
The SiOz and acid insoluble inerts values are calculated from the inputted weight 
fraction of each component present in the effluent suspended solids. 

The next several outputs are for the amount of each component present in each 
process stream. The "First Pass Precipitation'' stream is the amount of each com
ponent that would precipitate in the primary sludge if the primary was isolated 
and received only raw sewage and chemical addition streams; that is, there are 
no return streams to the primary sedimentation tank from solids processing 
operations. For the purpose of this calculation, the fraction of lime that comes 
from the recalcined product is assumed to be 100 percent CaO. Note that CaO 
and Fez03 will always be zero in this stream, because CaO added reacts to form 
CaC03 and FeC13 added precipitates as Fe (OH) 3 and not Fez03. 

The "Primary Sludge" component output includes the materials in the first pass 
precipitation stream plus all materials recycled to the primary from the 
following streams: recycled (recalcined) solids, centrate recycle (second stage 
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or first stage, depending on what mode of operation is desired) to the primary, 
and furnace wet scrubber water returned to the primary. Note again it is 
assumed that there will never be any CaO present in the primary sludge (it all 
precipitates as CaC03) . 

The ''First Stage Cake" stream is calculated by using the recoveries inputted for 
each component in the first stage centrifuge (wet classification) step. Note that 
any separation process (centrifuge, filter press, vacuum filter, etc.) could be 
used for the first stage dewatering step. 

The "First Stage Centrate" stream is the portion of the primary sludge not 
recovered in the first stage dewatering step. 

The "Recalcination Furnace Product" stream is the mass of each component 
recovered from the recalcination of the first stage cake stream . The recovered 
furnace product is calculated by subtracting from the furnace feed the portion 
of material not recovered in the furnace. This portion is calculated from the 
inputted recoveries for each component. 

The "Recalcination Furnace Wet Scrubber" stream is, as explained before, the 
unrecovered portion of material in the recalcination furnace which is returned to 
the primary via wet scrubber water. 

The "Recycled Solids Accepts" stream is the portion of recalcination furnace pro
duct, minus any blowdown (if specified), which has been accepted by the dry 
classification step. If no dry classification step is specified, the recycled solids 
stream is the recalcination furnace product stream, less any blowdown. 

The "Second Stage Cake" component stream is calculated from inputted component 
recoveries for the second stage centrifuge (dewatering step) . The second stage 
cake is that portion of the first stage centrate solids (from wet classification) 
which is recovered by dewatering. 

The "Second Stage Centrate" is the portion of the first stage centrate not 
recovered in the dewatering step, and therefore recycled back to the primary. 

The "Incineration Furnace Waste Ash" stream is the portion of the second stage 
cake which is recovered (not lost to the incineration furnace wet scrubber) in 
the incineration furnace product. This ash product is disposed to waste. Note 
that the incineration furnace is run at a lower temperature than the recalcination 
furnace.' so it is assumed that no Caco 3 is recalcined to CaO; however, metal 
hydroxides are assumed to be converted to the oxides. 

The "Incineration Furnace Wet Scrubber" stream is the portion of unrecovered 
material in the incineration furnace, which is captured by a final wet scrubber 
and returned to the primary. 

The "Recalcination Furnace Blowdown 11 stream is the portion of the furnace pro
duct that is to be wasted (or "blown down") to purge the system of inerts. This 
stream is printed out only if there is a blowdown fraction specified. 
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The 11 Classifier Rejects Stream" is the material rejected by the dry classifier and 
disposed of as waste. This stream is shown only if there is a dry classifier for 
recalcined furnace product. 

The final output group lists the inputted recoveries for each component in the first 
stage (wet classification) centrifuge, recalcination furnace, second stage (de
watering) centrifuge, incineration furnace and dry classifier. The calculated 
total recovery of solids in the wet classification, dew ate ring, and dry classification 
steps is shown also. 

DERIVATION OF EQUATIONS AND PROGRAM MECHANICS 

The equations used to solve for the equilibrium mass values of each component 
present in the primary sludge are the key equations. Once the total composition 
of the primary sludge is known, the composition of every other process stream 
can be easily obtained by using the component recovery values inputted for the 
first and second stage centrifuges (wet classification and dewatering steps), the 
recalcination and incineration furnaces, and the dry classifier. The chemical 
reactions producing sludge precipitates have been described in Section VI. 

Metal Hydroxides and Organics 

Basically, the amount of a component precipitated in the primary sludge is the 
summation of the amounts of that component present in all the streams, or 
chemicals returned or fed to the primary; less the amount of that component 
leaving in the primary effluent. The ferric hydroxide (Fe (OH) 3) precipitated in 
the primary sludge from the chemical addition of ferric chloride, plus the ferric 
hydroxide returned to the primary from the recycled centrate, plus the Fe in the 
raw sewage (taken as Fe (OH) 3) , minus the ferric hydroxide leaving in the 
effluent; equals the equilibrium amount of Fe (OH) 3 present in the primary sludge 
for a given mode of operation. Recall, FE OHS LG is the symbol for the equilibrium 
mass value of Fe (OH) 3 in the primary sludge. In terms of the program symbols 
(Tables 10-1 to 10-3) and Fortran algebra the equation would be: 

FEOHSLG == (FECL3) * ( 107. /162. 5) + FEOHCNT2 
(FEEFF) * (107./56.) + (FEINFMGL) 

* (XMGD) * (8. 33) * (107. /56.) (1) 

The conversion factors of FECL3 and FEEFF in equation (1) convert ferric chloride 
and elemental iron (Fe) to equivalent Fe (OH) 3. 

There are two unknowns in equation (1); FEOHSLG and FEOHCNT2. Therefore, 
in order to solve the equation, the number of unknowns must be reduced to one. 
To accomplish this, the FEOHCNT2 (Fe (OH) 3 in the recycled centrate) can be 
related to FEOHSLG (the Fe (OH) 3 in the primary sludge at equilibrium) by apply
ing the recovery factors for Fe (OH) 3 in the first and second stage centrifuge 
operations. Thus: 

FEOHCNT2 == (1.-REFEOHl) * (l .-REFEOH2) * (FEOHSLG) (2) 
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Recall, REFEOHl is the recovery of Fe (OH) 3 in the first stage ce_ntrifuge, so 
(1.-REFEOHl) is the fraction of the Fe (OH) 3 in the primary sludge that appears 
in the first stage centrate. Likewise, ( 1. -REFEOH2) is the fraction of th~ Fe (OH) 3 
in the first stage centrate that is not recovered in the second stage centrifuge 
(dewatering step) and appears in the second stage centrate. Hence, solving 
the original equation for the equilibrium value of Fe (OH) 3 in the primary sludge 
gives: 

FEOHSLG= ((FECL3) * (107./162.5) + (FEINFMGL) * (107./56.) 
* (XMGD) * (8. 33) - (FEEFF) * (107. /56)) 
I (l.-(1.-REFEOH2) * (1.-REFEOHl)) (3) 

All the terms on the right hand side of the equation are known, allowing a simple 
algebraic solution for FEOHSLG. 

Once the value of FEOHSLG is obtained, the amount of Fe (OH) 3 in the first stage 
cake (FEOHCAKl) can be obtained by multiplying .FEOHSLG by the recovery of 
Fe (OH) 3 in the first stage centrifuge (REFEOHl) as follows: 

FEOHCAKl = (FEOHSLG) * (REFEOHl) (4) 

Similarly the Fe (OH) 3 in the first stage centrate would be: 

FEOHCNTl = FEOHSLG * (1. -REFEOHl) (5) 

The Fe (OH) 
3 

in the second stage cake is found from: 

FEOHCAK2 = (FEOHCNTl) * (REFEOH2) (6) 

As mentioned before, there is no Fe (OH) 3 in either of the furnace products, or in 
the furnace wet scrubber water streams which are returned to the primary. 

A similar set of equations can be used to solve for Mg (OH) 2 and organics in the 
various process streams (see Section XV. A) . Recall, there is no Mg (OH) 2 or 
organics in either of the furnace products, or in the furnace scrubber water 
streams. Magnesium hydroxide entering the primary is composed of that Mg (OH) 2 
present in the recycle centrate stream plus that precipitated from reactions of 
magnesium ions present in the raw sewage. The organics coming into the primary 
are from the volatile portion of the influent suspended solids and added waste 
activated sludge solids, plus the organics in the recycled centrate stream. 

Metal Oxides 

The solution for the equilibrium values of metal oxides (Fe2o3 or MgO) in the 
primary sludge uses basically the same approach as that for the metal hydrox
ides except that more streams are involved in the balance. For instance, the 
MgO present in the primary sludge at equilibrium is composed of MgO from the 
following sources: (1) Recycled recalcined solids stream; (2) Trace amount 
(as impurity) in new makeup CaO added; (3) Wet scrubber water stream from 
recalcining furnace; (4) Wet scrubber water stream from incineration furnace; 
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and (5) Recycled centrate stream. The metal hydroxides that are converted to 
metal oxides in each furnace must be included as part of the recycled metal oxide 
streams. Hence, there is more metal oxide in the furnace product than in the 
feed because of the metal hydroxide converted to oxide in the furnace. A mate
rial balance for the MgO in the primary sludge (XMGOSLG) , is shown in Table 
10-7. The sources contributing to the equilibrium value of MgO in the primary 
sludge are listed, with the corresponding equations used in the program to 
describe the MgO source. 

Table 10-7. MATERIAL BALANCE DESCRIPTION FOR MAGNESIUM OXIDE 
IN THE PRIMARY SLUDGE 

Sources contributing to 
primary sludge equilibrium MgO 

MgO in recycled solids from conversion of 
Mg(OH) 

2 
to MgO in the recalcining furnace 

MgO in recalcining furnace scrubber water due to 
Mg( OH) 

2 
conversion to MgO and captured by the 

wet scruober 

MgO in incineration furnace scrubber water due to 
Mg(OH)J conversion to MgO in the furnace and 
capture by the wet scrubber 

MgO as impurities in new lime 

MgO from second stage centrate recycle 

MgO from recycled solids stream that was present 
in the first stage cake as MgO 

MgO from the recalcination furnace wet scrubber 
(this is MgO that was present as MgO in the 
first stage cake but not recovered in the 
furnace) 

MgO from the incineration furnace wet scrubber 
(this is MgO that was present as MgO in the 
second stage cake but not recovered in the 
furnace) 

Program equation for MgO source 

XMGOSLG =the sum of the following terms: 

(XMGHCAKl) * (REXMGOF) * (1.-FRBD) 
* (REXMGOCL) * (40./58.3) 

(1.-REXMGOF) * (XMGHCAKl)* (40./58.3) 

(1.-REXMGOFI) * (XMGHCAK2) * (40./58.3) 

XMGO NEW 

XMGOSLG * (1. -REXMGOl) * (1. -REXMG02) 

XMGOSLG * (REXMGOl) * (REXMGOF) 
* (REXMGOCL) * (1.-FRBD) 

(XMGOSLG) * (1.-REXMGOF) * (REXMGOl) 

(XMGOSLG) * (1.-REXMGOl) * (REXMG02) 
* ( 1 . - REXM GO FI) 

The equations in the right hand side of Table 10-7 can be summed up, and 
solved for XMGOSLG, the equilibrium value for MgO in the primary sludge. 
This results in: 

XMGOSLG = ( (XMGHCAKl) * (REXMGOF) * (1. -FRBD) 
* (REXMGOCL) * (40./58.3) + (1.-REXMGOF) 
* (XMGHCAKl) * (40. /58. 3) + (XMGONEW) 
+ (1.-REXMGOFI) * (XMGHCAK2) * (40. /58. 3)) 
I (1.-REXMGOl) * (1.-REXMG02) * (1.-FRBD) 

(1.-REXMGOF) * (REXMGOl) - (1. -REXMGOF) 
* (REXMGOl) - (1.-REXMGOl) * (REXMG02) 
* ( 1 . - REXMGOFI) 
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This is the approach used to solve for the equilibrium mass values for all quan
tities in the primary sludge. The equations can be examined in the program 
listing in Section XV. A. The equation for MgO was used as an example because 
it illustrates most of the concepts employed in solving for the mass equilibrium 
values of each component. 

Inert Materials 

The inert components represented in the program are silicon dioxide (SiOz) and 
acid insoluble inerts (inerts other than SiOz) . The inerts come into the primary 
as part of the suspended solids and waste activated sludge solids, as impurities 
in new (makeup) lime added to the primary, and in the case of silica, as dis
solved material in the raw sewage. The method of solving for the equilibrium 
values of SiOz and acid insoluble inerts in the primary sludge is similar to that 
for MgO. However, neither of the two inert components have hydroxide forms, 
and it has been assumed that they behave as inerts in the furnace. 

Tri Calcium Phosphate 

Tri calcium phosphate (Ca3 (P04) z) is assumed to behave as an inert material 
during recalcination or incineration, and its equilibrium value in the primary 
sludge is calculated by a similar approach as for the inerts and metal oxides. 

Calcium Carbonate and Calcium Oxide 

The calcium carbonate that precipitates in the primary sludge is calculated by 
adding the calcium (as calcium carbonate) in the raw influent sewage, the calcium 
oxide (as calcium carbonate) in the total lime (makeup plus recycle) , the calcium 
carbonate from the centrate recycle, the calcium carbonate from the recycled 
solids from the recalcine-classification operation, and the calcium carbonate 
returned to the primary in the wet scrubber water streams from both furnaces; 
minus the amount of calcium precipitated by the phosphorus (as Ca3 (P04) z) 
which is removed in the primary, and minus the calcium (as calcium carbonate) 
leaving in the primary effluent. In the recalcining furnace, if the recalcination 
efficiency is less than one, then some Caco 3 will appear in the furnace product. 
The recovery of calcium oxide in the recalcining furnace is assumed to be equal 
to the recovery of CaC03, since CaC03 is converted to CaO in the recalcining 
furnace. Recalcine efficiency as a fraction is defined in terms of the split 
between CaO and Ca CO 3 in the furnace products as follows: 

RECALEFF = CAOFP * (100./56.) I (CAOFP * (100./56.) + (CACFP)) 

The CaO picked up by the wet scrubber is assumed to react to form CaC03. 
Hence the CaC03 not recalcined in the furnace but lost out the stack, and the 
CaO lost out the stack, are both treated as Caco 3 in computing the loss of non
phosphorus calcium to the furnace wet scrubber water. 

It is assumed that there is no recalcination of Caco 3 to CaO in the incinerator 
furnace since this furnace is operated at a temperature lower than the conver
sion temperature (see Section VIII) . 
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The total lime dose required for a certain mode of operation is inputted to the pro
gram as Ca (OH) 2, mg/l. The program converts this dose to equivalent CaO for 
computations. 

The amount of each component that would precipitate in a once through primary 
operation is calculated by the program. In the case of Caco3 , the total lime dose 
(recycled plus makeup) would be considered as a chemical addition stream to the 
primary in order to determine the amount of CaC03 that would precipitate in a 
first pass situation. The amount of calcium (as calcium carbonate) in the raw 
sewage plus the calcium carbonate precipitated from total lime additions, minus 
the calcium (as CaC03) lost to the effluent and to the precipitated Ca3 (P04) 2, 
gives the calcium carbonate in the first pass precipitation. 

MATERIAL BALANCES FOR SEVERAL CASES 

Several cases were run on the computer, simulating various process modes of 
operation. The cases were constructed using data on unit processes presented 
in earlier sections of this report as well as other reports on the ATTF test work 
(1, 2) . Table 10-8 summarizes the process description for each case. Most runs 
were made simulating pH 11. 0 operation, with a primary flow rate of 1. 31 cu ml 
sec (30 mgd) , 400 mg /1 of Ca (OH) 2 as a total lime dose, and 14 mg/l of FeCl3 
added to the primary. The processing sequence was varied to simulate both 
Plural Purpose Furnace and ATTF System cases, employing one stage (high 
recovery) or two stage (wet classification and dewatering) processing of 
primary sludge. Other process options included or excluded in the cases were 
dry classification and/or blowdown of recalcined furnace product. 

Table 10-9 lists some of the important solids balance comparisons for various 
solids processing cases. At pH 11. 0, with both wet classification and dewater
ing of primary sludge solids, comparisons were made using a solid bowl centri
fuge for wet classification and either a solid bowl centrifuge, vacuum filter, or 
filter press for the second stage dewatering step. The solids processing 
sequence employed for each case is described in Table 10-8 ( 100, 101 and 102) . 

The use of pressure filtration for the second stage dewatering step has an advan
tage over a solid bowl centrifuge or vacuum filter in that the amount of sludge 
produced in the primary is slightly less, because less solids are recycled back 
to the primary from the dewatering step. The amount of makeup lime required 
for each case is not significantly different. Pressure filtration results in a 
significantly drier second stage cake than either vacuum filtration or centrifu
gation. This property results in less moisture to be evaporated (Table 7-11) 
and less energy requirement for the second stage MHF (Table 8-18) . 

In Plural Purpose Furnace cases 106, 114 and 116, dry classification as well as 
a 20 percent blowdown of furnace product was included. The blowdown was 
included to keep the amount of silica produced in the primary as low as possible 
without wasting too much CaO. Fig. 10-1 shows the effect of blowdown for a 
Plural Purpose Furnace case upon recovery of CaO. The optimum operating 
blowdown will depend on the economics for each situation. Fig. 10-2 shows the 
effect of furnace blowdown on primary sludge production. The amount of sludge 
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Table 10-8. SOLIDS PROCESSING SEQUENCE OPTIONS FOR VARIOUS CASES 

Case 
Ca(OH)

2 
FeC1

3 Wet 
a pH dose, dose, 

no. classification 
mg/l mg/l of 

primary sludge 

lOOb lLO 400 14.0 Solid bowl 
centrifuge 

lOlb 11.0 400 14.0 Solid bowl 
centrifuge 

102b 11. 0 400 14.0 Solid bowl 
centrifuge 

106c 11.0 400 14.0 Solid bowl 
centrifuge 

114c 11. 0 

I 

400 14.0 Vacuum filter 

116c 11.0 400 14.0 Filter press 

117b 11.0 400 14.0 Solid bowl 
centrifuge 

120b 11. 0 400 14.0 Solid bowl 
centrifuge 

12lb 10. 2 289 24.0 Solid bowl 
centrifuge 

122b 11. 5 500 o.o Solid bowl 
centrifuge 

113c 11. 0 400 14.0 Vacuum filter 

112c 11. 0 400 14.0 Solid bowl 
centrifuge 

a All plant flows at 1.31 cum/sec (30 mgd) 

b ATTF System Case - two-stage dewatering 

Recalcination 

MHF 

MHF 

MHF 

MHF 

MHF 

MHF 

MHF 

MHF 

MHF 

MHF 

MHF 

MHF 

c Plural Purpose Furnace Case - single stage dewatering 

Processing options 

Dry 
Dewatering of 

classification Blowdown, 
first stage 

of percent 
recalcined ash 

centrate 

Yes 0 Soli,d bowl 
centrifuge 

Yes 0 Vacuum filter 

Yes 0 Pressure filter 
press 

Yes 20 No 

Yes 20 No 

Yes 20 No 

No 0 Solid bowl 
centrifuge 

No 28 Solid bowl 
centrifuge 

Yes 0 Solid bowl 
centrifuge 

Yes 0 Solid bowl 
centrifuge 

Yes 0 No 

Yes 100 No 

Incineration of 
second stage 

cake 

MHF 

MHF 

MHF 

None 

None 

None 

MHF 

MHF 

MHF 

MHF 

None 

None 



Table 10-9. MATERIAL BALANCE COMPARISONS FOR VARIOUS SOLIDS PROCESSES CASES 

Primary First stage cake to Recycled Recycled Makeup Cao Dry 
Recalclnatlon 

Recycled 
sollds from solids from 

Second stage cake to Furnace furnace 
sludge recalcining solids from incineration ash to classifier 

Case a dewatering furnace wet b blowdown 
pH production, recalcining, disposal cao, Percent rejects, 

no. kg per day kg per day Percent kg per day step, scrubbers, 
kg per day Percent kg per day kg per day of total kg per day 

stream, 

(lb per day) (lb per day) TS (lb per day) 
kg per day kg per day 

(lb per day) TS (lb per day) (lb per day) Cao dose (lb per day) 
kg per day 

(lb per day) (lb per day) (lb per day) 

100 11. 0 
100,940 62,977 

58 
29,962 4,B37 4,B44 33,126 

17 
19,433 12,.7B6 

38. 0 
1,602 0 

(224,312) (139' 950) ( 66,5B3) ( 10 '7 49) (10,766) (73,614) (43,1B6) (2B' 413) ( 3' 560) (0) 

101 11. 0 9B' 043 62,104 
5B 

29,9B6 2, 156 4,B05 33,7B2 
20 

19,071 12,5B3 
37.0 

l,59B 0 
(217 ,B75) (13B,Oll) ( 66,636) ( 4' 792) (10' 679) (75 '073) (42,3B2) (27,963) ( 3 '553) (0) 

102 11. 0 
96,036 61 '653 5B 

29,579 34B 4,793 34,7B2 
25 

19,4B6 12,7B6 
38.0 

1,575 0 
(213,414) (135' 945) ( 65, 733) ( 775) (10' 650) (76' 694) (43,302) (2B,413) ( 3 ,500) (0) 

106 11. 0 132 '036 126,204 
24 

56,290 6,BlO 6,B2B 0 - 0 13,494 
40.0 

17,364 14' 730 
(293,415) (27B, 2Bl) (125,0B9) (15,134) (15,174) (0) (0) (29 '9BB) (3B,5B7) (32,735) 

114 11. 0 
131'Bl7 126,204 

2B 
56,290 6,590 6,B2B 0 0 13,494 

40.0 
17,364 14,730 

(292 '92B) (27B' 2Bl) (125,0B9) (14,646) (15' 174) (0) - (0) (29,9BB) (3B,5B7) (32 '735) 

116 11. 0 
125,B56 126,204 

44 
56,290 629 6,B2B 0 - 0 13,494 

40.0 
17,364 14,730 

(279' 6BO) (27B' 2Bl) (125,0B9) ( 1'39B) (15' 174) (0) (0) (29,9BB) (3B,5B7) (32 ,735) 

117 11.0 
111,327 72' 162 

5B 
40,527 4,B92 5,069 34,272 

17 
20,546 12,359 

3 6. 0 
0 0 

(247 '394) (160,360) ( 90,062) (10,B73) (11,265) (76,161) (45,65B) (27 '464) (0) (0) 

120 l l. 0 
99,7B8 62,2B3 

SB 
22,406 4,795 4,741 32,709 

17 
19,043 18,611 

55.0 
0 B,713 

(221,752) (13B' 407) ( 49' 792) (10,657) (10,537) (72,6BB) (42,31B) (41, 358) (0) (19 '363) 

121 10. 2 
82,539 42,B03 

42 
19,705 7,088 3,259 32,647 

18 
17,264 12' 729 52.0 

1,484 0 
(1B3,421) ( 95' 119) ( 43' 7 89) (15,752) ( 7' 243) (72,550) (3B,365) (28,2B8) ( 3 '299) (0) 

122 11. s 111,780 76,079 
~B 

37' 161 4,517 5,703 31,182 
13 

18,220 15,001 
35.0 

1,760 0 
(248, 401) (169,066) ( 82,SBO) (10,039) (12,675) (69,295) (40,491) (33,336) ( 3 '913) (0) 

338,620 321,689 
2B 

245,329 16,930 20,301 0 
28 

0 B,OBS 
24.0 

11,101 0 
113 11.0 (752,4B9) (714,865) (545,177) (37' 624) (45,115) (0) (0) (17,967) (24,669) (0) 

93,482 B9,610 0 3,871 4,491 0 - 0 34,039 
100.0 

0 41,184 
112 11. 0 (207,738) (199,134) 24 (0) ( 8' 604) ( 9, 9 Bl) (0) (0) (75,644) (0) (91,521) 

a Includes CaO. 

b Basis 89 percent Cao. 



generated in the primary increases sharply as percent blowdown is decreased 
from about 20 percent to zero percent. Figs. 10-1 and 10-2 are based on cases 
103-112, presented in Section XV. B. 
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Figure 10-1 Effect of blowdown on recovered CaO 

For the Plural Purpose Furnace cases 106, 114, and 116 in which there is a high 
recovery step for dewatering primary sludge, followed by furnaces for both 
combined recalcination and incineration of cake solids, there is more sludge 
production in the primary than for any of the three ATTF System cases (100, 
101, and 102) when the makeup lime requirement is comparable. The mass of 
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cake solids to be fed to the Plural Purpose Furnace is greater than the combined 
amount of first and second stage cake fed to the two furnaces for the A TTF 
System cases. Further, considering the dryness of the cakes produced, there is 
more water to be eliminated for the Plural Purpose Furnace cases than the ATTF 
System cases (Table 7-11) . 

A basis for judging the effectiveness of wet classification is presented by the 
computer output listed in Section XV. B. For case 117, the solids that would be 
produced on a single pass through the primary are 82,527 kg/day (183,395 
lb/day) . Recycle streams increase primary sludge production to 111, 327 kg /day 
(247, 394 lb/ day) . Thus, 28, 799 kg (63, 998 lb) of unwanted solids are returned 
to the primary sedimentation tank amounting to 26 percent of the solids appear
ing in the underflow. Insertion of dry classification improves the picture consi
derably (Case 100, Section XV. B) . Single pass precipitation for this case is 
82,579 kg/day (183,509 lb/day) with recycle streams increasing primary sludge 
production to 100, 940 kg/day (224, 312 lb/day) . In this case unwanted solids 
appearing in the primary underflow is 18, 361 kg I day ( 40, 803 lb/day) , amount
ing to 18 percent of the underflow solids. The improvement over case 117 is 
primarily due to increased silica blowdown attributable to the dry classifier. 

The beneficial effect of the dry classification step is portrayed in Table 10-10. 
Case 100 is an ATTF System case with dry classification whereas, in case 117, 
the dry classification step has been omitted. As can be deduced from the table, 
silica builds up to quite high levels (31 percent as Si02) in the recalcined pro
duct without dry classification; when dry classification is employed the silica 
is reduced to only 10 percent (as Si0 2) of the recalcined product. Silica in the 
recalcined product can also be reduced by blowing down directly from the 
furnace product, instead of by dry classification (case 120, Table 10-10). By 
using 28 percent blowdown, the silica content can be reduced to 13 percent. 
However, this is accomplished at the expense of lime consumption. The per
centage recycled lime decreases from 62 to 45 percent. 

Two other cases were included in Table 10-10, employing pH values of 10. 2 and 
11. 5 in the primary. In Case 121, (pH 10. 2) because of increased difficulty of 
classifying and dewatering the sludge, the percentage of makeup lime is signi
ficantly higher than for a similar processing sequence at pH 11. 0 (Case 100) . 
At pH 11. 5 in the primary (case 122) , sludge wet classification and dewatering 
are slightly improved over the pH 11. 0 operation, and the percent of makeup 
lime required is slightly lower than for the similar operation at pH 11. O (case 
100) . The actual mass of makeup lime at pH 11. 5 is greater than that required 
for pH 11. 0 operation because of the higher total lime dose needed to reach pH 
11. 5. 

Comparisons between operation at pH 10. 2, 11. 0 and 11. 5 are interesting (Cases 
121, 100 and 122 respectively in Table 10-10) . Twenty-two percent more solids 
are generated in the primary at pH 11 than 10. 2, while 35 percent more are 
generated at pH 11. 5 than 10. 2. The effect of increased sludge production is 
primarily felt in the recalcination furnace; increased doses of lime increase the 
quantity of calcium carbonate to be recalcined. It is noticeable that the second 
stage cake to be incinerated stays fairly constant, despite changes in pH levels 
between cases . 
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Table 10-10. CALCULATED SOLIDS BALANCES FOR CASES 100, 117, 
120, 121 and 122 

Solids processing case no. 
Parameter 

ll 7b 120b JOO a 121 a 122a 

pH 11.0 11.0 11. 0 10. 2 11. 5 

Ca(OH) 
2 

dose, mg/l 400 400 400 289 500 

FeC1
3

, mg/I 14 14 14 24 0 

Recycled lime, percent 62 64 45 48 65 

Recalcined product blowdown, percent 0 0 28 0 0 

Ash classlfication Yes No No Yes Yes 

Primary sludge, kg/day 
(lb/day) 

Organics 
26, 222 26, 222 26, 222 27,923 25, 225 

( 58, 272) ( 58,272) ( 58, 272) ( 62,052) ( 56,057) 

CaC0
3 

53,087 53 ,124 52,490 33,948 65, 99 6 
(117,972) (118, 054) (116,646) ( 75,441) (146,659) 

Sl0
2 

4, 52:J 14, 418 4, 562 4, 938 4, 738 
( 10, 053) ( 32,042) ( 10, 139) I 10, 975) I 10, 531) 

Ca
3

(PO 
4

) 
2 

7, 651 7, 742 7, 184 7, 971 7, 693 

I 17,003) ( 17, 206) I 15, 965) ( 17, 714) I 17,096) 

Other 
c 9, 455 9, 819 9, 337 7, 757 8, 126 

( 21, 012) ( 21,821) I 20,750) I 17, 239) ( 18,058) 

Total 
100,938 111, 325 99, 795 82, 53 7 111,778 

(224,312) (247,394) (221, 752) (183,421) (248,401) 

First stage cake, kg/day 
(lb/day) 

Organics 
10, 489 10, 489 10, 489 9, 773 10, 342 

( 23, 309) I 23, 309) ( 23, 309) ( 21, 718) I 22,983) 

Caco
3 

43, 797 43, 827 43, 304 24, 443 56, 757 
( 97,327) ( 97, 394) ( 96,233) I 54, 318) (126, 127) 

Si0
2 

4, 071 12,976 4, 106 4, 445 4, 312 
( 9, 047) ( 28, 837) I 9, 125) I 9, 878) ( 9, 583) 

Ca
3

(P0
4

) 
2 

I, 530 I, 548 I, 436 2, 072 I, 769 

I 3, 401) ( 3, 441) I 3, 193) I 4, 606) I 3, 932) 

Other 
c 3, 089 3, 320 2, 946 2, 069 2' 898 

I 
0

6' 866) ( 7' 379) I 6, 547) ( 4, 599) ( 6, 440) 

62 '9 7 6 72, 160 62, 281 42,802 76,078 
Total 

(139' 950) (160,360) (138,407) ( 95,119) (169,066) 

Recycled solids, kg/day 
(lb/day) 

21, 257 21, 684 15' 426 11, 863 27,547 
Cao I 47 '239) ( 48' 187) I 34' 281) I 26,364) I 61, 217) 

2' 003 2' 038 I, 449 I, 118 2' 596 
CaC0

3 I 4, 453) I 4' 529) I 3' 222) I 2' 485) I 5' 771) 

3 ,036 12, 717 2' 897 3 '315 3' 216 
Sto

2 '( 6, 747) I 28' 261) ( 6' 439) I 7 '367) ( 7' 147) 

1, 3 76 I, 455 9 7 2 I, 864 I, 591 
Ca

3
(PO 

4
) 

2 I 3' 059) ( 3 '235) ( 2' 161) ( 4' 143) ( 3' 53 7) 

c 2' 288 2' 632 I, 660 I, 543 2' 208 
Other I 5 '085) I 5' 851) I 3' 689) I 3 '430) ( 4' 908) 

29' 960 40' 526 22' 404 19' 703 37' 158 
Total 

( 66,583) ( 90,062) I 49,792) I 43' 789) I 82,580) 

Second stage cake, kg/day 
(lb/day) 

Organics 12' 271 12' 271 12' 271 14, 157 11, 608 

I 27, 271) I 27' 271) ( 27, 271) ( 31, 461) ( 25,797) 

9' 197 9 '203 9 '094 7' 889 9' 147 
CaC0

3 I 20,439) I 20' 453) I 20,209) ( 17' 532) ( 20,327) 

438 I, 398 442 400 413 
Sl0

2 ( 9 7 5) ( 3' 108) ( 983) ( 889) ( 919) 

5 '508 5 '5 75 5' 172 5 '485 5' 331 
Ca

3
(PO 

4
1

2 ( 12,242) ( 12' 389) ( 11,495) I 12'191) I 11,847) 

c 5' 709 5' 823 5' 728 4' 715 4' 681 
Other I 12' 687) ( 12 '941) I 12' 730) ( 10 '478) ( 10 '404) 

33' 123 34,270 32' 707 32' 646 31, 180 
Total ( 73' 614) ( 76' 161) ( 72,688) ( 72,550) ( 69' 295) 

a Dry classifier in operation. 

b No dry classlfler in operation. 

c Includes MgO, Mg(OH) 
2

, Fe
2
o

3
, Fe(OH) 

3
, or acid insoluble inerts. 
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SECTION XI 

ULTIMATE DISPOSAL OF ASH 

Although incineration of wastewater sludges greatly reduces the volume of waste 
material, it produces an end product, ash, for which a final place must be found 
before the solids disposal problem can be considered solved.· 

ASH CHARACTERISTICS 

The term "ash" is somewhat loosely applied to various waste products of inciner
ation and related processes. Apart from the most common use of the name (the 
solid product of combustion discharged at the bottom of multiple hearth furnaces) 
dust particles, carried with the off-gases and captured in dry cyclones or re
moved in a wet scrubber, are sometimes referred to as ash. Finally, the rejects 
from the dry classification process described in Section VIII, can also be consi
dered as ash, although they contain reactive lime. Each of these ash-like pro
ducts is handled in a different way but all would eventually converge in a 
common waste stream to be carried to the point of ultimate disposal. 

