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PREFACE

The Resource Conservation and Recovery Act (RCRA) authorizes the United States
Environmental Protection Agency (EPA) to regulate owners/operators of facili-
ties that treat hazardous waste in incinerators. Pursuant to the legislative
mandates specified in RCRA, the EPA has proposed regulations to ensure that
hazardous waste incinerators are operated in an environmentally responsible
manner. Specifically, the proposed regulations include an operational per-
formance standard, general design and construction requirements, combustion
and destruction criteria, waste analysis, trial burns, monitoring and inspec-
tions, recordkeeping and reporting, emission control criteria, control of
fugitive emissions, and closure.

The proposed regulations rely upon the technical advisory information con-
tained in this document - Engineering Handbook for Hazardous Waste
Incineration. The proposed regulations provide very little specificity per-
taining to actual hazardous waste incineration performance requirements.
Permitting officials will develop best engineering judgments for each site
based primarily on suggested minimums or acceptable ranges for performance
parameters contained in this report. As a result, each permitting official
will set a '"standard" for each hazardous waste incineration facility based on
the application of the criteria or factors contained in the proposed regula-
tions and this document. 1In turn, each owner/operator, in preparing a permit
application, can determine what may be acceptable to the permitting official
by utilization of the Permit Writers Guidelines for Hazardous Waste
Incineration.
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CHAPTER 1

INTRODUCTION

Millions of tons of industrial waste materials are generated each year in the
United States. A sizable fraction of this waste is considered hazardous (an
estimated 57 million metric tons in 1980). 1In recent years, incineration has
emerged as an attractive potential alternative to hazardous waste disposal
methods such as landfill, ocean dumping, and deep-well injection.

Incineration possesses several advantages as a hazardous waste disposal
technology:

- Toxic components of hazardous wastes can be converted to harmless
compounds or, at least, to less harmful compounds.

- Incineration provides for the ultimate disposal of hazardous wastes,
eliminating the possibility of problems resurfacing in the future.

-~ The volume of hazardous waste is greatly reduced by incineration.

- Heat recovery makes it possible to recover some of the energy
produced by the combustion process.

It is likely that incineration will be a principal technology for the dis-
posal of hazardous waste in the future because of the above advantages.

This engineering handbook is a compilation of information available in the
literature and describes current state-of-the-art technology for the incin-
eration of hazardous waste. The handbook is designed to serve as a technical
resource document in the evaluation of hazardous waste incineration operations.
This document is intended to serve as a useful technical resource for Federal,
regional, and state EPA officials; designers of hazardous waste incineration
facilities, owners and operators of hazardous waste incineration facilities,
and the general technical community.

Each chapter in the handbook addresses a separate topic involved in hazardous
waste incineration. A brief abstract for each chapter is presented in
Table 1-1.

The user is encouraged to make use of the references cited in each chapter
if additional information is required.
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TABLE 1-1. ENGINEERING HANDBOOK FOR HAZARDOUS WASTE
INCINERATION - CHAPTERS AND THEIR CONTENT

Chapter

Abstract

1

Introduction

Describes the utility of the handbook and its structure, specifying
where various types of information are available.

Current Practices

Provides an overview of incineration systems for various types of
waste. Commercially available technology, emerging technology, and
foreign technology are included. The components of these systems
are described in detail, including air pollution control devices and
heat recovery systems. A matrix of the types of components appli-
cable to different generic types of waste is provided, along with a
list of U.S. incinerator manufacturers.

Waste Characterization

Describes the basic types of analysis required to characterize
wastes, and discusses how the resulting data are used to match a
waste to an appropriate type of incinerator. Hazardous wastes
listed under Section 3001 of the RCRA regulations are evaluated for
their suitability for incineration.

Incinerator and Air Pollution Control System Design Evaluation

Provides detailed information and procedures for evaluation of in-
cinerator and air pollution control device design and operating con-
ditions. Basically, this involves a series of internal consistency
checks designed to determine whether (1) acceptable temperatures,
residence times, oxygen concentrations, and mixing can be achieved
and maintained in the incinerator, (2) the various components of the
system have sufficient capacity to accommodate the quantities of
waste to be burned, (3) appropriate air pollution control device
operating conditions can be maintained, (4) the design includes
process control and automatic shutdown safeguards to minimize re-
lease of hazardous materials in the event of equipment malfunction,
and (5) proper materials of construction are used. Individual eval-
uation procedures are provided for liquid injection and rotary kiln
incinerators, and for several types of wet scrubbers.

(continued)

1-2



TABLE 1-1 (continued)

Chapter

Abstract

5

Appendices

Overall Facility Design, Operation, and Monitoring

Provides engineering background information on the technical capa-
bilities necessary for the incineration facility to process hazard-
ous waste safely and effectively. The chapter discusses overall
facility layouts; equipment requirements common to all facilities;
waste receiving equipment, procedures, and storage; personnel
safety; emergency procedures and provisions; monitoring procedures
and instrumentation; sampling and analysis equipment and methodolo-
gies; sources of fugitive emissions and their control; scrubber/
quench water handling and disposal; and ash collection systems.

Estimating Incineration Costs

Examines the economic factors involved in the construction of new
facilities and the operation of existing facilities. Capital costs
for incinerators and air pollution control devices are discussed.
The costs involved in changing incinerator operating conditions
(temperature, percent excess air, residence time) and the removal
efficiency of air pollution control devices are examined. The
costs involved in performing trial burns are also addressed in this
chapter.

Provide a subject index, glossary of terms, tables of conversion
factors, bibliography, and descriptions of equipment used for
laboratory-scale thermal chemical waste decomposition experiments.
The results of laboratory experiments and trial burn studies are
also summarized.
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CHAPTER 2

CURRENT PRACTICES

2.1 INTRODUCTION

Incineration has developed over a number of years as a means for disposal of a
wide variety of waste materials. Recently, applying incineration to hazardous
waste disposal has been given an increasing amount of attention as an alterna-
tive to more expensive and controversial treatment and disposal technologies.
Besides the economics involved, another advantage of incineration is that it
does not necessarily need to be carried out at land-based facilities. Ship-
board incineration is currently being studied and utilized in destruction of
dangerous chlorinated hydrocarbon wastes [1, 2].

The U.S. Environmental Protection Agency estimates that in 1979 only 5% of the
country's total hazardous waste stream was managed by incineration, yet 60% of
the total wastes could have been successfully destroyed using current incin-
erator technology [1, 2].

The EPA estimates further that in 1979 about 39 million short tons (35 million
metric tons) of hazardous wastes were generated in this country by some
270,000 industrial plants and other facilities. The majority of these wastes
(65%) were produced in ten states: Texas, Ohio, Pennsylvania, Louisiana,
Michigan, Indiana, Illinois, Tennessee, West Virginia, and California. It is
expected that the quantities of hazardous waste generated will increase annu-
ally by 3%. Based on these figures, incineration is becoming an increasingly
more important option in solving hazardous waste disposal problems [3, 4].

Incineration is an engineered process using thermal oxidation of a waste
material to produce a less bulky, toxic, or noxious material. A waste must be
combustible to some extent in order for incineration to be a viable disposal
method [5]. The 3 T's of combustion, temperature, residence time, and turb-
ulence, are crucial in controlling operating conditions. Table 2-1 summarizes
the typical ranges for temperature and residence time in six incineration
processes. Chapter 4 deals with turbulence and oxygen availability.

The waste characteristics are likewise important parameters, including chemi-
cal structure and physical form. Table 2-2 presents a summary of those phy-
sical forms suitable for each of the six types of incinerators. Table 2-3
lists candidate compounds for destruction by incineration.

This chapter outlines the basic variations of incinerator processes and illu-

strates the individual components and their applications. Included are six
types of incinerator technologies, along with pertinent air pollution control
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TABLE 2-1. PERTINENT INCINERATION PROCESSES AND THEIR TYPICAL
OPERATING RANGES [6]

Temperature
Process range, °F (°C)_ Residence time

Rotary kiln® 1,500 to 2,900 Liquids and gases, seconds;
(820 to 1,600) solids, hours

Liquid injection® 1,200 to 2,900
(650 to 1,600) 0.1 to 2 seconds

Fluidized bed 840 to 1,800 Liquids and gases, seconds;
(450 to 980) solids, longer

Multiple hearth Drying zone 0.25 to 1.5 hours
600 to 1,000
(320 to 540)
Incineration

1,400 to 1,800
(760 to 980)

Coincineration 300 to 2,900
(150 to 1,600) Seconds to hours

Starved air combustion/pyrolysis 900 to 1,500 Tenth of a second to
(480 to 820) several hours

%A highly developed hazardous waste incineration technology; covered in detail
in Chapter 4.
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TABLE 2-3. WASTE CHEMICAL STREAM CONSTITUENTS WHICH MAY BE SUBJECTED
TO ULTIMATE DISPOSAL BY CONTROLLED INCINERATION [7]

ORGANIC

Acetaldehyde

Acetic acid

Acetic anhydride

Acetone

Acetone cyanohydrin: oxides of nitrogen are removed from the effluent gas by
scrubbers and/or thermal devices.

Acetonitrile: oxides of nitrogen are removed from the effluent gas by scrub-
bers and/or thermal devices.

Acetyl chloride

Acetylene

Acridine: oxides of nitrogen are removed from the effluent gas by scrubber,
catalytic, or thermal device.

Acrolein: 1500°F, 0.5 sec minimum for primary combustion; 2000°F, 1.0 sec for
secondary combustion, combustion products CO, and H,0.

Acrylic acid

Acrylonitrile: NO_ removed from effluent gas by scrubbers and/or thermal
devices. X

Adipic acid

Allyl alcohol

Allyl chloride: 1800°F, 2 sec minimum.

Aminoethylethanolamine: incinerator is equipped with a scrubber or thermal
unit to reduce NO_ emissions.

Amyl acetate X

Amyl alcohol

Aniline: oxides of nitrogen are removed from the effluent gas by scrubber,
catalytic, or thermal device.

Anthracene

Benzene

Benzene sulfonic acid: incineration followed by scrubbing to remove the SO,
gas.

Benzoic acid

Benzyl chloride: 1500°F, 0.5 sec minimum for primary combustion; 2200°F,
1.0 sec for secondary combustion; elemental chlorine formation may be alle-
viated through injection of steam or methane into the combustion process.

Butadiene

Butane

Butanols

1-Butene

Butyl acrylate

n-Butylamine: incinerator is equipped with a scrubber or thermal unit to re-
duce NO_ emissions.

Butylenesx

Butyl phenol

Butyraldehyde

(continued)
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TABLE 2-3 (continued)

Camphor

Carbolic acid (phenol)

Carbon disulfide: a sulfur dioxide scrubber is necessary when combusting sig-
nificant quantities of carbon disulfide.

Carbon monoxide

Carbon tetrachloride: preferably after mixing with another combustible fuel;
care must be exercised to assure complete combustion to prevent the forma-
tion of phosgene; an acid scrubber is necessary to remove the halo acids
produced.

Chloral hydrate: same as carbon tetrachloride.

Chlorobenzene: same as carbon tetrachloride.

Chloroform: same as carbon tetrachloride.

Creosote

Cresol

Crotonaldehyde

Cumene

Cyanoacetic acid: oxides of nitrogen are removed from the effluent gas by
scrubbers and/or thermal devices.

Cyclohexane

Cyclohexanol

Cyclohexanone

Cyclohexylamine: incinerator is equipped with a scrubber or thermal unit to
reduce NO_ emissions.

Decyl alcoh81

Di-n-butyl phthalate

Dichlorobenzene: incineration, preferably after mixing with another combusti-
ble fuel; care must be exercised to assure complete combustion to prevent
the formation of phosgene. An acid scrubber is necessary to remove the halo
acids produced.

Dichlorodifluoromethane (freon): same as dichlorobenzene.

Dichloroethyl ether: same as dichlorobenzene.

Dichloromethane: (methylene chloride) same as dichlorobenzene.

1,2-Dichloropropane: same as dichlorobenzene.

Dichlorotetrafluoroethane: same as dichlorobenzene.

Dicyclopentadiene

Diethnolamine: incinerator is equipped with a scrubber or thermal unit to re-
duce Nox emissions.

Diethylamlne: same as diethanolamine.

Diethylene glycol

Diethyl ether: concentrated waste containing no peroxides; discharge liquid
at a controlled rate near a pilot flame. Concentrated waste containing
peroxides; perforation of a container of the waste from a safe distance fol-
lowed by open burning.

Diethyl phthalate

Diethylstilbestrol

Diisobutylene

Diisobutyl ketone

(continued)
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TABLE 2-3 (continued)

Diisopropanolamine: incinerator is equipped with a scrubber or thermal unit
to reduce NO_ emissions.

Dimethylamine:x same as diisopropanolamine.

Dimethyl sulfate: incineration (1800°F, 1.5 sec minimum) of dilute, neutral-
ized dimethyl sulfate waste is recommended. The incinerator must be equip-
ped with efficient scrubbing devices for oxides of sulfur.

2,4-Dinitroaniline: controlled incineration whereby oxides of nitrogen are
removed from the effluent gas by scrubber, catalytic, or thermal device.

Dinitrobenzol: incineration (1800°F, 2.0 sec minimum) followed by removal of
the oxides of nitrogen that are formed using scrubbers and/or catalytic or
thermal devices. The dilute wastes should be concentrated before incin-
eration.

Dinitrocresol: incineration (1100°F minimum) with adequate scrubbing and ash
disposal facilities.

Dinitrophenol: incinerated (1800°F, 2.0 sec minimum) with adequate scrubbing
equipment for the removal of NO_.

Dinitrotoluene: pretreatment invBlves contact of the dinitrotoluene contami-
nated waste with NaHCOz and solid combustibles followed by incineration in
an alkaline scrubber equipped incinerator unit.

Dioxane: concentrated waste containing no peroxides; discharge liquid at a
controlled rate near a pilot flame. Concentrated waste containing
peroxides: perforation of a container of the waste from a safe distance
followed by open burning.

Dipropylene glycol

Dodecylbenzene

Epichlorohydrin: incineration, preferably after mixing with another combus-
tible fuel. Care must be exercised to assure complete combustion to prevent
the formation of phosgene. An acid scrubber is necessary to remove the halo
acids produced.

Ethane

Ethanol

Etahnolamine: controlled incineration; incinerator is equipped with a scrub-
ber of thermal unit to reduce NOx emissions.

Ethyl acetate

Ethyl acrylate

Ethylamine: controlled incineration; incinerator is equipped with a scrubber
or thermal unit to reduce NOx emissions.

Ethylbenzene

Ethyl chloride: incineration, preferably after mixing with another combusti-
ble fuel. Care must be exercised to assure complete combustion to prevent
the formation of phosgene. An acid scrubber is necessary to remove the halo
acids produced.

Ethylene

Ethylene cyanohydrin: controlled incineration (oxides of nitrogen are removed
from the effluent gas by scrubbers and/or thermal devices).

Ethylenediamine: same as ethylene cyanohydrin.

(continued)



TABLE 2-3 (continued)

Ethylene dibromide: controlled incineration with adequate scrubbing and ash
disposal facilities.

Ethylene dichloride: incineration, preferably after mixing with another com-
bustible fuel; care must be exercised to assure complete combustion to pre-
vent the formation of phosgene. An acid scrubber is necessary to remove the
halo acids produced.

Ethylene glycol

Ethylene glycol monoethyl ether: concentrated waste containing no peroxides;
discharge liquid at a controlled rate near a pilot flame. Concentrated
waste containing peroxides; perforation of a container of the waste from a
safe distance followed by open burning.

Ethyl mercaptan: incineration (2000°F) followed by scrubbing with a caustic
solution.

Fatty acids

Formaldehyde

Formic acid

Furfural

Glycerin

n-Heptane

Hexamethylenediamine: incinerator is equipped with a scrubber or thermal unit
to reduce NOx emissions.

Hexane

Hydroquinone: incineration (1800°F, 2.0 sec minimum) then scrub to remove
harmful combustion products.

Isobutyl acetate

Isopentane

Isophorone

Isoprene

Isopropanol

Isopropyl acetate

Isopropylamine: controlled incineration (incinerator is equipped with a
scrubber or thermal unit to reduce NO_ emissions).

Isopropyl ether: concentrated waste cofitaining no peroxides; discharge liquid
at a controlled rate near a pilot flame. Concentrated waste containing
peroxides; perforation of a container of the waste from a safe distance fol-
lowed by open burning.

Maleic anhydride: controlled incineration; care must be taken that complete
oxidation to nontoxic products occurs.

Mercury compounds (organic): incineration followed by recovery/removal of
mercury from the gas stream.

Mesityl oxide

Methanol

Methyl acetate

Methyl acrylate

Methylamine: controlled incineration (incinerator is equipped with a scrubber
or thermal unit to reduce NO_ emissions).

Methyl amyl alcohol X

(continued)

2-7



TABLE 2-3 (continued)

n-Methylaniline: controlled incineration whereby oxides of nitrogen are
removed from the effluent gas by scrubber, catalytic or thermal device.

Methyl bromide: controlled incineration with adequate scrubbing and ash dis-
posal facilities.

Methyl chloride: same as methyl bromide.

Methyl chloroformate: incineration, preferably after mixing with another com-
bustible fuel; care must be exercised to assure complete combustion to pre-
vent the formation of phosgene. An acid scrubber is necessary to remove the
halo acids produced.

Methyl ethyl ketone

Methyl formate

Methyl isobutyl ketone

Methyl mercaptan: incineration followed by effective scrubbing of the efflu-
ent gas.

Methyl methacrylate monomer

Morpholine: controlled incineration (incinerator is equipped with a scrubber
or thermal unit to reduce NO_ emissions).

Naphtha X

Naphthalene

f-Naphthylamine: controlled incineration whereby oxides of nitrogen are
removed from the effluent gas by scrubber, catalyst or thermal device.

Nitroaniline: incineration (1800°F, 2.0 sec minimum) with scrubbing for
NO_ abatement.

Nitrobenzene: same as nitroaniline

Nitrocellulose: incinerator is equipped with scrubber for NO_ abatement.

Nitrochlorobenzene: incineration (1500°F, 0.5 sec for primar§ combustion;
2200°F, 1.0 sec for secondary combustion). The formation of elemental
chlorine can be prevented through injection of steam or methane into the
combustion process. NO_ may be abated through the use of thermal or cataly-
tic devices. X

Nitroethane: incineration, large quantities of material may require NOx
removal by catalytic or scrubbing processes.

Nitromethane: same as nitroethane.

Nitrophenol: controlled incineration; care must be taken to maintain complete
combustion at all times. Incineration of large quantities may require
scrubbers to control the emission of Nox.

Nitropropane: same as nitroethane.

4-Nitrotoluene: same as nitrophenol.

Nonyl phenol

Octyl alcohol

Oleic acid

Oxalic acid: pretreatment involves chemical reaction with limestone or calci-
um oxide forming calcium oxalate. This may then be incinerated utilizing
particulate collection equipment to collect calcium oxide for recycling.

Paraformaldehyde

Pentachlorophenol: incineration (600° to 900°C) coupled with adequate scrub-
bing and ash disposal facilities.

(continued)



TABLE 2-3 (continued)

n-Pentane

Perchloroethylene: incineration, preferably after mixing with another combus-
tible fuel; care must be exercised to assure complete combustion to prevent
the formation of phosgene. An acid scrubber is necessary to remove the halo
acids produced.

Phenylhydrazine hydrochloride: controlled incineration whereby oxides of ni-
trogen are removed from the effluent gas by scrubber, catalytic, or thermal
device.

Phthalic anhydride

Polychlorinated biphenyls (PCB's): incineration (3000°F) with scrubbing to
remove any chlorine containing products.

Polypropylene glycol methyl ether: concentrated waste containing no perox-
ides; discharge liquid at a controlled rate near a pilot flame. Concentra-
ted waste containing peroxides; perforation of a container of the waste from
a safe distance followed by open burning.

Polyvinyl chloride: incineration, preferably after mixing with another com-
bustible fuel; care must be exercised to assure complete combustion to pre-
vent the formation of phosgene. An acid scrubber is necessary to remove the
halo acids produced.

Propane

Propionaldehyde

Propionic acid

Propyl acetate

Propyl alcohol

Propylamine: controlled incineration (incinerator is equipped with a scrubber
or thermal unit to reduce NOx emissions).

Propylene

Propylene oxide: concentrated waste containing no peroxides; discharge liquid
at a controlled rate near a pilot flame. Concentrated waste containing
peroxides; perforation of a container of the waste from a safe distance fol-
lowed by open burning.

Pyridine: controlled incineration whereby oxides of nitrogen are removed from
the effluent gas by scrubber, catalytic, or thermal devices.

Quinone: controlled incineration (1800°F, 2.0 sec minimum).

Salicylic acid

Sorbitol

Styrene

Tetrachloroethane: incineration, preferably after mixig with another combus-
tible fuel; care must be exercised to assure complete combustion to prevent
the formation of phosgene. An acid scrubber is necessary to remove the halo
acids produced. .

Tetraethyllead: controlled incineration with scrubbing for collection of lead
oxides which may be recycled or landfilled.

Tetrahydrofuran: concentrated waste containing peroxides; perforation of a
container of the waste from a safe distance followed by open burning.

Tetrapiropylene

Toluene

(continued)
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TABLE 2-3 (continued)

Toluene diisocyanate: controlled incineration (oxides of nitrogen are re-
moved from the effluent gas by scrubbers and/or thermal devices).

Toluidine: same as toluene diisocyanate.

Trichlorobenzene: incineration, preferably after mixing with another com-
bustible fuel; care must be exercised to assure complete combustion to pre-
vent the formation of phosgene. An acid scrubber is necessary to remove the
halo acids produced.

Trichloroethane: same as trichlorobenzene.

Trichloroethylene: same as trichlorobenzene.

Trichlorofluoromethane: same as trichlorobenzene.

Triethanolamine: controlled incineration (incinerator is equipped with a
scrubber or thermal unit to reduce NO_ emissions).

Triethylamine: same as triethanolamine™

Triethylene glycol

Triethylene tetramine: same as triethanolamine.

Turpentine

Urea: same as triethanolamine.

Vinyl acetate

Vinyl chloride: incineration, preferably after mixing with another combusti-
ble fuel; care must be taken to assure complete combustion to prevent the
formation of phosgene. An acid scrubber is necessary to remove the halo
acids produced.

Xylene

INORGANIC

Inorganic chemicals which may be disposed of (after indicated pretreatment in
some cases) by controlled incineration are:

Boron hydrides: with agueous scrubbing of exhaust gases to remove B,03; par-
ticulates.

Fluorine: pretreatment involves reaction with a charcoal bed. The product
of the reaction is carbon tetrafluoride which is usually vented. Residual
fluorine can be combusted by means of a fluorine-hydrocarbon air burner fol-
lowed by a caustic scrubber and stack.

Hydrazine: controlled incineration with facilities for effluent scrubbing to
abate any ammonia formed in the combustion process.

Hydrazine/hydrazine azide: the blends should be diluted with water and
sprayed into an incinerator equipped with a scrubber.

Mercuric chloride: incineration followed by recovery/removal of mercury from
the gas stream.

Mercuric nitrate: same as mercuric chloride.

Mercuric sulfate: same as mercuric chloride.

Phosphorus (white or yellow): controlled incineration followed by alkaline
scrubbing and particulate removal equipment.

(continued)
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TABLE 2-3 (continued)

Sodium azide: Disposal may be accomplished by reaction with sulfuric acid
solution and sodium nitrate in a hard rubber vessel. Nitrogen dioxide is
generated by this reaction and the gas is run through a scrubber before it
is released to the atmosphere. Controlled incineration is also acceptable
(after mixing with other combustible wastes) with adequate scrubbing and ash
disposal facilities.

Sodium formate: pretreatment involves conversion to formic acid followed by
controlled incineration.

Sodium oxalate: pretreatment involves conversion to oxalic acid followed by
controlled incineration.

Sodium-potassium alloy: controlled incineration with subsequent effluent
scrubbing.

devices, and heat recovery techniques. Foreign technological advances are
studied, followed by a listing of manufacturers of incinerator systems and
components.

2.2 GENERIC INCINERATION PROCESSES

Incineration of hazardous wastes is an engineered process, with waste destruc-
tion being the ultimate goal. As previously stated, a waste's chemical makeup
and physical form are important parameters, particularly in selecting the
proper incineration process. A system has been devised to classify industrial
wastes into five physical forms/combinations as shown in Table 2-4. The
system also takes into account the waste's chemical makeup by noting pollu-
tants in the resulting off-gases. This section includes ten processes,
corresponding to the numbers in the last column, which are appropriate for
thermal destruction of the listed wastes. These wastes are not characteristic
of all possible hazardous waste combinations, but the intent of this section
is only to present process options. Section 2.3 will look at each process
component in more detail and include more complete waste applications [8].

2.2.1 Incineration of Gaseous or Liquid Waste With No Appreciable SO_ or NO
Production = s

Figure 2-1 contains four diagrams, one for each of the four configurations of
a process to dispose of either a gaseous or liquid waste which produces a flue
gas containing acceptable amounts of SO_ and/or NO_. Configuration 2-1.1 is
simply an incinerator which is suppliedxwith waste? fuel, and combustion air.
Fuel is required when the waste's combustion energy is insufficient (endo-
thermic) to produce a design operating temperature. An exothermic waste only
requires fuel for pilot start-up. A highly exothermic waste requires a cool-
ing medium such as excess air, steam, or water for temperature control.

Configuration 2-1.2 is an incinerator fitted with a heat recovery boiler. The

boiler, with economizer, can recover approximately 70% of the heat energy
supplied to the incinerator by the waste and fuel.
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TABLE 2-4. INDUSTRIAL WASTE AND POLLUTION PROCESS [8]

Classification Industrial waste Pollutant Confiquration number

Gas Asphalt fumes ° 2-1.1, 2-1.2, 2-1.3, 2-1.4
Chloroform Cl,/HC1 2-2.1, 2-2.2
Hydrocarbon fume 2-1.1, 2-1.2, 2-1.3, 2-1.4
HCN H, NO_ 2-3.0
H,S vents SOx 2-2.1, 2-2.2
Methyl chloride CL5/HC1 2-2.1, 2-2.2
NHj NOx 2-3.0
NO NO 2-3.0
Ph8sgene cl3/HCl 2-2.1, 2-2.2
Tail gas 2-1.1, 2-1.2, 2-1.3, 2-1.4
VCM~ vents Cl,/HC1 2-2.1, 2-2.2
Gas/solid Air/maleic anhydride 2-1.1, 2-1.2, 2-1.4
Air/phthalic anhydride 2-1.1, 2-1.2, 2-1.4
Air/polyethylene 2-6.1, 2-6.2, 2-6.3
CO H,/C 2-6.1, 2-6.2, 2-6.3
CO Hy/C ash Particulate 2-7.1, 2-7.2
Hydrocarbon/C ash Particulate 2-7.1, 2-7.2
Propene/Al,03 Particulate 2-5.1, 2-5.2, 2-5.3
Liquid Acrylonitrile NOx 2-3.0
Carbon tetrachloride Cly/HCl 2-2.1, 2-2.2
Chloroamine Cl,/HC1, NO 2-4.0
Herbicides Cly/Hcl ¥ 2-2.1, 2-2.2
Hexachlorobenzene Cl,/HC1 2-2.1, 2-2.2
Hydrazine NOx 2-3.0
H,0 creosote 2-1.1, 2-1.2, 2-1.4
Ho0 isocynates 2-1.1, 2-1.2, 2-1.4
Nitrosamine NO 2-3.0
Organic acids X 2-1.1, 2-1.2, 2-1.4
Pesticides Cl,/HC1 2-2.1, 2-2.2
PCB Cl,/HC1 2-2.1, 2-2.2
Pyr%dine NOx 2-3.0
VCM Cl5/HC1 2-2.1, 2-2.2
High N, crude Nox 2-10.0
Liquid/solid APPAb solvent/catalyst Particulate 2-5.1, 2-5.2, 2-5.3
Biosludge Particulate 2-5.1, 2-5.2, 2-5.3
Dye solution Particulate 2-5.1, 2-5.2, 2-5.3
Melamine slurry NO 2-8.0
Phosphorous sludge H3§04 2-5.1
Salg solution Particulate 2-5.1, 2-5.2, 2-5.3
TPA™ /catalyst Particulate 2-5.1, 2-5.2, 2-5.3
Polypropylene/catalyst Particulate 2-5.1, 2-5.2, 2-5.3
Solids APPAb/catalyst Particulate 2-9.0
Coal fines Particulate 2-7.1, 2-7.2
Coke fines Particulate 2-7.1, 2-7.2
DNT cellulose NO 2-8.0
Polyethylene X 2-6.1, 2-6.2, 2-6.3
Sodium organic salts Particulate 2-7.1, 2-7.2
Wood chips Particulate 2-7.1, 2-7.2

aVinyl chloride monomer
P0,0-Dimethyl-phthalimidiomethyl-dithiophosphate.
“Phorbol acetate, myristate.

2-12



WASTE EXAMPLE PRODUCTS OF OXIDATION
GAS TAIL GAS FLUE GAS, NOy, SOy
LiouID ORGANIC ACID FLUE GAS, NO,

FLUE GAS

WASTE ™ incn
AIR | ERATOR
¥
FUEL

=5

CONFIGURATION 2-1.1

FLUE GAS
s
STEAM I
WASTE—¥ now | LE C
AIR—®{ERATOR K
FUEL

CONFIGURATION 2-1.2

FLUE GAS

E INCIN HEAT

AIR -9 ERATOR EXCHANGER

¥
FUEL WASTE (GAS)

CONFIGURATION 2-1.3

%> =]

FLUE GAS
» STEAM §
i ¢ A
INCIN- HEAY n C
WASTE ERATOR EXCHANGER LE K
FUEL AIR

CONFIGURATION 2-1.4

Figure 2-1. Incineration process configurations for disposal of gaseous
or liquid waste with no appreciable SOx or NOx production.
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Configuration 2-1.3 is an incinerator fitted with a gas-to-gas heat exchanger.
In the heat exchanger the flue gas is cooled and the waste gas heated.

Configuration 2-1.4 is an incinerator fitted with a gas-to-gas heat exchanger
and a heat recovery boiler. The preheater heats the incoming combustion air
and the boiler extracts the heat available in the flue gas from exchanger

outlet temperature. This configuration offers flexibility in the amount of
steam produced versus fuel usage.

2.2.2 Incineration of Gaseous Liquid Waste to Control SOx or Cl,/HC1

Figure 2-2 contains two block diagrams, one for each of the two configurations
of a process to dispose of either a gas or liquid waste which produces flue
gas containing excessive amounts of SOx or Cl,/HCl.

WASTE EXAMPLE PRODUCTS OF OXIDATION
GAS YCM FG NO,, Ci./HCI
LIQUID [a=.) FG NO; Cl./HQ
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PESTICIDES FG NOy. CL,/HCI

.
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Figure 2-2. Incineration process configuration for disposal of gaseous
or liquid waste with control of excessive SOx or Cl,/HCL.
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Configuration 2-2.1 consists of an incinerator, a quench section which cools
the flue gas to its saturation temperature by directly contacting it with
water, two adiabatic absorbers which remove inorganic acids and chlorine and
an unlined (no refractory) vent stack.

Water is used in the first absorber to remove a majority of the HCl from the
flue gas. The remaining HCl and virtually all the entering Cl, leaves the
absorber with the flue gas. A second absorber with caustic is used when
either the Cl, or HCl in this stream exceed allowable levels. This occurs
when excessive Cl, is formed in the incinerator, or when the first absorber is
used to make strong HCI.

Configuration 2-2.1 consists of an incinerator, a heat recovery boiler which
produces steam in cooling the flue gas, two adiabatic absorbers, the first
being fitted with a lower section of ceramic packing which cools the flue gas
to saturation temperature prior to its entry into the acid absorption section.
A second absorber for residual HCl and Cl, removal and an unlined vent stack
follow.

Note that cool flue gas (recycle gas) is recycled to the incinerator for
control of operating temperature when the waste is highly exothermic.

2.2.3 1Incineration of Gaseous or Liquid Wastes to Control NOA

Figure 2-3 is a block diagram of a two stage combustion process to dispose of
either a gas or liquid that, when oxidized (one stage process), produces a
flue gas containing excessive amounts of NO_. It consists of a reduction
furnace in which a high temperature reducing environment (less than stoichio-
metric air) converts the fuel into H,, Hy0, CO,, and CO which converts the NO
present into Ny, quench section which cools the water gas by directly contact=
ing it with cool recycle gas, an incinerator which converts the H, to H,0 and
CO to CO,, heat recovery boiler which produces steam in cooling the flue gas,
and an unlined vent stack. Recycle gas cooling in lieu of air, steam, or water
is an integral part of this process to minimize NOx formation and maximize
heat recovery.

2.2.4 1Incineration of Gaseous or Liquid Waste to Control NO_ and Cl,/HCl
&

Figure 2-4 is a block diagram of a process to dispose of either a gas or

liquid that produces a flue gas containing Cl,/HCl and excessive amounts of
Nox' It consists of a reduction furnace in which a high temperature reducing
envVironment converts NOx into N,, the Cl, into HCl, and fuel into water gas; a
quench station which cools the water gas by directly contacting it with recycle
gas; an incinerator which converts the H, to H;0, CO to CO, and allows the HCl
to come to equilibrium producing Cl,/HCl; a heat recovery boiler which produces
steam in cooling the flue gas; an adiabatic absorber, fitted with a lower
section of ceramic packing which cools flue gas to saturation temperature

pPrior to its entry into the acid absorption section which removes the inorganic
acids; and an unlined vent stack. Recycle gas cooling is an integral part of
this process to minimize NOx formation and maximize heat recovery.
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Figure 2-3. Two stage combustion process for disposal of gaseous

or liquid waste with control of excessive NOX.
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Figure 2-4. Incineration process for disposal of gaseous or liquid

waste with control of excessive NOX and Cly/HCL.
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2.2.5 1Incineration of Gaseous or Liquid Waste to Control Particulates

Figure 2-5 is three block diagrams, one for each of three configurations of a
process to dispose of either a gaseous or liquid waste which produces flue gas
containing excessive amounts of particulate matter.

Configuration 2-5.1 consists of an incinerator, a quench section which cools
the flue gas to its saturation temperature by directly contacting it with
water, a venturi scrubber which removes the particulate matter, and a vent
stack.

Configuration 2-5.2 consists of an incinerator; a conditioning tower which
cools the flue gas to either 600°F or 350°F depending upon the dry particulate
removal system selected, by directly contacting it with water; either an
electrostatic precipitator or bag house for particulate removal; and an unlined
vent stack.

Configuration 2-5.3 consists of an incinerator; a conditioning tower, fitted
with a Salt Master, which lowers the flue gas to below salt fusion temperature
by directly contacting it with recycle gas; a heat recovery boiler which
produces steam in cooling the flue gas; either an electrostatic precipitator
or bag house for particulate removal; and an unlined vent stack. The Salt
Master removes salt from the bottom of the conditioning tower before it can
build up to the level sealing the inlet duct to the boiler. This would cause
high system pressure drop causing system shutdown. Note, recycle gas may be
used for cooling to maximize heat recovery.

2.2.6 Incineration of Solid Waste with no Appreciable SO or NO Production
229 ;S

Figure 2-6 is three block diagrams, one for each of three configurations of a
process to dispose of a waste containing combustible fine solids (less than
500 p) which produces flue gas containing acceptable amounts of SOx and/or
NOx.

Configuration 2-6.1 consists of a cyclonic incinerator in which a high radial
gas velocity causes the denser solid particles to be preferentially "slung" to
the wall, thus markedly increasing their retention time, and a refractory
lined stack.

Configuration 2-6.2 consists of a cyclonic incinerator fitted with a heat
recovery boiler which produces steam in lowering the flue gas temperature, and
an unlined vent stack.

Configuration 2-6.3 consists of a cyclonic incinerator, fitted with a gas-to-
gas heat exchanger, which heats the incoming combustion air, and a heat recov-
ery boiler which recovers the heat available in the flue gas, and an unlined
vent stack. This configuration offers flexibility in the amount of steam
produced versus fuel usage.
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LIaUID/SOUD NACI SOLUTION FG. NO, PARTICULATE
POLYPROPYLENE/CATALYST £G. NO;. PARTICULATE

o o ———* Fluraas

i i "

waste ———  INCIN 190°¢ /

am ——= ERATOR —  ouesce *Lﬁl:_‘_‘f
L2

FUEL BALT SOLN
OR SUSPENSION

zOwan

CONFIGURATION 2-5.1

WASTE CATEGORY EXAMPLE PRODUCTS OF OXIDATION
UQUID/SOUD NACL SOLUTION FG, NO;, PARTICULATE
POLYPROPYLENE/CATALYST FG, NO;, PARTICULATE
"o ey e FLUC GAS
4 ]
wasTe INCIN H
. ERATOR|—] CONOITOmmO | OnY paLY i
1 . :
300"y 840
nouUss
ony ALy
CONFIGURATION 2-5.2

WASTE CATEGORY EXAMPLE PRODUCTS OF OXIDATION
/! D NACI SOLUTION FG. PARTICULATE
Liouib/sou POLYPROPYL ENE /CATALYST FG, 3;‘ PRARTICULATE

————
waste ——= INCIN-
am ——®ERATOR

CONFIGURATION 2-5.3

Figure 2-5. Incineration process configurations for disposal of gaseous or
liquid waste with control of excessive particulate matter.
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Figure 2-6. Incineration process configurations for disposal of fine
combustible solid waste with no appreciable SO_ or NO
production. X X
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2.2.7 1Incineration of Fine Solids in Gaseous Waste to Control Particulates

Figure 2-7 consists of two block diagrams, one for each of two configurations
of a process to dispose of a gaseous waste containing a combustible fine solid
(less than 500 p), which produces flue gas containing acceptable amounts of

SOx and/or NOx and excessive amounts of particulate.
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Figure 2-7. Incineration process configurations for disposal of gaseous waste

containing fine solid particles with control of particulates.
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Configuration 2-7.1 consists of a cyclonic incinerator and either a quench
column, which by directly contacting the flue gas with water, cools it to its
saturation temperature, and a venturi scrubber which removes the particulate
matter, or a conditioning tower which by directly contacting the flue gas with
recycle gas cools it, depending on the dry particulate removal system selected,
and either an electrostatic precipitator or bag house for particulate removal,
and an unlined vent stack.

Configuration 2-7.2 consists of a cyclonic incinerator, a hot cyclone for
large particulate removal and/or conditioning tower which by directly
contacting the flue gas with recycle gas cools it to below ash fusion tempera-
ture, a heat recovery boiler which produces steam in cooling the flue gas,
either an electrostatic precipitator or bag house for particulate removal, and
an unlined vent stack. Recycle gas may be used for cooling to maximize heat
recovery.

2.2.8 Incineration of Fine Solid Waste to Control NOA

Figure 2-8 is a block diagram of a process to dispose of a waste that contains
combustible solids in the size range of 10 to 500 p that produces a flue gas
containing excessive amount of NO_. It consists of a cyclonic reduction
furnace in which a high radial vefocity, high temperature reducing environment
(less than stoichiometric air) converts the bound nitrogen into N, and the
fuel into water gas, a quench section which cools the water gas, and an incin-
erator which coverts the H, to H,0 and CO to CO,, a heat recovery boiler which
produces steam in cooling the flue gas and an unlined vent stack. Recycle gas
cooling, (not air, steam, or water) is an integral part of the process to
minimize Nox formation and maximize heat recovery.
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Figure 2-8. Incineration process for disposal of fine solid waste
without control of NOX.
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2.2.9 Incineration of Solid Waste to Control Particulates

Figure 2-9 is a block diagram of a process to dispose of plastic chunks con-
taining catalyst which produces flue gas containing excessive amounts of
particulate. It consists of a reduction furnace which burns the waste in a
pool on the furnace floor in a reducing environment producing a moderate Btu
gas; an incinerator; a conditioning tower which, by directly contacting the
flue gas with recycle gas, cools it to below salt fusion temperature; a heat
recovery boiler which produces steam in cooling the flue gas; either an elec-
trostatic precipitator or bag house for particulate removal; and an unlined
vent stack. Recycle gas may be used for cooling to maximize heat recovery.
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Figure 2-9. 1Incineration process for disposal of solid plastic waste
containing catalyst with control of particulates.

2.2.10 Incineration of High Nitrogen Crude to Control NOx

Figure 2-10 is a block diagram of a two stage combustion process to burn a
high nitrogen crude that, when oxidized (one stage), produces a flue gas
containing excessive amounts of NOX.

FLUE GAS
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v A
WASTE o[ CYCLONIC .
REDUCTION - QUENCH INCINERATORF——| BOI LER X
AIR FURNACE
1 !
FUEL RECYCLE GAS
P .
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co
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N2

Figure 2-10. Two-stage combustion process for disposal of high
nitrogen crude with control of Nox.
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This process is similar in concept to process three. It consists of a reduc-
tion boiler, substituting for process three's reduction furnace, in which a
high temperature reducing (less than stoichiometric air) converts the high
nitrogen crude into Hy, Hy0, CO,, and CO which limits the formation of NO_ and
reduces any formed NO_ into N,, a smaller quench section than process three
which cools the waterxgas by directly contacting it with cool recycle gas, an
incinerator which converts the H, to HyO and CO to CO,, convection boiler
which produces steam in cooling the flue gas, and an unlined vent stack.
Recycle gas cooling (in lieu of air, steam, or water) is an integral part of
this process to minimize NOx formation and maximize heat recovery.

2.3 INCINERATOR SYSTEM COMPONENTS

This section deals with the individual components introduced in the previous
sections. Commercially available and emerging incineration technologies are
examined, as well as pertinent air pollution control devices and heat recovery
techniques. An accompanying matrix (Table 2-5) integrating particular waste
types with these various components is presented at the end of Section 2.3.

2.3.1 Commercially Available Incineration Technologies

Five technologies will be studied in this subsection, with emphasis given to
two major hazardous waste destruction techniques, rotary kiln and liquid
injection incineration. The less frequently used techniques are fluidized bed
and multiple hearth incinerators, along with the fifth technique, coincinera-
tion, usually involving a variation of rotary kiln or multiple hearth
applications. Each technology is described, illustrated, and discussed as to
its advantages, disadvantages, and applications.

2.3.1.1 Rotary Kiln [6, 7, 9-14]--
Operation -

Rotary kiln incinerators are generally refractory-lined cylindrical shells
mounted at a slight incline from the horizontal plane. The speed of rotation
may be used to control the residence time and mixing with combustion air.

They are generally used by industry, the military, and municipalities to
degrade solid and liquid combustible wastes, but combustible gases may also be
oxidized. Recently, rotary kiln incinerators have been used to successfully
dispose of obsolete chemical warfare agents and munitions. Figure 2-11 is a
schematic of what a general rotary kiln system involves [7, 9]. This sche-
matic is typical of most rotary kilns, including small portable units cur-
rently being used in hazardous waste disposal site restoration and demilitari-
zation projects.

Two types of rotary kilns are currently being manufactured in the U.S. today,
cocurrent (burner at the front end with waste feed) and countercurrent (burner
at the back end). For a waste which easily sustains combustion, the position-
ing of the burner is arbitrary from an incineration standpoint; both types
will destroy a waste. However, for a waste having low combustibility (such as
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Figure 2-11. Rotary kiln incinerator schematic.

a high water volume sludge), the countercurrent design offers the advantage of
controlling temperature at both ends, which all but eliminates problems such
as overheating the refractory lining. The countercurrent flow technique has
been reputed to carry excessive ash over into the air pollution control system
due to the associated higher velocities involved, however, this condition also
increases the turbulence during combustion which is generally a desirable
factor*.

Optimal length to diameter (L/D) ratios have ranged from 2 to 10, and rota-
tional speeds of 1 to 5 FPM at the kiln periphery are common, depending on the
nature of the waste. Residence times vary from a few seconds for a highly
combustible gas, to a few hours for a low combustible solid waste. A typical
feed capacity range is 600 kg/hr to 2,000 kg/hr for solids, and 630 L/hr to
2250 L/hr for liquids at temperatures ranging from 800°C to 1600°C. Since
rotary kilns are normally totally refractory-lined and have no exposed metal-
lic parts, they may operate at high incineration temperatures while experienc-
ing minimal corrosion effects. Solid wastes, sometimes packed in fiber drums,
are generally fed to the kiln by conveyor. Liquids and sludges are pumped in,
with liquids usually being strained, then atomized with steam or air. The
kiln and liquid burner are equipped with natural gas ignitors and gas burners
for initial refractory heating, flame stability, and supplemental heat if
necessary [7, 9].

Afterburners are commonly used to ensure complete combustion of flue gases
prior to treatment for air pollutants. Resource recovery (depending on the
waste) and heat recovery are also common practices as initial steps to treat-
ment of flue gases.

Types of Wastes -

Numerous hazardous wastes which previously were disposed of in potentially
harmful manners (ocean dumping, landfilling and deep-well injection) are cur-
rently being safely and economically destroyed using rotary kiln incinerators

*Per phone call to Will Kepner of Bartlett-Snow, Chicago, Illinois.
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combined with proper flue gas handling. 1Included in this list of primarily
toxic wastes are polyvinyl chloride wastes, PCB wastes from capacitors, obso-
lete munitions, and obsolete chemical warfare agents such as GB, VX, and
mustard. Beyond these specific wastes, the rotary kiln incinerator is gen-
erally applicable to the destruction and ultimate disposal of any form of
hazardous waste material which is combustible at all. Table 2-5, at the end
of this section, helps illustrate this fact. Unlikely candidates are non-
combustibles such as heavy metals, high moisture content wastes, inert mater-
ials, inorganic salts, and the general group of materials having a high
inorganic content.

Advantages -

(1) Will incinerate a wide variety of liquid and solid hazardous wastes.
(2) Will incinerate materials passing through a melt phase.
(3) Capable of receiving liquids and solids independently or in combination.
(4) Feed capability for drums and bulk containers.
(5) Adaptable to wide variety of feed mechanism designs.
(6) Characterized by high turbulence and air exposure of solid wastes.
(7) Continuous ash removal which does not interfere with the waste oxidation.
(8) No moving parts inside the kiln (except when chains are added).
(9) Adaptable for use with a wet gas scrubbing system.
(10) The retention or residence time of the nonvolatile component can be con-
trolled by adjusting the rotational speed.
(11) The waste can be fed directly into the kiln without any preparation such
as preheating, mixing, etc.

(12) Rotary kilns can be operated at temperatures in excess of 2,500°F (1,400°C),

making them well suited for the destruction of toxic compounds that are
difficult to thermally degrade.

(13) The rotational speed control of the kiln also allows a turndown ratio
(maximum to minimum operating range) of about 50%.

Disadvantages -~

(1) High capital cost for installation.
(2) Operating care necessary to prevent refractory damage; thermal shock is a
particularly damaging event.
(3) Airborne particles may be carried out of kiln before complete combustion.
(4) Spherical or cylindrical items may roll through kiln before complete
combustion.
(5) The rotary kiln frequently requires additional makeup air due to air
leakage via the kiln end seals.
(6) Drying or ignition grates, if used prior to the rotary kiln, can cause
problems with melt plugging of grates and grate mechanisms.
(7) High particulate loadings.
(8) Relatively low thermal efficiency.
(9) Problems in maintaining seals at either end of the kiln are a significant
operating difficulty.
(10) Drying of aqueous sludge wastes or melting of some solid wastes can
result in clinker or ring formation on refractory walls.
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2.3.1.2 Liquid Injection [3, 5, 6, 10, 11, 13-15]--
Operation -

Liquid injection incinerators are currently the most commonly used incinerator
for hazardous waste disposal. A wide variety of units is marketed today, with
the 2 major types being horizontally- and vertically-fired units. A less
common unit is the tangentially-fired vortex combustor; all three of these
units are schematically represented in Figures 2-12 through 2-14. As the name
implies, the liquid injection incinerator is confined to hazardous liquids,
slurries and sludges with a viscosity value of 10,000 SSU* or less [7]. The
reason for this limitation being that a liquid waste must be converted to a
gas prior to combustion. This change is brought about in the combustion
chamber, and is generally expedited by increasing the waste surface area
through atomization. An ideal size droplet is about 40 p or less, and is
attainable mechanically using rotary cup or pressure atomization, or via
gas-fluid nozzles and high pressure air or steam.

The key to efficient destruction of liquid hazardous wastes lies in minimizing
unevaporated droplets and unreacted vapors. Just as for the rotary kiln,
temperature, residence time, and turbulence may be optimized to increase
destruction efficiencies. Typical combustion chamber residence time and
temperature ranges are 0.5 to 2 seconds and 700°C to 1650°C, respectively.
Liquid injection incinerators are variable dimensionally, and have feed rates
up to 5,600 L/hr.

The combustion chamber is a refractory-lined cylinder. Burners are normally
located in the chamber in such a manner that the flames do not impinge on the
refractory walls. The combustion chamber wall can be actively cooled by
process air prior to its entry into the combustion zone, thus preheating the
air to between 150°C and 370°C

Liquid waste fuel is transferred from drums into a feed tank. The tank is
pressurized with nitrogen, and waste is fed to the incinerator using a remote
control valve and a compatible flowmeter. The fuel line is purged with Ny
after use. A recirculation system is used to mix the tank contents [17].
Normally a gas (for example, propane) preheats the incinerator system to an
equilibrium temperature of approximately 815°C before introduction of the
waste liquid.

Of the three types of units discussed earlier, the horizontal and vertical are
basically similar in operating conditions. The tangentially-fired unit is
known to have a much higher heat release and generally superior mixing than
the previous two units, making it more attractive for disposal of high water
content wastes and less combustible materials. However, these conditions lend
to increased deterioration of the refractory lining from thermal effects and
erosion [7].

*To obtain the Saybolt universal viscosity equivalent to a kinematic viscosity
determined at t°F, multiply the equivalent Saybolt universal viscosity at
100°F by 1 + (t - 100) 0.000064; e.g., 10 centistokes at 210°F are equivalent
to 58.8 x 1.0070, or 59.2 SSU at 210°F. (Handbook of Chemistry and Physics,
45th edition).
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Figure 2-13. Vertically-fired liquid injection incinerator schematic [7].
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Figure 2-14. Tangentially-fired vortex combustor liquid
injection incinerator schematic [7].

Types of Wastes -

Liquid injection incinerators are capable of handling any combustible liquid
hazardous waste with the viscosity constraints previously mentioned. They have
been widely used in industry for a broad range of liquid wastes, as shown in
Table 2-5 (at the end of Section 2.3). 1In the case of the rotary kiln inciner-
ator, wastes which are unlikely candidates for destruction are noncombustibles
such as heavy metals, high moisture content wastes, inert materials, inorganic
salts, and the general group of materials having high inorganic content.

Advantages -

(1) capable of incinerating a wide range of liquid hazardous wastes.

(2) No continuous ash removal system is required other than for air pollution
control.

(3) Capable of a fairly high turndown ratio.

(4) Fast temperature response to changes in the waste fuel flowrate.

(5) Virtually no moving parts.

(6) Low maintenance costs.

Disadvantages -

(1) Only wastes which can be atomized through a burner nozzle can be
incinerated. -

(2) Heat content of waste burned must maintain adequate ignition and incin-
eration temperatures or a supplemental fuel must be provided.

(3) Burners susceptible to pluggage (burners are designed to accept a certain
particle size; therefore, particle size is a critical parameter for
successful operation).

(4) Burner may or may not be able to accept a material which dries and cakes
as it passes through the nozzles.
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2.3.1.3 Fluidized Bed [6, 10, 11, 13-15, 17, 18]--

Operation -

Fluidized bed incinerators are vessels containing a bed of inert granular
material, usually sand, which is kept at temperatures in a range from 450 to
850°C. Fluidizing air is passed through a distributor plate below the bed and
agitates the heated granular material. Hazardous waste material and auxil-
liary fuel are injected radially in proportionately small amounts and mixed
with the bed material which transfers heat to the waste. The waste in turn
combusts and returns energy to the bed [7].

This process is pictured in Figure 2-15, which represents a typical fluidized
bed incinerator. The reactor vessel is commonly about 7-8 meters in diameter
and 10 meters high. Bed depths are typically*1l meter while at rest, and

2 meters during operation. Variations in the depth affect both residence time
and pressure drop, resulting in a compromised depth which optimizes residence
time and excess air to ensure complete combustion [18].

—
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SAND BED ~— WASTE INJECTION
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ASH REMOVAL

Figure 2-15. Typical fluidized bed incinerator schematic.

Bed temperatures are restricted by the softening point of the bed medium,
which is about 900°C for sand. These high temperatures allow for reaction of
gaseous wastes and combustion gases above the bed as well. Gas velocities in
the bed are generally maintained near 2 meters per second. The gas velocity
is constrained by the terminal velocity, and thus particle size. Too high a
velocity results in bed attrition and heavy particulate loading of the flue
gas, while a lower velocity reduces pressure drop and results in lower power
requirements. The residence time is generally around 12 to 14 seconds for a
liquid hazardous waste [7, 18].
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Types of Wastes -

Most fluidized bed applications to hazardous waste in the literature involve
incineration of sludges and slurries. The type and composition of the waste
are key design parameters determining feed mechanisms, processing, and bed
specifics. A homogeneous combustible liquid may be immediately injected, but
a nonhomogeneous sludge having moderate combustion potential and interspersed
with large solid matter will require sorting, drying, shredding, and special
feed considerations prior to entering the reactor. Despite the need for pre-
treatment, the fluidized bed is capable of handling most any waste that the
rotary kiln can, depending on the heat limitations of the bed material.

Advantages -

(1) General applicability for the disposal of combustible hazardous solids,
liquids, and gaseous wastes.

(2) Simple design concept, requiring no moving parts in the combustion zone.

(3) Compact design due to high heating rate per unit volume (100,000 to
200,000 Btu/hr-ft3 (900,000 to 1,800,000 kg-cal/hr-m3) which results in
relatively low capital costs.

(4) Relatively low gas temperatures and excess air requirements which tend to
minimize nitrogen oxide formation and contribute to smaller, lower cost
emission control systems.

(5) Long incinerator life and low maintenance costs.

(6) Large active surface area resulting from fluidizing action enhances the
combustion efficiency.

(7) Fluctuation in the feed rate and composition are easily tolérated due to
the large quantities of heat stored in the bed.

(8) Provides for rapid drying of high-moisture-content material, and combus-
tion can take place in the bed.

(9) Proper bed material selection suppresses acid gas formation; hence,
reduced emission control requirements.

(10) Provides considerable flexibility for shockload of waste; i.e., large
quantities of waste being dumped in the bed at a single time.

Disadvantages -

(1) Difficult to remove residual materials from the bed.

(2) Requires fluid bed preparation and maintenance.

(3) Feed selection must avoid bed degradation caused by corrosion or
reactions.

(4) May require special operating procedures to avoid bed damage.

(5) Operating costs are relatively high, particularly power costs.

(6) Possible operating difficulties with materials high in moisture content.

(7) Formation of eutectics is a serious problem.

(8) Hazardous waste incineration practices have not been fully developed.

(9) Not well suited for irregular, bulky wastes, tarry solids, or wastes with
a fusible ash content.
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2.3.1.4 Multiple Hearth [1, 3, 5, 6, 10, 13 - 15]--

Operation -

A typical multiple hearth furnace includes a refractory-lined steel shell, a
central shaft that rotates, a series of solid flat hearths, a series of rabble
arms with teeth for each hearth, an air blower, fuel burners mounted on the
walls, an ash removal system, and a waste feeding system. Side ports for tar
injection, liquid waste burners, and an afterburner may also be included.
Figure 2-16 illustrates the incinerator and its typical flow scheme.
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Figure 2-16. Typical multiple hearth incinerator schematic.

Sludge and/or granulated solid combustible waste is fed through the furnace
roof by a screw feeder or belt and flapgate. The rotating air-cooled central
shaft with air-cooled rabble arms and teeth distributes the waste material
across the top hearth to drop holes. The waste falls to the next hearth and
then the next until discharged as ash at the bottom. The waste is agitated as
it moves across the hearths to make sure fresh surface is exposed to hot
gases.

Units range from 1.8 m to 7.6 m in diameter and from 3.6 m to 23 m in height.
The diameter and number of hearths are dependent on the waste feed, the
required processing time, and the type of thermal processing employed. Gen-
erally, the uppermost hearth is used as an afterburner. Normal incineration
usually requires a minimum of six hearths, while pyrolysis applications require
a greater number [6].
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The rabble arms and teeth located on the central shaft all rotate in the same
direction; additional agitation of the waste (back rabbling) is accomplished
by reversing the angles of the rabble teeth. Waste retention time is con-
trolled by the design of the rabble tooth pattern and the rotational speed of
the central shaft [3].

Liquid and/or gaseous combustible wastes may be injected into the unit through
auxiliary burner nozzles. This utilization of liquid and gaseous waste repre-
sents an economic advantage because it reduces secondary fuel requirements,
thus lowering operating costs [3].

A multiple hearth unit generally has three operating zones, the uppermost
hearths where feed is dried ( 350° to 550°C), the incineration zone (800° to
1000°C), and the cooling zone (200° to 350°C). Exit gases have good potential
for heat recovery, being around 300° to 600°C. Temperatures on each hearth can
be maintained using supplemental fuel {[7].

Types of Waste -

Multiple hearth units are best suited for hazardous sludge disposal. As in
the case of fluidized bed incinerators, solid wastes generally have to be
pretreated prior to successful incineration. Allowing for this, multiple
hearths are capable of handling the same hazardous wastes as rotary kilns.
Unlikely candidates are heavy metals, inert materials, inorganic salts, and
the general group of materials having high inorganic content.

Advantages -

(1) The retention or residence time in multiple hearth incinerators is usu-
ally higher for hazardous materials having low volatility than in other
incinerator configurations.

(2) Large quantities of water can be evaporated.

(3) A wide variety of wastes with different chemical and physical properties
can be handled.

(4) Multiple hearth incinerators are able to utilize many fuels including
natural gas, reformer gas, propane, butane, oil, coal dust, waste oils,
and solvents.

(5) Because of its multizone configuration, fuel efficiency is high and
typically improves with the number of hearths used.

(6) Fuel burners can be added to any of the hearths to maintain a desired
temperature profile.

(7) Multiple hearth incinerators are capable of a turndown ratio of 35%.

(8) High fuel efficiency is allowed by the multizone configuration.

Disadvantages -

(1) Due to the longer residence times of the waste materials, temperature
response throughout the incinerator when the burners are adjusted is
usually very slow.

(2) It is difficult to control the firing of supplementary fuels as a result
of this slow response.
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(3) Maintenance costs are high because of the moving parts (rabble arms, main
shaft, etc.) subjected to combustion conditions.

(4) Multiple hearth incinerators are susceptible to thermal shock resulting
from frequent feed interruptions and excessive-amounts of water in the
feed. These conditions can lead to early refractory and hearth failures.

(5) If used to dispose of hazardous wastes, a secondary combustion chamber
probably will be necessary and different operating temperatures might be
necessary.

(6) Not well suited for wastes containing fusible ash, wastes which require
extremely high temperature for destruction, or irregular bulky solids.

2.3.1.5 Coincineration--

Operation -

Hazardous waste coincineration has been performed in a rotary kiln pyrolyzer
and a multiple hearth incinerator on a test basis. This technique is used to
supply needed Btu's when the principal waste to be burned possesses insuffi-
cient heat content to be autogenic. Coincineration generally refers to the
joint incineration of hazardous waste, in any form, with refuse and/or sludge.
This is not a unique technology; any existing incineration process can be used
for this special case of mixing waste streams to obtain better destruction of
a particularly intractable waste material.

The rotary kiln pyrolyzer test unit used for Kepone incineration contained the
following components [21]:

* Waste feed system + Afterburner
* Rotary kiln pyrolyzer + Air pollution control device system

Kepone-contaminated sludge was simulated by the mechanical mixing of appro-
priate amounts of Kepone solution in acetic acid into sludge in the feed tank.
The latter was a cylindrical vessel, 86 cm in diameter and 60 cm high fitted
with a pneumatic stirrer. The 10 cm outlet port in the conical bottom of the
feed tank was fitted with a screen and connected to a two-stage, variable
speed pump. The discharge line was fitted with a pressure relief valve and
with provisions to inject sludge from the feed tank or water from the mains.
The feed line, which entered the kiln within the kiln discharge line, was
water-jacketed to prevent caking within the feed line. At the end of a run,
the feed line was flushed with water [20].

The rotary kiln pyrolyzer 1.5 m in diameter and 3.0 m in length, was fitted
with rotary seal charge and discharge connections so as to minimize the leak-
age of gases into or out of the kiln. It was heated directly by the hot gases
from a 0.923-J/s burner to maintain a nominal temperature of 500°C. Normally
this kiln was batch fed through cover doors on the side, but for the purposes
of the coincineration experiments the sludge feed was accomplished through a
water-cooled feed line which entered the kiln through the discharge pipe. The
maximum feed rate was a nomimal 45 kg/hr. Cake buildup within the kiln was
prevented by 10 rows of link chain within the kiln [20].
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The afterburner, with a residence chamber volume of 2.4 m3, was fired by two
0.147-J/s throat mix burners and an auxiliary gas supply. The incinerator was
equipped with a temperature controller and a high limit safety shutoff
instrument. In this configuration, the maximum temperature that could be
sustained was 1,260°C with residence times on the order of several seconds [20].

The multiple hearth test unit used for pesticide and PCB incineration con-
tained the following components [15]:

+ Waste feed system * Air pollution control device system
* Multiple hearth incinerator

The PCB's in the form of a solution in kerosene were fed from a burette into
the sludge cake feed screw at a rate of 22.5 g/hr. The test PCB was a prep-
aration Aroclor 1254 which is a.combination of some 14 to 16 PCB's [15].

The DDT feed was accomplished by a hopper arrangement placed over the screw-
feed mechanism used to conduct the dewatered sludge from the centrifuge to the
top hearth of the furnace. The mechanical properties of the powdered DDT
preparation used were such that the simple gravity feed device was not partic-
ularly satisfactory; one might elect to go to a more elaborate vibratory feed
system in practice. The feed device used did not effect a constant feed rate,
a factor which was less serious than might be supposed [15].

The furnace was equipped with a scum line feeding into the third hearth. The
injection of 2,4,5-T solution was accomplished by gravity feeding the metered
solution into the scum flow. Incinerating temperature was 635°C and after-
burner temperature was 650°C [15].

Types of Wastes -

The type of incinerator used in coincineration dictates the limitations on
types of hazardous wastes which may be disposed.

Advantages -

(1) Will potentially incinerate any thermally destructible hazardous waste.

(2) Incorporates the advantages of the type of incinerator used.

(3) Provides for the incineration of two different wastes 51multaneously in
the same facility, thus increasing return on investment.

(4) Provides potential for hazardous waste incineration in existing incinera-
tion facilities.

Disadvantages -
(1) Incorporates the disadvantages of the type of incineration used.

2.3.2 Emerging Incineration Technology

This section deals with a technology that is in a research and development
stage. It is not currently a recommended technique for hazardous waste
disposal.
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2.3.2.1 Starved Air Combustion/Pyrolysis [3, 6, 8, 10, 19, 25]--

Operation =

The terms "starved air combustion" and 'pyrolysis," while often used inter-
changeably, are not one and the same. Starved air combustion uses less than
the stoichiometric amount of oxygen required for complete combustion. Pyroly-
sis is defined as the thermal decomposition of a compound in the absence of
oxygen. Figure 2-17 shows a schematic for a device utilizing starved air
combustion/pyrolysis.

APCD OR
RECOVERY UNIT

het— SUPPLEMENTAL FUEL
FEED ~——=  PYROLYTIC REACTOR
es— COMBUSTION AIR

== ASH
Figure 2-17. Starved air combustion/pyrolysis schematic.

Pyrolytic conversion processes are generally custom engineered according to
input volumes and types of waste being treated. With respect to waste car-
bonaceous material, pyrolysis represents a means of converting the unwanted
waste into a usable commodity with economic value. Modifications to the
pyrolysis process involve treatment of converter effluents. The pyrolysis
oils may be sent through a hydrotreating unit and converted to industrial fuel
0il. The pyrolysis effluent gas may be cooled and the resultant condensate
separated into its components (namely, acetic acid, methanol, furfural, ace-
tone, butyric acid, propionic acid, methyl ethyl ketone, light fuel oil, and
other water soluble volatile organics) through the use of conventional separa-
tion techniques. The cooled wet gas may be dried and utilized as fuel gas.
The charlike pyrolysis residue can be further treated and converted into
activated carbon [1].

Other variations include the pyrolyzer itself, which may be incorporated into

a specific incinerator unit (i.e., rotary kiln, molten salt, etc.). A typical
rotary kiln pyrolyzer, for instance, is a sealed, airtight retort cylinder

with an insulated shell. The retort is mounted on a slight incline and rotates.
Without oxygen, the wastes in the retort chamber cannot burn; they are broken
down (pyrolyzed) into steam, carbon oxides, volatile vapors, and charcoal.

Gases formed during pyrolysis are combusted in an afterburner.

Operational temperatures will vary with waste type, incinerator type, and
desired products. Operating temperatures are usually in the 650°C % 150°C
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range, with the lower operating temperature generally resulting in greater
residue (coke), tar, and light oil yields, and lower gas yields. Residence
times will range from a fraction of a second (for flash pyrolysis) to hours
(for solids) [1].

Types of Wastes -

The general types of hazardous waste which are potential candidates for this
technology are all physical forms of compounds having carbon, hydrogen, and/or
oxygen. Wastes containing nitrogen, sulfur, sodium, silicon, phosphorous,
fluorine, bromine, chlorine, or iodine aren't acceptable.

Advantages -

(1) Potential for byproduct recovery.

(2) Reduction of sludge volume without large amount of supplementary fuel.

(3) Thermal efficiency is higher than for normal incineration due to the
lower quantity of air required for this process.

(4) Reduced air emissions are sometimes possible.

(5) Converts carbonaceous solids into a gas which is more easily combustible.

(6) Allows for the suppression of particulate emissions.

(7) Allows for some treatment of the hot fuel gas stream prior to combustion
to suppress the formation of acid gases.

Disadvantages -

(1) Potential source of carcinogenic decomposition product formation.
(2) Not capable of functioning very well on sludge-like or caking material
alone unless cake-breaking capabilities are included in the design.

2.3.3 Air Pollution Control Devices

The products of combustion in any well-designed and operated incinerator are
primarily carbon dioxide and water (vapor), but trace amounts of undesirable
additional products (pollutants) are also formed, depending upon the composi-
tion of the incinerated waste. Among these, CO, SO_, NO_, HX}, X%, and par-
ticulate are most commonly encountered and must be finimized to the point of
emission standards outlined in Part 264 of RCRA [7].

An optimum pollution control process serves to minimize fuel usage, and/or
maximize energy recovery, while converting an industrial waste into an envi-
ronmentally acceptable form. This section looks at how such emission control
processes are selected for various incineration technologies.

Application of air pollution control processes depends on operating character-
istics of the components or devices, the physical/chemical characteristics of
the waste to be treated, and the emission standards imposed by government
regulations. In addition to the use of standard treatment devices of both the
dry control and wet control methods (Table 2), the control of air pollutants
with off-gas cleaning systems is the subject of rapidly developing technologies.
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As each new generation process or device is introduced, it is evaluated and
employed where warranted by the fast-developing state of the art [7].

Organic pollutants emitted as a result of incomplete combustion of waste
material are often present in effluents from the primary combustion chamber at
low concentration levels well under the lower flammability limit. The control
of the emission of these organic pollutants can be handled by continued com-
bustion at high temperatures using afterburners (also termed secondary com-
bustion chambers).

Scrubbers are also used to control pollutant emissions. They operate by
removing pollutants from the gas stream instead of changing the pollutants, as
afterburners do. Afterburners and four types of scrubbers are covered in this
section, as are electrostatic precipitators (ESP) and wet electrostatic pre-
cipitators (WEP). The subsections presented for each control device include
operating principles, status with hazardous waste incinerators, suitable waste
streams, advantages, and disadvantages.

2.3.3.1 Afterburner--

Afterburners are simple combustion chambers (incinerators) designed to improve
destruction efficiencies. As a first step to an air pollution control process,
the afterburner acts to continue the combustion process and greatly decrease
pollutants in the flue gas. This in turn creates less pollutant loading on
downstream emission control devices which require less servicing and main-
tenance, and produce less residue as a result. Figure 2-18 shows a basic
afterburner flow scheme.
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Figure 2-18. Basic afterburner flow scheme.

Three types of afterburners are discussed here: direct flame, thermal, and
catalytic. Direct flame and thermal use a similar principle in thermally
destroying combustible material. Direct flame afterburners pass the flue gas
directly through a burning fuel stream, while thermal afterburners involve the
flue gas flowing through a high temperature zone. Catalytic units incorporate
a catalytic surface to accelerate the oxidation of uncombusted gas constituents.
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Thermal afterburners are used more predominantly than direct flame incinerators.
Temperatures ranging from 650°C to 1,300°C are generally required for success-
ful operation of these devices. Hydrocarbon levels can usually be satisfac-
torily reduced at temperatures below about 760°C, but higher temperatures may
be required to simultaneously oxidize the C0. The following temperatures are
often used as guidelines [5]:

To oxidize hydrocarbons: 500 - 700°C
To oxidize carbon monoxide: 700° - 800°C

Depending on the type of pollutant in the gas stream, residence times ranging
from 0.2 s to 6.0 s are required for complete combustion. The residence time
in most practical afterburner systems is dictated primarily by chemical kinet-
ic considerations. To ensure good mixing, afterburners are operated at high
velocity gas flows. Gas velocities in afterburners range from 8 to 15 m/s. A
typical afterburner will be 10 m long, 4 m high, and 4 m wide [5].

From a chemical viewpoint, two main types of reactions occur in afterburner
systems: oxidation and pyrolysis reactions. 1In general, the detailed mecha-
nisms for the oxidation and pyrolysis of even the simplest organic compounds
are not completely understood, but it is well established that the reactions
occur in many complicated sequential and concurrent steps involving a multi-
tude of chemical intermediates [5].

An auxiliary fuel is fired to supply the heat to warm the gases to a temper-
ature that will promote oxidation of the organic vapors. Usually a portion of
the gas stream supplied the oxygen necessary for organic vapor oxidation.

Both gaseous and liquid fuels are used to fire afterburners. Gaseous fuels
have the advantage of permitting firing in multiple jet (or distributed)
burners. 0il firing has the disadvantage of producing sulfur oxides (from
sulfur in the o0il) and normally produces higher nitrogen oxides emissions [5].

Catalytic afterburners are applied to gaseous wastes containing low concentra-
tions of combustible materials and air. Usually noble metals such as platinum
and palladium are the catalytic agents. A catalyst is defined as a material
which promotes a chemical reaction without taking a part in it. The catalyst
does not change nor is it used up. However, it may become contaminated and
lose its effectiveness [1].

The catalyst must be supported in the hot waste gas stream in a manner that
will expose the greatest surface area to the waste gas so that the combustion
reaction can occur on the surface, producing nontoxic effluent gases of carbon
dioxide, nitrogen, and water vapor. Most of the combustion occurs during flow
through the catalyst bed which operates at maximum temperatures of 810°C to
870°C. The ability to carry out combustion at relatively low temperatures
while achieving high destruction efficiencies is a major advantage of the
catalytic incinerator for gaseous wastes [1].

Residence time for catalytic oxidation is about 1 second [1].
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Due to the form of the waste material to be treated (dilute and in the gaseous
state), the catalytic afterburner is best suited for use at the processing
site where the waste material is generated [1].

Generally, catalytic afterburners are considered for operation with waste con-
taining hydrocarbon levels that are less than 25% of the lower explosice
limit. When the waste gas contains sufficient heating value to cause concern
about catalyst burnout, the gas may be diluted by atmospheric air to ensure
operating temperatures within the operating limits of the catalyst. Burned
gases are discharged through a stack to the atmosphere if they are not sent to
a waste heat recovery unit [6].

Applicable Waste Streams ~ Thermal afterburners are suitable for any gaseous
material that is also suitable for incineration or which has been produced by
auxiliary equipment; i.e., a rotary kiln. Catalytic afterburners are appli-
cable to the destruction of combustible materials in low concentrations (they
are not applicable to chlorinated hydrocarbons due to the HCl formation).

Advantages -

Thermal or Direct Flame

(1) Destroys those pollutants that were not destroyed in the primary
incineration.
(2) Allows more flexibility in incinerator operation.

Catalytic

(1) carries out combustion at relatively low temperatures (more economical to
operate than other afterburners).
(2) Clean heated gas produced is well suited for waste heat recovery units.

Disadvantages -

Thermal or Direct Flame

(1) Auxiliary fuel requirements.
(2) Afterburner costs.

Catalytic

(1) Burnout of the catalyst occurs at temperatures exceeding 815°C.

(2) Catalyst systems are susceptible to poisoning agents, activity suppres-
sants, and fouling agents.

(3) Occasional cleaning and eventual replacement of catalyst is required.

(4) Maintenance costs are high.

2.3.3.2 Gas-Atomized Spray Scrubber (Venturi)--

One of the most predominant air pollution control devices for hazardous waste
incinerators is a venturi scrubber (Figure 2-19). A typical venturi scrubber
is a duct with a constricted area (throat). Generally, liquid is introduced
into the venturi at the throat. Incinerator exhaust gas enters the venturi at
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Figure 2-19. Venturi scrubber schematic.

a velocity of approximately 30 to 120 m/s. The moving gas atomizes the liquid
into fine filaments and droplets which allow a large surface area for mass
transfer. It is the gas/liquid contact that permits removal of gaseous con-
taminants.

Prior to passage of the incinerator exhaust gas into the venturi, the gas is
quenched to reduce the temperature. While it is recognized that the quench
systems when utilized will effect some degree of particle removal, the primary
function of these units is to reduce flue gas volume and downstream materials
and operating problems through gas cooling. As a result of quenching, inlet
temperatures for venturi scrubbers range from 60°C to 150°C.

Some hazardous waste incineration facilities employ sequential venturi and
plate type or packed bed scrubbers. For these systems, a gas quench is op-
tional since the venturi may be utilized to effect gas cooling by the mecha-
nism of adiabatic expansion of the gases. Such systems are capable of han-
dling a variety of incineration gas compositions and dust loadings. Plate
towers or packed beds, when used in conjunction with gas-atomized spray scrub-
bers, serve the dual function of eliminating the entrainment of ligquid drop-
lets from upstream and further reducing the emission levels of gaseous con-
taminants.

Incinerating hazardous waste may produce effluent gases with corrosive con-
taminants, such as HC1l. It is possible to neutralize the acid with a caustic
solution. The scrubbing solution is determined by the waste burned and its
exhaust gas. In addition to corrosion, erosion is a particular problem in
venturi scrubbers. This is due to the high gas velocities and particulate
loadings encountered during normal duty. Throat and elbow areas are generally
subject to the most wear. Acid-resistant tile liners, polymeric liners, and
Inconel 625 are often used for scrubber construction.
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Venturi scrubbers have been used to control emissions of SO,, HF, and HCl.
Several of the primary operating parameters that will affect the removal of
these gaseous contaminants are pressure drop, liquid-to-gas ratio, contact
time, and gas flow rate. Pressure drops in venturi scrubbers for controlling
gaseous emissions from incineration of hazardous wastes are typically in the
7.5 to 12.5-kPa water gage (WG) range [21]. It is necessary to use the cor-
rect pressure drop to ensure efficient removal. A higher than needed pressure
drop will result in wasted energy; a lower than needed pressure drop will
result in a lower removal efficiency. As a prime operating parameter, the

pressure drop should be as low as possible yet yield the needed removal
efficiency.

The liquid-to-gas ratio is a design and operating parameter of prime impor-
tance. It is needed in the determination of the scrubber diameter, and has an
effect on the unit dimensions. Normal liquid-to-gas ratios for venturi
scrubbers are 0.7 to 2.7 L/m® [21].

Higher efficiencies are attained by allowing the gas and liquid phases to be
in contact for a longer period of time. The contact time required for gas
absorption is a function of the rate of mass transfer. The mass transfer
rate, in general, is dependent upon four separate resistances: gas-phase
resistance, liquid-phase resistance, chemical reaction resistance, and a
solids dissolution resistance for scrubbing liquids containing solid
reactants. For absorption of gaseous contaminants that are highly soluble or
chemically reactive with the scrubbing liquid, such as the absorption of HCl
by caustic solution, the contact time required for 99% removal is extremely
short (of the order of 0.4 to 0.6 s). The less reactive and less soluble
pollutants require a longer contact time [21].

The rate at which a flue gas from waste incineration must be processed by a
particle control device depends primarily on the waste composition, the quan-
tity of excess combustion air used, the initial gas temperature, and the
method(s) by which the gas has been cooled, if cooling is used. Hence these
parameters, in conjunction with control device size or geometry, will dictate
the velocity at which the gas will pass the particle collection elements [21].

It has been shown that the pressure drop across a venturi is proportional to
the square of gas velocity and directly proportional to the liquid-to-gas
ratio. Therefore, within limits, increasing gas velocity will result in
increasing pressure drop, other parameters being equal [21]. Typical gas
velocities employed commercially are 30 to 120 m/s. The low end of this
range, 30 to 45 m/s, is typical of power plant applications, while the upper
end of the range has been applied to lime kilns and blast furnaces (21].

Particle cut diameter (diameter of particles in which there is a 50% collec-
tion) is a frequently used parameter for describing the particle collection
performance of venturi scrubbers. One reason for this is because plots of
collection efficiency versus particle diameter tend to be rather steep in the
region where inertial impaction is the predominant collection mechanism. High
energy venturi scrubbers provide the highest wet scrubber efficiency with cut
diameters in the 0.3 to 0.5 pm range [21].
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Applicable Waste Streams - Suitable for particles, and fairly effective in
removing noxious gases that are highly soluble (HCl, HF) or reactive with the
scrubber solution (SO,, NOX, HCN) .

Advantages -

(1) Simultaneous gas absorption and dust removal.
(2) Suitable for high temperature, high moisture.
(3) Particulate removal efficiency is high.

(4) Scaling not usually a problem.

Disadvantages -

(1) Corrosion and erosion problems.

(2) Dust is collected wet and the wastewater will have to be treated.
(3) Moderate to high pressure drop; large amount of energy needed.
(4) Requires downstream mist eliminator.

2.3.3.3 Packed Bed Scrubber--

Packed bed scrubbers are used in hazardous waste incineration facilities
because of their high removal efficiency for gaseous emissions. Designed
properly, a packed bed scrubber will remove >99% of the halogens from inciner-
ator exhaust gases. The inherent nature of the design does not, however,
allow for removal of particulates from exhaust gases with high particulate
loadings. Unless prior treatment is used, this type of waste stream will
cause clogging in the packed bed scrubber [21].

The packed bed scrubber is a vessel filled with packing material as shown in
Figure 2-20. The scrubbing liquid is fed into the top of the vessel, with gas
flowing in either a cocurrent, countercurrent, or crosscurrent mode. As the
liquid flows through the bed, it wets the packing material and provides inter-
facial surface area for mass transfer with the gas phase [21].
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Figure 2-20. Packed bed scrubber schematic.
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Differences between packed bed scrubbers include the flow mode, the packing
material, and the depth of packing. The choice of flow mode is dependent upon
the particular application. Crossflow scrubbing is generally applied to
situations where the bed depth is less than 2 meters, and countercurrent
design is applied at bed depths of 2 meters or more [21].

Packing material varies in shape and type. Shapes used include rings, spiral
rings, and saddles. Packing materials are usually made of ceramic or some
other material that will withstand corrosion from acids [21].

The primary parameters that affect scrubber design and the removal of gaseous
emissions are discussed below. These include pressure drop, liquid-to-gas
ratio, contact time, and gas flow rate [21].

Packed beds used for gaseous emission control in hazardous waste incineration
facilities usually have a pressure drop range from 0.5 to 1.8 kPa. The total
pressure drop across the packed bed is directly proportional to the depth of
packing and affects the gaseous removal efficiency in the packed bed scrubber.
Normal liquid-to-gas ratios in packed beds vary from 0.8 to 10 L/m3, with most
units operating between 3 and 7 L/m3 [21].

In gas absorption devices, higher efficiencies are attained by allowing the
gas and liquid phases to be in contact for a longer period of time. Removal
efficiencies for gaseous contaminants in packed beds are directly related to
the depth of packing, which in turn determines the contact time [21].

The contact time required for gas absorption is a function of the rate of mass
transfer. The mass transrfer rate, in general, is dependent upon four separate
resistances: gas-phase resistance, liquid-phase resistance, chemical reaction
resistance, and a solids dissolution resistance for scrubbing liquids contain-
ing solid reactants [21].

In the design of gas absorption devices, the cross-sectional area for gas-
liquid contact is determined by the superficial gas velocity selected. The
greater the gas velocity selected, the smaller will be the scrubber diameter
but the larger will be the pressure drop [21].

There are two additional factors to be considered in the selection of gas
velocity. First, the gas velocity through the scrubber should allow suffi-
cient residence time for gas-liguid contact. Second, in a countercurrent
packed bed, the gas velocity should not exceed the flooding velocity. At the
flooding point, the pressure-drop-versus-gas-rate curve becomes almost verti-
cal, and a liquid layer starts to build up on top of the packing. The flood-
ing poing represents the upper limiting conditions of pressure drop and fluid
rates for practical tower operation (Figure 2-21). A margin of 30% to 40% of
the flooding velocity should be allowed in designing these scrubber types.
The most common gas velocities in packed beds range from 2.1 to 3.0 m/s [21].

As in the case with other wet scrubbers, mist eliminators are often used down-

stream of the packed bed scrubber for proper pollution control. When a wet
scrubber follows or precedes a packed scrubber, mist eliminators are often not

2-44



4 b-¥4-in. RiNGS L s

WATER-AIR-SYSTEM 13, 000
L = SUPERFICIAL LIQUID
RATE, Ib/(hrHsg ft)
PRESSURE = 1 atm

2 va
FLOODING / /
REGION

/
o 4 A A
g /AVaVEv

0.4 /
/

0.2 /
)

100 200 400 600 1, 000 2,000 3,000

7,500 0

PRESSURE DROP, in. HZOIﬂ OF PACKED HEIGHT

G, SUPERFICIAL GAS RATE, Ib/(hrNsq ft)

"From PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS.
by Peters & Timmerhaus. Copyright 1968, McGraw-Hill
Used with the permission of McGraw-Hill Book Company" .

Figure 2-21. Packed tower pressure drop as function
of gas rate and liquid rate.

A packed bed scrubber is often sequential to a venturi in a hazardous
waste incineration facility.

Most commonly, packed scrubbers are used with liquid injection incinerators
because of the low particulate loading in the exhaust gas. The particulates
in gas streams tend to clog up the bed and decrease removal efficiency. Wwhen
packed beds are used to control gaseous emissions from rotary kilns and fluid-
ized bed incinerators, venturi scrubbers are usually incorporated upstream as
the primary APCD.
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Applicable Waste Streams - Most suitable for the removal of noxious gases in
streams containing low or no particulate loading.

Advantages -

(1) High removal efficiency for gaseous and aerosol pollutants.

(2) Low to moderate pressure drop.

(3) Engineering principles controlling the performance of packed bed scrub-
bers are well developed and understood.

(4) Availability of corrosion-resistant packings to withstand corrosive
materials.

Disadvantages -

(1) Low efficiency for fine particles.

(2) Not suitable for high temperature or high dust loading applications.
(3) Requires downstream mist eliminator.

(4) Potential scaling and fouling problems.

(5) Possible damage to the scrubber if scrubber solution pumps fail.

2.3.3.4 Spray Tower--

Preformed spray towers are chambers in which a liquid is atomized by high
pressure spray nozzle. The gas stream usually enters the bottom of the cham-
ber and flows countercurrent to the liquid, although both cocurrent and cross-
current modes have been used. The gas may travel in a single path (as in
Figure 2-22) or may be directed by a series of baffles. The atomized liquid
forms droplets and mass transfer occurs at the droplet surface. The finer the
droplets, the more gas absorption is enhanced. Impurities which are soluble
in the scrubbing liquid are removed by the gas absorption process.
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Figure 2-22. Spray tower schematic.

Several of the primary operating parameters that will affect the removal of
gaseous contaminants in preformed towers are discussed here. These include
the pressure drop, liquid-to-gas ratio, contact time, and gas flow rate. A
normal pressure drop for a preformed spray tower is 0.125 to 0.996 kPa WG [21].
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Liquid-to-gas ratios are strongly dependent upon the control device and the
specific application. Under normal operating conditions, preformed spray
towers employ liquid-to-gas ratios in the range of 4 to 14 L/m3 [22].

In gas absorption devices, higher efficiencies are attained by allowing the
gas and liquid phases to be in contact for a longer period of time. The
contact time required for gas absorption is a function of the rate of mass
transfer. The mass transfer rate, in general, is dependent upon four separate
resistances: gas-phase resistance, liquid-phase resistance, chemical reaction
resistance, and a solids dissolution resistance for scrubbing liquids contain-
ing solid reactants. For absorption of gaseous contaminants that are highly
soluble or chemically reactive with the scrubbing liquid, such as the absorp-
tion of HCl by caustic solution, the contact time required for 99% removal is
extremely short (of the order of 0.4 to 0.6 s). The rate at which flue gas
from a waste incinerator must be processed by a particle control device de-
pends primarily on the waste composition, the quantity of excess combustion
air used, the initial gas temperature, and the method(s) by which the gas has
been cooled, if cooling is used. Hence these parameters, in conjunction with
the control device size or geometry, will dictate the velocity at which the
gas will pass the particle collection elements. Because inertial impaction is
the principal particle collection mechanism it is beneficial to operate with a
high relative velocity between the gas and the collection element. Practical
relative velocity limitations occur as a result of the increased operating
costs associated with high pressure drops, flooding, or other considerations.
The most common gas velocities in spray towers range from 2.1 to 3.0 m/s [21].

Applicable Waste Streams - Spray towers are suitable for gas streams with
particles and gaseous pollutants.

Advantages -

(1) Simultaneous gas absorption and dust removal.

(2) Suitable for high temperature, high moisture, and high dust loading
applications.

(3) Simple design.

(4) Rarely have problems with scaling.

Disadvantages -

(1) High efficiency may require high pump discharge pressures.

(2) Dust is collected wet.

(3) Nozzles are susceptible to plugging.

(4) Requires downstream mist eliminator.

(5) Structure is large and bulky.

(6) Lower particulate collection efficiency than a high pressure venturi.
(7) Lower absorption efficiency than a packed tower.

2.3.3.5 Plate Scrubber--

Plate scrubbers, like all wet scrubbers, remove gaseous contaminants in a gas
absorption process that depends on intimate gas/liquid contact. The basic
design of a plate scrubber is a vertical cylindrical column with a number of
plates or trays inside as in Figure 2-23. Each plate has openings which can
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Figure 2-23. Plate tower schematic.

be in the form of perforations or slots. The scrubbing liquid is introduced
at the top plate and flows across it, then down to the next plate. A down-
comer, located on alternate sides of each successive plate, permits the down-
ward movement of the liquid. The scrubbing liquid exits along with the
pollutants at the liquid outlet located at the tower bottom.

Incinerator gas enters the bottom of the tower and passes up through the plate
openings before exiting at the top. The gas has enough velocity to prevent
the liquid from flowing through the holes in the plates. Gas absorption is
promoted by the breaking up of the gas phase into little bubbles which pass
through the volume of liquid in each plate.

At hazardous waste incineration facilities, plate towers with two sieve trays

are typically used as an absorber/mist eliminator in conjunction with a high
energy venturi scrubber.

The primary operating parameters that will affect the removal of gaseous con-
taminants such as SO, are discussed here. These include the pressure drop,
liquid~to-gas ratio, contact time, and gas flow rate.

Total pressure drop across the plate towers is similar to that of packed beds
and in the 0.5 to 1.8 kPa WG range. In plate towers pressure drop is not used
as an operating parameter to estimate removal efficiency. Rather, the number
of plates is the primary parameter that determines removal efficiency [21].

The liquid-to-gas ratio is a design and operating parameter of prime impor-
tance. It is needed in the determination of the scrubber diameter, and has an
effect on the height of a transfer unit. A high liquid-to-gas ratio will lead
to the requirement of a larger diameter, but at the same time will also reduce
the height of a transfer unit. Normal liquid-to-gas ratios in plate towers
vary from 0.8 to 10 L/m3 with most units operating at between 3 and 7 L/m® [21].
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Higher efficiencies are attained by allowing the gas and liquid phases to be
in contact for a longer period of time. Greater depths of liquid on the trays
lead to higher tray efficiency through longer contact time. An increase in
the number of plates and the column height also improves removal efficiency.

In the design of gas absorption devices, the cross-sectional area for gas-
liquid contact is determined by the superficial gas velocity selected. The
greater the gas velocity selected, the smaller will be the scrubber diameter
but the larger will be the pressure drop.

There are two additional factors that must be considered in the selection of
gas velocity. First, the gas velocity through the scrubber should allow
sufficient residence time for gas-liquid contact. Second, in countercurrent
plate towers, the gas velocity should not exceed the flooding velocity (the
upper limiting conditions of pressure drop and fluid rates for practical
operation). A margin of 30% to 40% of the flooding velocity should be allowed
in designing these scrubber types. The most common gas velocities in plate
towers, range from 2.1 to 3.0 m/s.

Parameters that affect the particle collection performance of a plate scrubber
include pressure drop, liquid-to-gas ratio, gas velocity, dust loading, and
particle size distribution. High particulate loadings and fine particles are
unfavorable conditions.

Plate towers are appropriate when particle size is not less than lum. Unlike
absorption efficiency, particle collection efficiency will not necessarily
improve with an increased number of plates, but decreased perforation diameter
does increase particle collection efficiency. The other parameters have been
discussed previously and will not be addressed [22].

Applicable Waste Streams - Most suitable for the removal of noxious gases with
low particulate loadings.

Advantages -

(1) Simultaneous gas absorption and dust removal.

(2) High removal efficiency for gaseous and aerosol pollutants.
(3) Low to moderate pressure drop.

(4) Mass transfer increases with multiple plates.

(5) Handles high liquid rates.

Disadvantages -

(1) Low efficiency for fine particles.

(2) Not suitable for high temperature or high dust loading applications.
(3) Requires downstream mist eliminator.

(4) Limestone scrubbing solution causes scaling.

(5) Not suitable for foamy scrubbing liquid.
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2.3.3.6 Electrostatic Precipitator (ESP)--

Electrostatic precipitation is a process by which particles suspended in a gas
are electrically charged and separated from the gas stream. In this process,
shown in Figure 2-24, negatively charged gas ions are formed between emitting
and collecting electrodes by applying a sufficiently high voltage to the
emitting electrodes to produce a corona discharge. Suspended particulate
matter is charged as a result of bombardment by the gaseous ions and migrates
toward the grounded collecting plates due to electrostatic forces. Particle
charge is neutralized at the collecting electrode where subsequent removal is
effected by periodically rapping or rinsing. A majority of industrial EPS's
used today are the single-stage, wire and plate type; charging and collection
take place in the same section of the ESP. Two-stage ESP;s, often called
electrostatic filters, utilize separate sections for particle charging and
collecting, and are not generally employed for controlling particulate emis-
sions from combustion sources.

CLEAN GAS QUT

NEGATIVE ELECTRODE CONNECTED TO
ELECTRICAL POWER SOURCE

NEGATIVELY CHARGED WIRE

— GROUNDED COLLECTING PLATE
WITH POSITIVE CHARGE

I niiiillli
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.
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Reprinted by permission

Figure 2-24. Electrostatic precipitator schematic.

charge is neutralized at the collecting electrode where subsequent removal is
effected by periodically rapping or rinsing. A majority of industrial EPS's
used today are the single-stage, wire and plate type; charging and collection
take place in the same section of the ESP. Two-stage ESP;s, often called
electrostatic filters, utilize separate sections for particle charging and
collecting, and are not generally employed for controlling particulate emis-
sions from combustion sources.

Electrostatic precipitators have been widely used in conjunction with utility
boilers and with municipal and industrial incinerators. ESP's have been
employed by European facilities where hazardous wastes are incinerated, al-
though the wastes generally do not contain highly chlorinated compounds. When
halogenated wastes are incinerated, careful waste blending is employed to
protect ESP's from corrosion, so that HCl concentrations do not exceed 1,000
ppm and usually average 300 ppm (23]. Dry ESP's are not capable of removing
acid gases and, therefore, facilities burning halogenated wastes must employ
two-stage gas cleaning if ESP's are used for particulate emission control.
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ESP components that are in direct contact with the process gas stream include
the shell, electrodes, high voltage frames, rapper rods and gas distribution
plates. On the basis of mild steel construction, such components -constitute
approximately 68% of the total precipitator weight and account for 45% of the
total unit cost [23]. Hence, the applications requiring exposure to corrosive
gas streams have substantial impact on ESP design and ultimate cost. Lead
linings, used in acid mist ESP's, are not generally suitable for use in incin-
erator gas treatment due to poor resistance to attack by gaseous halogens.
Fiber glass reinforced plastic (FRP) has been successfully utilized for inlet
and outlet plenums as well as collecting electrodes; however, the latter
application requires provision of adequate conductivity to permit current flow
to ground.

ESP's are carefully designed and constructed for maximum electrical safety;
however, normal high voltage precautions must be observed. Design features
such as interlocks between access doors and electrical elements should be
employed. Also, access after deenergizing should be delayed to allow for
static charge drainage.

Compared to those of wet scrubbers, pressure and temperature drops across
ESP's are very small. The pressure drop across an ESP is typically below

0.25 kPa WG as compared with wet scrubbers which may operate with pressure
drops up to 15 kPa WG. Additionally, ESP's provide generally higher removal
efficiencies for particles smaller than 1 um in diameter than do wet scrubbers.
A standard gas temperature range is up to 370°C and the voltage normally
applied ranges from 30 kV to 75 kV.

Applicable Waste Streams - Effective for the collection of fine particles
(less than 1 um in diameter), but unable to capture noxious gases. Performs
poorly on particles with high electrical resistivity.

Advantages -

(1) Dry dust collection.

(2) Low pressure drop and operating cost.

(3) Efficient removal of fine particles.

(4) Collection efficiency can be improved when stream is treated (i.e.,
highly conducting dust treated with S0,).

Disadvantages -

(1) Relatively high capital cost.

(2) Sensitive to changes in flow rate.

(3) Particle resistivity affects removal and economics.
(4) Not capable of removing gaseous pollutants.

(5) Fouling potential with tacky particles.

2.3.3.7 Wet Electrostatic Precipitator (WEP)--

The wet electrostatic precipitator (Figure 2-25) is a variation of the dry
electrostatic precipitator design. The two major added features in a WEP
system are: (1) a preconditioning step, where inlet sprays in the entry
section are provided for cooling, gas absorption, and removal of coarse
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particles, and (2) a wetted collection surface, where liquid is used to con-
tinuously flush away collected materials. Particle collection is achieved by
introduction of evenly distributed liquid droplets to the gas stream through
sprays located above the electrostatic field sections, and migration of the
charged particles and liquid droplets to the collection plates. The collected
liquid droplets from a continuous downward-flowing film over the collection
plates, and keep them clean by removing the collected particles. To control
the carryover of liquid droplets and mists, the last section of the WEP is
often designed so that mists can be collected on baffles [24].

GAS FLOW IN
GAS FLOW OUT

Figure 2-25. Wet electrostatic precipitator schematic.

The WEP overcomes some of the limitations of the dry electrostatic precipita-
tor. The operation of the WEP is not influenced by the resistivity of the
particles. Further, since the internal components are continuously being
washed with liquid, buildup of tacky particles is controlled and there is some
capacity for removal of gaseous pollutants. In general, applications of the
WEP fall into two areas: removal of fine particles, and removal of condensed
organic fumes. Outlet particulate concentrations are typically in the 2 to

24 mg/m3 range [24].

Data on capability of the WEP to remove acid gases are very limited. WEP's
have been installed to control HF emissions from Soderberg aluminum reduction
cells [23]. With a liquid-to-gas ratio of 0.67 L/m® and a liquid pH between 8
and 9, fluoride removal efficiencies higher than 98% have been measured.
Outlet concentration of HF was found to be less than 1 ppm.

There are no WEP installations at hazardous waste incineration facilities. A
potential application is to consider use of the WEP in conjunction with a low
pressure drop venturi scrubber upstream, where a major portion of the gaseous
contaminants and heavy particles will be removed. The WEP will then serve as
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a second stage control device for removal of the submicron particles and
remaining gaseous pollutants. Because of its limited application history,
extensive pilot testing prior to design and installation may be necessary [24].

Applicable Waste Stream - Effective in removal of fine particles and of con-
densed organic fumes.

Advantages -

(1) Simultaneous gas absorption and dust removal.
(2) Low energy consumption.

(3) No dust resistivity problems.

(4) Efficient removal of fine particles.

Disadvantages -

(1) Low gas absorption efficiency.
(2) Sensitive to changes in flow rate.
(3) Dust collecton is wet.

2.3.4 Heat Recovery Technology

As Section 2.3.1 on incinerator technology in hazardous waste incineration
pointed out, temperatures during incineration may range up to 1600°C. The
flue gas from such a process has a substantially high heating value, especi-
ally if the volumetric flow rate is great. Some form of waste heat recovery
is beneficial at any rate.

Three basic types of waste heat recovery are possible in any incineration
process. These include gas-to-water, gas-to-air, and gas-to-organic fluid [7].

Since steam has a tremendous heat energy per unit weight, gas-to-water systems
producing steam are the most commonly used heat recovery systems. This steam
in turn is generally used as a power source in other site processes. Steam
generation is usually accomplished by directing flue gases immediately from
the last incineration step into a heat recovery boiler. A simple version of
this heat exchange process is included in Figure 2-26. Gas flow may be regu-
lated, usually by a damper, to control the amount of heat recovery. This
system, depending on the volume and temperature of the flue gas, can act as
the primary or secondary source of process steam when combined with a conven-
tional boiler system.

Gas-to-air systems are also commonly used heat recovery systems, usually using
heated air as combustion air in the incineration process. The same heat
exchange principle as in gas-to-water is practiced in heating air. Heating of
combustion air lessens the need for auxilliary combustion fuel, as the temper-
ature of the air-waste-fuel mixture is much closer to the waste's oxidation
point. Research is also being done to determine the value of heating air for
use in power generation.
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Figure 2-26. Heat recovery/gas-to-water
Gas-to-organic fluid heat exchange also uses a heat exchange principle out-
lined in Figure 2-26. This process can be used in heating mineral oil or
ethylene glycol, which is in turn used in controlling temperatures of addi-
tional processes [7].
2.4 FOREIGN TECHNOLOGIES

2.4.1 Introduction

Foreign incinerators are basically the same as found in the United States.

The rotary kiln is widely used for the simultaneous incineration of solid,
liquid, and semisolid wastes of all calorific values. In addition, the fixed
firebox/muffle furnace is used for liquid and/or gaseous wastes; fluidized bed,
multiple chamber, and liquid injection incinerators are utilized less frequently.
Heat recovery is incorporated into hazardous waste incineration systems more
frequently than in the United States.

In nearly all waste-to-energy combustion units, energy is recovered through
production of steam, either with classic fire-tube boilers or newer waterwall
boilers. Some combustion units do without a boiler and use the hot combustion
gases directly. Coincineration of municipal wastes and selected hazardous
wastes is a common practice in a number of foreign countries, particularly the
Netherlands. Countries with strict environmental legislation are more likely
to segregate hazardous wastes for treatment in separate facilities. Selected
hazardous waste incineration technologies of Canada, Japan, and Germany are
discussed in the following three sections. Table 2-6 presents a partial list-
ing of industrial waste facilities outside the United States.
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TABLE 2-6.

FACILITIES IN EUROPE AND JAPAN.

SELECTED INDUSTRIAL WASTE INCINERATION

Capacity
Plant Country Start-up Waste to be treated Gecal/h recovery
BASF
Ludwigshafen Germany 1960 solid industrial waste 15 s
Boehringer Pharma Germany 1962 solid chemical waste, timber,
Ingelheim waste paper, garbage 2 none
Opel Germany 1963 waste paper, timber, plastic,
Bochum garbage, waste paint 4 none
BASF Germany 1964 solid, semi-solid and liquid
Ludwigshafen chemical waste, waste oil, 7.2 s
waste paint, solvents
Containental Germany 1964 carbon black, waste paper,
Hannover rubber, grease, waste oil 7.5 s
Opel Germany 1966 waste paper, timber, plastic
Russelsheim garbage, waste paint 6 2 s
Chemical Works Huls Germany 1966 solid, semi-solid and liquid
Marl chemical waste, carbon black, 12 s
rubber, timber
Explosives factory Switzerland 1969 acid sludge, distillation re-
Dottikon sidues, waste o0il, activated 3.2 none
carbon, waste paper, timber
Alfa Sud Italy 1873 waste paper, timber, plastic,
Pomigliano (Naples) garbage, waste paint 4 none
Kobe Steel Japan 1974 waste oil, grease, plastic,
Kobe timber, rubber, waste paint 4 none
Kommune Kemi Denmark 1975 solid, semi-solid and liquid
Nyborg industrial waste 20 s hH
Gelsenberg-Mannesmann Germany 1976 waste oil, solvents, slurries,
Umweltschutz pumpable chemical waste 30 s ek
Bochum
Kobe Steel Japan 1976 waste oil, grease, plastic,
Kakogawa timber, rubber, waste paper 1.8 none
Denki Kagaku Japan 1977 tar, plastic, rubber, waste
Ohmi 0il, slurries 1.1 none
Entsorgungsbetriebe Austria 1980 sewage sludge 14.5 sheH
Simmering solid, semi-solid and liquid
Vienna industrial waste 25.8 s heH
Hessische Industriemull Germany 1980 solid, semi-solid and liquid
Biebesheim industrial waste 15 He
Svensk Avfallskonvertering Sweden 1981 solid, semi-solid and liquid
Norrtorp industrial waste 17.4 s hekE

Explanation of symbols:

Type of furnace

Kind of heat recovery

XTI RO
wonoHono

Grate furnace

Rotary kiln
Hearth-type furnace
Fluidized bed furnace
Melting chamber

Steam for internal use

Steam for sale

Hot water for internal use

Hot water for sale '
Electric power for internal use
Electric power for sale

me nnn
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2.4.2 Canada - [25, 26, 27 3.7}
There are two regional incineration facilities with a possible third in the
planning stage. All are privately owned and financed. Licensing of these
facilities is the responsibility of the government of the provinces in which
the incinerators are located. Conventional methods for treatment and disposal
of hazardous wastes generated by the petroleum and organic chemical industries
have proven inadequate for the volume of such wastes. Experimental programs
to determine the feasibility of utilizing a cement kiln for destruction of
hazardous wastes have been conducted by the Environmental Protection Service
of Canada under partial sponsorship of the U.S. Environmental Protection
Agency.

The use of cement kilns for the disposal of waste liquids was recommended in
Canada at first in 1974 in a report issued by Environment Canada. It was
suggested to use cement kilns for the disposal of waste oil, thereby recover-
ing the heat value of the o0il and as well as retaining the inorganic constitu-
ents of the o0il in cement clinker.

An extensive series of experimental waste o0il burns was conducted in the
spring of 1974. The result verified that the emissions of toxic substances to
the atmosphere were negligible, and there were no adverse effects on cement
quality. Heavy metal contaminants were chemically combined into the lattice
structure of the cement in a manner similar to the glazing of pottery.

Severe temperature conditions required for the thermal destruction of other
hazardous wastes, such as chlorinated hydrocarbons, are customarily maintained
in the cement kiln. In addition, hydrochloric acid and calcium chloride are
added to the cement kiln feed for purposes of alkali reduction.

The use of kilns for the destruction of chlorinated hydrocarbon wastes con-
taining up to 46% (by weight) chlorine was investigated in joint U.S. - Canada
incineration tests. The waste used included a variety of chlorinated hydro-
carbons in the series of program phases designed to progress from easily
combusted chlorinated hydrocarbons (chlorinated aliphatics) to those which are
combusted with difficulties (chlorinated aromatics and alicyclics). The last
phase consisted of 50-100 percent polychlorinated biphenyl wastes.

The results of the stack gas sampling analyses indicated a minimum combustion
efficiency of the waste feed to be 99.886%, and although traces of volatile
low molecular weight hydrocarbons were found (approximately 50 ppb), there was
no evidence of the existence of polychlorinated biphenyls at the limits of
detection of the methods and procedures, 3 micrograms per cubic meter.

It was concluded in early 1976 that cement kilns could be a viable alternative
for the destruction of liquid hazardous wastes and in fact an approval or
license was issued to a Canadian cement works. But it may be added that the
public was totally and completely unaware of these investigations, and speci-
fically of the positive results. When it became generally known that this
company was handling PCB's, the public reaction was swift and intensive, and
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finally so effective that the company voluntarily surrendered back to the
provincial agency, its license for PCB disposal. Therefore at present no
PCB's are burned.

The Canadian experience with the use of cement kilns has spanned five years.
It has proven that cement kilns represent an environmentally secure system for
the destruction of liquid chlorinated hydrocarbons if they are properly equip-
ped, operated, and regulated. But it has also shown that introducing a new
waste disposal method for hazardous wastes means involving the public at an
early stage of the development, such that their concerns could be recognized,
and the appropriate answers developed in a rational and scientific manner.

2.4.3 Japan [24, 26, 31]

The rotary kiln is the incinerator most commonly used in Japan. Takuma Boiler
Manufacturing Company designed a continuous synthetic polymer waste disposal
plant for destruction of PVC products. A rotary kiln is used in this system
for pretreatment of PVC products under dry distillation conditions. PVC
products are dry distilled at about 300°C; when air is excluded this produces
HC1l. After HCl is vaporized from the resin material, the carbonized resin
materials are burned in the incinerators (the same way as other techniques).
The HC1 gas from the rotary kiln passes through a multi-cyclone and a gas
cooler. It is then reacted with ammonia gas to produce ammonium chloride,
separated, collected by a dust collector, and finally carried away by a con-
veyor to a storage point.

Kawasaki Heavy Industries utilize fluidized bed incinerators for the burning
of liquid plastic wastes. Recently, this type of incinerator has been used
for drying various kinds of chemicals in many industries. For further infor-
mation on the operation of fluidized beds consult Section 2.3.3.3.

The FLK process has been developed by Ebara Infilco Company incorporating
equipment invented by Dr. Johannes Wotchke and currently in use at Volkswagen-
werk of West Germany for destruction of defective automobile tires (at the
rate of 250 per hour). The Ebara FLK process incorporates the small flame
chamber (FLK) incinerator for complete high temperature incineration (up to
1500°C). The process can be used to burn either solid wastes (such as tires
or high-polymer plastics) or liquids (such as waste oils or solvents).

Emission control technologies utilized in Japan and other countries are those
in use in the United States - the spray tower, centrifugal spray scrubber,
venturi scrubber, electrostatic precipitator, and cyclone.

2.4.4 West Germany [25, 28, 29, 32]

West Germany has the most stringent environmental emission standards in West-
ern Europe, yet incineration is the preferred method for disposal of certain
hazardous industrial wastes. Co-incineration is seldom conducted since the
method of disposal of industrial waste is determined by government regulation.
Waste oil, plastics, solvents, and other wastes of organic origin can be
incinerated with or without chemical or physical pretreatment. Five incin-
erator technologies are used for the destruction of most hazardous wastes:
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(1) rotary kilns and burn-out chambers
(2) fluidized bed kiln

(3) combustion chamber kiln

(4) turbulator action kiln

(5) grate kiln

The general rules for the application of these kiln types are:

(1) Rotary kiln: the most versatile kiln for all kinds of waste in solid,
pasty, or liquid condition. Very flexible by distribution of the liquid
waste feed between rotary kiln head and secondary combustion chamber.

(2) Fluidized bed kiln: for pasty and liquid wastes like sludges and efflu-
ents from refineries, petrochemical plants, and water purification plants;
flexible for fluctuating throughput rates and wastes of varying
composition. Wastes with low calorific value need a support firing.

(3) Combustion chamber with special nozzles: for effluents with low calori-
fic value to be used where the expensive fluidized-bed kiln is not
necessary.

(4) Turbulator: a high-temeprature combustion chamber with turbulent gas
flow for liquid wastes with high calorific value. Due to special refrac-
tory lining it can stand great thermal loads.

Suitable for pyrolysis and breaking-up of metal chlorides. Due to high
gas velocities, solids and dust are carried over. Therefore the off-gas
cleaning is very important.

(5) Grate: types utilized in incinerators with longitudinal overthrust
grates and rotating basket grates, mostly in combination with steam
boiler systems.

A description of the operation of the Bavarian regional hazardous waste dis-
posal plant follows*:

The central plant has a laboratory to check all incoming wastes and to dis-
tribute them to the proper storage and treatment areas.

The annual capacity is approximately 100,000 t/year of solid, pasty, and
liquid residues with a mean calorific value of 3,300 kcal/kg. The thermal
capacity is 25 Gcal/h. It is processed in two parallel rotary kilns having
one common after-burner chamber. The plant is designed for adding a third
kiln some time in the future.

Bunkers for the solids have a capacity of 900 m3. They are controlled by a
crane operator from a stationary location.

For pasty residues 4 steam-heated bunkers of 100 m® capacity each are provided.

*Reference 28.
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The tank yard for liquid wastes has a total storage capacity of 200 m3.
Beside it is located the barrel melting cabinet.

Each rotary kiln can handle either 5 t/h solids with a net calorific value of
2500 Kcal/kg, or 3.1 t/h pasty wastes with a net calorific value of 4000 Kcal/kg,
or any combination which does not exceed 12.5 Gcal/h.

The afterburner chamber handles the off-gases from:

(1) 2 rotary kilns without burning additional liquids, or
(2) 1 rotary kiln and in addition 2.4 t/h liquid wastes with a net calorific
value of 5200. These liquids are burned in the side walls.

The vertical gas velocity is 3.5 m/s in the afterburner chamber at a thermal
load of 25 Gcal/h.

The off-gas at a rate of 66,000 Nm3/h leaves the afterburner chamber at a
temperature of 1000°C.

Heat is recovered in a steam boiler. The gases leave the boiler at 270°C.
Steam is generated at 25 atm and superheated to 250°C at a rate of 34 t/h.

A steam turbine generates electric power at the rate of 1320 kw/h consuming
22 t/h steam. The remainder is condensed in an air condenser. This electric
energy is sufficient to supply the entire plant's demand requirements. The
steam from the turbine - 3 atm - is utilized for heating the building and for
process heat in the central plant.

The off-gas is cleaned with high efficiency by an electrostatic precipitator
followed by a two-stage radial flow scrubber. Dust, HCl, and HF are nearly
completely removed; SO, removal is on the order of 70 percent. The scrubbing
liquid is circulated at a rate of 150 m3/h. Since 2 m3/h are discharged to
keep the concentration at a constant value, and 10 m3/h are vaporized in the
two scrubber stages, some 12 m3/h fresh water is supplied to the system. The
discharged water carries sludge from the neutralizing agents and is further
processed in the central plant. The saturated off-gases are reheated before
leaving the stack to avoid condensation of the gas stream. This is accom-
plished in a heat exchanger and by addition of preheated air before the gases
are exited to the stack.

The gases leaving the stack are almost completely free from toxic ingredients.
They consist of nitrogen, oxygen, CO,, and HyO as they normally exist in the
atmosphere.

Slag and ashes are deposited at a selected sanitary landfill and constitute
approximately 1/10th of the original volume of the materials charged.

The Bavarian incineration facility was designed to comply with stringent West

German environmental regulations. Ownership of the plant is shared by indus-
try and municipal and state governments.
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2.5 INCINERATOR MANUFACTURERS

This section lists vendors of various types of hazardous waste incinerators.
The listing does not necessarily include all manufacturers of hazardous waste
incineration equipment. It should also be noted that inclusion in this list
does not guarantee that the organization listed is currently a supplier of
hazardous waste incineration equipment, nor does it represent an endorsement
of any such equipment manufacturer by EPA.

The following list (Table 2-7) of vendors was taken from an EPA-sponsored
report and represents only manufacturers who were willing to provide the
additional information shown. For the most part, names, addresses, and some
phone numbers were obtained from one or more listings in four current vendor
directories. These directories include:

(1) 1981 Chemical Engineering Catalog.

(2) February 1981 Buyers' Guide, Solid Waste Management Magazine.

(3) 1981 Catalog and Buyers' Guide, Pollution Equipment News (Nov. 1980,
Vol. 13, #6).

(4) 1980-81 Directory and Resource Book, Air Pollution Control Association.

A later report [33] estimated that, of the 340 hazardous waste incinerators in
service, 219 are liquid injection, 57 are fixed hearth (controlled air), 42
are rotary kiln (primarily cocurrent), and the remaining 22 are of several
modified and other types of designs.

2-64



TABLE 2-7. HAZARDOUS WASTE INCINERATOR VENDORS

Air Resources

600 N. First Bank Dr.
Palatine, IL 60067
(312) 359-7810

Basic Environmental Engineering, Inc.
21 W. 161 Hill Avenue

Glen Ellyn, IL 60137

(312) 469-5340

Baumco, Inc.
Pittsburgh, PA 15219
(412) 216-3555

Bayco Industries of California
2108 Davis Street

San Leandro, CA 94577

(415) 562-6700

Bigelow-Liptak Corp.
21201 Civic Center Drive
Southfield, MI 48076
(313) 353-5400

Brule C.E.&E., Inc.

13920 Southwestern Avenue
Blue Island, IL 60406
(312) 388-7900

C. E. Raymond Co.
Bartlett-Snow Division
200 West Monroe Street
Chicago, IL 60606
(312) 236-4044

CICO, Inc.