Gerlich and Rockwell! have characterized the physical properties of wastewater 
sludge ash discharged from a MHF. The data are shown in Table 11-1. The 
physical and chemical properties of the ash are likely to vary from plant to 
plant. These differences are due to sludge characteristics, use of chemical 
conditioners, type of incinerator and combustion temperature. This variation 
is illustrated in Table 11-2, which shows particle size distribution of ash from 
three wastewater treatment plants. 2 Gerlich and Rockwell l have also reported 
the results of particle size analyses of sludge ash. These results are shown in 
Fig. 11-1. 

As was mentioned before, combustion ash from a FBR is removed in a wet 
scrubber. Ash is then separated from the scrubbing water in a hydrocyclone. 
A particle size analysis of the dried cyclone underflow is given in Table 11-3. 3 

USES OF SLUDGE ASH 

Since in wastewater treatment plants practicing sludge incineration there is a 
continuous supply of the waste product of combustion, attempts have been made 
from time to time to find a use for it. So far these efforts have been mostly 
directed towards using ash as a sludge conditioner prior to mechanical dewater
ing ,1, 2 although ash from the organic sludge furnace was experimentally used at 
South Tahoe to condition flotation thickened mixtures of primary, waste activated 
and lime sludges prior to incineration. 4 Sludge ash has also been tried as raw 
material for the phosphate industry5 and as a construction material. 6 
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Table 11-1. PHYSICAL PROPERTIES OF SLUDGE ASH 

Specific gravity 

Bulk density, kg/cu m (lb/cu ft) 

Color 

2.63-2.78 

800 (50) 

Mean particle size, mm 

Range of particle size, mm 

Yellow 

29 

22-40 

Table 11-2. CLASSIFICATION OF ASH PARTICLES BY 11 BAHC0 11 MICRO 
PARTICLE SIZE ANALYZER 

Percent of given size 

Effective ~article 
size (10- mm) 

Kansas City Lake Tahoe Millcreek 

0.00 0.92 1. 49 1. 38 2.22 

0.92 1. 60 2.95 2. 71 3.70 

1. 60 2.97 5.70 7.53 7.81 

2.97-7.71 9.05 9. 83 21. 86 

7.71-12.19 14. 56 10.95 26.52 

12.19 - 20. 75 22.41 16.20 22.46 

20.75 24.72 9. 21 10.13 6.83 

24.72 27.30 8.83 4.28 8.60 

>28.38 25.80 36.99 V":> 0 

<420. 

Table 11-3. PARTICLE SIZE OF 11 FBR 81 ASH 

Mesh Microns Retained 
% 

48 295 2.07 
65 208 9.7 

100 147 37.0 
150 104 43.6 
200 74 46.6 
325 43 61. 8 

-325 -43 38.2 
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Figure 11-1 Particle size analysis of wastewater sludge ash 

Although ash conditioning of wastewater sludges has experienced limited 
success, the results so far are inconclusive and even conflicting .1, 2 Moreover, 
this application cannot be considered a method of disposal. The portion of ash 
added to the sludge is recycled through the dewatering-incineration process 
while the remaining still has to be disposed of. Also worth noting is the fact 
that ash acts as an inert filler, thereby lowering the heat content of the sludge 
cake. This will tend to offset some of the benefits of improved solids dewatering 
on the cost of sludge incineration. 

Obferkuch, et al. 5 prepared an economic analysis of the commercial uses of ash 
and sludges generated in wastewater treatment plants using lime treatment. In 
the evaluation of sludge (or ash) for agricultural uses, it was concluded that 
the product had no economic value in comparison to commercial products 
(aglime, agrock, and fertilizers) , but that it could be given away to farmers. 
In fact, uses of sludge for agricultural purposes is a common practice in the 
U. S . and abroad and is, in many cases, an economically feasible method of 
sludge disposal. 
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In their evaluation of sludge (or ash) as a product for the phosphate industry, 
Obferkuch, et al. concluded that the cost of processing the sludge far exceeded 
the value of theproduct. 

Since the physical and chemical composition of sludge ash is not greatly different 
than the composition of coal fly ash, Gray and Penessis 6 conducted a study to de
termine if the former could be used as a construction material. Fly ash has long 
been successfully used in road subbases, lightweight back-fills and load
bearing fills. Other uses of fly ash include building block material, concrete 
additive and soil stabilizer. Physical, chemical and engineering properties 
determined by Gray and Penessis included "grain size distribution, chemical 
and mineralogic composition, specific gravity, leachate composition, compaction
strength characteristics, frost heave behavior, and response to Portland cement 
stabilization". Ash samples were obtained from eight wastewater treatment plants. 
The tests conducted on compacted ash samples showed the suitability of sludge 
ash as a load-bearing fill, however, ash would have to be stabilized with Portland 
cement before use in subbases and structural fills. Cement addition requirements 
ranged from 3 to 7 percent. 6 Significantly, it was concluded that ash from treat
ment plants using lime for flocculation and sludge conditioning, would have 
improved strength and durability after wetting and compaction. 

Although the potential use of sludge ash appears encouraging, actual use of this 
product has been limited. Local market conditions and acceptability of ash as a 
suitable construction and building material are two of the factors more likely to 
influence its useful application. In the great majority of installations, sludge 
ash remains a waste product to be disposed of. 

ASH HANDLING PRIOR TO DISPOSAL 

Ash produced during sludge incineration can be handled in dry or in wet form. 
Dry ash is discharged from a MHF, from dry cyclones and as rejects from the 
air classification process (see Section VIII) . Wet ash is discharged from wet 
scrubbers. 

Dry Ash Handling 

Ash from the MHF, often after grinding and cooling, can be handled in pneu
matic or mechanical conveyors. The same devices can be used to convey ash 
collected in dry cyclones and rejected by air classifiers. The conveyors 
normally transport the waste product to storage bins, from which it is loaded 
into trucks and carried to the disposal site. To avoid dusting, the dry ash is 
normally wetted before being loaded. The screw conveyor transferring the 
product from storage to truck is often used for the wetting operation, since 
spray nozzles can be easily installed on the conveyor. 

Wet Ash Handling 

The handling of wet ash usually follows an elaborate path. In the fluidized bed 
calciner shown in Fig. 8-6, the underflow of the ash thickener, which contains 
most of the inert product, is pumped to a vacuum filter for dewatering. The 
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ash cake is then ready for final disposal. In the FBR used for sludge incinera
tion, ash removed in the wet scrubber is separated from the scrubbing water in 
a hydrocyclone. The cyclone underflow is then dewatered in a rake type classi
fier from which it is discharged to a storage hopper or to a truck parked under
neath. 

Dry ash discharged at the bottom of a MHF can also be handled in wet form. The 
hot product discharges into a quench tank where cooling water is added. The ash 
slurry thus formed is subsequently pumped to the disposal site. Abrasion
resistant pumps, of the type used to handle grit slurries, are recommended for 
this application. 

When wet scrubbing is the last step in the dust collection train, the amount of ash 
removed in the scrubber can be expected to be small and the scrubbing water can 
be discharged to the drainage system and returned to the influent end of the 
plant. This is often the case in a MHF installation (see Fig. 8-11) . 

FINAL DISPOSAL SITES 

When a beneficial use is not found, sludge ash is normally disposed of in land
fills or in lagoons. The former is generally associated with dry transport while 
the latter is used when ash is handled as a slurry. Dry ash deposited in a 
landfill should be covered before the water added during loading evaporates and 
the dried ash causes a serious dusting problem. Ash lagoons are similar to 
conventional sludge lagoons, although the potential odor problem associated with 
the latter does not exist in ash lagoons. As shown in Table 11-1, sludge ash has 
a high specific gravity and will settle rapidly in the lagoon. As long as a layer 
of water is kept over the settled ash, the possibility of drying and dusting is 
eliminated . 
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SECTION XII 

DEVELOPMENT OF COST ESTIMATES 

GENERAL CONS IDE RA TIO.NS 

It has been customary practice to present cost data in the form of cost curves 
relating a given design parameter, such as flow. organic loading, etc., to a 
certain type of cost, such as construction, capital, annual, etc. The curves are 
generally adjusted to a common base year through a cost index. Among these, 
the Engineering News Record (ENR) Construction Cost Index is the most widely 
used. Although useful for preliminary cost estimates to compare engineering 
alternatives, there are practical limitations to the use of cost curves. The curves 
normally reflect average conditions and therefore do not reflect the influence of 
several important factors. These factors include soil conditions, architectural 
and landscaping treatment, allowances for future expansion, local labor condi
tions, degree of automation, process sophistication, etc. With regards to new 
treatment processes, another important drawback of cost curves is the limited 
availability of actual construction and operation and maintenance cost data from 
which the curves may be constructed, since many of these plants are still in the 
planning and design stages. 

In view of the factors considered above, a Case Example format has been deter
mined to be a more suitable approach for this report. Since the water reclama
tion plant for the Central Contra Costa Sanitary District (CCCSD), California, 
was bid in June 1973, actual construction costs for many of the main processes 
described in the preceeding sections are now available and can be readily 
adjusted to reflect present economic conditions. Construction costs are broken 
down in this section by unit operations, i.e. , chemical addition, flocculation 
and sedimentation; centrifugation; etc. To present variations in the basic flow 
sheet, alternate units are substituted for the original ones; for example, centri
fuges have been replaced by vacuum filters and filter presses. 

Detailed engineering cost estimates were also available for another advanced 
treatment plant, the Lower Molonglo Water Quality Control Centre in Australia. 
Estimates from this facility have been used to illustrate the cost difference 
between solids-contact lime reactors and rectangular flocculation and sedimen
tation tanks . 

Operating costs are based on chemical use, installed horsepower, and fuel con
sumption where applicable. Fuel use has been based on materials and heat 
balances similar to those developed in Section VIII and presented in an engineer
ing report .1 With the exception of calcination and incineration processes, where 
the continuous presence of an operator is normally required by codes, it is difficult 
to assign a cost value to operator attendance since this is a direct function of the 
degree of automation provided, which varies widely from plant to plant. As an 
example, the CCCSD water reclamation plant is entirely controlled by a computer-
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based system and most processes are continuously monitored by the computer -2 

The presence of an operator for control purposes is therefore not required. This 
is certainly not the case in smaller or less sophisticated facilities where conven
tional analog instruments are used or manually controlled units have been 
provided. 

Wherever possible, maintenance costs have been based on the equipment manu
facturer's recommendations for preventive maintenance frequency and procedures. 
It should be pointed out that, with the possible exception of the largest treatment 
plants, equipment maintenance is performed by the plant operators; consequently, 
for smaller plants a portion of the manpower requirements for preventive main
tenance is included under operation attendance. 

THE LOWER MOLONGLO WATER QUALITY CONTROL CENTRE 

The Lower Molonglo Water Quality Control Centre is an advanced treatment facility 
for the Australian Capital territory. Initial dry weather flow capacity of the plant 
is 109, 000 cu m/ day (28. 8 mgd) , pra~tically equal to the capacity of the CCCSD 
water reclamation plant. The treatment processes include lime coagulation for 
phosphorous and solids removal; nitrogen removal by a modified nitrification
denitrification system; dual media filtration for removal of virus and residual 
suspended solids; effluent disinfection; wet classification and solids dewatering 
by centrifugation; lime reclamation; and solids disposal by incineration. 

Originally, design of the plant included solids-contact clarifiers and ammonia 
stripping towers for nitrogen removal. 3 Subsequently I limitations of the 
ammonia stripping process led to its replacement by a modified nitrification
denitrification process. 4 Also, the dry classification of recalcined lime initially 
considered, was replaced by a combination of wet and dry classification, based 
on the experimental worked conduct at the CCC SD 1 s A TTF (see Sections VII and 
VIII) . The solids-contact lime reactors were substituted with rectangular sedi
mentation tanks. This change was also based on results obtained at the ATTF. 5 
Design parameters for both types of flocculation-sedimentation tanks are given 
in Table 12-1. 

The two design reports on the Lower Molonglo WQCC included detailed engineer's 
estimates of construction costs of the proposed facilities. Costs were based on 
bidding conditions prevailing in Australia in June 1970. Table 12-2 shows costs 
in Australian dollars for both types of flocculation-settling basins. Since the 
purpose is to compare these two alternatives, the figures given in Table 12-2 
have not been converted to American dollars nor adjusted to reflect present 
construction costs. However, it can be seen that rectangular tanks are consi
derably less costly than solids-contact clarifiers. Although the original Lower 
Molonglo WQCC design contemplated solids dewatering by vacuum filtration 
following gravity thickening; and therefore, the proposed processes did not 
include grit removal; grit removal chambers ahead of the primaries have been 
added to the cost of the solids-contact clarifiers alternative in Table 12-2, to put 
the comparison on an equal treatment basis. 
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Table 12-1. DESIGN DATA FOR FLOCCULATION - SEDIMENTATION BASINS 
AT THE LOWER MOLONGLO WQCC 

Parameter 

Lime dosage, mg/I as Cao 

Solids - contact clarifiers 
Number 
Diameter, m (ft) 
Depth, m (ft) 
Effective surface area eich, sq m (sq ft) 
Overflow rate at ADWF, cum/day sq m (gpWsq ft) 
Detention time in flocculation zone at ADWF, min 
Detention time at ADWF, b hr 
Hydraulic capacity each, 1, 000 cum/day (rngd) 

Preaeration-grit removal tanks 
Number 
Width, m (ft) 
Length, m (ft) 
Average depth, m (ft) 
Detention time at ADWF, b min 

Primary sedimentation tanks 
Number 
Width, m (ft) 
Length, m (ft) 
Average depth, m (ft) b 
Overflow rate at ADWF, cu rn/day sq m (gpd/sq ft) 
Detention time at ADWF, b hr 
Hydraulic capacity each, 1, 000 cum/day (mgd) 

~Preaeration and grit removal tanks used for flocculation. 
Average dry weather flow. 

Solids-contact 
clarifier 

250 

3 
42. 7 (140) 
6.1 (20) 

1, 208 (13, 000) 
24. 9 (610) 

20 
5.8 

125 (33) 

Rectangular flocculation a -
sedimentation tanks 

250 

2 
9.1 (30) 

24.1 (79) 
4. 0 (13) 

24 

4 
11. 9 (39) 
67. l (220) 

2. 9 (9. 5) 
28. 8 (705) 

2.1 
151 (40) 

Table 12-2. COST COMPARISON BETWEEN SOLIDS-CONTACT CLARI FIERS 
AND RECTANGULAR FLOCCULATION-SEDIMENTATION TANKS 

Solids-contact Rectangular 
Cost item clarifiers tanks 

Solids separation 1,035,000 753,000 

Preaeration -
grit removal 602,000 602,000 

Total, A.$ 1,637,000 1,355,000 
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THE CCCSD WATER RECLAMATION PLANT 

The water reclamation plant is a 114,000 cum/day (30 mgd) facility scheduled 
for completion in 1976. Once in operation, the plant will produce water for 
industries located along the southern shore of Suisun Bay, in the Sacramento 
River estuary. In 1972 the CCCSD completed contract negotiations with the 
Contra Costa County Water District (CCCWD) for the purchase of an estimated 
72,000 cum/day (19 mgd) increasing by 1980 to an average of 91,000 cum/day 
(24 mgd) with a peak daily use of 121, 000 cu m/day (32 mgd) . Industries will 
use about 75 percent of the reclaimed water for cooling and the remainder for 
process purposes. Reclaimed water that is produced in excess of industry's 
needs will be discharged directly to Suisun Bay. A flow diagram of the CCCSD 
water reclamation plant is shown in Fig. 12-1. As stated in Section VI, lime is 
added ahead of the preaeration and grit removal tanks. A brief description of 
the plant units associated with lime treatment, recovery and reuse is given below. 

Liquid Processing 

After bar screening and influent pumping, combined preaeration and grit removal 
will be obtained in two reinforced concrete tanks designed to provide a detention 
time of 20 minutes at average dry weather flow. Air at the rate of 0. 08 to 0 .16 cu 
m/min (3 to 6 cfm) per foot of tank length will be introduced along the side of 
each tank through header pipes fitted with air diffusion units. Grit will be 
removed as a result of the currents set up by the rising column of air and 
deposited in hoppers under the air piping. Material in the hoppers will be 
pumped directly to cyclonic separators located in the solids conditioning 
building. After dewatering, grit will be conveyed to the sludge incineration 
furnace. Lime will be added to the wastewater flow in the distribution channel 
feeding the preaeration and grit removal tanks. Lime coagulation of the waste
water will be performed in the air-stirred preaeration tanks. 

Primary sedimentation will take place in four rectangular reinforced concrete 
tanks. Each tank is designed for a detention period of 2. 2 hours and an over
flow rate of 31. 8 cum/day /sq m (780 gpd/sq ft) at average dry weather flow 
conditions. Each sedimentation tank will be equipped with two longitudinal 
sludge collection mechanisms and a cross collector. After collection at the 
influent end of the tanks, the lime sludge will be removed by positive displace
ment pumps and pumped first to the sludge thickening tanks. From there, it 
will be discharged at a constant rate to the solids dewatering and incineration 
processes. Scum collected on the water surfaces in the sedimentation tanks will 
be moved to the inlet ends by water jets and removed from the tanks by skimming 
mechanisms which will drop the accumulated material to a receiving sump. From 
here, primary scum will be pumped to a scum concentrator at the solids condi
tioning building. Thickened scum will then be incinerated. 

Solids Processing 

The solids processing systems consist of processes for classification and dewa
tering of the primary sedimentation tank underflow; scum and grit dewatering; 
recalcining of the calcium carbonate-rich solids discharged from the centrifuge 
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classification stage; and incineration of the solids discharged from the dewater
ing stage, together with the dew ate red scum and grit. Two of the existing sludge 
digestion tanks will be used as storage and thickening tanks for the sludge under
flow from the primary sedimentation tanks. The modified tanks consist of circular 
reinforced concrete tanks 18. 9 m (62 ft) in diameter and side water depths of 7. 2 
m (23.5 ft) and 9.9 m (32.5 ft). 

The solid-bowl centrifuges will operate in series. The first stage centrifuges 
will classify or separate the phosphorus and organic solids from the calcium 
solids, and the second stage centrifuges will dewater the centrate discharged 
from the first stage centrifuge. The calcium solids discharged in the cake from 
the first stage centrifuges will be recalcined in multiple hearth furnaces, and the 
undesirable chemical precipitates and organic solids will be discharged in the 
centrate. The second stage dewatering centrifuges will produce a centrate of 
high clarity, and the cake will be discharged to the sludge, scum, and grit 
incinerating furnace. 

The multiple-hearth furnaces will be equipped with sufficient drying, combustion 
and cooling hearths to provide odor-free operation and complete combustion of 
all organic material. The temperature in the combustion zone will be automati
cally controlled to ensure efficient combustion, and each incinerator will be 
equipped with a full complement of safety controls. The furnaces are designed 
for recalcining of lime sludge as well as for combustion of organic material. All 
gases of combustion will be afterburned at 760 C (1400 F) and scrubbed in dry 
scrubbers. Waste heat boilers will be used to recover heat in the form of steam. 
The exit gas from the boilers will be cooled in wet scrubbers and, when 
necessary, reheated prior to release to the atmosphere to prevent the formation 
of a vapor plume on cold days . 

Recalcined lime from the furnaces will be conveyed pneumatically to lime storage 
bins located in the chemical storage area. Sufficient storage volume will be pro
vided for a full week's supply of lime, and makeup lime may be added to the 
storage bins through a pneumatic delivery system from bulk delivery trucks or 
rail cars. Lime will also be conveyed pneumatically from storage to the lime 
feeders and slakers. The slakers and the automatically controlled gravimetric
type feeders will be located just above the distribution channel feeding the 
preaeration and grit removal tanks. 

Table 12-3 shows the design data for the processes described in the preceeding 
paragraphs. Some differences will be noted in the solids loads as indicated in 
Table 12-3 and the current solids balance for the system (Case 100, Section XV) . 
These reflect the estimates prevailing at the time of design vs. the post design 
estimates prevailing currently. Design values are shown in Table 12-3, since 
they were the basis of design. 

COST ESTIMATES FOR THE CCCSD WATER RECLAMATION PLANT 

Detailed cost estimates will be presented for the following processes: 

1. Lime addition, flocculation and sedimentation. 
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Table 12-3. DESIGN DATA FOR: CCCSD WATER RECLAMATION PLANT 

Design Loadings - Stage 5A 

Population served, thousands 
Flow contribution, 1 pcd (gpcd) (industrial flow not included) 
Flow 

Average dry weather cum/day (mgd) 
Maximum dry weather cum/day (mgd) 
Peak wet weather cum/day (mgd) 

Loadings 
BOD, 1, 000 kg/day (1, 000 lb/day) 
BOD, including recycle 1, 000 kg/day (1, 000 lb/day) 
Suspended solids, 1, 000 kg/day (1, 000 lb/day) 
Suspended solids, including recylcle, 1, 000 kg/day(l, 000 lb/day) 
Total nitro~en as N, mg/I 
Total phosphorus as P, mg/I 

Preaeration, Flocculation, Grit Removal 

Tanks 
Number, one existing 
Width, m (ft) 
Length, m (ft) 
Average water depth, m (ft) 
Design capacity, cu m/ day (mgd) 
Detention time, ADWF, hr 
Max hydraulic capacity, cum/day (mgd) 
Air supplied, cu m/m (cu ft/gal) 

Grit pumps 
Number 
Capacity, each unit, I/sec (gpm) 

Primary Chemical Feed Equipment 

Lime slaker hopper 
Number 
Capacity, each unit, cu m (cu ft) 

310 
303 

113, 550 
181, 680 
529,900 

24.5 
27.2 
27.2 
32. 7 
30 
11 

2 
9.1 

18.8 
4.6 

113, 550 
0.33 

283,875 
0.74 

6 
12.6 

3 
2.1 

3 
Lime feeder 

Number 
Type gravimetric 
Capacity, each unit, kg (lb) Cao per hour 

Lime slaker 
Number 
Type 
Capacity, each unit, kg (lb) Cao per hour 

Primary Sedimentation 

Tanks 
Number, two existing 
Width, (ft) 
Length, (ft) 
Average water depth, (ft) 
Detention time, ADWF, hr 
Overflow rate, ADWF, cum/day/sq m (gpd/sq ft) 
Mean forward velocity, m/min (ft/min) 
Design capacity, each tank, cum/day (mgd) 
Max hydraulic capacity, each tank, cum/day (mgd) 
Effluent collection pipes 

Number per tank 
Diameter, cm (inch) 

Primary sludge pumps 
Number 
Capacity, each unit, 1/sec (gpm) 

Primary sludge recirculation pumps 
Number 
Capacity, each unit, I/sec (gpm) 

Primary scum pumps 
Number 
Capacity, each unit, I/sec (gpm) 

(continued) 
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3, 630 

3 
paste 
3, 630 

4 
11. 6 
77.4 
2.9 
2.2 

31. 8 
0.58 

37,850 
141,938 

4 
50.8 

4 
12.6 

2 
3.8 

2 
3.8 

(80) 

(30) 
(48) 

(140) 

(54) 
(60) 
(60) 
(72) 

(30) 
(61. 5) 

(15) 
(30) 

(75) 
(0.10) 

(200) 

(75) 

(8, 000) 

(8, 000) 

(38) 
(254) 
(9. 5) 

(780) 
(1. 9) 

(10) 
(37. 5) 

(20) 

(200) 

(60) 

(60) 



Table 12-3. DESIGN DATA FOR THE CCCSD WATER RECLAMATION 
PLANT (CONTINUED) 

Primary Treatment Performance 

BUD removal 
Percent 
1, 000 kg/day (1, 000 lb/day) 

Suspended solids removal 
Percent 
1, 000 kg/day (1, 000 lb/day) 

Primary Effluent 

BOD, 1, 000 kg/day (1, 000 lb/day) 
Suspended solids, 1, 000 kg/day (1, 000 lb/day) 

Sludge Thickening 

Primary sludge thickener (existing digester) 
Tanks 

Number 
Diameter, m (ft) 
Side water depth, m (ft) 
Surface area, sq m (sq ft) 
Volume, each tank, l, 000 cu rn (1, 000 cu ft) 
Detention time, hr 
Sludge to thickener, l, 000 kg/day (1, 000 lb/day) 
Surface loading, kg/day/sq m (lb/day/sq ft) 
Solids recovery, percent 
Average sludge solids cone, percent 
Average thickened sludge solids cone, percent 

First stage centrifuge feed pumps 
Number 
Capacity, each unit, !/sec (gpm) 

Air mixing blower 
Number 
Capacity, each unit, at discharge pressure, cu m/min (cfm) 
Discharge pressure, kg/sq cm (psig) 

Centrate thickener, (existing digester) 
Tanks 

Number 
Diameter, m (ft) 
Side water depth, m (ft) 
Surface area, sq m (sq ft) 
Volume, 1, 000 cum (1, 000 cu ft) 
Detention time, hr 
Sludge to thickener, 1, 000 kg/day (1, 000 lb/day) 
Surface loading, kg/ day/ sq m (lb/ day/ sq ft) DS 
Solids recovery, percent 
Average centrate solids cone, percent 
Average thickened centrate solids cone, percent 

Second stage centrifuge feed pumps 
Number 
Capacity, each pump, !/sec (gpm) 

Centrifugation 

First stage centrifuge 
Number 
Type 
Max feed rate, !/sec (gpm) 
Feed solids cone, percent 
Max G force, G 
Cake solids cone, percent 
Centrate solids cone, percent 
Horsepower 

Second stage centrifuge 
Number 
Type 
Max feed rate, !/sec (gpm) 
Feed solids cone, percent 
~lax polymer dosage, kg/ton (lb/ton) DS 
~lax G force, G 
Cake solids cone, percent (minimum) 
Centrate solids cone, percent 
Horsepower 

(continued) 
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70 
19.1 

70 
22.7 

8.2 
10 

1 
18.9 
5.84 

280 
1. 7 

23 
110. 3 

390 
90 

6 
8 

3 
20.8 

2 
35 

1. 3 

1 
18.9 

10.11 
280 
2.7 

22 
58 

205 
90 

1. 5 
3 

3 
26. 5 

2 
solid bowl 

16.1 
8 

3, 100 
55 

2 
250 

2 
solid bowl 

16. 4 
4 

0.9 
3, 100 

14 
o. 5 
250 

(42) 

(50) 

(18) 
(22) 

(62) 
(19.17) 
(3, 020) 

(62) 

(243) 
(80) 

(330) 

(1, 250) 
.(18) 

(62) 
(33.17) 
(3, 020) 

(95) 

(128) 
(42) 

(420) 

(255) 

(260) 

(2) 



Table 12-3. DESIGN DATA FOR THE CCCSD WATER RECLAMATION 
PLANT (CONTINUED) 

Furnaces 

Sludge incineration 
Number 
Type 
Outside diameter, m (ft) 
Hearths 
Off gas temperature C (F) 
Ash, kg/hr (lb/hr) 
Loading, 1, 000 kg/day (1, 000 lb/day) DS 
Feed solids cone, percent 
Volatile solids, percent 

Lime recalcination 
Number 
Type 
Outside diameter, (ft) 
Hearths 
Off gas temperature C (F) 
Ash, kg/hr (lb/hr) 
Loadings, 1, 000 kg/day (1, 000 lb/day) DS 
Feed solids cone percent 
Volatile solids, percent 
CaC03 feed, l, 000 kg/day (1, 000 lb/day) 

Furnace Auxiliary Equipment 

Lump breaker 
Number 
Capacity, each unit, kg (lb) per hour 

Ash cooler 
Number 
Outlet ash temperature, C (F) 

Exhaust gas equipment 
Dry scrubber 

Number 
Max entering gas temperature, C (F) 
Efficiency, percent 

Waste heat boiler 
Number 
Capacity, each unit, mil kg-cal/hr (mil Btu/hr) 
Max entering gas temperature, C (F) 
Exiting gas temperature, C (F) 

Wet scrubber 
Number 
Max entering gas temperature, C (F) 
Exiting gas temperature, C (F) 
Scrubber water pumps 

Number 
Capacity, each pump, I/sec (gpm) 

Ash hoppers 
Number 
Capacity, each hopper, cum (cu ft) 

Sludge, Scum and Grit Reduction 

Loadings 
Scum, kg/day (lb/day) DS 
Grit, kg/day (lb/day) DS 
Sludge l, 000 kg/day (1, 000 lb/day) 

Volatile solids, percent 
Feed solids cone, percent 

Scum dewatering equipment 
Thickener 

Number 
Surface loading kg/day/sq m (lb/day/sq ft) DS 

Thickened scum pumps 
Number 
Capacity, each pump, I/sec (gpm) 

Grit dewatering equipment 
Separator 

Number 
Capacity, each unit, I/sec (gpm) 

Dewaterer 
Number 
Capacity, each unit, i/sec (gpm) 
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1 
MHF 
6.78 

11 
760 
817 

31. 8 
12-18 

43 

1 
MHF 
6.78 

11 
760 

1,589 
68 

50-60 
21 

44.5 

2 
2,270 

2 
93 

2 
760 

70 

2 
8.8 
760 
232 

2 
288 

49 

12 
54.3 

4 
35 

636 
1, 272 

31. 8 
43 

12-18 

1 
68.3 

2 
0.09 

4 
6.3 

2 
7. 9 

(22. 25) 

(1, 400) 
(1, 800) 

(70) 

(22. 25) 

(1, 400) 
(3, 500) 

(150) 

(98) 

(5, 000) 

(200) 

(1, 400) 

(35) 
(1, 400) 

(450) 

(550) 
(120) 

(860) 

(1, 250) 

(1, 400) 
(2, 800) 

(70) 

(14) 

(1. 5) 

(100) 

(125) 



2. Gravity sludge thickening. 

3. Sludge classification and dewatering. 

4. Lime recalcination and sludge incineration. 

5. Related processes, i.e. , heat recovery and pneumatic conveying. 

The basic cost will be developed for the type of units included in the CCCSD plant 
As previously stated, these units will be replaced for illustration purposes by 
other units capable of comparable performance. The alternates considered are: 

1. Dewatering of first stage centrate by pressure filtration prior to sludge 
incineration. 

2. Primary sludge dewatering by vacuum filtration prior to lime recalcina
tion in Plural Purpose furnaces. 

Capital Costs 

Capital costs of the units associated with the lime treatment and recovery at the 
CCCSD's plant are presented in Table 12-4. Construction costs given in the 
table are representative of bidding conditions in the San Francisco Bay Area 
during June 1973, representing an ENR Construction Cost Index of 2000. These 
costs are based on a combination of the engineer's estimate and bidding informa
tion submitted by the general contractor. Engineering includes field surveying 
and soil investigations, design, preparation of plans and specifications, office 
engineering during construction, resident engineering, inspection, materials 
testing and construction surveying. Engineering costs depend on factors such 
as the size and complexity of the work, required construction period, owner 
facilities, etc. Engineering charges are computed by several methods, or 
combination of two or more of these methods. 6 In the table a value of 12 percent 
has been used for illustration purposes. Contingencies cover such factors as 
removal of unknown structures and alterations and changes during construction. 
Contingency charges for construction are usually set at 5 to 10 percent of the 
total construction cost of the project. A contingency allowance of 5 percent has 
been used in Table 12-4 to arrive at a total capital cost. 

In Section VII, a comparison of dewatering techniques was made for a 1. 31 cu 
m/sec (30 mgd) plant. The results of this comparison are shown in Table 7-10. 
The data presented in Table 7-10 have been used in the evaluation of the impact 
of alternate dewatering equipment on lime treatment costs as if this equipment 
had been applied to the CCCSD water reclamation plant. Table 12-5 presents 
capital cost data for the substitution of vacuum filters for two-stage centrifugal 
dewatering, converting the CCCSD design from an ATTF processing system 
(Fig. 7-9) to a Plural Purpose Furnace flow sheet (Fig. 7-8) . Another estimate 

is presented in Table 12-6 which involves the substitution of filter presses for 
the second stage centrifugal dewatering of the CCCSD design. The two alterna
tives evaluated produce differing quantities of wet sludge to be incinerated. 
This has a significant impact on MHF sizing and cost. To account for this effect, 

232 



N 
w 
w 

Table 12-4. CAPITAL COST FOR LIME TREATMENT AND RECOVERY 
AT THE CCCSD WATER RECLAMATION PLANT 

Item Process 

I Flocculation, grit removal and primary sedimentation. Includes one 
covered preaeration tank and two sedimentation tanks; distribution 
and effluent channels; preaeration, sludge collection and scum re
mova.l equipment; lime feed building and equipment; equipment gal
lery; grit, sludge and scum pumps; piping; electrical switchgear; 
controls and instrumentation. 