1600 W. Haskell
Appleton, WI 54911
(414) 734-9861

Coen Company
Burlingame, CA
(415) 697-0440

Commercial Fabrication & Machine Co., Inc.
P.O. Box 472
Mount Airy, NC 27030
(919) 786-8374
{(continued)
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TABLE 2-7 {(continued)

Copeland Associates, Inc.
125 Windsor Dr.

Oak Brook, IL 60521
(312) 986-8564

Dorr Oliver, Inc.
Stamford, CT 06904
(203) 358-3676

Ecologenics Corp.
P.0. Box 348

Red Lion, PA 17356
(717) 244-8549

Econo-Therm Energy Systems Corp.
11535 K-Tel Drive

Minnetonka, MN 55343

(612) 938-3100

Enercon Systems, Inc.
16115 Puritas Avenue
Cleveland, OH 44135
(216) 267-0555

Energy, Inc.
Idaho Falls, ID 83401
(208) 529-1000

Entech Industrial Systems, Inc.
The Woodlands, TX 77380
(713) 353-2319

Environmental Control Products, Inc.
11100 Nations Ford Road

P.0. Box 15753

Charlotte, NC 28210

(704) 588-1620

Environmental Elements Corp.
(Sub. of Koppers Co., Inc.)
Baltimore, MD 21203

(301) 796-7334

Fuller Co.

Bethlehem, PA
(215) 264-6011

2-66

(continued)



TABLE 2-7

(continued)

Fuller Co.
Bethlehem, PA
(215) 264-6011

HPD, Inc.
Glen Ellyn, IL 60137
{312) 357-7330

Hirt Combustion Engineers
931 South Maple Avenue
Montebello, CA 90640
(213) 728-9164

Industronics, Inc.
489 Sullivan Ave.
P.0. Drawer G

S. Windsor, CT 06074
(203) 289-1551

International Incinerators
P.O0. Box 19

Columbus, GA 31902

(404) 327-5475

John Zink Co.
Tulsa, OK 74105
(918) 747-1371

Kelley Co., Inc.

6720 N. Teutonia Avenue
Milwaukee, WI 53207
(414) 352-1000

Met-Pro Corporation, Sys.
160 Cassell RAd.

P.O. Box 144
Harleysville, PA 19438
(215) 723-6751

Midland-Ross Corp.
2275 Dorr Street
Toledo, OH 43691
(419) 698-4341

Morse Boulger, Inc.
53-09 97th P1.
Corona, NY 11368

, Inc.

Div.

(continued)
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TABLE 2-7 (continued)

Peabody International Corp.
4 Landmark Sq.

Stamford, CT 06901

(203) 327-7000

Plibrico

1800 N. Kingsbury Avenue
Chicago, IL 60614

(312) 549-7014

Prenco, Inc.

29800 Stephenson Hwy.
Madison Heights, MI 48071
(313) 399-6262

Pyro Magnetics Corp.
200 Essex Street
P.O. Box 288
Whitman, MA 02382
(617) 447-0448

Shirco, Inc.

2451 Stemmons Hwy.
Dallas, TX 75207
(214) 630-7511

Sunbeam Equipment Corp.
Comtro Division

180 Mercer Street
Meadville, PA 16335
(814) 724-1456

Sure-Lite Corp.
Santa Fe Springs, CA 90670
(213) 693-0796

TR Systems, Inc.

239 Commerce Street
So. Windsor, CT 06033
(203) 528-3728

Tailor & Co., Inc.
P.0. Box 587
Davenport, IA 52805
(319) 355-2621
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TABLE 2-7 (continued)

Thermal Processes, Inc.
507 Willow Springs Road
La Grange, IL 60525
(312) 747-6600

Trane Thermal Co.
Conshohocken, PA 19428
(215) 828-5400 (x45)

Trofe, Inc.

Pike Road

Mt. Laurel, NJ 08054
(609) 235-3036

United Corporation
1947 N. Topeka Blvd.
Topeka, KS 66608
(913) 232-2349

U.S. Smelting Furnace Co.
C.E. Industries Corp.
Belleville, IL

(618) 233-0129

Vulcan Iron Works, Inc.

United Penn Bank Bldg., Room 1050
Wilkes Barre, PA 18701

(717) 822-2161

The Washburn & Granger, Inc.
85 5th Avenue

P.O. Box 304

Patterson, NJ 07524

(211) 278-1965
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CHAPTER 3

WASTE CHARACTERIZATION

3.1 INTRODUCTION

Waste characterization is a major factor in assessing the feasibility of
destroying a hazardous waste material by incineration. It affects the design
of the incinerator and its emissions control system and helps determine the
compatibility of a waste with a proposed or available facility. It also plays
a part in determining incinerator operating conditions for complete destruction
of a specific waste.

This chapter discusses the importance of the physical, chemical, and thermo-
dynamic properties of hazardous wastes in evaluating them for incineration and
in selecting a compatible incineration technology type. It also classifies
RCRA Section 3001 hazardous wastes and other hazardous wastes as good, poten-
tial, or poor candidates for incineration, based on technical considerations,
and identifies compatible incineration technology types for these wastes. 1In
addition, it presents information on sampling and analysis of hazardous wastes
for characterization, and it provides a work sheet to help in evaluating a
waste for incineration.

3.2 WASTE CHARACTERIZATION BACKGROUND INFORMATION

Background information about the hazardous waste(s) is generally available.
Such information may have been generated under Section 3001 (Identification

and Listing of Hazardous Waste), Section 3002 (Standards Applicable to Gener-
ators of Hazardous Waste), or Section 3003 (Standards Applicable to Transporters
of Hazardous Waste) of the RCRA regulations. Additional information can usu-
ally be obtained from studies of the process(es) generating the waste(s).

This background information is helpful in evaluating waste for incineration.

3.2.1 Information Available from Waste Generators

A generator of hazardous waste should be able to provide the Standard Industrial
Classification (SIC) code of the industry from which the waste originates, the
EPA hazardous waste number, and a short description of the waste. The generator
may also provide a detailed description of the process that generates the

waste.

3.2.2 Information Available from Transporters

Federal or state regulations regarding transportation of the waste may give
additional waste characterization information. The manifest that accompanied -
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a waste shipment will identify the waste hazard class according to DOT regula-
tions. Also, waste data sheets (forms) that are used prior to discharge of any
waste at a disposal operation may be available. These types of information

are helpful in evaluating a waste or planning provisions for personnel and
environmental safety during storage and handling of the waste at the facility.

3.2.3 Additional Information Sources

Additional information relevant to hazardous waste incineration can be obtained
by contacting the following sources:

A. EPA regional offices:

Region I

John F. Kennedy Federal Building
Room 2203

Boston, MA 02203

Telephone: (617) 223-7210

Region II

26 Federal Plaza, Room 1009
New York, NY 10007
Telephone: (212) 264-2525

Region III

Curtis Building

6th & Walnut Streets
Philadelphia, PA 19106
Telephone: (215) 597-9814

Region IV

345 Courtland Street, NE
Atlanta, GA 30308
Telephone: (404) 881-4727

Region V

230 S. Dearborn Street
Chicago, IL 60604
Telephone: (312) 353-2000

Region VI

First International Building
1201 Elm Street

Dallas, TX 75270

Telephone: (214) 767-2600

Region VII

1735 Baltimore Street
Kansas City, MO 64108
Telephone: (816) 374-5493



Region VIII

1860 Lincoln Street
Denver, CO 80203
Telephone: (303) 837-3895

Region IX

215 Fremont Street

San Francisco, CA 94105
Telephone: (415) 556-2320

Region X

1200 6th Avenue

Seattle, WA 98101
Telephone: (206) 442-1220

B. 1Industrial Environmental Research Laboratory
U.S. Environmental Protection Agency
5555 Ridge Avenue
Cincinnati, OH 45268
Telephone: (513) 684-4303

C. Office of Solid Waste
U.S. Environmental Protection Agency
401 M Street, SW
Washington, DC 20460
Telephone: (202) 755-9206

D. State Environmental Protection Departments

Table 3-1 can also be consulted relative to RCRA Section 3001 hazardous wastes
and other hazardous wastes which are good, potential, or poor candidates for
incineration with appropriate incineration technologies, based on technical
considerations. This table was prepared using available background documents
for some of the listed waste, trial burn data, and engineering judgment based
on chemical formula(s) of compound(s) present in the waste. The following
criteria were used to structure engineering judgment:

Waste containing Incineration category

+ Carbon, hydrogen, and/or oxygen Good

* Carbon, hydrogen, <30% by weight chlorine and/or
oxygen Good

+ Carbon, hydrogen, and/or oxygen, >30% by weight
chlorine, phosphorus, sulfur, bromine, iodine,

or nitrogen . Potential
* Unknown percent of chlorine Potential
+ Inorganic compounds . Poor
+ Compounds containing metals Poor

Other factors to be considered in evaluating waste for incineration are:

3-3



(ponutjuod)

M sjuawbtd moTTa4 durz jo uoridnpoad Y3 WoiF IBPNTS JUSWILII] IIJRMIISEM $00
M sjuauwbtd
asbueio ajepqiTow Jo uorionpoid ayy woiy IPpnTs JUSWILLI] I33BMIISEM €00
I sjuawbtd
sbueio pue moTT13X awoiyd jo uor3donpord Y3 WOIJ IBpPNIS JUWILII] IIJeMIISEM 2004
sjuawbTd oruebiour
F Touaydoioryoejuad 1o/pue 330s091> asn eyl sassadoad bur
-a13saiad pooa woiy siajemajisem Jo JuawWeall Sy woiy abpnls Juswrpas woijog 1003
uotrjearasaid pooy
F “s@deuIny iserq
pue SUsA0 30D Wolj sabpnys 13qqnids ToIjuod uotTInirod aTe pai’jemad 9104
} suorjetado X19a00a31 sTejauw [eEIBUTW WOl sSuoTINTOsS yieq aprueld juadsg ST0d
$ suoTjerado X1sa0da1
sTejaw Telauiw wolil juawrpas puod BurTIE) Juswleas; 1ajemalises uoriepruei) #1004
I -suotjeaado
£13A00581 sTejaw TEISUTW WOl UOTIRIOTF 3ATIOa[as woaF sburrrel uorizerord €104
} -suorjeiado Hurjessl 1esy Tejaw woaJ sabpnis juauwyealy JIajemaisea Buryousnd Z104d
F “suoTjeIado
Butieasy jeay Teizsw woiy Hurueard jod yjeq 3fes woiy suorinyos jusds 1104
} -suorjesado Hburjeaal jesy Telaw woly syijeq [TO0 woll bpnrs yjeq buryousnd 0104
} -suoTjeiado burjerdoa3daTs woiF suoriInyos yileq HurtueaT> pue Hurddriys juads 6004
5 -suotjeiado
purzerdoa3nars woij syjeq bBurierd Jo woljoq 3yj woiy sabpnys yaeq burjerd 8004
I suotieaado Hurjerdoaynars woay suorinyos yjeq burierd juads L00d
) suoTjeiado HBurierdollds]? wold sabpn[s juawledar] JIIJemalsem 9004
F “S3UIATOS 9SaY3l JO AI9A0D91
2y3 woiy swo3jjoq TIT3s ay3 pue auTrpTiLid ‘Touejnqosy ‘SpTFTNSTp uoqied
‘3u033y TAYlIs TAyjauw ‘ausnyol ‘Toueylaw ‘sjuaajos pajeusboreyuou jusds 8yjy $004
F “S3USATOS asayj) jJo X13A0D31 3y} wolJ swoljoq [[T3IS aYy3l pue
‘3UaZUaqoI}TU ‘pTOe DITASalId pue S[OS3ID ‘Sjuaaros pajeuaboreyuou juads ayl 004
F “S3UaATOS @Sayl Jo X19A00a1 ayjl wWoij swo3ljoq
TIT3S 3y3 pue ‘auouexayoy>i> ‘foyodfe TA3ng-u ‘I13y3e TAy3? ’auazuaq
14y3a ‘93e3aoe TAyjza ‘suojlade ‘auardx ‘sjuaaros pajeusboyreyquou juads ayl £004
* TSIUSATOS 3S3Yy3 3o XI12A0D31_3YJ wolj swoljoq [[I3S IYyi pue
JURY]3WOIONTFOIOTYDTIY ‘IUIZUIOJIOTYDTP-0 ‘Suey3aoionTyril-z 'z’ 1~-010Tyd
-TI3-2'T’T 'IU3Zuagolofyd ‘IueylaoIoTydITII-T‘T’T ‘9uatdyla01oTysTa]
‘SpraoTy> suaTAy3law ‘auayiyla010TYydeI1a] ‘SIUAATOS pajeusborey juads ayyl 2004
F “suotjeiado burseaibap UT sjuaATOS 3sayl jJo Xi1aAodal
ay3 woaj sabpnys pue ‘suoqied0IOoNTJ PIIeUTIOTYD 3Y)} pue ‘IPTIOTYORIII]
uoqied 'aueYIIOIOTYITII-T T’'T 'SPTIOTYD auaTAyisaw ‘SUITAYIa0IOTYDITI}
‘suatAyjaoioTyoealsy ‘bBursesibap UT pasn sIuUIATOS pajeusborey juads 3yl 1004
PISENER]
paq 1004 31sem snopiezeH Iaqumu a3Sem
pazIpInig UOT3e1aUuTdUT 103 snopaezey vdi

3dX3 1o03easutduy

[8-T] SHIDOTONHOAL FLVIYJOWddVY A9 NOILLVMANIONI ¥0O4
SAIVJIANYD ¥00d 90 ‘'IVILNALOd Qo095 SY JAIVY SHISYM SNOQUYZYH "T-£ FTdVL

3-4



(ponutiuod)

» SURYICIOTYITII-T T T
} 3o uotrjonpoad ay3 ut i3ddrils wesays jonpoad ay3 woa3y IIseM 620
I SUPYIFOIOTYDTAI-T T T
Jo uor3onpoad IYJ UT 1030eII JOJRUTIOTYD0apAy 9yl woiy 3IsATeied juads 8z0X)
} uot3onpoad 33eueid0STITP JUINTO] WOIJ INPTSII HNITIIUI)) LZ0Yd
} sautpraid 14y3e 1Ayjsw jyo uorjonpoid ay3 woaj syre3 [TIIS Hurddrias 9z0y
F JUIZUIQ JO UOTIRIITU
Yy Aq suszuaqoiltu jo uoTIdNpoad Yy woij SWOIIOq UOTIRTIIISTA 5204
» I3 - I suateyiydeu
wo13 sptipAyue orreyiyd jo uorionposd Y3 woly SWO3I0Q UOTINITIISTA yzod
» » » I suareyjydeu
wo13 sprapAyue drreyiyd jo uorionpoad ayy woiy spud IYGTT UOTIRTITISIQ £20x
F F F UMM
woly 3uolade/rousyd yo uorionpord Y3 woiy siel wo3IIoq UOTIRTITISIA 2z0M
I3 uotjonpoiad saueyjawoionyy woly Iisea 3sAyejes Auowrjue juads snoanby T20M
\. \f \r uotionpoid iswouocwm
- SpT10TY> TAuTA UT 9prioTyd TAUTA JO UOTIPTITISTP Y3 Wwoij spuad Kaesy [1741)'
F I3 [d UOTIONPOIC IPTIOTYITP
SuaTdy3a ur IPTIOTYITIP 3UITAYId JO UOTILTITISTP 9Yy3 woaj spus Kaeay 6TON
» P I 4 uoTionpoad IPTIOTYS TAYI? JO UOTIRPUOTIORIJ WoIF sSpu?d Aaesy 8TOoM
» ) M utapiyosoTyords jo uorjonpoad
Y3 ur tumyod uoriedTyrand Y3 woiy (swoijoq TITIS) spus Xaeay JA) |
F I3 F SpTIoTYpEII]
uoqied Jo uotrionpoid 3yl WOIF SINPTSII uUOTIETTTISTP 10 spua Laeay 9TOM
M M I aptaory> T42usq JO UOTIETTTISTP 9yl WoaF swoljoq TTTIS STOd
M aTTa3TUoTLIDR
30 uoridnpold Y3 Ul uWNTOD UoTILdTITJInd STTIITUOIILDE Y3 WO1J swoilod [20)
F ITTAITUOTAIOR
Jo uor3anpoad 3yl UT WUMTOD STTIITUOIIOR Y] WOIF WeIIIs woljog €TOM
» » » M arra3TUOTLIde JO uUOTIONP
-oxd ayy ur aytajruoriide yo uorjesryrand Teury ay3 woay swoljoq TTIIS ZT0Md
F 9[TIJTUOTAIDE
3o uot3onpoad ay3 ur aaddriys Jajemayses IY3 WOl wealls wojjog TT0M
M auarTiyle woij apdyapiejede jo uorionpoad ayz woxy SIND apTS UOTIETTIISIQ oToy
P ausTiyza woay splyaspreirsde jo uoridonpoid ay3 woaj swo3}oq UOTIRTTIISIQ 6004
sTed>Tways otuebig
F sjuaubTd uaaib spTXO aWOIYD JO UOTIONPold 8Yy3l WOAJ INpIsal UIAQ 200M .
M sjuawbtd anTq uoar jo uorionpolad 8y} woi3 IBpnTs Jusuleas] IIjemaisemy L0OOM
» (p23ie1piy pue snoipiyue) sjuawbra
ua31b apTXO0 Juwoliyos jo uoronpoid 3yl woiy IpnTs JusuUILII] I33EMIISEM 900
I3 sjuawb1d uaaib aswoiyd yo uorionpoid 3yl woiy bpnis jusuRAI} JaJEMIISEM SO0N
(p,3u00) sjusubtd otuebaour
paq uitTy uoT3dafur 1004 Teriuailod poon 3)5kM Snopiezey Jaqumu I3}SeMm
pazIpInyd Aiejoy pinb1q UoT3eIaUTIOUT 103 snopaezey ¥43
adX3 103jeiautouy ajepIpue;

(panutiuod) T1-¢ HIAYL

3-5



(panutijuod)

M buttaesys pue !{anyq-ayl-ybnoiyi ‘asnoywesq ou
!YSTUTJ 313M/Ue3al !YSTUTJ 3I9M/uelal/ue} awolyd/ases Itey ‘YSTUTJ 3am
/uejaa/uey awoays/dynd atey !Xa3snpur BurysTury pue HButuuej IayjzeaT

ay3 jo sataobajeoqns HBurmorioy 9yl Aq pajeaausd sbutwmray (9nTq) swoayy £50M
Burystuty Burtuuey aasyiean
T F 13 Xa13snput buturyai umayoajad syjz woiy (papesT) swo3joq Juey Zso0M
} I V Laysnput Buturyal umaroajad ayy woay Ibpnys Jojeredss 14v 150M
M P M Ka13snput
buturyeas unayoijlad sy3z woay bpnys Hurueays srpunq Jsbueyoxs JeIH 05S0M
F F } K13snput buturjyal umatoijad sy3 woay SPITOS UoTSThwS [To dols 60N
M » P Li3snpur Bututiaa umaToazad 3yl woiy jeorF (J¥q) UOTIRIOTF JTe PIATOSSIQ b0
bututjyaa umayoalsgd
5 F F s suoTjelado INL woaj Jajem pal/yuid Ly0N
Ig spunodwo> butjer3iTur paseq-peal jo bButrpeor
pue uotjeTnuioy ‘bBuranjoejnuew 3y} woiay sabpnTs juswieal] 13jemaisepy 9%0M
I 5 » saaTsoTdxd Bururejuod 193EM3}SEM JO JuUaWIEIAI I WoaJ uoqaed juadg SpoN
» » » saatsordxa
Jo burssadsoxd pue Huranjoejnuew ayj woij SaDPN[s Juawleai] JIjemIIsey vH0oN
saatrsordxy
I a-b’z 30 uor3onpoad 3yj wWoly 33sem TouaydoIoTysTd-9°z 340
I I-G‘$’Z Jo uoTionpoad ay3 ur Iuazusq
-0I0TYdeI333 JO UOTIETTTISTP 9Y3 WOIJ SSNPISal UOTIBITIISTIP JO Spua Kaesy ZH0d
I suaydexol jo uotionpoad ayj woay abpnis JuUsWILII} 13IEMIISEM oM
_} @3eaoyd jo uorionpoiad ayj woij 36PNTS JUAWILSI] 193EMIISEN 0poN
F F F a3eioyd jo uotionpoid
SY3 ur proe dTIoyirporoydsoydrAyia2Ip Fo UOTIRIITIF Y3 WOy 3yed I1a3T4 6£0M
M uotyonpoad ajeioyd yo butddriys pue Butysem 3yj woly 13jemajsey ge0d
} uo3o0J[NSIP jo uoridonpoad ayj woiy sabpnys JuUswWILI1] IIJRMIISEM LEON
W uojoyInsIp jo
uotionpoid 3Yy3j UT UOTIBTTTISTP UOTIewe(das susnyol woly swo3zoq (173§ Eix ]
} 931050212 Jo uotionpoad ay3z ur pajeiausd sabpnTs juswiealrl iajemalsey SEOM
} suepioTys> jo uorionpoad
ay)} ut auatpejuadololdororyoexay Jo uoTILAITTI Yl WolaJ SPTTOS IIITTJ $EOM
I3 auep.aoTyd jo uotionpoid ayl
ut auatpejuadoTo4d Jo UOTIRUTIOTYD 3Yj WOIJ 13j3eM (NIIS pue I33BMIISEM cEON
P suepioTy> jo uoTionpoad ayj woiy abpnTs Juswleat} 133eMI}SeM b4 |
M p1oe dor1dpooed pue YHSH Jo uorionpoad syy ur pajeaauad sjtes sijonpoad Ag TEOX
S9pTITISad
N3 13 I3 auariy3zsozoTydiad pue auaTiy3?
-010TYoTa3 o uoTidnpoid pauTqwod 3yl wodj spus AAeay 10 swoloq uwumiop 0c0d
(p,3u0d) sTeostway> otuebig
paq uyTy uoT3dalut  J1ood TeTIIUa}0d  pooH 93SeM SNOpaezZeH Jaqumu 3}SeM
pazIpInTd Ki1ejoy pinb11 UOT3EI3UTOUT 103 snopJaezey v¥dd
adX3 103ea3uUTOU] ajeprpue)

(panutjuod) T-£ F1GVI

3-6



(panutijuod)

I uoT3onpoad durz AsewTad woij (9PTX0 UOCIT) INPTSal yoseay ueld umtuwped 890M
g uotionpoid outz Liewrid woiy sabpnys/sdwTTs spoue dTIAT0132913 L90M
) uoTionpoad durz Xiewtad woay
umopmoTq jueld pIde Jo/pue ia3emMaisesm ss920id Jo jJuawzeaxy woxjy Ibpnys 990)
outrz Arewtad
F SITIT[TOeJ burjTows pear Aiewtad je sjuawpunod
-wT 3deJIns woliy pIbpaip pue ur paurejuod sprros Juswpunodwr adeyang G90M
peat Aaewtad
I3 uot3onpoad 1addoo Xaewtad woiy Xi1anTs umopmoTq
Jo Putuasyotyl 9yl woay buryiynsaa bpnys/L1anTs umopmorq juerd prOV $90)
13ddoo Xiewtrad
5 suotjeisdo
HUTYSTUTI T993S woaJ JonbrT aryd1d juads jo juauneasy Iwry woiy IbpnTs £90Y%
I suotjelado Burystuty (eels woay ionbiy ITyoTd Juadg 2904
F 12938 3O
uotidnpoad IdRUINI OTIIINT? Y3 woiay IBpnTs/isnp 10I3U0D UCTSSTUY 1904
M suot3iviado Huryoo woay IBpnys WwWTT TTTIS vTUOWEY 090N
1993s pue uoal
F YsTuty 3am/ue3az
/uel swoayduou/aaes Irey :Xiysnput HBurysTury pue Butuuel IIYIeIT IY3I
3o Kiobajeoqns HurmoIToF syl Aq pajeiausd sSIbPNTS JUIMIRIIY I9IeMIISEM 650N
I INTq-3Y3I-ybnoayy pue ‘YsTUTI IM/uelda/ue] swoIyd/daes ITey 'YsTUurj 3JoMm
fueisi/uey swoays/dind aTey :X13Snput BUTYSTUTI puv HuTuue] IIYIRSIT Y3
Jo setaobajeoqns Butmo(1oz syl Aq pejeasuab sabpnTs juauwealyl lajemaisem 8503
F butrieays pue anyq-syj-ybnoiyy ‘esnoyuwesq
ou {YsTUTF IIA/UelII YSTUTJ IIA/ULIII/UR) SWOIYD/IARS ITeY ‘YSTUTJ I3
fue3ai/uey swoays/dind artey ‘Xaysnputr BurysTury pue Hutuuel IaYEAT Y3
3o sataobajvoqns ButmoTT0F 3yl Aq pajeiausb SIOPNTS JUWIRII] 1IJVMIISEM LS0M
F ‘butraesys pue anTq-ay3-ybnoiyy
‘asnoyweaq ou ‘YSTUTI 3IaM/uelal !YSTULF jam/uelal/uel Iwoayo/saes itey
YysTUty jam/uelaz/uel woayd/dind arey :Xajsnpur DBurystury pue Hutuuel
a9yje’T IY3 jo satiobajenqns Hurmorroz ayy Xq paierauad sBUTUIIIDS IImeS 950
F INTq-3y3i-ybnoayy pue ‘Isnoyuwaq
ou ‘YSTUTF 3Iam/uelal YsTUTJ Iam/uelal/uel JWOIYD/IAeS ITeRY ‘YSTUTJ
jam/ueiaa/uey awoayd/dynd atey :Kaysnput burysturj pue Hutuuey
19y3ieaT ayy jo saraobajedqns DBurmorTo3s ayy Aq pajeasusd i1snp bBuryjng ss0M
F Burtaeays pue ‘enTq-3y3-ybnoayy :esnoyueaq ou
{YSTUTJ 3Iem/uelar YsTUTJ 33m/uUellal/ue] JWOIYd/Iaes ITey !USTUTF 1am
/uelai/uel swoayo/dynd atey :Z13snpuy HUTYSTUTI pue Butuue] i3yjeal
ayy jo satvaobajeoqns HurmoyToy 3yl Lq pajeiauad sbutaeys (enyq) awoiyd HS0M
(p,3u0d) bBurystutry bHuTuue] JayjERIT
p2q urTy uor3dalur 1004 Tetriuajod poon 31S5eM snopaezeHq Joqumu 231Sea

pazipIntd  Aaejoy

prnbry

adX) 1ojeaautoul

uotT3eiaurdUl 103
ajeprpue)

snopaezey ¥4r

(panutjuod) 1-£ FIGVI

3-7



(panutiuod)

; r S r a3voty3otoydsoyd (tAurzeaid-z)-0-1441s3Td-0‘0 ovod
3 3 3 » pIoe orotyzoxroydsoyd jo 133se [1AY33(oTyITAY3Ia)-2]-5-TAY321Q-0‘0 6€0d
\. aursieT4y3atrq 8£0d
» » utIpratd LEOd
—F sutsteTAuaydolotyotq 9¢0d
I3 I3 (g-v‘2Z) proe orisoedxousydoloTyotd-4°z S€0d
» » » Touaydo1iTurp-9’ H-1Axayor243-z $E0d
F ¥ 13 SpTIOTYD> usboueX) ££0d
5 s M sprwoxq uaboueds zZ€0d
» S » usbouel) 1€04
; sopTueX) 0€0d
b sptuekos 1addop 6204
» p » auanyojoloTy)-eydre 820d
F F T 37113T001d01dOIOTYD-E Lz2od
S M eaanoty3 (tAusydoioTys-o)-1 9z0d
» P M pIoe dT1392e-£-aToputTiylau-z-Axoyjauw-g-(riozuaqoroTyd-d) -1 5204
F 13 sutrTrueoIoTY)-d pvzZod
I 3 I3 » apdyapreisseoroTyd £zod
L t t t SPIITNSTP U0qIe) zzod
F SPTURAD UMTOTRD 120d
I3 I3 I3 P Touaydox3Tutp-9’$-143Inq-09s-2 0zod
» S » » sprxoxad suoueing-z 6104
F F I3 auTdoNnIg 810d
A p I3 p 3uojadeomolg LT0d
» A p » a3y33 (rAyjsuwoioryd)std 9104
F Isnp umTTTAIag ST0d
} 3 » M ToTyjaulzuag ¥10d
P - apruei> umrieg £10d
F 9PTXOTI] DTUISIY FATL
3 spTxojuad dSruSsay 1104
» pIo® JTUISIY 0104
F F F ?93e10Td umTUOWWY 6004
S P S sutpraldoutuy-4 800d
» » » 1o70ZeX0ST-£-( TAY3swouTuy) -§ L00d
F sprydsoyd umutumTy 9004
IS I3 p » Toyoote TATTY s00d
L _ t uTIPTV %004
L x i F [ CEED] €004
s p ; P ®aINOTY3-2-TA399¥-1 Z200d
5 » M g S3TeS pue utreunodixoipAy-¢-(TAzZusqriuolsoy-eydre)-¢ T00d
Joasayy sanprsaz [71ds pue
‘s1a9urelu0d ‘satoads uorienryroads-jjo
's3jonpoad TeSTWayD TETOISUOD PapIeIsSI|
3 butjTews peay Xiepuodas woijy abpnys/isnp T0I3U0D UOTSSTWY 6901
peaT Xaepuodas
paq urTy uot3dalur  J1ood  [eT3u3ljod  poon 93semM SNOpJIeZeH Jaqumu 93Sem
pazIpInid Ki1ejoy pInbr] UOT3eI2UTOUT 10F snopaezey vdd

3di3 1ojesaurduy

23epTpuUR)

(panutjuod) 1-¢ FI9VL

3-8



(panutiuod)

N 3 p .sutwetAuaydrposoaI IN-N £80d
» » » UTWeTAY33WTPOSOIITN-N 7804
A A p I3 sutaanitboiyTnN 1804

» 3pIX0.1393 usboalIN 0804
x spTrOoIad usboayIN 6L0d
» IPTXOTP UIbOIITN 8L0d
N » » dUTTTUROI}TN-d LL0d
3 IPTRO DTIIIN 9L0d
N » P S$3TeS pue JUTIOOIN sLod
» Iptuedd TaIIN yLod
¥ TAuoqied TaydIN €L0d
» » P - edanoty3-z-1AyydeNn-1 zLod
A b » uotyyered tAyisp TL0d
F I3 I3 awtxo (TAuoqredTAyjeuw)-o-3pAysprruotdoad{oTyrTAyIam)-z-TAYIaN-2 0L0d
§ ) » S 9TTIITUOIDRTTAYISH-2 690d
X i . p 3uTZelpiy TAYIeR 8904
F F ¥ ¥ SUTPTaTZeTAYIIN-Z L90d
) » IS TAwoy3ay 9904
» ajeutwyny Lanoasy §90d
F F F " F 19189 TAyjaw “proe oTueXdos] $90d
\ » M S pToe oTuedd01piH £90d
A M » ajeydsoydeiay riyzsexsy 290d
x r F ¥ susdoidoiotydexsy 1904
r ) S . suaTeyjydeuourylauTp-opu’
‘opua-g8°G:p’ 1-0apAyexay-eg g s ey’ §'[-0IOTYIRRIH-OT ‘0T '$’'E'2’T 0904
r » JoTyoezday 650d
F 3TeS untpos ‘pIde or3adeoionyd 9s0d
R R s spTweladeolonti-z LS0d
r utiontd 9s0d
F sptueld dTaIag §50d
R N N 3 sututauaTAylg vysod
A A » » JuTweTpauaTAyld €50d
5 x \, ¥ FPTURADTAYIH 250d
A s IS - utapug T1S04d
» » uejTnsopul 050d
. £ F 3INTQOTYITA~-¥ ' Z 6v0d
N X » Tousydoa3lTurg-4‘z 8¥0d
M » » S3TeS pue 10S3I1D-0-013TUTA-9'¥ Ly0d
F I3 r F sutweTAyjauaydrAyjaurp-eydre 'eydte 9%0d
A » P surxo [TAuoqaed(outueriyisu)]-o-auoueing-z-(oTyrTAyisu) -1-rdyiswrg-c‘c svod
\. » » Ijeoyawtqg P0d ,
% ¥ \( ¥ sjeydsoydoaont3yTXdoadosT-1q £¥0d
r A b IS ToyooTe TAzuaq TAyjaw- (outweliyiaw)-eydye-AxoIpAyrg-v'c Zv0d
A r » » 13359 tAuaydoajztu-d-o ‘proe oraoydsoyd tAyjatc-0‘o0 %04
(p,3u0d) joaiayj sanprsair [Tids pue
‘siautejued ‘sartoads uotrjeosryroads-jyjo
‘s3onpoid TedTWaYD TeTIJauWWoD papiedsId
paq urTy uoT3oalur 1004 [PTIIUIIOL  POODH a3sem snopaezey 13qumu 23Sk
pazipIntd Kiejoy ptnbt] UOT3eI3UTOUT J0J snopiezey ¥43
adXy 103eaautTou] ajeprTpue)

(psnutjuod) T-¢£ FI9YL

3-9



{panutjuod)

» M } P STTA3TUOI DY £oon
S } } P auolady zoon
! L spAyapre3acy 1000
F sprydsoyd outz zz1d
} sptued> ourz 1214
} spIxojuad umtpeuep 021d
F ITeS umTuoww® ‘pTOR JTpeURA 611d
I Iy IN TOTY32ULRY3SWOIOTYITIL 911d
s s i weIntyr LI1d
[ F F 9pTzeqiedTwasoTyy 9T1d
I jeyIns (1) untiteyl ST1d
} 33TUSTAS UMTTTRYL yI1d
I 9pPTXO OTTTEYL £T11d
g I } g sueyBWoIITURIID], ZT1d
Bd P _p } s3eydsoydoaddiiyiseaiag 111d
[ pesT TAylaenlal 011d
} I d I ajeydsoydoakdotyztpriy3aeaial 601d
L t L sjyes pue autuyaiilg 801d
F SpTIINS unTjuolls LOTd
I spTueid umrpos 901d
; apIze umipos SOTd
r SpTURAD JIATTS $01d
I eIInouatrss £0Td
A } s s 10-7-ukdoig-z 2014
X N Iy F aTt13TUoTdo1d T01d
F I F r Torpauedoig-z’1 00td
} IpTueid I2ATIS wntssejod 660d
F sprueld untssejogd 860d
¢ [ g I apTweuojns
auazuaq TAYI3WTP-N'N YITA 193S3a-0 ’193sa TAY3awrp-0‘0 ‘proe droryjotoydsoyd 160d
s } } sutydsoyd 9604
} F I3 susbsoyq 5604
fd g M M 9jeaoyq v60d
} I A} eaanoTyltiuayd-N £60d
I3 93e3a0e Xanoxauiuayg Z260d
I aUTSIROIOTYDTP TAUaYd 1604
P . I touaydoioTyoejuad 060d
} F Ix - F uotyjeied 680d
o } s I pToe JTTAx0qIedtp-¢£ ‘Z-auelday[1-Z z]oT24oTqeXR0-L 8804
r IPTXOIJI] umTWSO 1L80d
F F 13 } apTx0 auatXy3la saTow Z Y3Ts pIsuspuod ToyodTe X370 980d
M M P aptTwexoydsoydoaidyiyiawel oo $80d
} M I auTweTAutATAY3aWOSOIITN-N $804
(p.3uod) 3Joauasyy sanprsal [rrds pue
‘sJauTejuod ‘satoads uoTjzesTITIIdS-3FO0
‘s3onpoxd TesTWayd TeTIAUMOD PaPIeIST]
paq uTTy uot3oalur  10ogd [eIjusijod  poon 23sem snopaeze Joqumu 23SBM
pezIpintd AKiejoy ptnbrq UOTIRIAUTOUT J10F snopiezey vdi
adX3 1oje1autTou] 3ajeprIpue)

(ponut3juod) T-£ FI4VL

3-10



(panuTtjuod)

I3 » b aueyawoIoTYd svyon
» » M I wiojyo10TYD vvon
M » P 3UYII0I0TYD £40n
F I3 F F 18y3a TAuta TAY3I30I0TYD Zvon
S I3 M M auedoadixoda-¢‘ z-010TYD-T P00
P P p auRY3}SWowoIqTIpoIoTYY ovon
F I3 105313-w-0J0TYy-d 6E0N
» M g ajefrzusqoIoTYd 8£0N
» » I auszusqoloTyd LEon
F I I3 auep.loTyd 9t0n
» g hd TronqueroTyo seon
» M p i TRIOTYD peon
F F -} SpTIONT3I TAUOQIED ceon
Id 3jewOIyd uMTOTRD zZeon
» »r M } ToyodTe TAing-u TE0N
F F F I3 Iay3e TAusyd TAusydowoig-y ocon
» I3 I aueyy}auoulo1g 6200
F F F F a3y33 (TAdoadostoiorys-z)sig Lzon
} I3 } sutueyLyiydeu-z- (T4y22030TY2-2) STE-N'N 9zon
» P I N 13y3a (1dy3s0lo1ys-z)sid szon
F F F F suey3au(Axoy33010Tyd-z) sTd vzon
3 » » SpTIOTYDOTIZOZUSYH gzon
» } r suazid[e]ozuag zzon
F 13 F auTpTZUIE TZ0N
3 } M IprIoTys TAuojInsauszuag ozon
» » » P duazZusg 6TON
Jv F w F auaderayjuee]zusg a10N
) I M SpTIOTYD Tezuag L1on
P } I auTpTIoR(d)Zudy 9100
F duUTIISEZY sToN
M » M uTwe.Iny 10N
I $0153qsy €100
r t t r SUTTTUY FAT
) M I sToajTuy 1100
[ » } (193s9) BuoTp-L ‘p-aTopur(e-Z'1)0T0aaAd (p'€: g’ ,Z)outaTze djew
-eqred14Ay3auw-g-Axoy3au-g( 1Ay3sulxoipiy) -g-opAyexay-qg ‘eg g z eI’ T-ouTwy-9 0100
F ¥ F F STTIITUOTAIDY 600N
Iy N t I ptoe orriIoy 8000
» P I spruerLioy Loon
F F F F apTIOTYD TA3adY 900N
3 » S auaanoTyoutweTA3aoy-2 soo0n
» » P M asuouaydojaoy 00N
(p,3U0d) 3O913yy sanpisai [1rds pue
‘sasutejuod ‘saToads uorjedtyroads-3jyo
‘s3onpoad TeSTWAYD TeToIswod pIpaedstq
peq utrTy uoT3ydafut 1004 TeTiualod pPooo ?3sem snopaezey 1aqumu 33Sem
pazIpInyd 4Kaejoy pInbrg uotTieISUTOUT JOF snopJaezey yds

adA} 10jeIRUTOUT

a1epIpue)

(penut3juod) T-£ FTAVL

3-11



(panuT3uod)

. , » » ajereyiyd Tiyzarq agon
N r » p proe otory3ztpoioydsoyd yo 19359 TAYISwW-STAYISTQ-0‘0 Lgon
’ » I3 aurzeIpAqriy3arg@-z'1 9801
I » » I asuejngixodarq 5801
x ; F —F suedoaxdoaoryora-£'1 vaon
A s » » suedoadoioryora-z't £80n

» r [ousydoioTyo1ad-9°z zg0n
F 3 TousydoioTyd1a-%'z 180N
N p 3 P JueyaWoI0TYITq ogon
» » » M suatAy3aoroTyoTp-suer3-z‘1 6,00
F IN I F SUSTAY30IOTYITA-T T 8zon
s » S \, FURYIOICTYIIA-Z ‘T LLON
5 5 » S o BURYIIOIOTYITA-T T 9L0N
x ¥ F URYIAWOIONTITPOIOTYITA sion
s S “p P audINQ-Z-0I0TYITA-% vion
» » QUTPTZUAGOIOTYIT(d-,E£°€E €L0n
F F aUIZUIQOIOTYITA-b' T zLeon
s s S UIZUAQOIOTYITA-E ' T TLo0
» » » AUIZUIQOIOTYITd-2 T 0.0N
F ¥ F ¥ sjeTeyayd 1LInq-u-1q 6900
5 » » UeYIWoWoIqTa g90n
A » S sueyja0woIqrd-z ‘1 490N
k K F F auedoadoioTyo-g-owoIqrd-z ' 1 990n
\. » » P aueyjawoloTyoowoaqrd S90n
A » A sua1Ad[T‘e]ozuaqrqg yoon
F ¥ F suaseayjue [y ezuaqrq €901
s S M ajerrerq Z90n
» I 1aa 1900
¥ \r aaa o9on
r » r uroiwouneq 650N
A » A spruweydsoydoyoi) 850N
5 F ¥ ¥ auouexayoTdX) Lson
» * s S Juexayo124) 950N
A b A » uaumy Ss0n
5 x % x proe orrdsaiy pson
» A s I3 spiAyapyeuoioi) cson
» » M 570531) 2500
¥ F F ¥ 3308310 150N
» » » - sussiiyp oson
) » » » sptioTys01pAy auUTPINT01-0-0I0TYD-¥ 6%00
3 ya ¥ TouaydoioTyd-z avyon
r » [ asuateyjydeuoiory, -z L¥Or
I » s r 19433 TAyaw TAYyjawololyd abon

(p,3uod) Joaiayj sanprsai [TIds pue

‘saautejuod ‘saroads uorjedryroads-y3Ic

‘s3onpoad TedTWay> TETIDI3UWMOD PIPIeIST]

paq uTTy uotr3joafuTr 1004 TeT3ual}0d  pPoOH 91SemM snopiezel 13qunu 33seAm

pazipintd Kiejoy pInbty UOTIEIUTOUT 10F snopiezey y¥di

adXy 1ojeasutour

33epTpUR)

(psnutiuod) T-£ ATAYL

3-12



{panuT3uod)

IS 3 p 3 suatpejuadoTsLo010TydeXaH 0E1N
5 \o \o OEMNUEOHuhnthOH:UMon 621N
No \( \f \W JUITPRINqOIOTYORXIH 821In

Nr \( IUIZUIQOIOTYIexXIH LZ1Nn
p } s r spAyspTeTiprodTs 9z10
P P » M {eanying szZ1a
F —F F F ueing 7301}
} » » } PIo® dSruiog €210
B} » } apiyapreuiod zzin
F F F aueyiawoJ0TYITIy0I0NT 121N
p \' M suayjueaonTy 0zZIn
» » » Iy sjeuojnsaueylaw TAy3g 6110
F F F ayeTXIoeyysuriyag 8TIN
I ¥ t I 19y TAy3E LIT0

o} » P eaInoTYy AUITAyIg 911N
F —F F 9pIXO JUITAYIF STIN
r 3 P M 93eureqIRI0TYI IPSTqRUITAYIT 12801
P P p P sjerdaoe 1443z £1IN
F F F —F @3eade TAYIE Zrin
» I3 I3 sutuesoxjturidoad-u-1q 1110

p » r » sutuwetidoadrq oTIN
F F | 20 surzeipXyrAusydrg-z't 60TN
» P » M uexRoT@-v' [ 8010

p P r » ajereyayd 14300-u-1qg LOTN
F 13 F UINTOI0IITUTA-9°Z 907N
» P 1 2USNT0I0IITUT-$Z SOTN
3 » ) TousydoayTurg-4°2 3010
F F F F jeyIns 14y3aurq €01n
3 S M » sjereyiyd 1iy3autq Zotn
) M ) Touaydriyzawra-¢‘2 1010
F F F F AUTWeOos0I3TUTAYISWTA 001N
» p } ) sutzeapAyriyisurg-z 1 660N

¢ s t _t sutzespAyrAy3surg-1‘1 8600
F F F p1aoTyd TXoweqiedTiylswTq 160N
} } » } sptxosadoapiyrizuaqriylawrg-eydre-eydre 960N

o » M surprZUIqriYIawIqg- '€ $600
- —F F suadeayjue|e | zusqAylawTg-z1’ L 60N
3 » I3 suazuaqozeoutweTAyjaurq-d £60N
) P I sutweTAyjawtq 2600
F IN F r SUTPTZUSQAXOYISWIQ- € '€ T60N
» } M a101yesoIpAyra 060n
3 » M 10135aqTTISTAY3ISTd 680N

(p.3u0d) Joa1ayl sInprsaz TIvds pue

‘siaurTejuod ‘satoads uorjzedryroeds-3yo

‘s3jonpoxd [edTWeys TeTIIaWoD Papledsta

paq urTY uot3defur 1004 TeTIU330d Po0OH 33sem snopiezeq Jaqunu 3Ijsem

pezipIntd 4Laejoy prnb1q UOT3IRIJUTOUT J0F snopaezey ¥4l
°dA)} Jojexsuroul I3epTpuUR)

(psnutjuod) 1-¢ FIAVL

3-13



(panutjuod)

M M M I SUTWRTOURY33ITPOSOIITN-N €LIn
» } I g auTwe143Ing-u-TPOSOIIIN-N ZLIn
P P M suedoadoilIN-2 L0
} } } TousydoIITIN-¢ oLIn
F } F g SUIZUSQOIITN 691N
I I Iy sutweAyiydeN-z 8910
L L } sutueTAyiyden-1 L9T0
I3 F I3 suoutnboyjydeN-¢’'1 991N
M hig M suaTeyiyden s91n
} } A 1¥oranoTyITAYIan ¥91n
F I3 F F auTpTUenbosoa3TU-N-0I3TU-, N-TAUIH-N €9Tn
M M M M sjetiaoeyrauw TAYIaK Z91n
r } M P auo3ay TAingost TAYISH 1910
F 14 F } sptxoJad auolay [AYl? TAYISH 091N
g P M r suolay TAyla TAYIIK 6STN
) L L . (surTTuROlIOTYD-Z)-STq-IUSTAYIH- . ¥’} 8s1n
F I3 F U3 IYIUeTOYITAYISH-€ LSTN
I I M I @30uoqIedoloTyd TAYIaW 95N
} } } } suaTtakdeyiay SSTIN
T g F F Toueylan vSIn
I I } TOTYIIURYISN £SIN
} } } M a3 TUOTAI0RYISH ZsIn
e AINdDIAy TSIN
M I I uereydran 0s1n
I L } a[TI3TUOUOTEH (34111
F F F spTzeapAy OT3TeN 81N
M ¢ P spTapAyue OTITEH L¥10
I ajeljadeqns peaq 910
F s3eydsoyd pes SbHIn
I 3jelade ped] yPin
} } P sutdaesotrse] [x20)]
M F F auoday Zyin
P It I I a[013esosI %In
I } } } Toyoote 1LInqosi ovIn
I3 Ueijxag Uoil 6ETN
I I I I Jueylawopor g8eTn
t P I suaakd(po-£ ‘2z’ T)ouspur LETA
s SpTX0 JuTsie TAyIawrpAXoipiH 9€TIN
I I I sp1Ins uaboipAy SETN
I PIde J110onT30JpiH YeIn
F P F F autzeapiy €ETN
I I g suaydoaoryoexan ZEIN
I I I auey3a010TYOeXIH 1€In

(p,3uod) Joaiayj sanprsaa [1rds pue

‘sa3urejuod ‘satdads uoriedtyroads-3Jjo

‘s3onpoid TeOTWAYD TRIDISWIOD Papledstq

pPaq uyTy uotr3oalutr 1004 Tetjuaijod poon 33ses snopiezeq Jaqumu I}sen

paziprnrd Aiejoy pInbr uoT3IeI2UTOUT 103 snopiezey ¥4z

3dXy J03eiauTdur

3jeprpue)d

(penutiuod) T-£ FTAVL

3-14



(psnutjuod)

} N Iy BaINOTYL 6120
I I } SpTWe33oe0TY] 8izn
I 93eI3TU WNTTTRYL L120
L SPTIOTYD WMTTTeYL 9Tzn
I 93Pu0qaed WNTTeqL STen
. F 93e330® UNTITRYL yizn
_1 L + L ueingospiyeayar €120
F 3 3 Touaydoaoryoe1isr-9'v’¢c ¢ Z12n
M } M Juey33WOIOTYORIII] 120
L 4 L s 3uey330J0TYdRI}IL o1ZN
N r F N SUBY}90I0TYORAINL-Z 2 T 1 60zn
Iy N ¥ N URYI0I0TYIRIINL-2 T T'T 8020
» _ _} ) BUIZUIQOIOTYORIIDL-S ‘$°'2'T Lozn
F F F ut2030z03de13S 90zn
} SPTIINS UNTUST3S s0zn
i PIo® SNOTUITS vozn
F F F F 91013es £0zn
I d M } utieyooeg zozn
Vi ! t [ourdtosay 1020
13 F P sutdzesay 00zn
» r + sauoutnd L61n
_ b L t } sutptaig 9610
|3 F r sutweTAdoag-u v6In
M M I suojIns auedoig-¢‘T £6TN
M » | sprweuold Z61n
F F F F SUTT05Td- T6tn
Iy I I spTIpiyue STTRYIYL 061N
s i L SpT3Ins sunodoydsoyq 6810
F F F F Tousyd 881N
r r t uT3PdRUIYJ L81n
b I } susTpRIUId-£’] 9810
13 13 I3 FUIZUIJOIITUOIOTYORIUIZ S9N
M I d I I aueyja0l10TyYoRIUIL 1IN
» I duazuagqoloryorejuad €810
F F F F spXyspreeq z8tn
r r I8 SUTPTNT03-0-013IN-§ 1810
b . L F JUTPTT0114dos0I IN-N 081N
)3 I 13 I utptaadrdosoiIIN-N 6LTN
M \' I aueylaanyAylaw-u-0so0I3IN-N gLIN
P » I eaInTAY35W-U-0S0IIIN-N LLTIN
NT \e \« e3INTAYI3-U-0SOIJIN-N 9,10
g M I Ji§ sutwetAdoad-u-Tposoa3IN-N SLIN
I I I I QuTWeTAY39TPOSOIIIN-N ¥LIN

(P:3uocd) Joaiayj sonprsaa 171ds pue

‘sisuTejuod ‘satoads uorjeorjytoads-jjo

‘S30npoad TEITWIYS [RIJJIFURIOD papIeIsSTd

Paq urTy uoT3dalUT 1004 [eT3u230d PoODH 9]1Sem SNOpIeZEH Jaqunu 93sem

pazIpInTd AIejoy pInbr7 UOT3EBISUTOUT 1037 snopaezey yda

adX3 1o03jesaurtour

ajeptpue)

(panutjuod)

T-¢ 319Vl

3-15



{(penutiuod)

i } auazuaqoajruoroTydsejuad jo uorionpoad 3yl woliy swoljoq TIIIS 6982
) » ! $05TIqeJ pajeod Jo aanjdejnuew ayj woly (DAd) 9priorydo 1hutakyod 93isem 6622
r P } u030JTNSTP Jo uorionpoad woij I33SIaTI] Palaaodarun 6992
F F IS Teanyiny jo uotjonpoid woxj wojljoq [TTIS 6982
» I M suatpejuadorado pue suarpejdeyoro4dTq Jo aunjdeynuew woiy SIeL 6982
» » M uotionpold SUTTTUR Wolj swojjoq TITIS 6982
F F F I3 s1TI3TuoTXI108
30 uorjonpoad aytajtuorfioe ur uumyod youanb woiy uwealrls wollog 6982
» I¢ I sTTajtuorLioe
30 uotrjoanpoad ur wumpod Ibueyoxa uoT woiy Dieysstp 3jsem pTIOS 6982
M » M uotjonpoad
9pTI0TYd TAUTA UT IPTIOTYOTP FuUaTAYld JO UOTIRITISTP WOl1F Spua AAveH 6982
F F F 1-5v'e
pue Touaydoioyysral ‘Touaydororyoexsy Fo uorionpold IyY3 WolF sInpisay 6982
P J¢ e 14i1eqies jJo uorjonpoad WoOIJ UOTIETITISTP pue spua Laesdy 6982
M } M uot3jonpoad
syeThaoeyjaw TAyjauw uT L19A0031 Toueylaw woay spua Kaesy Jo swojjoq [ITIS 5982
T F 13 IUIZUIQOIITU-H-010TUI-T JO UOTIELDTITINd WOIJ SINPTSIT UOTIRTTIISTP amndep G982
) g SIUIZUIGOIOTYD pue
auazuaq jo L13A0291 103 19mo3 Hurieuoridely wolJ SINPTSII UOTIRTTIISTA 5982
M ) I spTapAyue oTaTew Jo uorionpold Iyl woly swoijoq TITIS wWNNORA 5982
Jaqunu 3pod JIS
sa)sea snoplezey JayiQ
F F F F SUITAX 6€2ZN
} | P Jueylain ggzn
I3 Iy I3 pIe3snW {Yowan Lezn
I\ Iy N antq uedkig 9€Zn
P » » s3eydsoyd (1Adoadowoxqrp-£‘Z)STiL sezn
[ [ d F SUIZUIGOIITUTIL vezn
} I susantojororyorar-eydie ‘eydre ‘eydre proe otuordoidAixousydoroTyoril-g H’2 [ X241
} } ptoe or3adeixousydoloTystir-s'y’z ZeZn
F |3 Tousydo1oTysTI1-9'¥°2 T€ZN
p S 1ouaydoroTyaTIL-6'¥'2 otgzn
r » P » JURYIAWOIONTJOIOTYITIL 62Zn
|3 F } F AURYII0IOTYITIL 8zzn
} » P I dURYI0IOTYITIAL-Z'T'T Lzan
r M P I FURYIF0IOTYITAL-T T T gzzn
F F F F JueyIawouwoIqTiy szzn
» » |4 auaydexo], vzzn
P } A s ajeuedoosTTP auaniol £zz0n
F F F F apTI0TYo0Ipiy IuTpINTOL-0 zzZzn
I I fid sutwetpauaniol T2zZn
M » I3 P suanior ozzn
(p,3u0d) joaiayz sanprsal [rtds pue
‘s19uTeluod ‘satdads uotriedTIToads-3jo
‘s3onpoad TedTwayo [ETIJIUANOD PIPIedSTd
paq utTy uor3oalur 1004 [eT3Ualod  poon 335eM SnOpIeZeH Joqumu 3jsem
pazIipInTd A1ejoy pinbT1 UOT3eI3UTOUT J10J snopaezey ¥d3

°dX3 103jeI3UTdUl

sjepipue)

(penutjuocd) [-£ FTIVL

3-16



(panutjuod)

M uotjonpoad
pesT 3130s ‘[0J3U0D UOTSSTW? %05 woiy abpnrs zaqqniss ‘peay Aiepuodes b6 233
P bers soeuiny 3seyq yestbanyyrejsworid-Auowrjue Arewgag 6EEE
? dsd pue ‘3snp ssnoybeq soeuiny :T013uU0D SUOTSSTWS IWOIYI0IIaj 6ECE
F abpnTs 10 3Isnp T0J3UOD UCTSSTW? 2DBUINJ UODT[IS SWOIYo01iaJ 6EEE
P SPITOS 121eAQNADS pue sisnp 3snoybeq :T0JJIUOD SUOTSSTW? asauebURWOIIDg 6EEE
» abpnys juerd pyoe pue snprsat sdeuIny IPIXO  :uorionpod ourz €EEE
F F ¥ SUoqIed
-0JpAY DTiPWOJR PIIPUTIOTYD JO uUOTIeIedas Y} wWoly SWOII0Q UOTIRTTIISIQ -
} P M suoqIed
-0JpAy dTjewoie PajeUTIOTYD Jo UoTIeJedss 9Y3 WOIJ SWO3IO0Q UOTIBUOTIORIY .
P P I uoqaed01pdy OTjewode JO UOTIPUTIOTYD Y3 wolj saisem dnueald l1o3doeay .
F F F F s2awiTod pajeuTIoTyd> Jo uoT3dNpoid aYy] wWolJ senpIssd UOTINIOS .
p P M sagui1od pIajeutioTyo o uotrisnpoid Ysleq Iyl WOIJ SINPTSII Ydieg .
3 » M M suoqaenoipiy o1jeydrTe
211245 pajeutiorys jo uorjesedss ay3 wWoay Sw0330q UOTIRTTIISIQ -
F F [ F suoqiedolply oTyeydrre
OTT24> pa3jeutIoTy> jo uotjesedss 3y3 woly swol3oq UoTIRUOTIORIS .
M ) 3 » suoqiedoapiy osryeydrre a17240
JOo UOTIPUTIOTYDAXO 10 UOTIBUTIOTYS Y3 woly saises dnuesTd 103oeay -
» I3 M » suoqJaesoapiy
Stieydrie pajeuTiolyo JO uotjesedes 3yl Wolj swo33oq UOTIRTTIIST] -
F 13 F F suoqJIes0.apAy
dTyeydrTe paieutrioTy> Jo uoTieledas Y3 WOl swoljoq UOTIRUOTIORIY .
3 » M p suogaedoapiy d13eydrre jo uorjeuriofyshxo
10 UOTIRUTIOTYD0ApAYIP ‘UOTIBUTIOTYD 3Yy)l W01y sajysem dnuesd 1032e3y .
» » » M apTapdyue d1380®
Jo uotionpoad ayy ur 2pAYspTeRISJE JO UOTIRI[TISTP Y3 Woij spud IYBTT 6982
F o Qﬂ\\ ] IpTIPAYUe DT3IAIJE JO
uotionpoad ay3 ur Ipripiyue DTII0e JO UCTIRTITISIP 3yl woiy spus Kaeay 6982
p M I 9pTI0TYD TAITE woaJ auriadA1h jyo uorionpoid ayl woij spus Aaesy 6982
[ r M ajer4ade TAy3a jo uorionpoad ay3l woay spua IybIT pue spua Laesy 6982
3 } M saueyjawolonTy jo
uoT3onpoad @yj UT saupYjawOIONTI JOo uOTILOTITAnd ayj woly swoljoq TTIIS 6982
F F T aptaoTyd 1Autaiiod jo sinjdejnuew ayy Woly Ibpnis aprioTyd TAUtaXiod 2282
} » I o3erdaoe TAyisw yo uorjonposd sy3 woly spua 3YSTT pue spua Aaesy 6982
» M } 8uey3l2010TY2TII-T‘T'T FO uoTIonpoid woa3 sabpnis Ino uearo ssad0ag 6982
Jagqumu 3pod JIS
(p,3U0D) SI3sem snopiezey JIIY3iQ
paq urTy uotrydsfur 1004 TETIU230d POOH 93Sem snopiezeH I3quUMU 33SeM
pozIpInTd Aiejoy ptnbrq uotT3eIaUTOUT 1037

9dX3 103eI0UTDUT

23eprpUE)

snopaezey yd43

(penutijuod) 1-¢£ F1EVL

3-17



(panutiuod)

M uotionpoid autioTyd
ut ssadoad 1190 Aandasw woaj spnu uoriedTyiand auraq burievsqg Kindisy 2182
M ssadoxd 119D umoq Aq suTIOTYD Jo uoTionpord woiy abpnys umToTed umipos 2182
I uot3onpoad snioydsoyd Tejuswals woij sTrTad peq pINT3 pue Bers ¥.82-6182
F uoT3onpoad proe otTioydsoyd woiy umsdib ajsem $L82
I Bututw aoejans ajeydsoyd woiy SIWTTS pPue UIPINQIIAQ SLPT
| UOT]JeIIX? WNTUODIATZ WOlJ IBPNTs 13TITIALTD pue SINPTISII J03eUTIOTYD 6601
F butuTw unTueln WOIJ USIPINGIIAO PuUB YOOI IjSeM 601
I anpTsaa uorTisahtp-uaisbuny Lrewtrag 6EEE
} 3bpnts stidroxydera-Luocurtiue Lrewtrag 6EEE
13 3Snp 2ovuany 31serq pea[ Aaewtid ZEEE
r (1) 3Isnp Ai1o3eisqraaax pue ‘Ibpnys juerd proe
‘3snp 193312auod ‘bBeys adeuiny ora3oare bururysi pue bBuryrsws aaddoo Kxewraqd TE€E
P SITAPUNOJ UOIT FTqeITTew woij Ia3sem HBurised-pues dSTTouayd/pead] ZZEE
ptow ButTeossaq .
JUAUILIL] TeOTWRYD WOIJ S93Sem IJPWOIYITP pue ajeworyd -
buriwos O13IA[0I1309T9 woay saysem Buraeasq-spruel) .
aonbt1 3Txotd 231seMm .
I @o3sem Dutuearo autrrTeyIv :burysturd [993S ZIEE
F uotionpoid [XYTe pes] Wolij bels peal 6982
g pIoe oTidpooed jo uorionpoid ut s3Tes 3dnpoad-Ag $982
I VHSH jo uotionpoad ur sites 3anpoad-Ag 6982
I uot3ionpoad jured woij sabpnTs ToIjuod uorinirod ATV 1582
F uot3ionpoad jutred woij sabpnys jusuQeEII] I1IJeMaISEM 1582
I sTedtInaoewseyd Xieurialaa jo uoridnp
-o1d woay sabpnys juawieail Iajemadisem Bururejuoo orussie-ouebio 1o oTussay vERZ
_ proe DTl0q JO uorionpoad wolj sabpnTs jusuyesl] iajemaisem buraeaq ortuasiy 6182
F ~ (uotyonpoad juswbrd pue juted) swoljoq T[TIS PPILISUIDUT WOIF YSY 9182
P sabpnTs juaujearl Iajemalsem proe oTwoiys uoridnpoird Xialieq uoqied umtsaubey 269€
I sabpnTs juauneall 1ajemaisem uorionpoad Ai1ajljeq untwpes Ainodaay 169€
F sabpnTs juaunesll lajemaisem uorionpoid Xiajjeq apPTRO JIIATTS umTwpe) 169€
M sabpnys juauwjeall isjemaisem uoriIonpoad Xiajjeq umTuped TIYDIN 169€
I uot3ionpoad Ijsed
spoue pue apoyied woiy sajsem dnueard uoridonpord Ki933eq aberols proe peay 169¢€
F sabpnTs juaugesiyl 1ejemajsem uorjonpoid Xiajjeq abelols pioe pesq 169€
I anpTsat juerd umTuwped ‘UorjeweTdsas Te3aW UMTWPEDI-DUTZ 1¥€E
I anptsaa juerd Pers 3res ybry-buritaws ssosp unutumie Liepuodass 1bEE
F abpnys juswjeall lajemaisem bururjyea oT13XT013109T9-1addod Xiepuodas TPEE
I bers aoeuany 3seTq ‘yTesrbanyrelswoild-iaddoo Laiepuooasg 1¥EE
M 3snp adeuany uworionpoad yelsw IyTYm-pea] Axepucdag Th€E
1aqumu 3pod IIS
{p.3uon) s3)sem snopaezey 13ylio
paq urTy uoT3dalur 1004 [eTiusjod pood a315em snoplezeq 1aqunu I3sem
pazipintd Kaejoy prnbr1 UoT3eJI3UTOUT 103 snopJaezey ¥dj
adX3 1o3erautousg ajeprpue)

(penutjuod) [-¢ II4VYL

3-18



TI%37 3Y3 UT PIJudsdad TeTaajew syl Pedl ‘Buryew UOTSTOSp 1oy -ATuoc IdURPTND FATIROTPUT 103 ITqR3 ST @sn,

abpnTs pue 3snp IdeuINy 5TIIISTY .
sbpnis aoeuanq jserq Isauvbueworiag .

» 1Shp 3deuany 3IseTq asauvbewolaasz :Huryew uoay Z1€E
F IpTxO fuowtrjue
3o uotidnpoad woiy BpnTs Juseasl 1Ijessrsem Huriwaq Auowrjuy 9182
M pTx0 Auowrtjue jo
uotionpoid 3yl ur ssa00ad uoryestytand woay ssbpnTs Buriesq otussay 9182
I ssanoid apraoTys ayz Aq juawbid 201y jJoO
uotionpoad oy3 woij sabpPNTs juswesiy i9jemvisem HUTILaq wWnTwoIy) 9182
I JuawhHTd IPTITNS dTINdI3W
3o uorjonpoid Y3 woij sabpnTs juduieal) 13jemaisem Buraweq Lindasy 9182
Jaqumu apod IS
(P:3uod) sI3sem snoplezey Jaylo
paq uyTy uot3oalur  100g  TeT3uslod  poos 93Sem sSnopiezeH ISquUMU a35em
pazIpInTd A1ejoy pInb11 UoT3eI1aUTIUT 103 snopiezey vd3i
3dX3 ao3jeiautour ajeprpue)

(panutjuod) 1-£ FTAVL

3-19



+ Moisture content

- Potential pollutants present in incinerator effluents
* Inert content

- Heating value and auxiliary fuel requirements

+ Potential health and environmental effects

+ Physical form

+ Corrosiveness

+ Quality

+ Known carcinogenic content

- PCB content.

Table 3-1 should be used with caution. The information is indicative rather
than conclusive. Conclusive decisions can be made only after studying the
actual physical, chemical, and thermodynamic characteristics of the material(s)
along with trial burn data (if available), and comparing expected behavior with
the known behavior of a similar material (similar composition or physical,
chemical, and thermodynamic characteristics) undergoing thermal destruction.

The incineration technology ratings in Table 3-1 are influenced by the physi-
cal form of the waste. In general, liquid wastes can be incinerated by a
liquid injection incinerator, rotary kiln, or fluidized bed incinerator.
Waste in gas, liquid, solid, and mixture forms can be incinerated by either

a rotary or fluidized bed incinerator. The kinematic viscosity of the liquid
waste has to be considered in determining its suitability for incineration

by liquid injection incinerators.

Liquid injection, and rotary kiln incinerators are widely used to dispose of
hazardous wastes. There is substantial research going on fluidized bed inciner-
ators and they appear to be promising in disposing of hazardous wastes.

Multiple hearths and multiple chambers incinerators have moderate applicability
for incineration of hazardous wastes. They are widely used for the destruction
of solids (municipal refuse) and sludges (sewage sludges). If the ash resulting
from incineration of a waste is fusible, multiple hearths incinerators are

not well suited for its disposal. Multiple hearth incinerators are not capable
of operating at elevated temperatures - so that if a temperature over 2000°F

is needed for destruction, multiple hearths incinerators are not applicable.
Multiple hearths and multiple chambers incinerators have limited applicability
to hazardous wastes, so they are not included in Table 3-1.

It may be possible to blend different wastes or wastes and fuel oils to change
poor or potential candidates into good candidates for incineration. Such
blending may also change the characteristics of a waste, making it incinerable
in a different incineration type than is identified in Table 3-1. It is also
possible that some wastes identified in Table 3-1 as good or potential candi-
dates may turn out to be poor candidates for incineration if mixed with or
contaminated by poor incineration candidates like metals (arsenic, chromium,
etc.). Therefore, such factors as blending and waste contamination should

be considered on a case-by-case basis in making decisions. As mentioned
earlier, Table 3-1 should be used with caution for indicative guidance rather
than conclusive decisions.
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3.3 WASTE SAMPLING [9]

It is important that a representative sample of the waste be collected and
properly handled in determining waste characteristics. Sampling situations

vary widely and therefore no universal sampling procedure can be recommended.
However, it is important to incorporate quality assurance procedures as necessary
components in any waste sampling plan.

Sampling procedures require a plan of action to maximize safety of sampling
personnel, minimize sampling time and cost, reduce errors in sampling, and
protect the integrity of the samples after sampling. The following steps are
essential in this plan of action:

1. Prior to collecting a sample, check the manifest to see whether dangerous
emissions can be expected and to make sure that what is sampled resembles
what is described in the manifest.

2. Ask the generator for background information on the waste.

3. Determine what should be sampled (truck, barrel, pond, etc.).

4. Select the proper sampler (Coliwasa, scoop, bucket, etc.).

5. Select the proper sample container and closure (glass, plastic, etc.).

6. Design an adequate sampling plan that includes the following:

(a) Choice of the proper sampling point. (b) Determination of the number
of samples to be taken. (c) Determination of the volumes of samples to be

taken.

7. Observe proper sampling precautions (safety of personnel, protective
gear).

8. Handle samples properly (sample preservation).

9. Identify samples and protect them from tampering.

10. Record all sample information in a field notebook.

11. Fill out chain of custody record.

12. Fill out sample analysis request sheet.

13. Deliver or ship the samples to the laboratory for analysis.
Various samplers and their applicabilities; sample containers and their com-
patibility with wastes; sampling points, number of samples and sample volume
requirements; personnel protective gear and other safety precautions; sample
preservation requirements; sampling procedures for various situations; and

sample handling (labeling, field logging, chain of custody, analysis request
form and sample shipping) are discussed in detail in "Samplers and Sampling
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Procedures for Hazardous Waste Streams" (EPA-600/2-80-018, January 1980).
This source can be consulted prior to sampling.

Chain of custody procedures recommended by EPA's National Field Investigation
Center are described below:

1.

The laboratory director designates one full-time employee (usually the
laboratory supervisor) as a sample custodian and one other person as an
alternate. 1In addition, the laboratory sets aside a ''sample storage

security area.” This is a clean, dry, isolated room which can be
securely locked.

All samples are handled by the minimum number of persons.

all incoming samples are received only by the custodian or, in his absence,
the alternate, who indicates receipt by signing the sample transmittal
sheets and, as appropriate, sample tags, accompanying the samples and re-
taining the sheets as permanent records.

Immediately upon receipt, the custodian places the sample in the sample
room, which is locked at all times except when the samples are removed or
replaced by the custodian. To the maximum extent possible, only the
custodian is permitted in the sample room.

The custodian ensures that heat-sensitive or light-sensitive samples, or
other sample materials having unusual physical characteristics, or
requiring special handling, are properly stored and maintained.

Only the custodian, or in his absence, the alternate, distributes samples
to, or divides them among, personnel performing tests. The custodian
enters into a permanent log book the laboratory sample number, time and
date, and the name of the person receiving the sample. The receiver also
signs the entry.

Laboratory personnel are then responsible for the care and custody of the
sample until analytical tests are completed. Upon completion of tests un-
used portion of the sample together with all identifying tags and labora-
tory records are returned to the custodian, who records the appropriate
entries in the log book. These, and other records are retained as
appropriate.

The analyst records in his laboratory notebook or worksheet the name of

the person from whom the sample was received, whether it was sealed, iden-
tifying information describing the sample (by origin and sample identifi-
cation number), the procedures performed, and the results of the testing.
If deviations from approved analytical procedures occur, the analyst is
prepared to justify this decision under cross-examination. The notes are
signed and dated by the person performing the tests. If that person is not
available as a witness at time of trial the government may be able to
introduce the notes in evidence under the Federal Business Records Act.
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Samples, tags, and laboratory records of tests may be destroyed only upon the
written order of the laboratory director, who ensures that this information is
no longer required.

The Field Sampling Chain of Custody Form should be completed by the field
sampling team and included with the shipping container when sent to the con-
tractor's laboratory. A separate form should be included with each box of
samples, listing the samples contained in that box. A sample of a completed
form is included for reference (Figure 3-1).

A copy of chain of custody procedures can be obtained by contacting:

National Field Investigation Center
U.S. Environmental Protection Agency
Denver Federal Center

Building #53, Box 25227

Denver, Colorado 80225

Telephone: (303) 234-4650

Other reference materials that can be consulted before developing a sampling
plan are listed below.

1. Sampling petroleum and petroleum products; Method ASTM D270.

2. Sampling industrial chemicals; Method ASTM E300.

3. Benedetti-Pichler, A. A. Theory and principles of sampling for chemical
analysis. In: Walfer, E. J.; and Bell, G., eds. Physical methods in
chemical analysis, Vol. 3. New York, Academic Press, Inc., 1956.

4. Preparing coal samples for analysis; Method ASTM D2013.

5. Sampling coke for analysis; Method ASTM D345.

6. Guidelines establishing test procedures for the analysis of pollutants,
proposed regulations. Federal Register. 44(233):69464-69575, 1979
December 3.

7. Procedures for level 2 sampling and analysis of organic materials.
Research Triangle Park, NC; U.S. Environmental Protection Agency;

1979 February. 164 p. EPA-600/7-79-033.

8. Test Methods for Evaluating Solid Waste - Physical/Chemical Methods; SW-
646-1980.

9. Hazardous Waste and Consolidated Permit Regulations, Federal Register.
45(98):33063-33285. 1980 May 19.

3.4 BASIC ANALYSIS OF WASTE [10, 12]

This section discusses the basic physical and chemical information about a
waste that may be required in determining its feasibility for incineration and
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FIELD SAMPLING CHAIN OF CUSTODY FORM

LEADER NAME OF SURVEY OR ACTIVITY DATE OF COLLECTION SHEET
Melvin Priority Pollutant Survey 523.10 9/12/84 1l of ]
DESCRIPTION OF SHIPMENT
TYPE OF SAMPLE Water Samples
TOTAL NUMBER SAMPLE CONTAINERS 10
CONTENTS OF SHIPMENT
FIELD NC. OF CONTAINERS/FIELD NO. ANALYSES REQUIRED - CHECK WHERE APPROPRIATE
SAMPLE NO. PLASTIC GLASS VOA CYANIDE PHENOLS ASBESTOS PESTICIDES METALS VOA  SEMI-
0876 1 v
0895 2 v
1992 1 v
3862 1 v
3812 3
6413 1 v
6863 1
PERSONNEL CUSTODY RECORD
RELINQUISHED BY (SAMPLER) RECEIVED BY DATE TIME REASON
H. Melvin Harpy Airlines 10/1/84 1600 Delivery to lab
SEALED UNSEALED X SEALED UNSEALED
RELINQUISHED BY RECEIVED BY DATE TIME REASON
Airline Vendor 10/3/84 900
Figure 3-1. Field sampling chain of custody form.
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its compatibility for a given incineration facility and in designing an
incineration facility. Basic hazardous waste data helpful in selecting an
incineration system are as follows:

- Type(s) of waste: Physical form - liquid, gas, solid, or
mixture

+ Ultimate analysis: C, H, O, N, S, P, Cl, F, Br, I, ash,
moisture

+ Heating value: Btu/lb

+ Solids: Size, form, and quantity

+ Liquids: Viscosity as a function of temperature, specific gravity
+ Sludges: Density, viscosity, and percent solids

+ Slurries: Density, viscosity, and percent solids

- Gases: Density

+ Special characteristics: Toxicity, corrosiveness, and
other unusual features

- Disposal rate: Peak, average, and minimum (present and
future)

+ Trace metals: As, Ba, Cd, Cr, Pb, Hg, Se, Ag
+ Major organic compound groups: e.g., aromatics, aliphatics, etc.

It may not be necessary to follow the complete, elaborate analysis protocol

for each shipment of waste from the same source, unless the material is entire-
ly different from earlier shipments. How often the shipments should be sampled,
and for what parameters samples should be analyzed, should be determined on a

case-by-case basis using best engineering judgment by the user of this
handbook.

In matching different wastes with commercial incineration facilities, the
physical form (solid, liquid, etc.) of the wastes is very important. The
criteria used for matching different wastes to the various incineration
facilities are:

(1) Physical form:
Gas, liquid, slurry, sludge, or solid

(2) Temperature range required for destruction:

(a) >2,000°F (>1,087°C)

(b) 1,400-2,000°F (757-1,087°C)
(c) 700-1,400°F (367-757°C)

(d) <700°F (<367°C)
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(3) off-gases:

(a) Essentially oxides of carbon and nitrogen, and
water vapor

(b) Halogen, sulfur, phosphorus or volatile metal
species

(4) Ash:

Nonfusible, fusible, or metallic

(5) Heating value:

(a) 10,000 Btu/lb (>23 MJ/kg)
(b) 5,000-10,000 Btu/lb (12-23 MJ/kg)
(c) 5,000 Btu/lb (<12 MJ/kqg)

Liquid injection, fluidized bed, and rotary kiln incinerators are widely used
to dispose of hazardous waste. A particular incinerator may be better suited
for incineration of a particular type of waste based on the physical character-
istics of the waste. Solids, sludges, and slurries of high viscosity liquids
can be disposed in rotary kiln or fluidized bed incinerators, but not in a
liquid injection incinerator. If the ash resulting from the incineration of a
waste is fusible, fluidized bed incinerators are not well suited for its
disposal. Furthermore, fluidized bed incinerators are not capable of opera-
ting at elevated temperatures, so if a temperature over 2,000°F (1,087°C) is
needed for destruction, rotary kilns or liquid injection incinerators are
applicable. Fluidized bed incinerators are generally not operated at temperatures
above 1,500°F.

The percentages of carbon, hydrogen, oxygen, nitrogen, sulfur, halogens, and
phosphorus in the waste, as well as its moisture content, need to be known to
calculate stoichiometric combustion air requirements and to predict combustion
gas flow and composition. The presence of halogenated and sulfur-bearing
waste can result in the formation of HCl, HF, H,S, and SO, in the incinerator
gases. These must be removed with suitable scrubbing equipment before dis-
charge to the atmosphere. Also, in the incineration of organic wastes contain-
ing chlorine, sufficient hydrogen should be provided by either the waste or
auxiliary fuel for the chlorine to form HCl and not Cl,. Nitrogen oxides are
produced during high temperature combustion by reaction between nitrogen and
oxygen in the air. Their formation can be reduced by reducing combustion
temperature or excess air, but such controls may cause the formation of other
pollutants. Nitrogen content of waste material is generally low, but the
presence of nitrogen-containing materials (nitrates, ammonium compounds, etc.)
can greatly increase the NOX emissions.

Trace metals (arsenic, barium, cadmium, chromium, mercury, lead, selenium, and
silver) are a potential cause for concern in incinerator emissions. Analyses
for them should be performed unless it is known that they are or are not
present in the waste. Wastes containing significant amounts of metals will
generally be poor candidates for incineration. Such wastes will require
postcombustion emission control of a special type, and the effluent or solid
waste from the emission control device must in turn be treated as a hazardous
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waste, although considerably reduced in volume and weight from the original
hazardous waste.

Ash content of the waste should be determined to evaluate the potential for
excessive slag formation as well as potential particulate emissions from the
incinerators. Kinematic viscosity and the size and concentration of solids in
a liquid waste are the most important physical properties to consider in
evaluating a liquid waste incinerator design. The physical handling system
and burner atomization techniques are dependent on viscosity and solid content
of the waste. Chemically complex sludges may contain such elements as Na, K,
Mg, P, S, Fe, Al, Ca, Si, Oy, N, C and Hp. Several chemical reactions can be
expected to take place in the high temperature oxidizing atmosphere of an
incineration operation of chemically complex sludges. Resulting ash may
contain NaoSO4, NapCO3, NaCl, etc. Pure NapSO4 has a melting point of
1,623°F. Pure Na,CO; has a melting point of 1,564°F. However, mixtures of
these two compounds have melting points lower than either one of the two by
themselves. At 47% NapSO4 - 53% Na,CO;, the melting point is 1,552°F. Sodium
chloride has a melting point of 1,472°F. In combination with NayCOz, sodium
chloride will lower the melting point of the mixture. At 62 mole % NayCOj;,
the eutectic melting point is 1,172°F. Likewise, mixtures of NaCl and Na,;SO4
form low melting mixture with the eutectic melting point of 1,154°F for a 65
mole % NaySO, mixture. When all three of these compounds are present, a
mixture melting point as low as 1,134°F is possible. So sludges containing
substantial amounts of sodium can cause defluidization of fluidized bed by
forming low melting eutectic mixtures. Furthermore, if the particles of the
fluidized bed are silica-sand, Nay;SO4 will react with the silica to form a
viscous sodium-silicate glass, which will cause rapid defluidization.

The heating value of a waste corresponds to the quantity of heat released when
the waste is burned, commonly expressed as Btu/lb. It should be considered in
establishing an energy balance for the combustion chamber and in assessing the
need for auxiliary fuel firing. As a rule of thumb, a minimum heating value
of about 8,000 Btu/lb is required to sustain combustion.

Special characteristics of the waste such as extreme toxicity, mutagenicity or
carcinogenicity, corrosiveness, fuming, odor, pyrophoric properties, thermal
instability, shock sensitivity, and chemical instability should also be con-
sidered in incinerator facility design. Thermal or shock instability are of
particular concern from a combustion standpoint, since wastes with these
properties pose an explosion hazard. Other special properties relate more
directly to the selection of waste handling procedures and air pollution
control requirements.

Chapter 4 discusses detailed procedures for evaluating the design and compati-
bility of incinerators with the basic physical, chemical, and thermodynamic
properties of the waste.

3.5 SUPPLEMENTAL ANALYSIS OF WASTE

In addition to its basic analysis, supplemental analysis of waste to identify
and quantify its major chemical components will be helpful in evaluating waste
for incineration. This information will help to determine whether or not the
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waste is similar to others that have been successfully incinerated previously,
in a similar facility or in the existing facility. The necessary supplemental
information may be available from sources described in Section 3.2. For
example, the waste generator may have previously analyzed the waste stream or
may have a sufficiently thorough understanding of the process generating the
waste to adequately characterize it.

The supplemental analyses that may be necessary to determine whether a waste

can be effectively incinerated and/or whether a trial burn is required are the
following:

+ Level 1 organic analysis

+ Specific organic analysis

+ Trace metal scan

+ Thermal decomposition unit analysis

3.6 ANALYSIS TEST METHODS

All the physical, chemical, and thermodynamic analyses of the waste should be
conducted following ASTM, EPA, or EPA-sponsored equivalent methods. The May
19, 1980 Federal Register (pages 33130 and 33131) identifies approved measure-
ment techniques for each organic chemical and inorganic species (heavy metals)
listed in Section 3001 of RCRA (May 19, 1980 Federal Register). Additional

reference materials that can be consulted for analytical guidance are listed
below:

1. ASTM books.

2. Test methods for evaluating solid waste. Washington, DC; U.S. Environ-
mental Protection Agency; 1980 May. EPA SW-846.

3. Lentzen, D. E.; Wagoner, D. E.; Estes, E. D.; and Gutknecht, W. F.
IERL-RTP procedures manual: level 1 environmental assessment, second

edition. Research Triangle Park, NC; U.5. Environmental Protection Agency;
1978 October. 279 p. EPA 600/7-78-201.

4. Guidelines establishing test procedures for the analysis of pollutants,

proposed regulations. Federal Register. 44(233):69464-69575, 1979
December 3.

5. Procedures for level 2 sampling and analysis of organic materials.
Research Triangle Park, NC; U.S. Environmental Protection Agency;
1979 February. 164 p. EPA-600/7-79-033.

6. Standard methods for the examination of water and wastewater, 14th ed.
Washington, American Public Health Association, 1976. 1193 p.

7. Methods for chemical analysis of water and wastes. Cincinnati, OH;
U.S. Environmental Protection Agency; 1979 March. 463 p.
EPA-600/4-79-020.
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8. Hauser, R.; and Cummins, R. L. Increasing sensitivity of 3-methyl-2-
benzothiazolone hydrazone test for analyses of aliphatic aldehydes in
air. Analytical Chemistry. 56:679, 1964.

9. Kraak, J. C.; and Huber, J. F. K. Separation of acidic compounds by
high-pressure liquid-liquid chromatography involving ion-pair formation.
Journal of Chromatography. 102:331-351, 1974.

10. Smythe, L. E. Analytical chemistry of pollutants. In: Bockris, J.
0'M., ed. Environmental chemistry. New York, Plenum, 1977.

Thermal decomposition unit analysis is briefly discussed in Section 3.7.
3.7 THERMAL DECOMPOSITION UNIT ANALYSIS [11]

In the interest of safety, it may be necessary that knowledge of the thermal
decomposition properites of a toxic organic substance be obtained before
large-scale incineration is conducted.

In response to this need, a laboratory system has been designed and assembled
by the University of Dayton Research Institute (UDRI) under EPA sponsorship.
This thermal decomposition analytical system (TDAS) is a closed, continuous
system which consists of a versatile thermal decomposition unit followed by
in-line dedicated gas chromatograph-mass spectrometer-data handling computer
(GC-MS-COMP). The objective of this laboratory system is to provide fundamen-
tal thermal decomposition data on a wide variety of organic materials - gases,
liquids, and solids (including polymers).

Thermal decomposition tests were conducted with the TDAS on polychlorinated
biphenyls (PCB's) and on "Hex' wastes. The PCB's were found to have high
thermal stability in air. Furthermore, in oxygen-deficient atmospheres their
thermal stability is increased by at least 390°F (200°C) over that experienced
in air. Several chlorinated, aromatic compounds were still present after
exposure to 1,470°F (800°C). Further increases in temperature to 1,830°F
(1,000°C) decomposed all compounds except for low levels of hexachlorobenzene.

Figures 3-2, and 3-3, illustrate decomposition of hexachlorobiphenyl in air,
decomposition of pentachlorobiphenyl in different gaseous atmospheres, respec-
tively. Figure 3-4 shows the relative concentration of hexachlorobenzene in
"Hex" wastes after different thermal exposures.

The UDRI thermal decomposition analytical system, decomposition experiments,
resulting test data and their interpretation are discussed in detail in Appen-
dix E. Also, the following articles can be consulted for more information on
TDAS :

1. Rubey, W. A. Design consideration associated with the development of a
thermal decomposition analytical system (TDAS). Dayton, OH; University
of Dayton Research Institute; 1979 May. Technical Report UDR-TR-79-34
(EPA Grant No. R805 117-01-0).
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Figure 3-4. Relative concentration of hexachlorobenzene in
"Hex" wastes after different thermal exposures.

2. Duvall, D. S.; Rubey, W. A.; and Mescher, J. A. High temperature decom-
position of organic hazardous waste. Treatment of hazardous waste, pro-
ceedings of the sixth annual research symposium. Cincinnati, OH; U.S.
Environmental Protection Agency; 1980 March. p. 121-131. EPA-600/9-80-011.

The temperature, residence time, and oxyden required to destroy a given waste

by incineration can be determined by thermal decomposition unit analysis or by

a pilot~ or full-scale trial burn. It is not necessary to generate tempera-

ture, residence time, and oxygen requirement data for wastes for which such

data already exist. Trial burn data for some wastes are presented in Appendices F
and G.

3.8 WORK SHEET
The work sheet presented in this section is designed to help evaluate a waste
for incineration in light of the information presented in this chapter for
waste characterization.
WORK SHEET
Yes No*

1. Background Information

+ Is background information available and known?

* Is the SIC code of the waste generating source
known?
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Does the waste fall into an EPA hazardous
waste classification?

If the waste falls into an EPA hazardous waste
classification, is the EPA hazardous waste
number known?

* Any special characteristics of the waste known?

Are principal waste components and their per-
centages known?

* Is the detail of the process generating the
waste known?

Is the waste hazard class according to DOT
regulations known?

Waste Sampling

* Is the waste sampled with a compatible sampling
device?

+ Is the waste collected in a compatible sample
container?

* Was sampling plan adequate to collect repre-
sentative samples (determination of sampling
points, number of samples, and samples'
volumes)?

* Were the samples properly handled (preserva-
tion, labeling, and shipping)?

* Was pertinent information adequately recorded
in the field log book?

Were the chain of custody procedures recom-
mended by EPA's National Field Investigation
Centers followed?

Basic Analysis Information

Are data for specific basic analysis known?

- Physical state of waste at 25°C

- Single phase

- Multiphase

- Vapor pressure

- Viscosity

- Specific gravity

- Melting point

- Boiling point

- Flash point

- Solids (size, form, and quantity)
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- pH
- Trace metals (As, Ba, Cd, Cr, Hg, Pb, Se, Ag)
- Net heating value
- Elemental analysis (C, H, 0, N, S, P, C1, F, Br, I)
- Ash content
- Moisture content
- PCB's
- Presence of
Carcinogen
Pesticide
Odor
- Toxicity
Ingestion
Inhalation
Dermal
Eyes
- Reactivity
- Fire hazard
- Radioactivity

4. Supplemental Analysis Information
+ Are the major chemical components of the waste and their

percentages known?

- If waste is known or suspected to contain potentially
hazardous metals other than those listed in basic analysis
information, are their percentages known?

+ Has the waste been tested for thermal decomposition analysis?

+ Are the temperature and residence time necessary for destruc-
tion as determined by TDAS known?

* Are any principal hazardous particle decomposition products
identified by TDAS?

+ Has the waste been incinerated before and, if so, in what
type of incineration technology?

5. Other Information

+ Are past disposal practices for the waste known?

+ Are any other wastes similar to the one under consideration
known for good or potential incineration?

* Has the proposed facility and/or technology been used before
to destroy a similar or like waste?

- Are waste generation rates (i.e., peak, average, and minimum)
known (present and future)?

* Are there any trial burn data available for the waste?
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+ BAre any potential health and environmental effects of the

waste known?

6. Waste Incineration Decision

- Can a decision be made about waste incineration with the
available information about the waste and information
available from this chapter and Chapter 4?

« If answer 1is no to the above question, will any additional
waste characterization information help to make a decision

about waste incineration?

+ If answer is no to the above question, will a trial burn

be necessary?

Yes

No*

*Any response in the "No" column may indicate the possibility that the informa-

tion provided is not sufficient for a decision, and additional information

may be required.
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CHAPTER 4

INCINERATOR AND AIR POLLUTION CONTROL
SYSTEM DESIGN EVALUATION

4.1 INTRODUCTION

This chapter presents engineering calculations and general "rules of thumb"
that can be used to determine whether or not incinerator and air pollution
control system design and operating criteria are consistent with good industry
practice and sufficient to meet current emission standards. The evaluation
procedures are intended to determine if (1) the physical, chemical, and thermo-
dynamic properties of the waste have been properly considered in the incinera-
tor and air pollution control device design; (2) the basic design considera-
tions for these units have been addressed; (3) acceptable temperatures,
residence times, oxygen concentrations, and mixing can be achieved and main-
tained in the incinerator; (4) air pollution control system design and operat-
ing criteria are in line with current industry practice and the desired degree
of pollutant removal; (5) various components of the incinerator, air pollution
control, and gas handling systems have sufficient capacity to handle the
quantities of waste to be burned; (6) the design incorporates process control
and automatic shutdown capability to minimize the release of hazardous material
in the event of equipment malfunction; and (7) appropriate materials of con-
struction are used.

Evaluation procedures are presented for two generic types of incinerators and
three generic types of air pollution control devices: 1liquid injection incin-
erators, rotary kiln/afterburner incinerators, venturi scrubbers, packed bed
scrubbers, and plate (or tray) tower scrubbers. While liquid injection incin-
erators are used only for disposal of liquid organic wastes, rotary kilns

are used to dispose of both liquid and solid wastes. Venturi scrubbers are
primarily used for particulate control, while packed bed and plate tower
scrubbers are used for acid gas removal. It is believed that more than 90% of
the hazardous waste incineration facilities in the United States employ these
generic incinerator and air pollution control device designs. Electrostatic
precipitators may be used for particulate removal at large incineration
facilities. However, these devices are extremely difficult to evaluate from a
theoretical standpoint; a compliance test is usually needed to ensure accept-
able performance. If other types of incinerators and/or air pollution control
devices are being evaluated technical assistance can be requested.

Incinerator and air pollution control system evaluation procedures are pre-
sented in Sections 4.3 and 4.4, respectively. Section 4.5 presents worksheets
to simplify some of the calculations shown in 4.3 and 4.4.



The following section, 4.2, describes how the destruction and removal effi-
ciency (DRE) of an incinerator/air pollution control system can be calculated
for the principal organic hazardous constituent(s) (POHC) of a waste. The
determination of how to designate POHC's is given in Section 2 of the Guidance
Manual for Evaluating Permit Applications for the Operation of Incinerator
Units. The current state-of-the-art in combustion modeling does not allow a
purely theoretical prediction of destruction and removal efficiency based on
design and operating parameters for the incinerator/air pollution control
system. Therefore, the DRE calculations presented in Section 4.2 cannot be
applied in preliminary design evaluation unless sampling and analysis data are
available. However, destruction and removal efficiency calculations are an
integral part of the final design evaluation process.

4.2 DESTRUCTION AND REMOVAL EFFICIENCY CALCULATIONS

4.2.1 Definition

Destruction and removal efficiency for an incinerator/air pollution control
system is defined by the following formula:

Yin ~ Yout
DRE = '—"w———" (100)
in
where DRE = destruction and removal efficiency, %
in = mass feed rate of the principal organic hazardous constituent(s)
to the incinerator.
wout = mass emission rate of the principal organic hazardous constit-

uent(s) to the atmosphere (as measured in the stack prior to
discharge. :

Thus, DRE calculations are based on the combined efficiencies of destruction
in the incinerator and removal from the gas stream in the air pollution con-
trol system. The (potential) presence of principal organic hazardous
constituents in incinerator bottom ash or solid/liquid discharges from air
pollution control devices is not accounted for in the DRE calculation as
currently defined by EPA. Many previous trial burn tests determined only the

"destruction efficiency"”. These tests ignored the contribution of the pollu-
tion control devices.

Part 264, Subpart O regulations for hazardous waste incineration require a DRE
of 99.99% for all principal organic hazardous components of a waste unless it
can be demonstrated that a higher or lower DRE is more appropriate based on
human health criteria. Specification of the principal organic hazardous con-
stituents in a waste is subject to best engineering judgment, considering the
toxicity, thermal stability, and quantity of each organic waste constituent.

DRE requirements in the Subpart O regulations do not apply to metals or other
noncombustible materials.
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Destruction and removal efficiencies are normally measured only during trial
burns and occasional compliance tests, and are used as a basis for determining
whether or not the incinerator/air pollution control system operating condi-
tions are adequate. Sections 4.3 and 4.4 present design evaluation procedures
for incinerators and air pollution control devices that are based on state-of-
the-art engineering practice. However, any conclusions reached through these
evaluation procedures should be supported by trial burn data demonstrating
acceptable destruction and removal efficiency.

4.2.2 Sample Calculation

A liquid injection incinerator equipped with a quench tower, venturi scrubber,
and packed bed caustic scrubber has been constructed to burn a mixture of
waste oils and chlorinated solvents with the following empirical composition:

73.0 wt % carbon
16.5 wt % chlorine
10.5 wt % hydrogen

The principal organic hazardous components are trichloroethylene, 1,1,1-tri-
chloroethane, methylene chloride, and perchloroethylene. Each of these com-
pounds constitutes about 5% of the total waste feed to the incinerator.

During a trial burn, the incinerator was operated at a waste feed rate of
5,000 lb/hr and 50% excess air. The gas flow rate measured in the stack was
19,200 dscfm. Under these conditions, the measured concentrations of the
principle organic hazardous components were:

Trichloroethylene - 4.9 pg/dscf
1,1,1-Trichloroethane - 1.0 pg/dscf
Methylene chloride - 49 pg/dscf
Perchloroethylene - 490 pg/dscf

In order to calculate destruction and removal efficiency for each of these
compounds using the equation,

whl-wmm
DRE = —————— (100)
in

it is necessary to calculate the mass flow of each component entering and

exiting the system. Because each hazardous component constitutes about 5% of
the waste and the total waste feed rate was 5,000 lb/hr, W. for each compo-
nent is: n

win = 0.05 (5,000 1lb/hr) = 250 1lb/hr

The mass flow rate of each component exiting the stack is then calculated by
the following equation:
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W =c. x (19,200 dscfm) (60 min/hr)
out i 4.54 x 10°% pg/1b

where wout = mass flow rate of component i exiting the stack, lb/hr
C

i concentration of component i in the stack gas, pg/dscf

Using this equation to calculate W for each component and the previously

cited equation for destruction and reémoval efficiency, the following results
are obtained:

Component wout, 1b/hr DRE, %
Trichloroethylene 0.0124 99.995
1,1,1-Trichloroethane 0.00254 99.999
Methylene chloride 0.124 99.95
Perchloroethylene 1.24 99.5

These results indicate that the required $9.99% destruction and removal effi-
ciency was achieved in the trial burn for trichloroethylene and 1,1,1-tri-
chloroethane, but not for methylene chloride and perchloroethylene.

Worksheet #1 in Section 4.5 presents a generalized procedure for destruction
and removal efficiency calculations.

4.3 INCINERATOR EVALUATION

A logic diagram for evaluating both liquid injection and rotary kiln incinera-
tor designs and operating criteria is shown in Figure 4-1. It consists of six
separate evaluation procedures intended to answer the following questions:

.

Are the basic incinerator components properly incorporated in the design?

Have the physical, chemical, and thermodynamic properties of the waste

been properly considered in the incinerator design and proposed operating
conditions?

Are the proposed temperature/excess air/residence time combinations
internally consistent and achievable? Can adequate turbulence and mixing
be achieved under these conditions?

Is the auxiliary fuel firing capacity acceptable?

- Does the design incorporate suitable combustion process control and
safety shutdown interlocks?

+ Are appropriate materials of construction employed?

Subsections 4.3.1 through 4.3.6 present background information and procedures
for answering questions.
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BASIC DESIGN
CONSIDERATIONS
SECTION 4.3.1

l

PHYSICAL, CHEMICAL, AND
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SECTION 4.3.2
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EVALUATION
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AUXILIARY FUEL FIRING

CAPACITY EVALUATION
SECTION 4.3.4
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COMBUSTION PROCESS

CONTROL EVALUATION
SECTION 4.3.5

%

MATERIAL OF CONSTRUCTION
CONSIDERATIONS
SECTION 4.3.6

Incinerator design evaluation criteria.

Figure 4-1.
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4.3.1 Basic Design Considerations

4.3.1.1 Liquid Injection Incinerators--

Liquid injection incinerators are usually simple, refractory-lined cylinders
(either horizontally or vertically aligned) equipped with one or more waste
burners. Liquid wastes are injected through the burner(s), atomized to fine
droplets, and burned in suspension. To heat the unit to operating temperature
before waste is introduced, however, all liquid injection incinerator designs
should also include an auxiliary fuel firing system. This may consist of
separate burners for auxiliary fuel, dual-liquid burners, or single-liquid
burners equipped with a premix system whereby fuel flow is gradually turned
down and waste flow is increased after the desired operating temperature is
attained. If auxiliary fuel firing is needed during routine operation the
same types of systems are needed: fuel/waste premix, dual-liquid burners, or
separate auxiliary fuel burners.

Each burner, regardless of type, is generally mounted in a refractory block or
ignition tile (see Figure 4-2 for an illustration). This is necessary to
confine the primary combustion air introduced through the burner, to ensure
proper air/waste mixing, and to maintain ignition. The shape of the ignition
tile cavity also affects the shape of the flame and the quantity of primary
air which must be introduced at the burner. Some burners and tiles are ar-
ranged to aspirate hot combustion gases back into the tile, which aids in
vaporizing the liquid and increasing flame temperature more rapidly.

"Reproduced courtesy of Trane Thermal Company, Conshohocken, Pa."

Figure 4-2. High heat release burner for
combustion of liquid waste [1].

The dimensions of the burner block, or ignition tile, vary depending on the
burner design. Each manufacturer has his own geometrical specifications,
which have been developed through past experience. Therefore, it is not pos-
sible to specify a single burner block geometry for design evaluation purposes.
However, this aspect of the design can be checked to eliminate systems that do
not provide for any flame retention.



The location of each burner in the incinerator and its firing angle, relative
to the combustion chamber, should also be checked. In axial or side-fired
nonswirling units, the burner is mounted either on the end firing down the
length of the chamber or in a sidewall firing along a radius. Such designs,
while simple and easy to construct, are relatively inefficient in their use of
combustion volume. Improved utilization of combustion space and higher heat
release rates can be achieved with the utilization of swirl or vortex burners
or designs involving tangential entry. Regardless of the burner location
and/or gas flow pattern, however, the burner is placed so that the flame does
not impinge on refractory walls. Impingement results in flame gquenching, and
can lead to smoke formation or otherwise incomplete combustion. In multiple
burner systems, each burner should be aligned so that its flame does not
impact on other burners.

Engineering judgment is used in predicting whether or not these undesirable
phenomena will occur with a specific incinerator design.

4.3.1.2 Rotary Kiln Incinerators--

To insure complete waste combustion rotary kiln incinerator designs normally
include an afterburner. The primary function of the kiln is to convert solid
wastes to gases, which occurs through a series of volatilization, destructive
distillation, and partial combustion reactions. However, an afterburner is
almost always required to complete the gas-phase combustion reactions. The
afterburner is connected directly to the discharge end of the kiln, whereby
the gases exiting the kiln turn from a horizontal flow path to a vertical flow
path upwards to the afterburner chamber. The afterburner itself may be hori-
zontally or vertically aligned.

Both the afterburner and kiln are usually equipped with an auxiliary fuel
firing system to bring the units up to the desired operating temperatures. As
explained in Section 4.3.1.1 for liquid injection incinerators, the auxiliary
fuel system may consist of separate burners for auxiliary fuel, dual-liquid
burners designed for combined waste/fuel firing, or single-liquid burners
equipped with a premix system, whereby fuel flow is gradually turned down and
liquid waste flow is increased after the desired operating temperature is
attained.

If liquid wastes are to be burned in the kiln and/or afterburner, additional
considerations are:

- flame retention characteristics of the burners,
* burner alignment to avoid flame impingement on refractory walls, and

* in multiple burner systems, burner alignment to avoid interference with
the operation of other burners.

These topics are discussed in Section 4.3.1.1 under liquid injection incinera-
tor evaluation.

One difference between liquid injection incinerators and rotary kilns burning
liquid wastes in conjunction with solids is that in the kiln liquid wastes may
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be fired either at the feed or discharge end of the unit. Cocurrent and
countercurrent firing designs are both widely used.

4.3.2 Physical, Chemical, and Thermodynamic Waste Property Considerations

4.3.2.1 Liquid Injection Incinerators--

Before a liquid waste can be combusted, it must be converted to the gaseous
state. This change from a liquid to a gas occurs inside the combustion cham-
ber and requires heat transfer from the hot combustion gases to the injected
liquid. To cause a rapid vaporization (i.e., increase heat transfer), it is
necessary to increase the exposed liquid surface area. Most commonly the
amount of surface exposed to heat is increased by finely atomizing the liquid
to small droplets, usually to a 40 pM size or smaller. Good atomization is
particularly important when high aqueous wastes or other low heating value

wastes are being burned. It is usually achieved in the liquid burner directly
at the point of air/fuel mixing.

The degree of atomization achieved in any burner depends on the kinematic
viscosity of the liquid and the amount of solid impurities present. Liquids
should generally have a kinematic viscosity of 10,000 SSU or less to be satis-
factorily pumped and handled in pipes. For atomization, they should have a
maximum kinematic viscosity of about 750 SSU. If the kinematic viscosity
exceeds this value the atomization may not be fine enough. This may cause
smoke or other unburned particles to leave the unit. However, this is only a
rule of thumb. Some burners can handle more viscous fluids, while others
cannot handle liquids approaching this kinematic viscosity.

Viscosity can be reduced by heating with tank coils or in-line heaters. How-
ever, 400-500°F (200-260°C) is normally the limit for heating to reduce viscos-
ity, since pumping a hot tar or similar material becomes difficult above these
temperatures. Should gases be evolved in any quantity before the desired
viscosity is reached, they may cause unstable fuel feed and burning. If this
occurs, the gases should be trapped and vented safely, either to the incinera-
tor or elsewhere. Prior to heating a liquid waste stream, a check should also
be made to insure that undesirable preliminary reactions such as polymerization,
nitration, oxidation, etc., will not occur. If preheating is not feasible,
based on these considerations, a lower viscosity and miscible liquid may be
added to reduce the viscosity of the mixture; fuel oil for example.

Solid impurities in the waste can interfere with burner operation via plug-
gage, erosion, and ash buildup. Both the concentration and size of the solids,
relative to the diameter of the nozzle, need to be considered. As discussed
in Chapter 5, filtration may be employed to remove solids from the waste prior
to injection through the burner.

Liquid waste atomization can be achieved by any of the following means:

- rotary cup atomization

- single-fluid pressure atomization

+ two-fluid, low pressure air atomization

- two-fluid, high pressure air atomization

+  two-fluid, high pressure steam atomization
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In air or steam atomizing burners, atomization can be accomplished internally,
by impinging the gas and liquid stream inside the nozzle before spraying;
externally, by impinging jets of gas and liquid outside the nozzle; or by
sonic means (see Figures 4-3 through 4-5). Sonic atomizers use compressed gas
to create high frequency sound waves which are directed on the liquid stream.
The liquid nozzle diameter is relatively large, and little waste pressuriza-
tion is required. Some slurries and liquids with relatively large particles
can be handled without plugging problems.
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“Reprinted by permission of Chemical Engineering Progress."

Figure 4-3. Internal mix nozzle [2].
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“Reproduced courtesy of Trane Thermal Company, Conshohocken, Pa."
Figure 4-4. External mix nozzles [1].

The rotary cup consists of an open cup mounted on a hollow shaft. The cup is
spun rapidly and liquid is admitted through the hollow shaft. A thin film of
the liquid to be atomized is centrifugally torn from the lip of the cup and
surface tension reforms it into droplets. To achieve conically shaped flames
an annular high velocity jet of air (primary air) must be directed axially
around the cup. If too little primary air is admitted the fuel will impinge on
the sides of the incinerator. If too much primary air is admitted the flame
will not be stable and will be blown off the cup. For fixed firing rates, the
proper adjustment can be found and the unit operated for long periods of time
without cleaning. This requires little liquid pressurization and is ideal for
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© SONIC WAVE ATOMIZER

Reprinted by permission of Fluid Kinetics, Inc.

Figure 4-5. Sonic atomizing nozzle [3].

atomizing liquids with relatively high solids content. Burner turndown is
about 5:1 and capacities from 1 to 265 gal/hr, (1-280 cm3/S) are available.

In single-fluid pressure atomizing nozzle burners, the liquid is given a swirl
as it passes through an orifice with internal tangential gquide slots. Moder-
ate liquid pressures of 100-150 psi provide good atomization with low to
moderate liquid viscosity. In the simplest form, the waste is fed directly to
the nozzle but turndown is limited to 2.5 to 3:1 since the degree of atomiza-
tion drops rapidly with decrease in pressure. In a modified form, involving a
return flow of liquid, turndown up to 10:1 can be achieved.

When this type of atomization is used, secondary combustion air is generally
introduced around the conical spray of droplets. Flames tend to be short,
bushy, and of low velocity. Combustion tends to be slower as only secondary
air is supplied and a larger combustion chamber is usually required.

Typical burner capacities are in the range of 10 to 105 gal/hr. Disadvantages
of single-fluid pressure atomization are erosion of the burner orifice and a
tendency toward pluggage with solids or liquid pyrolysis products, particu-
larly in smaller sizes.

Two-fluid atomizing nozzles may be of the low pressure or high pressure vari-
ety, the latter being more common with high viscosity materials. In low
pressure atomizers, air from blowers at pressures from 0.5 to 5 psig is used
to aid atomization of the liquid. A viscous tar, heated to a viscosity of
15-18 centistokes, requires air at a pressure of somewhat more than 1.5 psig,
while a low viscosity or aqueous waste can be atomized with 0.5 psig air. The
waste liquid is supplied at a pressure of 4.5-17.5 psig. Burner turndown
ranges from 3:1 up to 6:1. Atomization air required varies from 370 to

1,000 ft3/gal of waste liquid. Less air is required as atomizing pressure is
increased. The flame is relatively short as up to 40% of the stoichiometric
air may be admixed with the liquid in atomization.

High pressure two-fluid burners require compressed air or steam at pressures
from 30 to 150 psig. Air consumption is from 80 to 210 ft3/gal of waste, and
steam requirements may be 2.1 to 4.2 1lb/gal with careful control of the oper-
ation. Turndown is relatively poor (3:1 or 4:1) and considerable energy is
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employed for atomization. Since only a small fraction of stoichiometric air
is used for atomization, flames tend to be relatively long. The major ad-
vantage of such burners is the ability to burn barely pumpable liquids without
further viscosity reduction. Steam atomization also tends to reduce soot
formation with wastes that would normally burn with a smoky flame.

Table 4-1 identifies typical kinematic viscosity and solids handling limita-
tions for the various atomization techniques. These data are based on a
survey of 14 burner manufacturers. 1In evaluating a specific incinerator
design, however, the viscosity and solids content of the wastes should be
compared with manufacturer specifications for the particular burner employed.

TABLE 4-1. KINEMATIC VISCOSITY AND SOLIDS HANDLING LIMITATIONS
OF VARIOUS ATOMIZATION TECHNIQUES

Maximum
kinematic
viscosity, Maximum solids Maximum solids
Atomization type SsuU mesh size concentration
Rotary cup 175 to 300 35 to 100 20%
Single-fluid pressure 150 Essentially zero
Internal low pressure 100 Essentially zero
air (<30 psi)
External low pressure air 200 to 1,500 200 (depends on 30% (depends on
nozzle ID) nozzle ID)
External high pressure 150 to 5,000 100 to 200 (depends 70%
air on nozzle ID)
External high pressure 150 to 5,000 100 to 200 (depends 70%
steam on nozzle ID)

A procedure for evaluating whether or not a given burner atomization technique
is suitable for the waste under consideration is presented in Table 4-2.

Chemical and thermodynamic properties of the waste that need to be considered
in incinerator design evaluation are its elemental composition, its net heat-
ing value, and any special properties (e.g., explosive properties) that may
interfere with incinerator operation or require special design considerations.
The percentages of carbon, hydrogen, oxygen, nitrogen, sulfur, halogens, and
phosphorus in the waste, as well as its moisture content, need to be known to
calculate stoichiometric_combustion air requirements and to predict combustion
gas flow and compositiona. In these calculations, the following reactions are
assumed:

qir requirements, combustion gas flow, and gas composition form the basis
for many subsequent evaluation procedures.
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C+ 0y » COy
Hy + 1/20, » Ho0
Hy0 » Hy0
N2 » N,

Clg + Ho0 > 2HCL + 1/20,
Fo + Hp0 > 2HF + 1/20,
Br, > Br,

I, > I,

S + 0y > SO,
2P + 2.509 > PoOg

TABLE 4-2. EVALUATION PROCEDURE FOR PHYSICAL WASTE
PROPERTY/ATOMIZATION TECHNIQUE COMPATIBILITY

1. Identify the atomization technique employed.

2. Identify the kinematic viscosity of the waste at the proposed injection
temperature.
3. Check Table 4-1 and/or burner manufacturer specifications to determine if

the waste viscosity and atomization technique are compatible.

4. Identify the solids content of the waste and the maximum size of the
particles (after pretreatment, if any).

5. Check Table 4-1 and/or burner manufacturer specifications to determine if
the solids content of the waste and the atomization technique are
compatible. .

Table 4-3 shows the stoichiometric or theoretical oxygen requirements and com-
bustion product yields for each of these reactions. Once the weight fraction
of each element in the waste has been determined, the stoichiometric oxygen
requirements and combustion product yields can be calculated on a 1b/lb waste
basis. The stoichiometric air requirement is determined directly from the
stoichiometric oxygen requirement via the weight fraction of oxygen in air.

0f course, the reactions listed above are not the only ones that occur in com-

bustion processes. Carbon, carbon monoxide, free hydrogen, nitrogen oxides,
free chlorine and fluorine, hydrogen bromide and iodide, sulfur trioxide, and

4-12



TABLE 4-3. STOICHIOMETRIC OXYGEN REQUIREMENTS
AND COMBUSTION PRODUCTS YIELDS

Elemental
waste Stoichiometric Combustion

component  OXygen requirement product yield

C 2.67 1b/1b C 3.67 1b C0,/1b C

H, 8.0 1b/1b Hy 9.0 1b H,0/1b Hy

0o -1.0 1b/1b 0, -

No - 1.0 1b N,/1b N,

Hy0 - 1.0 1b H,0/1b Hy0

cl, -0.23 1b/1b Cl, 1.03 1b HC1/1b Cl,
-0.25 1b H,0/1b Cl,

Fo -0.42 1b/1b F, 1.05 1b HF/1b F,
-0.47 1b H,0/1b F,

Br2 - 1.0 1b Br2/lb Brz

I, - 1.0 1b I,/1b I,

S 1.0 1b/1b S 2.0 1b S0,/1b S

P 1.29 1b/1b P 2.29 1b P,05/1b P

Air Nz - 3.31 1b Nz/lb (02)

stoich

Stoichiometric air requirement = 4.31 x (02)Stoich
hydrogen sulfide, among other compounds, are also formed to some extent when
the corresponding elements are present in the waste or fuel being burned.
However, these combustion product yields are usually small in comparison to
the yields of the primary combustion products identified above, and need not
be considered in gas flow scoping calculations. (They do, however, need to be
considered to determine the potential products of incomplete combustion). For
most organic wastes and fuels, nitrogen, carbon dioxide, and water vapor are
the major combustion products. When excess air is factored into the combus-
tion gas flow, oxygen also becomes a significant component of the gas. Excess
air requirements are discussed in Section 4.3.3. Worksheet 4-2 can be used

to calculate the stack gas composition for major components, e.g., Na, Og,
CO,, HCl, SO,.

Exceptions to the aforementioned combustion stoichiometry can occur when
highly chlorinated or fluorinated wastes are being burned and insufficient
hydrogen is present for equilibrium conversion to the halide form. Since
hydrogen halides are much more readily scrubbed from combustion gases than
halogens themselves, sufficient hydrogen should be provided for this equili-
brium conversion to take place. If the waste itself contains insufficient
hydrogen, auxiliary fuel or steam injection is needed to supply the necessary
hydrogen equivalents. The stoichiometric (absolute minimum) requirements are
1 1b Hy/ 35.5 1b Cl, and 1 1b Hy,/19 1b F, in the waste.

Equilibrium between halogens and hydrogen halides in incinerator gases is
given by:

X2 + H20 = 2HX + 1/2 02
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where X, represents any free halogen.
For chlorine, this expression becomes:
Cl, + H,0 = 2HC1 + 1/2 0,

At equilibrium, the concentrations of Cl;, H,0, HCl, and O, in the combustion
gas (at essentially atmospheric pressure) is given by:

2 Py
(Pycy)® (Pp, ) ¥

p (Pey,) (pHZS)

K

where Kp = equilibrium constant

P,
i

partial pressure of ith component, atm

Figure 4-6 presents a plot of the equilibrium constant, K , vs. temperature
for the conversion of Cl, to HCl. If the combustion tempgrature is known, K
can be identified from Figure 4-6 and the following equation can be used to
predict the extent of conversion of Cl, to HC1.