II 

III 

IV 

v 

VI 

1. Lime feeders and slakers (three units). 

2. Flocculation and grit removal tank. 

3. Primary sedimentation tanks. 

Subtotal 

Gravity sludge thickening. Includes conversion of two existing 
digesters to thickeners; sludge thickening equipment; piping; con
trols and instrumentation. 

Wet classification. Includes two vertical centrifuges; piping; con-
trols and instrumentation. 

Sludge dew ate ring. Includes two vertical centrifuges; polymer feed 
equipment; piping; controls and instrumentation. 

Lime recalcination. Includes one complete multiple hearth furnace; 
material conveyors; dry classification equipment; piping; switchgear; 
controls and instrumentation. 

Sludge incineration. Includes one complete multiple hearth furnace; 
material conveyors; grit and scum handling equipment; piping; 
switchgear; controls and instrumentation. 

VII Related process. 

1. Heat recovery equipment. Includes two waste heat recovery 
boilers and two package steam boilers; boiler feed water 
system; piping; controls and instrumentatJon. 

Struct. 
& bldg. a 

81,000 

163,000 

408,000 

36,000 

e 

5,ooof 

463,000 

467,000 

e 

Mechanical 
equip. b 

110, 000 

33,000 

301,000 

93,000 

439,000 

464,000 

2,194,000 

2,291,000 

446, 000 

Piping 

2,000 

66,000 

31,000 

9,000 

209,000 

217,000 

26,000 

55,000 

213,000 

Elect. & 
instrumentation c 

17,000 

61,000 

174,000 

12,000 

85,000 

91,000 

396,000 

418,000 

88,000 

Total cost, 
dollarsd 

210,000 

323,000 

914,000 

1,447,000 

150,000 

733,000 

777,000 

3,079,000 

3,231,000 

747,000 
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Table 12-4. CAPITAL COST FOR LIME TREATMENT AND RECOVERY AT 
THE CCCSD WATER RECLAMATION PLANT (CONTINUED) 

Struct. Mechanical Elect. & Item Process 
& bldg. a equip. b Piping instrumentation c 

VII 2. Pneumatic conveying and storage. Includes penumatic con-
veying equipment to (a) unload make up lime, (b) trans po rt 
reclaimed lime from furnace to storage bins, (c) transfer 
process lime from storage to slaker day hoppers, (d) trans-
port ash to storage; lime storage bins; blowers and auxiliary 
equipment; screw conveyors; rotary air locks; air filters; 
piping; controls and instrumentation. g g g 

3. Auxiliary facilities. Includes the percentage allpcated to 
solids processing of administration and maintenance buildings; 
piping tunnels; outside piping; fuel storage; electrical sub-
stations and general site development. g g g 

Total construction cost 

Engineering, 12 percent of construction cost 

Contingencies, 5 percent of construction cost 

Total capital cost 

~When facilities are housed in multipurpose structures and buildings, cost were obtained in proportion to floor space occupied. 
Includes installation cost. 

~Does not include computer cost. 
Based on June 1973 prices (ENR Index: 2, 000). 

;Equipment housed in the furnace building. 
Cost of housing polymer feed equipment only. 

gLump sum. 

g 

g 

Total cost, 
dollarsd 

593,000 

3,091,000 

13,848,000 

1,662,000 

692,000 

16,202,000 
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Table 12-5. CAPITAL COST OF ALTERNATE DEWATERING PROCESS AT THE CCCSD 
PLANT - VACUUM FILTERS IN A PLURAL PURPOSE FURNACE FLOW SHEET 

Item Process Struct. Mechancial 
Piping Elect. & 

& bldg. a equip. b instrumentationC 

- From total construction cost in Table 12-4, delete items III, IV, v 
and VI. - - - -

VIII Vacuum filters. e Includes three belt-type vacuum filters complete 
with base; vacuum, sludge and filtrate pumps; cake conveyor; 
chemical conditioning equipment; piping; controls and instrumen-
tation. 212,000 430,000 321,000 74,000 

IX Lime and sludge furnaces. f Includes two complete multiple hearth 
furnaces; material conveyors; dry classification equipment; grit and 
scum handling equipment; piping; switchgear; controls and instrumen-
tation. 930,000 4,485,000 81,000 814,000 

x Add allowance on Items IX for larger furnaces. g - - - -

Total construction cost 

Engineering, 12 percent of construction costs 

Contingencies, 5 percent of construction cost 

Total capital cost 

~When facilities are housed in multipurpose structures and buildings, cost were obtained in proportion to floor space occupied. 
Includes installation cost. c . 

dDoes not mclude computer cost. 
Based on June 1973 prices (ENR Index: 2, 000). 
~Vacuum filters to be housed in enlarged furnace building; see Table 7-11 for equipment sizing. 
Furnaces operated in Plural Purpose mode (20% blowdown). 

gMaximum solids load is 39 kg/sq m/hr (8 lb/sq ft/hr) vs. 35.1 kg/sq m/hr (7. 2 lb/sq ft/hr) for the CCCSD plant design (See Table 12-10). 

Total cost, 
dollarsd 

6,028,000 

1,037,000 

6,310,000 

701,000 

14, 076, 000 

1,689,000 

704,000 

16,469,000 
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Table 12-6. CAPITAL COST OF ALTERNATE DEWATERING PROCESS AT THE CCCSD PLANT -
FILTER PRESSES SUBSTITUTED FOR CENTRIFUGAL DEWATERING IN THE SECOND PHASE 

Item Process 
Struct. Mech~ntcal Piping Elect. & Total cost, 
& bldg. 

a 
instrumentationC dollarsd equip 

- From total construction cost in Table 12-4, delete Item IV. - - - - 13, 071, 000 

XI Filter presses. e Includes four 7. 4 kg/sq cm (105 psi) filter presses 
complete with drip flaps, safety curtains, cloths, feed pump, piping, 
controls and instrumentation, 254,000 880,000 428,000 203,000 1,165,000 

XII Less allowance on Items VI and VI for smaller furnaces. f - - - - 2,103,000 

Total construction cost 12,733,000 

Engineering, 12 percent of construction 1,528,000 

Contingencies, 5 percent of construction cost 637,000 

Total capital cost 14,898,000 

~When facilities are housed in multipurpose structures and buildings, cost were obtained in proportion to flow space occupied. 
Includes installation cost. 

~Does not include computer cost. 
Based on June 1973 prices (ENR Index: 2, 000). 

;Filter presses to be housed in enlarged furnace building, see Table 7-11 for equipment sizing. 
Maximum solids load is 23. 4 kg/sq m/hr (4. 8 lb/sq ft/hr) vs. 35.1 kg/sq m/hr (7. 2 lb/sq ft/hr) for the CCCSD plant design (See Table 12-10). 



the cost of the multiple hearth furnaces in the two alternates were adjusted up
wards or downwards proportionate to the wet sludge load on the MHF. 

The capital cost of the Plural Purpose Furnace flow sheet is 2 percent more costly 
than the CCCSD design, while the substitution of filter presses yields costs 14 
percent less costly than the CCCSD design. 

Operation and Maintenance Costs 

Predicted operation and maintenance (O&M) costs of the lime treatment and 
recovery processes at the CCCSD water reclamation plant are given in Table 
12-7. The cost of operating labor shown in the table reflect the computer control 
features of the CCC SD plant. Labor charges include a proportional share of the 
cost of administration, supervisory and laboratory staff recommended for the 
water reclamation plant. In computing operating outlays, the following unit costs 
were used: 

Power: 1. 283 ¢/kw-hr 
Natural gas: 6.148 ¢11000,000 Btu (1 Therm) 
Lime (92% CaO) : $30. 55/ton 
Ferric Chloride (dry basis) $100/ton as FeC13 
Anionic polymer: $1. 25/lb 
Labor cost (including fringe benefits) $9. 00/man-hr. 

The O&M costs for the alternate dewatering processes described in Tables 12-5 
and 12-6, are given in Tables 12-8 and 12-9, respectively. Fuel costs in Tables 
12-7, 12-8 and 12-9 are based on material balances calculated using the computer 
program described in Section X. A summary of fuel requirements of the cases 
studied is given in Table 12-10. Comparing O&M costs, it can be seen that the 
Plural Purpose flow sheet (Table 12-8) is 7 percent more costly than the CCCSD 
design, while the filter press alternate is 9 percent less costly than the CCCSD 
design. 

Total Annual Costs 

Total annual costs are compared in Table 12-11. The CCCSD design is 3. 5 per
cent less costly than the Plural Purpose flow sheet. Substitution of filter presses 
for the centrifuges in the second stage dewatering step at the CCCSD design 
would allow savings of nine percent of the annual cost of the CCCSD design. (It 
should be noted that the filter press information became available after the design 
of the CCCSD plant was completed. Solids processing using filter presses will 
be considered as an alternative in future plant expansions) . 

Cost of Reclaimed Lime Production vs. Purchased Lime 

It is not an easy matter to separate the cost of lime recovery from the cost of 
solids disposal in the ATTF solids processing system. It could be argued that 
the thickening, dewatering and incineration steps are all required for sludge 
disposal and that the incremental cost of lime recovery is only the capital and 
O&M costs of the extra energy required to convert calcium carbonate to calcium 
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Table 12-7. OPERATION AND MAINTENANCE COST FOR LIME TREATMENT AND 
RECOVERY AT THE CCCSD WATER RECLAMATION PLANT 

Cost item, dollar/year 

Energy Chemicals 

Item Process Power Fuel Lime Polymer & other 
Operating l\Iaintenance, re pairs 

labor & supplies 

I Chemical addition 500 - 173,400 - 3,900 5,500 

II Preaeration and grit removal 8,500 - - - 6,000 3,100 

III Primary sedimentation 2,600 - - - 16,700 3,700 

IV Sludge thickening 200 - - - 2,800 1,900 

v Wet classification 23,400 - - - 23,600 11, 000 

VI Sludge dewateringb 25,700 - - 38,300a 23,800 11,600 

VII Lime recalcination 38,300 12,100 - - 25,500 43,900 

VIII Sludge incineration 36,500 53,200 - - 26,200 45,800 

IX Related processes 

a. Heat recovery 11, 500 - - 3,000 19,600 44,900 

b. Pneumatic conveying 11, 000 - - - 10,900 35,600 

Total O&M cost 

a 
bAt 0. 9 kg (2 lb) per ton DS 

Case 100, Section X 

Total O&:\I 
cost 

183,300 

17,600 

23,000 

4,900 

58,000 

99, 400 

119,800 

161,700 

79,000 

57,500 

804,200 



Table 12-8. OPERATION AND MAINTENANCE COST FOR ALTERNATE DEWATERING 
PROCESS AT THE CCCSD PLANT - VACUUM FILTERS 

Cost item, dollar/vear 

Energy Chemicals 

Item Process Power Fuel Lime Polymer & other 
Operating Maintenance, repairs 

labor & supplies 

I Chemical addition 500 - 183,100 - 3, 900 5,500 

II Preaeration and grit removal 8,500 - - - 6,000 3,100 

III Primary sedimentation 2,600 - - - 16,700 3,700 

IV Sludg-<: thickening 200 - - - 2,800 1,900 

v Sludg-e dewateringa 24,100 - - 66,SOOb 45,500 11,500 

VI Lime recalcinationc 74,800 122,700 - - 51,700 87,800 

VII Related processes 

a. Heat recovery 11, 500 - - 3,000 19, 6 00 44,900 

b. Pneumatic conveying 11, 000 - - - 10, 900 35,600 

Total O&l\l cost 

~Case 114, Section X, Plural Purpose flow sheet. 
At O. 45 kg (1 lb) ton of DS. 

cTwo furnaces operating on Plural Purpose mode - 20 percent blowdown. 

Total O&M 
cost 

193,000 

17, 600 

23,000 

1,900 

147,900 

337,000 

7 9, 000 

57,500 

859, 900 



Table 12-9. OPERATION AND MAINTENANCE COST FOR ALTERNATE DEWATERING 
PROCESS AT THE CCCSD PLANT - FILTER PRESSES 

Cost item, dollar/year 

Energy Chemicals 

Item Process Power Fuel Lime Polymer & other 
Operating Maintenance, repairs 

labor & supplies 

I Chemical addition 500 - 173,400 - 3,900 5,500 

II Preaeration and grit removal 8,500 - - - 6,000 3,100 

III Primary sedimentation 2, 600 - - - 16,700 3,700 

IV Sludge thickening 200 - - - 2,800 1,900 

v Wet classificationa 23,400 - - - 23,600 11, 000 

IV Sludge dewatering a 5, 100 - - - 28,100 26,400 

VII Lime recalcination 38,300 11, 800 - - 25,500 43,900 

VIII Sludge incineration 36,500 21,300 - - 26,200 45,800 

IX Related processes 

a. Heat recovery 11,500 - - 3,000 19,600 44,900 

b. Pneumatic conveying 11, 000 - - - 10, 900 35, 600 

Total O&M cost 

aCase 102, Section X, ATTF Solids Processing System with pressure filtration in the second stage. 

Total O&M 
cost 

183,300 

17,600 

23,000 

4,900 

58,000 

59, 600 

119, 500 

129,800 

79,000 

57,500 

732,200 



Table 12-10. FUEL REQUIREMENTS FOR ALTERNATIVE CASES 

ATTF system case with 2nd stage centrifuge ATTF system case with 2nd stage filter press Plural purpose with 
(Case 100) (Case 102) vacuum filter 

Item (Case 114) 
Recalcine Waste sludge Recalcine Waste sludge per furnace basis 
furnace furnace furnace furnace (2 furnaces required) 

Wet cake rate, kg/day 
(lb/day) 109, 400 (241, 000) 204, 600 (450, 700) 106' 400 (234, 400) 137, 100 (302, 000) 451, 200 (993, 880) 

Furnace loadin1 rate, 
kg/sq m/hr ( b/sq ft/hrl 19 (3,. 9) 35.l (7. 2) 18.3 (3. 75) 23.4 (4. 8) 39 (8) 

Gross heat inputs kg-cal/hr BTU/hr kg-cal/hr BTU/hr kg-cal/hr BTU/hr kg-cal/hr BTU/hr kg-cal/hr BTU/hr 

Combustion of vola-
tiles 2,453,918 9,737,770 2,857,172 11, 337, 984 2,383,920 9, 460, 000 3,172,252 12,588,300 2,644,356 10,493,475 

Net-auxiliary fuel 2,105,992 s, 357' 113 5,839,287 23,171,773 2,045,736 8, 118, 000 3,404,362 13,509,372 6,310,310 25,040,912 

Total 4,559,910 18,094,883 8,696,459 34,509,757 4,429,656 17,578,000 6,576,614 26,097,672 8,954,666 35,534,387 

Heat accounted for 

Uses 
a 

1, 275, 546 5, 061,691 1,559,117 6,186,973 1,239,336 4,918,000 1, 447, 469 5,743,923 1,633,057 6,480,383 
Total sensible heat in 

stack gases 3,284,364 13,033,192 7,137,342 28,322,784 3,190,320 12,660,000 5,129,145 20,353,749 7' 321, 609 29,054,004 

4,559,910 18,094,883 8,696,459 34,509,757 4,429,656 17,578,000 6, 576, 614 26,097,672 8, 9:54,666 35,534,387 

Heat recoverable in 
waste heat boilerb 2,397,609 9,514,320 5,210,259 20, 675, 632 2,328,984 9, 242, 000 3,744,275 14,858,236 5,344,787 21,209,472 

Gross heat-auxiliary 
fuelc 3,275,669 12,998,688 9,082,451 36,041,473 3,182,004 12,627,000 5,295,158 21,012,533 9, 815, 083 38,948,739 

kg/hr lb/hr kg/hr lb/hr kg/hr lb/hr kg/hr lb/hr kg/hr lb/hr 

Total gas required 287 632 795 1,752 279 614 464 1,021 859 1,893 

Gas assigned to recal-
cination or incinera 
tion 77 169 339 746 75 165 136 299 391 861 

Total gas as signed kg/hr lb/hr kg/hr lb/hr kg/hr lb/hr 

to recalcination and 
incineration 416 915 211 464 782 1, 722 

~Evaporation of water, radiation losses, shaft heating air, heat of reaction, heat loss in calcine product. 
Taken as 73 percent of total sensible heat of furnace off gases. 

~Ratio to net heating value: 20, 564/13, 221 ~ 1. 555402 (cf Section VIII). 
Calculated as the difference between the gross heat from auxiliary full less that recovered in the waste heat boiler, divided by the gross heat input 
times the total gas required; e.g., for the recalcine furnace in Case 100: 632 (12,998,688 - 9,514,320)/(12,998,688) ~169. 



oxide plus the cost of operation of the dry classification step. On this basis, the 
cost of reclaimed lime would be low. Investigators at South Tahoe reasoned that 
the reclaimed lime cost was the total cost of the recalcining step, since lime sludge 
thickening and dewatering would be common to any lime coagulation process. 7 
Costs for the example in this report are calculated on the same basis as for South 
Tahoe, and include only the recalcination step. The O&M and annual cost estimate 
for recalcination totals $388, 200/yr. Since it was found that recalcined lime 
eliminated the need for the use of ferric chloride as a supplemental coagulant 
(Table 8-12) , a savings of $63, 800 can be credited to recalcination, leaving a 
balance of $324, 400/yr. For this case, 8620 tons/yr of Cao are returned to the 
process. The unit cost of recalcination is $37. 63 per ton of CaO. While it appears 
that recalcined lime costs 13 percent more than new lime, several other factors 
must be considered. First, the recent quotation of $33. 20 per ton (100% CaO) has 
been made by the manufacturer with the cautionary statement that a significant 
increase in cost is expected in the near future. Second, a portion of the cost of 
recalcination could be attributed to ultimate disposal of the large quantity of 
calcium carbonate sludge generated by the process. On this basis, the cost of 
reclaimed lime is considered competitive with the cost of new lime for this case. 

Table 12-11. COMPARISON OF TOTAL ANNUAL COSTS FOR 
LIME TREATMENT AND SOLIDS PROCESSING 

Cost category, dollar/year 

System O&M Annual co~t Total 
of capital annual cost 

CCCSD designa 804,200 1,412,600 2,216,800 
1st: centrifuge 
2nd: centrifuge 

Plural Purposeb 859,400 1,435,800 2,295,200 
(vacuum filters) 

Modified designc 732,200 1,298,900 2,031,100 
1st: centrifuge 
2nd: filter press 

a 
bCase 100, Section X 
c Case 114, Sect~on X 
dCase 102, Section X 

CRF at 20 years and 6 percent = O. 08718456 
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Cost of Sludge Processing 

The entire sequence of operations in the CCCSD Water Reclamation Plant, begin
ning with thickening and ending with the production of ash for ultimate disposal 
and reclaimed lime for reuse, can be considered the sludge processing system. 
The unit cost of operation for the total system expressed per ton of DS processed 
is of interest. The annual cost of capital for the system is $1, 265, 000/yr, exclu
sive of Item I in Table 12-4. O&M cost totals $580,300, exclusive of Items I, II and 
III in Table 12-7. Total annual cost is $1, 845, 300/yr. A total of 33, 490 tons/yr of 
new sludge is precipitated in the system, exclusive of recycled solids. Therefore 
the unit cost of sludge processing is $55, 10/ton of DS. This cost is competitive 
with the cost of other sludge disposal systems. The cost can also be expressed 
per unit of wastewater treated; on this basis the cost is $167 /mil gal based on an 
average dry weather flow of 30 mgd. 
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SECTION XIII 

LIST OF INVENTIONS AND PUBLICATIONS 

No inventions have resulted from this work, nor have any patent applications 
been made as a result of this work. All processes described in this work were 
state-of-the-art prior to inception of this project. To date (May, 197 4) no 
publications have resulted from this work. 
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SECTION XIV 

GLOSSARY 

This glossary explains the various abbreviations used throughout the report; see 
Tables 10-1, 10-2, and 10-3 for symbols used in the computer program. 

Btu 
c 
cf m 
cfs 
cu ft 
cum 
DS 
F 
FBR 
ft 
G 

gal 
gpd 
gpm 
HHV 
in. 
kg 
kcal 
L 
1 
lb 
LHV 
l/sec 
m 
mgd 
mg/l 
MHF 
ppm 
psi 
R1 
Rz 
RKC 
6 RPM 

n 
sq ft 
sq in. 
sq m 

British thermal units 
degrees Celsius 
cubic feet per minute 
cubic feet per second 
cubic foot (feet) 
cubic meter 
dry solids 
degree Farenheit 
fluidized bed reactor 
foot (feet) 
gravitational force per pound mass, 

feet per (second) 2 
gallon (s) 
gallons per day 
gallons per minute 
high heat value 
inch (es) 
kilogram (s) 
kilo calories 
bowl length, cm 
liter (s) 
pound (s) 
Low heat value 
liters per second 
meter 
million gallons per day 
milligram (s) per liter 
multiple hearth furnace 
part (s) per million 
pound (s) per square inch 
radius of the liquid surface, cm 
radius of the inner wall of the bowl, cm 
rotary kiln calciner 
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difference in revolutions per minute 
for centrifuge, 6 RPM is bowl speed 
minus conveyor speed 

"sigma" factor 
square foot (feet) 
square inch (es) 
square meter 



SS 
TS 
vs 
w 
wt 
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suspended solids 
total solids 
Volatile solids (or volatile matter) 
rate of rotation, rad/ sec 
weight 



SECTION XV 

APPENDICES 

The attached appendix is in two parts. Appendix A contains a listing of the 
solids balance computer program, SOLIDS IA, which has been described in detail 
in Section X. Appendix B contains copies of the output from this program for 
23 cases that were run for this project. Table B-1 is an index for these cases. 
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APPENDIX A 

LISTING OF SOLIDS lA 
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SOLIDSlA 11: SOPDT 04/04174 

!DOC THIS IS A PROGRAM TO CALCULATE Tl-£ EQUILIBRILM MASS BALANCES FOR 
llDC SEVERAL COl.f'Ol'JrnTS IN A LIME SLlDGE PROCESSING SEQl.ENCE E»'LOYING 
!20C WET CLASS! FI CATTON, RECALCH.._T ION, ORY CLASS I FJCATIOl'J OF RECALCIN
l30C ED PRODUCT,DEWATERH<G AliD JtJCIM:RATION OF CEtJTRATE SOLIDS FRO'I WET 
140C CLPSSIFICATION,WITH OPTJOIJS FOR BLOMXJWN OF RECALCINED PRODUCT, 
!SOC OR SWGLE FURNACE CASE WITH NO DEWATER!~~ AND INCWERATION STEPS. 
!6DC IF FURNACE STACK LOSSES(RECOVERED IN THE WET SCRUBBER) ARE TO BE 
J7DC RETURHED TO THE PR!r-'ARY, TI£N INPUT "SEREC" AS 1.D. IF nE l<.£T 
18 DC SCRUBBER EFFLUENT IS t-LJT TO BE RETLRNED TO TI-£ PR I MARY, THEN 
19DC INPUT "SEREC" AS D.D 
2DDC IF NO BLOWDOWN IS WANTED, TI£N "FRBO" =0.0. 
210C IF NO CLASSIFIER FOR RECALCINED PRODUCT IS WANTEO,"CIJo.SS!F''=O.O. 
22DC IF CLASSIFIER IS EMPLOYED, LET "CLASSIF" =1.D. 
230C IF ~Kl SECOND STAGE CENTRIFUGE AND INCINERATION FURNACE ARE USED, 
240C LET "FURNACE" EQUAL l.0; IF n£Y ARE INCLUDED, LET "FURNACE"=2.0. 
250C IF NO CLASSIFIER EKDLOYED, INPUT ALL COMPONENT CLASSIFIER RECOVERY 
260C FRACTIONS AS 1.0,(TOTAL RECOVERY), EXCEPT ORGANICS, FE(OH)3, ~ MG(OH)2 
270C WHICH ARE ALL ZERO. 
2BOC INPUT THE RECOVERIES OF ORGM-IJCS, FE(OH)3, M:;(OH)2 IN Fl,,W-!ACES 
290C AND CLASSIFIER AS 0.0 FOR ALL CASES. 
300C IF NO SECotJD STAGE CENTRIFUGE OR INCINERATION FURNACE USED, LET n£ 
310C RECOVERY OF ALL COMPOl.fl)S IN TI-ESE EQUAL ZERO. 
320C PROGRAM·1ER: F.J. ZADICK,BROWN & CALDWELL, SJW FRANCISCO, CALIF.,FES.,1974 
330 FILELIST "DAT1","DAT2",''DAT3" 
340 110 FORMAT(V) 
345 
350C STATEMENT 224 IS USED TO SUPRESS DIAGl\OSTICS DURING COi-PiLING 
360 224 L=l23+L 
365 
370C READ FROM FILES DATl, DAT2, DAT3 
380 225 READO, 110)L,Xl"GO,XLBWASIN,FECL3MGL,CAHTODOS,FRBD,RECALEFF 
390 227 READO, l lO)L, FUR~~CE, CLASS IF, PH,SEREC, FEINFMGL, SJ INDl"GL, SIEftH;L 
400 2 . 9 READ(2, l lO)L, SS IN.''GL, SSQU1}1GL, XM:; n11GL, XM;EFMGL, CAINFM;L, CAEFFl'G.. 
410 231 READ(2, llO)L, PJNFMGL, PEFF~'GL, FEEFFM:;L, FRAI ISSO, FRAii SS I 
420 233 READ(2,l10)L,FRSIWAS,FRAllWAS,FRVWASJN,FRVSSJN,FRVSSOUT 
430 235 READ(2,ll0)L,FRSJSSl,FRSISSO,FRSINEW,FRAIJNEW,FRM:;ONEW,FRCAONEW 
440 237 READO, llO)L,RECAPl,RECACl,RESll,REAl!l 
450 239 READO, l lO)L, REY.M;Hl,REX!-'GOl, REFEOHl, REFEOl,REORGl 
460 241 READO, IJO)L,RECAP2,RECAC2,RESl2,REAII2,REFEOH2 
470 243 READO, l 10)L,PEFEC•2, REORG2,REY.MGH2,REXMG02 
480 245 READO, llO)L,RECAPF, RECACF,RESI F,REAllF, REFEOHF 
490 247 READ(3, llO)L,REFEOF,REORGF,REXMGHF,REXl-'GOF 
500 249 READO, llO)L,RECl'PFJ ,RECACFI ,RES IF! ,REAi IFl,REFEOHFI 
510 251 READ(3,llO)L,REFEOFl,REORGFl,REXf'GHFl,REXMGOFI 
520 253 READO, I IO)L, RECAPCL, RECACCL, RES I CL, REAi ICL,REFEOHCL,RECAOCl. 
530 255 READ(3,110)L,REFEOCL,REORGCL,REXl"GHCL,REXM:;OCL 
540 800 XLBSS I N=X1-'GD::8. 33::55 JNMGL 
550 803 XLBSSOUT=X1-'GD::8. 33"SSOUTMGL 
560 805 XMGINF=Xl-'GD''B. 33'-'XM;HM;L 
570 807 XMGEFF=XMGD"B. 33''Xl"GEA"'GL 
580 810 CAINF=xt-\GD"B.33"<:.AI!~ 
590 814 CAEFF=Xl'GD''B.33''CAEFFl'GL 
600 816 Pltif=XMGD"B. 33"PI~ 
610 818 PEFF=Xl'GD''B. 33"PEFFM:;t. 
620 822 AJJEFF=XLBSSOUT"(FRA!l5SO) 
630 828 FEEFF=XMGD"8.33"FEEFFMGL 
640 S l lt<D=S I IND"GL"8. 33''>:1'GD 
650 5IEFFD=SIEFDMGL"B.33"XMGD 
660 826 SIEFF=XLB5SOUT"(FRS!SSO)+SIEF!'O 
670 830 FECL3=~l:;D"8. 33"FECL3~'GL 
680 834 CAHTOTLB=CAHTODOS"XMGD''B.33 
690 836 CAOTOTLB=CAHTOTLB"(S6./74.) 
700 837 CAOTOM:;L=CAHTOD05"56./74. 
705 
710C CALCULATE FE(OH)3 JN PRIMARY SLUDGE 
720 84C FEOHSLG=((FECL3)"(107. /162. 5)+(FEINFMGL)"Cl07. /56. )"(Xl"GD)X( 
730 &8. 33)-(FEEFF)"(l07 ./56. ))/(l. -Cl. -REFEOH2)"Cl .-REFEOH1)) 
735 
740C CALCULATE FE(OH)3 IN OTHER LIQUID STREAMS 
750 842 FEOHlP=(FECL3)"(l07. /162. 5)-(FEEFF)"Cl07. / 56. )+(FEINfloGL)"( 
760 &XM';[) )''(8. 3 3)"(107 ./ 56.) 
770 844 FEOHCl\Kl=(REFEOHJ)"(FEOHSLG) 
780 850 FEOHCNTl=(FEOHSLG)-(FEOHCAKl) 
790 853 FEOHCAK2=(FEOHCNTJ )''(REFEOH2) 
BOO 856 FEOHCNT2=(FEOHCNTl)"(l.-REFEOH2) 
805 
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810C t-0 FE(OH)3 IN ASH STREAMS OR SCRUBBER WA.TCR 
820 859 FEOHFP=O.O 
830 862 FEOHFPl=O.O 
840 864 FEOHRS=O.O 
850 867 FEOHBD=O.O 
860 870 FEOH:R=O.O 
865. 
870C 
880 
890 
900 
910 
q20 
~30 

935 

FE(OH)3 NOT PRESENT 
8 73 REFEOHF=O. 0 
876 REFEOH:L=0.0 
879 REFfOHFl=0.0 
880 FEOHSEl=O.O 
881 FEQHSE2=0.0 

IN EITHER Fl.Rtw'.:E ·f'Roruc:T OR CLASSIFIER Al'.CEPTS 

IF(S[REC.EQ.0.0) GO TO 885 

94CC CALCULATE FE203 IN PRIMARY SLLOGE 
950 883 FEOSLG=((FEOHCAKl)"(REFEOF)::( 160. /214. )"(!. -FRE'.D)"(REFEOCL)+(FEOH 
%0 &CAKl)::(l. -REFEOF)"(l60. I 214. )+(FEOHCAK2 )"(l. -REFEOFI )"(160./214.) 
970 & )I (1. -(I. -REFEO I)"( I. -REFE02 )-(REFEOI )"(PEFEOF)"(l. -FRE'.D)"(REFEOCL 
%0 &)-(REFEOI )"(l. -REFEOF)-( I. -REFEOl )''(REFE02)"(1. -REFEOFI )) 
990 IF(SEREC.EQ.1.0) GO TO 895 
1000 885 FEOSLG=((FEOHCAKl)"(RcFfCF)::(l 60. /214. )"Cl. -FRBD)"(REFEOCL))/ 
10 l 0 & (I. -(1 . -REFEO I)"( I. -REFto2 )-(REFEOl )::(REFEOF)"( 1. -FRBD)"(REF 
1020 &EOCL)) 
1025 

!030C 
1040 
1050 
1060 
1070 
1080 
1090 
1100 
1110 
1120 
1130 
1140 
1150 
1155 

rnLCUAL TE FE203 IN CTI-£R STRE/.1-15 
895 FEOCAKl=FEOSLG::(pEfEOl) 
898 FEOClffl=FEOSLG"(l. -PEFEOI) 
901 FE0CAK2=FEOCtffF(REFE02) 
905 FEOCNT2=FEOCtJTl::(l. -REFE02) 
908 FEOFr=FEOCAK 1 ::cP.EFEOF)+FEOHCAKl"(REFEOF)"(l60. /214.) 
910 FEOBD=FEOFP::(FRBD) 
911 FEOlP=O.O 
912 FEORS=FEOFP::( 1. -FRBD)"(REFEOCL) 
914 FEOCR=FEOFP::( 1. -FRBD)::( 1. -REFEOCL) 
916 FEOFP I =FEOCAKZ"(REFEOF I )+(FECHCAK2)"(REFEOFI) 
917 FEOSEl=FEOCAK l"( I. -REFEOF)+(FEOHCAKl)::( 1. -REFEOF)"(l60. /21'i.) 