4x2pc (P. . +1/2x P 1/2

12i 0s1 Clzl)

— 2
P Puy0i (27 %)

. : [ L
fractional conversion of Cl, 1; N <

where X

= calculated partial pressures of Cl,, 0z, and Hy0
assuming that all organic chlorine is converted
to Cl, before the reaction to form HC1l occurs.

Pe1,i Fo,iv PHy0i

In addition to the aforementioned waste constituents, metallic elements pre-
sent in the waste influence the assessment of air pollution control require-
ments and materials of construction (e.g., refractory type). However, the
metals content of a waste will not significantly affect the stoichiometric air
requirements or combustion gas flow rate.

The heating value of a waste corresponds to the quantity of heat released when
the waste is burned, commonly expressed as Btu/lb. Since combustion reactions
are exothermic, all organic wastes have some finite heating value. However,
the magnitude of this heating value must be considered in establishing an
energy balance for the combustion chamber and in assessing the need for auxil-
iary fuel firing. To maintain combustion, the amount of heat released by the
burning waste must be sufficient to heat incoming waste up to its ignition
temperature and to provide the necessary activation energy for the combustion
| reactions to occur. Activation energy, expressed as Btu/lb or the equivalent,
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Figure 4-6. Equilibrium constant versus temperature.

4-15



is the quantity of heat needed to destabilize molecular bonds and create
reactive intermediates so that the exothermic reaction with oxygen will pro-
ceed. Figure 4-7 shows the general relationship between activation energy and
heating value.

:

ACTIVATION
ENERGY

ENERGY

HEAT OF
COMBUSTION

i

REACTION ———

Figure 4-7. Relationship between activation energy and heat of combustion.

Note: The diagram is simplified in the sense that it shows a single activa-
tion energy for the reaction. Reactions with more than one intermediate
have correspondingly more activation energy levels.

Waste heating values needed to sustain combustion without auxiliary fuel
firing depend on the following criteria:

+ physical form of the waste (i.e., gaseous vs. liquid vs solid),
- temperature required for refractory waste component destruction,
* excess air rate, and

+ heat transfer characteristics of the incinerator.

In general, higher heating values are required for solids vs liquids vs gases,
for higher operating temperatures, and for higher excess air rates, if combus-
tion is to be sustained without auxiliary fuel consumption. Gases can sustain
combustion at heating values as low as 3,000 Btu/lb, while 4,500 to 5,500 Btu/l
may be considered minimum heating value requirements for combustion of liquid
wastes in high efficiency burners [1]. Figures 4-8 and 4-9 illustrate the
relationship of adiabatic temperature to heating value for several levels of
excess air for liquid wastes and gaseous wastes, respectively. Higher heating
values are needed for solid wastes, but the requirements depend on particle
size, and thus, the area available for heat and mass transfer. In the hazard-
ous waste incineration industry, it is common practice to blend wastes (and
fuel o0il, if necessary) to an overall heating value of 8,000 Btu/lb.
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from typical liquid wastes [1].

4-17



ADIABATIC TEMPERATURE, OF

3800
3600 |
3400 |
3200 |-
3000
2800 |
2600
2400 |
2200
2000
1800 |-

1600 |-

1200 |- /
1000 r‘ i
800 -

600r

0%

20 %

40 %

60 %

90 %

100 %

PARAMETERS: % EXCESS AIR

l 1 | 1 1 I

Figure 4-9.

200 400 600 800

HIGHER HEATING VALUE, Btu/Ib

1000

Adiabatic temperature of combustion gases
from typical gaseous wastes [1].

4-18



When an organic waste exhibits a low heating value, it is usually due to high
concentrations of moisture or halogenated compounds. Since water is an ulti-
mate oxidation product, it has no heating value. 1In fact, a portion of the
heat generated by combustion of the organic waste fraction is consumed in
vaporizing and heating the moisture up to incinerator temperature. Therefore,
an increase in the moisture content of an organic waste proportionately de-
creases the overall heating value on a Btu/lb waste basis.

The heating value of a waste also decreases as the chlorine (or other halogen)
content increases, although there is no simple mathematical relationship.
Figure 4-10 shows an empirical relationship between heating value and chlorine
content for pure substances. At chlorine contents of 70% or greater, auxil-
iary fuel is needed to maintain combustion. Auxiliary fuel may also be re-
quired for less highly chlorinated waste unless high efficiency burners are
used.
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"Reproduced courtesey of Trane Thermal Company, Conshohockon, Pa."

Figure 4-10. Heat of combustion of chlo-
rinated hydrocarbons [4].

In hazardous waste incineration, it is common practice to blend wastes so that
the chlorine content does not exceed 30%. This is done to maintain sufficient
heating value for sustained combustion and to limit free chlorine
concentration in the combustion gas.

When heating value data are reported for a given waste, it is desirable to know
whether they are "higher heating values," "lower heating values," or "net heating
values." The difference between the higher heating value and lower heating value
of a material is that the higher value includes the heat of condensation of water
formed in the combustion reaction. The higher heating value of a material is
sometimes called its ''gross heating value." In the combustion of methane, for
example, the higher heating value is based on the following stoichiometry:

CHe(gy * 202(g) > COz(qy + 2H20(y,

where the subscripts g and £ represent gaseous and liquid states, respectively.
The lower heating value is based on:
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Hagy + 202(g) > COz(g) * 2H20(

The net heating value of a waste is determined by subtracting from its lower
heating value the energy necessary to vaporize any moisture present in the
waste initially. Thus, high aqueous wastes may exhibit a negative net heating
value. Since this quantity represents the true energy input to the combustion

process, only net heating values should be used in developing energy balances
for incinerators.

The heating value of a complex waste mixture is difficult to predict a priori.
Therefore, these values should be measured experimentally. Since heating
values measured using oxyden bomb calorimeters are higher heating wvalues,
conversion to the net heating value is required for energy balance calcula-
tions. Worksheet 4-3 in Section 4.5 shows how this conversion is performed.
Approximate net heating values for common auxiliary fuels are:

Residual fuel oil (e.g., No. 6) - 17,500 Btu/lb
Distillate fuel oil (e.g., No. 2) - 18,300 Btu/lb
Natural gas - 19,700 Btu/lb (1,000 Btu/scf)

Special characteristics of a waste such as extreme toxicity, mutagenicity or
carcinogenicity, corrosiveness, fuming, odor, pyrophoric properties, thermal
instability, shock sensitivity, and chemical instability should also be con-
sidered in incinerator facility design. Thermal or shock instability is of
particular concern from a combustion standpoint, since wastes with these
properties pose an explosion hazard. Other special properties relate more
directly to the selection of waste handling procedures and air pollution

control requirements. If potentially explosive wastes are encountered, technice
assistance is advised.

Table 4-4 presents a procedure for chemical and thermodynamics waste property
evaluation.

4.3.2.2 Rotary Kiln Incinerators--

When liquid wastes are to be burned in the kiln or afterburner, the kinematic
viscosity of the liquid and its solids concentration and solids particle size
must be considered to determine whether or not good atomization can be achieved
with the proposed burner design. This subject is addressed in subsection 4.3.2.
under liquid injection incinerator evaluation. The procedure outlined in

Table 4-2, along with the discussion preceding this table, can be used to

check physical waste property/burner compatibility for rotary kiln

incinerators burning liquid wastes.

Although liquid wastes are frequently incinerated in rotary kilns, kilns are
primarily designed for combustion of solid wastes. They are exceedingly
versatile in this regard, capable of handling slurries, sludges, bulk solids
of varying size, and containerized wastes. The only wastes that create prob-
lems in rotary kilns are (1) aqueous organic sludges that become sticky on
drying and form a ring around the kiln's inner periphery, and (2) solids
(e.g., drums) that tend to roll down the kiln and are not retained as long as
the bulk of solids. To reduce this problem, drums and other cylindrical
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TABLE 4-4. CHEMICAL AND THERMODYNAMIC WASTE
PROPERTY EVALUATION PROCEDURE

1. 1Identify the elemental composition and moisture content of the waste and
record this information on Worksheet 4-2 for future reference.

2. Does the waste contain chlorinated or fluorinated materials? (If YES,
proceed to checkpoint #3. If NO, proceed to checkpoint #5.)

3. 1Is sufficient hydrogen present in the waste for equilibrium conversion of
chlorine and fluorine to hydrogen chloride and hydrogen fluoride, respec-
tively? See aforementioned evaluation criteria in Section 4.3.2.1. (If
YES, proceed to checkpoint #5. If NO, proceed to checkpoint #4.)

4. 1Is auxiliary fuel firing or steam injection employed to provide the
necessary hydrogen equivalents?

5. Identify the major components of the combustion gas, based on the ele-
mental composition of the waste, that need to be considered in subsequent
material and energy balance calculations. See Worksheet 4-2 for the
recommended procedure. This procedure also determines the stoichiometric
air requirement and combustion gas flow, which will be needed for subse-
quent evaluation procedures.

6. Determine the net heating value of the waste. Worksheet 4-3 shows how
the net heating value can be calculated when higher heating values are
known.

7. Does it appear likely that the waste will sustain combustion, based on
its net heating value? (If YES, proceed to checkpoint #9. If NO, pro-
ceed to the following checkpoint.)

8. 1Is auxiliary fuel to be burned in conjunction with the waste?

9. 1Is the waste potentially explosive when exposed to high temperature or
shock?

containers are usually not introduced to the kiln when it is empty. Other
solids in the kiln help to impede the rolling action.

The major design checkpoint for rotary kiln/physical waste property
compatibility is the type(s) of solid waste feed systems employed. These feed
systems are discussed in Chapter 5.

Chemical and thermodynamic properties of the waste that need to be considered
in rctary kiln design evaluation are its elemental composition, its net heat-
ing value, and any special properties (e.g., explosive properties, extreme
toxicity) that may interfere with incinerator operation or require special
design considerations. These are essentially the same properties that must be
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considered in liquid injection incinerator evaluation. Therefore, the back-
ground discussion in Section 4.3.2.1 and the evaluation procedure presented in
Table 4-4 can be used for rotary kilns as well as liquid injection
incinerators with some modifications.

The first modification relates to the calculation procedures for stoichio-
metric air requirement, combustion gas flow and composition. These calcula-
tions are more complex for rotary kiln incinerators because (a) liquid and
solid wastes may be fed simultaneously to the kiln, and (b) liquid wastes and
auxiliary fuel may be fed to the kiln,afterburner, or both. Therefore, Work-
sheet 4-4 (See Section 4-5) should be used instead of Worksheet 4-2 for com-

bustion gas flow calculations. Worksheet 4-3 can still be used to calculate
net heating values.

The second modification relates to the consideration of special waste proper-
ties. As discussed in Section 4.3.2.1 for liquid injection incinerators,
technical assistance may be required if wastes with explosive properties are
encountered. For rotary kilns, technical assistance is also advised if ex-
tremely toxic, mutagenic, or carcinogenic wastes are to be burned. This
recommendation is based on the fact that kilns are much more prone to release
of fugitive emissions than are liquid injection incinerators.

Unlike liquid injection incinerators which have no moving parts, rotary kiln
designs incorporate high temperature seals between the stationary end plates
and rotating section. These seals are inherently difficult to maintain air-
tight, which creates the potential for release of unburned wastes. Rotary
kilns burning hazardous wastes are almost always operated at negative pressure
to circumvent this problem, however, difficulties can still arise when batches
of waste are fed semi-continuously. When drums containing relatively volatile
wastes are fed to the kiln, for example, extremely rapid gas expansion occurs.
This results in a positive pressure surge at the feed end of the kiln (even
though the discharge end may still be under negative pressure), which forces
unburned waste out through the end plates seals. This phenomenon is known as

Pupuffing", and can pose a major problem if extremely toxic or otherwise
thazardous materials are being burned.

Fugitive emissions can also exit the kiln through the feed chute if improperly
designed. Therefore, the design of the solid waste feed system is an extreme-
ly important consideration in evaluating rotary kiln incinerators. This topic
is addressed in Chapter 5.

4.3.3 Temperature, Excess Air, Residence Time, and Mixing Evaluation

Temperature, residence time, oxygen concentration, and the degree of air/waste
mixing achieved are the primary variables affecting combustion efficiency in
any incinerator design. The theoretical significance of these interrelated
variables is discussed in the following subsection under "Liquid Injection
Incinerators." Subsection 4.3.3.2 addresses additional temperature, time,
excess air, and mixing considerations for rotary kilns.

In general, two major factors are involved in evaluating these variables as
they relate to incinerator design. The first factor is whether or not the
temperature, residence time, and excess air level, along with the degree of
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mixing achieved in the incinerator, are adequate for waste destruction. The
second factor is whether or not the proposed operating conditions are
achievable, since temperature, excess air, residence time, and mixing are all
interrelated.

At the current state of the art, the adequacy of incinerator operating condi-
tions can only be determined by past experience with the waste or by actual
testing. Therefore, this factor is not addressed per se in the following
subsections. The major focus of the following evaluation procedures is on
whether or not a proposed set(s) of operating conditions is achievable.
Basically, this involves a series of internal consistency checks.

4.3.3.1 Liquid Injection Incincerators-- /

The most basic requirement of any combustion system is a sufficient supply of
air to completely oxidize the feed material. The stoichiometric, or theoreti-
cal air requirement is calculated from the chemical composition of the feed
material, as shown in Section 4.3.2. If perfect mixing could be achieved and
liquid waste burnout occurred instantaneously, then only the stoichiometric
requirement of air would be needed. Neither of these phenomena occur in
real-world applications, however, so some excess air is always required to
ensure adequate waste/air contact. Excess air is usually expressed as a
percentage of the stoichiometric air requirement. For example, 50% excess air
implies that the total air supplied to the incinerator is 50% greater than the
stoichiometric requirement.

The amount of excess air used or needed in a given application depends on the
degree of air/waste mixing achieved in the primary combustion zone, process-
dependent secondary combustion requirements, and the desired degree of combus-
tion gas cooling. Since excess air acts as a diluent in the combustion pro-
cess, it reduces the temperature in the incinerator (e.g., maximum theoretical
temperatures are achieved at zero percent excess air). This temperature
reduction is desirable when readily combustible, high heating value wastes are
being burned in order to limit refractory degradation. When high aqueous or
other low heating value waste is being burned, however, excess air should be
minimized to keep the system temperature as high as possible. Even with
highly combustible waste, it is desirable to limit excess air to some extent

so that combustion chamber volume and downstream air pollution control system
capacities can be limited.

Figure 4-11 maybe used to check the internal consistency of the proposed
excess air rate and temperature, as long as the amount of carbon, hydrogen,
and oxygen in the stream and its net heating value are known. To use the
figure, first find the weight fraction of carbon on the scale marked C (on the
far left) and the weight fraction of hydrogen on scale H. Connect these two
points with a ruler and read the value at its intersection with arbitrary
scale 1. Subtract the weight fraction of oxygen in the feed stream from this
number. Plot this value on the middle graph, using arbitrary scale 1 as the
vertical axis and the excess air scale as the horizontal axis. Interolate
between the set of curves to find a value for arbitrary scale 2, which is then
plotted on the vertical axis of the right-hand graph, with the net heating
value of the feed plotted on the horizontal axis to determine the combustion
gas temperature.
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For example, suppose methane (CH4-75% carbon, 25% hydrogen; net heating value
of 19,700 Btu/lb) is burned with 50% excess air. Connecting 0.75 on the C
scale with 0.25 on the H gives 4.9 at the intersection with arbitrary scale 1.
Using this value and 50% excess air gives 7.25 on the middle graph. Plotting
7.25 vertically and 19.7 KBtu/1lb horizontally on the right-hand graph shows a
temperature of 2,700°F. If a temperature of 2,000°F is desired and excess air
is to be calculated, plotting 19.7 kBtu/lb and 2,000°F gives 9.8 on arbitrary
scale 2. Then using the middle graph, 9.8 on arbitrary scale 2 and 4.9 on
arbitrary 1 shows an excess air rate of 100%. Figure 4-11 is accurate so long
as the combustion gases consist of air, CO, and H,0, i.e., the wastes consist
mainly of carbon, hydrogen, and oxygen. The latter part of this section
describes the procedures for more accurate calculations.

In liquid injection incinerators, two excess air rates must be considered:
(1) the excess air present in the primary combustion air introduced through
the burner, and (2) the total excess air, which includes secondary combustion
air. Normally, 10% to 20% excess air (i.e., 1.1 to 1.2 times the stoichio-
metric requirement) is supplied to the burner to prevent smoke formation in
the flame zone. When relatively homogeneous wastes are being burned in high
efficiency burners, 5% excess air may be adequate. Too much excess air
through the burner is also undesirable, since this can blow the flame away
from its retention cone. Burner manufacturer specifications are the best
source of information for analysis.

In general, the total excess air rate should exceed 20% to 25% to insure ade-
quate waste/air contact in the secondary combustion zone. However, the mini-
mum requirement for a given incinerator depends on the degree of mixing
achieved and waste specific factors.

Four basic questions should be considered in evaluating whether or not a
proposed operating temperature is sufficient for waste destruction:

(1) 1Is the temperature high enough to heat all waste components (and combus-
tion intermediates) above their respective ignition temperatures and to
maintain combustion?

(2) 1Is the temperature high enough for complete reaction to occur at the
proposed residence time?

(3) 1Is this temperature within normal limits for the generic design and/or
attainable under the other proposed operating conditions?

(4) At what point in the combustion chamber is the proposed temperature to be
measured?

Complete waste combustion requires a temperature, and heat release rate, in
the incinerator high enough to raise the temperature of the incoming waste
constituents above their respective ignition temperatures (i.e., to provide
energy input in excess of their respective activation energies). In cases
where combustion intermediates are more stable than the original waste con-
stituents, higher temperatures are required for complete combustion of the
intermediates than for parent compound destruction.
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Since heat transfer, mass transfer, and oxidation all require a finite length
of time, temperature requirements must also be evaluated in relation to the
proposed residence time in the combustion chamber. Heat transfer, mass trans-
fer, and kinetic reaction rates all increase with increasing temperature,
lowering the residence time requirements. For extremely short residence
times, however, temperatures higher than those needed for ignition may be
required to complete the combustion process.

The current state of the art in combustion modeling does not allow a purely
theoretical determination of temperature and residence time requirements for
waste and combustion intermediate destruction. Therefore, the only reasonable
alternative is an examination of temperature/residence time combinations used
to destroy the same or similar waste in a similar or identical incinerator.

After addressing the temperature requirements for waste destruction, it is
reasonable to determine whether or not the proposed temperature is within
normal limits for the generic incinerator design and whether or not this tem-
perature can be attained under the proposed firing conditions. Generally,
liquid injection incinerator temperatures range from 1,400°F to 3,000°F depend-
ing on the generic design, type of waste being burned, and location within the
combustion chamber. Usually 1,400°F is the minimum temperature needed to

avoid smoke formation. A more typical hazardous waste incineration tempera-
ture is 1,800°F, although temperatures of 2,000°F to 2,200°F or higher are
usually employed for halogenated aromatic wastes.

The question of whether or not the proposed temperature and excess air rate
are attainable can be resolved by approximate calculations based on a heat
balance around the combustion chamber. Figure 4-12 shows the heat inputs and
outputs for the combustion chamber.

HEAT LOSS THROUGH
REFRACTORY
——————r it e
ENTHALPY OF ENTHALPY OF
INCOMING WASTE, COMBUSTION GASES
AIR, AUXILIARY
FUEL t
HEAT OF WASTE/
AUXILIARY FUEL
COMBUSTION

Figure 4-12. Energy balance for combustion chamber.
Since liquid waste incineration is a steady state (or quasi-steady state)

process, the enthalpy of the waste/auxiliary fuel/combustion air feed plus the
heat released by combustion must equal the enthalpy of the combustion gases
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leaving the unit plus the heat loss through the refractory walls. This yields
the general relationship:

Heat loss _ Enthalpy of + | Heat released by | _ [ Enthalpy

through refractory incoming feed combustion of combus-
tion gases

or Q = AH

where Q
AH

heat loss through refractory, Btu/lb waste
overall enthalpy change in the combustion chamber, Btu/lb waste

Since enthalpy is a thermodynamic state function, the overall enthalpy change
can be represented by any series of incremental enthalpy changes, so long as
the initial state and final state correspond to the incinerator inlet and
outlet conditions, respectively. The key is to select an enthalpy change
pathway that simplifies the calculations involved, such as that shown in
Figure 4-13.

Using this approach, the overall energy balance equation becomes:

Q@ = AH = AHy o + AHp 3 + AHj 4

where AH = incremental enthalpy changes, Btu/lb waste

j-k
In Figure 4-13, the first enthalpy change, AH; 5, represents the difference in
feed enthalpy between injection temperature and standard conditions of 77°F
(25°C). This term is seldom significant unless the combustion air is
preheated to high temperature.

® ®

COMBUSTION PRODUCTS,

%5175 J’é’é‘?l SLR UNREACTED WASTE, AND
EXCESS AIR AT COMBUSTION
TEMPERATURE TEMPERATURE
1

@ ' @ CoMBUSTION PRODUCTS,
WASTE AND AIR UNREACTED WASTE, AND
o7 179 5°%0) —~— — Excsoss AL R AT

77% (25°C)

Figure 4-13. Enthalpy balance for combustion processes.
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The term AH; 3 represents the heat released by combustion at isothermal condi-
tions of 25°C. This corresponds to the way in which heats of combustion are
measured and presented in the literature. The third term, AH3 4, represents

the difference in combustion product enthalpy between 25°C and the temperature
at the combustion chamber outlet.

In mathematical terms, these incremental enthalpy changes are expressed as:

k
AHp o = Z n, C.(77 - T )
i=1 P
waste
components
+ 4.31 Cp air (717 - Tair)(oz)stoich(l + EA)
k
AH2_3 = E ; n.X.(AH )
- 1 G lgq0p
i=1
reactive
waste
components
and
k k
AHy 4 = Z n. C_. X, + E n, C_.(1 - X.)
i=1 i pl 1 =1 i pi i
reaction reactive
products waste
components
remaining
k
+ 4.31 cp élir(02)Stoich(m) 1+ ;1 ni(l - xi>
reactive
components
k
+ 2 : n. Cpi (Tout - 77)
i=1
inert
waste
components
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where n. = 1lb ith component/lb waste

= mean heat capacity of ith component over the temperature

Pl range involved, Btu/lb °F
Tin = waste injection temperature, °F
Tair = air inlet temperature, °F
Xi = fractiopal conyersion of ith component (Xi = 1.0 at 100%
combustion of ith component)
(AHC)i = heat of combustion of ith component at 77°F (25°C), Btu/l]
77°F
out = temperature at the combustion chamber outlet, °F
(02)stoiCh = stoichiometric oxygen requirement, 1lb 0,/1b waste

EA = excess air, %/100

To determine whether or not the proposed temperature/excess air combination is
achievable, it is necessary to specify the desired temperature and calculate
the corresponding excess air rate for comparison with the proposed value.
However, there are far too many unknowns in these equations to solve for EA.

These equations can be simplified considerab%y by assuming that the combustion
reactions go to essentially 100% completion. With this assumption, the
overall energy balance reduces to:

Q= Cp wast:e(77 - Tin) *+ 4.3l Cp air(77 B Tair)(OZ)stoich(1 + EA)
k
+ (- NHV)77°F * (Tout - 77 ;;; Ry Cpi +4.31 Cp air(oz)stoichEA
combustion
products

where NHV = net heating value of the waste, Btu/lb

From the empirical waste composition (carbon content, hydrogen content, etc.),
proposed excess air rate, and combustion stoichiometry discussed in Section
4.3.2, all the variables in this equation are fixed except the outlet temper-
ature or excess air rate, mean heat capacities of the combustion gases, and
the heat loss through the walls of the combustion chamber. To avoid rigorous
heat transfer calculations, this heat loss can be assumed to be about 5% of
the heat released in the combustion chamber, based on operating experience
with hazardous waste incinerators. With this assumption, the energy balance
reduces to:

aAcceptance of the proposed temperature/residence combination should ensure
combustion efficiencies close enough to 100% for this value to be used in
heat balance calculations.
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Cp wastel/7 = Tjp) +4.31 Cp air(77 = Ty ip)€02) (1 + EA) + 0.95 (- NHV)

stoich
k
* ;g; Py Cpi +4.31 Cp air(oz)stoichEA (Tout -1 =0
combustion
products

from which the first two terms can be deleted if neither waste nor air pre-

heating is employed. (The waste enthalpy term can almost always be deleted
anyway.) This yields:

k
0.95 (-NHV) + 2;; n, Cpi + 4.31 Cp air(02)
combustion
products

stoichEA (Tout -71) =0

The mean heat capacities of the combustion gases will vary to a small degree
depending on the incinerator outlet temperature. For the purposes of approxi-
mate calculations, however, the following values can be assumed:

Gas component §;, Btu/lb °F

Excess air 0.26
N, 0.26
CO» 0.26
H,0 0.49
HC1 0.20
S0, 0.18

This yields the expressiona:

0.95 (-NHV) + [0.26 (nN2 + nCOz) + 0.49 NH20

+1.12 (Oz)stoichEA] (Tyye = 77) =0

3The term in this equation refers to the nitrogen present in the combustion
gases under?stoichiometric conditions. It does not include excess air
nitrogen.
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for wastes containing only carbon, hydrogen, oxygen, and nitrogen. If other
gas components, constitute more than a few percent of the total flow, additional
heat capacity terms must be added.

If auxiliary fuel is to be burned in conjunction with the waste, a modification
of the previous equation is needed. This is as follows:

k
0.95 (- NHV)waste * nfuel(- NHV)fuel ¥ ;g; Ny Cpi
waste
combustion
products -
K L
* Peuel ;g; (ni fuel Cpi) t4.31 Cp air(oz)stoichEA (Tout - 77 =0
fuel
combustion
products i
where N ocel C 1b ith combustion gas component/lb fuel
C_ fuel - Mean heat capacity of fuel over the applicable temperature
P range, Btu/lb °F
Nvauel = heating value of fuel, Btu/lb
Deel = 1b fuel/lb waste

If only carbon, gydrogen, oxygen, and nitrogen are present, the equation can
be simplified to :

0.95 [(_NHv)waste * nfuel (-NHV)fuel]

+ [0.26 (nN2 + “coz) + 0.49 Ry,o ¥ 1.12 (02) 4 ion EA:‘ (Toye = 71 =0

a , ,
In thi t . i

s equation, nN2, nC02' anO’ (02)5t01ch’ and EA apply to the combined
waste/auxiliary fuel mix, and nN2 accounts refers to the nitrogen present in

the combustion gases under stoichiometric conditions.
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By fixing the outlet temperature at the proposed value, the equations shown
above can be used to estimate the maximum achievable excess air rate for
comparison with that proposed. Thus, the equations provide an internal consis-
tency check for proposed temperature/excess air combinations. Worksheet 4-5

in Section 4-5 shows how the calculation can be performed in a step-by-step
manner.

When identifying a minimum temperature acceptable for waste destruction, it is
also important to identify the location in the combustion chamber at which
this temperature should be measured. Temperature varies tremendously from one
point to another in the combustion chamber, being highest in the flame and
lowest at the refractory wall or at a point of significant air infiltration
(e.g., in the vicinity of secondary air ports). Ideally, temperature should
be measured in the bulk gas flow at a point after which the gas has traversed
the combustion chamber volume that provides the specified residence time for
the unit. It should not be measured at a point of flame impingement or at a
point directly in sight of radiation from the flame. Chapter 5 discusses
temperature measurement in more detail.

A comprehensive evaluation procedure for temperature/excess air considerations
is shown in Table 4-5.

In addition to temperature and excess air, residence time is a key factor
affecting the extent of combustion. This variable, also referred to as reten-
tion time or dwell time, is the mean length of time that the waste is exposed
to the high temperatures in the incinerator. It is important in designing and
evaluating incinerators because a finite amount of time is required for each
step in the heat transfer/mass transfer/reaction pathway to occur.

In liquid waste combustion, discrete (although short) time intervals are re-
quired for heat transfer from the gas to the surface of the atomized droplets,
liquid evaporation, mixing with oxygen in the gas stream, and reaction, which
itself involves a series of individual steps depending on the complexity of
the waste's molecular structure. The total time required for these processes
to occur depends on the temperature in the combustion zone, the degree of
mixing achieved, and the size of the liquid droplets. Residence time require-
ments increase as combustion temperature is decreased, as mixing is reduced,
and/or as the size of discrete waste particles is increased. Typical
residence times in liquid injection incinerators range from 0.5 s to 2.0 s.

Gas residence times are defined by the following formula:

J'V
) w
e'o

q

where 6 = mean residence time, s
V = combustion chamber volume, ft3
q = gas flow rate, ft3/s within the differential volume, dv

and gas flow rate is given by:
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_{0.79\(T + 460
Q= ( Yy >< 528 > [4'31 (02)stoich 68°F](1 + EA)
2

where Yy, = mole fraction N, in the gas within the differential volume
2
T = gas temperature, °F, within the differential volume
(02)stoich = stoichiometric oxygen requirement, scf/s
EA = excess oxygen fraction, %/100, within the differential

volume

As indicated in this equation, residence time is not an independent variable.
For an incinerator of fixed volume and relatively constant feed, residence
time is. influenced by the temperature and excess air rate employed.

Gas flow rate at any point along the length of the combustion chamber is a
function of the temperature at that point, the amount of excess air added up
to that point, and the extent to which the combustion reactions are completed
at that point. Therefore, solution of the above equation requires a knowledge
of the temperature profile, excess air profile, and waste conversion profile
along the combustion chamber. These factors must be expressed as functions of
combustion chamber length (i.e., volume) in order for the integration to be
performed.

Since this detailed information can rarely, if ever, be determined with a
reasonable degree of accuracy, an alternate approach is normally adopted. 1In
this approach, the flow rate, q, is specified at the desired operating temper-
ature (measured at the incinerator outlet) and total excess air rate. The
equation is then simplified to:

The chamber volume used in this calculation is an estimated value, correspond-
ing to the volume through which the combustion gases flow after they have been
heated to the desired operating temperature. Thus, the chamber volume used in
residence time calculations should be at least somewhat less than the total
volume of the chamber. However, an upper bound residence time can be
estimated by:

T

6
max q

out

where VT = total volume of the chamber

Any residence times calculated by this equation should only be used for
general comparison purposes.
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In the preceding discussion, all equations apply to the nominal, or mean,
residence time in the combustion chamber. A thoroughly rigorous approach
would require tracer studies to determine residence time distributions in the
incinerator. However, nominal residence times are sufficient for evaluation
purposes, so long as the incinerator design is such that significant channel-
ing (analogous to dead space in the combustion chamber) does not occur. Chan-
neling is usually prevented by creating abrupt changes in flow direction or by
establishing a definite flow pattern in the combustion chamber (e.g., cyclonic
flow).

TABLE 4-5. TEMPERATURE/EXCESS AIR EVALUATION PROCEDURE.

1. 1Identify the proposed operating temperature.

2. 1Is this temperature sufficient to convert all waste components to their
ultimate oxidation products, assuming that adequate residence time,
oxygen, and mixing are provided? See the preceding discussion (Section
4.3.3.1) for general guidelines. Outside sources of information can be
consulted for waste-specific data.

3. Identify the excess primary combustion air rate proposed in the permit
application.

4. Does this excess air rate meet or exceed the general requirements identi-
fied in the preceding discussion and/or burner manufacturer
specifications?

5. Iden;ify the total excess air rate proposed.

6. Is this excess air rate acceptable? General guidelines are presented in
Section 4.3.3.1.

7. 1Independently calculate the total excess air rate needed to maintain the
proposed operating temperature (see Worksheet 4-5).

8. Is this calculated excess air rate greater than or comparable to the
proposed total excess air rate? (If YES, proceed to checkpoint #11. If
NO, proceed to the following checkpoint).

9. 1Is this excess air rate acceptable, even though it is less than the pro-
posed excess air rate? See the preceding discussion for general guide-
lines. (If YES, proceed to checkpoint #l1. If NO, proceed to the
following checkpoint.)

10. Are there any mechanical restraints in the system that would prevent
increasing the auxiliary fuel-to-waste firing ratio (which would be
needed to maintain both an acceptable temperature and excess air rate)?
1f necessary, repeat the calculations shown in Worksheet 4-5 for the
maximum achievable fuel-to-waste ratio.

(continued)
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TABLE 4-5 (continued)

11. Identify the location at which temperature is to be measured in the
incinerator.

12. 1Is this location (a) suitable based on the considerations in the preced-
ing discussion or (b) comparable to the location at which temperature was
measured during an appropriate prior test?

Table 4-6 presents a gas residence time evaluation procedure which can be used
in conjunction with the evaluation procedure for temperature and excess air
shown in Table 4-5, since all three variables are interrelated.

TABLE 4-6. GAS RESIDENCE TIME EVALUATION PROCEDURE

1. 1Identify the proposed gas residence time.

2. Does this residence time appear adequate, considering the proposed operat-
ing temperature and excess air rate, and assuming that good mixing is
achieved? See the preceding discussion for general guidelines and the
appendices for specific information.

3. Does the proposed residence time appear to be achigvable? See
Worksheet 4-6.

Temperature, oxygen, and residence time requirements for waste destruction all
depend to some extent on the degree of mixing achieved in the combustion
chamber. This parameter is difficult to express in absolute terms, however.
Many of the problems involved in interpreting burn data relate to the diffi-
culty involved in quantifying the degree of mixing achieved in the incinerator,
as opposed to the degree of mixing achieved in another incinerator of
different design.

In liquid waste incinerators, the degree of mixing is determined by the spe-
cific burner design (i.e., how the primary air and waste/fuel are mixed),
combustion product gas and secbondary air flow patterns in the combustion cham-
ber, and turbulence. Turbulence is related to the Reynolds number for the
combustion gases, expressed as:

Re:gY.E
M
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where D combustion chamber diameter, ft
gas velocity, ft/s
gas density, lb/ft3

gas viscosity, lb/ft s

TDoO <

Turbulent flow conditions exist at Reynold's numbers of approximately 2,300
and greater. Below this Reynold's number laminar or transition flow prevails
and mixing occurs only by diffusion.

In conventional liquid injection incinerators or afterburners, it is possible
to simplify the Reynold's number to consideration of superficial gas velocity
only. Adequate turbulence is usually achieved at superficial gas velocities
of 10 to 15 ft/s. Superficial gas velocities are determined by

v=4

where g = gas flow rate at operating temperature, ft3/s
A = cross-sectional area of the incinerator chamber, ft2

When primary combustion air is introduced tangentially to the burner (e.g.,
vortex burners), secondary air is introduced tangentially, or burner alignment
is such that cyclonic flow prevails in the incinerator, actual gas velocities
exceed the superficial velocity. Thus, adequate turbulence may be achieved at
superficial velocities less than 10 ft/s in cyclonic flow systems. However,
the tradeoff is difficult to quantify. Turbulence can also be increased by
installing baffles in the secondary combustion zone of the incinerator, which
abruptly change the direction of gas flow. However, this also increases
pressure drop across the system and is not a common practice in liquid injec-
tion incinerator design. Steam jets can also be used to promote turbulence.

Table 4-7 presents a procedure for evaluating the mixing characteristics of
liquid injection incinerators. Since mixing is related to the gas flow rate
through the incinerator, this evaluation procedure can be used in conjunction
with that for temperature and excess air, which affect gas flow independent of
the waste feed rate.

TABLE 4-7. MIXING EVALUATION PROCEDURE

1. Calculate the superficial gas velocity in the incinerator chamber at
operating temperature (see Worksheet 4-7).

2. Does this velocity meet or exceed the general quidelines provided above
(i.e., 10-15 ft/s)>?

3. If not, is cyclonic flow or some mechanical means of enhancing turbulence
designed into the system? If YES, somewhat lower superficial velocities
than those listed above may still provide suitable mixing.
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4.3.3.2 Rotary Kiln Incinerators--

In rotary kiln/afterburner incineration systems, three excess air rates must
be considered: (1) excess air present in the primary combustion air intro-
duced through liquid waste burners in the kiln or afterburner section,

(2) total excess air fed to the kiln, and (3) the excess air percentage main-
tained in the afterburner.

Normally, 10% to 20% excess air (i.e., 1.1 to 1.2 times the stoichiometric
requirement) must be supplied to liquid waste burners to prevent smoke forma-
tion in the flame zone. When relatively homogeneous wastes are being burned
in high efficiency burners, 5% excess air may be adequate. Too much excess
air through the burner is also undesirable, since this can blow the flame away
from its retention cone. Burner manufacturer specifications are the best
source of information for case-by-case analysis.

As stated in Section 4.3.3.1, 20% to 25% total excess air is a practical
minimum for liquid injection incinerators to achieve adequate air/waste con-
tact. Higher excess air rates are needed in rotary kilns, however, because
the efficacy of air/solids contact is less than that for air and atomized
liquid droplets. Typical excess air rates range from 140% to 210% or greater,
depending on the desired operating temperature and the heating value of the
waste. When high aqueous wastes are being burned, lower excess air rates may
be needed to maintain adequate temperature. However, less than 100% excess
air in the kiln may not provide adequate air/solids contact.

Since it is usually desirable to maintain the afterburner at a higher tempera-
ture than the kiln, and because only liquid wastes or auxiliary fuel is fired
in the afterburner, the excess air rate in the afterburner is usually less
than that in the kiln. In a typical system operating at 1,500°F in the kiln
and 1,800°F in the afterburner, approximately 160% to 170% excess air would be
maintained in the afterburner compared to ~210% in the kiln. Considering 100%
excess air in the kiln as a practical minimum, approximately 80% excess air or
more should be maintained in the afterburner. This includes air contained in
the kiln exit gases as well as air introduced in the afterburner itself, and
is based on the total stoichiometric oxygen requirement for all wastes and
fuels burned in the system.

In evaluating temperature requirements for a rotary kiln/afterburner system,
seven basic questions should be considered:

(1) 1Is the temperature in the kiln high enough to volatilize, partially
oxidize, or otherwise convert all organic components of the waste to a
gaseous state?

(2) 1Is this temperature high enough. for the aforementioned processes to occur
within the proposed solids retention time?

(3) 1Is the afterburner temperature high enough to heat all volatilized wastes

(and combustion intermediates) above their respective ignition tempera-
tures and maintain combustion?
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(4) 1Is the temperature high enough for complete reaction to occur within the
proposed afterburner residence time?

(5) Is the kiln operating temperature within normal limits and/or attainable
under the other proposed operating conditions?

(6) Is the afterburner temperature within normal limits and/or attainable
under the other proposed operating conditions?

(7) At what points in the system are the temperatures to be measured?

The current state-of-the-art in combustion modeling does not allow a purely
theoretical determination of time and temperature requirements for solid waste
burnout or combustion in the gas phase. Therefore, the only reasonable alter-
native is an examination of temperature/time combinations used to destroy the
same or similar waste in a similar or identical rotary kiln/afterburner system.
This information is needed to address questions 1 through 4 above. The latter
three questions are addressed in the following paragraphs.

Temperatures in rotary kiln incinerators usually range from about 1,400°F to
3,000°F, depending on the types of waste being burned and the location in the
kiln. Common operating temperatures, measured outside of the flame zone, are
1,500°F to 1,600°F. The question of whether or not these or other proposed
temperatures are attainable at the proposed excess air rate can be resolved by
approximate calculations based on a heat balance around the kiln (see Sec-
tion 4.3.3.1 for a discussion of how heat balances are formulated).

The difficulty that arises in this calculation is that the extent of combus-
tion, or actual heat release compared to the maximum attainable heat release,
is unknown. However, the maximum achievable excess air rate in the kiln at
the specified operating temperature can still be estimated by assuming com-
plete combustion. This corresponds to a worst case analysis. The maximum
calculated excess air rate must exceed the proposed excess air rate, or the
specified operating temperature will not be attainable.

The applicable heat balance equation for the kiln, assuming complete
combustion is shown on the following page.

This equation is also based on the assumptions that (a) heat loss through the
kiln walls is about 5% of the heat released on combustion, and (b) waste
preheating, if employed, will result in negligible heat input compared to the
heat released on combustion (which is almost always the case). This equation
can be solved directly for EA, the maximum attainable excess air rate in the
kiln, once the desired operating temperature is specified. Mean heat capaci-
ties for common combustion gas components, applicable over temperature ranges
normally encontered, are shown in Section 4.3.3.1.

Worksheet 4-8 in Section 4-5 presents a step-by-step calculation procedure.
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4.31 C (77'Tair)(°2)stoich(k)(1 + EA))

p air
= 0.95 (nlNHvl + nyNHV, + anvaK>

1+ Dey
K L . ,
* E;i ny Cpi t4.31 Cp air(o2)stoichEAk (Tout -17) =0
combustion
products
rom kiln
where E—; = mean heat capacity of ith component over the temperature

P range involved, Btu/lb °F

vTair = air preheat temperature, °F
(02)st ich = total stoichiometric oxygen requirement for wastes and

° auxiliary fuel fed to the kiln, 1lb 05,/1b feed

EAk = percent excess air/100(in kiln)

n; = lb liquid waste/lb waste

n, = 1lb solid waste/lb waste

n., = lb fuel/lb waste
NHV; = net heating value of liquid waste, Btu/lb
NHV, = net heating value of solid waste, Btu/lb

HVfK = net heating value of fuel, Btu/lb
n, = 1b ith combustion product/1lb feed
Tout = desired temperature at the kiln outlet, °F

When no combustion air preheating is employed, this equation simplifies to:

nlN'Hvl + nzNHV2 + n_. HV
_0-95< fKfK

1+ an

k
+ . C_. c . , - 77) =
E;i nl Cpl + 4.31 Cp alr(02)5t01chEAk (Tout 7) 0
combustion
products
from kiln
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Using the heat capacities presented in Section 4.3.3.1, and assuming that CO,,
Hy0, N2, and 0, are the only significant components of the combustion gas, the
equation further simplifies to :

niNHV; + noNHV, + n
-0.95

HV
fKfK
1+ D ) +[ 0.26 nCO2 + nN2 + 0.49 anO

+1.12 (0p) EAy, (T, - 77) =0

stoich] out

Excess air in the afterburner can be estimated in similar fashion, after the
desired operating temperature is specified. In this calculation, heat inputs
to and from the entire system (kiln and afterburner) are considered. The
resulting heat balance equation is shown below.

This equation is also based on assumptions of 5% heat loss from the system and
negligible energy input due to waste/auxiliary fuel or air preheating. Work-
sheet 4-9 presents a step-by-step calculation procedure.

5 n{NHV, + ngoNHV, + anvaK NHVy + anHVfA
-0.9 +n
1+ an AK 1 + an
1+ nAK
i k L K 7
+ n. C. +n n.. C. |(T - 77)
i=1 1K "pa AK i=1 1A p1 out
combustion combustion
products products
from kiln afterburner
feed
i 1 + nAK i
+ 4.31 Cp air [(02)stoich(K) + (Oz)stoich(A)] EA (Tout -77) =0

where (05) toich(a) = stoichiometric oxygen requirement for waste and
stoic auxiliary fuel fed to the afterburner, 1lb 0,/1lb feed

EA = percent excess air/100(in afterburner)

Mg = 1b afterburner feed/1lb kiln feed
NHV; = net heating value of liquid waste fed to the after-

burner, Btu/lb

%The term ny in this equation relates to the nitrogen present in the combustion
2

gas under stoichiometric conditions. It does not include excess air nitrogen.
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an = 1b fuel/lb waste in afterburner

He, = heating value of auxiliary fuel burned in the after-
burner, Btu/lb

nig = 1b ith combustion product from kiln/1lb kiln feed
n.,, = lb ith combustion product from afterburner feed/1lb
1A
afterburner feed
out = desired afterburner outlet temperature, °F

Once the major components of the combustion gas have been identified (CO,,
H20, Ny, and O, in most cases), the latter two terms in this equation can be
simplified by substituting in the heat capacities reported in Section 4.3.3.1.
A similar substitution is shown on the preceding page for the rotary kiln heat
balance equation.

When quantifying the desired temperatures in the kiln and afterburner, it is
also important to fix the locations at which these temperatures should be
measured. Temperature varies tremendously from one point to another in each
unit, being highest in the flame and lowest at the refractory wall or at a
point of significant air infiltration (e.g., in the vicinity of secondary air
ports, end plate seals, and feed chute). 1Ideally, temperatures should be
measured in the bulk gas flow at a point after which the gas has traversed the
volume of each chamber that provides its specified residence time. Tempera-
tures should not be measured at a point of flame impingement or at a point
directly in sight of radiation from the flame. Temperature measurement is
discussed in more detail in Chapter 5.

An evaluation procedure for temperature/excess air considerations is shown in
Table 4-8. '

In rotary kiln incineration systems, both the solids retention time in the
kiln and the gas residence time in the afterburner must be considered. After-
burner residence time considerations are essentially the same as those for
liquid injection incinerators, a topic which is addressed in Section 4.3.3.1.
Therefore, the following discussion focuses primarily on solids retention time
estimates. For a discussion of gas residence time estimates and corresponding
evaluation procedures, see Section 4.3.3.1.

Solids retention times in rotary kilns are a function of the length-to-diam-
eter ratio of the kiln, the slope of the kiln, and its rotational velocity.
The functional relationship between these variables is {5]:

6 =0.19 (L/D)/SN

(lﬁ‘f‘

where retention time, min Aot ~i5/(;_:4f“ -
kiln length, ft Kt ) e
kiln diameter, ft S )

kiln slope, ft/ft
rotational velocity, rpm

ZLOLWotH o
nwoniwnun
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TABLE 4-8. TEMPERATURE/EXCESS AIR EVALUATION PROCEDURE FOR
ROTARY KILN/AFTERBURNER INCINERATORS

10.

11.

12.

Identify the proposed kiln and afterburner operating temperatures.

Is the kiln temperature sufficient for complete solid waste burnout,
assuming that adequate retention time, excess air, and mixing are pro-
vided? This determination must be based on operating experience and/or
other burn data.

Is the afterburner temperature sufficient to complete the combustion
reactions, assuming that adequate residence time, excess air, and mixing
are provided? See the preceding discussion (Section 4.3.3.2) for general
guidelines.

Identify the excess primary air rates for each liquid waste burner in the
kiln or afterburner.

Does this excess air rate meet or exceed the general requirements
identified in the preceding discussion and/or burner manufacturer
specifications?

Identify the total excess air rate for the kiln.

Is this excess air rate acceptable? See the preceding discussion
guidelines.

Independently calculate the maximum total excess air rate needed to main-
tain the proposed operating temperature in the kiln (see Worksheet 4-8).

Is this calculated excess air rate greater than the proposed total excess
air rate? (If YES, proceed to checkpoint #12. If NO, proceed to the
following checkpoint.)

Is this excess air rate acceptable, even though it is less than or compa-
rable to the proposed excess air rate? See the preceding discussion for
general guidelines. (If YES, proceed to checkpoint #12. If NO, proceed
to the following checkpoint.)

Are there any mechanical restraints in the system that would prevent
increasing the auxiliary fuel-to-waste firing ratio in the kiln (which
would be needed to maintain both an acceptable temperature and excess air
rate). 1In other words, is the maximum achievable fuel-to-waste firing
ratio insufficient to maintain an acceptable excess air rate? Repeat the
calculations shown in Worksheet 4-8 at this fuel-to-waste ratio, if
necessary.

Identify the total excess air rate for the system (i.e., in afterburner).

(continued)
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TABLE 4-8 (continued)

13. Is this excess air rate acceptable? See the preceding discussion for
general guidelines.

14. Independently calculate the total excess air rate needed to maintain the
proposed operating temperature in the afterburner (see Worksheet 4-9).
Is the calculated excess air rate greater than or comparable to the
proposed total excess air rate? (If YES, proceed to checkpoint #17. If
NO, proceed to the following checkpoint.)

15. 1Is this excess air rate acceptable, even though it is less than the pro-
posed excess air rate? See the preceding discussion for general guide-
lines. (If YES, proceed to checkpoint #17. If NO, proceed to the
following checkpoint.)

16. Are there any mechanical restraints in the system that would prevent
increasing the auxiliary fuel-to-waste firing ratio in the afterburner
(which would be needed to maintain both an acceptable temperature and
excess air rate)? If necessary repeat the calculations shown in
Worksheet 4-9 at the maximum achievable fuel-to-waste ratio.

17. Identify the locations at which temperature is to be measured in the kiln
and afterburner.

18. Are these locations (a) suitable based on the general guidelines given in
the preceding discussion, or (b) comparable to the location at which
temperature was measured during a prior similar burn?

This equation can be used for a rough approximation of the retention time.

Typical ranges for the parameters are L/D = 2-10, 0.03-0.09 ft/ft slope, and
1-5 ft/min rotational speed measured at the kiln periphery (which can be
converted to rpm by dividing by the kiln circumference measured in ft). Some
examples of retention time requirements are 0.5 s for fine propellants, 5 min
for wooden boxes, 15 min for refuse, and 60 min for railroad ties [5]. How-
ever, the retention time requirements for burnout of any particular solid
waste should be determined experimentally or extrapolated from operating
experience with similar wastes.

Table 4-9 presents an evaluation procedure for kiln retention time.

In rotary kiln incineration systems, both the degree of air/solids contact in
the kiln and gas mixing in the afterburner must be considered. Afterburner
mixing considerations are essentially the same as for liquid injection incin-
erators, a topic which is addressed in Section 4.3.3.1. See Table 4-7 for the
afterburner mixing evaluation procedure.
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TABLE 4-9. KILN RETENTION TIME EVALUATION PROCEDURE

1. Identify the estimated solids retention time in the kiln.

2. 1Is this retention time acceptable, based on past experience and/or prior
burn data?

3. 1Independently estimate solids retention time in the kiln (see
Worksheet 4-10).

4. Does the proposed retention time appear to be achievable?

Air/solids mixing in the kiln is primarily a function of the kiln's rotational
velocity, assuming a relatively constant gas flow rate. As rotational veloc-
ity is increased, the solids are carried up higher along the kiln wall and
showered down through the air/combustion gas mixture. Typical rotational
velocities are in the range of 1-5 ft/min, measured at the kiln periphery.

Since solids retention time is also affected by rotational velocity, there is
a tradeoff between retention time and air/solids mixing. Mixing is improved
to a point by increased rotational velocity, but the solids retention time is
reduced. Mixing is also improved by increasing the excess air rate, but this
reduces the kiln operating temperature. Thus, there is a distinct interplay
between all four operating variables.

4.3.4 Auxiliary Fuel Capacity Evaluation

4.3.4.1 Liquid Injection Incinerators--

As discussed in Section 4.3.1, liquid injection incinerators should be
equipped with an auxiliary fuel firing system to heat the unit to operating
temperature before waste is introduced. Although not essential from an engi-
neering standpoint, it is desirable for the auxiliary fuel system to have
sufficient capacity to attain this temperature at the design air flow rate for
waste combustion. This capacitg requirement can be approximated by the
following heat balance equation :

k

0.95 m. NHV. = my §i=1: n, ¢ cpi (Tout - 77)

aSee Section 4.3.3.1 for a discussion of how heat balances are formulated.
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t4.3lmg (Oz)stoich(w) (1 + EA) Cp air (Tout - 17)
- 4.31 mg (Oz)stoich(f) Cp air Tout ~ 77)
where me = required auxiliary capacity, 1lb/hr
NHV. = net heating value of auxiliary fuel, Btu/lb
N.g = 1b combustion ith product 1b fuel
_;: = heat capacity of ith component, Btu/lb °F
= proposed operating temperature, measured at the
out L
incinerator outlet, °F
4’31(02)stoich(w) = stoichiometric air requirement for waste combustion,
1b air/1lb waste
m, = proposed waste feed rate (average), lb/hr

EA = proposed excess air rate, %/100

4.31(05) . = stoichiometric air requirement for fuel combustion,
stolch(f) = 1p air/1b fuel

This equation is based on these assumptions: (a) air is not preheated,

(b) there is a 5% heat loss through the refractory walls, and (c) the air flow
rate for normal waste burning operation exceeds the air requirements for fuel
combustion during startup.

Since CO,, H,0, and Ny are the only major components of fuel combustion gases
at stoichiometric firing conditions, this equation can be further simplified
using the heat capacities presented in Section 4.3.3.1 The simplified form
is:

0.95 mfNHVf =mg [0.26 (nC02 + nN2 + 0.49 anO] (Tout ~77)

+1.12 m, (05) ) (1 + EAa) (Tout - 77)

stoich(w

- 1.12 mg (0z) - 77)

stoich(f) (Tout

where ncoz, nNz, nHZO' are based on the stoichiometric air/fuel ratio.

Worksheet 4-11 presents a step-by-step procedure to solve this equation for
N g the required auxiliary fuel capacity. This value can then be compared to
t%e auxiliary fuel rating of the incinerator.
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If this rating is reported in Btu/hr rather than 1lb/hr, the capacity require-
ment calculated in Worksheet 4-11 can be converted to equivalent units by:

Qp = mg NHV,

where Qf = required auxiliary fuel capacity, Btu/hr

4.3.4.2 Rotary Kiln Incinerators--

In rotary kiln incinerators, both the kiln and afterburner need to be heated
to operating temperature before waste is introduced. Since the afterburner
temperature is usually higher than the kiln temperature and more critical in
terms of emissions, it should be sufficient to limit the auxiliary fuel capac-
ity evaluation to the afterburner section. The evaluation procedure described

for liquid injection incinerators can be modified for this purpose in the
following manner:

+ The proposed average waste feed rate (m ) and stoichiometric air require-
ment for waste combustion should be based on the combined kiln and after-
burner waste feed.

+ Temperature (Tout) should be specified at the afterburner outlet.

+ The excess air rate (EA) used in the calculation should be the proposed
excess air level for the afterburner section.

With these modifications, Worksheet 4-11 can be used to estimate the auxiliary

fuel startup requirements for rotary kiln incinerators as well as liquid
injection units.

4.3.5 Combustion Process Control and Safety Shutdown System Evaluation

All incinerators should be equipped with combustion process control systems to
maintain the desired conditions of temperature and excess air. Incinerators
burning hazardous wastes should also be equipped with automatic shutdown
systems in order to prevent the release of hazardous materials to the environ-
ment in the event of flameout, other combustion process upsets, or air pollu-
tion control device failure. The following subsections discuss combustion
process control and automatic shutdown procedures related to upsets in liquid
injection and rotary kiln incinerators. Process control procedures for air
pollution control devices are discussed in Section 4.4.5.

4.3.5.1 Liquid Injection Incinerators--

In most liquid injection incinerator designs, the desired temperature at the
chamber outlet is preset by the operator, and secondary air is fed to the
system at a constant rate. Fluctuations in temperature are controlled by
increasing or reducing the waste or auxiliary fuel feed rate to the burner
within the design turndown ratio. This turndown ratio is fixed, in part, by
the limited range of liquid waste injection velocities required to prevent
flame liftoff or flashback. If waste is injected through the burner nozzle at
too high a velocity, the flame will separate from the burner and be extin-
guished. If the injection velocity is too low, the waste will burn in the
nozzle and damage it. The range of injection velocities needed to prevent
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these occurrences is determined by the flame propagation rate for the wastes
and the flame retention characteristics of the burner.

Since the burner turndown ratio is also limited by the atomization technique
employed (see Section 4.3.1) and the need to maintain air/fuel stoichiometry
in the burner on turndown, the burner must be equipped with a primary air feed
control system. There are a number of ways to control burner stoichiometry,
depending on whether aspirator burners or forced-draft burners are used and on
manufacturer preference. For evaluation purposes, a package burner/primary
air control system provided by the same manufacturer can be considered
sufficient.

Problems with the automatic temperature control system described above occur
on loss of ignition, or flameout. When flameout occurs, the temperature in
the incinerator drops and more waste is automatically fed to the burner.
Without a heat source for ignition, this waste passes through the incinerator
partially or completely unreacted. Thus, temperature continues to drop, more
waste is automatically injected, and the problem of incomplete combustion is
magnified.

To prevent this phenomenon from occurring, burners are usually equipped with
flame scanners. These devices sense ultraviolet radiation from the flame.
When used in conjunction with an automatic waste feed cutoff, flame scanners
immediately terminate the feed to the burner on loss of ignition.

Flame scanners are usually designed to sense ultraviolet radiation from gas or
fuel oil flames. These flames tend to be more stable than the flames from
burning wastes which are usually much more heterogeneous than fuels. For
example, organic wastes containing a significant amount of moisture burn with
a sputtering flame, particularly when a slug of water passes through the
burner. Although combustion may continue despite such occurrences, flame
scanners often sense loss of ignition. This leads to unnecessary waste feed
cutoff.

To prevent unnecessary shutdown, flame scanners can be used in conjunction
with temperature sensors at the outlet of the incinerator. With this sys-
tem, feed is only cut off by a combination of flameout, as sensed by the flame
scanner, and low temperature at the combustion chamber. This considerably
reduces operator problems when relatively heterogeneous wastes are being
burned. If the low temperature cutoff is preset to the minimum temperature
needed for waste destruction, release of hazardous substances to the environ-
ment is also prevented.

The other automatic shutdown parameter related to the combustion process is
high temperature at the incinerator outlet. This can signal loss of secondary

4In aspirator burners, primary air is supplied by an induced-draft fan down-
stream from the incinerator. In forced-draft burners, primary air is sup-
plied by a separate blower, although an induced-draft fan may still be
employed to pull the combustion gases through the air pollution control system.
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combustion air or other control system malfunctions. The high temperature
cutoff point should be well above the tolerance level associated with normal
operating temperature fluctuations to prevent shutdown in the event of routine
variations, and should be low enough to prevent damage to downstream air
pollution control equipment.

Table 4-10 lists three checkpoints for liquid injection incinerator combustion
process control evaluation.

4.3.5.2 Rotary Kiln Incinerators--

In rotary kiln incinerators, temperature is controlled within a specified
range by automatically varying the liquid waste or auxiliary fuel firing rate
within the design turndown ratio and/or manually or automatically controlling
the solid waste feed. Regardless of which technique is employed, provisions
should be included for the following:

* Termination of liquid waste feed on loss of ignition in the burner. If
more than one liquid waste burner is employed, feed only needs to be
terminated in the burner where flameout occurs. See Section 4.3.5.1 for
a discussion of flame supervision systems.

* Termination of solid waste feed to the kiln when low temperatures are
sensed at the kiln outlet. If the feed to the kiln is automatic or
semiautomatic, then the low temperature cutoff system should also be
automatic. If manual feeding is employed, an alarm system is needed to
warn the operator. The low temperature cutoff point should be such that
solid waste burnout can be maintained, but at lower than the normal
operating temperature to avoid shutdown due to routine temperature
fluctuations. Engineering judgment must be used to determine an
acceptable minimum temperature.

- Termination of solid waste feed on loss of negative pressure at the kiln
outlet.

TABLE 4-10. COMBUSTION PROCESS CONTROL EVALUATION PROCEDURE

1. Is each burner equipped with an automatic flame supervision system, as
discussed in the preceding subsection, (Section 4.3.5.1)?

2. Is the system equipped with an automatic high temperature/low temperature
control system, employing variable flow of either waste or auxiliary
fuel?

3. 1Is each burner equipped with an air supply control system so that air:
fuel stoichiometry is maintained on turndown?
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Afterburner burner temperature can be controlled by varying the liquid or
auxiliary fuel feed or by varying the secondary air flow rate. Regardless of
which technique is employed, provisions should be included for the following:

+ Termination of liquid waste or auxiliary fuel feed on loss of ignition
(see Section 4.3.5.1 for a discussion of flame supervision). This cutoff
is necessary to prevent the release of unburned waste contaminants (if
liguid waste is being burned) and to prevent potential explosion on
release of unburned fuel. However, it also eliminates the function of
the afterburner. Therefore, solid waste feed to the kiln should also be
terminated on loss of ignition in the afterburner. To minimize the
occurrence of flameout in the afterburner, only "“clean," homogeneous
liquid wastes (or fuel) should be burned.

+ Termination of solid waste feed to the kiln if low temperatures are
sensed at the afterburner outlet. The afterburner feed should be main-
tained, however, to minimize potential release of unburned contaminants.
As previously stated, the low temperature cutoff point should be such
that combustion is maintained, but at lower than normal operating
temperatures to avoid shutdown due to routine fluctuations.

+ Termination of solid waste feed to the kiln if high temperatures are
sensed at the afterburner outlet. This is necessary to prevent damage to
the refractory lining and to downstream air pollution control devices.
The high temperature cutoff point should be well above normal operating
temperatures, but low enough to avoid damage to the system. 1In the event
of this cutoff, some liquid waste or fuel feed to the afterburner should
be maintained to complete combustion of off-gases from solid wastes
remaining in the kiln.

In addition to these criteria, all liquid waste burners in the kiln and after-
burner should be equipped with manufacturer specified primary air control
systems so that air/fuel stoichiometry is maintained on turndown.

Table 4-11 presents a five-point checklist for rotary kiln incinerator combus-
tion process control evaluation.

TABLE 4-11. COMBUSTION PROCESS CONTROL EVALUATION PROCEDURE

1. 1Is each burner in the kiln and afterburner equipped with an automatic
flame supervision system for waste feed shutdown?

2. 1Is the afterburner equipped with an automatic high temperature/low tem-
perature control system employing variable flow of waste, auxiliary fuel,
or secondary combustion air?

3. Is the kiln equipped with an automatic temperature control system
employing variable feed of either waste or auxiliary fuel?

(continued)
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TABLE 4-11 (continued)

4. 1Is the kiln equipped with a pressure monitoring system which alerts the
operator or automatically terminates waste feed if negative pressure is
lost?

5. 1Is each burner equipped with an air supply control system so that
air:fuel stoichiometry is maintained on turndown?

4.3.6 Construction Material Evaluation

Since hazardous waste incinerators usually operate at temperatures of 1,800°F
or higher (sometimes hundreds of degrees higher for halogenated wastes),
refractory linings are virtually always employed to prevent damage to the
structural steel shell and to reduce heat loss. Aluminosilicate refractories
backed up by insulating brick are most commonly used, although refractories
made predominantly of silica or specialty refractories may be used in certain
applications, Table 4-12 lists various types of aluminosilicate and silica
refractories” along with their approximate chemical compositions, fusion
temperatures, and resistances to degradation by different chemical species
that may be encountered in incinerator combustion gases.

Table 4-12, along with the operating temperature range and the chemical compo-
sition of the waste, can be used to evaluate the suitability of a refractory
for a given application.

In addition to refractory composition, the physical form of the material
should also be considered in evaluating liquid injection vs. rotary kiln
incinerator designs. Suspended refractory brick is normally used in station-
ary liquid injection units and afterburners. In kilns, however, castable
refractories are normally used to better withstand the physical abrasion and
vibration imparted by rotation and contact with solid wastes. Castable
refractories are made of the same clays as those used in aluminosilicate
firebrick, but bonding agents are added to impart strength until the
temperature in the incinerator during initial startup is raised sufficiently
high to "cure" the material and develop ceramic bonds. Castable refractories
are easily installed in much the same manner as cement; thus, they are also
used for quick repairs and spot patching.

4.4 AIR POLLUTION CONTROL AND GAS HANDLING SYSTEM DESIGN EVALUATION
Figure 4-11 presents a logic diagram for air pollution control and gas han-

dling system design evaluation. It consists of six separate evaluation
procedures intended to answer the following questions:

35ee references listed in Table 4-12 for information on specialty refractions.
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TABLE 4-12. GENERAL CHARACTERISTICS OF SILICA AND ALUMINO-
SILICATE REFRACTORY BRICK [6, 7, 8, 9, 10]
Typical Fusion Resistant Degraded
Type composition  temperature, °F to by
Silica 95% Si0, 3,100 HCl, NH3, acid Basic slags,
slags Al, Na, Mg,
F21 C12/ H2:
(>2,550°F)
High-duty 54% Si0,, 3,125 Most acids, High-lime
fireclay 40% Al,03 slag condi- slags, other
tions bases at high
temperature
Super-duty 52% Si0,, 3,170 HCl, NH3, SO2, Basic slags,
fireclay 42% RAl,04 most acids Na, Mg, F,,
Cly, Ho,
(>2,550°F)
Acid-resistant 59% Si0s 3,040 Excellent for HF, H3P04
(type H) most acids;
bases in mod-
erate concen-
tration
High-Alumina 50-85% 3,200-3,400 HC1l, NH3, SO0, Basic slags,
A1203 Nal Mg: F2:
Clz, Ho
(>2,550°F)
Extra-High- 90-99% 3,000-3,650 HCl, HF, NHj, Na, Fo
Alumina Al,0, SO,, Sp, HNO3,  (>1,800°F)
HpS04, Cl,
Mullite 71% a1,04 3,290 HCl, SO,, NH;  Na, F,, Cl,,

H, (>2,550°F)

%A safety factor of at least
temperature and incinerator operating temperature is advisable.

several hundred degrees between refractory fusion
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Figure 4-14. Logic diagram for air pollution control and
gas handling system design.
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(1) Are the generic air pollution control device designs appropriate for
removal of the pollutants present in the combustion gases?

(2) Are the air pollution control device designs and operating criteria
consistent with current industry practice and capable of achieving the
necessary pollutant removal efficiencies?

(3) Have combustion gas guenching and mist elimination been properly con-
sidered in the system design?

(4) Does the prime mover have sufficient capacity to handle the combustion
gas flow and overcome pressure drops across the air pollution control
system?

(5) Are appropriate process control and safety shutdown interlocks
incorporated?

(6) Are appropriate materials of construction employed?
These topics are addressed in Sections 4.4.1 through 4.4.6

4.4.1 Emission/Air Pollution Control Device Matching Criteria

When incinerating hazardous wastes, air pollutants may arise from two sources:
incomplete combustion of organic waste constituents and conversion of certain
inorganic constituents present in the waste and/or combustion air to ultimate
oxidation products. The products of incomplete combustion include carbon
monoxide, carbon, hydrocarbons, aldehydes, amines, organic acids, polycyclic
organic matter (POM), and any other waste constituents or their partially
degraded products that escape thermal destruction in the incinerator. In well
designed and operated incinerators, however, these incomplete combustion
products are only emitted in insignificant amounts. The primary end products
of combustion are, in most cases, carbon dioxide (COp) and water vapor (H20).

When wastes containing elements other than carbon, hydrogen, and oxygen are
burned, however, ultimate combustion products other than C0, and water vapor
are formed. These include:

* Hydrogen chloride (HCl) and small amounts of chlorine (Cl,) from the
incineration of chlorinated hydrocarbons,

+ Hydrogen fluoride (HF) from the incineration of organic fluorides,

+ Bromine (Br,) and lesser quantities of hydrogen bromide (HBr) when
organic bromides are burned,

+ Iodine (I,) from organic iodide compound incineration,

+ Sulfur oxides, mostly as sulfur dioxide (SO,), but also including 1% to
% sulfur trioxide (SO3), formed from sulfur present in the waste

material and auxiliary fuel,
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+ Phosphorus pentoxide (P,05), formed from the incineration of
organophosphorus compounds,

* Nitrogen oxides (NOX) from thermal fixation of nitrogen in the combustion
air or from organic nitrogen compounds present in the waste, and

* Particulates, including metal salts from the waste, metal oxides formed by
combustion, and fragments of incompletely burned material (primarily
carbon). )

Gaseous pollutant concentrations in the combustion gases leaving an incinerator
can be estimated by the methods described in Section 4.3.2%. Step-by-step pro-
cedures for calculating these concentrations are presented in Worksheets 4-2
and 4-4. Particulate emissions from liquid injection incinerators can also be
estimated from the ash content of the waste, the combustion gas flow rate cor-
rected to standard conditions of temperature and pressure (see Worksheets 4-2
and 4-12), and the oxygen content of the combustion gas. Oxygen concentration
is important because particulate loadings are often expressed as gr/scf (mg/m%)
corrected to zero percent excess air. A procedure to estimate particulate
concentrations in combustion gases from liquid injection incinerators is
presented in Worksheet 4-12. Particulate emissions from rotary kilns are more
difficult to estimate because sizable fractions of incombustible material are
removed as bottom ash, and the fly ash:bottom ash ratio is usually unknown
prior to actual testing. 1In general, particulate emissions from rotary kilns
burning solid wastes are greater than particulate emissions from liquid injec-
tion incinerators. This is due to the fact that solid wastes frequently have

a higher ash content than liquid wastes.

As indicated in Section 4.1, venturi scrubbers, packed bed scrubbers, and
plate tower scrubbers are used for air pollution control at the majority of
hazardous waste incineration facilities. In selecting from among these ge-
neric scrubber designs, the factors most frequently considered are the need
for particulate emission control, particulate loading in the combustion gas
(assuming that control is required to meet emission standards), the types of
gaseous pollutants to be removed, and the desired removal efficiencies.
Particulate loading governs the choice between venturi and packed bed or plate
tower scrubbers for a given application, and the characteristics of the gas-
eous emission species govern the choice of scrubber medium (e.g., water vs.
caustic solution, lime solution, etc.) as well as generic scrubber design.

These factors are discussed in the following subsections.

4.4.1.1 Particulate Removal--

Particulate removal is required when the ash content of the waste is such that
emissions will exceed applicable state, local, or Federal standards. Particu-
late removal is nearly always required at rotary kiln incineration facilities,
and may or may not be required for liquid injection incinerators depending on
the ash content of the waste. (See Worksheet 4-12 for a method to estimate
particulate emissions from liquid incinerators.) Venturi, packed bed, and

%These procedures are not applicable for products of incomplete combustion.

4-54



plate tower scrubbers can all be used to control particulate emissions from
hazardous waste incinerators, depending on the particulate loading in the gas.
Packed bed or plate tower scrubbers are commonly used at liquid injection
incinerator facilities where particulate control is considered secondary to
gaseous emission control. These devices are superior to venturi scrubbers for
removal of gaseous pollutants and they operate at lower pressure drops; thus
they are more economical to operate. Both the plate tower and the packed bed
scrubber have some capacity for particle collection, and they are considered
applicable for streams containing low particulate loadings with particles
generally >5 ym in diameter [11]. Cut diameters as low as 1 pm can be at-
tained with plate scrubbers or packed bed scrubbers employing 1l-inch berl
saddles or Raschig rings [12]. However, packed bed and plate tower scrubbers
are not primarily designed for particulate control. Both devices, particular-
ly packed bed scrubbers, are susceptible to pluggage by solids. Therefore,
they are seldom, if ever, used as the primary particulate collection devices
at rotary kiln incineration facilities or liquid injecton incineration facili-
ties where high ash content wastes are burned. Venturi scrubbers are the most
popular devices for these applications.

High energy venturi scrubbers are capable of 99% removal of particulate in the
1- to 2-um size range and above, 90~99% removal of particulate in the 0.5 - to
1-pym size range, and 50% removal of particulate in the 0.3- to 0.5-pm size
range [13]. By comparison, particulates emitted from liquid and solid waste
incinerators have mean diameters in the 0.5~ to 3-pm and 5- to 100-ym ranges,
respectively. Therefore, venturi scrubbers are capable of efficient particu-
late removal for most hazardous waste incineration applications.

Table 4-13 presents a checklist procedure that can be used to compare par-
ticulate removal requirements with proposed control strategies.

TABLE 4-13. PROCEDURE TO COMPARE PARTICULATE REMOVAL
REQUIREMENTS WITH PROPOSED CONTROL STRATEGIES

1. If a rotary kiln incinerator facility is being evaluated, is a venturi
scrubber provided for particulate control?

2. If a liquid injection incinerator facility is being evaluated, does the
estimated particulate emission rate exceed applicable standards? See
Worksheet 4-12 for a procedure to estimate particulate emissions.

3. 1If particulate emissions do exceed standards, is a venturi scrubber
provided for particulate removal (upstream from other gaseous emission
control devices)?

4. If not, are packed bed or plate tower scrubbers to be used for
simultaneous particulate and gaseous pollutant removal?

5. If so, can the selected control device function properly in its dual
role? (Technical assistance may be needed to make this determination).
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4.4.1.2 Gaseous Pollutant Removal--

Gaseous pollutants generated by hazardous waste incineration include HCl, Cl,,
SOx, Br2b HBr, HF, P,0g5 and NOx, of which NOx and HCl1 are most commonly encoun-
tered. These compounds a¥e usually removed from the combustion gases by
packed bed or plate tower scrubbers, although venturi scrubbers are used in
some applications for simultaneous particulate and gaseous pollutant removal.
For highly soluble gases such as HC1l and HF, water can be used in packed bed
or plate tower scrubbers to control emissions. When water is used as the
scrubbing liquor, an acidic blowdown stream is produced that must be neutral-
ized prior to discharge. HCl concentration in the scrubbing liquor is normal-
ly limited to 1-2% by adjusting the makeup water and blowdown rates. The

scrubber must also be lined with an acid-resistant material, as discussed in
Section 4.4.6.

Caustic solution (typically 18-20 wt % caustic soda in water) is also commonly
used in packed bed and plate tower scrubbers to control HCl and HF emissions.
Because these compounds react with caustic, the driving force for mass trans-
fer is increased and more efficient removal is achieved at the same liquid-to-
gas ratio and packing depth (or number of trays). Neutralization is also
achieved "in situ" if sufficient caustic is supplied for complete conversion
of HC1l to NaCl. Unlike water scrubbing, caustic scrubbing can also achieve
high removal efficiencies for SO, P05, and HBr, which are less soluble in
water than HCl or HF. When gases such as SO, are being scrubbed, the caustic
addition rate is adjusted to maintain an alkaline scrubbing media. Alter-
natively, the caustic addition rate can be adjusted to sub-stoichiometric
levels. This reduces the scrubber water makeup and blowdown rates needed to
maintain a specified acid concentration in the scrubber liquor.

Lime slurry typically 10-32 wt % Ca(OH), in water, can also be used to con-
trol emissions of HC1l, HF, SO0,, and P,05. However, lime slurries are not
often used as the scrubbing liquid in packed bed designs because of plugging
problems. Also, the use of lime slurries can lead to plugging of the spray
nozzles and cause scale formation on the surfaces of the scrubber equipment,
particularly scrubber internals and mist eliminator surfaces. The magnitude
of the scaling problem will depend on the levels of HCl, HF, P30g, and SO in
the incinerator exhaust gases. Lime solutions are used in plate tower scrub-
bers, however, because lime is less expensive than caustic. At several haz-
ardous waste incineration facilities, venturi scrubbers with lime slurry
injection are used to control emissions of HCl, HF, and P30s.

8No. emissions are not economically amenable to control by scrubbing or other
post-generation removal techniques. NO emissions can be minimized by con-
trolled temperature combustion, but thi¥ is seldom possible in hazardous

waste incineration due to the requirements for efficient, high temperature
waste destruction.

I, and HI emissions may be an occasional problem as well.

CC12 is present in conjuncton with HCl, but equilibrium favors HCl formation
at the high temperatures employed in chlorinated waste incinerators. Cly and
the other free halogens are not readily removed by scrubbing.
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when organic bromine and iodine wastes are incinerated, the exhaust gases from
the incinerator will contain bromine and iodine both as hydrogen halides and
as free halogens. Hydrogen bromide can be readily removed by scrubbing with
caustic soda. The technology for controlling emissions of bromine, hydrogen
iodide, and iodine, however, is not well developed. Some of the methods that
could be considered to control bromine emissions include: (1) absorption in
ammonia solution with the formation of ammonia bromide; (2) absorption in
caustic soda or soda ash solution in which bromine reacts to form sodium
bromate, sodium bromide, and either water or carbon dioxide; and (3) absorp-
tion in lime slurry in which bromine reacts to form calcium bromide and cal-
cium bromate. It is also conceivable that bromine can be reduced by the
sulfur dioxide present in the flue gas, giving rise to the formation of a
spray of fine droplets of hydrobromic and sulfuric acids, which could
subsequently be removed by absorption in caustic solutions or lime slurries.

When combustion gases contain a high particulate loading as well as one or
more of the gaseous pollutants discussed above, venturi scrubbers are often
used in conjunction with packed bed or plate tower scrubbers. Venturi scrub-
bers remove the particulate from the stream to prevent fouling of the packed
bed or plate tower absorber, and may also remove a significant fraction of
gases highly soluble in water. However, venturi scrubbers alone are not
considered suitable for removal of low solubility gases; when water is used as
the scrubbing medium, estimated efficiencies are less than 50-75% [11].
Venturi scrubbers using water are not suitable for highly efficient (>99%)
removal of HCl or HF either.

Table 4-14 presents a checklist procedure that can be used to compare gaseous
pollutant removal requirements with proposed control strategies. The
following rules of thumb are generally applicable:

* Water, caustic, or lime in packed bed or plate tower scrubbers for
removal of HCl and/or HF,

+ Caustic or lime in packed bed or plate tower scrubbers for removal of
other acid gases discussed above, and

+ Specialized scrubbing techniques for HBr, Bry, HI, and I,. Technical
assistance is advised in evaluating these systems.

4.4.2 Air Pollution Control Device Design and Operating Criteria Evaluation

4.4.2.1 Venturi Scrubbers--

Venturi scrubbers utilize the kinetic energy of a moving gas stream to atomize
the scrubbing liquid into droplets. Liquid is injected into the high velocity
gas stream either at the inlet to the converging section or at the venturi
throat. 1In the process, the liquid is atomized by the formation and subse-
quent shattering of attenuated, twisted filaments and thin, cuplike films.
These initial filaments and films have extremely large surface areas available
for mass transfer [14].

Venturi scrubbers are usually designed for particulate collection, but they
can be used for simultaneous gas absorption as well. However, the design of
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TABLE 4-~14. PROCEDURE TO COMPARE GASEOUS POLLUTANT REMOVAL
REQUIREMENTS WITH PROPOSED CONTROL STRATEGIES

1. From Worksheet 4-2 or 4-4, identify the gaseous pollutants present in the
combustion gases in excess of desired emission levels.

2. Is removal of Brg, HBr, I, or HI required? If YES, technical assistance
may be reguired.

3. Is removal of SOx or P,0g5 required? 1If YES, proceed to checkpoint #4.
If NO, proceed to checkpoint #5.

4. Is caustic or lime slurry scrubbing to be used for SO_/P,05 removal, as
described in the preceding pages? (Water scrubbing alone is usually not
sufficient to remove these compounds).

5. 1Is removal of HCl or HF required?

6. Is alkali or aqueous scrubbing in a packed bed or plate tower scrubber,
or alkali scrubbing in a venturi scrubber, to be used for HCl/HF removal?

7. If not, are other methods for HC1l/HF removal provided?

. 8. 1If so, are these methods acceptable? (Technical assistance may be needed
to make this determination).

venturi scrubbers for removal of gaseous contaminants is dependent on the
availability of applicable experimental data. There is no satisfactory gener-
alized design correlation for these types of scrubbers, especially when
absorption with chemical reaction is involved. Reliable design must be based
on full-scale data or at least laboratory- or pilot-scale data.

Correlations are available to design venturi scrubbers for particulate removal.
The important design parameters are particulate loading and desired removal
efficiency, particle size distribution, pressure drop, liquid-to-gas ratio,

and gas velocity.

Particulate loading, size distribution, and removal efficiency--If the partic-
ulate size distribution and desired removal efficiency are known, several
correlations can be used to predict the required cut diameter for design
purposes. Calvert et al. [15] have developed parametric plots of overall
penetration versus the ratio of cut diameter to mass median diameter with
geometric standard deviation as the third parameter. These plots can be used
to determine the required cut diameter if the desired removal efficiency and
particle size distribution are known. Cut diameter can then be related to
pressure drop, liquid-to-gas ratio, and gas velocity for design purposes as
described in the following subsection.
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Hesketh [16] has also developed an empirical relationship between penetration
of all particles 5 pm or less in diameter and the pressure drop across
venturis based on data from the collection of a variety of industrial dusts.
Assuming that particles larger than 5 pm are collected with 100% efficiency,
this relationship may be utilized with size distribution data to estimate
overall penetration:

Pt = 0.065W(AP) 1-43

where Pt = fractional penetration
W = the weight fraction of inlet particles 5 pm or less in diameter
AP = pressure drop, in. WG

The major drawback in applying these correlations to venturi scrubber design
evaluation is that the particle size distribution will rarely be known until
testing is performed after startup. The size distribution of particles emit-
ted from an incinerator depends upon the relative number of particles genera-
ted by several factors responsible for the formation of particulate emissions:
(1) mechanical entrainment of combustible and noncombustible particles in the
furnace gases, (2) pyrolysis of hydrocarbons and subsequent condensation, and
(3) volatilization of metallic salts and oxides present in the wastes and
auxiliary fuels. Further, particle growth due to agglomeration and
condensation of moisture between the incinerator and the control device will
affect the particle size distribution. There is no method for the a priori
prediction of particle size distributions resulting from waste incineration.
While incineration of liquid wastes may result in mean particle diameters in
the 0.5- to 3-pm range, mean particle diameters resulting from incineration of
solid waste could range from 5 to 100 pm, depending upon the size distribution
of feed solids, their combustion characteristics, and the incinerator design.
If particle size distribution data is available, methods described in refer-
ences 15 or 16 can be used to determine the required cut diameter.

Pressure drop, liquid-to-gas ratio, and gas velocity--As described above,
particle cut diameter is a frequently used parameter for expressing and deter-
mining the particle collection performance of wet scrubbers. One reason for
this is because plots of collection efficiency versus particle diameter tend
to be rather steep in the region where inertial impaction is the predominant
collection mechanism. Because the cut is fairly sharp for venturi scrubbers,
a rough approximation of scrubber performance may be made by assuming that
particles larger than the cut diameter are collected with 100% efficiency
while those smaller will not be collected. A plot of cut diameter versus
pressure drop for gas-atomized scrubbers is presented in Figure 4-15 [12].
The plot is based on industrial and experimental data as well as mathematical
models, and can be used in conjunction with the methods developed by Calvert
et al. [15] to estimate penetration as a function of pressure drop.

Available data indicate that venturis at hazardous waste incineration facili-
ties operate with pressure drops in the 30- to 50-in. WG range. Based on
Figure 4-15, this indicates that venturi scrubbers at these facilities are
designed for 0.3- to 0.4-um cut diameters.
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Figure 4-15. Pressure drop versus cut diameter for gas-atomized scrubber
systems (Experimental data from large venturis, other gas-
atomizers, scrubbers, and mathematical model.) [12].

Pressure drop in venturi scrubbers is theoretically related to gas velocity
and liquid-to-gas ratio, as shown in the following relation developed by
Calvert [15]. This relationship assumes that all energy is used to accelerate
the liquid droplets to the throat velocity of the gas.

- Q.
AP = 2.12 x 10 5(u.)? =
6" Qg

where AP = pressure drop, in. WG
UG = gas velocity, ft/s
Q/Q = liquid-to-gas ratio, gal/1,000 ft3

An alternative empirical approach by Hesketh [16] indicates that the pressure
drop for venturis is proportional to U.Z and (Q./Q.)%-78, as well as to the
gas density p. (measured downstream frdm the vefitufi throat) and to A®-133,
where A is thé cross-sectional area of the venturi throat:
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Pressure drop will be relatively unsensitive to changes in A because of the
small exponent, but density will be inversely proportional to the gas tempera-
ture. These relationships can be used as internal consistency checks for the
proposed conditions of gas velocity, liquid-to-gas ratio, and pressure drop.

Liquid-to-gas ratios for venturi scrubbers are usually in the range of 5 to 20
gal/1,000 ft3 of gas. At existing hazardous waste incineration facilities,
liquid-to-gas ratios ranging from 7 to 45 gal/1,000 ft3 of gas have been
reported. In many cases, a minimum ratio of 7.5 gal/1,000 ft3® is needed to
ensure that adequate liquid is supplied to provide good gas sweeping. Gas
velocity data are not available at this time for venturi scrubbers operating
at hazardous waste incineration facilities. Typical venturi throat velocities
for other applications, however, are in the 100~ to 400-ft/s range. The low
end of this range, 100-150 ft/s, is typical of power plant applications, while
the upper end of the range has been applied to lime kilns and blast furnaces.

Table 4-15 presents a procedure that can be used to evaluate proposed design
and operating criteria for venturi scrubbers.

TABLE 4-15. VENTURI SCRUBBER DESIGN EVALUATION PROCEDURE

1. 1Is the design pressure drop comparable to current industry practice
(i.e., 30-50 in. WG)?

2. Are the proposed gas velocity and liquid-to-gas ratio comparable to
current industry practice?

3. Are the design pressure drop, gas velocity, and liquid-to-gas ratio
internally consistent? (see Worksheet 4-13.)

4.4.2.2 Packed Bed Scrubbers--

As described in Chapter 2, packed bed scrubbers are vessels filled with ran-
domly oriented packing material such as saddles and rings. The scrubbing
liquid is fed to the top of the vessel, with the gas flowing in either cocur-
rent, countercurrent, or crossflow modes. As the liquid flows through the
bed, it wets the packing material and thus provides interfacial surface area
for mass transfer with the gas phase. Water and caustic solution are both
commonly used as the liquid absorbent.

In the absorption of gaseous contaminants, the rate of mass transfer is direc-
tly proportional to the concentration gradient driving force, and restricted
by both gas and liquid film resistances. The primary design variables for gas
absorption are the depth of packing, liquid-to-gas ratio, superficial gas
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velocity, and contact time. Pressure drop across the bed is also an important
design consideration, but does not directly affect absorption efficiency.
Packed bed scrubbers can be used for limited particulate collection as well as

gas absorption, but, as explained in Section 4.4.1, they are not primarily
designed for this purpose.

Packing depth--The depth of packing required is best calculated from the
following expression [6]:

zZ = NOG X HOG

where Z is the packing depth, N__ is the number of overall transfer units, and
H_ _ is the height of a transfer unit.

0G
The number of transfer units depends on the removal efficiency requirement.
In gaseous emission control for hazardous waste incineration, the gaseous
contaminants to be removed usually constitute less than 10% of the total gas
stream because of the presence of nitrogen, oxygen, carbon dioxide, and water
vapor as the major gaseous components. Under these circumstances, the number
of transfer units can be calculated from the expression [6]:

Y,

N = dy
w [ B
e

Yo

where Y is the actual gas concentration of the contaminant, Y, is the con-
centration at the scrubber outlet, Y, is the concentration at the inlet,

and Y_is the gas concentration of the contaminant in equilibrium with the
scrubﬁing liquid. 1In industrial applications, the gaseous contaminant is
often very soluble in the scrubbing liquid, as is the case of hydrogen
chloride in water, or reacts very rapidly with the scrubbing liquid, as is the
case of hydrogen chloride with caustic solution. For both of these cases, the

equilibrium gas concentration is negligible and the number of transfer units
can be calculated as:

where Y; and Y, are the inlet and outlet concentrations of the gaseous
contaminant.

The height of a transfer unit is a characteristic of the particular system,
and is influenced by the type and size of packing, gas and liquid flow rates,
and gas and liquid physical and chemical properties. It is often taken as a
constant over fixed ranges of operation and is given by the expression [6]:




where G is the total gas flow rate per unit cross section of bed, K _1is the
overall gas mass transfer coefficient, a is the interfacial surface’area per
unit volume of packing, and P is the total pressure. Values of K a for many
of the more commonly used gas absorption processes have been publ?shed in the
literature [17,18]. Typical values of K a are given in Table 4-16. For
gaseous contaminants that are highly soldble or chemically reactive with the
scrubbing liquid, the height of a transfer unit HOG is typically in the 1 to
1.7-ft range.

TABLE 4-16. TYPICAL VALUES OF Kga [18]

Reprinted with permission from Industrial and Engineering
Chemistry, 59(2) Copyright 1967 American Chemical Society

Scrubbing 1b mole

Gas solution in. Hy0-ft°-g

-5
C12 NaOH 1.4 x 10_5
HC1 H20 1.1 x 10_6
509 NaCH 4.8 x 10__6
C02 NaOH 1.6 x 10_7
S0 Ho0 2.2 % 10_8
Cl, H,0 9.5 x 10

The transfer unit concept can be used to calculate packing depth requirements
if overall gas mass transfer coefficients are available. For quicker esti-
mates, however, other methods can be used. 1In Table 4-17, the estimated
depths of packing beds required are given for various removal efficiencies of
gaseous contaminants that are highly soluble or chemically reactive with the
scrubbing liquid. These estimated packing depth requirements are based on the
general rule that 1 in. size packings yield an H G (height of a transfer unit)
equal to 1 ft, 1-1/2 in. size packings yield an 80G equal to 1.3 ft, and 2 in.
size packings yield an HOG equal to 1.5 ft [11].

The depth of packed beds for gaseous emission control typically ranges from
4.0 to 9.3 ft. The depth of packing can also be changed if removal efficiency
is lower than anticipated or if the carrier gas flow rate or waste streams
incinerated change. However, an evaluation of the packing depth requirement
is still desirable to assure that a packed tower design has sufficient
capacity.

Liquid-to-gas ratio--The liquid-to-gas ratio is a design and operating param-
eter of prime importance. It is needed in the determination of the scrubber
diameter, and it has an effect on the height of a transfer unit. A high
liquid-to-gas ratio will lead to the requirement of a larger diameter, but at
the same time will also reduce the height of a transfer unit.

4-63



TABLE 4-17. PACKING DEPTH REQUIRED TO ACgIEVE
SPECIFIED REMOVAL EFFICIENCY [11]

Reprinted by permission of Chemical Engineering Progress

Removal . Packing size
efficiency, 1 in. 1-1/2 in. 2 in. 3 in. 3.5 in.
__percent Depth, ft
90 2.5 3.2 3.74 5.74 6.99
95 3.0 3.74 4.49 6.76 8.50
98 4.00 4.99 6.00 8.99 11.3
99 4.59 5.74 6.99 10.2 13.0
99.5 5.24 6.50 8.01 12.0 14.8
938.9 6.99 8.76 10.5 15.7 19.8
89.99 9.25 11.5 14.0 21.0 26.0

aApplicable only to gaseous contaminants that are highly soluble
or chemically reactive with the scrubbing liquid. Also, there are
variations in packing depths vs. the type of packing used (approx-
imately *#25% to 30%) which have not been taken into account.

For each set of design conditions, there is a minimum liquid-to-gas ratio that
is required to achieve the desired removal efficiency. This minimum ratio can
be computed from equilibrium relationships. For gas contaminants that are
highly soluble or chemically reactive with the scrubbing liquid, the equili-
brium vapor pressure approaches zero. Theoretically, there is no minimum
liquid-to-gas ratio for the removal of these gas contaminants, based on vapor-
liquid equilibrium considerations. In practice, of course, sufficient scrubb-
ing liquid must be provided to assure that it is not saturated with the gas
contaminants removed, and to keep the packing surfaces thoroughly wet. When
scrubbing HC1l, for example, acid concentration in the scrubber liquor is
normally limited to 1-2%.

The chemical requirement for acid gas neutralization in a scrubber is directly
proportional to the halogen content, sulfur content, and phosphorus contegt of
the hazardous waste streams incinerated. If caustic soda is used, at 60% in
excess of the stoichiometric amount, the requirement is given as:

Caustic soda requirement = 0.0176 x wt % Cl in waste + 0.0328
(1b/1b waste) Xx wt % F in waste + 0.0604 x wt % P
in waste + 0.0389 x wt % S in waste

If the caustic content of the scrubbing solution is known, the minimum liquid
flow rate for neutralization can then be calculated in terms of gallons of

360% excess is typical for single pass scrubbing. When scrubber liquid is
recycled, 5-30% excess can be acceptable for neutralization.
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solution per pound of waste incinerated. The combustion gas yield per pound
of waste (previously calculated in Section 4.3.2) can then be used in conjunc-
tion with this value to determine the minimum liquid-to-gas ratio in units of
gallons per standard cubic foot of combustion gas. '

Such methods can be used to determine the chemical requirements and minimum
liquid-to-gas ratio for scrubber water neutralization. However, complete
neutralization is not required for efficient acid gas scrubbing, as evidenced
by the fact that water is often used as the scrubbing liquor. When water is
used, acid gas solubilities as functions of temperature must be known to
accurately determine equilibrium relationships and minimum liquid-to-gas
ratios. A more complex situation is encountered in caustic scrubbing since
absorption in water and reaction occur simultaneously.

A simpler approach to evaluating minimum liquid-to-gas ratio requirements is
to examine current industry practices and/or to rely on actual test data.
Normal liquid-to-gas ratios in packed beds vary from 6 to 75 gal/1000 acf,
with most units operating at between 22 and 52 gal/1000 acf. In general,
lower liquid-to-gas ratios are needed for once-through scrubbing systems than
for recycle systems to achieve the same removal efficiency because the driving
force for mass transfer is greater for once-through scrubbing. Likewise,
increasing the caustic addition rate will lower the minimum required
liquid-to-gas ratio, all other factors being equal.

The upper limit for liquid-to-gas ratio in packed towers is set by the flood-
ing condition. Generalized correlations of flooding velocities are available
and can be used to estimate the maximum liquid-to-gas ratio [6]. In practice,
however, flooding can be readily detected by sharply increased pressure drop
across the packed bed, and it can be eliminated by adjustment of the liquid
flow rate during operation. A quick check for proper column diameter sizing
can be accomplished by calculating the superficial gas velocity through the
tower. For packed beds with countercurrent flow, superficial gas velocities
are normally in the range of 7 to 10 ft/s, corresponding to approximately 60%
of the flooding velocity. The 40% safety factor allows for fluctuating gas
flows from the incinerator caused by changing waste composition and feed rate.

Contact time-~In gas absorption devices, higher efficiencies are attained by
allowing the gas and liquid phases to be in contact for a longer period of
time. Removal efficiencies for gaseous contaminants in packed beds are di-
rectly related to the depth of packing, which in turn determines the contact
time.

The contact time required for gas absorption is a function of the rate of mass
transfer. The mass transfer rate, in general, is dependent upon four separate
resistances: gas phase resistance, liquid phase resistance, chemical reaction
resistance, and a solids dissolution resistance for scrubbing liquids contain-
ing solid reactants. For absorption of gaseous contaminants that are highly
soluble or chemically reactive with the scrubbing liquid, such as the absorp-
tion of HCl by caustic solution, the contact time required for 99% removal is
extremely short (on the order of 0.4 to 0.6 s).
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Pressure drop--For gas flow through packed beds, the pressure drop may be
calculated using the approximate correlation developed by Leva [6]:

2
AP/Z = ¢, 10 ©3Yp pUs
where AP/Z is the pressure drop in in. WG/ft of packing, U  is the liquid
superficial velocity in ft/s, p,. is the gas density in lb/%ta, U, is the
superficial gas velocity in ft/s, and C, and C5 are constants. gressure drops
for the common commercial packings can also be obtained from plots of pressure
drop versus gas and liquid flow rates. These plots are available from the
packing manufacturers and should be used for more accurate estimation of
pressure drop in the design evaluation process. For packed beds used for
gaseous emission control in hazardous waste incineration facilities, the
pressure drop usually ranges from 2.0 to 7.2 in. WG. Since the total pressure
drop across the packed bed is directly proportional to the depth of packing,
it indirectly affects the removal efficiency of gaseous contaminants. Higher
pressure drops also result in more efficient particulate collection.

Table 4-18 presents a procedure that can be used to evaluate packed bed scrub-
ber design, based on the foregoing considerations of packing depth, liquid-to-
gas ratio, superficial gas velocities, contact time, and pressure drop.

TABLE 4-18. PACKED BED SCRUBBER EVALUATION PROCEDURE

1. Is the proposed packing depth sufficiegt to attain the desired gas
absorption efficiency? See Table 4-17 .

2. Is the proposed liquid-to-gas ratio within normal limits, as described in
the preceding discussion?

3. Is the superficial gas velocity through the scrubber reasonable, based on
the preceding discussion? (Worksheet 4-7 shows how superficial gas
velocities may be calculated for incinerators. The same procedure may be
used for scrubber velocity calculation.)

4. Are the contact times and pressure drops through the scrubber reasonable,
based on the preceding discussion? (Contact time can be estimated using
the methods shown in Worksheet 4-6 for incinerator gas residence time,
replacing the incinerator volume term with the total volume occupied by
the packed section of the scrubber:

_ 9%
v -z <4)

where Z = bed depth and D = column diameter.)

3rable 4-17 is only applicable for highly soluble gases such as HCl and HF. I
other gaseous pollutants are to be removed, technical assistance may be
requested.
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4.4.2.3 Plate Tower Scrubbers--

Plate towers are vertical cylindrical columns with a number of plates or trays
inside. The scrubbing liquid is introduced at the top plate and flows succes-
sively across each plate as it moves downward to the liquid outlet at the
tower bottom. Gas comes in at the bottom of the tower and passes through
openings in each plate before leaving through the top. Gas absorption is
promoted by the breaking up of the gas phase into small bubbles which pass
through the volume of liquid on each plate. Water, caustic solution, and lime
solution can all be used as the scrubbing liquid.

The primary design variables for gas absorption in plate tower scrubbers are
the number of plates or trays, the liquid-to-gas ratio, and the contact time.
Pressure drop is also an important design criteria although it does not direc-
tly affect absorption efficiency. Like packed bed scrubbers, plate tower
scrubbers can be used for limited particulate collection as well as gas
absorption, but they are not primarily designed for this purpose.

Number of plates--In the design of plate towers for absorption of gaseous
contaminants that are highly soluble or chemically reactive with the scrubbing
liquid, the number of actual plates, NP’ may be calculated from the

equation [6}]:

N = - In(y;/y2)
p ln(l-EMV)

where y; and y, are the inlet and outlet concentrations of the gaseous contam-
inant and E, , is the Murphree vapor phase efficiency. 1In developing the above
equation, tHg assumption is made that E . is the same for each plate in the
tower. The Murphree vapor phase efficiencies for the various plate designs may
be obtained from published data for selected gas-liquid systems [6,17]. These
would normally be in the 25% to 80% range. A rigorous estimation of the
Murphree vapor phase efficiency is extremely complex. For the case of absorp-
tion towers operating with low viscosity liquids and without excessive weepage
(liquid dripping) or entrainment, the figures in Table 4-19 can be used.

TABLE 4-19. MURPHREE VAPOR PHASE EFFICIENCY
FOR PLATE TOWERS [19]

"Reprinted by special permission from CHEMICAL ENGINEERING November 13
Copyright 1972 by McGraw-Hill, Inc., New York, N.Y. 10020."

Perforation Murphree vapor phase
diameter, efficiency,
in. percent
1/16 80
1/16 to 1/8 75
1/8 to 3/16 70
1/4 to 3/8 65
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Liquid-to-gas ratio--For plate towers, the selection of the optimum liquid-
to-gas ratio depends largely on operating experience. Experience has indi-
cated that for single-pass crossflow bubble cap trays, the liquid flow should
not exceed 0.72d ft3/s, where d is the diameter of the tower in feet. Since
the gas flow rate in the tower can be estimated from the Souders-Brown
equation, the maximum liquid-to-gas ratio is given as follows:

Liquid =630( Pc Y2 gal/1,000 £t3
Liquid g
Gas max kd PL ~ pG

where K is an empirical constant in the Souders-Brown equation, and p,. and PL
are the gas and liquid densities, respectively. Values of K are avai?able
from Chemical Engineers' Handbook [6] or any other standard chemical engineer-
ing reference on mass transfer, distillation, or unit operations. For towers
with a tray spacing of 24 in., K is typically 0.17.

Contact time--As in packed bed scrubbers, gas/liquid contact time is an impor-
tant factor affecting removal efficiency. 1In tray towers, greater depths of
liquid on the plates lead to greater plate efficiency through longer contact
time with the gas. Typical gas residence times in tray towers are comparable
to those for packed bed scrubbers; for example, 0.4 s to 0.6 s for 99+% ab-
sorption of HCl in caustic solution. For absorption of SO, by lime solution,
longer contact times (in the range of 3-9 s) are needed to overcome the addi-
tional mass transfer resistance due to solids dissolution.

Pressure drop--For plate towers, the pressure drop across a perforated plate
is the sum of the gas resistance in passing through the perforations plus the
head required to overcome the equivalent liquid depth on the plate:

AP = APh + hL

P. , the pressure drop due to gas resistance in in. WG, can be calculated from
tRe equation [20]:

where p, and p. are the gas and liquid densities, respectively; U_1is the
linear velocity of the gas through perforations in ft/s; and Cv is the ori-
fice coefficient. Values of C_, . are 0.7-0.8 for sieve trays ahd 0.6-0.7 for
bubble cap trays. The pressure drop due to liquid head in in. WG, hL' can be

calculated from a knowledge of weir dimensions:

- =7
hL 1.5 x 10 PL (hw + how)

where p_ is the liquid density in 1b/ft3, hw is height of weir on the tray in
mm, and how is height of weir crest in mm.
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Total pressure drop can be roughly estimated by:

AP = AP X N
T p P

where APT = total pressure drop
APp = pressure drop per plate
Np = number of plates

Table 4-20 presents a procedure that can be used for plate tower scrubber
design evaluation, based on consideraton of the number of plates required,
liquid-to-gas ratio, contact time, and pressure drop. The eguations presented
above can be used to estimate pressure drop if this information is not
available from the vendor. However, vendor data are preferable.

TABLE 4-20. PLATE TOWER SCRUBBER EVALUATION PROCEDURE

1. Are the proposed number of plates comparable to or greater than the
required number of plates, as estimated by the procedures shown in

a

Worksheet 4-14".

2. Are the proposed liquid flow and liquid-to~gas ratio reasonable and less
than the maximum acceptable values calculated by the methods shown in
Worksheet 4-157

3. Are the contact time and pressure drop within reason?

%This procedure is only valid for gases highly soluble in the scrubber liquor.

4.4.3 OQuenching and Mist Elimination Considerations

In addition to scrubbers used for particulate and gaseous emission control,
air pollution control systems for hazardous waste incinerators frequently
include quench towers and mist eliminators. Located upstream from the scrub-
bers, quench towers are designed to reduce the temperature of the combustion
gases leaving the incinerator. This temperature reduction reduces the volu-
metric gas flow rate, and thus the scrubber capacity requirement. Quenching
also reduces evaporative water losses in the scrubber, and allows the use of
low temperature materials of construction such as fiber-reinforced plastic
(FRP) rather than more expensive, high temperature alloys or refractory.

Since venturi scrubbers provide evaporative gas cooling by the very nature of

their design, quenching may be considered optional when these devices are used
for primary particulate and/or gaseous emission control. Packed bed and plate
tower scrubbers, however, are not designed for evaporated cooling. When these
devices are used without upstream venturi scrubbing, quenching is nearly
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always required. Without quenching, evaporative water loss from caustic or
lime solution can lead to particulate emissions of sodium or calcium salts.

At existing hazardous waste incineration facilities, combustion gases are
normally quenched to temperatures of 120-300°F, and below 200°F for FRP scrub-
ber construction. Typical water consumption rates for quenching are in the
range of 0.75 to 3.75 gal/1000 ft3 (0.1 to 0.5 L/m3) of gas.

Mist eliminators are widely used to reduce emissions of liquid droplets from
scrubbers. Mist eliminators are normally installed downstream from, or as an
integral part of, the scrubbing system. 1In general, only one mist eliminator
is needed. Where two or more scrubbers are used in series, intermediate mist
elimination may be provided, but it is not considered necessary to prevent the
release of liquid droplets to the environment.

The types of mist eliminators most commonly used in hazardous waste incinera-
tion facilities are cyclone collectors, simple inertial separators such as
baffles, wire mesh mist eliminators, and fiber bed mist eliminators. Cyclones
are used for collecting very heavy liquid loadings of droplets over 10 um,
such as those emitted from venturi scrubbers. The design of cyclone mist
eliminators follows the principles of cyclone design for particles. For this
type of mist eliminator, therefore, the collection efficiencies for liquid
droplets and solid particles are about the same. Collection efficiencies of
nearly 100% are possible for droplets in the 10- to 50-pm range, which is
consistent with the liquid droplet sizes emitted from venturi scrubbers.

In the simple inertial separators, the primary collection mechanism is iner-
tial impaction, and to a lesser extent interception. Devices such as louvers,
zigzag baffles, tube banks, and chevrons are simple inertial separators. The
cut diameter for liquid droplet collection in these devices is typically

10 pym. Pressure drops are in the 0.02- to 0.12-in. WG (50-to 300-Pa range)

depending on the gas velocity and closeness in spacing of the collection
surfaces.

Wire mesh eliminators are formed from meshes of wire knitted into a cylindri-
cal open weave which is then crimped to give a stable wire configuration. As
rising mist droplets contact the wire surface, they flow down the wire to a
wire junction, coalesce, run off, and flow freely to the bottom of the bed.
The depth of the wire pad varies from 2 to 12 in. (50 to 300 mm) with 4-6 in.
pads being the most common. Pressure drops usually range from 0.02 to

4.0 in. WG, depending on the gas velocity, the wire density, and the depth of
the pad. In normal operation, the pressure drop is not likely to be more than
1 in. WG. The cut diameter for liquid droplet collection is a strong function
of the gas velocity, and can range from 1 to 10 pym. Sizing of the wire mesh
mist eliminator is based on the allowable gas velocity, calculated using the
Souders-Brown equation:

4-70



Where u is the gas velocity in m/s, PL is the density of the scrubbing liquid,
and Pg is the gas density.

For collection of fine acid mists, fiber bed mist eliminators are most appro-
priate. 1In this type of device, large mist particles are collected on the
fibers by inertial impaction and direct interception, whereas smaller parti-
cles are collected by Brownian diffusion. Since fiber bed mist eliminators
are designed so that Brownian diffusion is the predominant mechanism for mist
collection, extremely small particles of less than 1 pm are recovered with
high efficiency. Typical gas velocities through fiber bed mist eliminators
range from 5 to 10.0 ft/s (1.5 to 30 m/s), with corresponding pressure drops
of 5 to 15 in. WG. Collection efficiencies are 100% for droplets larger than
3 pum, and 90% to 99.5% for droplets less than 3 pm.

In wire mesh and fiber bed mist eliminators, plugging by solid deposition is a
potential problem. This problem can be partially overcome by intermittent
washing with sprays, by selection of a less densely packed design, and by the
use of sieve plate towers or cyclone separators upstream as an additional mist
and particle collection device. At hazardous waste incineration facilities,
the most common configuration used for gas cleanup is a high energy venturi
scrubber followed by two sieve trays for additional gas absorption, and then
another sieve tray and an inertial separator or a wire mesh eliminator to
reduce emissions of liquid droplets. Operating experience has indicated that
this is a most effective combination.

In general, three '"rules of thumb" can be followed in evaluating provisions
for quenching and mist elimination at hazardous waste incineration facilities.

+  Quenching should be provided upstream from packed bed or plate tower
scrubbers unless these devices are preceded by a venturi scrubber.

+ Quenching is optional when venturi scrubbers are used, although high
temperature materials of construction may be required if quenching is not
employed.

* A mist eliminator should be provided downstream or as an integral part of
the last scrubber in the air pollution control system.

4.4.4 Prime Mover Capacity Evaluation

Prime movers in rotary kiln incineration systems are always induced draft
fans, located downstream from the air pollution control devices, while either
induced draft or forced draft systems may be used with liquid injection incin-
erators. For the overall system to function properly, the prime mover must be
capable of moving the combustion gases through each air pollution control
device while overcoming the corresponding pressure drops. As the total pres-
sure drop through the system increases, the volumetric flow capacity of the
fan decreases. The functional relationship between these two variables,

pressure and flow capacity at a specific temperature, should be specified by
the manufacturer.
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Therefore, it is necessary to (a) determine the combustion gas flow rate at
the fan inlet temperature, (b) estimate the total pressure drop across the
system, and (c) compare the fan capacity at the calculated pressure drop with
the predetermined combustion gas flow rate in order to evaluate whether or not
the fan has sufficient gas handling capacity. If this capacity is insuffi-
cient the burning rate must be decreased, the fan capacity must be increased,
or the ductwork must be modified to reduce pressure drop. The following
discussion focuses on Step (b) above, estimation of the total system pressure
drop. Combustion gas flow rate calculations are discussed in Section 4.3.2.

The major pressure drops to be considered are the pressure drops across the
various air pollution control devices. These pressure drops can be determined
from manufacturer specifications once the gas flow rates at the inlets to

these devices are known. Flow rates can be calculated quite simply as
follows:

_ T + 460
97 99| 7528
P
where g = combustion gas flow rate, acfm
Aeig = combustion gas flow rate, at standard conditions of 68°F and
1 atm, scfm (from Worksheet 4-2 or 4-4)
T = inlet temperature, °F
P = combustion gas static pressure, atm

Other pressure drops that need to be considered are frictional losses due to
flow through the ductwork connecting each air pollution control device. For
any given duct, the total pressure drop may consist of three component pres-
sure drops: (1) frictional losses due to flow through straight lengths of
ductwork, (2) frictional losses due to flow through bends in the ductwork, and
(3) losses due to sudden constriction of flow at the inlet to the duct.

Pressure drop through a straight length of duct can be estimated using Fig-

ure 4-16, reproduced from Reference 6. This figure can be used in the fol-
lowing manner:

(1) Identify the temperature and average molecular weight of the gas.

(2) Draw a line through these two points on the temperature and molecular
weight scales, and extrapolate this line to a point on the viscosity
scale.

(3) 1Identify the inside diameter of the duct and the mass flow of combustion
gases.

(4) Draw a line through these two points on the diameter and weight flow
scales, and extrapolate this line to the arbitrary reference scale.

(5) Connect the point on the arbitrary reference scale with the predetermined
point on the viscosity scale.

(6) Identify the pressure drop per foot of duct on the AP scale at the inter-
section of the line between the reference and viscosity scales.
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Figure 4-16. Pipe flow chart [6].

(7) Calculate the total pressure drop across the length of straight duct as

follows: a
_| AP
AP = [E—(PG)] <Ls>

total pressure drop, in. H,0
length of straight duct, ft

£
=
[
in
[
o %
1] it 1]

absolute gas pressure, atm
For a reasonable approximation, assume

PG =~ 1 atm

%From Figure 4-13.
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If the duct is square or rectangular the following quantities should be used
as equivalent diameters:

Square duct: Deq = length of a side

-2 ab

Rectangular duct: Deq 3T D

where a, b = width and depth of the duct

Pressure drops across bends in a duct can be estimated using Figure 4-17.
Here, L /D, the equivalent straight-length-to-diameter ratio, is expressed as
a function of the ratio of the radius of curvature of the elbow, R, to the
diameter of the duct. Figure 4-18 shows the relationship between R and D.
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Figure 4-17. Total frictional pressure drops in 90° bends [6].
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Permission for Figures 4-17 and 4-18 from Chemical Engineers' Handbook,
fifth edition. Copyright 1973 by McGraw-Hill Book Company.

Figure 4-18. 90° bends (a) smooth bend, (b) segmental bend [6].

The procedure for estimating pressure drops from Figure 4-14 is as follows:

(1) Determine R/D and read the corresponding Le/D value from Figure 4-14.
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(2) 1Identify the pressure drop across the length of straight duct upstream
and downstream from the bend and the corresponding length of straight
duct.

(3) Convert the Le/D value to a pressure drop estimate:

L

AP' = Ap | =& 12 D
D L
S
where AP' = pressure drop across the bend, in. H50
AP = pressure drop across the straight segment of duct, in. H,0
D = diameter of the duct, in.
LS = length of straight duct, ft

I1f 45° or 180° angle bends are encountered, the corrected pressure drops are:

1 = 1
AP' o = 0.65 AP' g,

and = 1.4 AP'goo

AP' 1800

Additional pressure drops occur at the inlet to a duct because of the sudden
contraction of the gases. These pressure drops can be estimated by the

following equation:
2 P
AP" = 6 KC v’ <._g§§
9/ \ Puyo0

where AP" = pressure drop, in. H.0
V = gas velocity, ft/s
9. = gravitational constant, 32.2 lb-m ft/lb-f s?2
- : 3
pgas gas density, lb/ft
Py.o = density of liquid water, 62.4 1b/ft?
2
KC = sudden contraction-loss coefficient for turbulent flow

Table 4-21 presents K _ values for various ratios of duct cross-sectional area,
Ad’ to the cross-sectional area of the unit upstream from the duct, A _.

When the pressure drops through each air pollution contrcl device and segment
of ductwork are calculated and summed, this should provide a rough estimate of
the total pressure drop through the system.

Table 4-22 presents a procedure for evaluating the prime gas mover capacity.

A step-by-step method for performing the necessary calculations is shown in
Worksheet 4-16.
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TABLE 4-21. SUDDEN CONTRACTION-LOSS COEFFICIENT
FOR TURBULENT FLOW [6]

Permission from Chemical engineers' handbook, fifth
edition. Copyright 1973 by McGraw-Hill Book Company.

Ad/Ap 0 0.2 0.4 0.6 0.8 1.0
KC 0.5 0.45 0.36 0.21 0.07 O

TABLE 4-22. PRIME MOVER CAPACITY EVALUATION PROCEDURE

Identify the approximate combustion gas flow rate in scfm (see Work-
sheet 4-2 or 4-4).

Identify the temperatures at (a) the incinerator outlet, (b) the inlet to
each air pollution control device, and (c) the fan inlet. Record this
information on Worksheet 4-16.

Identify the pressure drops across each air pollution control device, as
specified by the manufacturer, and record this information on
Worksheet 4-16.

Estimate the pressure drops across each segment of ductwork between the
incinerator and the fan, and add these pressure drops to those determined
in checkpoint #3 to estimate the total pressure drop across the system.

Identify the manufacturer specifications for fan capacity at the calcu-
lated pressure drop and fan inlet temperature.

Does this capacity meet or exceed the approximate combustion gas flow
rate?