IF(SEREC.EQ.0.0) GO TO 919 

1160C CALCULATE CA3(PC4)2 HJ PRIM'J<Y SLUDGE 
1170 918 CAPSLG=((P HJF-PEFF)::(3!0. /62. ))/(1. -(I. -RECAPl)::(l. -RECAP2)-(RECA 
1180 &P!)::(RECAPF)::( 1. -FR6D)"(RECAFCL)-(RECAF 1)::( 1. -RECAPF)-(1. -RECAP I) 
1190 &"(L-RECAPFl)"(RECAP2)) 
1200 IF(SEREC.EQ.1.0) GO TO 921 
1210 919 CAPSLG=((PH:F-PEFF)::(3 !0. /62. ))/(1. -(1. -RECAFl)::(l. -RECAP2)-(RECA 
122 0 &P 1)''(RECAFF)''(1. -FRBO)''(RECA?CL)) 
1225 
1230C 
1240 
1250 
1260 
1270 
1280 
1290 
1300 
1310 
1320 
1330 
1340 
1350 
1355 
1360( 
137C 
1380 
1385 
1390C 
1400 
1410 
1420 
1430 
1440 
1445 

CALCULATE CA3(P04)2 IN OTHER STREAMS 
921 CAPIP=(PHlF-PEFF)"(3I0./62.) 
922 CAPCAKl=CAPSLG::(RECAPl) 
923 CAPFP=CAPCAKl::(RECAPF) 
925 CAPCtiTl=CAPSLG::(l. -RECAP!) 
927 CAPC.4K2=CAPCNTl''(RECAP2) 
929 CAPCtff2=CAPCNTl"(l.-RECAF2) 
931 CAPFPI=CAPCAK2::(RECAPFI) 
933 CAFBD=CAPFP::(FRBD) 
935 CAPRS=CAPFP''( 1.-FRBD)::(RECAFCL) 
937 CAPCR=CAPFP''( 1. -FRBD)::( 1. -RECAPCL) 
939 CAPSEl=CAPCAKl::(l.-RECAPF) 
940 CAFSE2=CAPC.4K2::(1. -RECAPFI) 

CALCULATE l-'1'.'(0H)2 IN PR!M'J<Y SLUDGE 
941 Xl-'GHSLG=( (»'G H;F-X/'GEFF)"(58. 3/24. 3)) I (1. -(1. -REX/'GHl )::(1. -REXMGH2 

&)) 

CALCULATE r-"G(OH)2 IN OTHER STREAMS 
942 Xl'GHlP= (XJ.'G l IJF-YJ"GEFF)''( 58. 4/24. 3) 
94 3 YJ"GHCAK l=Xl'GHSLG::(REXl"GHl) 
945 Xl·'GHCt-.'Tl=Xl"'GHSLG::Cl .-REXl"GHl) 
94 7 Xl'GHCAK2=(Yt'GHCNTI )''(REX!'GH2) 
949 Xl-'Gl-IOJT2=(Xl·'GHCNT1)::(1. -REXM:;H2) 

1450C NO r-"G(OH)2 IN ASH STREAMS 
1460 951 XM:;HFP=O.O 
1470 953 XMGHRS=O.O 
1480 955 XMGHBD=O.O 
1490 957 X/o'GHFPl=0.0 
1500 959 Xl'GHCR=O.O 
1505 
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-1510c NO MG(OH)2 PRESENT IN El1liER FURNACE PRODUCT OR CLASSIFIER ACCEPTS 

1520 961 REXMGHF=0.0 
1530 963 REXMGHFl=O.O 
1540 965 REXMGHCL=O.O 
1545 
1550C N:l MG(OH)2 IN SCRUBBER WATER 
1560 966 XMGHSEl=O. 0 
1570 967 Xl"GHSE2=0.0 
1575 
1580C CALCULATE ORGANICS JN PRIMllRY SLUDGE 
15 90 969 ORGSLG= ( (XLBSS IN)"(FRVSS IN)+(XLBWAS I N)"(FRVWAS I N)-(XLBSSOUT)"(FRVS 

1600 &SOUT))/(l. -(1.-REORGl)"(l. -REORG2)) 

1605 
1610C CALCULATE ORGANICS IN OTHER LIQUID STREAMS 
1620 972 ORGlP=(XLBSSIN)"(FRVSSIN)+(XLBWASIN)"(FRVWASIN)-XLBSSOVT"FRVSSOVT 

1630 973 ORGCAKl=ORGSLG"(REORGl) 
1640 975 ORGCNTl=ORGSLG"(l.-REORGl) 
1650 977 QRc;CAK2=0RGCNTl"(REORG2) 
1660 979 ORGCNT2=0RGCNT1"(1.-REORG2) 

1665 
1670C N:l ORGANICS IN ASH STREAMS 
1680 981 ORGFP=O.O 
1690 983 ORGFPl=O.O 
1700 985 ORGCR=O.O 
1710 987 ORGBD=0.0 
1720 989 ORGRS=o.o 
1725 
1730C N:l QRc;ANJCS IN SCRUBBER WATER 
1740 990 ORGSEl=O.O 
1750 991 ORGSE2=0.0 
1760 992 REORGF=O.O 
1765 
1770C OR<;ANICS NOT PRESENT IN EITHER FWNl\CE PRODUCT OR SCRUBBER WATER 
1780 9g3 RFORGFl=O.O 
1790 995 REORG~L=O.O 

1800 IF(SEREC.EQ.0.0) C-0 TO 998 
1805 
1810C CALCULATE CAC03 IN PRIMARY SLUDGE 
1820 997 CACSLG=((CAJNF-CAEFF)"(l00./40.)+(CAOTOTLB)"(l00./56.)-(PlNF-PEFF) 
1830 &"(120. /62. 0 )"(100 ./40.) )/ (l. -·(RECACl)"(RECAC')"(l. -FRBD)"(RECACCL) 
1840 &"(I. -RECALEFF)-(1. -RECAC I )"(l. -RECAC2 )-(RECAC I )"(I. -RECACF)-(1. -RE 
1850 &CAC1)"(RECAC2)"(J.-RECACFI )) 
1860 IF(SEREC.EQ.l.O) GO TO 1000 
1870 998 CACSLG=((CAlNF-CAEFF)"( 100. /40. )+(CAOTOTLB)''(lOO. /Sf,. )-(PlMF-F'EFF) 
1880 &"(120. /62. O)"(l 00. /40.) )I (l. -(RECAC I )''(RECACF)"(l. -FRBD )"(RECACCL) 
1890 &"(1.-RECALEFF)-(1.-RECACI )"(I. -RECAC2)) 
1895 

1900C CALCULATE CAC03 IN OTHER STREAMS 
1910 1000 CACIP=(CAINF-CAEFF)''(J 00. /40. )+CAOTOTLB''(IOO. I 56. )-(PltlF-PEFf):C(l 
1920 &20. /62. )"(!OO. /40.) 
1930 1001 CACCAKl=CACSLG''(RECACl) 
1940 1002 CACFP=(RECACF)"(CACCAKl)"(l.-RECALEFF) 
1950 1004 CACCNTl=CACSLG"(l.-RECAC!) 
1960 1007 CACCAK2=CACCNT1"(RECAC2) 
19 7 0 l 0 09 CACCNT 2=CACCNTl "( !. -RECAC2) 
1980 1011 CACFPl=CACCAK2"(RECACFI) 
1990 1012 CACSEl=(CACCAKl)"(l,-RECACF) 
2000 1013 CACSE2=CACCAK2"(1.-RECACFI) 
2010 1015 CACBD=CACFP"(FRBD) 
2020 1017 CACRS=CACFP"(l. -FRBD)"(RECACCL) 
2 0 3 0 1018 CACCR=CACFP''(l • -FRBD )"( !. -RECACCL) 
2035 
2040C CALCULATE CAO !N RECALCn!ATION FURNACE PRODUCT 
2050 1019 CAOFP=CACCAKl::(RECACF)"(RECALEFF)"(56 ./100.) 
2055 
2060C CALCULATE CAO IN THE BLOv.tlOWN N-D CLASSIFIER STREAMS 
2070 1021 CAOBD=(CAOFP)::(FRBD) 
2080 1023 CAORS=CAOFP"(l.-FRBD)"(RECAOCL) 
2090 1025 CAOCR=CAOFP::(l.-FRBD)''(l. -RECAOCL) 
2095 
21 OOC CALCULATE NEW LIME REQUIRED 
2110 1027 CAONEW=CAOTOTLB-CAORS 
2115 
2120C NO CAO IN RECALCINE FURNACE SCRUBBER WATER 
2130 1028 CAOSEl=O.O 
2135 
2140C NO CAO IN INCINERATION FWNACE WASTE ASH 
2150 1029 RECAOFl=O.O 
2160 1031 TOTLBNEW=CAONEW/FRCACNEW 
2165 
2170C NO CAO IN SECOND STAGE DEWATERING STREAMS 
2180 1033 RECA02=0.0 
::190 1035 CA0t-l'GL=(CAONEW)/(8.33"JQ-1GD) 
2195 
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2200C l\O CAO IN FIRST STAGE DEWATERING STREAMS 
2210 1037 RECAOl=O.O 
2220 1039 CAOIU'GL=(CAORS)/(8.33"Xl"'GD) 
2225 
2230C l\O CAO IN SECOND STAGE CENTRATE 
2240 1041 CAOCNT2=0. 0 
2250 1042 SLMDOS=CAO~L+CAORl'GL 
2260 1044 CAORSFRA=CAORl'GL/Sl.t1lOS 
2265 
2270C l\O CAO IN LIQUID STREA'!S 
2280 1047 CAOCAK2=0. 0 
2290 1048 CAOlP:O.O 
2300 1049 CAOSLG=O.O 
2310 1051 CAOCAKl=O. 0 
2320 1055 CAOCNTl=O. 0 
2330 1056 CAOSE2=0.0 
2335 
2340C l\O CAO IN INCINERATION FURNACE WASTE ASH 
2350 1057 CAOFPI=O. 0 
2355 
2360C Slf1 THE SOLl<CES OF ACID INSOL.!NERTS(EXCEPT SILICA INTO THE PRIMA.RY ON FIRST PASS 
2370 1061 Al I IN= (TOTLBNEW)''(FRAI IN8'1)+(XLBSSIN)"(FRAI ISSI )+(XLBWASIN)" 
2380 &(FRAI !WAS) 
2385 
2390C CALCULATE ACID INSOL.INERTS PRECIPITATED ON FIRST PASS 
2400 AIIlP=AII!N-AIIEFF 
2410 1062 All !Nl''GL=AI l !N/(8. 33"Xl-'GD) 
2420 IF(SEREC.EQ.0.0) GO TO 1064 
2425 
2430C CALCULATE ACID INSOL.INERTS IN PRIMA.RY SLUDGE 
2440 1063 Al I SLG=((Al I IN)-(AI IEFF))/(l. -Cl. -REA! I I )"(l. -REAi I 2)-(REAI Il)"(RE 
2450 &Al I F)"(l .-FRBD)"(REAI !CL)-(! .-REAi I !)''(REA! 12)"(1. -REAi IF! )-(REAi I 
2460 &1)''(1.-REAI IF)) 
2470 IF(SEREC.EQ.1.0) GO TO 1065 
2480 1064 AI ISLG=((Al I IN-A! JEFF))/(!. -Cl. -REAi 11)"(1.-REA! l 2)-(REAll l)"(RE 
2490 &Al I F)''(l. -FRBD)'~(REAI !CL)) 
2495 
2500C CALCULATE ACID INSOL.INERTS IN OTHER STREAMS 
2510 1065 AI IFP=(AI I SLG)''(REAI ll)"(REAI IF) 
2520 1067 Al ICAKl=(AI JSLG)"(REAII 1) 
2530 1071 Al ICNT!=(AI 15LG)"(l.-REAll1) 
2540 1073 Al ICAK2=(AI JCNTJ)"(REAI 12) 
2550 1075 AllCNT2=(f\IICNTl)"(L-REAll2) 
2560 1077 AIIBO=(AI IFr)"Cfl<GD) 
2570 1079 Al IRS=(AI Irf')"(J.-FRBD)"(REAJICL) 
2580 1081 Al lfrJ=(AI JCf,K'.')"(RCAl !Fl) 
2 590 l 08 3 Al l CR=(fd I fl')"(! . -FR(\[))"(!. -REAi I Cl) 
2r,on AI IrrH~L=AJ 1rruca. ,,::)(1-'(,D) 
2[,JO 1084 ,\J ISLJc/\l J(,\l I''(I .-Rif\l Jn 
2615 
2620C 
2630 
2640 
2645 

SLM THE SOURCES OF SI02 INTO THE PRJl.V-P.Y ON THE FIRST Pf,SS 
1085 SI IN= (XLBSS !N)"(FRS!SS I )+(XLBWASIN)"(FRS IWAS)+(TOTLBNEW)"(FP.S 

&INEW)+(SI IND) 

2650C CALCULATE 5102 PRECIPITATED ON THE FIRST PASS 
2660 SI021P=S!Irl-S!EFF 
2670 1086 S!Hf-'GL=SllN/(8.33"XJ-'GD) 
2680 IF(SEREC.EQ.0.0) GO TO 1088 
2685 
2690C CALCULATE Sl02 Irl THE PRll-'ARY SLUDGE 
2700 1087 SI SLG= ((SI! N)-(S I EFF) )/ (1. -(! . -RES I l )''(l. -RES l 2 )-(PES l l )"(RES IF)"( 
2710 & 1. -FRBD)"(RES l CL)-(! . -RES l l )"(RES l 2)"(1. -RES IF I )-(RES 11)::(1. -RES IF 
2720 &)) 
2730 !F(SEREC.EQ.1.0) GO TO 1089 
2740 l 038 SI SLG= ((SI W)-(S I EFF)) I (I, -(1. -RES I l)"(l. -RES l 2 )-(RES l l )"(RES IF)''( 
2750 &1.-FRBD)::(RES!CL)) 
2760 1089 S!EFWGL=SltFF/(8.33::WGD) 
2765 
2770C CALCULATE Sl02 H: OTf-'ER STREAMS 
2780 1090 S!l=P~(5!5LG)::cP.=sr1y:u~ESIF) 
2790 1091 S!CAKl=(SISLG)"(RES!l) 
2800 1093 SICNTl=(S!SLG)''(l.-RESI 1) 
2810 1095 SJCAK2=(SIG;Tl)"(P.ES!2) 
2820 1097 S!CNT2=(S!UiTJ)''(l.-RESI2) 
2830 1099 S!BD=(SJFP)"(FRfD) 
2840 1101 S!RS=(SJFP)::(l.-FR8D)"(RES!CL) 
2850 1103 S!FP!=(SIU,~2)"(PES!Fl) 
2860 1105 SICR=(S!FP)"(J.-FRBD)"(l.-RES!CL) 
2870 1106 SJSEl=SICAKl''(l.-RESIF) 
2875 
~880C CALCULATE K.O Jr!PUT FROM NEW LIME 
2890 1107 XJ-'GCf,E'li=(FP1'X:-Of;EW)"(TOTLBNEW) 
2900 1108 Xi'"GOlP=Xff-ONE',J 

253 



2910 IF(SEREC.EQ.0.0) GO TO 1110 
2915 
2920C CALCULATE 1"GO IN PRJM'IRY SLUDGE 
2930 1109 XMGOSLG= ( (Xl'GHCAKl)''(REXl'GOF)"( 1. -FRBD)''(REXl'GOCL)"(40. (58. 3)+(1. 
2940 &-REXMGOF)''(YJ1GHCAK1 )"(4G ./58. 3)+(XMGONEVi)+( 1. -REXMGOFI )-'(Xl"GHCAK2 
2950 &)''(40. I 58. 3) )/ ( 1.-(l. -REYM;O 1 )"(I. -REY.MG02)-(REYJ"G01 )"(REXl'GOF)"(R 
2960 &EXMGOCL)"(l. -FRBD)-(1. -REXMGOF)"(REXMGOl )-(1. -REXMGOl)"(REXMG02)"( 

2970 &l.-REX!'GOFI)) 
2980 IF(SEREC.EQ.l.O) GO TO 1111 
2990 1110 XMGOSLG=( (:x1-'GHCAKl)''(RE»t;OF)"(l. -FRBD)"(REXT>'GOCL)"(40 ./ 58. 3) 
3000 &+(XMGONEW))/(l. -Cl. -REXl'GOl)"( l .-REXMG02)-(REXMGOl)''(REX!'GOF)"(R 
3010 &EX!'GOCL)''(l.-FRBD)) 
3015 
3020C CALCULATE 1"GO IN OTHER STREAMS 
3030 1111 XMGOCAKl=XMGOSLG"(REXK-01) 
3040 1113 YJ-'GOCNT!=XMGOSLG"(l.-REXl"'GOl) 
3050 1115 XJ1GOCAK2=X/''GOCNTl"(REXMG02) 
3060 1117 XMGOCl'12=XMC-OCNT1"(1.-REXMG02) 
3070 1119 Xl"GOFP=XMGOCAKl"(REXMSOF)+:xi-'GHCAKl"(REXMGOF)"(40 ./58. 3) 
3080 1121 Xl·'GOBD=XMGOFP"(FRBD) 
3090 1123 X/''C-ORS=XMGOFP"(l .-FRBD)"(REXl-'GOCL) 
3100 1125 XMC-CCR= X/"GOFP"( !.-FRED)"(!. -REWGOCL) 
3110 1127 Xl·'GOFPI =XMGOCAK2"(REXMC-OFI )+(Xl-'GHCAK2 )"(REXT>'GOF!) 
3120 1129 Xl-'GOSEl=(XMC-OCAKl)''(l. -REXMGOF)+(X!--'GHCAKl)''( 1. -REXMGOF)"(40. /58. 3) 
3130 1130 Xl-'GOSE2=XMGOCAK2"(1. -REXl·Y',,Of l)+XK-HCAK2"(1. -REXl"GOFI )"(40. I 58. 3) 
3140 1132 FEOSE2=FEOCAK2"(1. -REFEOFl)+(FEOHCAK2)''( 1.-REFEOFI )"(160. /214.) 
3150 1133 SISE2=SICAK2"(1.-RESIFI) 
3160 1134 AllSE2=AIICAK2"(1.-REAIIFI) 
3170 1135 TOTl=ORGSLG+CACSLG+XMGOSLG+WGHSLG+FEOSLG+FEOHSLG+S I SLG+Al I SLG+C 
3180 &APSLG 
3190 1136 TOT2=0RGCAKl+CACCAKl+XMGOCAKl+Xl-'GHCAKl+FEOCAKl+FEOHCAKl+SICAKl+A 
3200 &llCAKl+CAPCAKl 
3210 1137 TOT3=TOT1-TOT2 
3220 1138 TOT4=CAOFP+CACFP+XMGOFP+FEOFP+SIFP+AllFP+CAPFP 
3230 1139 TOT5=CACSE l+Xl''GOSEl+FEOSE l+CAPSEl+S I SE l+AI I SE! 
3240 1140 TOT6=CAORS+CACRS+:x7-"GCRS+FEORS+S I RS+All RS+CAPRS 
3250 1141 TOT7=0RGCAK2+CACCAK2+XMC-OCAK2+Xl'GHCAK2+FEOHCAK2+FEOCAK2+SICAK2+Al 
3260 &ICA~.2+CAPCAK2 

3270 1142 TOT8=TOT3-TOT7 
3280 1143 TOT9=CACFPl+Xl-'GQFPl+FEOFPl+SIFPl+AllFP!+CAPFPI 
3290 1144 TOT10=CACSE2+X/'"GCSE2+FEOSE2+CAPSE2+SISE2+AIISE2 
3300 1145 TOTI l=TOT4"(FRBD) 
3310 1146 TOT12=CAOCR+CACCR+XMGOCR+FEOCR+SICR+Al!CR+CAPCR 
3320 1147 TOTRE1=TOT2/TOT1 
3330 1148 TOTRE2=TOT7/TOT3 
3340 1149 TOTRECL=TOT6/(TOT6+TOT12) 
3350 1150 TOTI3=CAPlP+Xl-'GH1P+FEOH1P+oRG1P+SI021P+AlllP+CAClP+CA01P+FE01P+»-1 
3360 &GOlP 
3370 300 FORMAT(36H Llt'E SOLIDS PROCESSING MASS BALANCE) 
3380 301 FORMt\T(lH-) 
3390 310 FORMAT(50H :• "FLOW" LIME USE AS CAO ><) 
3400 315 FORMAT(50H "PH :: MGD"TOTAL DOSE"NEW LIME" RECYCLED LIME") 
3410 320 FORMAT(50H f'G/L MG/L MG/L FRACTJCJ-1 
3420 321 FORMAT(F5.1,1X,F6.2,2X,F5.l,5X,F5.l,5X,F5.1,5X,F4.2) 
3430 340 FORMAT(37H "FECU DOSE"WASTE BIOLOGICAL SLUDGE") 
3440 350 FORMAT(37H : ~'G/L :: ADDED,LB/DAY ><) 
3450 353 FORMAT(4X,F6.l,11X,F9.1) 
3460 354 FORMAT(JH-,//45H "FIRST PASS PRECIPITATION COMPONENTS,LB/DAY") 
3470 355 FORMAT(JH-,//61H "RECALCH-!l\TION FURN/ICE WET SCRUBBER WATER COMPCN: 
3480 r.rns, LB/DAY") 
3490 356 FORMAT(JH-, I /60H "INCINERATION FURNACE WET SCRUBBER WATER COMPO!'£ 
3500 f.NTS,LB/DAY") 
3510 3&0 FORMAT(42H "FURNACE BLOWDO~"PECAl.(JNI~ EFFICIENCY") 
3520 365 FORMAT(42H ' FRJ\CTION :: FRACTION ><) 
3530 367 FORMC\T(8X,F5.2, l&X,F5.2) 

3540 415 FORMAT(IH-, 35H "PRll't"RY SLUDGE COMPONENTS,LB/[)AY'') 
3550 420 FOPYAT(lH-,/9"! 0%MllCS,16X,F9.0,lH ,/4H CA0,21X,F9.0,1H 

1
/6H CACO 

3560 &3,19X,F9.0,1H ,/4H 1"G0,21X,F9.0,IH ,/8H MG(OH)2,17X,F9.0,1H ,/6H F 
3570 &E203,19X,F9.0,1H ,/8H FE(OH)3,17X,F9.0,1H ,/SH SJ02,20X,F9.0,1H, 
3580 &/19H ACID Jc.SOL. INERTS,6X,F9.0, lH ,/!OH CA3(P04)2,15X,F9.0,//6H T 
3590 &OTAL, l?Y,Fl.1.0) 
3600 400 FOPJAAT(!H-, I /64H PRW"-RY EFFLUEMT COMPOSITION,t'G/L 
3610 & ") 
3620 410 FORM-'.T(64H ''SUSP.SOLIDS"MAGr:ESIUM"CALCILJ1"PH:JSPH'.)RUS::sJ02"A.1. INE 
3630 &RTS"JRON") 
3640 411" FORMAT(5X,F5.1,6X,F5.l,4X,F5.l,4X,F6.2,3X,F5.1,2X,F5.l,2X,F6.2) 
3650 430 FQRMO.T(lH-, / /37H "FIRST ST,!,GE CAKE COMPONErITS, LB/DAY") 
3660 44 0 FORJAAT(lH-, //50H "RECALCINATION FURNACE PRODUCT COM"ONENTS,LB/DAY" 
3670 &) 

3680 450 FORMAT(lH-, / /41H "FIRST STAGE CENTRATE COMPONENTS, LB/DAY") 
3690 460 FORl'AT(JH-,//38H ::SECOND STAGE CAKE COl-'PONENTS,LB/DAY::) 
3700 470 FORMAT(JH-, I I 50H "SECOND STAGE CENTRATE RECYCLE cor•?ONENTS, LB/DAY" 
3710 &) 
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3720 480 FORMAT(lH-,//51H "INCHIERAT!ON FURr-.;cE WASTE ASH COMPONENTS,LB/DAY 
3730 &") 
3740 490 FORMAT(lH-, I I 5lH ''RECALCHJAT!ON FURNACE BLOWOOWN COMPONENTS, LB/DAY 
3750 &") 
3760 495 FORMAT(lH-, I /44H "RECYCLED SOLIDS ACCEPTS COMPONEfJTS, LB/DAY") 
3770 SOO FORMAT(lH-,//391-i "CLASSIFIER REJECTS COMPQr:ENTS,LB/DAY'') 
3780 SOS FORM!\T(lH-,//55H ::RECOVERIES OF COMPOIJENTS IN PROCESS STREAMS,FRAC 
3790 &T!ON") 
3800 S08 FORM!\T(S5H FIRST ·: RECALCHJE "SECOND''WCINEFATION" DRY) 
3810 510 FORMAT(55H STAGE STAGE ) 
3820 Sl5 FORMAT(60H CAKE FURNACE CAKE FURNACE CLASS! 
3830 &FIER) 
3840 518 FORMAT(1Hl,/9H ORGANICS,3X,F4.2,7X,F4.2,5X,F4.2,6X,F4.2,7X,F4.2) 
3850 520 F0f""AT(1Hl,/4H CA0,8X,F4.2,7X,F4.2,SX,F4.2,6X,F4.2,7X,F4.2) 
3860 522 FORMAT(1Hl,/6H CAC03,6X,F4.2,7X,F4.2,5X,F4.2,6X,F4.2,7X,F4.2) 
3870 S25 FORl-'AT(1Hl,/4H MG0,8X,F4.2,7X,F4.2,5X,F4.2,6X,F4.2,7X,F4.2) 
3880 530 FOP~\AT(1Hl,/8H r--G(OH)2,4X,F4.2,7X,F4.2,SX,F4.2,6X,F4.2,7X,F4.2) 
3890 535 FORl.<AT(lHl, /6H FE203, 6X, F4. 2, 7X, F4. 2, 5X, F4. 2, 6X, F4. 2, 7X, F4. 2) 
3900 540 FOPMAT(1Hl,/8H FE(OH)3,4X,F4.2,7X,F4.2,SX,F4.2,6X,F4.2,7X,F4.2) 
3910 545 FOPYAT(1Hl,/5H SI02,7Y,F4.2,7X,F4.2,SX,F4.2,6X,F4.2,7X,F4.2) 
3920 5SO FCP~'AT(1Hl,/7h l~ERTS,SX,F4.2,7X,F4.2,SX,F4.2,6X,F4.2,7X,F4.2) 
3930 551 FORMAT(lHl,/l°'" CA3(PC4)2,2X,F4.2,7X,F4.2,5X,F4.2,6X,F4.2,7X,F4.2) 
3940 553 FORJ-'AT(1Hl,/6H TOTi'-L,&X,F4.2, J6X,F4.2, 17X,F4.2) 
3950 560 FOP.MAT(JHJ,441-t--:r:EW l'A~EUP LIME ADDED,FPACTION COMPOSITION") 
3960 570 FORMAT(lHl,4'+~' 5102 :: ACID INSOL. INERTS :: t-'GO ''CJJD ") 
3970 573 FOR~'AT(2X,F5.2,9X,F5.2,11X,F5.2,2X,F5.2) 
3980 620 FORMAT(lH-, I 16411 :: PR WARY INFLUENT CO'\PCS !TION,MG/L 
3990 & ") 
4000 630 FORMAT(64H "SUSP .SOLIDS"MAGNESil..M"CALCILM"PHOSPHORUS"SI02"A. I. !NE 
4010 &RTS''IRON") 
4020 633 FORl-\AT(5X,F5.1,6X,F5.!,4X,F5.l,4X,F6.2,3X,F5.l,2X,F5.l,2X,F6.2) 
4030 1199 PRINT 301 
4040 1200 PRINT 300 
4050 1201 PRINT 301 
40~0 1205 PRINT 310 
4070 1210 PRINT 315 
4080 1215 PRINT 320 
4090 1220 PRINT 321,PH,xr.,;o,CAOTOl"GL,CAON'1GL,CAORMGL,CAORSFRA 
4100 1221 PRINT 301 
4110 1225 PRINT 340 
4120 1240 PRINT 350 
4130 1250 PRINT 353,FECL.3t'(;L,XLBWASIN 
4140 1251 PRINT 301 
4150 1260 PRINT 360 
4160 1270 PRINT 365 
4170 1280 PRINT 367,FRBD,RECALEFF 
4180 1281 PRINT 301 
4190 1290 PRINT 560 
~200 1300 PRINT 570 
4210 1310 PRINT 573,FRSINBl,FRAJINEW,FRMGONEW,FRCAONEW 
~220 1311 PRINT 301 
4230 1390 PRINT 620 
4240 1400 PRINT 630 
4250 1410 PR INT 633, SSJNl"GL, XMGll'-MGL, CAINFMGL, PINFMGL, SJ INMGL,AI I INl'Gl, FEINFMGL 
~260 1420 PRINT 400 
4270 1430 PRINT 410 
4280 1432 PR INT 411, SSot.m<;L, XMGEFMGL, CAEFFMGL, PEFFMGL, S IEFfMGL,AI IEFMGL, 
4290 &FEEFA-'IGL 
4300 1433 PRINT 301 
4310 1434 PRINT 354 
4 320 14 35 PR J NT 42 0, ORG lP, CAOIP, CAC IP, >J-'IGO lP, XMGH IP, FEO!P, FEOH!P, Sl02 lP, 
4330 &AII1P,CAP1P,TOT13 
4340 1436 PRINT 301 
4350 1440 PRINT 415 
4360 1450 PRINT 420,0RGSLG,CAOSLG,CACSLG,XMGOSLG,XMGHSLG,FEOSLG,FEOHSLG,S!SL 
4370 &G,AI JSLG,CAPSLG, mn 
4380 1453 PRINT 301 
4390 1460 PRINT 430 
4400 1470 PRINT 420,0RGCAKl,CAOCAK!,CACCAKl,XMGOCAK!,XMGHCAKl,FEOCAKl,FEOHCA 
4410 &Kl,SICAK!,Al ICAKl,CAPCAKl, TOT2 
4420 1473 PRINT 301 
4430 1475 PRINT 450 
4440 1476 PR J NT 420, ORGCNTl, CAOCNTl, CACCNTl, XM;OCNTJ, ):1'1("KNTJ, FEOCNTl, FEOHO'l 
4450 &Tl,SJCNTJ,Al!CNTI,CAPC~ITJ,TOT3 

4460 1477 PRINT 301 
4470 1480 PRINT 440 
4480 J4QO PR J NT 4:0. ORGFP, CAOFP, CACFP, )(M'.;()FP, XMGHFP, FEOFP, FEOHFP, Slff>,AI IFP 

4490 &CN'FP,TOT4 
4500 1492 PRINT 301 
4510 149~ PRINT 355 
4 5 2 O 14 94 PR I NT 4 20, OR\,SE 1, CN>SE J, CACSE l, M.OSE 1, XMCHSE 1, FEOSEl, FEOHSE I, Si SE 
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4530 &1,AIISr!,CAPSEI, TOTS 
4540 1495 PRINT 301 
4550 1496 PRINT 495 
4560 1497 PR J llT 420,0RGRS, CAORS, CACRS, XH:'.oRS, ~HRS,flORS, FEOtRS, S IRS,AI IRS, 
4570 &rAf'RS, TOT6 
4580 J4q~ PP HH '01 
4~an 14'10 1r<11mr.i11r.r..ro.,.01 GO To UIV-

4600 1500 PRINT 460 
4610 1510 PRINT 420,0RGCAK2,CAOCAY.2,CACCAK2,Xl1:'..ocAK2,>:1''GHCAK2,FEOCAK2,FEo-tCA 
4620 &K2, SICAK2,AI ICAl<'.2,CAPCAK2, TOT7 
4630 1511 CONTHAA: 
4640 1513 PRINT 301 
4650 1560 PRINT 470 
4660 1570 PRINT 420,0RGCNT2,CAOCNT2,CACCNT2,Xl-'GOCNT2,Xl'GHCNT2,FEOCNT2,FEOHCN 
4670 &T2,SICNT2,AllCNT2,CAPCNT2, TOTS 
4680 1575 PRINT 301 
4690 l 580 PR INT 480 
4700 1590 PRINT 420,0RGFPI, CAOFPl,CACFPJ, Xl-'GOFPJ, XM:iHFPI, FEOFPI, FEOHFPI, SIFP 
4710 &l,AllFPl,CAPFPI,TOT9 
4720 1595 PRINT 301 
4730 1596 PRINT 356 
4740 1597 PRINT 420,0RGSE2, CAOSE2, CACSE2, XM'.i05E2,XMGHSE2,FEOSE2, FEOHSE2, SISE 
4750 &2,Al ISE2,CAPSE2, TOTlO 
4760 1598 PRINT 301 
4770 1599 CONTINUE 
4780 1600 IF(FRBD.EQ.0.0) GO TO 1617 
4790 1601 PRINT 490 
4800 1603 PRINT 420,0RGBO,CAOBO,CACBD,XMGOBD,XM:;HBD,FEOBD,FEOHBD,SIBO,AllBD, 
4810 &CAPBO,TOTll 
4820 1617 CONTINUE 
4830 1620 IF(CLASSIF.EQ.0.0) GO TO 1650 
4840 1630 PRINT 500 
4850 1640 PRINT 420,0RGCR,CAOCR,CACCR,XM:;OCR,XM:iHCR,FEOCR~FEOHCR,SICR,AIICR, 
4860 &CAPCR, TOT12 
4870 1643 PRINT 301 
4880 1650 PRINT 505 
4890 1652 PRINT 301 
4900 1660 PRINT 508 
4910 1670 PRINT 510 
4920 1680 PRINT 515 
4930 1690 PRINT 518,REORGI,REORGF,REORG2,REORGFl,REORGCL 
4940 1695 PRINT 520,RECAOl,RECACF,RECA02,RECAOFl,RECAOCL 
4950 1700 PRINT 522,RECAC1,RECACF,RECA.C2,RECACFl,RECACCL 
4960 1710 PRINT 525,REXl'GG1,REXl"GOF,REWG02,REXl-'GOFl,REXMGOCL 
4970 1720 PRINT 530,REXM'.:-Hl,REYJ-'GHF,REYJ.'GH2,REXMGHFl,REXM;HCL 
4980 1730 PR!~' 535,REFE01,REFEOF,REFE02,REFEOFl,REFEOCL 
4990 1740 PRINT 540,REFEO'-il,REFEOHF,REFEOH2,REFEOHFl,REFEOHCL 
5000 1750 PRINT 545,RES!l,RESJF,RESI2,RES!Fl,RESICL 
5010 1760 PRINT 550,REA!Il,REAIIF,REAll2,REAllFl,REA!ICL 
5020 1761 PRINT 551,RECAPl,RECAPF,RECAP2,RECAPFl,RECAPCL 
5030 1762 PR!~~ 553,TOTRE1,TOTRE2,TOTRECL 
504-0 1163 CONTINUE 
5050 1800 STOP;El-0 
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Table B-1. CASE DESCRIPTIONS 

a First stage wet Second stage Incineration of 
Case no. 

classification dewatering second stage cake 

b 
Centrifuge Centrifuge Yes lOOb 

lOlb Centrifuge Vacuum filter Yes 
102 Centrifuge Pressure filter Yes 
103c Centrifuge None No 
104c Centrifuge None No 

105c Centrifuge None No 
106c Centrifuge None No 
107c Centrifuge None No 
108c Centrifuge None No 
109c Centrifuge None No 

llOc Centrifuge None No 
Ille Centrifuge None No 
112c Centrifuge None No 
113c Vacuum filter None No 
114c Vacuum filter None No 
115c Pressure filter None No 
116c Pressure filter None No 
117b Centrifuge Centrifuge Yes 
118b Centrifuge Centrifuge Yes 
119b Centrifuge Centrifuge Yes 
120b Centrifuge Centrifuge Yes 12lb,d Centrifuge Centrifuge Yes 122b,e Centrifuge Centrifuge Yes 

a All cases are for the following conditions (unless noted): 

pH: 11. 0 

b 

c 

d 

e 

Primary flow: 1 . 31 cu m/ sec 
FeC13 dose to primary: 14. O mg/l 
Ca(OH)

2 
dose: 400.0 mg/l 

ATTF System case 

Plural Purpose Furnace case 

pH 10. 2' 289 mg/l Ca(OH) 
2

, 24.0 mg/l FeC1
3 

pH 11. 5' 500 mg/l Ca(OH) 
2

, 0. 0 mg/l FeC1
3 
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Classifier for 
recalcined 

product 

Yes 
Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
No 
No 
No 

No 
Yes 
Yes 

Blowdown of 
recalcina ti on 

furnace product, 
percent 

0 
0 
0 
0 

10 

15 
20 
24 
28 
31 

35 
45 

100 
0 

20 

0 
20 

0 
20 
24 

28 
0 
0 



CASE 100 

DATl 

110,30.0,9746.0,14.0,400.0,0.0,0.95 
115,2.0,1.0,11.o,1.o,o.o,o.o,o.o 

DAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,10.0,0.68,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

DATJ 

161,0.20,0.825,0.90,0.77 
171,0.27,0.27,0.30,0.30,0.40 
181,0.90,0.99,0.97,0.81,0.90 
182,0.90,0.78,0.90,0.90 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201,0.94,0.93,0.98,0.87,0.0 
202,0.95,0.0,0.0,0.92 
211,0.957,0.984,0.761,0.929,0.0,0.981 
212,0.864,0.0,0.0,0.966 

LIME SCUDS PROCESSING MA.SS BALANCE 

"FLOW" LIM: USE AS CAO " 
"PH " l"GD"TOTAL DOSE"NEW Llr-<E" RECYCLED Lii-£" 

1-'G/L l"G/L MG/L FRACTION 
11.0 30.00 302.7 113.7 189.0 0.62 

"FECL3 OOSE''WASTE BIOLOGICAL SLUDGE" 
" 1-'G/L ·• MOEO, LB/DAY " 

14.0 9746.0 

"Fl,RN<>,CE BL~"RECALCINING EFFICIENCY" 
" FRACTION " FRACTION " 

o. o. 95 

"NEW Ml\KEUP LIME .l>DDED,Fl'ACTION COl-'POS!TICN" 
" SI02 :: ACID INSOL. INERTS " 1-'GO ''CAO " 

0.03 0.01 C.07 0.89 

" PRIMARY INFLUENT COMPOSITION,1-'G/L l< 

"SUSP. SOLIDS''MA.GNES I LM"CALC I LM"PH:JSPl-()RUS"S I02"A. I . INERTS" I RON" 
240.0 22.3 30.0 10.00 13.2 1.9 0. 