4.4.5 Process Control and Automatic Shutdown System Evaluation

In the design of the incinerator and scrubber systems, a number of safety
features should be provided to allow for equipment failures and operational
errors. Process control systems and safety interlocks for incinerators are
discussed in Section 4.3.5. The following safety interlocks relating to the
scrubber operation are recommended:

Shutdown of the waste and auxiliary fuel feed systems on loss of scrubber
water flow.
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(2) sShutdown of the waste and auxiliary fuel feed systems if the incinerator
effluent gas temperature exceeds the maximum design temperature for the
quench section.

(3) Shutdown of the waste and auxiliary fuel feed systems if the quenched gas
temperature exceeds the maximum design temperature for the scrubber.

(4) Shutdown of the waste and auxiliary fuel feed systems, followed by shut-
down of the scrubber systems, on failure of forced or induced draft fan.

(5) Shutdown of the waste and auxiliary fuel feed systems followed by shut-
down of the scrubber systems, if the pH of the scrubbing liquid does not
meet specified values.

(6) Shutdown of the waste and auxiliary fuel feed systems, followed by shut-
down of the scrubber systems, if the pressure drop across the scrubber
becomes excessive, indicating unsteady-state operation or clogging
problems.

When possible, it is desirable to have a time delay between shutting off the
waste to be incinerated and shutting off the auxiliary fuel. This will help
to ensure an adequate burnout of the waste and minimize emissions of
incomplete products of waste combustion and unreacted waste.

In situations when the incinerator effluent gas temperature or the quenched
gas temperature exceeds the maximum design temperature for the next piece of
equipment, it is desirable to have provisions for emergency stack bypass
designed into the system. An indication of excess temperature should lead to
shutdown of the incinerator through the safety interlock system. It is recog-
nized, however, that any of the interlock devices can and will malfunction
some of the time. To protect the scrubber system from damage by excess tem-
perature, switches for stack bypass can be provided. These switches should
only be operated as an emergency measure, and under strict supervision. To a
limited extent, the additional thermal lift caused by the excess temperature
will raise the effective stack height and alleviate the impact on plant
personnel.

At power plants, chemical plants, and refineries, stack bypass switches are
often provided to enable maintenace to be done on scrubber systems while
process operation continues. Stack bypass for maintenance purposes is not
recommended for hazardous waste incineration facilities.

4.4.6 Materijial of Construction Considerations

Effluent gases from incineration of hazardous wastes contain a number of
corrosive contaminants, including HCl, SO, SOz, HF, and possibly Cl,, HBr,
Bry, P05, and organic acids. The presence of HCl, the principal gaseous
contaminant, is of particular concern because it accelerates pitting and
crevice corrosion of most materials. The careful selection of the materials
of construction for the quench tower and scrubber system is therefore
extremely important.
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In the quench section where temperatures of approximately 1800°F are commonly
encountered, Hastelloy C and Inconel 625 have found wide acceptance. Other
possibilities are the use of carbon graphite or acid resistant refractories as
lining material for carbon steel or stainless steel construction, but the
quench spray nozzles should still be made of Hastelloy C or Inconel 625.

For the scrubber, Hastelloy C or Inconel 625 can again be used as materials of
construction. At more moderate temperatures, however, FRP is recommended
because it is economical, easily fabricated, and lightweight. It also has
good resistance in both acid and alkaline environments, up to a service tem-
perature of around 200°F. Polyvinyl chloride (PVC) can also be considered as
a material for wet scrubber construction, but its use is limited to tempera-
tures of less than 160°F.

If structural strength becomes a prime consideration because of the size and
weight of the scrubber, carbon steel or stainless steel can be used with a
suitable lining material to provide the required corrosion protection. Field
corrosion studies have shown that carbon steel and stainless steel both expe-
rienced severe corrosion problems and are not recommended as materials of con-
struction for scrubber systems treating acid gases unless linings are used.
Rubber, carbon graphite, FRP, Teflon, Kynar (polyvinylidene fluoride), acid
resistant bricks, and refractories are examples of suitable lining materials.
Teflon, however, cannot be bonded to a metal surface and requires multiple
flanges to stay in place. Kynar is similar to Teflon in most of its proper-
ties, but it is available in sheet form bonded to a glass backing. In packed
beds, the packing material should be made of ceramic, carbon, or plastics to
withstand attack by corrosive acids.

A special concern is the potential presence of HF in the incinerator exhaust
gases. It is well known that glass and any ceramic material containing silica
are attacked by HF or HySiFg. Many grades of rubber linings also centain
silica as a filler, which could be leached out by HF or H;SiFg. Common mate-
rials of construction of HF scrubbers include FRP (with special shielding
material to prevent attack of the glass fibers), rubber-lined steel, Kynar,
and graphite-lined steel. Among the metals, monel has shown good resistance
over wide concentration and temperature ranges. At one hazardous waste incin-
eration facility, a Monel-lined stainless steel packed tower with polypropyl-
ene Intalox saddles is used to control HF emissions from the incinerator. In
addition, both Hastelloy C and Inconel 625 have been used as lining material

in hydrofluoric acid service and have demonstrated outstanding corrosion
resistance to HF.

Although the corrosion and temperature aspects of materials selection are of
primary importance, erosion must also be considered in scrubbers designed for
particulate control. Venturi scrubbers are particularly susceptible to ero-
sion due to the high gas velocities and particulate loadings encountered
during normal duty. Throat and elbow areas are generally subject to the most
wear. FRP does not stand up well in these regions and harder, corrosion
resistant, materials are required for long service life.

All the foregoing factors should be considered in evaluating materials selec-
tion for the quench tower and scrubber system. If materials of construction
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other than those discussed above are proposed, the adequacy of these materials
for the temperature/gas environment under consideration should be evaluated.

4.5 WORKSHEETS

The worksheets in this section can be used to perform the design evaluation
calculations described in Sections 4.3 through 4.4.
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WORKSHEET 4-1. PROCEDURE TO CALCULATE DESTRUCTION
AND REMOVAL EFFICIENCY

1. From trial burn data, identify the following parameters:
Total waste feed rate, (win)TOTAL =  lb/br
Mass fraction of each/puncysal ° ¢
organic hazardous consti t in
the waste, n; = 1b/1b waste
Ny = 1b/1b waste
ng = 1b/1b waste
ng = 1b/1b waste
ng = 1b/1b waste
Gas flow rate in the stack, q= scfm
Concentration of each prin-
cipal organic hazardous
constituent in the stack gas, c¢; _ ug/scf
co = ug/sct
c3 = pg/scf
Cq = pg/sct
Cg = Mg/scf
2. Calculate the mass feed rate of each hazardous constituent to the incin-
erator, using the following equation:
Windi =05 (W ) porar
(W, )1 = 1b/hr
(win)2 = 1b/hr
(W )s = 1b/hr
(Win)4 = lb/hr
(win)5 = lb/hr
3. Calculate the mass flow rate of each hazardous constituent in the stack
using the following equation:
C.
(wout)i - ———EL—JL——g
7.57 x 10
(W )1 = 1b/hr
(W), = 1b/hr
(W “t)3 = 1b/hr
(wgﬁtu = 1b/hr
(wout)s = 1b/hr
4. Calculate the destruction and removal efficiency for each hazardous

constituent using the following equation:
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WORKSHEET 4-2. PROCEDURE TO CALCULATE STOICHIOMETRIC AIR REQUIREMENTS,
COMBUSTION GAS FLOW, AND COMPOSITION (LIQUID
INJECTION INCINERATION)

Identify the elemental composition and moisture content of the waste or
waste mixture.

Carbon, Cw: 1b/1b waste
Fuel hydrogen, Hw: 1b/1b waste
Moisture, Hgow: 1b/1b waste
Oxygen, Ow: 1b/1b waste
Nitrogen, Nw: 1b/1b waste
Chlorine, Clw: 1b/1b waste
Fluorine, Fw: 1b/1b waste
Bromine, Brw: 1b/1b waste
Iodine, Iw: 1b/1b waste
Sulfur, Sw: 1b/1b waste
Phosphorus, Pw: 1b/1b waste

If auxiliary fuel is to be burned in conjunction with the waste, identify
the fuel type and approximate, proposed fuel-to-waste ratio from the per-
mit application. (If auxiliary fuel is to be used only for startup,
proceed to Step #5.)

Fuel type:
Fuel:waste ratio, n

£° 1b fuel/lb waste
Determine the approximate elemental composition of the fuel from the
following table.

1b Component/lb fuel [21]
Residual fuel Distillate fuel Natural
Component o0il (e.g., No. 6) o0il (e.g., No. 2) gas

Cf 0.866 0.872 0.693
Hf 0.102 0.123 0.227
Nf - - 0.08
Sf 0.03 0.005 -

Calculate the composition of the combined waste/auxiliary fuel feed.

C +n.C
w

ff _
C: T+ n. - 1b/1b feed
f
H +n
H: ~"T——fﬁ = 1b/1b feed
+ nf
Hy0 i
H,0: 1+ nf = 1b/1b feed
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5.

Calculate the stoichiometric oxygen requirement based on the combustion

N: 1+ ne -
Oy

0: 1% ng
Clw

cl: 1% ng -
Fua

F:o1¥ T
Brw

Br: 1% ng -
Ty

I: 13 ng -

‘. Swl++ngsf
f

Py

P: 1% ng -

reactions described in Section 4.3.2.1.

(H -

1b 05 _
C x 2.67 16 C

Cl F

— . ) _];1_3___0_2;-
35.5 19

x 8.0 574
1b ©
=2 Y2 -
Sx1.0 15 S
1b 0, _

Px1.29 T

-0(in feed)

(02)

stoich

1b 0,/ 1b feed
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1b/1b feed
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1b 0,/1b feed

1b 0,/1b feed
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1b 0,/1b feed
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6.

Calculate the combustion gas mass flows, based on the stoichiometric
oxygen requirement.

cop: Cx3.67 L2 = 1b COy/1b feed
. ¢ F 1b Hy0 . _

H,0: <H 355 19> X 9.0 B |t Ho0(in feed) = _ 1b H,0/1lb feed

No: [ (02) x3.31 222 (5 air)] + N(in feed) = 1b Nu/1b feed

2: 2’stoich "= 1b 0, —_ 2

1b HC1 -

HC1: Cl x1.03 TB_EI_ = 1b HCl/lb feed
1b HF -

HF: F x 1.05 B F = _ 1b HF/1lb feed
Bro: Br = 1b Brp/lb feed
Ip: I = 1b I,/lb feed
S0p: S x 2.0 %53%2 = 1b SOz/1b feed
Py0g: P X 2.29 _Lngz%a = 1b P,05/1b feed
Combustion products = CP =) = 1b/1b feed

7. Identify the total excess air rate.

10.

EA = %/100

Calculate the additional nitrogen and oxygen present in the combustion
gases due to excess air feed.

(02)EA = EA x (02) 1b Oz/lb waste

stoich

1b N . .
- ———2 -
(N2)EA 3.31 b 0, (in air) x (02)EA 1b N,/1b waste

Calculate the total combustion gas flow.
Combustion gases = CG = CP + (02)EA + (N2)EA = 1b/1b waste

Calculate the mass fraction of each combustion gas component.

. L0z _
CO,: oG 1b/1b gas
H,0: gég = 1b/1b gas
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No(from #6) + (Nz)EA

No: G = 1b/1b gas
Oz EE%%E& = 1b/1b gas
HCl: Bt = 1b/1b gas
HF : %g = 1b/1b gas
Bro: %éz = 1b/1b gas
1: 2 = 1b/1b gas
50,: S22 = 1b/1b gas
P,0y: E%%i = 1b/1b gas

11. 1Identify those components that constitute less than 1-2% of the combus-
tion gas. These components can be eliminated from further consideration
in heat and material balance calculations. In most cases, CO,, Hy0, Ny,
and O, will be the only combustion gas components that need to be considered.

12. Calculate the volumetric flow of the major combustion products at stand-
ard conditions of 68°F and 1 atm.

cop: S22 x 6+ 0.114 - scf/1b feed
H,0: %%9 X CG + 0.0467 %%? = scf/1b feed
Ny : %é X CG + 0.0727 %%? = scf/1b feed
0;: 2 x G+ 0.083 1 = scf/1b feed
other: RS y ¢ : (0.00259 M)t = scf/1b feed

where M = molecular weight

scf
1b feed

1b/hr) + 60 = scfm

Total flow, q = =

qx mfeed (
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WORKSHEET 4-3. PROCEDURE TO CALCULATE THE NET HEATING VALUE® OF THE WASTE

Basis: Heating value is reported as a higher heating value (HHV) determined
at standard 77°F (25°C).

Identify the following:

HHV = Btu/lb waste
H = 1bH/1b waste
Cl = 1bCl/1b waste
F = 1bF/1b waste
HoO = lb/moisture/lb waste

Calculate the net heating value (NHV):

35.5

—
(U

NHV = HHV - 1,050 [Hzo + 9<H S f—)} Btu/lb waste

aHeating value: The quantity of heat released when waste is burned, commonly

expressed as Btu/lb. The higher heating value includes the heat of condensa-
tion of the water present in the waste and the heat formed in the combustion

reaction; the lower heating vfalue represents the heat formed in the combus-

tion reaction; and the net heating value is the lower heating value minus the
energy necessary to vaporize any moisture present.
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WORKSHEET 4-4. PROCEDURE TO CALCULATE STOICHIOMETRIC AIR REQUIREMENTS,
APPROXIMATE COMBUSTION GAS FLOWS, AND APPROXIMATE GAS
COMPOSITIONS (ROTARY KILNS)

1. Identify the elemental composition and moisture content of the wastes fed

to the kiln.
1. Solids (kiln) 2. Liquids (kiln)

Carbon, C : 1b/1b waste
Fuel hydrogen, Hg: 1b/1b waste
Moisture, Hzow: 1b/1b waste
Oxygen, Ow: 1b/1b waste
Nitrogen, Nw: 1b/1b waste
Chlorine, Clw: 1b/1b waste
Fluorine, Fw: 1b/1b waste
Bromine, Brw: 1b/1b waste
Iodine, Iw: 1b/1b waste
Sulfur, Sw: 1b/1b waste
Phosphorus, Pw: 1b/1b waste

2. 1Identify the approximate liquid and solid waste feed rates to the kiln,
and calculate the liquid/solid feed fractions.

Liquid feed rate, my = 1b/hr
Solid feed rate, mg = 1b/hr
Total feed, mjs = my + my = 1b/hr
Liquid fraction, n; = m;/myo = 1b liquid/1b waste
So0lid fraction, nz; = 1-n; = 1b solid/lb waste

3. If auxiliary fuel is to be burned in conjunction with the wastes, identify
the fuel type and approximate, proposed fuel-to-waste ratio.

Fuel type:

Fuel:waste ratio in kiln: an = 1b fuel/lb waste

4. Determine the approximate elemental composition of the fuel from the
following table.

1b component/1lb fuel [21]

Residual Distillate
fuel oil fuel oil Natural
Component (e.g. No. 6) (e.g. No. 2) gas
Cf 0.866 0.872 0.693
Hf 0.102 0.123 0.227
Nf - - 0.08
Sf 0.03 0.005 -
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5.

Calculate the composition of the combined waste/auxiliary fuel feed to

the kiln.

Pk:

niCy + nyCy + nfo

1+ nf

n1H1 + n2H2 + anf

1+ nf

n;H,0; + n2H202

1+ nf

niNy + ngNo + anf
l1+n

f

n;0; + n 0,
l1+n

f
n;Cl; + n,Clo
1+ ne

n;F; + noFo

1+ nf

n;Br; + noBro
1+ ne

nI; + npl,
1+ nf

nyS; + n252 + nfo

1+ nf

njP; + nyPs

1+ nf

1b/1b

1b/1b

1b/1b

1b/1b

1b/1b

1b/1b

1b/1b

1b/1b

1b/1b

1b/1b

1b/1b

feed

feed

feed

feed

feed

feed

feed

feed

feed

feed

feed

6. Calculate the stoichiometric oxygen requirement for the kiln, based on
the combustion reactions described in Section 4.3.2.1.

c, x2.67 2% - 1b 0,/1b feed

k 1b C
cl F
k k 1b 0
Hk - 35 § - 19 8.0 1" - 1b 02/1b feed
1b O -
Sk 1.0 16 S = lb 0,/1b feed
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b O

=
Pk X 1.29 IE—EZ 1b 05/1b feed
-Ok (in feed) = - 1b/0,/1b feed

Calculate the combustion gas mass flows, based on the stoichiometric
oxygen requirement (assume complete combustion is achieved for purposes
of gas flow estimation).

1b C05/1b feed

]

COgy: Cy X 3.67 ib 0z

k b C
€l F
e S 1b Hz0 ,
H2Oy: L(“k 355 19)X 0w |
+ Hzok (in feed) = 1b H,0/1b feed
l1b N . .
. == %2
Nz, : (OZ)StOiCh(k) x 3.31 §¢ Oy (in air)
) t N (in feed) = 1b N;/1b feed
1b HCl _
HClk: Clk x 1.03 ib el = 1b HC1/1b feed
1b HF _

HFk: Fk x 1.05 b F = 1b HF/1lb feed
Bry,: Bry = 1b Bry/1b feed
T2y I = 1b I,/1b feed

1b S0
. 1o 50z =
SOz, §) X 2.0 ¢ 1b $0,/1b feed
1b P50
P20sy: Py X 2.29 'iB’%‘i = 1b P,05/1b feed
Kiln combustion products = CP, = E = 1b/1b feed
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8. Identify the elemental composition and moisture content of the liquid

wastes to be burned in the afterburner (if any).

Cs:
Hj:
H,0g4:
O03:
Nj:
Cls:
Fj:
Bra:

9. 1Identify the fuel type and approximate, proposed fuel-to-waste ratio for

the afterburner.

Fuel type:

1b/1b
1b/1b
1b/1b
1b/1b
1b/1b
1b/1b
1b/1b
1b/1b
1b/1b
1b/1b
1b/1b

Fuel: waste ratio,

Dep =

10. Determine the approximate elemental composition of the fuel from the
" table shown in Step 4.
CfA = 1b/1b fuel
HfA = 1b/1b fuel
NfA = 1b/1b fuel
SfA = 1b/1b fuel
11. Calculate the composition of the combined waste/auxiliary fuel feed to
the afterburner.
C3 + n C
¢ —1 ﬁA fa . 1b/1b feed
fa
[
Hs + n.,H
H, —I—T-rf;L‘S—A = 1b/1b feed
fa
H-0 _
Ho0,: —4a—3— = 1b/1b feed
A 1 +n
fa
N3 + n..N
fA fA
NA: 4+ 5 = 1b/1b feed

fa
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. 03 =
OA‘ T+n 1b/1b feed

£A
. _Clz =
Cl: 13 » 1b/1b feed
A
. F -
Fyr 7ot » 1b/1b feed
A
Br.. —>2fa = 1b/1b feed
A 1 + nf ——————e
A
- I -
L T e 1b/1b feed
A
Sqg + n__S§
S, “’ﬁ”??"f’é = 1b/1b feed
£2
- P -
Pyt Tai— =~ 1b/1b feed

12. Calculate the stoichiometric oxygen requirement for the afterburner feed,
based on the combustion reactions described in Section 4.3.2.1.

1b 0
= ~2 =
CA X 2.67 b C 1b 02/1b feed
cl F
- A _ A ib 0z _
HA 355 19 | X 8.0 SN b 0,/1b feed
1b 0
Sy, ¥ 1.0 -1—5-52 = 1b 0,/1b feed
ib 0p =
PA X 1.29 b P 1b 05/1b feed
-OA (in feed) = - 1b 0,/1b feed
(02) g toich(a) Z= 1b 0,/1b feed
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13. Calculate the combustion gas mass flows, based on the stoichiometric
oxygen requirement.

C02A:

H,0, :

HC1, :

SOZA:

P205A:

1b_COp
CA X 3.67 15 C
g ClA Eﬁ
A 35.5 19
[(Oz)stoich(A)
1b HCI1
ClA X 1.03 TB_ET—
1b HF
FA X 1.05 5 F
BrA
IA

S x 2.0 1b SO

A ) 1b S
1b Po0g
PA X 2.29 15 P

Afterburner combustion products

14. Calculate the ratio of total afterburner feed to

Liquid waste to kiln:
Solid waste to kiln:
Auxiliary fuel to kiln:

1b No
x 3.31 1b 0,

my

% 9.0 1b H,0

1b H

+ H20A (in feed)

(in air)]

+ NA (in feed)

= cpA = :z:=

(my + mg)n,
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1b

= 1b

= 1b

= 1b

= 1b

= 1b

C0,/1b feed

H,0/1b feed

No/1b feed

HC1l/1b feed

HF/1lb feed

Br,/1b feed

I,/1b feed

S0,/1b feed

P,05/1b fee

1b/1b feed

total kiln feed.

1b/hr
1b/hr
1b/hr



Liquid waste to afterburner: mgj 1b/hr

Auxiliary fuel to afterburner: m3ne, lb/hr
Ny = = 1b afterburner feed/lb kiln feed
mg an -_—

15. Calculate the total combustion gas mass flows, based on stoichiometric
oxXygen requirements.

CO2K + C02A nAK

COy: = 1b/1b feed
1 + nAK ———ee
H20 + n H20
H,0: Kl - ﬁK LI 1b/1b feed
AK
No,, + n. ., No
Ny —n AR TR 1b/1b feed
1+ nAK ———

HClK + n,., HCl

HCY: < nAK A 1b/1b feed
AK
HF_ + n HF
yp. —%__BK 2 = 1b/1b feed
1l + nAK ————

BrzK + NAK Br2A

Bro: = 1b/1b feed
1+ nAK —_—
IZ + n I2
K AK A
Ip: - = 1b/1b feed

SO0, + n 50,
S0, : L BR A 1b/1b feed
AK

P20s5, + n,, P20s
P50 : Kl - ﬁK L 1b/1b feed
AK

Combustion products = CP =:z: = 1b/1b feed
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16.

17.

18.

19.

Identify the total excess air rate for the system (i.e., to be maintained
in the afterburner).

EA =

o\°

Calculate the additional nitrogen and oxygen present in the combustion
gases due to excess air feed.

(O2)stoich(k) * "ak (°2)stoich(a) -

(02)EA = EA x 1b 0,/1b waste

1+ nAK
- lIb N . . -
(N2>EA 3.312 TB—Bi (in air) x (02)EA 1b N,/1b waste

Calculate the total combustion gas flow.

Combustion gas flow = CG = CP + (02)EA + (N2)EA = 1b/1b feed

Calculate the mass fraction of each combustion gas component.

COo: €02 = 1b/1b gas
cG S
Hp0: £2° = 1b/1b gas

No(from 15) + (N2)EA

Nj: G = 1b/1b gas
0y (OZ;EA = 1b/1b gas
HC1: %CC;—I- = 1b/1b gas
HF: gg = 1b/1b gas
Bry: %éz = 1b/1b gas
I: 22 = 1b/1b gas
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50y: 292 = 1b/1b gas

Po05: —208 = 1b/1b gas

20. 1Identify those components that constitute less than 1-2% of the combustion
gas. These components can be eliminated from further consideration in
heat and material balance calculations. In most cases, COp, Hy0, Nj,
and O, will be the only combustion gas components that need to be considered.

21. Calculate the volumetric flow of the major combustion products from the
kiln at standard conditions of 68°F and 1 atm.

Coz: [ S92)x G + 0.114 Ib/scf = scf/1b
Ho0 . -
H,0: cG X CG + 0.0467 1b/scf = scf/1b
Ny : <%§ x CG + 0.0727 1b/scf = scf/1b
0s5: (%é X €6 + 0.083 1lb/scf = scf/1b
Other: (O—é—g—e—i X CG + (0.00259 M) lb/scf = scf/1b
where M = molecular weight
Total flow, q = Z = scf/1b feed
qx (my +my) (1 + an) (1 + nAK) + 60 = scfm
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WORKSHEET 4-5. PROCEDURE TO CALCULATE EXCESS AIR RATE FOR A
SPECIFIED TEMPERATURE AND FEED COMPOSITION

Identify the following input variables:

From Worksheet 4-2, Step #5

(02)stoich = 1b/1b feed
From Worksheet 4-2, Step #6
Co, = 1b/1b feed
Ho0 = 1b/1b feed
No = 1b/1b feed
Other major component(s) = 1b/1b feed
From Worksheet 4-3
waste — Btu/lb waste
From proposed operating conditions
Operating temperature, T = °F
Air preheat temperature, T = °F

(if applicable) air

If auxiliary fuel is to be burned in conjunction with the waste, also
identify the following from Worksheet 4-2.

ne = 1b fuel/lb waste

HVf = Btu/lb fuel
If air preheating is employed, calculate the corresponding enthalpy
input to the incinerator. 1If the combustion air is not to be preheated,
proceed to Step #3.

1l

AHy ' = 1.06(T ;0 = 77)(02) gy 5ch

= Btu/lb feed
AHl = AHll(l + EA)

Calculate the heat generated by combustion of the waste or waste/
auxiliary fuel mix.

NHVwaste + nf

1+ ne

= Btu/lb feed

HV¢

AH2=

Calculate the heat loss through the walls of the incinerator, assuming
5% loss.
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o]
L}

0.05 AH,
= Btu/1b feed

5. Calculate the enthalpy of the combustion products leaving the incinerator.

0.26(C0p + No)(T - 77) Btu/lb feed
0.49 HoO0(T - 77) = Btu/lb feed

Other x Cp other (T - 77) Btu/1lb feed

AHy = E = Btu/1b feed

6. Calculate the enthalpy of excess air leaving the incinerator.

AHy! 1.1(T - 77)(02)Stoich
= Btu/lb feed

AHy = AH4' X EA

7. Calculate the excess air percentage as follows:

100 <AHl' + AHz - Q - AH3>

EA TR

)
= %
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WORKSHEET 4-6. PROCEDURE TO ESTIMATE THE MAXIMUM ACHIEVABLE GAS RESIDENCE TIME
AFTER THE DESIRED OPERATING TEMPERATURE HAS BEEN ACHIEVED

1. 1Identify the following input variables:

Volume of the incinerator chamber, V = ft3
Combustion gas flow rate, q = scfm
Operating temperature, T = °F

Combustion gas static pressure, P = atm

2. Calculate the gas flow in actual cubic feet per second at operating
temperature.

, q [T+ 460
4 = gop 528

I

= acf/s

3. Calculate the maximum achievable gas residence time in the incinerator
after the desired operating temperature has been achieved.

o =L
max q
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WORKSHEET 4-7. PROCEDURE TO CALCULATE SUPERFICIAL GAS
VELOCITY AT OPERATING TEMPERATURE

Identify the following input variables:

Gas flow rate at operating temperature, gq' = acf/s
(See Worksheet 4-6)

Cross-sectional area of the incinerator chamber, A =
Calculate:
Superficial gas velocity, v = q'/A

= ft/s
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WORKSHEET 4-8. PROCEDURE TO CALCULATE THE MAXIMUM ACHIEVABLE EXCESS AIR RATE
FOR A ROTARY KILN OPERATING AT A SPECIFIED TEMPERATURE WITH A
SPECIFIED FEED COMPOSITION
1. Identify the following input variables:
From Worksheet 4-4, Step 6

(02)stoich(x) = 1b 05/1b kiln feed

From Worksheet 4-4, Step 7

C02(x) = 1b/1b feed
HZO(K) = 1b/1b feed
NZ(K) = 1b/1b feed

1]

Other major combustion product(s) 1b/1b feed

From Worksheet 4-4, Step 2

Liquid waste feed fraction, n;
Solid waste feed fraction, n,

1b liquid/1lb waste
1b solid/1b waste

From Worksheet 4-3

Liquid waste heating value, NHV, = Btu/1lb

Solid waste heating value, NHV, = Btu/1lb
From proposed operating conditions

Kiln operating temperature, TK = °F

Air preheat temperature, T = °F

(if applicable) air

If auxiliary fuel is to be burned in the kiln along with the wastes
during normal operation, identify the following from Worksheet 4-4:
Dey = 1b fuel/lb waste

HVfK = Btu/lb fuel
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2. If air preheating is employed, calculate the corresponding enthalpy input
to the kiln. If the combustion air is not preheated, proceed to Step 3:

AHII(K) = 1.06 (Tair - 77)(02)StOiCh(K) = Btu/lb feed

AHI(K) = AHI.(K) (1 + EAK)

3. Calculate the maximum heat generated in the kiln by combustion of the
wastes or waste/auxiliary fuel mix:

niNHV; + noNHV, + anHVfK _

AH, = Btu/lb feed

1+ an

4. Estimate the heat loss through the walls of the kiln, assuming 5% loss:

Q(K) = 0.05 AH2(K) = Btu/1b feed

5. Calculate the enthalpy of the combustion products leaving the kiln:

0.26 <%02(K) + NZ(K)) (TK - 77)

Btu/1b feed

0.49 HaO y (Tg = 77) = Btu/1lb feed
other, [—i2— \x €. (T, - 77) = Btu/1b feed
K {1b feed p other ‘"K
AH = = Btu/lb feed
3(K) e /
6. Calculate the enthalpy of excess air levaing the kiln:
AH4'(K) =1.1 (TK - 77) (OZ)StOiCh(K) = BtU/lb feed

Max) = Ma'(r) Fix

7. Calculate the excess air percentage as follows:

A" gy ¥ Bz gy - Qg - AHay)

o\®

EA_ = 100
K AHg4'! - AH{'
4 (K) 1 (R)
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WORKSHEET 4-9. PROCEDURE TO CALCULATE EXCESS AIR IN A ROTARY KILN AFTERBURNER
FOR A SPECIFIED AFTERBURNER TEMPERATURE AND OVERALL FEED
COMPOSITION
1. 1Identify the following input variables:
From Worksheet 4-4, Steps 6 and 12

(02)stoich(K) = 1b 0,/1b kiln feed

(02)stoich(A) = 1b 0,/1b afterburner feed

From Worksheet 4-4, Step 15

CO, = 1b/1b feed
Hy0 = ~ 1b/1b feed
N, = 1b/1b feed
Other major combustion product(s) = 1b/1b feed

From Worksheet 4-4, Step 14

Afterburner/kiln feed ratio, Mag = 1b afterburner feed/lb kiln feed

From Worksheet 4-3
Afterburner waste heating value, NHV3 = Btu/1b

From proposed operating conditions

°F
°F

Afterburner temperature, TA

Air preheat temperature, T

(if applicable) air

If auxiliary fuel is to be burned in the afterburner along with liquid
wastes during normal operation, identify the following from Worksheet 4-4:
ng., = 1b fuel/lb afterburner waste feed

fa
HVfA = Btu/lb fuel

From Worksheet 4-8,

AHZ(K) = Btu/1lb kiln feed
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4.

5.

If air preheating is employed, calculate the corresponding enthalpy input
to the kiln and afterburner combined. 1If the combustion air is not pre-
heated, proceed to Step 3:

AH,' = 1.06 (Tair - 77) [(Oz)stoich(K) + (02)stoich(A)] = Btu/1lb feed
AHl = AH]' (1 + EA)
Calculate the heat generated in the kiln and afterburner by combustion

of the total waste/auxiliary fuel feed:

NHVs; + n
AH2(A) = 1+n

FATVER
£A

Btu/lb afterburner feed

_ M) * makM2qa) _

+
1 nAK

AH, Btu/lb feed

Estimate the heat loss through the walls of the kiln and afterburner,
assuming 5% loss:

Q@ = 0.05 AHp = Btu/lb feed

Calculate the enthalpy of the combustion products leaving the afterburner:

0.26 (C02 + N2) (TA - 77) = Btu/lb feed
0.49 H,0 (TA - 77) = Btu/1lb feed
Other —3b__ x C_ (T, - 77) = Btu/lb feed
1b feed p other '"A
AHq = E = Btu/lb feed
Calculate the enthalpy of excess air leaving the afterburner:
AHy' = 1.1 (TA - 77) [(Oz)stoich(x) + (oz)stoich(A)] = Btu/1lb feed
AH4 = Aﬂq' EA
Calculate the excess air percentage in the afterburner:
= AH; ' + AHp - Q - AHg)_ o
EA = 100 < ’H, - BH, = 3
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WORKSHEET 4-10. PROCEDURE TO ESTIMATE SOLID WASTE
RETENTION TIMES IN ROTARY KILNS

Identify the following input variables:

Kiln length, L = ft

Kiln diameter, D = ft

Slope of kiln, S = ft/ft

Rotation velocity, N = rpm
Calculation:

@S = 0.19 (L/D)/SN = min
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WORKSHEET 4-11. PROCEDURE TO CALCULATE AUXILIARY FUEL CAPACITY REQUIREMENTS
FOR STARTUP AT DESIGN AIR FLOW FOR WASTE COMBUSTION

1. 1Identify the following input data from the proposed operating conditions,
Section 4.3.2, and/or Section 4.3.3.

Auxiliary fuel type:

Fuel heating value, NHV = Btu/1lb
Desired operating temperature, Tout = °F
Average proposed waste feed rate, m, = 1b/hr

Stoichiometric oxygen requirement for waste,
(02)stoich(w) =

Proposed excess air rate, EA = %/100

1b 0,/1b waste

2. Identify the stoichiometric oxygen requirements and combustion product
yields for the auxiliary fuel from the following table.

Combustion products
yields, lb/lb fuel

Fuel <02)stoich(f)' lb/lb fuel C02 H20 N2
Residual fuel oil 3.16 3.18 0.92 10.5
(e.g., No. 6)
Distillate fuel oil 3.32 3.20 1.11 11.0
(e.g., No. 2)
Natural gas 3.67 2.54 2.04 12.2

3. Calculate the enthalpy of the fuel combustion gases.

=2
]

i 2 D¢ Cpi (Tout - 77)

[0.26(COp + Np) + 0.49 Hy0] (Toye = 77)
= Btu/lb fuel

4. Calculate the heat output from the unit associated with design air flow
for waste combustion.

Q4 1.12 mw (Oz)StOiCh(W) (1 + ER) <Tout - 77)

= Btu/hr
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Calculate "enthalpy" of air consumed in fuel combustion.

hy = 1.12 (03)

stoich(f) (Tout - 17)

= Btu/1lb fuel

Calculate the heat of fuel combustion, less 5% heat loss through the
refractory walls.

hg = 0.95 NHVf = Btu/lb fuel

Calculate the required auxiliary fuel capacity.

= Q1 =
Me = hs ¥ h, - B, 1b fuel/hr

If necessary for comparison with the reported auxiliary fuel rating,
calculate the required auxiliary fuel capacity in Btu/hr.

Qf = mg NHV, = Btu/hr
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WORKSHEET 4-12. PROCEDURE TO ESTIMATE PARTICULATE CONCENTRATION AND
EMISSION RATE FROM LIQUID INJECTION INCINERATORS

Identify the following input data:

Ash content of waste, ASH = wt%
Average waste feed rate, m, = 1b/hr
Volumetric combustion gas flow rate, q = scfm

Volumetric fraction of oxygen in the gas, (02)V =

Calculate the particulate emission rate, based on the ash content of the
waste

mp = ASH x m, = 1b/hr

Correct the volumetric combustion gas flow rate to zero percent excess
air.

9

q [1 - 4.77(02)V] = scfm

Calculate the particulate loading in the gas at zero percent excess
air.

m
c =117 B = gr/scf
9
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WORKSHEET 4-13. INTERNAL CONSISTENCY CHECK FOR PROPOSED CONDITIONS
OF GAS VELOCITY, LIQUID TO GAS RATIO, AND PRESSURE
DROP FOR VENTURI SCRUBBERS

Identify the following input data:

Q
Proposed liquid to gas ratio, QE = gal/1,000 ft3
G
Proposed gas velocity (at the throat), U = ft/s
Cross-sectional throat area, A = ft2
Gas density (downstream of throat), p_ = 1b/ft3

a
p, may be estimated from the ideal gas law:

_me
Pa = RT
where average molecular weight of gas (normally about 30)
absolute pressure (atm)
gas constant = 0.73 atm ft3/°R 1b mol
absolute temperature (°R)

H Xy

Calculate the pressure drop, AP

2 0,133 0.78
_(Ug) P o

AP = 1770 65 in. WG
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WORKSHEET 4-14. PROCEDURE TO CALCULATE THE NUMBER OF PLATES
REQUIRED FOR A SPEgIFIED GASEOUS POLLUTANT
REMOVAL EFFICIENCY

1. 1Identify the desired removal efficiency for pollutant i.

Ei = %/100

2. From Table 4-19 or other sources, identify the average Murphree vapor
phase efficiency for the plate tower

EMV = %/100

3. Calculate the required number of plates

ln (1 - Ei)
P T In (1 - E

N

-

%This procedure is only applicable for gaseous pollutants that are highly
soluble or chemically reactive with the scrubbing liquid.
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WORKSHEET 4-15. PROCEDURE TO CALCULATE THE MAXIMUM LIQUID
TO GAS RATIO FOR PLATE TOWERS

Identify the inlet temperature to the tower and the tower diameter.

T = °F + 460 = °R

d = ft

Identify the volumetric fraction of each major component in the gas.

Yo, =

Yother =

Calculate the average molecular weight of the gas

M= 44YC02 * 18YH20 * 28YN2 * 32Y02 * Mother Yother
= 1b/1b mol
Calculate the gas density
- M _ 3
P ™ 1.37 T(°R) 1b/ft

Determine the scrubber liquor density

- 3
pp = 1b/ft
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6. Determine the Souders-Brown constant, K, from Reference 6 or other
sources. (For 24-in. tray spacing, use K = 0.17)

7. Calculate the maximum liquid-to-gas ratio
05

Q P
;L = 830 G = gal/1,000 ft3

" Kd P - Pg

QG max
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WORKSHEET 4-16. PROCEDURE TO CALCULATE PRESSURE DROP BETWEEN
THE INCINERATOR AND INDUCED DRAFT FAN

1. 1Identify and/or calculate the following input data relevant to the
combustion gas:

a) From Section 4.3.2,

Approximate waste feed rate, m = 1b/hr
Combustion gas mass flow, CG = 1b/1b waste
CG xm = 1b/hr
Combustion gas volumetric flow, g = scfm

std ——W——

Volumetric fraction of each major component in the gas

Yo,

Y4,0
yN2 -

Y02 =

Y

]

other

b) Calculate the average molecular weight of the gas

M

44 YCOQ 18 YHQO *t 28 yN2 * 32 y02 * Mother Yother

= 1b/1b mol

2. Calculate the actual gas flow rate and gas density at the entrance to

each gas conditioning or air pollution control device and the fan using
the following equations:

_ TOF + 460\ _ o
q 7 Q59 578 '

- M 3
Pgas = 1'37<1®F ¥ 460)’ 1b/ft
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Location (inlet) q, acfm pgas, 1b/ft3

Quench tower
Scrubber
Demister

Fan

Other (specify)

Approximate gas temperatures at these locations need to be determined.
From manufacturer specifications, estimate the pressure drop across each

gas conditioning device for the gas flow rates calculated in the preceding
step.

Location AP, in. H,0
Quench tower

Scrubber

Demister

Other (specify)

TOTAL

For the segments of ductwork entering the aforementioned devices, determine
the inner diameter (D), the cross-sectional area of the duct (A,), the
cross-sectional area of the device preceding the duct (A ), the length of
straight duct (L ), the radius of curvature of any bends"in the duct

(R), and the gassvelocity through the duct.

If the duct is square, use the length of a side as the equivalent diameter.
If the duct is rectangular, calculate an equivalent diameter by the follow-
ing equation:

D= %—%EB, where a and b are width and depth of the duct.

Figure 4-15 in Section 4.4.4 shows how radii of curvature can be estimated.

Gas velocities can be calculated by the following equation:

=9
\Y AT ft/s
d
Location 0 0
(inlet duct) D, in. By ft gp’ ft Ad/Ap Ls’ ft R, in. V, ft/s

Quench tower
Scrubber
Demister

Fan

Other (specify)
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Calculate the pressure drop across each straight length of ductwork
using Figure 4-13 in Section 4.4.4. and the known diameters of the ducts,
combustion gas mass flow rate, average molecular weight of the gas, and
temperatures at the specified locations.

Figure 4-13 yields pressure drop values per length of straight duct.
These can be converted to total pressure drops by the following
calculation:

_(ap .
AP = (L ) Ls’ in H,0

Location
(inlet duct) AP, in. H,0

Quench tower
Scrubber
Demister

Fan

Other (specify)

Estimate the pressure drop across any bends in the ductwork.

Figure 4-14 in Section 4.4.4 shows Le/D values as a function of R/D for
90° bends,

where Le = equivalent length, in.
D = diameter, in.
R = radius of curvature, in.

Le/D values can be converted to pressure drops by the following calculatic

L
_ e 12D .
AP' = AP (—5> <_f;> , 1n. H0

where AP' = pressure drop across the bend in the duct, in. H30

For 45° bends, AP' is about 65% of that calculated for a 90° bend. For
180° bends, AP' is about 140% of that calculated for a 90° bend. Thus,

OP' 450y = 0.65 AP

AP |

(90°)

= 1.4 AP'

(180°) (90°)
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Location
(inlet duct AP', in. H,0

Quench tower
Scrubber
Demister

Fan

Other (specify)

TOTAL

7. Estimate the additional pressure drops due to sudden contraction of flow
at the entrance to each duct.

AP' = 003 K_ p V2, in. Hy0
c "gas
where  AP" = pressure drop due to contraction, in H,0
= : 3
pgas gas density, 1lb/ft
V = gas velocity, ft/s
KC = sudden contraction-loss coefficient

Kc is a function of the ratio of the duct cross-~sectional to the cross-
séctional area of the preceding vessel, Ad/A . Table 4-21 in Section 4.4.4
shows this relationship. P

Location
(inlet duct) AP", in. H,0

Quench tower
Scrubber
Demister

Fan

Other (specify)

TOTAL
8. Calculate the total pressure drop across the system by summing the totals
from Steps 3, 5, 6, and 7

AP in. H20

total =
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4.6

10.

11.

12,

13.

14.

15.
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CHAPTER 5

OVERALL FACILITY DESIGN, OPERATION, AND MONITORING

5.1 INTRODUCTION

Incineration is one controlled combustion process used in the ultimate dispos-
al of unusable hazardous wastes that result from industrial and chemical
manufacture. Careful selection of equipment and processes for the incinera-
tion of chemical wastes is essential to ensure that the basic obligations of
safe handling and proper ultimate disposal are met in a satisfactory manner.
In addition to fulfilling social obligations, an effective system will satisfy
regulatory needs with minimum, adverse community reaction.

Prior to incineration, the handling, storage, and feeding of hazardous wastes
require special care to ensure safety and reduce exposure. During incinera-
tion and while the facility operates, certain parameters must be monitored by
the operators to assure that proper conditions are maintained in day-to-day
operation.

Although the problems are substantially reduced, incineration of hazardous
waste materials alone does not eliminate all of the disposal problems associ-
ated with hazardous waste. Most incinerators produce combustion products that
must be properly removed prior to discharging gas products to the environment.
These products include ash or inert residues from such things as silica oxides
and/or metals. Captured gas products, such as HCl, when reacted with caustic
solutions in the scrubber, can also produce dissolved and suspended solids.
These solutions from the quench process and scrubber reactions must be care-
fully disposed of to ensure the entire sequence of combustion is safe. When-
ever these wastes are of a nonhazardous nature, standard procedures can be
used for their treatment and ultimate disposal. However, in some cases the
secondary wastes can be hazardous themselves and require special handling.

5.1.1 Purpose

The purpose of this chapter is to provide the permit writer with engineering
back-up information to supplement the quidance criteria necessary to judge the
capability of the overall incineration facility to technically and practically
process and monitor hazardous wastes safely and effectively.

This chapter discusses overall facility layouts, requirements common to all
facilities, site and combustor specific requirements, material and process
flows, waste receiving procedures, waste and other storage, material handling
equipment, emergency and safety procedures and provisions, personnel safety,
monitoring for the incineration process itself, monitoring of the air
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pollution control system, monitoring of waste handling and treatment systems,
monitoring and controlling parts of the overall facility that may become
fugitive emission sources, proper handling and disposal of quench/scrubber
water and ash, and sampling and analysis of wastewaters and ash.

5.1.2 Hazardous Waste Incinerator Facility Design

The overall facility design of hazardous waste incinerators is significantly
influenced by the category of waste involved; i.e., solids, liquids, or sludges.
The systematic approach to facility design, therefore, requires investigation
of the composition of each class of waste to define the equipment and operating
procedures for each of the following elements:

Safety (toxicity, fire explosion)
Transportation and unloading
Segregation of wastes during storage
Storage

Handling and feeding

Monitoring

Fugitive emission control
Scrubber/quench water treatment

. Residue handling and disposal

Secondary problems {(e.q., stream pollution, runcff, ground-water
contamination).

COONA D WN

—

The overall success of an incinerator facility depends upon the successful
integration of storage, feeding, and firing equipment; often these are areas
which do not receive as much attention as is necessary. In the case of hazard-
ous waste incineration it is crucial that these areas require special attention.

Figure 5-1 is a block diagram of a typical incinerator facility layout. 1In an
overall facility evaluation, the key areas are the facilities and equipment befor
and after the combustor; i.e., waste receiving, waste storage, waste blending,
transfer between these areas, equipment feeding waste to the incinerator, han-
dling and treatment of quench and scrubber waters, and ash disposal. Figure 5-2
is a schematic diagram of an incinerator facility handling both solid and liquid
wastes; illustrating the interrelationships between the key facility areas.

5.2 INCINERATOR FACILITY SITE SELECTION AND OPERATION

5.2.1 Site Selection Concerns

The Guidance Manual for Location Standards contains guidance for complying
with general (i.e., applicable to all facilities) location standards 1264.18.

Flood plains, holocene faults, and endangered and threatened species are
discussed.

The selection of a site for a hazardous waste incineration facility is a
phased decision process which has occurred prior to making a permit applica-
tion. Site screening is the process of identifying and evaluating a parcel of
land for its suitability as a hazardous waste disposal site. Specific site-
screening criteria which the permit applicant has addressed include geologic,
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Figure 5-1. Typical incinerator facility layout.

hydrogeologic, topographic, economic, social, and political aspects. While many
sites may exist which meet technical, economic, and ecological criteria, public
acceptance or rejection may ultimately decide the fate of the facility [1].

The main geological constraints that can render a site unsuitable for a hazard-
ous waste incinerator facility are historical or predicted seismic activity,

landslide potential, soil slump of solifluction, and volcanic or hot spring
activities.

The main topographic constraints are susceptibility to flooding, erosion, and
offsite drainage runoff. The site will need sufficient area for the construc-
tion of a runoff-holding pond (or diversion to an existing holding pond) to
retain surface runoff which may contain hazardous substances in solution. Be-
cause of the holding pond and flood protection criteria, siting in flood
blains is not normally acceptable.

The primary climatic features which can adversely affect an incineration site
are the amount of annual or seasonal precipitation and incidence of severe
storms. Copious precipitation will cause surface runoff and water infiltra-
:ion through the soil. Runoff, that amount of rainfall that does not infil-
.:rate the soil, depends on such factors as the intensity and duration of the
>recipitation, the soil moisture content, vegetation cover, permeability of
he soil, and slope of the site. Normally, the runoff from a l0-year storm
.recurrence interval of only once in 10 years) or annual spring thaw, which-
:ver is greater, is containable by the site's natural topography. If not,

>erms, dikes, and other runoff control measures must be constructed to modify
:he site.
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Ecological site features are those elements determined through earlier studies
and environmental impact statements (EIS) which determine whether ecosystems at
the site are in a delicate balance. Whether a site is a habitat for rare and
endangered species; or used seasonally by migratory wildlife is also a factor
determined for final site selection.

Cultural site features are those elements that are a direct result of human
activities which modify and affect the site's desirability as a hazardous
waste incineration facility--access, land-use, and aesthetics. Land areas
zoned for nonresidential uses and adequate buffer zones are generally preferred
for siting a hazardous waste management facility. The site ideally needs to
contain sufficient land area to provide a concentric ring of unoccupied space
as a buffer zone between active storage, treatment, and disposal areas, and
the nearest area of human activity. Vegetation, topography, distance, and
artificial barriers are all potential means to screen facility activities
from line-of-sight observations from commercial, residential, or recreational
areas.

One of the most difficult problems faced by a hazardous waste incineration
facility applicant has been that of gaining public approval from a community
for construction of the facility. No matter how thoroughly the above
parameters have been examined in the facility site selection, public accept-
ance or rejection probably decides the fate of the facility. Public aware-
ness of the planned facility, early planning input, and active participation
by political leaders, public officials, environmental groups, as well as
other public interest groups and adjacent industry have led to successful
facility sitings in the past.

5.2.2 Operation of the Facility

Preplanning of the proper operation of a hazardous waste incineration facility
is necessary to protect and prevent adverse effects of the facility on the
public health or to the environment. Proper facility operation, on a day-to-
day basis, includes plans and manuals of operation for handling wastes, safety
at the site, monitoring of operating parameters, monitoring to assure protec-
tion of the environment, and operator training. These plans are developed
within the operating company (and corporate structure) and are done in cooper-
ation with other neighboring or similar organizations and with governmental
agencies. It may not always be possible for all of them to fully cooperate or
participate, but through planned action each organization is made aware of
certain available assistances.

5.2.2.1 Operations Plan--
An operations plan includes the following:

(1) Classification of wastes to be handled and estimated quantities
(2) Methods and processes utilized

(a) Facility capacity
(b) Detailed description of each process
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(3)

(4)

(5)

Storage and disposal procedures

(a) Plans for receipt, checking, processing, segregating
incompatible wastes, and odor control
(b) Life of facility based on projected use

Monitoring Procedures

(a) Monitoring of incinerator operating parameters

(b) Monitoring and recording of incoming wastes

(c) Leachate control and groundwater monitoring

(d) Security system

(e) System for monitoring water and air pollution affecting area
outside the site

(f) Air pollution control device monitoring

Administrative Procedures

(a) Hours of operation/day and days/week

(b) Security procedures including entry control, hours manned,
lighting, and other procedures to prevent unauthorized entry

(c) Procedures planned and equipment available in case of break-
downs, inclement weather, or other abnormal conditions.

(d) Description of recordkeeping procedures, types of records to be
kept, and use of records by management to control the
operation.

(e) List of general qualifications of key operating personnel

(f) Maintenance and inspection schedules

5.2.2.2 Operations Manual--

Once in operation, the incinerator facility will maintain operation guides or
manuals, covering the routine workings of the plant. An operations guide can

include:

(1)

2 scaled engineering drawing, pictorial flow diagram, or scale model
of the plant, showing all major components by name and function.

A set of formal drawings at the plant for reference by operational
and maintenance personnel

Equipment manuals

Equipment catalogs

Spare parts lists

Job or task functions for each assignment during a typical shift

5.2.2.3 Emergency Manual or Handbook--

An emergency manual or handbook is prepared which specifies the plan-of-action
for any type of emergency the incinerator facility may reasonably expect to

encounter.

These include weather extremes (severe cold, heavy snowfall, hail

damage, hurricances, tornadoes, high winds, or lightning damage), floods,
earthquakes, power outages, bomb scares, fires and explosion, and spills (See

Section 5.

presented

2.2.5). The typical remedial actions for emergency situations
in Table 5-1 cover many of the items that can be included in the
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emergency handbook, but other items may be needed as dictated by the anticipated
emergencies and the available resources.

5.2.2.4 Leak Detection and Repair Plan--

Any facility that processes hazardous air pollutants as described under Section
112 of the Clean Air Act must develop a Leak Detection and Repair Plan (LDRP)
to aid in reducing fugitive emissions [2]. The LDRP must be certified by the
owner of the facility as meeting the fugitive emission criteria established by
the EPA under the Clean Air Act. The plan is to be reviewed and updated, as

required, once every three years, or within 90 days of a major modification at
the facility. At the minimum, the LDRP:

(1) Develops a schedule and recordkeeping program for routine
surveillance and/or monitoring of fugitive emissions.

(2) Establishs a written plan for detection and repair of leaks, and a
reasonable schedule for repair.

(3) Provides a written plan for sampling procedures, housekeeping (e.g.,
small spill cleanup) and onsite waste handling.

(4) Develops recordkeeping procedures for all aspects of the LDRP and
saves these records for one year.

(5) Establishes a written plan for specifying sufficient personnel to

fulfill the LDRP, and provides a training program with a written
manual.

3.2.2.5 Hazardous Chemical Spill Handling Plan--

fost plants' safety, disaster or operating plans and manuals do not fulfill
he requirement for a spill-handling plan. The key to adequate spill-handling
.s decision-making. None of the above manuals or procedures supply the infor-
ation required to make the decisions necessary to cope with the spill of a

azardous material. Thus, a chemical-spill-handling plan will fill an information
eed, but will not program decisions.

n a spill-handling plan, the decisions that must be made in a spill incident
re defined. First, the plant or plant superintendent must accept the fact
hat a spill has occurred, based on information from his monitoring systems.
he most immediate steps are those aimed at the protection of human life. 1If
1e information obtained about the location and nature of the leak/spill shows
1at the threat to life is "immediate and great,'" the decision should be to

shut down - all persons immediately take cover." Otherwise, the decision
10uld be to '"cleanup the area."

1¢ "immediate cover" for persons is a spill response usually described by the
.ant disaster/emergency plan, whereas the protection of employees during the
:leanup the area" procedure is ordinarily contained in a safety plan. It is

1e lack of information between these two extremes that the spill-response
.an fills.
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Once a spill-response leader has been chosen, the decision-making process
continues toward containment actions and disposition procedures. Figure 5-3
diagrams the decision-making process and information needed in a spill-
handling situation, as well as the requirements for improving the spill
response.

A spill-handling plan is written as an easy-to-consult document for decision-
making, and includes:

(1) Monitoring all possible spills of materials

INFORMATION REQUIREMENTS DECISION PROCESS IMPROVEMENTS
REQUIREMENTS
SPILL-MONITORING NO REVIEW AND/OR
IS THERE A SPILL ? IMPROVE SPILL
INFORMATION .
> DON'TKNOW  MONTTORING
YES
PLANT- EQUIPMENT CONTENTS IS IT AN
AND MATERIAL - HAZARD IMMEDIATE YES REVIEW AND/OR USE
. ) e
INFORMATION THREAT TO LIFE 7 DISASTER PLAN
NO
1S N
SPILL-RESPONSE CHAIN- THE LEADER 0 REVIEW SPILL RESPONSE
OF - COMMAND INFORMATION AVAILABLE ? CHAIN OF COMMAND
YES
WHAT CONTAINMENT NONE IMPROVE
ACTION SHOULD BE CONTAINMENT
TAKEN ? AVAILABLE DEVICES
EQUIPMENT AVAILABLILITY WHAT DEPOSTION NONE IMPROVE
AND MATERIAL-HAZARD ACTION SHOULD BE DEPOSITION
INFORMATION TAKEN ? AVAILABLE ~ CAPABILITY
ACTION

Figure 5-3. Spill-response diagram illustrating the interrelating information
available, decisions to be taken, and improvements needed [3].
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(2) 1Identifying of all plant equipment and other contents it may
have (can be separated into convenient process groupings or modules)

(3) Describing hazards of materials that would comprise potential spills
(4) Designating the chain of command during a spill incident

(5) Specifying equipment available for containment, and disposition
alternatives in response to a spill.

Every spill-handling plan has seven relatively independent parts that fulfill
the five needs mentioned above. These parts are kept as autonomous as
possible to facilitate the upgrading of each one. The seven parts are:

(1) List of contacts for spill emergencies, including plant/shift
individuals, safety personnel, environmental control personnel, and
government agency contacts, with home and office telephone numbers.

(2) Process flowsheets, showing primarily those pieces of equipment
containing sufficient volume of material to constitute a potential
spill problenm.

(3) Site map.

(4) Chemical-effects list for all hazardous materials located within
the boundaries of the plant.

(5) Monitoring checklist, consisting of a matrix indicating how equipment
is monitored for potential spills.

{(6) Containment alternatives matrix, describing the series of contain-
ments that occur in sequential order for various process equipment.

(7) Chemical-disposition alternatives, including a listing of equipment
that are considered alternative places of material disposition for
recovery, treatment, ultimate disposal.

5.2.2.6 Facility Security

Incineration facility security is management's responsibility. Basic security
>roblems are protection of property and controlling access to the facility.
Security procedures for hazardous waste disposal facilities are described in
:he Federal Register, Vol. 45, No. 98, Part 265 - Interim Status Standards for
Jwners and Operators of Hazardous Waste Treatment, Storage, and Disposal
‘acilities, Subpart B - General Facility Standards, 265.14 Security, pg.

33235, May 19, 1980.

».2.2.7 Operator Practices and Training

perator practices and training of personnel ensure the smooth, efficient
unning of a hazardous waste incineration facility. Some of the areas covered
nder practice and training include:
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(1) sSelection of personnel, pre-employment physicals, periodic
examinations

(2) Training; e.g., supervisory, operator, emergency

(3) Operating manual use; e.g., development of the manual, process
description, material specifications, safety considerations

(4) Instruction of personnel

(5) sStart-up and shut-down procedures; e.g., problems of start-up,
normal shut-down, emergency shut-down

(6) Maintenance and inspection

(7) Preparation for emergencies; e.g., recognition, alarms, simulated
emergencies, disaster drills

Operator training procedures and rules are described in the Federal Register
(as cited in Section 5.2.2.6), 265.16 - Personnel Training.