X PRIMARY EFFLUENT COMPOSITION,MG/L x 
"SUSP. SOLIDS''WIGNES ILM''CALC ILM"PH:ISPK>RUS"S I02"A. I. I"IERTS"IRON" 

26.0 8.7 60.0 0.68 0.9 0.1 0. 
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"FIRST PASS PRECIPITATION COWONENTS,LB/DAY" 

OP<;MHCS 
CAO 
CAC03 
l'f,(} 
M:;(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

105069. 
2234. 
8144. 

o. 
2304. 
3075. 
458. 

11645. 

183509. 

''PRIMARY SLUDGE COMPONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
1-'GO 
M:;(OH)2 
FE2D3 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

58272. 
0. 

117972. 
6729. 
8770. 
851. 

2477. 
10053. 
2185. 

17003. 

224312. 

"FIRST STAGE CAKE CQl't'ONENTS,LB/DAY" 

ORGANICS 
CAO 
C~C03 

""'° l"G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

23309. 
0. 

97327. 
1817. 
2368. 
255. 
743. 

9047. 
1683. 
3401. 

139950. 

"FIRST STAGE CENTRATE COM'ONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 

""'° M:;(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

34963. 
0. 

20645. 
4912. 
6402. 

596. 
1734. 
1005. 
503. 

13603. 

84363. 

''RECALCINATION AJRNl\CE PRODUCT COM'ONENTS, LB/DAY" 

ORG/>NICS 
CAO 
CAC03 
K.o 
M:;(OH)2 
FE203 
FE(OH)3 
s 102 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
48154. 

4526. 
3166. 

0. 
770. 

0. 
8866. 
1464. 
3197. 

70143. 



"RECALC!No'.TION FIJRNl\CE WET SCRUBBER WATER C~S,LB/DAY" 

ORGANICS 
CAO 
CAC03 
~ 

l'G(OH)2 
FE203 
FE(OH)3 
SJ02 
ACID INSOL. 
CA3(P04)2 

TOTAL 

INERTS 

0. 
o. 

6813. 
275. 

0. 
41. 

o. 
181. 
219. 
204. 

7733. 

"RECYCLED SOL l OS ACCEPTS· COMPONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
I'('_,() 

l'G(OH)2 
·FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
47239. 

4453. 
3059. 

o. 
666. 

o. 
6747. 
1360. 
3059. 

66583. 

"SECOr-0 STAGE CAKE CCJl'l'Ct.IENTS, LB/DAY" 

ORGANICS 27271. 
CAO O. 
CAC03 20439. 
l'GO 4421. 
l'G(OH)2 5762. 
FE203 536. 
FE(OH)3 1561. 
Sl02 975. 
ACID INSOL. INERTS 407. 
CA3(P04)2 12242. 

TOTAL 73614. 

"SECOW STAGE CENTRATE RECYCLE CCll'roNENTS, LB/DAY" 

ORGANICS 7692. 
CAO 0. 
CAC03 206. 
l'GO 491. 
l'G(OH)2 640. 
FE203 60. 
FE(OH)3 173. 
SJ02 30. 
ACID INSOL. INERTS 96. 
CA3(P04)2 1360. 

TOTAL 10749. 

"INCINERATION FU>.NACE WASTE ASH COl'f'ONENTS,LB/DAY" 

ORGANICS 0. 
CAO o. 
CAC03 19008. 
~ 9369. 
f'G(OH)2 o. 
FE203 1992. 
FE(OH)3 o. 
s !02 956. 
ACID JNSOL. INERTS 354. 
CA3(P04)2 11508. 

TOTAL 43186. 

"INCINERATION FUU'IACE l't£T SCRUBBER WATER CCH'ONENTS,LB/DAYX 

ORGANICS 
CAO 
CAC03 
1-'GC 
r-i:;(OH)2 
FE203 
FE(OH)3 
SJ02 
ACID INSOL. 
CA3(P04)2 

TOTAL 

INERTS 

o. 
o. 

1431. 
670. 

o. 
85. 

o. 
20. 
53. 

735. 

2993. 

"CLASSIFIER REJECTS CO/of'O'lENTS,LB/DAY" 

ORGANICS 
Cfl() 

CAC03 
~ 

l'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
915. 
72. 

108. 
o. 

105. 
0. 

2119. 
104. 
137. 

3560. 

"RECOVER I ES OF COMPONENTS l N PROCESS STREPMS, FRACTION" 

FIRST " RECALC!NE "SECOND"INCJNERATION" DRY 
STAGE STAGE 
CAKE FURNACE CAKE FLRNACE CLASSIFIER 

ORGANICS 0.40 o. 0. 78 o. 0. 

CAO 0. 0.93 o. o. 0.98 

CAC03 0.83 0.93 0.99 0.93 0.98 

r-i:;o 0.27 o. 92 0.90 0.92 0.97 

M:;(OH)2 0. 27 o. 0.90 0. o. 

FE203 0.30 0.95 0.90 0.95 0.86 

FE(OH)3 0.30 o. 0.90 o. o. 

Sl02 0.90 0.98 0.97 0.98 0.76 

INERTS o. 77 0.87 0.81 0.87 0.93 

CA3(P04)2 0.20 0.94 0.90 0.94 0.96 

TOTAL 0.62 0.87 0.95 

PROGRPM STOP AT 3250 

USED .91 U>lJTS 
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CASE 101 

DATl 

110,30.0,9746.0,14.0,400.0,0.0,0.95 
115,2.0, i.o, 11.0, i.o,o.o,o.o,o.o 

DAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,10.0,0.68,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

OAT3 

161,0.20,0.825,0.90,0.77 
171,0.27,0.27,0.30,0.30,0.40 
181,0.94,0.94,0.94,0.94,0.94 
182,0.94,0.94,0.94,0.94 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201,0.94,0.93,0.98,0.87,0.0 
202,0.95,0.0,0.0,0.92 
211,0.957,0.984,0.761,0.929,0.0,0.981 
212,o.B64,o.o,o.o,o.966 

LIME SOLIDS PROCESSING !"ASS BALANCE 

·• "FLOW" LIM: USE AS CAD " 
"PH :: l'GD''TOTAL OOSE''NEW LIME" RECYCLED LIME" 

l'G/L 1-'G/L l'G/L FRACTION 
11.0 30.00 302.7 111.9 190.8 0.63 

"FECL3 OOSE"WASTE BIOLOGICAL SLUDGE" 
:: i"G/L •• ADDED, LB/DAY " 

14.0 9746.0 

"AJRNACE BLOWDOV<N"RECALC JN ING EFFJ CI ENCY" 
;: FRACTION :: FRACTION " 

0. 0. 95 

"NEW MAKEUP LIME ADDED, FRACTION COMPOSITION" 
:: 5102 :: ACID INSOL. INERTS :: !'GO "CAO " 

0.03 0.01 0.07 0.89 

" PRIMARY INFLUENT COMPOSITION,i"G/L :: 
"SUSP. SOLIDS"MAGNESIUM''CALCIL.t1"PHOSPHORUS"S I02"A. I. INERTS"IRON" 

240.0 22.3 30.0 10.00 13.2 1.9 0. 

X PRIMARY EFFLUENT COMPOSITION,t'G/L " 
:•susP. SOLIDS''MllGNES IUM''CALC IUM"PHOSPHORUS"S I02"A. I. lNERTS"IRON" 

26.0 8.7 60.0 0.68 0.9 O.l O. 
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"FIRST PASS PRECIPITATION COWONENTS,LB/DAY" 

ORGANICS 
CPD 
CAC03 
!'GO 
t'G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

105069. 
2200. 
8l44. 

a. 
2304. 
3061. 
453. 

H645. 

183456. 

"PRIMARY SLUDGE COMPONENTS, LB/DAY'' 

ORGANICS 52469. 
CAD 0. 
CAC03 119060, 
!'GO 6324. 
l'G(OH)2 8502. 
FE203 797. 
FE(OH)3 2405. 
5102 10106. 
ACID INSOL. INERTS 1924. 
CA3(P04)2 16288. 

TOTAL 217875. 

"FIRST STAGE CAJ<E COMPONENTS. LB/DAY" 

ORGANICS 20987. 
CAO 0. 
CAC03 98225. 
!'GO 1708. 
l'G(OH)2 2296. 
FE203 239. 
FE(OH)3 721. 
Sl02 9096. 
ACID INSOL. INERTS 1482. 
CA3(P04)2 3258. 

TOTAL 138011. 

l<flRST STAGE CENTRATE COMPONENTS,LB/DAY'' 

ORGAIHCS 
CAO 
CAC03 
!'GO 
i"G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

31481. 
o. 

20836. 
4617. 
6207. 

558. 
1683. 
1011. 
443. 

13030. 

79865. 

"RECALC !NAT ION FURNACE PRODUCT COt-'PQNENTS, LB/DAY" 

ORGANICS 
CN) 

CAC03 
M'.'..O 
M:;(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. lt'ERTS 
CA3(P04)2 

TOTAL 

o. 
48598. 

4567. 
3020, 

o. 
H9. 

o. 
891'+. 
1289. 
3062. 

70190. 



''RECALCIW.TION FURNACE WET SCRUBBER WATER CCM'ONENTS,LB/DAY11 

ORGANICS 
CAO 
CAC03 
,.,;-,o 
M:;(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
0. 

6876. 
263. 

0. 
39. 

0. 
182. 
193. 
195. 

7747. 

''RECYCLED SOLIDS ACCEPTS CCl'IPONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
MGO 
M:;(OH)2 
FE203 
FE(OH)3 
5102 
ACID JNSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
47674. 

4494. 
2917. 

0. 
639. 

0. 
6783. 
1197. 
2930. 

66636. 

''SECOl-0 STAGE CAKE COM'ONENTS, LB/DAY" 

ORGANICS 29592. 
CAO 0. 
CAC03 19585. 
MGO 4340. 
M:;(OH)2 5834. 
FE203 524. 
FE(OH)3 1582. 
SI02 950. 
ACID INSOL. INERTS 416. 
CA3(P04)2 12249. 

TOTAL 75073. 

''SECOND STAGE CENTRATE RECYCLE COfo'PCM:NTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
MGO 
M:;(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

1889. 
0. 

1250. 
277. 
372. 

33. 
101. 

61. 
27. 

782. 

4792. 

°'INCINERAT!ClN FU\NACE WASTE ASH C~S,LB/DAY" 
OPGANICS 
CAO 
CAC03 
K-0 
M:;(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
0. 

18214. 
9360. 

o. 
2001. 

o. 
93 l. 
362. 

11514. 

42382. 

"INCINERATION MNACE WET SCRUBBER WATER COMPONENTS, LB/OAYK 

ORGANICS 
CAO 
CAC03 
MGO 
M:;(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
o. 

1371. 
667. 

o. 
85. 
o. 

19. 
54. 

735. 

2932. 

"CLASS I Fl ER REJECTS COl"PONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
MGO 
M:;(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
923. 

73. 
103. 

o. 
101. 

o. 
2130. 

92. 
132. 

3553. 

''RECOVERIES OF CCJ'l'GlENTS IN PROCESS STREAMS,FRACTION" 

FIRST " RECALCINE "SECOND"INCINERATION" DRY 
STAGE STAGE 
CAKE FURNACE CAKE FURNACE CLASSIFIER 

ORGANICS 0.40 o. 0.94 0. o. 
CAO 0. 0.93 0. 0. 0.98 

CAC03 0.83 0. 93 0. 94 0.93 0.98 

MGO 0. 27 0.92 0.94 0.92 0.97 

M:;(OH)2 0.27 0. 0.94 0. o. 
FE203 0. 30 0.95 0.94 0.95 0. 86 

FE(OH)3 0. 30 o. 0.94 o. 0. 

5102 0.90 0.98 0.94 0.98 0.76 

INERTS 0.77 0.87 0.94 0.87 o. 93 

CA3(P04)2 0.20 0.94 0.94 0.94 0.96 

TOTAL 0.63 0.94 0.95 

PROGR.OM STOP AT 3250 

USED .go ~ITS 
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CASE 102 

DATl 

ll0,30.0,9746.0,14.0,400.0,0.0,0.95 
115,2.0, i.o, ll.o, i.o,o.o,o.o,o.o 

DAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,10.0,0.68,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

DAT3 

161,0.20,0.825,0.90,0.77 
171,0.27,0.27,0.30,0.30,0.40 
181,0.99,0.99,0.99,0.99,0.99 
182,0.99,0.99,0.99,0.99 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201,0.94,0.93,0.98,0.87,0.0 
202,0.95,0.0,0.0,0.92 
211,0.957,0.984,0.761,0.929,0.0,0.981 
212,0.864,o.o,o.o,o.966 

Llfo'E SOLIDS PROCESSING MASS BALANCE 

:: "FLOW" LIM:: USE AS C/-0 " 
::PH " PGD''TOTAL OOSE"NEW LIME" RECYCLED LIME" 

t'G/L 1-'G/L M:;/L FRACTION 
11.0 30.00 302.7 113.7 189.0 0.62 

l<fECL3 OOSE"WASTE BIOLOGICAL SLIJDGEX 
:: 1-'G/L " ADOED,LB/DAY X 

14.0 9746.0 

"FURNtlCE BLOWOOliN"RECALCINil\G EFFICIENCY" 
:: FRACTION " FRACTION x 

o. o. 95 

"NEW MAKEUP LIME ADOED, FRACTION COl'POSITION" 
:: 5102 " />.CID INSOL. INERTS :: 1-'GO ''UJIJ X 

0.03 0.01 0.07 0.89 

" PRIMARY INFLUENT COf'POSITION,MG/L :< 
"SUSP. SOLIDS"MO.GNESIUM''CALCIUM''Pi-05Pf-'ORUS"SI02"A. I. INERTS"IRON" 

240.0 22.3 30.0 10.00 13.2 1.9 0. 

" PRIMARY EFFLUENT COMPOSITION,MG/L " 
"SUSP. SOLi DS"MA.GNES I UM"CALC l UM"Pl-OSPrt:lRUS"S I02"A. I • l NERTS" IRON" 

26.0 8.7 60.0 0.68 0.9 0.1 o. 
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"FIRST PASS PRECIPITATICXll CCl'1PONENTS,LB/DAY'' 

ORGANICS 
CPD 
CAC03 
/'(',Q 

1-'G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID !NSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

105069. 
2234. 
8144. 

o. 
2304. 
3075. 
458. 

11645. 

183509. 

"PRIMARY SLUDGE COMPa-lENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
1-'GO 
MG(0!-1)2 
FE203 
FE(OH)3 
5!02 
ACID !NSOL. INERTS 
CA3(P04)2 

TOTAL 

50885. 
0. 

117972. 
5983. 
8190. 

736. 
2320. 
9988. 
1865. 

15474. 

213414. 

"FIRST STAGE CAKE COo'f'ONENTS,LB/DAY" 

ORGANICS 20354. 
CAO 0. 
CAC03 97327. 
M:;O 1616. 
MG(OH)2 2211. 
FE203 221. 
FE(OH)3 696. 
SI02 8990. 
ACID INSOL. INERTS 1436. 
CA3(P04)2 3095. 

TOTAL 135945. 

"FIRST STAGE CENTRATE COMPCNENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
M:;O 

t'G(OH)2 
FE203 
FE(OH)3 
5!02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

30531. 
o. 

20645. 
4368. 
5979. 
515. 

1624. 
999. 
429. 

12379. 

77469. 

"RECALC I NA TI ON FU<NACE PRODUCT CQMPOl'fl-,ITS, LB/OAYX 

ORGANICS 
CNJ 
CAC03 
1-'GO 
l-'G(OH)2 
FE203 
FE(OH)3 
5102 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
48154. 

4526. 
2882. 

o. 
70'4. 

o. 
8810. 
1249. 
2909. 

69234. 



"RECALCl~TION ~CE \oET SCRUBBER WATER CCl'f'()IENTS,LB/DAVX 

ORG.ONICS 
CAO 
CAC03 
M;() 

H;(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSot... INERTS 
CA3(P04)2 

TOTAL 

0. 
o. 

6813. 
251. 

o. 
37, 
o. 

180. 
187. 
186. 

7653. 

"RECYCLED SOLIDS ACCEPTS CCM'ONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
l'GO 
M:;(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
47239. 

4453. 
2784. 

o. 
608. 

o. 
6704. 
1161. 
2784. 

657H. 

"SECO!'l> STAGE CAKE COl'POl-ENrS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
r-'GO 
lof.;(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL, INERTS 
CA3(P04)2 

TOTAL 

30226. 
o. 

20439. 
4324. 
5919. 
510. 

1608. 
989. 
425. 

12256. 

76694. 

"SECIJl-0 STAGE CENTRATE RECYCLE COl'f'Ol'ENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
M;() 

M:;(Ot-1)2 
FE203 
FE(OH)3 
SI02 
ACIO INSOL. INERTS 
CA3(P04)2 

TOTAL 

305. 
o. 

206. 
44. 
60. 

5. 
16. 
10. 
4. 

124. 

775. 

"INCINERATION FUU<O.CE WASTE ASH CCH'ONENTS,LB/DAY" 

ORGANICS 
CAO 
CAco3· 
M:;O 

l'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
o. 

19008. 
9423. 

o. 
2012. 

o. 
969. 
369. 

11520. 

43302. 

Y.!NCINERATION FURNACE WET SCRUBBER WATER CXJH"allENTS,LB/DAY" 

ORGJlNICS 
CAO 
CAC03 
l'GO 
M:;(OH)2 
FE203 
FE(OH)3 
5102 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
o. 

1431. 
671. 

o. 
86. 
o. 

20. 
55. 

735. 

2997. 

"CLASSIFIER REJECTS COWONENTS, LB/DAY'C 

ORGANICS 
CAO 
CAC03 
M;() 

l'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
915. 

72, 
98. 
o. 

96. 
o. 

2106. 
89. 

125. 

3500. 

"RECOVERIES OF C~ENTS IN PROCESS STRE.AJ-15,FRACT!ON" 

FIRST " RECALCINE "SECONO"INCINERAT!ON" ORY 
STAGE STAGE 
CAKE FURNACE CAKE FURNACE CLASSIFIER 

ORGANICS 0.40 o. 0.99 o. o. 
CAO 0. 0.93 0. o. 0.98 

CAC03 0.83 0.93 0.99 0.93 0.98 

M;O 0.27 0.92 0.99 0.92 0.97 

l'G(OH)2 0.27 o. 0.99 o. 0. 

FE203 0.30 0.95 0.99 0.95 0.86 

FE(OH)3 0.30 o. 0.99 o. o. 
SI02 0.90 0.98 0.99 0.98 0.76 

INERTS 0. 77 0.87 0.99 0.87 0.93 

CA3(P04)2 0.20 0.94 0.99 0.94 0.96 

TOTAL 0.64 0.99 0.95 

PROGRA'1 STOP AT 3250 

USED .. 90 UNITS 
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CASE 103 

DATl 

110,30.0,9746.0,14.0,400.0,0.0,0.95 
115, 1.0, 1.0, 11.0, 1. o,o.o, o. o,o. 0 

DAT2 

131,240. o, 26. o, 22. 3, 8. 74, 30. o, 60. 0 
132,10.0,0.68,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

DAT3 

161,0.89,0.99,0.99,0.95 
17~0.97,0.97,0.87,0.87,0.91 
181,0.0,0.0, o.o, o. o, o .o 
182, 0. 0, 0. 0, 0. 0, 0. 0 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201,0.0,o.o,o.o,o.o,o.o 
202,0.0,o.o,o.o,o.o 
211,0.957,0.984,0.761,0.929,0.0,0.981 
212,0.864,o.o,o.o,o.966 

LIME SOLIDS PROCESSING P'ASS BA1..ANCE 

•• "FLOW" Lll"E USE AS CNJ :: 
"PH :: r-'GD''TOTAL OOSE"NEW Lll"E" RECYCLED Lll'f:" 

f'IG/L l'G/L l'G/L FRACTION 
11.0 30.00 302.7 71.9 230.8 0.76 

"FECL3 OOSE"WASTE BlOLCGICAL SLLOGE'< 
:: l'G/L - ADOED,LB/OAY :: 

14. 0 9746. 0 

"FU<NACE BLO'r;OOlo.N':RECALC!NING EFFICIEN:Y" 
" FRACTION ·· FRACTION " 

o. o. 95 

"NEW MA.KEUP LIME MDED,FRACT!ON COM"OSITION" 
:: Sl02 :: ACID !NSOL. INERTS :: l'GO ''<:JlD " 

0.03 0.01 0.07 0.89 

" PRIMA.RY INFLUENT CCMPOSITION,l'G/L " 
"SUSP. SOLIDS''MO.GNES l i.W'CALCILM"Pt-fJSProRUS"SJ02"A. l. INERTS" I RON" 

240.0 22.3 30.0 10.00 11.9 l.4 o. 

:t PRIWIRY EFFLUENT COMPOSITION,MG/L " 
"SUSP. SOLIDS':MA.GNESI LN':CALC!LM::PHJSPl-IJRUS"SI02"A. I. INERTS" IRON" 

26.0 8.7 60.0 0.68 0.9 0.1 o. 
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"FIRST PASS PRECIPITATION COMPONENTS,LB/DAY" 

ORGANICS 
CNJ 
CAC03 
l'GO 

l'G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID JNSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

105069. 
1414. 
8144. 

o. 
2304. 
2758. 
346. 

11645. 

182259. 

"PRIMllRY SLUDGE COl'f'ONENTS,LB/DAY" 

ORGANICS 
CNJ 
CAC03 
l'GO 
l'G(OH)2 
FE203 
FE(OH)3 
5102 
ACID JNSOL. INERTS 
CA3(P04)2 

TOTAL 

55582. 
o. 

120024. 
22468!. 

838!. 
13343. 

2648. 
11895. 
5890. 

323717. 

76616!. 

"FTRST STAGE CAKE CCl"PO!'ENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
l'GO 
JVG(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
0. 

118823. 
217940. 

8130. 
11609. 
2304. 

11776. 
5595. 

288108. 

714865. 

"FIRST STAGE CENTRATE COl"PONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
l'GO 
l'G(OH)2 
FE203 
FE(OH)3 
5!02 
ACID INSOL. WERTS 
CA3(P04)2 

TOTAL 

5002. 
o. 

1200. 
6740. 

251. 
1735. 

344. 
119. 
294. 

35609. 

512%. 



"RECALCINATION FUlNACE PRODUCT COM"ONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
lo'GO 
M;(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
58789. 

5525. 
205637. 

o. 
12665. 

o. 
11540. 
4868. 

270822. 

569846. 

"RECOVERIES OF CCH'GENTS IN PROCESS STREAMS,FRACTION" 

FIRST " RECALCINE "SECON:>"INCIN':AATIQNX ORY 
STAGE STAGE 
CAKE Fl.RNA.CE CAKE F\AWA.C£ CLASSIFIER 

ORGANICS 0. 91 o. o. o. o. 
CAO O. 0.93 o. o. 0.98 

CAC03 0.99 0.93 o. o. 0.98 

M;() 0.97 0.92 o. o. 0.97 

l'G(Ot-1)2 0. 97 o. o. o. o. 
FE203 0.87 0.95 o. o. 0.86 

FE(Ot-1)3 0, 87 o. o. o. o. 

"RECALCINATION FURNACE WET SCRUBBER WATER COWONENTS,LB/DAY" Sl0
2 

0.99 
0.98 o. o. 0.76 

ORGANICS o. 
CAO o. 
CAC03 8318. 
l'GO 17881. 
l'G(OH)2 o. 
FE203 667. 
FE(OH)3 o. 
SI02 236. 
ACID INSOL. INERTS 727. 
CA3(P04)2 17287. 

TOTAL 45115. 

"RECYCLED SOLIDS ACCEPTS COMPONt:NTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
l'GO 
l-'G(OH)2 
FE203 
FE(OH)3 
5102 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
57672. 

5437. 
198645. 

0. 
10942. 

o. 
8782. 
4522. 

259177. 

545177. 

"CLASSIFIER REJECTS COl"PONENTS,LB/DAY" 

ORGA.'llCS 
CAO 
CAC03 
lo'(,0 

l'G(OH)2 
FE203 
FE(OH)3 
SIC2 
ACID INSOL. !NUTS 
CA3(P0!.)2 

TOTAL 

o. 
1117. 

88. 
6992. 

o. 
1722. 

0. 
2758. 

346. 
11645. 

24669. 

INERTS 0.95 0.87 o. o. 0.93 

CA3(P04)2 0.89 0.94 o. o. 0.96 

TOTAL 0.93 o. 0.96 

PROGRAM STOP AT 3250 

USED • 79 LNITS 
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CASE 104 XflRST PASS PRECIPITATION COl-¥'ONENTS,LB/DAY" 

DATl 

110,30.0,9746.0,14.0,400.0,0.l,0.95 
llS, l. O, l. O, ll. O, l.O,O.O,O.O,o.o 

DAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,10.0,0.68,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

ORGANICS 
C/l() 
CAC03 
M;O 

l-'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

105069. 
1888. 
8144. 

0. 
2304. 
2941. 
411. 

116'+5. 

182982. 

161,0.89,0.99,0.99,0.95 
171,0.97,0.97,0.87,0.87,0.91 
181,0.0,0.0,0.0,0.0,0.0 
182,0.0,0.0,0.0,0.0 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,o.o,o.o,o.92 
201,0.o,o.o,o.o,o.o,o.o 

XPRll'ARY SLUDGE CCll'f'().JENTS,LB/DAYX 

202, 0. o, 0. o, 0. o, 0. 0 
211,0.957,0.984,0.761,0.929,0.0,0.981 
212,0.864,o.o,o.o,o.966 

LIME SOLIDS PROCESSING Ml\SS BALANCE 

x "FLOW:' LI ME USE AS C/l() " 
"PH " l'GD"TOTAL OOSE"NEW LIME" RECYCLED Ll/oE" 

1-'G/L 1-'G/L 1-'G/L FRACTION 
11.0 30.00 302.7 96.l 206.6 0.68 

"FECL3 DOSE"WASTE BIOLOGICAL SLUDGE" 
" 1-'G/L :: ADDED,LB/DAY " 

14.0 9746.0 

"FURNACE BLOWi.N"RECALCINlNG EFF!Cla<CY" 
" FRACTIC1' " FRACTION " 

0.1~ 0.95 

"NEW W\KEUP LIM: ADDED, FRACTION CQIAPOSITION" 
" SI02 " ACID INSOL. INERTS " 1-'GO "CAO " 

0.03 0.01 0.07 0.89 

ORGANICS 
CN) 

CAC03 
1-'GO 
l-'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

x PRIMl\RY INFLUENT COMPOSITION,1-'G/L " 
"SUSP. SOL!DS''MllGNES Il.W'CALC 11.1-1"PHOSPHORUS"S I02"A. I. INERTS" I RON" 

240.0 22.3 30.0 10.00 12.7 1.7 o. 

:: PRIMl\RY EFFLUENT COMPOSITION,1-'G/L " 
"SUSP. SOLIDS''l-W;NES ILM''CALCI ll-1"PHOSPHORUS"SI02"A. I. INERTS" IRON" 

26.0 8.7 60.0 o.68 o.9 0.1 o. 
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55582. 
o. 

119406. 
58311. 
8381. 
7391. 
2648. 
9621. 
3032. 

100359. 

364731. 



"FIRST PASS PRECIPITATION cOl'f'(J'ENTS,LB/DAVX 
CASE 105 

DATl 

110,30.0,9746.0,14.0,400.0,0.15,0.95 
115, 1.0, 1. o, 11.0, 1.0, 0. o, o.o,o. 0 

DAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132, 10. o, 0. 68, 0. o, 0. 0024, 0. 0024 
14~0.035,0.0024,0.80,0.80,0.80 
151, o. 035, o. 035, o. 027, o. 0096, a. 07, o. 89 

ORGPJlllCS 
C/>D 
CAC03 
r-rn 
Mi(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

105069. 
2124. 
Slit'!. 

o. 
2304. 
3032. 
lt'l3. 

11645. 

183340. 

DAT3 "PRIMl\RY SLIDGE COl'l'ONENTS,LB/DA'f'C 

161, 0 .89, o. 99, 0. 99, 0. 95 
171,0.97,0.97,0.87,0.87,0.91 
181,0. o, 0.0,0. 0, 0.0, 0. 0 
182, 0 .0,0. o, o. 0, 0. 0 
191,0.94,0.93,0.98,0.87,0.0 
192, 0. 95, 0. o, 0. o, 0 .92 
201, 0. 0, 0. o, 0. o, 0. 0, 0. 0 
202,0.0, 0. o, o.o,o.o 
211, 0, 957 Io. 984, 0 • 761, 0 o 929, 0 o o, 0. 981 
212,0.864,0.0,0.0,0.966 

LIM: SOLIDS PROCESS!f.G WISS l'JlU>NCE 

·• "FLOW" Llt'f L"SE AS CPD " 
"PH :: w,o::TOTAL OOSE''NEW LI~" PECYCLEO LIM:" 

r-'G/L r-'G/L f'(;/L FRACTION 
11.0 30.00 302.7 108-1 194.7 0.64 

''FECL3 oosE::wASTE BIOLOGICAL SU.DGE" 
.. r-'G/L .. ADDED, LB/DAY " 

14.0 9746.0 

"FURNACE BLOl'1XlWN''RECALC INING EFFICIENCY" 
.. FRACTION :: FRACT!Ct< " 

0.15 0.95 

''NEW MAKEUP LIME ADDED,FRACTICt< COMPOSITION" 
:: 5102 :: ACID JNSOL. INERTS "M:;O "CAO " 

0.03 0.01 0.07 0.89 

~ PRIMARY INFUJENT COMPOSJTION,MS/L >< 
"SUSP. SOLIDS''MAGNES I UM''CALCILM"Pl"IJSPHORUS''S I02"A. I • INERTS''IRON" 

240.0 22.3 30.0 10.00 13.0 1.8 o. 

~ PRIMARY Ef-rLUENT COMPOSJTION,M;/L •• 
"SUSP. SOLIDS''M"-GNESILN"CALCILM'PHOSPHORUS"SJ02"A. I. INERTS"IRON" 

26.0 8.7 60.0 0.68 0.9 0.1 o. 

ORGPJlllCS 
C/>D 
CAC03 
M:;O 

Mi(OH)2 
FE203 
FE(OH)3 
5102 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAi.. 
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55582. 
o. 

119099. 
42491. 

838'1. 
5866. 
2648. 
8849. 
2548. 

74617. 

320082. 



CASE 101i 

OATl 

110,30.0,9746.0,14.0,400.0,0.20,0.95 
11s,1.o,1.o,11.o,1.o,o.o,o.o,o.o 

DAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,10.0,0.68,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

DAT3 

161,0.89,0.99,0.99,0.95 
171,0.97,0.97,0.87,0.87,0.91 
181,0.0,o.o,o.o,o.o,o.o 
182,0.0,0.o,o.o,o.o 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201,0. o, 0. o, o. o, 0. o, o.o 
202,0.o,o.o,o.o,o.o 
211,0.957,0.984,0.761,0.929,0.0,0.981 
212,o.a64,o.o,o.o,o.966 

LIM: SOLIDS PROCESSING M'ISS BALANCE 

:: "FLOW" LIM: USE AS CJlD •• 
"PH :: 1-'GO''TOTAL ooSE::NEW LI~" RECYCLED LIMO" 

1-'G/L 1-'G/L 1-'G/L FRACTION 
11.0 30.00 302.7 120.0 182.7 0.60 

''FECL3 OOSE"WASTE BIOLOGICAL SLl£>GE" 
" M:;/L .. ADDED, LB/DAY x 

14.0 9746.0 

"FURNACE BLOWOOWN"RECALCINING EFFICIENCY" 
" FRACTION - FRACTION " 

0.20 0.95 

"NEW MAKEUP LIME ADDED, FRACTION COl"POSITION" 
:: Sl02 :: ACID INSOL. INERTS :: MGO "CNJ " 

0.03 0.01 0.07 0.89 

" PRIMARY INFLUENT COMPOSITION,l'G/L .. 
"SUSP. SOLIDS''MAGNESIUM''CALCIUM''PHOSPHORUS"S l02"A. I. INERTS" I RON" 

240.0 22.3 30.0 10.00 13.4 2.0 o. 

" PRIMARY EFFLUENT COMPOS!TION,l'G/L " 
"SUSP. SOL!DS"M'IGNESIUM"CALCI IJ'1''PHOSPHORUS"S l02''A. I. INERTS" I RON" 

26. 0 8. 7 60. 0 0. 68 0. 9 0. l 0. 

269 

"FIRST PASS PRECIPITATION CCMPONENTS,LB/DAY" 

ORGMIICS 
CJlD 
CAC03 
M:;O 

t-'G(OH)2 
FE203 
FE(OH)3 
SJ02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
0. 

105069. 
2358. 
8144. 

o. 
2304. 
3122. 
475. 

11645. 

183697. 

"PRlJ'ol!\RY SLUDGE COl-'f'ONENTS, LB/DAY:: 

ORGANICS 
CJl() 

CAC03 
MGO 
fo'G(OH)2 
FE203 
FE(OH)3 
5102 
ACID JNSOL. INERTS 
CA3(P04)2 

TOTAL 

55582. 
a. 

118794. 
33391. 
8381. 
4769. 
2648. 
8227. 
2239. 

59385. 

293415. 

"FIRST STAGE CAKE COM"Ol'lENTS,LB/DAY" 

ORGANICS 
CPD 
CAC03 
MGO 
l'G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID !NSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

117606. 
32389. 
8130. 
4149. 
2304. 
8144. 
2127. 

52853. 

278281. 

"FIRST STAGE CENTRATE COMPOfJENTS, LB/DAY" 

ORGANICS 
CPD 
CAC03 
MGO 
M:;(OH)2 
FE203 
FE(OH)3 
5102 
AC ID INSOL. INERTS 
CA3(P04 )2 

TOTAL 

5002. 
0. 

1188. 
1002. 

251. 
620. 
344. 
82. 

112. 
6532. 

15134. 



"RECALC!t ... TICl'I F\.RNACE PRODVCT C~CNTS,LB/DAY" 

ORrANICS 
CAO 
CAC03 
M:;O 

f'G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
58187. 

5469. 
34930. 

0. 
5578. 

0. 
7982. 
1850. 

49681. 

163676. 

"CLASS I Fl ER REJECTS COMPONENTS, LB/DAY" 

ORCMICS 
CAO 
CAC03 
f'GO 
l-'(;(0H)2 
ff W~ 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CAHl'011)/ 

TOTAL 

o. 
12522. 

1164. 
950. 

o. 
607. 

o. 
3122. 
475. 

11&45. 

38~87. 

"RECALC !NATION F\.RNACE WET SCRUBBER WATER COMPONENTS, LB/DAY" "RECOVERIES OF COMPONENTS JN PROCESS STREAMS, FRACTION" 

ORGANICS 
CAO 
CAC03 
M:;O 

l-G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSDL. INERTS 
CA3(P04)2 

TOTAL 

o. 
0. 

8232. 
3037. 

o. 
294. 

o. 
163. 
276. 

3171. 

15174. 

"RECYCLED SOLIDS ACCEPTS COM>ONENTS, LB/DAY" 

ORGAN!CS 
CAO 
CAC03 
M:;O 

l-G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSDL. INERTS 
CA3(P04)2 

TOTAL 

0. 
45665. 

4305. 
26994. 

o. 
3855. 

0. 
4859. 
1375. 

38036. 

125089. 

"RECALCINATJON FURNACE BLOWOO"" CO/o'PONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
M:;O 

1-G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
11637. 

1094. 
6986. 

o. 
1116. 

o. 
1596. 

370. 
9936. 

32735. 

FIRST " RECALCIM: "SECOND"INCINERATlON" DRY 
STAGE STAGE 
CAKE FURNACE CAKE FURNACE CLASSIFIER 

ORGANICS 0.91 0. 0. 0. o. 

CAO 0. 0.93 o. o. o. 98 

CAC03 0.99 o. 93 0. 0. 0.98 

f'GO 0.97 0.92 0. 0. 0.97 

r-G(OH)2 0.97 o. o. o. o. 
FE203 0.87 0.95 0. 0. 6.86 

FE(OH)3 0.87 0. 0. o. o. 

Sl02 0.99 0.98 o. o. 0.76 

INERTS 0.95 0.87 o. o. 0.93 

CA3(P04)2 0.89 0.94 o. o. 0.96 

TOTAL o. 95 o. o. 76 

PROGRAM STOP AT 3250 

USED .81 UNITS 
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CASE 107 

DAT! 

110,30.0,9746.0,14.0,400.0,0.24,0.95 
115,1.0,l.O,ll.O,l.O,O.O,O.O,O.O 

DAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,10.0,0.68,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

DAT3 

161,0.89,0.99,0.99,0.95 
171,0.97,0.97,0.87,0.87,0.91 
181,0. o, 0. 0, o. o, 0. 0, o. 0 
182,0.0,o.o,o.o,o.o 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201, o. o, 0. o, 0. o, o. o,o. 0 
202, o. 0,0 .0, o. o, o. 0 
211,0.957,0.984,0.761,0.929,0.0,0.981 
212,0.864,0.0,0.0,0.966 

LIME SOLIDS PROCESSING MO.SS BAl.PNCE 

" "FL Ow" LI ME LISE AS CAO >< 
"PH :: 1"GO"TOTAL OOSE''NEW Lil"E" RECYCLED LIME" 

r-'G/L 1-'(;/L t'(,/L FRACTION 
11.0 30.00 302.7 129.5 173.2 0.57 

"FECL3 OOSE''WASTE BIOLOGICAL Sll.JOGE" 
" l'G/L :: ADDED,LB/DAY " 

14. 0 9746.0 

"RRNACE BL0"1Xl\..N''RECALCIN!Nb EFFICIENCY" .t 
:: FRACTION :: FRACTION " 

0.24 0.95 

''NEW MAKEUP LIME ADOED,FRACTION CCM'OSITION" 
:: SI02 :: ACID !NSOL. INERTS :: MGO "CAO " 

0.03 0.01 0.07 0.89 

" PRIMARY INFLl£NT CCM'OSJTTON,t-'G/L " 
"SUSP. SOLIDS''MAGNES ll.ft+--CALCllJ.f'PHOSPHJRUS"Sl02"A. I. INERTS"IRCt<" 

2'+0.0 22.3 30.0 10.00 13.7 2.1 o. 

" PRIMO.RY EFFLUENT COt'POSITION,MG/L " 
"SUSP. SOL!DS''MA.GNESll.t-f'-cALClt.M':Pl-OSPH:lRUS"S J02"A. I. INERTS" IRON" 

26.0 8.7 60.0 o.68 o.9 0.1 o. 
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"FIRST PASS PRECIPITATION CCM"O!'ENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
MGO 
t-'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID JNSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

105069. 
2545. 
8144. 

o. 
2304. 
3194. 
501. 

11645. 

183981. 

"PR !M'\RY SL LOGE COl-'i'OIENTS, LB/DA yx 

ORGANICS 
CAO 
CAC03 
MGO 
t'G(OH)2 
FE203 
FE(OH)3 
5102 
ACJD lNSOL. INERTS 
CA3(P04)2 

TOTAL 

55582. 
o. 

118551. 
28"88. 
8381. 
4090. 
2648. 
7809. 
2061. 

51048. 

278658. 

"FIRST STAGE CAKE COM"ONENTS, LB/DAY'' 

ORGANICS 

USED .60 WITS 

110,30.0,9746.0,14.0,400.0,0.28,0.95 
1J5 / 1•01 1 . 0, 11. 0 fl. 0 I 0 • 0 / 0, 0 f 0, 0 
NEW DATl 

READY 
110,30.0,9746.0,14.0,400.0,0.28,0.95 
115, 1.0, 1.0, 11.0, 1.0,0.0, o.o,o.o 
OLD CSOLIDSl 



"FIRST PASS PRECIPITATIQ\I CCH'ONENTS,LB/DAY" 
CASE 108 

DATl 

ll0,30.0,9746.0,14.0,400.0,0.28,0.95 
115, 1.0, 1.0, 11.0, 1.0,0. o,o.o,o.o 

DAT2 

131, 240. o, 26. o, 22. 3, 8. 74, 30. o, 60. 0 
132, lO.o, o .68, o. o, o. 0024,o. 0024 
141,0.035,0.0024,0.80,0.80,0.80 
151, 0 • 035 I 0 o 035 I 0 o 027 I 0 o 0096, 0 • 07 I 0 • 89 

DAT3 

·ORGANICS 
C/-0 
CACOJ 
1-{;() 

"1;(0H)2 
FE203 
FE(OH)3 
5!02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

105069. 
2730. 
8144. 

o. 
2304. 
3266. 

526. 
11645. 

184264. 

"PRIMO.RY SLIA>GE coworerrs, LB/DAY" 

161,0.89,0.99,0.99,0.95 
171, o. 97 ,o. 97 ,0.87, 0.87 ,0.91 
181,0.o,o.o,o.o,o.o,o.o 
182, 0.0, 0. o, o. o,o. 0 
191,0.94,0.93,0.98,0.87,0.0 
192 1 0•95 1 Q • 0 I 0. 0 1 0 • 92 
201, 0. O, 0. O, 0 .O, 0. O, 0. 0 
202, 0. 0, 0. o, 0. 0, 0. 0 
211,0.957,0.984,0.761,0.929,0.0,0.981 
212,0.864,0.0,0.0,0.966 

LIME SOLIDS PROCESS ING MO.SS BALANCE 

:: ::FLOW" LI r-1:: USE AS CAD " 
"PH :: 1-'GD"TOTAL DOSE::NEW LIME" RECYCLED LlMEX 

1-'G/L 1-'G/L 1-'G/L FRACTION 
11.0 30.00 302.7 138.9 163.8 0.54 

''FECL3 DOSE"WASTE BIOLOGICAL SLUDGE" 
:: l"'G/L :. ADDED, LB/DAY X 

14.0 9746.0 

::FURNACE BLOWDO~"RECALCINING EFFICIENCY" 
•· FRACTION " FRACTION " 

0.28 0.95 

"NEW MAKEUP LIME ADDED,FRACTION COt-'POSITJON" 
:: SI02 :: ACID INSOL. INERTS :: 1-'GO ''<:NJ " 

0.03 0.01 0.07 0.89 

ORGANICS 
CAD 
CAC03 
1-{;() 

l"'G(OH)2 
FE203 
FE(OH)3 
5102 
ACID INSOL. It-ERTS 
CA3(P04)2 

TOTAL 

•• PRIMC>.RY INFLUENT CCM'DSITJON,l"'G/L " 
::susP. SCLI DS''Mo.GNES I Ll-1''CALC I UM"PH'JSPHORUS''S J02"A. I • INERTS"! RaoF 

240.0 22.3 30.0 10.00 14.0 2.2 0. 

x PRIMAAY EFFLUENT CCl'1POSITION,l"'G/L X 

"SUSP. SCLIDS''Mo.GNESILl-1''CALC IUM::PHOSPHORUS''SI02::A. I. INERTS''IRON" 
26.0 8.7 60.0 0.68 0.9 0.1 0. 
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55582. 
o. 

118309. 
24827. 

8381. 
3535. 
2648. 
7446. 
1923. 

44764. 

267415. 



CASE 109 "FIRST PASS PRECIPITATION CCJM'IONENTS,LB/DAY" 

OATl 

110,30.0,9746.0,14.0,400.0,0.31,0.95 
115, 1.0, 1.0,11.0, 1.0,0.0,o.o,o.o 

OAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,10.0,0.68,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

DAT3 

ORGANICS 
CNJ 
CAC03 
,..;a 
l'G(OH)2 
FE203 
FE(OH)3 
5102 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

105069. 
2869. 
8144. 

o. 
2304. 
3320. 

545. 
11645. 

184476. 

"PRIMARY SLUDGE COMPONENTS,LB/DAY" 
161,0.89,0.99,0.99,0.95 
171,0.97,0.97,0.87,0.87,0.91 
181,0.o,o.o,o.o,o.o,o.o 
1s2,o.o,o.o,o.o,o.o 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
20~0.o,o.o,o.o,o.o,o.o 
202,0.0,o.o,o.o,o.o 
211,0.957,0.984,0.761,0.929,0.0,0.981 
212,0.864,0.0,0.0,0.966 

LIME SOLIDS PROCESS ING MA.SS BAl.A1'CE 

.. "FLOW" LI fo'E USE AS CNJ " 
"PH :: !'GO"TOTAL OOSE''NEW Llt-'E:: RECYCLED Llfo'E" 

1-'G/L 1-'G/L l'G/L FRACTION 
11.0 30.00 302.7 146.0 156.7 0.52 

"FECL3 DOSE''WASTE B !OLOG I CAL SLLOGE" 
" fo'G/L " AOOED, LB/DAY " 

14.0 9746.0 

"FURNACE BLOWD'.J""''RECALCINING EFFICIENCY" 
:: FRACTION .. FRACTION " 

0.31 0.95 

"NEW MAKEUP LIME AflDED,FRACTION CCM'OSITION" 
:: SI02 :: ACID INSOL. INERTS :: 1-'GO ''CJIO :: 

0.03 0.01 0.07 0.89 

ORGANICS 
CNJ 
CAC03 
,..;a 
!>G(OH)2 
FE203 
FE(OH)3 
5102 
AC ID INSOL. INERTS 
CA3(P0'+)2 

TOTAL 

" PRIW\.RY INFLUENT C0'1POSITJON,1-'G/L " 
"SUSP. SOLIDS''MAGNES I LM''CALC I l11"PHOSPHJP.US''S I 02"A. I • INERTS" IRON" 

240.0 22.3 30.0 10.00 14.2 2.2 o. 

x PRIWIRY EFFLUENT C()'P()SITION,1-'G/L " 
"SUSP, SOL! DS"MO.GNES J LM''CALCl IJ'f'PHOSPHJRUS"S I02"A. I. INERTS" IRON" 

26.0 8 .. 7 60.0 0.68 0.9 0.1 o. 
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55582. 
o. 

118129. 
22636. 

8381. 
3181. 
2648. 
7205. 
1838. 

40980. 

260579. 



CASE 110 "FIRST PASS PRECIPITATION COM"ONENTS,LB/DAY" 

OATl 

110,30.0,9746.0,14.0,400.0,0.35,0.95 
115, 1.0, 1.0, 11.0, 1.0,0. o,o.o,o.o 

OAT2 

131, 240. 0, 26. 0, 22. 3, 8. 74, 30. o, 60.0 
132, 10. 0, 0. 68, 0. o, a. 0024, a. 0024 
141, 0. 035, 0. 0024, 0. 80, a. 80, a. 80 
151,0.a35,0.a35,0.027,0.0a96,0.07,0.89 

ORGANICS 
CN) 

CAC03 
~ 
MG(OH)2 
FE203 
FE(OH)3 
Sl02 
AClO INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

105069. 
3054. 
8144. 

o. 
2304. 
3391. 
571. 

11645. 

184756. 

DAT3 
"PR lf'ARY SLUDGE COM"ONENTS, LB/DAY" 

161, 0. 89, a. 99, 0. 99, a. 95 
171,0.97,a.97,a.87,0.87,0.91 
181,0.a, a. o,o. o, a.a,o. a 
182,0.0,a.o,a.a,o.a 
191,0.94, a. 93, a. 98, a. 87,0.0 
192, a. 95, a. o, 0. o, 0. 92 
201,0.a, o. a, a.a, a.a, o.o 
202,0.0,0.o,o.o,o.a 
211, 0. 957, 0. 984, o. 761, o. 929, 0. o, o. 981 
212,0.864,o.o,o.o,o.966 

Lll'E SOLIDS PROCESSING MO.SS BALANCE 

" "FLOW'' LIME USE AS CNJ " 
"PH :: M;D"TOTAL DOSE''NEW LIME" RECYCLED LIME" 

MG/L 1-'G/L MG/L FRACTION 
11.0 3a.aa 302.7 155.4 147.3 0.49 

"FECL3 DOSE"WASTE BIOLOGICAL SLl.KlGE" 
.: MG/L " ADDED, LB/DAY " 

14.0 9746.0 

"FU<NACE BLO\oro~''RECALCINING EFFICIENCY" 
:: FRACTION :: FRACTION " 

0.35 a.95 

"NEW W\KEUP Llf'E ADDED, FRACTION COWOSITION" 
:: 5102 :: ACIO INSOL. INERTS :: l'GO "CNJ " 

0.03 0.01 o.a7 0.89 

ORGANICS 
OD 
CAC03 
~ 
l'G(OH)2 
FE203 
FE(OH)3 
5!02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

x PRIMA.RY INFLUENT CO"l?OSITION,~/l X 

"SUSP. SOLIDS"t-'AGNES I LM"CALC !UM"PHOSPHCRUS"S I02"A. I • INERTS" I RON" 
240.0 22.3 30.0 10.00 14.5 2.3 0. 

" PRIMARY EFFLUENT CCM>OSITJON,MG/L " 
"SUSP. SOLIDS''l-'AGNESILM''CALCIUM"PHOSPHORUS"SI02"A. l. INERTS"IRON" 

26.0 a.1 60.0 o.68 o.9 o.i o. 
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55582. 
o. 

117889. 
20244. 
8381. 
2774. 
2648. 
6916. 
1743.' 

36830. 

253006. 



CASE 111 

DATl 

110,30.0,9746.0,14.0,400.0,0.45,0.95 
115, i.o, LO, 11.0, i.o,o.o,o.o,o.o 

DAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,10.0,0.68,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

DAT3 

161,0.89,0.99,0.99,0.95 
171,0.97,0.97,0.87,0.87,0.91 
181,0.0, o. 0, 0 .o, 0. o, 0. 0 
182' 0. 0, 0 . 0, 0. 0' 0 . 0 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201, o. 0, o.o, 0 .o, o. o, 0. 0 
202,0.0,o.o,o.o,o.o 
211,0.957,0.984,0.761,0.929,0.0,0.981 
212,0.864,0.0,0.0,0.966 

LIM: SOLIDS PROCESSING M<\SS BALANCE 

" "FLOW" LIME USE AS CAO " 
"PH " 1-'GD"TOTAL OOSE''NEW LIME" RECYCLED LIMO" 

MG/L MG/L r-'G/L FRACTION 
11.0 30.00 302.7 178.7 124.0 0.41 

"FECt.3 OOSE"WASTE B !OLOG I CAL SLUDGE" 
" i"G/L " AOOED,LB/DAY " 

l'+.O 9746.0 

"FlJ<NACE BLOWOOl-.N"RECALC IN I NG EFFICIENCY" 
" FRACTION " FRACTION " 

0.45 0.95 

''NEW MA.KEUP LIME AOOED, FRACTION COMPOS I TI ON" 
:: S!02 :: ACID INSOL. INERTS " 1-'GO ''CAO " 

0.03 0.01 0.07 0.89 

X PRIMA.RY INFL\JfNT COWOSITION,M>/l " 
"SUSP. SOLIDS"MllGNESilJo1"CALCILM"PH:lSPt--KlRUS"SI02"A. I. INERTS" IRON" 

240.0 22.3 30.0 10.00 15.2 2.6 0. 

" PRIMARY EFFLUENT COMPOS!T!ON,MG/L " 
"SUSP. SOLIDS''WIGNES IlX'1"CALC ILM"PH:lSPH:lRUS"SI02"A. I. INERTS"!RON" 

26.0 8.7 60.0 0.68 0.9 0.1 0. 
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"FIRST PASS PRECIPITATION CC1/"f'OtlnlTS, LA/DAY" 

ORGANICS 
CAO 
CAC03 
l"GO 
f'(;(OH)2 
FE203 
FE(OH)3 
5102 
ACID !NSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

105069. 
3512. 
8144. 

o. 
2304. 
3567. 

633. 
11&45. 

185454. 

"PRIM'\RY SUJDGE COl'PONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
l"GO 
1-'G(OH).2 
FE203 
FE(Of-1)3 
SI02 
ACID !NSOL. INERTS 
CA3(P04)2 

TOTAL 

55582. 
o. 

117292. 
1598 !. 
8381. 
1991. 
2648. 
6324. 
1567. 

29388. 

239155. 

"FIRST STAGE CAKE COM"ONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
1-'GO 
MG(OH)2 
FE203 
FE(Of-1)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

116120. 
15502. 
8130. 
1732. 
2304. 
6260. 
1489. 

26156. 

228271. 

"FIRST STAGE CENTRATE COWONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
r-'GO 
MG(OH)2 
FE203 
FE(OH)3 
Sl02 
AC IO !NSOL. INERTS 
CA3(P04)2 

TOTAL 

5002. 
o. 

Il73. 
479. 
251. 
259. 
344. 
63. 
78. 

3233. 

10884. 



"RECALCINATION Ft.~NACE PROOOCT a:ff'ONENTS,LB/DAY" 

ORG.ANICS 
CAO 
CAC03 
M:;O 

l'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
57'+5 l. 

5400. 
19393. 

o. 
3282. 

0. 
6135. 
1295. 

2'+58&. 

117543. 

''RECALCINATION FURNACE WET SCRUBBER WATER COMPONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
M:;O 

l'G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P0'+)2 

TOTAL 

0. 
o. 

8128. 
1686. 

o. 
173. 

0. 
125. 
194. 

1569. 

11876. 

"RECYCLED SOLIDS ACCEPTS COl'f'CitS'ITS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
M:;() 

M:;(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
30998. 

2922. 
10304. 

o. 
1560. 

o. 
2568. 

662. 
129lil. 

6195li. 

"RECALCINATION FVRNACE BL.OWDO.N CCW'ONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
M:;() 

l'G(OH)2 
FE203 
FE(OH)3 
SI02 
AC ID I NSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
25853. 
2li30. 
8727. 

o. 
lli77. 

o. 
2761. 
583. 

1106ti. 

5289ti. 

"CLASSIFIER REJECTS COM"ONENTS,LB/DAY" 

ORGANICS 
CPO 
CAC03 
M:;() 

t'G(DH)2 
FE203 
FE(DH)J 
Sl02 
ACID INSOL. INERTS 
CA3(P0'+)2 

TOTAL 

o. 
26453. 
2477. 

363. 
o. 

245. 
o. 

3567. 
633. 

1161+5. 

55589. 

"RECOVERIES OF COMPONENTS IN PROCESS STREAMS1 FRACTION" 

FIRST " RECALCINE "SECOND"INCINERATION" DRY 
STAGE STAGE 
CAKE ~NACE CAKE FURNACE CLASSIFIER 

ORGANICS 0.91 o. o. 'o. o. 

CAO o. 0.93 o. o. 0.98 

CAC03 0.99 0.93 o. o. 0.98 

M:;() 0.97 0.92 o. o. 0.97 

l'G(OH)2 0.97 o. o. o. o. 

FE203 0.87 0.95 o. o. 0.86 

FE(OH)3 0.87 o. o. o. o. 

SI02 0.99 0.98 o. o. o. 76 

INERTS 0.95 0.87 o. o. 0.93 

CA3(P04)2 0.89 0.91+ o. o. 0.96 

TOTAL 0.95 0. 0.53 

PROGRJIM STOP AT 3250 

USED .82 UNITS 
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CASE 112 

DATl 

110,30.0,9746.0,14.0,400.0,l.0,0.95 
115, Lo, i.o, 1i.o, i.o,o.o,o.o,o.o 

DAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,10.0,0.68,0.D,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

DAT3 

161,0.89,0.99,0.99,0.95 
171,0.97,0.97,0.87,0.87,0.91 
181,0.0,o.o,o.o,o.o,o.o 
182,0.0,0.o,o.o,o.o 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201,0.o,o.o,o.o,o.o,o.o 
202,0.0,o.o,o.o,o.o 
211,0.957,0.984,0.761,0.929,0.0,0.981 
212,0.864,o.o,o.o,o.966 

LIM: SOLIDS PROCESS ING !"ASS BALANCE 

" "FLOW" Lll'E USE AS CAO " 
"PH " l'GD"TOTAL OOSE''NEW Lil"E" RECYCLED LIME" 

t-'G/L MG/L t-'G/L FRACTION 
11.0 30.00 302.7 302.7 0. o. 

"FECL3 OOSE"WASTE BIOLOGICAL SLUDGE" 
X t-'G/L " ADDED, LB/DAY " 

14.0 9746.0 

"FU<NACE BLO~"RECALCINil\G EFFICIENCY" 
.c FRACTION " FRACTION " 

1.00 0.95 

"NEW /'W'.EUP LIME ADDED, FRACTION COl"POSITION" 
x SI02 "ACID INSOL. INERTS "MGO l<CAQ" 

0.03 0.01 0.07 0.89 

" PRil"ARY INFLUENT COMPOSITION,MG/L " 
><susP. SOLIDS"MAGNESIUM"CALCILM''PHJSPHJRUS"S l02"A. I. INERTS"IRQN)C 

240.0 22.3 30.0 10.00 18.9 3.9 o. 

" PRll"ARY EFFLUENT COMPOSITION,l'G/L l: 
"SUSP. SOLIDSl'l"AGNE5IlJ'1''CALCll1'1"PH:>SPl-ORUS"SI02"A. I. INERTS" I RON" 

26.0 8.7 60.0 0.68 0.9 0.1 o. 
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"FIRST PASS PRECIPITATION COMPONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
MGO 
t-'G(OH)2 
FE203 
FE(OH)3 
5102 
ACID INSOL. INERTS 
CA3(PO'l)2 

TOTAL 

50580. 
o. 

105069. 
5950. 
8144. 

o. 
2304. 
4508. 

968. 
11645. 

189167. 

''PR Il"ARY SLUDGE COMPONENTS, LB/DAv>' 

ORGANICS 
CAO 
CAC03 
MGO 
i"G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID !NSOL. INERTS 
CA3(P04)2 

TOTAL 

55582. 
0. 

114118. 
7167. 
8381. 
104. 

2648. 
4646. 
1171. 

13920. 

207738. 

"FIRST STAGE CAKE COl-'PONENTS,LB/DAv>' 

ORGANICS 
CAO 
CAC03 
MGO 
i"G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
0. 

112977. 
6952. 
8130. 

91. 
2304. 
4600. 
1112. 

12389. 

199134. 

"FIRST STAGE CENTRATE COMPONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
l'GO 
i"G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

5002. 
o. 

1141. 
215. 
251. 

lit. 
344. 
46. 
59. 

1531. 

8604. 



''RECALCH.V•TION FU<l<ACE PROf>UCT C~ENTS,LR/DAY" ''CLASSIFIER REJECTS C()MPONENTS,LB/DAYX 

ORC.AfHCS 0. ORGANICS o. 
CAD 55897. CAO o. 
CAC03 5253. CAC03 o. 
MAJ 11528. MAJ o. 
M;(()-1)2 o. r-'G(OH)2 o. 
FE203 1722. FE203 o. 
FE(OH)3 o. ff(OH)3 o. 
5!02 4508. s !02 o. 
ACID IN50L. INERTS 968. ACIO INSCll. INERTS 0. 

CA3(P04)2 11645. C/\3(P04)2 o. 

TOTAL 91521. TOTAL o. 

"RECALCINATION FURNACE WET SCRUBBER WATER COMPONENTS, LB/DAY" 

ORGANICS 
CAD 
CAC03 
r-'GO 
M;(OH)2 
FE203 
fE(()-1)3 
Sl02 
ACID IN50L. INERTS 
CA3(P04)2 

TOTAL 

o. 
0. 

7908. 
1002. 

o. 
91. 
o. 

92. 
145. 
743. 

9981. 

"RECYCLED SOLIDS ACCEPTS CCl'IPONENTS,LB/DAYX 

ORGANICS 
CAD 
CAC03 
l'GO 
l'G(OH)2 
FE203 
FE(OH)3 
SJ02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
o. 
0. 
o. 
o. 
o. 
0. 
o. 
0. 
o. 

o. 

"RECALC I NA Tl ON FURNACE BL01£1)1<.N COM'ONENTS, LB/DAY" 

ORGANICS 
CAD 
CAC03 
l'GO 
M;(OH)2 
FE203 
FE(OH)3 
SI02 
ACID !NSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
55097. 

5253. 
11528. 

o. 
1722. 

o. 
4508. 

968. 
11645. 

91521. 

"RECOVERIES OF COMPONEl\ITS IN PROCESS STREAMS, FRACTION" 

FIRST " RECALCINE "SECOND" I NC I NERA T I ON" ORY 
STAGE STAGE 
CAKE FURNACE CAKE FURNACE CLASSIFIER 

ORGANICS 0.91 o. o. o. 0. 

CAO 0. 0.93 0. o. 0.98 

CAC03 0.99 0.93 o. o. 0.98 

1-'GO 0.97 0. 92 o. 0. 0.97 

l'G(OH)2 0.97 o. o. o. o. 

FE203 0.87 0.95 o. 0. 0.86 

FE(OH)3 0.87 o. o. o. o. 
Sl02 o. 99 0.98 o. o. 0.76 

INERTS 0. 95 0.87 o. o. 0.93 

CA3(P04)2 0.89 0.94 o. o. 0.96 

TOTAL 0.96 o. 07E+39 

PROGRJ>l-1 STOP AT 5050 

USED .8! t.NITS 
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CASE 113 

DATl 

110,30.0,9746.0,14.0,400.0,0.0,0.95 
115, i.o, i.o, 11.o, i.o,o.o,o.o,o.o 

DAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,10.0,0.68,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

DAT3 

161,0.95,0.95,0.95,0.95 
171,0.95,0.95,0.95,0.95,0.95 
181,0.0,o.o,o.o,o.o,o.o 
182,0.0,0.0,0.0,0.0 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201, O. O, 0. O, O. O, 0. O, 0.0 
202,0.0,0.o,o.o,o.o 
211,0.957,0.984,0.761,0.929,0.0,0.981 
212,0.864,o.o,o.o,o.966 

LIM: SOLIDS PROCESS ING WISS BALANCE 

" "FLOW" LIME USE AS CAO " 
XPH :: l"GO"TOTAL DOSE"NEW Lil'E" RECYCLED LIME" 

1-'G/L MG/L 1-'G/L FRACTION 
11.0 30.00 302.7 71.9 230.8 0.76 

"FECL3 DOSE"WASTE BIOLOGICAL SLUDGE" 
>< 1-'G/L " ADDED, LB/DAY " 

14.0 97!+6.0 

"FURNACE BL~"RECALCINING EFFICIENCY" 
>< FRACTION " FRACTION " 

o. 0.95 

"NEW 1-'AKEUP LIME AOOEO,FRACTJON CCM'OSITION" 
>< SJ02 " ACID INSOL. INERTS " l'GO "OD " 

0.03 0.01 0.07 0.89 

>< PRIMA.RY INFLUENT COMPOSITION,MG/L " 
"SUSP. SOLIDS''MAGNESIUM"CALCIUM"Pt-l'.lSPt-l'.lRUS"SJ02"A. I. INERTS" I RON" 

240.0 22.3 30.0 10.00 11.9 J.4 o. 

>: PRIM'IRY EFFLUENT COMPOSITION,MG/L " 
"SUSP .SOLIDS''MllGNESil.M'CALCILM''Pt-l'.lSPt-ORUS"SI02uA, I. INERTS" IRON" 

26.0 8.7 60.0 0.68 0.9 O.l O. 
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"FIRST PASS PRECIPITATION CCM'ONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
M:;() 

M:;(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

105069. 
1411+. 
811+1+. 

o. 
2304. 
2758. 

346. 
11645. 

182259. 

"PRIMA.RY SLUDGE COM"ONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
M:;() 

MG(OH)2 
FE203 
FE(OH)3 
SJ02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

53242. 
o. 

125077. 
229411. 

8558. 
12220. 
2425. 

12396. 
5890. 

303272. 

752489. 

"FIRST STAGE CAKE Co.vf'ONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
t'GO 
MG(OH)2 
FE203 
FE(OH)3 
SJ02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

118823. 
217940. 

8130. 
11609. 

2304. 
11776. 
5595. 

288108. 

714865. 

"FIRST STAGE CENTRATE COl'PONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
/"GO 
M:;(OH)2 
FE203 
FE(OH)3 
SJ02 
ACID INSOL. INERTS 
CA3(P04 )2 

TOTAL 

2662. 
0. 

6254. 
11471. 

428. 
611. 
121. 
620. 
294. 

15164. 

37624. 



''RECALCINO.TI~ FUWa.CE PROOUCT CCff'ONENTS, LB/MY" 

ORGANICS 
CAD 
CAC03 
M:;() 

l'G(OH)2 
FE203 
FE(OH)3 
SI02 
AC ID I NSOL. lt£RTS 
CA3(P04)2 

TOTAL 

o. 
58789. 
5525. 

205637. 
o. 

12665. 
o. 

11540. 
4868. 

270822. 

569846. 

"RECALCINO.TI~ FURNACE WET SCRUBBER WATER COl-'PONENTS, LB/DAY" 

ORGANICS 0. 
CNJ 0. 
CAC03 8318. 
tot;() 17881. 
l'G(OH)2 o. 
FE203 667. 
FE(OH)3 o. 
SI02 236. 
ACID INSOL. INERTS 727. 
CA3(P04)2 17287. 

TOTAL 45115. 

"RECYCLED SOLIDS ACCEPTS CCIMPONENTS,LB/MY" 

ORGANICS 
CAD 
CAC03 
M:;() 

l-'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
57672. 
5437. 

198645. 
0. 

10942. 
0. 

8782. 
4522. 

259177. 

545177. 

"CLASSIFIER REJECTS CC1'1PONENTS,LB/DAY" 

ORGANICS 
CPD 
CAC03 
M;O 

l-'G(OH)2 
FE203 
FE(OH)3 
5!02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
1117. 

88. 
6992. 

0. 
1722. 

o. 
2758. 

346. 
11645. 

2%69. 
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"RECOVERIES Of c~s IN PROCESS STREAMS,FRACTI()IJ" 

FIRST " RECALCINE "SECOr-.D"INCINERATJ()IJ" DRY 
STAGE STAGE 
CAKE R.RNACE CAKE FURNACE CLASSIFIER 

ORGANICS 0. 95 o. o. o. o. 

CNJ o. 0.93 o. o. 0.98 

CAC03 0.95 0.93 o. o. 0.98 

tot;() 0.95 0.92 o. o. 0.97 

l'G(OH)2 0. 95 o. o. o. o. 
FE203 0.95 0.95 o. o. 0.86 

FE(OH)3 0.95 o. o. o. o. 
SI02 0.95 0.98 0. o. 0.76 

INERTS 0. 95 0.87 o. o. 0.93 

CA3(P04)2 0.95 0.94 0. o. 0.96 

TOTAL 0.95 o. 0.96 

PROGRPM STOP AT 3250 

USED .80 I.NITS 



CASE 11'> 

DATl 

110,30.0,9746,0,14.0,400.0,0.20,0.95 
115,1.0,1.0,11.o,1.o,o.o,o.o,o.o 

OAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,l0.0,0.68,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

OAT3 

161,0.95,0.95,0.95,0.95 
171,0.95,0.95,0.95,0.95,0.95 
181,0.0,o.o,o.o,o.o,o.o 
182,0.0,0.o,o.o,o.o 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201,0.0,o.o,o.o,o.o,o.o 
202,0.0,0.o,o.o,o.o 
211,0,957,0.984,0.761,0.929,0.0,0.981 
212,0.864,0.o,o.o,o.966 

LI'"'° SOLIDS PROCESSING M'ISS BALANCE 

" "FLOW" LIM: USE AS CAO " 
"-'J>H " MGO''TOTAL DOSE"NEW Lil'E" RECYCLED Lll'E" 

MG/L MG/L MG/L FRACTION 
11.0 30.00 302.7 120.0 182.7 0.60 

"FECL3 OOSE"WASTE BIOLOGICAL Sll.DGE" 
" MG/L " ADDED,LB/DAY " 

14.0 9746.0 

"FURNACE BLOWDOWN''RECALC!Nll\G EFFICIENCY" 
" FRACTION " FRACTION " 

0.20 0.95 

''NEW MAKEUP LIME ADDED, FRACTION COWOSITION" 
" 5102 " ACID INSOL. INERTS :: l'GO "CAO " 

0.03 0.01 0.07 0.89 

" PRIMARY INFLUENT Cet"POSITION,t-1;/L lt 

"SUSP. SOL IDS''l-1AGNES I LM''CALC I LM"PH:JSPl-ORUS"S 102"A. l. INERTS" IRON" 
240.0 22.3 JO.O 10.00 13.4 2.0 0. 

" PRIMARY EFFLUENT COPPOSITJON,MG/L " 
"SUSP. SOLi DS"l"AGNES I UM"CALC I LH"PHOSPH'JRUS"S I02"A. I. INERTS" I RON" 

26.0 8.7 60.0 0.68 0.9 0.1 0. 
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"FIRST PASS PRF.CIPITATION CCM'Ol..ENTS,LB/DAY" 

ORGANICS 50580. 
CAO o. 
CACOJ 105069. 
1-f;Q 2358. 
t-t;(OH)2 8144. 
FE203 o. 
FE(a-1)3 2304. 
5102 3122. 
ACID INSOL. INERTS 475. 
CA3(P04)2 11645. 

TOTAL 183697. 

"PRIMARY SLUDGE CCl'IPONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
r-'GO 
r-G(OH)2 
FE203 
FE(OH)J 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

532!+2. 
0. 

12379&. 
3409!+. 
8558. 
4367. 
2425. 
8573. 
2239. 

55634. 

292928. 

"FIRST STAGE CAKE COMPONENTS,LB/DAY" 

ORGANICS 
CAO 
CACOJ 
r'GO 
l-'G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

117606. 
32389. 

8130. 
4149. 
2304. 
8lt+l+. 
2127. 

52853. 

278281. 

"FIRST STAGE CENTRATE COi"f'ONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
MGO 
r-'G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID lNSOL. INERTS 
CA3(P04)2 

TOTAL 

2662. 
0. 

6!90. 
1705. 
428. 
218. 
121. 
429. 
112. 

2782. 

14646. 



*RECALCINATION FURNACE PRODUCT C0MPONENTS,LB/DAY* ''CL.ASSIF!ER REJECTS CCJl4'0NENTS,LS/OAY~ 

ORGANICS 0. ORGANICS o. 
CAO S8187. CAO 12522. 
CAC03 S469. CAC03 1164. 
MGO 34930. ~ 950. 
HG(OH)2 o. ,.._,(OH)2 o. 
FE203 5578. FE203 607. 
FE (OH) 3 o. ~E(OH)3 o. 
$102 7982. 5102 3122. 
ACID INSOL. lt£RT5 1850. ACID INSOL, INERTS 475. 
CA3(P04)2 49681. CA3(P04)2 11(>45. 

TOTAL 163676. TOTAL 38587. 

"RECALCJNATION FURNACE WET SCRUBBER WATER CCl'f'ONENTS, LB/DAVl: 

ORGANICS 
CAO 
CAC03 
/-'GO 
l-'G(OH)2 
FE203 
FE(OH)3 
S!02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
o. 

8232. 
3037. 

o. 
294. 

o. 
163. 
276. 

3171. 

15174. 

"RECYCLED SOLIDS ACCEPTS CO"PONENTS, LB/DAY" 

ORGANJCS 
CAO 
CAC03 
1-'GO 
,.._,(OH)2 
FE203 
FE(OH)3 
5!02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
45665. 
4305. 

. 26994. 
o. 

3855. 
0. 

4859. 
1375. 

38036. 

125089. 

"RECALCINl\TION FURNl\CE BL()W[)()\o,N COMPONENTS,LB/DAYX 

ORGANICS 
CAO 
CAC03 
1"GO 
l'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID !NSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
11637. 
1094. 
6986. 

o. 
1116. 

o. 
1596. 
370. 

9936. 

32735. 

"RECOVERIES OF COl"PONENTS IN PROCESS STRE#IS,FRACTION" 

FIRST :: RECALCINE "SECOND" INCINERATION" DRY 
STAGE STAGE 
CAKE FLRNACE CAKE FLRNACE CLASSIFIER 

ORG!'NICS 0.95 o. o. o. 0. 

CAO o. 0.93 o. o. 0.98 

CAC03 0.95 0.93 0. 0. 0.98 

M:;O 0.95 0.92 o. o. 0.97 

t-G(OH)2 0.95 o. o. o. o. 
FE203 0.95 0.95 0. o. 0.86 

FE(OH)3 0.95 o. 0. o. o. 
5102 0.95 0.98 o. o. 0.76 

INERTS 0.95 0.87 0. o.- 0.93 

CA3(P04)2 0.95 0.94 o. o. 0.96 

TOTAL 0.95 o. 0.76 

PROGRAM STOP AT 3250 

USED • 81 U'llTS 
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CASE 115 

DATl 

110,30.0,9746.0,14.0,400.0,0.0,0.95 
115,1.0,1.0,11.o,1.o,o.o,o.o,o.o 

DAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,10.0,0.68,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

DAT3 

161,0.995,0.995,0.995,0.995 
171,0.995,0.995,0.995,0.995,0.995 
181,0.0,o.o,o.o,o.o,o.o 
182,0.0,0.0,0.0,0.0 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201,0.0,o.o,o.o,o.o,o.o 
202,0.0,o.o,o.o,o.o 
211,0.957,0.984,0.761,0.929,0.0,0.981 
212,0.864,0.0,0.0,0.966 

LIME SOLIDS PROCESS 11% Mt>.SS BALANCE 

" "FLOW" LIME USE AS CAO " 
"PH :: 1-'GD''TOTAL DOSE''NEW LIME" RECYCLED LIME" 

1-'G/L 1-'G/L l"'G/L FRACTION 
11.0 30.00 302.7 71.9 230.8 0.76 

"FECL3 OOSE''WASTE BIOLOGICAL SLLOGE" 
" 1-'G/L " .ADDED, LB/DAY :: 

14.0 9746.0 

"FURNACE BLQlo.O()~"RECALCINING EFFICIENCY" 
:c FRACTWN " FRACTION " 

o. o. 95 

>'NEW MAKEUP LIME ADDED,FRACTION COMPOSITION" 
" 5!02 :: ACID INSOL. INERTS :: M:"..O "CAO " 

0.03 0.01 0.07 0.89 

:: PRIMARY INFLUENT COl"POSJTJON,l"'G/L " 
"SUSP. SOL! DS''Mt>.GNES I UM''CALCI LM''PHOSPl-()RUS"S I02"A. I . INERTS"IRON" 

240.0 22.3 30.0 IO.DO 11.9 1.4 0. 

"FIRST PASS PRECIPITATION CO'f'ON£NTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
/"GO 
l'G(OH)2 
FE2D3 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

105069. 
1414. 
814'!. 

0. 
2304. 
2758. 
346. 

11645. 

182259. 

''PRIMARY SLUDGE COMPONENTS, LB/DAY" 

ORG-"NICS 
CAO 
CAC03 
t-'GO 
l'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50834. 
o. 

119'<21. 
219035. 

8171. 
11667. 
2315. 

11835. 
5623. 

289556. 

718457. 

"FIRST STAGE CAKE COMPONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
1"GO 
l'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

118823. 
217940. 

8130. 
11609. 
2304. 

11776. 
5595. 

288108. 

714865. 

"FIRST STAGE CENTRATE COMPONENTS, LB/DAY" 

ORG-"NICS 
CAO 
CAC03 
1-'GO 

254. 
o. 

597. 

:: PRil"ARY EFFLUENT COMPOSITION,MG/L :c MG(OH)2 
1095. 

41. 
53. 
12. 
59. 
28. 

"SUSP. SOL I DS"Ml\GNES I LM"CALC I UM"PHOSPl-()RUS''S I02"A. l . INERTS''IRON" FE203 
2~.0 8.7 60.0 0.68 0.9 0.1 0. FE(OH)3 

SI02 
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ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

1448. 

3592. 



"RECALC!W.TION F\RNACE PRODUCT CCl"PONENTS,LB/DAY" 

ORGANICS 
CAD 
CAC03 
M:;() 

l'G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID !NSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
58789. 

5525. 
205637. 

o. 
12665. 

o. 
11540. 
4868. 

270822. 

569845. 

"RECOVERIES OF CCM'ONENTS IN PROCESS STREAMS,FRACTION" 

FIRST " RECALCINE "SECOND"INCINERATION'c ORY 
STAGE STAGE, 
CAKE MNACE CAKE FURNA.CE CL6.SSIFIER 

ORGANICS 0.99 o. o. o. o. 

CAO O. 0.93 o. o. 0.98 

CACOJ 0.99 0.93 o. o. 0.98 

M;O 0.99 0.92 o. o. 0.97 

t'G(OH)2 0.99 o. o. o. o. 

FE203 0. 99 0.95 o. o. 0.86 

FE(OH)3 0. 99 o. o. o. o. 

SI02 o. 99 0.98 o. o. 0.76 

"RECALCINATION FL.RNACE \ofl SCRUBBER \olATER COMPONENTS, LB/DAY" INERTS O. 99 0.87 o. o. 0,93 

ORGANICS 0. 
CAD 0. 
CAC03 8318. 
M:;() 17881. 
l'G(OH)2 o. 
FE203 667. 
FE(OH)3 0. 
5102 236. 
ACID INSCL. INERTS 727. 
CA3(P04)2 17287. 

TOTAL 45115. 

::RECYCLED SOLIDS ACCEPTS CCt'f'a',IENTS,LB/DAY" 

ORGANICS 
CAD 
CAC03 
M:;() 
/>'G(OH)2 
FE203 
FE(OH)3 
5!02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
57672. 
5437. 

198645. 
o. 

10942. 
o. 

8782. 
4522. 

259177. 

545177. 

"CLASSIFIER REJECTS COl-'PONENTS,LB/DAY" 

ORGANICS 
CAD 
CAC03 
M:;() 

l'G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P0'+)2 

TOTAL 

o. 
1117. 

88. 
6992. 

o. 
1722. 

o. 
2758. 
346. 

11645. 

24668. 

CA3(P04)2 0.99 0.91+ o. o. 0.96 

TOTAL 0.99 o. 0.96 

PROGRAM STOP AT 3250 

USED .80 Lt>l!TS 
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CASE 116 

DATl 

110,J0.0,9746.0,14.0,400.0,0.20,0.95 
115,1.0,1.0,11.0,1.o,o.o,o.o,o.o 

DAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,10.0,0.68,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

DAT3 

!61,0.995,0.995,0.995,0.995 
171,0.995,0.995,0.995,0.995,0.995 
181,0.0,o.o,o.o,o.o,o.o 
182,0.0,0.o,o.o,o.o 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201,0.0,o.o,o.o,o.o,o.o 
202,0.0,o.o,o.o,o.o 
211,0.957,0.984,0.761,0.929,0.0,0.981 
212,0.864,o.o,o.o,o.966 

Ur-£ SOL! DS PROCESS ING 1¥.SS BAL.l•NCE 

" "FLOW" LI f"E USE AS CPO " 
"PH " 1-'GD"TOTAL DOSE"NEW LI ME" RECYCLED LI ME" 

t'G/L f-'G/L f-'G/L FRACTION 
11.0 30.00 302.7 120.0 182.7 0.60 

"FECL3 DOSE"WASTE BIOLOGICAL SLUDGE" 
1' f-'G/L " ADDED, LB/DAY " 

11+.0 9746.0 

"FURNACE BL~"RECALCINING EFFICIENCY" 
" FRACTION " FRACTION " 

o. 20 o. 95 

"NEW 1-'AKEUP LIMO ADDED,FRACTION COWOSJTION" 
" SJ02 "ACID JNSOL. INERTS "f-'GO "CAO " 

0.03 0.01 0.07 0.89 

lC PRIM<\RY INFLUENT COMPOS ITION,1-'G/L " 
"SUSP. SOL!DS"WIGNESILM"CALC ILM"PHOSPt-ORUS"SI02"A. I. INERTS" IRON" 

240.0 22.3 30.0 10.00 13.4 2.0 o. 

" PR!WIRY EFFLUENT COMPOSIT!ON,f-'G/L " 
"SUSP. SOL!DS"WIGNES ILM''CALCILM"Pt-OSPt-ORUS"SI02"A. I. INERTS" I RON" 

26.0 8.7 60.0 0.68 0.9 . 0.1 0. 
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"FIRST PASS PRECIPITATlctl COl1'0NENTS,LB/OAY" 

ORGANICS 
CAO 
CAC03 
f-'GO 
M:;(OH)2 
FE203 
FE(OH)3 
SJ02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
0. 

105069. 
2358. 
8144. 

o. 
2304. 
3122. 
475. 

11645. 

183697. 

"PRIM<\RY SLUDGE COM'ONENTS,LB/DAY" 

ORGMHCS 
CAO 
CAC03 
f-'GO 
l-'G(OH)2 
FE203 
FE(OH)3 
5102 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50834. 
o. 

118197. 
32552. 

8171. 
4170. 
2315. 
8185. 
2137. 

53118. 

279680. 

"FIRST STAGE CAKE COl-f'ONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
f-'GO 
M:;(OH)2 
FE203 

.FE(OH)3 
SJ02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

50580. 
o. 

117606. 
32389. 
8130. 
4149. 
2304. 
8141+. 
2127. 

52853. 

278281. 

"FIRST STAGE CENTRATE C01"f'ONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
!"GO 
f-'G(OH)2 
FE203 
FE(OH)3 
5!02 
ACID INSOL. 
CA3(P04)2 

TOTAL 

INERTS 

254. 
o. 

591. 
163. 
41. 
21. 
12. 
41. 
11. 

266. 

1398. 



ORGli.NlCS 
CAO 
CAC03 
K,O 

M:;(OH)2 
FE203 
FE(OH)3 
5!02 
AClD !NSOL. lNERTS 
CA3(P04)2 

TOTAL 

o. 
58187. 

5'+69. 
34930. 

o. 
5578. 

0. 
7982. 
1850. 

49681. 

163676. 

''CLASSIFIER REJECTS COMPONENTS,LB/DflYK 

ORGANICS 
CAO 
CACOJ 
/"GO 
f'G(OH)2 
FE203 
FE(OH)3 
5!02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
12522. 

1164. 
950. 

0. 
607. 

0. 
3122. 
475. 

11645. 

38587. 

"RECALCINAT!ON FURNACE WET SCRUBBER WATER CO/'PONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
/"GO 
i"G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
o. 

8232. 
3037. 

o. 
294. 

0. 
163. 
276. 

3171. 

15174. 

"RECYCLED SOLIDS ACCEPTS COM"ONENTS, LB/DAY" 

ORGAN JCS 
CAO 
CAC03 
/"GO 
M:;(OH)2 
FE203 
FE(OH)3 
S!02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
45665. 
4305. 

26994. 
o. 

3855. 
0. 

4859. 
1375. 

38036. 

125089. 

''RECALCINATION F\.RNACE 8LOW1)()1,N COWONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
/"GO 
M:;(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
11637. 

1094. 
6986. 

o. 
1116. 

o. 
1596. 

370. 
9936. 

32735. 

"RECOVER I ES OF COMPONENTS IN PROCESS STREA'1S, FfVICTI ON" 

FIRST " RECALCINE "SECOND"INCINERATION" DRY 
STAGE STAGE 
CAKE FURNl'ICE CAKE FURNACE CLASSIFIER 

ORGANICS 0.99 o. o. o. o. 
CAO o. 0.93 o. o. 0.98 

CAC03 0.99 0.93 o. o. 0.98 

M:;() 0.99 o. 92 o. o. 0.97 

M:;(OH)2 0.99 o. o. o. o. 
FE203 0.99 0.95 o. o. 0.86 

FE(OH)3 0.99 o. o. o. o. 
SI02 0.99 0.98 o. o. 0.76 

INERTS o. 99 0.87 o. o. 0.93 

CA3(P04)2 0.99 0.94 o. o. 0.96 

TOTAL 0.99 o. 0.76 

PROGRAM STOP AT 3250 

USED .81 l.R>llTS 
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CASE 117 

OATl 

ll0,30.0,9746.0,14.0,400.0,0.0,0.95 
lls,2.o,o.o,11.0,1.o,o.o,o.o,o.o 

DAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,10.0,0.68,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0,80 
l~l,0.035,0.035,0.027,0.0096,0.07,0.89 

DAT3 

161,0.20,0.825,0.90,0.77 
171,0.27,0.27,0.30,0.30,0.40 
181,0.90,0.99,0.97,0.81,0.90 
182,0.90,0.78,0.90,0.90 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201,0.94,0.93,0.98,0.87,0.0 
202,0.95,0.0,0.0,0.92 
211, l.O, l. O, LO, 1. O, 1.0, 1. 0 
212, 1.0, 1. o, 1. o, 1. 0 

LIME SOLIDS PROCESSING l"ASS BALANCE 

" "FLOW" LIME USE AS CPD >< 
"PH " MGO"TOTAL DOSE''NEW LIME" RECYCLED Lil"E" 

l'G/L l'G/L l'G/L FRACTION 
11.0 30.00 302.7 109.9 192.8 0.64 

"FECL3 DOSE''WASTE BIOLOGICAL SLu::>GE" 
" l'G/L " ADDED,LB/DAY " 

. 14.0 9746.0 

"FURNACE BL~"RECALCINING EFFICIENCY" 
" FRACTION " FRACTION " 

o. 0. 95 

''NEW MA.KEUP LIME ADDED, FRACTION COMPOSITION" 
" 5102 :: ACID INSOL. INERTS :: MGO "CAO " 

0.03 0.01 0.07 0.89 

>< PRJl"ARY INFLUENT COMPOSITION,MG/L >< 
"SUSP. SOL! DS''MAGNES I l..M''CALC I 1..M"PH'.)SPH'.)RUS ::5 I02"A. I • INERTS" I RON" 

240.0 22.3 30.0 10.00 13.1 1.9 o. 

:c PRIMl\RY EFFLUENT COMPOSITION,MG/L " 
"SUSP. SOLIDS"MllGNES I UM"CALC 11..M"PrrJSPrfJRUS::s I02"A. I . I NERTS"I RON" 

26.0 8.7 60.0 0.68 0.9 0.1 o. 
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"FIRST PASS PRECIPITAT!Cl'< COt-'PONENTS,LB/DAY" 

ORGl>NICS 50580. 
CAO o. 
CAC03 !05069. 
MGO 2160. 
t'G(OH)2 8144. 
FE203 o. 
FE(OH)3 2304. 
5102 3046. 
ACID INSOL. INERTS 448. 
CA3(P04)2 11645. 

TOTAL 183395. 

"PRIMl\RY SLUDGE COMPONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
M:;O 

t'G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

58272. 
o. 

118054. 
6784. 
8770. 
1026. 
2477. 

32042. 
2764. 

17206. 

247394. 

"FIRST STAGE CAKE COMPONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
MGO 
MG(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

23309. 
0 . 

97394. 
1832. 
2368. 

308. 
743. 

28837. 
2128. 
3441. 

160360. 

"FIRST STAGE CENTRATE COMPONENTS,LB/DAY" 

ORGl>NICS 
CAO 
CAC03 
l'GO 
1'1G(OH)2 
FE203 
FE(OH)3 
5102 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

349&3. 
o. 

20659. 
4952. 
6402. 

718. 
1734. 
3204. 
636. 

13765. 

87034. 



"RECALCINATION FUW'\CE PRODUCT COl-f'ONENTS, LB/DAY" 

ORGANICS 
Cl-0 
CAC03 
1-'GO 
M;(OH)2 
FE203 
FE(OH)3 
SI02 
ACID !NSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
48187. 

4529. 
3180. 

o. 
820. 

0. 
28261. 

1851. 
3235. 

90062. 

"INCINERATION FURNACE WASTE ASH CCff'ONENTS,LB/DAVX 

ORGANICS 
CJ¥J 
CAC03 
Mi() 

,.,;(OH)2 
FE203 
FE(OH)3 
5!02 
ACID JNSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
o. 

19021. 
9402. 

o. 
2096. 

o. 
3046. 
448. 

11645. 

45658. 

"RECALCINo\TION Fl.RNllCE WET SCRUBBER WATER C~S,LB/DllY" 

ORGANICS 0. 
CNJ o. 
CAC03 6818. 
t-'GO 2 77. 
M:;(OH)2 0. 
FE203 43. 
FE(OH)3 0. 
5102 577. 
ACID INSOL. lt-ERTS 277. 
CA3(P04)2 206. 

TOTAL 8197. 

''RECYCLED SOLIDS ACCEPTS COl-f'ONLNTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
Mell 
M:;(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. 
CA3(P04)2 

TOTAL 

INERTS 

0. 
48187. 
4529. 
3180. 

0. 
820. 

o. 
28261. 

1851. 
3235. 

90062. 

"SECOfD STAGE CAKE COl'PONENT5, LB/DAY" 

ORGANICS 27271. 
CAO 0. 
CAC03 20453. 
M;o 4457. 
f'G(OH)2 5762. 
FE203 646. 
FE(OH)3 1561. 
SJ02 3108. 
ACID INSOL. INERTS 515. 
CA3(P04)2 12389. 

TOTAL 76161. 

"SECCMJ STAGE CENTRATE RECYCLE COM"ONENTS, LB/DAY" 

ORGMJCS 7692. 
CAO O. 
CAC03 207. 
t-'GO 495. 
M:;(OH)2 640. 
FE203 72. 
FE(OH)3 173. 
5!02 96. 
ACID INSOL. INERTS 121. 
CA3(P04)2 1377. 

TOTAL 10873. 

"INCINERATION FURNACE WET SCRUBBER WATER COl"PONENTS,LB/OAY" 

ORGftNICS 
CJ¥J 
CAC03 
,.,;a 
l-(;(0H)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. 
CA3(P04)2 

TOTAL 

11£RTS 

o. 
o. 

1432. 
673. 

o. 
91. 
o. 

62. 
67. 

743. 

3068. 

"RECOVERIES OF Cct1'0NENTS IN PROCESS STREAMS,FRACTJON" 

FIRST " RECALCHE "SECON:l"INCINERATION" DRY 
STAGE STAGE 
CME FUWA.CE CAKE FlRNACE CLASSIFIER 

ORGANICS 0.40 o. 0.78 o. o. 
CAO 0. 0.93 o. o. 1.00 

CAC03 0.83 0.93 0.99 0.93 1.00 

M;() 0.27 0.92 0.90 0.92 1.00 

l'G(Ot02 0.27 0. 0.90 o. o. 
FE203 0.30 0.95 0.90 0.95 1.00 

FE(OH)3 0.30 o. 0.90 0. o. 
SI02 0.90 o. 98 0.97 0.98 l. 00 

INERTS 0. 77 0.87 0.81 0.87 l.00 

CA3(P04)2 0.20 0.94 0.90 0.94 1.00 

TOTAL 0.65 0.00 l. 00 

PROGRAM STOP AT 3250 

USED .87 l.tHTS 
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CASE 118 

DATl 

110,30.0,9746.0,14.0,400.0,0.20,0.95 
115,2.0,0.0,ll.O,l.O,O.O,O.O,O.O 

DAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,10.0,0.68,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

DAT3 

161,0.20,0.825,0.90,0.77 
171,0.27,0.27,0.30,0.30,0.40 
181,0.90,0.99,0.97,0.81,0.90 
182,0.90,0.78,0.90,0.90 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201,0.94,0.93,0.98,0.87,0.0 
202,0.95,0.0,0.0,0.92 
211, 1. O, l.O, 1.0, l. O, 1.0, 1. 0 
212,1.0,1.0,1.0,1.0 

LH'E SOLIDS PROCESSING ,....,_SS BALPNCE 

"FUJ,.f-' LIME USE AS CAO " 
::pH :: M:;D::TOTAL DOSE"NEW LIME'' RECYCLED LIME" 

l'G/L l'G/L MG/L FRACTI~ 
11.0 30.00 302.7 149.8 152.9 0.51 

::FECL3 DOSE::WASTE B !OLOG I CAL SLUDGE:: 
.. l'G/L .. ADDED, LB/DAY " 

14.0 9746.0 

::FURr !DICE BL0"1:X!r.N"RECALC IN I NG EFFICIENCY:' 
:: FRACTION :: FRACTION H 

0.20 0.95 

"NEW W>J<EUP LIME ADDED, FRACTION COM"OSITION" 
" S!02 " ACID INSOL. INERTS " ~'GO "CAO " 

0.03 0.01 0.07 0.89 

>< PRlf"ARY INFLUENT COl-'POSITION,l'G/L " 
::susP. SOLIDS''WIGNES ll.Jf'CALCIL"1''PrK>SPHORUS''S I02"A. l. INERTS:: IR~" 

240.0 22.3 30.0 10.00 14.3 2.3 o. 

•• PR!Ml\RY EFFLUENT COMPOSITION,l'G/L " 
"SUSP. SOLIDS''WIGNESILM''CALCIL"1''PHOSPHORUS"SI02"A. I. INE~TS"IRON" 

26.0 8.7 60.0 0.68 0.9 0.1 0. 
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"FIRST PASS PRECIPITATI~ COMPONENTS,LB/DAY" 

ORGANICS 50580. 
CAO 0. 
CAC03 105069. 
!'GO 2944. 
l'G(OH)2 8144. 
FE203 0. 
FE(OH)3 2304. 
Sl02 3348. 
ACID INSOL. INERTS 555. 
CA3(P04)2 11645. 

TOTAL 184589. 

::PRIMAA.Y SLUDGE C~ENTS,LF!/DA'fl' 

ORGANICS 58272. 
CAO 0. 
CAC03 117045. 
!'GO 7010. 
l'G(OH)2 8770. 
FE203 776. 
FE(OH)3 2477. 
Sl02 12334. 
ACID INSOL. INERTS 1876. 
CA3(P04)2 16301. 

TOTAL 224860. 

"FIRST STAGE CAKE COM'ONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
!'GO 
l'G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

23309. 
o. 

96562. 
1893. 
2368. 

233. 
743. 

11101. 
1445. 
3260. 

140912. 

"FIRST STAGE CENTRATE CClfo'f'ONENTS,LB/DAY" 

ORGANICS 34963. 
CAO 0. 
CAC03 20483. 
!'GO 5118. 
l'G(OH)2 6402. 
FE203 543. 
FE(OH)3 1734. 
5102 1233. 
ACID INSOL. INERTS 431. 
CA3(P04)2 13041. 

TOTAL 83948. 

"RECALCINATION FURNACE PRODUCT C<M'ONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
M:",() 

t-'(,(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
47775. 

4490. 
3236. 

0. 
749. 

o. 
10879. 

1257. 
3065. 

71450. 



''RECALC 11\11>.TION R.R!lll>.CE \<ET SCRUBBER WATER CO"PQNENTS, LB/DAY" 

ORGMICS o. "INCINERATION 1'1.RNACE ~ SCRUBBER WATER COl"f'ONENTS,LB/DAY" 

CP.O 0. 
CAC03 6759. 
t'GO 281. 
t'G(OH)2 0. 
FE203 39. 
FE(OH)3 0. 
Sl02 222. 
ACID INSOL. l/ll:RTS 188. 
CA3(P04)2 196. 

TOTAL 7686. 

"P.ECYCLED SOLIDS ACCEPTS COMPOflENTS,LB/DAY" 

OP.GANI CS 
Cl>.0 
CAC03 
t'GO 
t'G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INS.OL. INERTS 
CA3(P04)2 

TOTAL 

o. 
38220. 

3592. 
2589. 

0. 
599. 

0. 
8703. 
1005. 
2452. 

57160. 

"SECO~ STAGE CAKE CCM'ONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
t'GO 
t'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INS.OL. INERTS 
CA3(P04)2 

TOTAL 

27271. 
o. 

20278. 
4606. 
5762. 
489. 

1561. 
1196. 
350. 

11737. 

73249. 

"SECGr'-0 STAGE CENTRATE RECYCLE COMPONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
t'GO 
t'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

7692. 
0. 

205. 
512. 
640. 

54. 
173. 

37. 
82. 

1304. 

10699. 

"INCINERATION FUR~CE WASTE ASH CO,'IPONENTS,LB/OAY" 

ORGANICS O. 
CAO 0. 
CAC03 18859. 
t'GO 9538. 
M:;(OH)2 0. 
FE203 1947. 
FE(OH)3 0. 
Sl02 1172. 
ACID INSOL. INERTS 304. 
CA3(P04 )2 11032. 

TOTAL 42853. 

ORGANICS 
CAO 
CAC03 
t'GO 
MS(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. 
CA3(P04)2 

TOTAL 

INERTS 

o. 
o. 

1419. 
685. 

0. 
83. 
o. 

24. 
45. 

704. 

2961. 

"RECALC l NI\ TION FURNACE BLOW!Xln'N COM"ONENTS / LB/DAY" 

ORGANICS 
CAO 
CAC03 
t'GO 
MS(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
9555. 

898. 
647. 

o. 
150. 

0. 
2176. 

251. 
613. 

14290. 

"RECOVERIES OF COl-'PONENTS IN PROCESS STREAMS, ~CTI ON" 

FIRST " RECALCINE "SECONO"INCINERATION" DRY 
STAGE STAGE 
CAKE fUl.1111>.CE CAKE FURNACE CLASSIFIER 

ORGANICS 0.40 o. 0.78 0. 0. 

CAO o. 0.93 0. 0. 1.00 

CAC03 0.83 0.93 0.99 0.93 1.00 

M:;() 0.27 0.92 0.90 0.92 1.00 

M:;(OH)2 0.27 o. 0.90 0. 0. 

FE203 0.30 0.95 0.90 0.95 1.00 

FE(OH)3 0.30 o. 0.90 o. 0. 

SI02 0.90 0.98 0.97 0.98 1.00 

INERTS 0. 77 0.87 0.81 0.87 1.00 

CA3(P04)2 0.20 0.94 0.90 o.9li 1.00 

TOTAL 0.63 0.87 0.80 

PROGRAM STOP AT 3250 

USED • 90 Lt-IITS 
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CASE 119 

DATI 

ll0,30.0,974G.0,14.0,400.0,0.24,0.95 
115,2.0,0.o,11.o,1.o,o.o,o.o,o.o 

DAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,10.o,o.68,o.o,o.0024,o.oo24 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

DAT3 

161,0.20,0.825,0.90,0.77 
171,0.27,0.27,0.30,0.30,0.40 
181,0.90,0.99,0.97,0.81,0.90 
182,0.90,0.78,0.90,0.90 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201,0.94,0.93,0.98,0.87,0.0 
202,0.95,0.0,0.0,0.92 
211, l.O, l. O, I.O, l. O, l.O, 1.0 
212,1.0,1.0,1.0,1.0 

LI"l: SOLIDS PROCESSING MASS BALANCE 

" "FLOW" LIME USE AS CAO :: 
"PH " 1-'GD::TOTAL DOSE''NEW Llr-<E" RECYCLED Lil"E" 

1-'G/L r-"G/L MG/L FRACTION 
11.0 30.00 302.7 157.7 145.0 0.48 

"FECL3 DOSE::WASTE B IOLOG J CAL SLUDGE:: 
" ~'G/L :: ADDED, LB/DAY :: 

14.0 9746.0 

::FURNACE BLO\,OOr.N''RECALC IN I NG EFFICIENCY" 
" FRAC Tl ON .. FRACTION " 

0.24 0.95 

''NEW ~\l>.KEUP LI 1-'E ADDED, FRACTION COM'OS I TI ON" 
.. SI02 :: ACID !NSOL. INERTS :: MGO "CAO :: 

0.03 0.01 0.07 0.89 

- PRI~Y INFLUENT CO/"POSITION,MG/L " 

"FIRST PASS PRECIPITATION COMPOtiENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
M'",O 
MG(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

50580. 
0. 

105069. 
3099. 
8144. 

o. 
2304. 
3408. 

577. 
11645. 

TOTAL 184825. 

"PRl~Y SLUDGE 

ORGANICS 

COMPONEtlTS, LB/DAY" 

58272. 
0. 

116845. 
7049. 
8770. 

731. 
2477. 

CAO 
CAC03 
MGO 
~t;(OH)2 

FE203 
FE(OH)3 
SI02 
AC ID I NSOL. INERTS 
CA3(P04)2 

11111. 
1786. 

16131. 

TOTAL 

::FIRST STAGE 

ORGANICS 
CAO 
CAC03 
MGO 
MG(OH)2 
FE203 
FE(OH)3 
SI02 
ACID !NSOL. 
CA3(P04)2 

TOTAL 

223171. 

CAKE COl-'PONENTS,LB/DAY~ 

23309. 
0. 

%397. 
1903. 
2368. 
219. 
743. 

10000. 
INERTS 1375. 

3226. 

139540. 

''FIRST STAGE CENTRATE" (()'1f'()NENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
MGO • 
MG(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

34963. 
0. 

20448. 
5146. 
6402. 

511. 
1734. 
1111. 
411. 

12905. 

83631. 

"SUSP. SOLi DS''MAGNES I l1'1"CALC I UM"PHOSPHORUS''S !02"A. I. INERTS"! RON" . , FURNACE 
240.0 22.3 30.0 10.00 14.5 2.4 · O. ·'RECALCINATION PRODUCT COM'ONENTS, LB/DAY" 

o. 

PRIM'IRY EFFLUEtff COMPC1SITION,MG/L 
"SUSP. SOL! DS"W.GNES I uM::CALC 11..M::ProSPHORus::s I OZ::A. I . INERTS" IRON" 

26.0 • 8.7 (•0.0 O.G8 0.9 0.1 0. 
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ORGANICS 
CAO 
CAC03 
MGO 
MG(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

47693. 
4482. 
3246. 

0. 
736. 

0. 
9800. 
1197. 
3033. 

70186. 



"PEr:ALC!NAT!ON FURNACE ~T SCRUBBER WATER CCM'ONENTS 1 1,.!l/DAY11 

ORGANICS 
CAO 
CAC03 
I'(;() 

l-'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID JNSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
o. 

6748. 
282. 

0. 
39. 

0. 
200. 
179. 
194. 

7641. 

"RECYCLED SOLIDS ACCEPTS COl'PO/'IENTS, LB/DAY" 

ORCANICS 0. 

CAO 36247. 
CAC03 3407. 

M'-0 2467. 

M;;(OH)2 0. 

FE203 559. 
FE(OH)3 0. 
SI02 7448. 
ACID JNSOL. INERTS 909. 
CA3(P04)2 2305. 

TOTAL 53342. 

"SECOND STAGE CAKE COM'ONENTS, LB/DAY" 

ORGANICS 27271. 
CAO 0. 
CAC03 20243, 
fo'GO 46 31. 
l-'(;(OH)2 5762. 
FE203 460. 
FE(OH)3 1561. 
SI02 1078. 
ACID JNSOL. INERTS 333. 
CA3(P04)2 11614. 

TOTAL 72953. 

"SECOND STAGE CENTRATE RECYCLE COW'ONENTS, LB/DAY" 

ORGANICS 7692. 
CAO 0. 
CAC03 204. 
I'(;() 515. 
l'G(OH)2 640. 
FE203 51. 
FE(OH)3 173. 
SI02 33. 
ACID INSOL. INERTS 78. 
CA3(P04 )2 1290. 

TOTAL 10678' 

"INCINERATION FURNACE WASTE ASH COMPONENTS, LB/DAY" 

ORG"JHCS 0. 
CAO 0. 
CAC03 18826. 
~'GO 9562. 
f>'G(OH)2 0. 
FE203 1920. 
FE(OH)3 0. 
SI02 1056. 
ACID INSOL. INERTS 290. 
CA3(P04)2 10918. 

TOTAL 42571. 

"INCHJERATION FURNACE WET SCRUBBER WATER COMPONENTS,LB/DAY" 

OP.GANI CS 
CAO 
CAC03 
f"C,Q 
M:;(OH)2 
FE203 
FE(OH)3 
SI02 
ACID JNSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
o. 

1417. 
687. 

o. 
81. 
o. 

22. 
43. 

697. 

2947. 

"RECALCINATION Fi-RNACE SLOWDOWN COM'ONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
l'(',Q 

M(',(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
11446. 

1076. 
779. 

0. 
177. 

0. 
2352. 

287. 
728. 

10845. 

"RECOVERIES OF COMPONENTS IN PROCESS STREAMS, FRACTim1:: 

FIRST :: RECALC HJE "SECOND" I NC I NERA 1 ION" DRY 
STAGE STAGE 
CAKE FURNACE CAKE FURNACE CLASSIFIER 

ORGANICS 0.40 0. 0.78 0. 0. 

CAO 0. 0.93 0. 0. 1.00 

CAC03 0.83 0.93 0.99 0.93 1.00 

1"GO 0. 27 0.92 0.90 0.92 1.00 

M:;(OH)2 0.27 0. 0.90 0. 0. 

FE203 0.30 0. 95 0.90 0.95 1. 00 

FE(OH)3 0.30 o. 0.90 o. 0. 

5!02 0.90 0.98 0.97 0.98 1. 00 

INERTS 0.77 0.87 0.81 0.87 l.00 

CA3(P04)2 0.20 0,94 0.90 0.94 1. 00 

TOTAL 0.63 0.87 l.00 

PROGRA'-1 STOP AT 5050 

USED • 90 Lt-JITS 
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CASE 120 

DATl 

110,30.0,9746.0,14.0,400.0,0.28,0.95 
115, 2. O, O. O, 11. O, 1.0, 0. 0,0.0, 0.0 

DAT2 

131,240.0,26.0,22.3,8.74,30.0,60.0 
132,I0.0,0.68,0.0,0.0024,0.0024 
14!,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

DAT3 

161,0.20,0.825,0.90,0.77 
171,0.27,0.27,0.30,0.30,0.40 
181,0.90,0.99,0.97,0.81,0.90 
182,0.90,0.78,0.90,0.90 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201,0.94,0.93,0.98,0.87,0.0 
202,0.95,0.0,0.0,0.92 
211, 1.0, I. o, 1.0, I. o, 1.0, 1.0 
212, I. o, I. o, I. o, I. 0 

LIME SOLIDS PROCESS ING AASS BALANCE 

:: "FLOW'' LI ME USE AS Cl-0 " 
"PH " t'GD::TOTAL OOSE''NEW LIME" RECYCLED LIME" 

l'G/L t'G/L l'G/L FRACTION 
11.0 30.00 302.7 165.5 137.2 0.45 

"FECL3 DOSE"WASTE BIOLOGICAL SLUDGE:: 
:: M:;/L :: ADDED, LB/DAY :: 

14.0 9746.0 

"FURNACE BLOWDOWN"RECALC!NING EFFICIENCY" 
" FRACTION ·· FRACTION " 

0.28 0.95 

"NEW W>.KEUP Lll'E ADDED, FRACTION COMPOSITION" 
" SI02 " ACID INSOL. INERTS " t-'GO "CNJ '' 

0.03 0.01 0.07 0.89 

"FIRST PASS 

ORGANICS 
CNJ 
CAC03 
1-f;() 

f'G(OH)2 
FE203 
FE(OH)3 
5102 
ACID INSOL. 
CA3(P04)2 

TOTAL 

PRECIPITATION COl-lPON[NTS,LB/DAYK 

50580. 
o. 

105069. 
3253. 
8144. 

o. 
2304. 
3468. 

INERTS 598. 
11645. 

185061. 

"PRIMARY SLl.,{)GE CCW'ONENTS,LB/DAY" 

ORGANICS 58272. 
CNJ 0. 
CAC03 116646. 
1-f;() 7086. 
l'G(OH)2 8770. 
FE203 687. 
FE(OH)3 2477. 
5102 10139. 
ACID lNSOL. INERTS 1710. 
CA3(P04)2 15965. 

TOTAL 221752. 

"FIRST STAGE CAKE COMPONEHTS, LB/DAY" 

ORGANICS 23309. 
CAD 0. 
CAC03 96233. 
M:;O 1913. 
f'G(Of-1)2 2368. 
FE203 206. 
FE(Of-1)3 743. 
S!02 9125. 
ACID INSOL. INERTS 1317. 
CA3(P04)2 3193. 

TOTAL 138407. 

"FIRST STAGE CENTRATE COMPONENTS,LB/DAY" 

ORGANICS 34963. 
CPD o. 
CAC03 20413. 
M:;O 5173. 
f'G(Of-1)2 6402, 
FE203 481. 
FE(OH)3 1734. 
SI02 1014. 
ACID INSOL. INERTS 393. 
CA3(P04 )2 12772. 

TOTAL 83345. 

'c PRIMARY INFLUENT CQtv1POSITION,M:i/L 't ':RECALCIN.ATION FURNl\CE PRODUCT COMPONENTS,LB/DAY:: 
"SUSP. SOU DS"MAGNES I 1.1'1"CALC I 1.1'1''Pfl'.JSPCflRUS"S !02"A. I . INERTS"! RON" 

240.0 22.3 30.0 10.00 14.8 2.5 o. 

" PR !MARY EFFLUENT COMF'!JS l T ION,M:;/L " 
"SUSP. SOllDS"MAGtJES !UM"CALC !LR-1"Pl-OSPl-()RUS"SI02"A. I. INERTS" I RON" 

2&.o 8.7 60.0 o.ss o.9 0.1 o. 
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ORGANICS 
CPD 
CAC03 
M:;O 

l'G(OH)2 
FE203 
FE(OH)3 
SJ02 
ACID !NSOL. 
CA3(P04)2 

TOTAL 

INERTS 

0. 
47612. 

4475. 
3255. 

o. 
724. 

0. 
89"3. 
1146. 
300 I. 

69155. 



''RECALCINATlON FU<Nl\CE WET SCRUBBER WATER COMPOt;ens, LB/CAY" 

ORGANICS 
CAO 
CAC03 
l'GO 
l'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID !NSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
o. 

6736. 
283. 

o. 
38. 

0. 
183. 
171. 
192. 

7603. 

::RECYCLED 

ORGANICS 
CAO 

SOLIDS .C.CCEPTS COl"PONENTS, LB/DAY:: 

o. 

CAC03 
l'GO 
l'G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID !NSOL. 
CA3(P04)2 

TOTAL 

HIERTS 

34281. 
3222. 
2343. 

o. 
521. 

o. 
6439. 

825. 
2161. 

49792. 

"SECOHJ STAGE CAKE CCl'-IPONENTS, LB/DAY" 

ORGANICS 27271. 
CAO 0. 

CAC03 20209. 

l'GO 4655. 

l'G(OH)2 5762. 

FE203 43 3. 
FE(OH)3 156 l. 
5102 983. 
AC ID I NS'll .. ltlERTS 31q. 
CA3(P01•)2 I 14~'·. 

TOfAL 72688. 

"SECOND STf,GE CENTRATE PCCYCCE COMPCJ'~ENTS, Ll1/flAY" 

ORGANICS 
CAO 
CAC03 
I'(,() 

M:i(OH)2 
FE203 
fE(OH)3 
5102 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

76S2. 
0. 

204. 
517. 
640. 

48. 
173. 

30. 
75. 

1277. 

10657. 

>:;f.'CINERATION FLP.NACE WASTE ASH COMF'a'!ENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
MSC 
MG(OH)2 
FE203 
FE(DH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
O. 

18794. 
9584. 

o. 
1894. 

o. 
964. 
277. 

10805. 

42318. 

"INCINERATION FURNACE WET SCRUBBER WATER COW'ONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
l'GO 
l'G(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
0. 

1415. 
689. 

0. 
80. 
o. 

20. 
41. 

690. 

2934. 

"RECALCINATION FURNACE BLOl-.OOWN CDW'ONENTS,LB/DAY" 

ORGANICS 
CAO 
CACD3 
f-{",(J 

l'G(OH)2 
ff203 
FE(DH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
13331. 

1253. 
911. 

0. 
203. 

0. 
2504. 

321. 
840. 

19363. 

"RECOVERIES OF COMPONENTS IN PROCESS STREAMS,FRACTJON" 

FIRST " RECALCINE "SE co1...u:: I NC I I <ERJ\ TI ON" DRY 
STAGE STAGE 
CAKE FLRNACE CAKE FURNACE CLASSIFIER 

OR<,ANICS 0.40 o. 0.78 o. o. 
CAO 0. 0.93 o. o. J.00 

CAC03 0.83 0.93 0.99 0.93 J.00 

l'GO 0.27 0.92 0.90 0.92 1.00 

MG(OH)2 0.27 o. 0.90 o. o. 
FE203 0.30 0.95 0.90 0.95 1. 00 

FE(OH)3 0.30 o. 0.90 o. o. 

SI02 0.90 0.98 0.97 0.98 1. 00 

INERTS 0.77 0.87 0.81 0.87 I. 00 

CA3(P04)2 0.20 0.94 0.90 0.94 I. 00 

TOTAL 0.62 0.87 LOO 

PROGRJIM STOP AT 5050 

USED .89 UNITS 
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CASE 121 

OATl• 

110,30.0,12995.0,24.0,289.0,0.0,0.95 
115,2.0,1.0,10.2,1.0,o.o,o.o,o.o 

OAT2 

131,240.0,26.0,22.3,15.6,30.0,65.2 
132,10.0,0.68,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

OAT3 

161,0.26,0.72,0.90,0.64 
171,0.25,0.25,0.18,0.18,0.35 
181,0.93,0.83,0.81,0.68,0.75 
182, 0. 75,0. 78, 0.90, 0. 90 
191,0.94,0.93,0.93,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201,0.94,0.93,0.98,0.87,0.0 
202,0.95,0.0,0.0,0.92 
211,0.957,0.984,0.761,0.929,0.0,0.981 
212,0.864,o.o,o.o,o.9&6 

LIME SOLIDS PROCESSING MASS BALANCE 

" "FLOW" Lll-'E USE AS CAO " 
"PH :: 1-'GD"TOTAL OOSE"NEW LIME" RECYCLED LIME" 

1-'G/L MG/L 1-'G/L FRACTION 
10.2 30.00 218.7 113.2 105.5 0.48 

"FECL3 OOSE"WAS TE BIOLOGICAL SL LOGE" 
" 1-'G/L :: AODED,LB/DAY " 

24.0 12995.0 

"FURNACE BLOW1JOWN"RECALCINING EFFICIENCY" 
" FRACTION " FRACTION " 

o. 0. 95 

''NEW MAKEUP LI ME ADDED, FRACT! ON COMPOS IT I ON" 
" SI02 :: ACID INSOL. INERTS "MGO "CAO " 

0.03 0.01 0.07 0.89 

"~IRST PASS PRECIPITATION COMPONEl'HS, Lil/DAY" 

ORGANICS 
CAO 
CAC03 
MGO 
MG(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

53179. 
o. 

64335. 
2225. 
4024. 

0. 
3949. 
3185. 
465. 

11645. 

143007. 

"PR Il-'ARY SLUDGE COt-'PONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
MGO 
MG(OH)2 
FE203 
FE(OH)3 
5102 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

62052. 
0. 

75441. 
4942. 
4343. 
1146. 
4968. 

10975. 
1840. 

17714. 

183421. 

"FIRST STAGE CAKE COMPONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
MGO 
MG(OH)2 
FE203 
FE(OH)3 
SID2 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

21718. 
o. 

54318. 
1235. 
1086. 
206. 
894. 

9878. 
1178. 
4606. 

95119. 

"FIRST STAGE CENTR-\T'. C"t'l'OflENTS ~B/DAY" 

ORGANICS 
CAO 
CAC03 
MGO 
MG(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAi_ 

40334. 
0. 

21123. 
3706. 
3257. 
940. 

4073. 
1098. 
663. 

13108. 

88303. 

" PRIMARY INFLUENT COMPOSITION,1-'G/L " 
"SUSP.SOLIDS"MAGNESILM"CALCILM"Pl"()SPHCRUS"SI02"A. I. INERTS" I RON" "RECALC!tlo'.TION FURt-IACE PRODUCT CO'-'PONENTS,LB/DAY" 

240.0 22.3 30.0 10.00 13.7 1.9 o. 

" PRWARY EFFLUENT COMPOSJ•TION,1-'G/L :< 
"SUSP. sou DS"MAGt IES l LM"CALC I UM"PHCSPHORUS ::s I02"A. I • INER rs:: l RON" 

26.0 15.6 G5.2 0.68 0.9 0.1 O. 
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ORGANICS 
CAO 
CAC03 
MGO 
l-'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. 
CA3(P04)2 

TOTAL 

INERTS 

o. 
26874. 
2526. 
1822. 

o. 
831. 

o. 
9680. 
l 025. 
4329. 

47087. 



::RECALCH¥\TION FURNO.CE WET SCRUBBER WATER CCl"f'Oi'lENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
M:;O 

M'.;(OH)2 
FE203 
FE(OH)3 
SI02 
ACIO INSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
o. 

3802. 
158. 

0. 
44. 

0. 
198. 
153. 
276. 

4631. 

~RECYCLED SOLIDS ACCEPTS COl-'PONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
M:;O 

M'.;(OH)2 
FE203 
FE(OH)3 
5102 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
26364. 

2485. 
1760. 

o. 
718. 

0. 
7367. 

952. 
4I43. 

43789. 

"SECOr-0 STAGE CAKE COMPONENTS, LB/DAY" 

ORGANICS 3I461. 
CAO 0. 
CAC03 17532. 
M:;O 3336. 
M'.;(OH)2 2931. 
FE203 705. 
FE(OH)3 3055. 
SI02 889. 
ACID INSOL. INERTS 451. 
CA3(f'04)2 12191. 

TOTAL 72550. 

"SECOND STAGE CENTP.ATE REcYCLE CO/'POtlENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
~ 
M:;(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

8873. 
0. 

3591. 
371. 
326. 
235. 

1018. 
209. 
212. 
918. 

15752. 

::INCINERATION FURr!O.cE WASTE ASH C(lMD(),'iENTS,LB/DAY:: 

ORGANICS 
CAO 
CAC03 
M:;O 

H:;(OH)2. 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
0. 

16305. 
5766. 

0. 
3572. 

0. 
871. 
392. 

11459. 

38365. 

''INCINERATION FURNACE WET SCRUBBER WATER C~,LB/OAY" 

ORGANICS 
CAO 
CAC03 
M:;O 

M:;(OH)2 
FE203 
FE(OH)3 
Sl02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
o. 

1227. 
428. 

o. 
149. 

o. 
18. 
59. 

731. 

2612. 

"CLASSIFIER REJECTS COMPONENTS,LB/DAY~ 

ORGANICS 
CAO 
CAC03 
M:;O 

M:;(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
511. 
40. 
62. 
0. 

113. 
o. 

2314. 
73. 

186. 

3299. 

"RECOVERIES OF COMPONENTS IN PROCESS STREAMS,FRACTION:: 

FIRST :: RECALCINE "SECOND"INCINERATION" DRY 
STAGE STAGE 
CAKE FURNO.CE CAKE FLRNACE CLASSIFIER 

ORGANICS 0.35 0. 0.78 o. 0. 

CAO 0. 0.93 o. o. 0.98 

CAC03 0.72 0.93 0.83 0.93 0.98 

~ 0. 25 0.92 0.90 0.92 0.97 

M:;(OH)2 0.25 0. 0.90 o. 0. 

FE203 0. 18 0.95 0.75 0.95 0. 86 

FE(OH)3 0.18 o. 0.75 o. o. 
SI02 0.90 0.98 0.81 o. 98 0.76 

INERTS 0. 64 o.87 0.68 0.87 0.93 

CA3(P04)2 0.26 0.94 0.93 0.94 0.96 

TOTAL 0.52 0.82 0.93 

PRCGRA'1 STOP AT 5050 

USED • 90 UNITS 
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CASE 122 

DATl 
110,30.0,9746.0,0.0,500.0,0.0,0.95 
115,2.0, LO, 11.5, l.O,O.O,o.o,o.o 

OAT2 

131,240.0,35.0,22.3,9.72,28.8,72.8 
132,l0.0,0.96,0.0,0.0024,0.0024 
141,0.035,0.0024,0.80,0.80,0.80 
151,0.035,0.035,0.027,0.0096,0.07,0.89 

DAT3 

161,0.23,-0.86,0.91,0.75 
171,0.30,0.30,0.18,0.18,0.41 
181,0.90,0.99,0.97,0.81,0.75 
182;0.75,~.78,0.90,0.90 
191,0.94,0.93,0.98,0.87,0.0 
192,0.95,0.0,0.0,0.92 
201,0.94,0.93,0.98,0.87,0.0 
202,0.95,0.0,0.0,0.92 
211,0.957,0.984,0.761,0.929,0.0,0.981 
212,0.864,o.o,o.o,o.966 

LIME SOLIDS PROCESSING MASS eALANCE 

•• "FLOW" UM: USE AS CAO " 
"PH :: M:;D''TOT AJ._ OOSE"NEW LI ME" RECYCLED LI t-E" 

M;;/L l"G/L l"G/L FRACT!Ctl 
l!.5 30.00 378.4 133.4 245.0 0.65 

"FECL3 OOSE"WASTE BIOLOGICAL SU.DGE" 
•· l"G/L .. ADDED,LB/DAY ,. 

0. 9746.0 

"Fl.JRNtlCE BLOv.OOWN''RECALClNlNG EFFICIENCY" 
FRACTION •• FRACTION " 

o. 0.95 

"NEW l'AKEUP LIME ADDED, FRACTICJ< CO"IPOSJTION" 
:: SI02 :: ACID INSOL. INERTS :: 1-"GO ''CM " 

0.03 0.01 0.07 0.89 

''FIRST PASS PRECIPITATION COl'PONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
1-"GO 
l-'G(OH)2 
FE203 
FE(OH)3 
S102 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

48780. 
0. 

130431. 
2622. 
7555. 

o. 
0. 

31"6. 
506. 

11295. 

204336. 

::pp I 1-'ARY SLUDGE CC:MPONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
l"GO 
t-'G(OH)2 
FE203 
FE(a-1)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

56057. 
0. 

146659. 
7674. 
8110. 

0. 
0. 

10531. 
2274. 

17096. 

248401. 

''FIRST STAGE CAK COWONENTS,LB/OAY" 

ORGl>NICS 
CAO 
CAC03 
!"GO 
1-'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. rnERTS 
CA3(P04)2 

TOTAL 

22983. 
o. 

126127. 
2302. 
2433. 

0. 
0. 

9583. 
1705. 
3932. 

169066. 

"FIRST STAGE CENTRATE COMPONENTS,LB/DAYX 

ORGANICS 33073. 
CAO o. 
CAC03 20532. 
I'(',() 5372. 
M:;(OH)2 5677. 
FE203 0. 
FE(OH)3 0. 
SI02 948. 
AClD INSOL. INERTS 568. 
CAo(P04 )2 13164. 

TOTAL 79334. 

:: PRIMO.RY INFLUENT CCMPOSJTION,1-'G/L "''i<ECALClliATIO.'i FUR':ACE PROD'JCT COMPIY•.B;TS ~C/(1,1,yX 
''SUSP. SOLi DS''MAGNESJ UM"CALC I UM''Pl-OSPl-ORUS''S J02::A. I . INERTS" I RON" ' 

240.0 22.3 28.8 10.00 13.8 2.1 0. ORG!>NICS O. 

" PRIMO.RY EFFLUENT CC!'1POSITION,l-'G/L " 
::susP. SOLIDS"MAGNESIUM"CALCIUM''Pl-OSPHORUS"S I02"A. I. INERTS" I RON" 

35.0 9.7 72.8 0.96 1.2 0.1 o. 
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CAO 62403. 
CAC03 5865. 
1-'GO 3654. 
i"G(OH)2 0. 
FE2D3 0. 
FE(OH)3 0. 
SI02 9392. 
ACID !NSOL. INERTS 1484. 
CA3(P04)2 3696. 

TOTAL 86493. 



"RECALCll'Ll\TJ{X>.j FVRl'Ll\CE WET SCRUBBER WATER COM'ONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
1-'r,O 
l'(;(OH)2 
FE203 
FE(OH)3 
5102 
ACID JNSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
0. 

8829. 
318. 

o. 
o. 
o. 

192. 
222. 
236. 

97%. 

"RECYCLED SOLIDS ACCEPTS COMPONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
i"GO 
M:;(OH)2 
FE203 
FE(OH)3 
5102 
ACID INSOL. 
CA3(P04)2 

TOTAL 

INERTS 

o. 
61217. 

5771. 
3530. 

0. 
o. 
0. 

7147. 
1378. 
3537. 

82580. 

"SECONO STAGE 

ORGANICS 

CAKE COMPONENTS, LB/DAY" 

25797. 
CAO 
CAC03 
i"GO 
l'G(OH)2 
FE203 
FC(Ol-')3 
SJ02 
ACID HISOL. 
CA3(P04)2 

TOTAL 

INERTS 

o. 
20327. 

4835. 
5109. 

0. 
0. 

919. 
460. 

!1847. 

69295. 

"SECOND STAGE CENTRATE RECYCLE CQMPONENTS,LB/DAY" 

ORGAl~JCS 

CAO 
CAC03 
i"GO 
t-'G(OH)2 
FE203 
FE(OH)3 
5!02 
ACID JNSOL. INERTS 
CA3(P04 )2 

TOTAL 

727G. 
0. 

205. 
537. 
568. 

0. 
0. 

28. 
108. 

1316. 

10039. 

"INCINERATION FURNACE WASTE ASH C:Ol'J'ONENTS,LB/DAY" 

O':~;,.,, res 
Cf\0 
CAC03 
rm 
t-'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID H60L. fNERTS 
CA3(P04 )2 

TOTAL 

o. 
0. 

18904. 
9148. 

0. 
0. 
0. 

901. 
l10 I. 

11137. 

40491. 

"INCINERATION fl,Rl'Ll\CE WET SCRUBBER WATER COMPONENTS,LB/DAY" 

ORGANICS 
CAO 
CAC03 
i"GO 
l'G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

o. 
o. 

1423. 
667. 

o. 
o. 
o. 

18. 
60. 

711. 

2879. 

"CLASS IF !ER REJECTS CO/o'PONENTS, LB/DAY" 

ORGANICS 
CAO 
CAC03 
M:;O 

1"G(OH)2 
FE203 
FE(OH)3 
SI02 
ACID INSOL. INERTS 
CA3(P04)2 

TOTAL 

0. 
1186. 

94. 
124. 

o. 
o. 
0. 

2245. 
105. 
159. 

3913. 

"RECOVERIES OF COl"PONENTS IN PROCESS STREAMS,FRACTION" 

FIRST :: RECALCINE "SECOND"INCINERATION" DRY 
STAGE STAGE 
CAKE FURl'Ll\CE CAKE FURl'l<\CE CLASSIFIER 

ORGANICS 0.41 0. 0.78 o. 0. 

CAO 0. 0.93 o. o. 0.98 

CAC03 0.86 0.93 0.99 0.93 0.98 

i"GO 0.30 0.92 0.90 0.92 0.97 

l'G(OH)2 0.30 0. 0.90 o. o. 

FE203 0. 18 0.95 0.75 0.95 0.86 

FE(OH)3 0. 18 o. 0.75 o. 0. 

SI02 0.91 0.98 0.97 0.98 0.76 

INERTS 0. 75 0.87 0.81 0.87 0.93 

CA3(P04)2 0 .23 0.94 0.90 0.94 0.96 

TOTAL 0.68 0.87 0.95 

PROGR/>M STOP AT 5050 

USED • 89 UNITS 
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