5.2.2.8 Loss Prevention Program

A loss prevention program embodies many of the facets of an emergency handbook,
operations manual, and personnel training. Usually, loss prevention
encompasses a whole facility concept and can include other concerns such as:

(1) Accident prevention

(2) 1Industrial Health and Hygiene
(3) Environmental Control

(4) Fires and explosions

(5) Fire prevention measures

(6) Explosion prevention measures

5.3 WASTE RECEIVING AREA

The type and nature of hazardous waste received at an incinerator facility
will dictate the design and equipment of the waste receiving area. The
physical types of hazardous waste which may be received are:

(1) Liquid
(2) Containerized materials, liquid and solids
(3) Dry solid materials
(4) Wet solid materials
(a) Pumpable
(b) Nonpumpable.

The types of receiving equipment for unloading can be divided into three
general areas:

(1) Pumpable liquid transfer
(2) Container transfer
(3) Bulk solids transfer.

Figure 5-4 shows a generalized flow diagram of handling procedures for incin-
eration of hazardous wastes. Careful consideration must be given to the
layout, safety, and recordkeeping arrangements of the waste receiving area.
Unloading material offers one of the greatest spill or toxic exposure
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IN-PLANT AUTHORI ZED
WASTL HAULAGE

{ l

INSPECTION INSPECTION
CHECK CHECX
PUMPABLE NONPUMPABLE
DRUMMED
BULK DRUMMED BULK
DRUM
e STORAGE
AREA
PUMPED soLID
FROM URUMS ORUM FEEDER STORAGE
STORAGE | o]
TANK ] [}
(NCIMCRATOR SHREDDER
ORUM CHAMBER
AUXILIARY WASTE
FUEL BLENDING
{NCINERATION

GAS INCINERATOR
WASHING STACK

Figure 5-4. Flow diagram showing handling procedures
for incineration of hazardous wastes.

potentials at a hazardous waste facility. For recordkeeping, the waste

receiving area poses the first interface with the transporter and manifest
system.

5.3.1 Typical Operations and Layouts

A detailed flow sheet is a useful guide in laying out receiving areas, partic-
ularly those handling hazardous materials. The nature of the materials and

handling procedures can be studied and provisions made to eliminate or control
hazards.

Access to the incinerator facility will most likely be by truck or rail. (An
inspection procedure will be required for all incoming waste.) Figure 5-5
illustrates a receiving area layout of a facility designed to accommodate both
‘orms of transport. Most receiving areas for liquids will consist of a dock-
ing area, pumphouse, and storage facilities. For solid materials the pump-
1ouse is replaced with mechanical or pneumatic conveyor devices. For receipt
>f containers, a suitable docking area with conveyors and inspection appropri-
ite to the hazardous nature of the containers is necessary. Later sections
lescribe

n greater detail some of the equipment, handling procedures, and safety re-
uirements for each form of hazardous waste received.
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TANK CAR TRUCK YANKER

R.R. SIDING UNLOADING STATIONS ~ UNLOADING STATIONS

CONCRETE DIKE e

(:> (:) PUMP ROADWAY
O lo ol ®
O STORAGE
AREAS

000
000
O oo

Figure 5-5. Layout for liquid receiving area.

5.3.2 Laboratory for Waste Verification and/or Characterization

Analytical data should be made available for all wastes to be incinerated.
The physical and chemical properties and the combustion characteristics of
each chemical waste or general classification of wastes, will be determined
before incineration. Only after such analysis can successful waste disposal
be carried out safely and without violation of air or water pollution
regulations as set forth by state and federal agencies.

A minimal but complete laboratory facility requires a working area, including
office facilities, of about 2,400 sq ft. Provisions are made for air, water,
gas, and electricity, preferably both AC and DC. The laboratory furniture in-
cludes benches, sinks, fume hood, shelving, glassware racks and a refrigerator.
Good lighting and air-conditioning are also important. Identification of
laboratory equipment needed for analyses of chemical wastes follows. Specific
requirements depend on the types of wastes to be processed and type of inciner-
ator used. If the equipment for sophisticated analytical methods is not

available in-house, the analyses can be performed by commercial analytical
laboratories.

(1) Typical laboratory equipment to determine physical properties:
(a) specific gravity balance - specific gravity of liquids.

(b) Brookfield viscosimeter -~ viscosity measurement of liquids and
sludges.

(¢) 1Imhoff cones and centrifuge with graduated tubes -measurement
of percent solids by volume.

(d) Sieving machine for screen analysis (to 100 micron) and HIAC
particle counter (100-5 micron) - particle size measurement.
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(£)
{9)

(h)

(i)

Cleveland open cup flash point tester - flash and fire point
determinations.

Oven and balances - percent solids and moisture by weight.

Gas chromatograph-mass spectrometry and infrared apparatus to
identify organic substances which may be toxic.

Differential thermal analyzer - explosion characteristics and
fusion temperature.

Juno meter or equivalent - sensitive to alpha, beta and gamma
rays for radioactivity.

(2) Laboratory equipment to determine chemical properties.

(a)
(b)

(c)

(d)
(e)

(£)

Muffle furnace, oven, balances - for percent ash by weight.

Orsat, fyrite techniques for flue gas analyses to provide data
for excess air calculations.

pH meter and automatic titrator - acidity and alkalinity
measurement.

Emission spectrograph for concentration and presence of metals.

Atomic absorption spectrometer for concentration of metals and
elements.

Optical microscope for particulate characterization down to the
sub-micron size. Electron microscope may be required for some
sub-micron determinations.

(3) Laboratory equipment to determine combustion properties:

(a)
(b)
(c)

(a)

Calorimeter for heating value and combustibility.
Orsat (previously listed ) for €Oy, CO, Op, Hy and N, analysis.

Flue gas analyzer (previously listed) for analysis at various
excess air rates.

Mass spectrometer (previously listed) for hazardous products of
combustion.

:.eliable, bench-scale, chemical incineration equipment is generally unavail-
ble. The present practice appears to follow the line of waste characteriza-
ion, physical, chemical and combustibility analysis followed by a test burn
n pilot or plant scale equipment.
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5.3.3 Liquids Unloading

Liquids will arrive in bulk in tank cars or tank trucks by either truck or
rail. Standard rail tank cars vary in capacity from 6,000 to 26,000 gallons
and tank trucks carry up to 10,000 gallons. Figures 5-6 and 5-7 illustrate
typical tank cars with parts and nomenclature identified.

The unloading stations are not normally located near important buildings or
facilities. The site is arranged so that escaping liquid will flow to a safe
location by utilizing the natural grade or by providing diversionary dikes or
drains. (For more information, see Section 5.3.3.1). When possible, 50 feet
or more of clear space is provided between unloading stations and buildings.

Hazardous ligquids and "pumpable'" materials are transferred through piping by
pump, gravity flow, or compressed-gas displacement. Pumping systems are most
commonly used and have an inherent safety advantage in that they can easily be
arranged so that the flow of liquid ceases when the pump is stopped. Either
direct-displacement or centrifugal pumps can be purchased in a wide variety of
capacities suitable for a wide range of liquids.

The safest method of unloading tank cars or trucks is through the top by means
of a pump, as shown in Figures 5-8 and 5-9, which also illustrate provisions
for grounding and bonding to prevent static electricity discharges. Many tank
cars are equipped with permanent unloading connections in the dome. For cars
not so equipped, special covers are available to replace the dome cover during
unloading. Bottom unloading, unloading by siphoning, or unloading by air
pressure is undesirable, since accidental movement of the tank car during
unloading may result in the escape of the entire contents of the car. Bottom
unloading may be tolerated under favorable conditions if a remote control or a
heat-actuated automatic shutoff is provided at the tank car connection.

Tank trucks are usually unloaded from the bottom by gravity or by pumps
mounted on the vehicle. These methods are considered acceptable.

For the best methods when transferring liquid wastes:
(1) Positive-displacement pumps are preferred

(2) Centrifugal pumps are suitable for flammable-liquid service but
cannot be used as shutoffs.

Positive-displacement pumps are preferred because, unlike centrifugal pumps,
they afford a reasonably tight shutoff and prevent siphoning when not in
operation. A relief valve is provided downstream of positive-displacement
pumps, of sufficient capacity to prevent excess pressure in the system. The
relief-valve discharge is then piped back to the supply source or to the
suction side of the pump. With liquids having closed-cup flash points of 0°F
or lower, the relief valve should be piped to the storage tank; otherwise the
churning action of the pump might cause dangerous overheating.

Centrifugal pumps are suitable for flammable-liquid service but cannot be used
as shutoffs, since they usually must take suction under a head. Submerged or
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E. SAFETY VALVE J. DRAIN PAN
F. DOME COVER K. OUTLET NOZZEL
G. OUTLET LEG VALVE L. "FLAMMABLE' CARD
H. OUTLET LEG CAP

Figure 5-7. Typical tank car with parts identified [5].
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Figure 5-8.

Tank car unloading station [6].
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Figure 5-9. Bonding and grounding of a flammable liquid
tank truck and loading rack [5].

deep-well (vertical-shaft) centrifugal pumps mounted on tanks are satisfactory
if the pump and bearings are cooled by the liquid being pumped. This is to
prevent dry rotating parts from operating in the vapor space of the tank.

A gravity feed system has the disadvantage of being more difficult to arrange
for prompt automatic or manual shutoff than unloading by pumping. Another
disadvantage is that gravity usually maintains constant pressure on the system,
whereas pumps can be easily arranged to permit pressurizing only during demand.
If very volatile liquids cause vapor lock when pumped by conventional methods,
gravity transfer may be necessary; it is required for many processing
operations.

Some of the safety precautions for a gravity feed system are:

(1) 1Installation of emergency shutoff valves in all gravity transfer
systems.

(2) Location of such valves as close to the source as possible.

nert gas transfer methods, owing to the compressible nature of the transfer
edium, have the same disadvantage as the gravity system. In the event of
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breakage or leakage, flow from the system will be continuous. Such systems
also introduce the complication of pressure storage tanks.

Among the disadvantages of the inert gas transfer methods are these:

(1) A considerable amount of liquid may be discharged in the event of
pipe failure or careless valve operation.

(2) Because vapor-air explosions are extremely violent at high pressure,
transfer by compressed air should be avoided.

(3) Tanks for inert gas transfer systems have to be constructed,
installed, and tested in accordance with ASME or other recognized
codes for unfired pressure vessels.

(4) The gas pressure is regulated at the minimum needed to force the
liquid through the transfer system, and a relief valve with a
slightly higher setting downstream must normally be installed.

(5) Provisions need to be made for automatically shutting off the supply

of inert gas and for bleeding the gas pressure from the flammable-
liquid system in event of fire.

Transfer can be made by nitrogen, carbon dioxide, or other inert gases. The
system is under constant pressure, and the compressibility of the transfer

medium results in discharge of considerable liquid if there is pipe failure or
careless valve operation.

A schematic diagram illustrating the inert gas transfer method is shown in
Figure 5-10.

Fail-safe transfer lines primarily intended for use in transferring hazardous
liquids between a mobile transporter and storage facility have been developed
[7). The operating principle is based on measurement of flow rate at the
inlet and outlet of the transfer line, and detection of a leak through
comparison of the two rates.

The system consists of four items: an inlet assembly, a flexible hose, an
outlet assembly, and a control module. It is designed to transfer hazardous
fluids, and to automatically close both the inlet and outlet valves upon
detection of a leak. It will also cause the inlet and outlet valves to close
if electrical power is lost, the valve operating air pressure is out of toler-

ance, or if any cable is severed. Figure 5-11 shows a simplified diagram of
the system.

The inlet and outlet assemblies are shown in Figure 5-12. They are identical,
except that a strainer is included on the inlet assembly only. The transfer
hose is a 2~inch diameter, 50 ft. length of steel-reinforced steam hose,
designed to carry about 100 gpm. The control module is housed in an explosion-

proof junction box, consisting primarily of a simple hardwired computing
device [7].
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Figure 5-10. Compressed inert gas transfer method [6].
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Figure 5-11. Fail safe transfer line for hazardous fluids [7].
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Figure 5-12. Fail safe transfer line inlet and outlet assemblies [7].

The device will reliably detect leaks of 0.5% or greater. Average fluid loss
before valve actuation (closing at 85 gpm and 0.5% leak rate setting) was 250
mL. It should be noted that the extremely low fluid loss before shutdown is
only a measure of the device reaction time and not of the total fluid loss
that may be experienced in the event of a leak. Fifty feet of 2-inch hose

holds about 8 gal of fluid; all of which could be lost through the leak after
shutdown.

5.3.3.1 Safety/Emergency Provisions--

Hazardous fluid unloading and transfer operations offer one of the highest
likelihoods of accidents; i.e., fire, spills, or worker exposure. Technical
bulletins of the Chemical Manufacturers Association (CMA) and the American

Petroleum Institute (API) provide excellent guidance for the unloading of tank
cars and tank trucks [8-11].

Some of the design provisions and procedures for safely unloading hazardous
liquids include:

(1) The condition of the cars is examined, and any leaks are to be
reported immediately.

(2) Before unloading starts the area is checked to be sure it has no
exposed lights, fires, or other sources of ignition.

(3) Vents on tank cars are protected by flame arresters.
(4) In all cases, personnel should be thoroughly trained and have been

given written instructions suitable for each material they will
handle.
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(5) Adequate personal, protective equipment have been furnished for
those invalved in the loading and unloading of tank cars. For
materials that are corrosive to the skin or that may be absorbed
through it, full protective clothing with face masks, rubber gloves,
rubber shoes, etc., is required. When materials that have toxic
vapor or gas are unloaded, personnel should be equipped with airline
respirators or self-contained breathing equipment. Protective equip-
ment not available at the site should be obtained even though this
may mean some delay in making the transfer.

(6) First aid and medical procedures are worked out in advance and
posted in the unloading area. Where unusually toxic substances are
handled, medical personnel will have information on the character-
istics of the material and on the medical management needed for
any material they may encounter.

(7) Fire extinguishers of adequate type for the material handled are
distributed throughout the area.

(8) Personnel responsible for unloading stay in the immediate vicinity
of the operation at all times, and ascertain that all conditions
are normal.

(9) An emergency shower and an eyewash device is available at each
loading location. Preferably, these devices are tied to an alarm
system that would bring help to any man making use of them.

(10) safe access to the top of the vehicle is one general safety
requirement for liquid unloading. This is particularly important
for top unloading, but it may also be necessary for operations such
as gauging or sampling. Thus, loading racks with suitable ladders,
platforms, gangways, or even railings permanently affixed to the
vehicle are usually required.

(11) Keeping liquid-unloading facilities usable in adverse weather
conditions, such as icing, may be difficult, but every effort
must be made to keep them safe. Good general illumination,
especially at night, is far preferable to providing the operator
with an extension light, which he might drop.

(12) Steel pipe and swing joints or flexible hose of the standard metal
type are usually used for connections to tank cars or tank trucks.
Metal-reinforced rubber hose of a type resistant to the material
being handled is acceptable but less desirable. See Section 5.13
on materials compatibility.

(13) Each line and connection should be clearly identified to avoid
intermixing materials.

(14) Liquids that require heat within the tank car for pumping purposes

should be received only in cars equipped with heater coils. The
minimum steam pressure necessary to being the liquid to a fluid
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state is used. A regulator adjusted to this pressure is installed
in the steam line, and a relief valve with a slightly higher setting
is provided downstream.

(15) Some tank cars and tank trucks have interior linings of rubber
or plastic of various kinds. When such cars are being unloaded,
special care must be taken to prevent damage to the lining.

(16) Pumps are preferably located outdoors so that fire at the pump will
not expose property of appreciable value. They should not be located
inside diked areas. Pumps are sometimes located in small detached
noncombustible pump houses or in cutoff rooms of main buildings.

When they are located indoors and handle flammable liquids with
flash points below 110°F, positive low-level exhaust ventilation
of 1.0 ft3/min-ft2 of pumproom floor area is recommended.
Natural ventilation is acceptable for less hazardous liquids.

(17) Where flammable liquids are handled in a pump house, motors can be
partitioned and sealed off from the rest of the pump house, or
can be of a type approved for use in flammable atmospheres. It is
a good operating and safety practice to have a well-marked master
cutoff switch outside the building. However, consideration is
normally given to locating flammable liquid pumps outside of
buildings whenever feasible.

(18) As a fail-safe precaution, an interlocked warning light or physical
barrier system is often provided in unloading areas to prevent
vehicular departure before complete disconnect of flexible or
fixed transfer lines.

5.3.3.2 Spill and Runoff Containment--

Drainage from the unloading area is collected or diverted to allow runoff of
any spills or runoff from rainfall to permit recovery or at least proper
disposal. The basic objective of secondary containment is to prevent the
discharge of hazardous materials to waterways, sewer systems, or groundwaters.
Containment systems which fail under rainstorm conditions are considered
inadequate. To the extent feasible, such containment is designed to hold 110%
of the largest unit handled (or largest unit contents plus the maximum
24-hr/10-yr rainfall event, if greater).

For tank trucks a system of containment curbs are used for unloading areas,
using ramps to provide truck access into the confines of the containment curb.

A lined trenching system encompasses the railroad tank car unloading area.
The trench is designed to carry away any spill or runoff to a catchment basin
or holding pond for later treatment. Figure 5-13 illustrates a containment
curb type spill catchment system, depressed area form.

5.3.3.3 Static Electricity Prevention--

Static electricity is generated when fluid flows through a pipe or from an
orifice into a tank. The principal hazards created by static electricity are
those of fire and explosion, which are caused by spark discharges containing
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Figure 5-13. Containment curb type spill catchment
system, depressed area form [12].

sufficient energy to ignite any flammable or explosive vapors or dust present.
A point of great danger from a static spark is the place where a flammable
vapor may be present in the air, such as a delivery hose nozzle.

The terms "bonding" and "grounding" often have been used interchangeably
>ecause the terms are poorly understood. Bonding is done to eliminate a
lifference in potential between objects. Grounding is done to eliminate a
lifference in potential between an object and ground. Figures 5-8 and 5-9
(Section 5.3.3) illustrate bonding and grounding of tank cars during unloading
sperations. Figure 5-14 shows rail joint bonding and track grounding.

INSULATED TRACK JOINTS
PLAN DRALL 1ok

GROUNDING ROD

4
DURABLE RAIL BUMPERS
7~ BOND

GROUND ROD WIRE TO BE FASTENED ~ﬂ
ELEVATION FTO RAILS & GROUND

Figure 5-14. A tank car unloading siding showing rail joint bonding,
insulated track joint, detail, and track grounding [5].

hen unloading tank cars through open domes, it is best to use a downspout
ong enough to reach the tank bottom. Generally, tank cars need not be
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separately grounded because the resistance of the natural ground through the
tank car wheels and rails, and the resistance of piping, flexible metallic
joints, or metallic swivel joints, are considered sufficiently low to protect
against static electricity. For detailed information and exceptions to this

generality, consult NFPA Standard No. 77, "Recommended Practice on Static
Electricity."

5.3.4 Container Unloading

For hazardous wastes, the choice of container will usually be made from among
various types of drums, barrels, and special bulk units. As is true in any
bulk handling problem, the first step is to obtain information on the type of
container which will be received with respect to its handling properties.
Since it contains a hazardous waste, the container must then meet the regula-

tions for its transportation set forth by the Department of Transportation and
RCRA.

Containerized hazardous waste is most likely to arrive for unloading via rail
boxcar or truck semitrailer. Due to economics of transportation, the carrying
capacity of a trailer or boxcar will most likely be near the maximum. A
55-gal drum is the most popular form of container; a boxcar can carry 360
55-gal drums per carload.

In addition to liquid waste, certain dry materials require the strength, water
tightness, weatherability, and general ruggedness of a steel drum. Standard
specifications for steel drums have been established by the Department of
Transportation; a typical specification is shown in Table 5-2. The heavier
gage drums find use in transporting liquids.

The process for unloading trailers or cars differs by the waste and hauler.
Drummed material may be placed on pallets or may rest on the bed of the trail-
er. In the latter case, the hauler may be involved with unloading and may
manually handle the cargo. A common delivery condition for cargo touching the
truck bed is "tail gate delivery", whereby the truck driver moves the packaged
cargo to the tailgate of the trailer, and the recipient removes it.

Alternative methods include industrial trucks with drum-loading attachments,
or fork-lifts for containers on pallets. Type EE battery-powered industrial
trucks have the additional safeqguards (electrical equipment enclosed to pre-
vent emission of sparks) needed to work in hazardous locations; Type EX trucks,

which are of explosion-proof or of dust tight construction, are also
recommended.

After removal steel drums can be handled by gravity conveyors. However, steel
drums should not be transported on wheel conveyors, because the chime, or lip,
at the drum bottom gets hung up on the wheels. If roller conveyors are used,
the rolls need to extend at least 2 in. beyond the outside surface of the
chime, unless the drums are centered by guard rails. Drum loads up to 250 1lb
can be handled on a conventional 1.9-in. roller conveyor having rollers spaced
at 3 in. and positioned at a 1-1/2 in. pitch.
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TABLE 5-2. TYPICAL STEEL DRUM SPECIFICATION FOR HAZARDOUS MATERIALS [13]a

Steel
Capacity, Inside Inside Outside Overall gage,
__gal diameter height diameter height body
55 22 1/2 32 11/16 23 27/32 34 13/16 16
55d 22 1/3 32 11/16 23 27/32 34 13/16 18
30 18 1/4 27 5/16 19 19/32 29 18
Steel Steel Steel Tare
gage, gage, gage, weight DOT
cover bottom ring (approx.)  spec.
55 16 16 12 64.5 17¢C
SSd 16 18 12 55.5 17H
30 18 18 12 37.5 17C &
17H

a . , . i . . o1
All dimensions given in inches. Dimensions are within
normal manufacturing tolerances of * 1/16 in. (* 1/8 in.
on height).

b . . .
Container weights shown are approximate and may vary
within the allowable limits for manufacturers standard

gage.

“on the 55-gal drum, a third rolling hoop, directly
below the top rim, gives strength and rigidity to meet
specifications.

dThese drums meet Department of Transportation Specifi-
cations DOE 17H and DOT 17C for storage and shipment of
hazardous materials. They also meet Rule 40 of the
Uniform Freight Classification, and Rule 26C of the
National Motor Freight Classification; DOT 17H drums
also comply with ANSI standards.

3ecause of the difference in weights between empty and full drums, a roller
>itch as high as 5 in. can be specified for empties, while a pitch of 3 in.
ay be sufficient for full drums. Both live-roller conveyors and belt-on-

roller conveyors can also be used to convey drums.

\ host of other special containers have been made for storing, shipping, and
1andling hazardous materials. Some of these units are designed to hold

2,000 1b or more; some designs include metal-walled containers equipped with
specialized filling and discharge openings and rubberized containers. A major
‘actor to be looked at when a facility receives these types of units is the
.otal system concept of handling, with appropriate machinery and design taken
.nto account.
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Once a container has been unloaded, three possible options exist for
distributing the contents:

(1) Place the container in storage.
(2) Pump the contents (liquid) into another storage tank.
(3) Dump the contents (bulk solids) into another receiver.

5.3.5 Bulk Solids Unloading

Hazardous waste bulk solids for incineration will arrive for unloading in
hopper cars - both truck and rail. Due to the hazardous nature of the materi-
al transported, the hopper cars must be the covered type, typically with
bottom unloading ports. Three types of unloading systems are used:

(1) gravity,
(2) pressure differential, and
(3) fluidized.

Figure 5-15 shows examples of fluidized unloading ports. Fluidized unloading
is preferable for hazardous wastes when possible, because gravity unloading
necessitates having a pit located under the rail spur.

LADING SLIDES 10 AUIDIZIN
DISCHARGE OPENING PAD RETATNING N

HANDLE

OPERATING
HANDLE
N LOCKING BOLT
G ——— :1
= 27" AIR INJECTED IN TO AREA  SANITARY CONNECTION
OPENING AROUND DISCHARGE SHIRLD
OPENING

PERMEABLE STAINLES
STEEL SLOPE SHEETS

CONTROL VALVE

Figure 5-15. Fluidizing outlets for hopper cars [14].

5.3.5.1 Mechanical Conveyors--
When a discharge pit is used for unloading, the material is then conveyed to
storage via one or more of three methods:
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(1) screw conveyor,
(2) belt conveyor, and
(3) bucket elevator.

The screw conveyor is one of the oldest and most versatile conveyor types. It
consists of a long pitch, steel helix flight mounted on a shaft, supported by
bearings within a U-shaped trough. Screw conveyors are generally easy to
maintain and inexpensive to replace.

Belt conveyors consist of an endless belt moving horizontally or on an incline.
Almost all belt conveyors for bulk solids use rubber-covered belts whose inner
carcass provides the strength to pull and support the load. Belt conveyor
slopes are limited to a maximum of about 30° with those in the 18-20° range
more common. In an evaluation of a materials-handling system involving belt
conveyors, the number of belt transfer points should be reduced to a minimum
to cut degradation, dust, and cost. Elevation of all belt lines a few feet
above ground will ease inspection, maintenance, and cleanup. Belt conveyors
emit dust almost exclusively at the transfer points. Placing enclosures
around transfer points can give effective dust control. A few simple rules
are normally followed for dust control:

(1) Reduce the number of belt transfers point to a minimum
(2) Be generous in sizing enclosures

(3) Arrange enclosures in easily removable sections

(4) Provide access doors on enclosures

(5) 1Install skirting and curtains at openings.

Bucket elevators are the simplest and most dependable units for making
vertical lifts. They can be totally enclosed to reduce fugitive dust
emissions.

5.3.5.2 Pneumatic Conveyors--

Pneumatic conveyors are commonly used to transfer dry granular or powdered
materials, both vertically and horizontally, to plant areas hard to reach
economically with mechanical conveyors. The properties of a material deter-
mine whether or not it can be successfully conveyed pneumatically. The materi-
al must pass through piping and auxiliary equipment without clogging,
degradation, or segregation, and be readily disengaged from the conveying air.
Materials from fine powders through 1/4-in. pellets can be handled.

Pneumatic systems can be completely enclosed to prevent contamination, materi-
al loss, and dust emissions. Furthermore, some materials are better protected
from adverse reactions when they are conveyed using an inert gas or dried air.

’neumatic conveying systems can provide smooth, controlled, hands-off unload-
ing of bulk rail cars. The unloading procedure begins with the insertion of a
aterial pickup probe into the rail car's discharge port. The probe controls
:he material-to-air ratio, and probe kits are designed to fit all rail cars.
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They consist of housing with slotted probes of varying lengths, designed to
reach different areas or compartments across the rail car. An air intake
filter is clamped to the car's discharge port opposite the material pickup
connection, and a car hatch filter attaches to the top of the rail car to
relieve vacuum created in the car by the material flow. Figure 5-16 illus-
trates pneumatic unloading of a railcar.

MATER!AL LINE
VACUUM l
LINE
CAR HATCH SiLo SILO
FILTER
E RAIL CAR IN-PLANT IN-PLANT CONVEYING
- DISTRIBUTION  VACUUM POWER UNIT
= CAR MANIFOLD
KT
BULK UNLOAD ING
VACUUM POWER UNIT
MATER| AL
LINES

Figure 5-16. Diagram of pneumatic railcar unloading.

5.4 WASTE STORAGE AREA

The manner in which a waste is handled on-site is dependent on the nature of
the waste (corrosivity, explosivity, etc.), plant storage facilities, and heat
content of the fuel. Wastes received for incineration at a disposal facility
are either incinerated directly (in some cases via pumping directly from the
tank truck), or stored until they can be handled more conveniently. A plant
operator may want to store some of the incoming wastes with higher heating
values to possibly blend with other wastes which have heating values too low
to support combustion alone. At some plants, waste blending occurs prior to
storage. For a discussion on waste blending, see Section 5.5.

For further information on storage of hazardous waste in tanks, piles or con-

tainers, see The Permit Writer's Manual on each of those topics (prepared by
Fred C. Hart Assoc., Inc.)

Storage capacity is based on:
* Seasonal inventory buildup

* Redundancy or excess incinerator capacity
* Maintenance schedules and downtime
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- Operating schedules (i.e., number of shifts vs. inshipment rates)
- Amounts and nature of waste blending to be done.

Depending on the type of incinerator installation, storage facilities may be

required to hold both liquid and solid hazardous wastes. If an incinerator

cannot burn solids, facilities for solid storage are obviously not necessary.

A hazardous waste storage area is designed to address three problem areas:
(1) Segregation of incompatible corrosive and reactive waste types;

(2) Fire hazards due to flammable liquids and solids; and

(3) Toxic hazards to prevent human exposure during storage, transfer,
and spill possibilities.

The safety and emergency design provisions for storing hazardous liquid wastes
are described in Section 5.4.3.

5.4.1 Types of Storage

5.4.1.1 Liquid storage--

Liquid/fluid waste storage includes temporary holding tanks, batching tanks,
nain storage tanks, and transfer pumps (pumps and valving are discussed in
Section 5.5). Holding tanks provide initial storage of wastes prior to final
deposition of the material. Other tanks can store specific waste categories
vhich have been analyzed, require segregation, and are ready for incineration.
3atching tanks are used to prepare an 8-hr shift waste feed for the incinera-
:or. Also, tanks may be needed to store fuel oil (or bottled gas) for
‘ncinerator ignition and auxiliary burners.

‘he storage tank farm facility is designed for liquids which may have high

rapor pressure, will be corrosive, will contain suspended solids, and may be
>rone to polymerize. Tanks should be provided with nitrogen blanketing. Before
itoring, the suspended solids are largely removed to minimize equipment erosion/
rorrosion and valve sticking. Tank access is designed to facilitate ease-of-

:ntry for cleaning in the event that solidification does occur, and it most
rertainly will at some time [15].

‘ontainer nomenclature is vague but, ordinarily, "tank" means a container
esigned to withstand pressures from atmospheric up to about 15 psig, whereas
vessel" refers to a container which can withstand external or internal pres-

ures exceeding 15 psig. Tank pressure design of 15 psig is recommended [15].
apor pressures of 10 psig are not uncommon.

here are several basic types of storage tanks, as shown in Figure 5-17. The

ids to design of tanks takes the form of specifications, rules, standards,
nd codes.

5-35



")
]
1 CONE- 2 CONE-BOTTOM,

TOP FIXED ROOF SKIRTED
L4 = I H
3 DOME ROOF 4 FLOATING ROOF,
OPEN TOP
. P L

5 RLOATING ROOF, 6 EXPANSION ROOF
FIXED TOP

H

7 CONE-BOTTOM, 8 SPHERE
UNSKIRTED

9 HORIZONTAL DRUM

Figure 5-17. Typical shapes for storage vessels [16].

Any of the vessels noted above can be lined or coated with corrosion-resistant
materials. All weld spatter is removed, and welds ground smooth or flush,
depending on the type of coating to be applied. Tank nozzles must be large
enough so a coating can be applied. Corrosion is an unavoidable problem. Grit
scouring destroys surface passivation and promotes corrosion, another reason
for screening the incoming waste [15].

Both vertical and horizontal tanks are available for storing liquids. Verti-
cal tanks are more economical to install, and occupy less space, while horizon-
tal tanks are easier to maintain and repair. Usually the lower maintenance
generally required by horizontal tanks does not offset their higher cost and
greater space requirements; hence, vertical tanks are normally recommended.

1f, however, it appears that future compartmentation of the tank will be

likely (as with segregated waste storage), it is easier to modify a horizontal
tank.

Installation and maintenance of aboveground tanks are less troublesome than
for underground tanks. With underground storage, the functions of gaging,
pumping, and leak detection become more difficult. With storage of hazardous
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wastes and liquids, underground tanks and their possibility of leakage is dis-
couraged. Underground tanks lend themselves to accelerated corrosion and often
require cathodic protection. Also, a means of containing leaked or spilled
materials is necessary for most underground tanks. However, when very volatile
materials are stored, underground storage is the only practical alternative.

Depending upon the liquid waste contained, tank storage can also require many
accessory equipment features such as:

(1) Flash arrester fill pipes.
(2) Flame arrester rodding and sampling units.

(3) Conservation breather vents with pipe-away construction--used where
pressure or vacuum relief is required and vapors must be piped away
rather than released into the atmosphere.

(4) Tank vent condensers--designed to condense and return to the tank vapors
that could escape, as shown in Figure 5~18. Due to potential unanticipated
reactions between physically or chemically incompatible wastes, large
volumes of organic vapor can be generated and must be vented to some con-
trol device. Venting the tanks into the incinerator combustion air intake
has the potential of creating an explosive condition, even with nitrogen
blanketing. Chilled water condensers, coupled with knockout tanks, are
best utilized to control emissions from the liquid transfer and storage
facilities [17].

CONDENSATE

(AI R AND VW
TANK
——

FILL LINE

CONDENSING OR

LIQUID LEVEL CHILLING SYSTEM

Figure 5-18. Typical tank condenser vent system.
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(5) Steam-heated conservation, pressure, or vacuum relief vents--designed
for use on tanks containing liquids whose vapors tend to crystallize
at ambient temperatures {(also with pipe-away construction).

(6) Mushroom vent with flame arrester--used where it is not necessary to con-
serve vapor losses, but where low flash point solvent materials must be
protected against fire and explosion from exterior sources of ignition.

(7) Steam-jacketed flame arrester vents--designed for use on tanks containing
hazardous liquids whose characteristics require steam heating to prevent
crystallization of interior vapors; e.g., naphthalene.

(8) Manhole and emergency pressure relief vent covers--to provide emergency
pressure relief as well as access for tank cleaning.

(9) Internal safety valve--intended for use where tanks are required to be
equipped with valves that close automatically when subjected to fire.

(10) Integral internal heating coils--usually steam, designed to prevent
freezing of tank contents.

(11) Overflow piping--usually connected to an adjacent tank to mitigate spill
possibilities.

5.4.1.2 Bulk Solids Storage-~

Material received as bulk solids at a hazardous waste incineration facility
can be stored in three ways:

(1) Enclosed bins or silos

(2) Concrete pits or below-grade concrete hoppers
(3) Stockpiles

Generally, solid hazardous waste materials which present a toxicity problem to
plant personnel are stored in totally-enclosed storage, such as single-outlet
bins, multiple-outlet silos, and portable bins. These enclosures protect the
hazardous material from exposure to the elements, or guard against dangers
represented by explosive, flammable, ignitable, or corrosive properties.

Table 5-3 gives a rough rating of the major types of bulk storage units in
terms of their capacities and method of reclamation or discharge.

Multiple-Outlet Silos--Multiple-outlet silos are useful for storing small or
medium quantities of material. Because they generally rely on gravity flow to
discharge the solids, hopper slopes and outlet dimensions must satisfy the
minimum requirements for uninhibited flow.

One of the most common problems with multiple-outlet silos is structural
failure caused by nonsymmetric flow patterns. Side discharge is typically
used with free-flowing materials such as grain. With this arrangement, bin
failures, especially in steel structures, manifest themselves as dents in the
region of the localized flow channel.
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TABLE 5-3. TYPES AND CHARACTERISTICS OF DRY BULK STORAGE [13]

Storage capacity

Small, Large,

Storage technique under over
and method of 20,000 700,000

reclaim or discharge ft3  Med. ft3

Stockpiles
Bottom tunnel X
Bucket wheel
Scraper truck
Front-end loader X X

XX

Multiple~outlet silos
Mass flow
Expanded flow
Funnel flow

xR
>ooe X

Single-outlet bins
Mass flow X
Expanded flow X X
Funnel flow X

Portable bins
Funnel flow X
Mass flow X

Concrete pits
Grapple X X

Single-Outlet Bins--Single-outlet bins are the most common type of storage
units in industry. Most of them are funnel-flow type, in which the sidewalls
of the hopper are sufficiently steep to maintain continuous flow. Most
>yramidal hoppers and conical hoppers with slopes of 60° or less from the
rorizontal will display funnel flow.

>ortable Bins--These special bulk units, generally limited to volumes less
han 200 ft°, are often thought of simply as large buckets used to transport
1omogenous material of a specified size and composition. Typically, these
>ins are cube-shaped, with a flat hopper leading to a central outlet about 10
‘n. or less in diameter.

jome of the solid material characteristics considered when designing a solids
torage and retrieval system include:

(1) Bulk density

(2) Moisture content
{3) Particle size
(4) Angle of repose
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(5) angle of slide

(6) Temperature

(7) Pressure differentials
(8) Abrasiveness

(9) Cohesiveness
(10) Material melting point
(11) Hygroscopicity

Many different types of bin hopper discharging devices have been developed,
primarily because sclid material retrieval is difficult to achieve reliably
and consistently. Some of the bin hopper discharging devices are:

(1) Manual prodding through poke holes to eliminate material “bridging"
(definitely not useful for hazardous wastes)

(2) Chain or cable elements suspended to reduce bridging

(3) Agitators or "rotating fingers"

(4) Sweep arms or rotary vanes

(5) Rotary plows

(6) Multiple screw bottoms

{(7) Bin activators or vibratory sections

(8) Electromechanical devices, such as side vibrators

(9) Pneumatic and hydraulic vibrators

(10) Air pads, cushions, and slides, wherein air is injected to fluidize the
material.

If one word could describe the basis of all solids retrieval problems, it
would be "friction." Any hopper surface which can reduce friction can mini-
mize bridging or arching. Fortunately, for a corrosive-type hazardous solid
material, the material of construction or lining of the hopper bin can solve a
dual problem. Materials to be given consideration are:

(1) Stainless steel, full thickness or clad~polished
(2) Teflon sheets bonded to steel containers.

Items of safety in bin design considerations include:

(1) Access doors for inspection, routine maintenance, and firefighting

(2) Fire detection--sensors; alarming; automatic suppression systems such as
CO,, foam, or water; standpipes for connection to a water source and
availability of fire hoses

(3) Detection of level and pluggage

(4) Provisions for dust control

(5) Provisions for maintenance removal of bin discharge mechanisms which are
normally buried under waste.

Concrete Waste Pits--Concrete solid waste pits are in wide use in municipal
and industrial waste disposal plants which handle nonhazardous wastes. Bulk
solid refuse is dumped into the storage pit by packer truck, load lugger
bucket, or other collection vehicles.

5-40



The storage pits are normally under an enclosure to prevent precipitation from
entering, and there is an approximately 10 ft wide vestibule which trucks back
into. Refuse is picked out of the pit by a bridge crane with a bucket or
grapple, and the crane delivers the solid waste to an infeed system. Control
of the crane and grapple is usually from an air-conditioned pulpit in which
the operator sits. Control is a saturable reactor type which provides cush-
ioned starting and acceleration. Protective zones are provided preventing the
operator from drawing the grapple into a wall, pulpit, etc. Automatic control
can be provided.

For fugitive dust control at each truck dumping point, there can be a down
blast heater. The vestibule and pit area are designed for complete sprinkler
protection of fire. Sprays in both the front and rear wall of the pit can be
included to suppress dust clouds that arise when a load is dumped.

The entire pit is usually watertight and sloped to troughs and drains for
dewatering. When a pit is constructed below grade, it is usually necessary to
have a sump. Screening devices to prevent material from entering the sump are
also used [18].

Stockpiles--Hazardous wastes are occasionally stored in piles, generally small
in size. Many are in buldings or maintained outside, under cover, on concrete
or other pads. They are most frequently used to accumulate waste composed of
a single, dry material.

Wind dispersal is controlled by a cover or windscreen; piles inside a building
are adequately protected from dispersal.

5.4.1.3 Container Storage--

Hazardous materials for incineration will often arrive in small container form
(e.g., 55 gallon drums), and can be stored until used, provided the containers
are in good condition and are not leaking.

Metal and fiber containers are loaded, stored, and unloaded so as to minimize
the possibility of container damage. The containers are stored in a covered
area, off the ground, in a manner which will preclude damage, weathering, and
subsequent leakage. Storage pads of concrete or other impervious materials
are used as a base to prevent ground water leaching and percolation. The area

itself is provided for drainage to a treatment facility in an analogous manner
to diked storage tank areas.

If some containers contain corrosive substances, these are stored so that,
should leakage develop during storage, these substances will not corrode
:hrough adjacent containers. Waste segregation practices of bulk storage
(liquid and solid) also prevail with indoor container storage.

i1l containers in storage are inspected to insure physical and mechanical
‘ntegrity, and the drainage and containment systems are also inspected.

lonstationary containers can proliferate in a storage area; hence, all con-

:ainers are clearly labeled and records maintained. In this way the operator
.s able to quickly locate any hazardous waste.
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Waste containers are sealed to prevent the escape of vapors. Gasketed clo-
sures of containers and containers themselves are normally of a material that
will not be deteriorated by the waste inside the container. The container

storage enclosure area is vented to allow for collection and control of any
released vapors.

5.4.1.4 Tank Cars--

Hazardous waste storage can also occur in parked tank cars -- both truck and
rail. Usually, the wastes are then pumped directly to the incinerator or
blending tanks. As with bulk storage, the area is designed to prevent ground
contamination and percolation, and diked or drained to collect spills and
surface runoff. As with container storage, each tank car is clearly labeled
and records maintained to quickly locate each hazardous waste.

5.4.2 Segregation of Wastes During Storage

Hazardous wastes may be segregated at an incineration facility due to waste
categories for fuel value and are certain to be segregated when incompatible
waste types are received. The type of incinerator and nature of wastes which

can be burned will greatly influence the extent of waste segregation during
storage.

Incompatible wastes are normally segregated due to corrosive and reactive
effects. Examples of segregation during storage are reactive chemicals which
should be stored in air or water tight containers, oxidizers which should be
isolated from flammable materials, and materials which may polymerize in the
presence of accelerators. Section 5.5 on waste blending contains a ready and

quick reference for determining the compatibility reactions of most binary
combinations of hazardous wastes.

Wastes may also be segregated and stored to allow for fuel blending for maxi-
mal incinerator performance. Examples of the categorization of wastes which
could occur and the storage requirements necessary are as follows [19]:

(1) Light hydrocarbons and nonagueous solvents -- includes low flash
point wastes such as paint thinners, aromatics (toluene, benzene,
xylene, etc.) which reduce viscosity of heavier wastes and assist
fuel oil in initial heating prior to firing heavy blends.

(2) Medium to heavyweight hydrocarbons -- includes still bottom
residues, crankcase oils, and discarded transformer oils. Most have
high flash points but relatively low ignition temperatures and
moisture is generally under 10 percent. Handling these wastes may
require use of insulated storage tanks and auxiliary heat to
maintain proper fluidity, particularly during cold weather.

(3) Low-water-content aqueous wastes -- sludges from fatty acids
production, starches, reject fatty acids, waste soluble oils, and
clabberstock. These wastes may be blended in limited proportions
with the heavier wastes in group 2 but require storage in insulated

and heated tanks to avoid congealing and freezing of contained water
during winter.
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(4) Dirty solvents -- includes kerosene, soluble inks, oil-solvent
residues, organic pigments. Storage tanks do not require insulation
or heating.

(5) High-water-content aqueous wastes, semisolids, sludges, and low
heating value liquids -- includes aqueous mixture of paint, enamel
and lacquer oversprays, liquid polymers in water, paint sludges.

(6) Skimmings from wastewater treatment plants -- floatable material
skimmed from settling tanks and thickeners such as spent grease.

(7) Spent earth -- from filters and contaminated areas. Due to high
water content this waste can require insulated storage, auxiliary
heat, and continuous agitation to maintain fluidity and prevent
freezing in cold weather.

5.4.3 Safety Provisions for Storage Areas

For safe facility design in the storage area, provisions are made to protect
personnel and the immediate environment from catastrophe--particularly fire
hazards and material spills. Liquid and container storage are most likely to
occur at a hazardous waste incineration facility, and are discussed below.

5.4.3.1 Fire Safety--

Volume 1 of National Fire Codes (National Fire Protection Association (NFPA),
Boston) contains recommendations and standards in NFPA 30, "Flammable and
Combustible Liquids Code," for venting, drainage, and dike construction of
tanks for flammable liquids. Also possibly applicable are NFPA 327, "Standard
Procedures for Cleaning or Safeguarding Small Tanks and Containers', and NFPA
437, "Liquid and Solid Oxidizing Materials."

Many of the devices and equipment utilized to prevent fire hazards in the
liquid storage area were discussed in Section 5.4.1.1. Some other considera-
tions which apply to storage of large quantities of flammable liquids include:

(1) Instrumentation or remotely-operated valves to minimize flow of
flammables.

(2) Combustible gas monitors in the storage area which have an alarm
set below the lower flammable limit.

(3) Combustible gas monitors that automatically actuate a deluge system
or safely shut down systems below lower flammable limit.

(4) Drainage and collection ponds (equalization basin) to carry away
liquid spills resulting from a fire incident.

or the storage of drums, many safety precautions can be used for the protec-

ion of the operators who open and inspect drums prior to incineration.
afety features include:
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(1) explosion-proof electrical equipment
(2) automatic fire doors
(3) a "light water" system
(4) dry chemical and CO, fire extinguishers
(5) special safety fork trucks with nonsparking forks
(6) air-operated pumps
(7) nonsparking tools
(8) safety showers and eyewashes
(9) safety glasses and face shields
(10) a ventilation system which makes a minimum of three air volume
changes per hour in all areas and thirteen (13) air volume changes
per hour in the drum pumping room or area.

For storage of bulk-solids, evidence of spontaneous heating is closely moni-
tored. Heat-sensitive devices in silos and bins are installed, connected to a
continuous temperature recorder at a central control board and arranged to
sound an alarm if unsafe temperatures are produced. Excessively wet materials
are not placed or permitted in storage silos or bins.

5.4.3.2 Spill/Toxicity Safety--

The most effective way of addressing a bulk liquid storage area's vulnerabili-
ty to spill incidents is to prevent them from happening. Assuming that all
storage tanks are properly designed, equipped with overflow alarms, and used
only for intended or compatible purposes, the possibility of spills can be
substantially reduced by:

Assuring the continual physical integrity of the vessels and their
fittings (inspection and testing).

Establishing strong administrative controls covering all loading/unload-
ing and in-plant transfer operations (plans and procedures).

Providing adequate secondary containment facilities (dikes, diversion
ditches, equalization basins).

Physical Testing and Inspections--Spark testing (of lined storage tanks),
wall-thickness testing, or other appropriate means of nondestructive physical
testing or inspection are conducted on storage vessels which hold hazardous
liquids.

The exterior of each bulk storage tank is also visually examined at regular
intervals. Each inspection includes an examination of seams, rivets, nozzle
connections, valves, and pipelines directly connected to the tank. Visible
leaks of waste from tank seams and rivets are then promptly corrected.
Foundations and/or tank supports are also subject to inspection.

New and old tank installations are, as far as practical, fail-safe engineered

or updated to a fail-safe engineered installation. Design considerations are
given to providing the following devices:
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(a) High liquid-level bell or horn alarms with an audio signal at a
constantly manned operating or listening station; in smaller plants
an audible air vent may suffice.

(b) Low liquid-level alarms with an audio signal at a constantly manned
operation or listening station; such alarms can also have a non-
bypassing reset device that can be readjusted to a given operating
level following tank fill or liquid removal.

(c) High liquid-level pump cutoff devices set to stop flow at a predeter-
mined tank content level.

(d) Direct audible or code signal communication between the tank gauger
and the pumping station.

(e) At least one fast response system for determining the liquid level
of each bulk storage tank such as digital computers, telepulse, or
direct vision gauges.

Tanks are then not knowingly used if the '"head" or "top" is in a corroded-
through condition. Action is taken to drain such tanks and repair the defec-
tive member as promptly as possible.

’artially buried tanks for the storage of oil or hazardous materials are
1ormally avoided, unless the buried section of the shell is adequately coated
z0 prevent rapid corrosion of metallic surfaces buried in damp earth,
:specially at the earth/air interface.

3uried storage tanks represent a potential for undetected spills. A buried
‘nstallation, when required, is wrapped and coated to retard corrosive action.
'n addition, the earth is subjected to electrolytic testing to determine if
he tank should be further shielded by a cathodic protection system. Such
wuried tanks are also subjected to regular hydrostatic testing. In lieu of the
bove, arrangements can be made to expose the outer shell of the tank for
'Xternal examination at least every five years. Alternatively, a means of
'onducting examinations of the tank at regular intervals can be provided,

.g., down-hole television.

ank Overfill--A variety of engineering practices suited to the nature of any
azardous material stored are used to prevent tank overfilling, a major source
f spill incidents. The following general principles can be used in designing
system of protection against tank overfill:

(1) Tanks are gauged before filling.

(2) oOverflow pipes are connected to adjacent, compatable waste storage
tanks, or to secondary containment.

(3) Fail-safe devices and level alarms have been tested and insured in
place.

(4) Provisions to prevent static electricity discharge have been
implemented.
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Protection of Integral Heating Coils--Many liquids in storage require auxili-~
ary heating to remain in a fluid state. This is normally accomplished econo-
mically by integral steam coils inside the storage tank and, often, agitation.

To control leakage through integral heating coils which may become defective
through prolonged use, the following design factors are considered and applied:

(1) The past life span of internal steam coils is determined, and a
regular system of maintenance and replacement that does not exceed
the anticipated life span is established.

(2) The temperature and environment is carefully considered when
selecting heating coil materials to reduce failure from corrosive
action, prolong life, and reduce replacement costs.

(3) The steam return of exhaust lines from integral heating coils which
discharge into an open watercourse is monitored for contamin-
ation, or passed through a settling tank, or skimmer, etc.

(4) The nature of the wastes is carefully considered to prevent wastes
from caking on the heating coils, which reduces their efficiency as

well as causing waste materials to be contained in a tank thought
to be empty.

(5) The feasibility of installing an external heating system is also
considered, and, if feasible, often is recommended to solve
problems which may arise from implementation of (1) through (4).

Secondary Containment--All bulk storage tank installations at a hazardous
waste incineration facility are planned so that a secondary means of contain-
ment is provided for the entire contents of the largest single tank. Dikes,
containment curbs, and pits are commonly employed for this purpose, but they
may not always be appropriate. An alternative system would consist of a
complete drainage trench enclosure arranged so that a spill could collect and
be safely confined in an in-plant catchment basin or holding pond.

Dikes are generally constructed of concrete, cinder blocks, and/or earth.
However, dike materials are designed to be chemially resistant and essentially
impervious (e.g., permeability rate no greater than 10 7 cm/s when subjected
to a head of 1 ft of water) to the substances contained. Acceptable engineer-
ing design criteria for a dike will enable it to withstand a sudden massive
release.

Some of the important design guidelines for dike construction include [20]:

(1) sSingle storage tank -- The capacity of diked area is at least ade-
quate to hold the entire tank contents plus a reasonable allowance
for precipitation. Local regulations may contain more stringent
requirements. An alternative design goal is for the diked area to
contain the volume of the tank plus 1 ft of freeboard.
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(2) Clustered storage tanks -- The capacity of the diked area is adequate
to hold the entire contents of the largest tank plus a reasonable
allowance for precipitation. Again, local regulations may be more
stringent.

(3) To the extent feasible, dike walls generally do not exceed a height
of 6 ft above interior grade. A greater height might require the
observance of tank entry procedures including safety harnesses,
oxygen deficiency checks, standby observers, and other precautions
each time it is necessary to enter the diked area.

(4) For earthen dikes, a slop of 2.5:1 is preferred. Earthen dike walls
3 ft or more in height are generally designed with a flat walkway
section at the top not less than 2 ft wide.

(5) Dikes may also need to be constructed to provide necessary ramps for
vehicles needing access to the storage areas.

(6) The disposal of rainwater and other liquids from within diked areas is
normally accomplished by a manually activated pump or siphon system.
Such accumulated stormwater must be removed in order to maintain
adequate volume for a maximum spill. Figure 5-19 shows a diversion
structure which serves this purpose. Of course, retained drawoff water
and the rainfall accumulated are checked (analyzed) before release.
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Figure 5-19. Dike drain detail Type "A" diversion box [21].
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(7) For hazardous and toxic liquids, the ground area within the dike
and curbing are designed to be essentially impermeable. This can be
achieved by use of concrete, asphalt, or suitable clays. Neutraliz-
ing materials for the stored chemical waste such as limestone or
clam shells for acidic wastes are sometimes used as a ground cover,

although neutralizing ground covers need to be replaced promptly
after a spill or incident.

(8) Generally, it is recommended that there be no discharge or loading
pipes through the dike wall. However, construction design has to
conform to state and local regulation, and some local fire regula-
tions (applicable to flammable liquids) require a valved pipe through
the dike wall, while others prohibit this installation. If a drain-
age valve through the dike wall is required, it is kept locked in
the closed position when not in use and a chemically resistant seal
is installed around the pipe passing through the wall.

(9) The storage tanks located immediately adjacent to the dike itself
are oriented so that no manholes face the dike. This is considered
desirable, so that, if a manhole fails, the resulting discharge
from a full tank will not be aimed over or at the dike. Where
this design is not feasible, appropriate baffles are installed

to deflect potential leaks and cause them to drop within the
contained area.

(10) If storage tanks located immediately adjacent to the dike are
equipped with fill lines which enter the tank near the bottom, and
if the fluid pumped has suspended abrasive material, the discharge
into the tank should be on the dike side, discharging against the
tank side away from the dike. Alternatively, a baffle plate located
inside the tank opposite the pump discharge in the area apt to be
abraded, may be provided.

The final defense in the prevention and containment of liguid and solid spills
is at the end of the plant storm-drain system. Here, an automatic system mon-
itors the storm drain for acidity or alkalinity (pH), turbidity, total oxygen
demand (TOD), and flow (variance from normal).

If any of the parameters are sensed beyond normal limits, a diversion gate
automatically move into position to divert the discharge to a holding pond.
Such a system provides protection against a spill that goes beyond the process
area, dikes, and into the storm drains. Discharges diverted to the holding
pond are removed to a process area for recycle, treatment, or disposal.

Container Storage--Containers with a capacity of less than 45 gallons are
stored out-of-doors, when possible, in rows no more than 30 feet in length,
five feet in width, and six feet in height. Containers which have a capacity
of 45 gallons or more are stored in rows no more than 30 feet in length and
two containers in width and should not be stacked. A minimum of five feet
between rows of containers of hazardous wastes is usually maintained.
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If exposure of the containers to moisture or direct sunlight (see Section 5.5)
will create a hazardous condition or adversely affect the containers' ability
to hold the hazardous waste, the containers are then stored in an area with
overhead roofing or other covering that does not obstruct the visibility of
the container labels.

The area under or around the container storage area is built to be able to
collect or hold any spilled material; e.g., collection drains, trenches, or
dikes.

5.5 WASTE BLENDING AND/OR PROCESSING BEFORE INCINERATION

The methods by which hazardous wastes are removed from storage, prepared for
incineration, and fed to the incinerator are dependent on the nature of the
waste and type of incinerator. Figure 5-4 in Section 5.3 illustrates the
various pathways from storage to final feed into the incinerator. Careful
design consideration is given:

(a) To the layout for liquid waste blending, pumping and associated
pipework, and

(b) To the handling and feeding arrangements for nonpumpable sludges,
solids, and containerized wastes, where applicable.

Operating experience has shown that these are areas that do not receive as
much attention as is necessary; the overall success of an incineration
facility depends upon the successful integration of storage, feeding, and
firing equipment.

5.5.1 Waste Compatibilities

The "combination of wastes" often presents many problems for the management of
hazardous wastes. In some instances, the combination or mixture of two or
more types of the wastes produces undesirable or uncontrolled reactions
resulting in adverse consequences. These reactions may cause any one or more
of the following:

(1) Heat generation, fire, and/or explosions,

(2) Formation of toxic fumes,

(3) Formation of flammable gases,

(4) Volatilization of toxic or flammable substances,

(5) Formation of substances of greater toxicity,

(6) Formation of shock and friction sensitive compounds,
(7) Pressurization in closed vessels,

(8) Solubilization of toxic substances,

(9) Dispersal of toxic dusts, mists, and particles, and
(10) Violent polymerization.

vailable data indicate that hazardous wastes are ill-defined, complex mixtures
enerated by a great variety of sources. No two types of wastes appear to be
dentical, for even a single process appears to produce different types of wastes.
haracterization of the wastes by the analysis of the processes and the materials
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used appear to give inaccurate descriptions of the resulting wastes. The data
indicate that each waste is unique and that individual reactivities may be best
assessed by identifying respective chemical constituents.

For further information on compatability of hazardous waste refer to the
Guidance Manual entitled, "Treatment Trial Tests and Hazardous Waste
Compatability". Another commonly used laboratory test for waste compatibility
is ASTM E476-73, "Thermal Instability of Confined Condensed Phase Systems,"

which measures the temperature at which exothermic reactions begin and amount of
pressure release.

While empirical data exist concerning the consequences of reactions between
pure substances under laboratory conditions (mostly binary combinations), very
little work has been done in the field of waste combination reactions. Very
seldom are wastes pure substances. They are usually sludges, emulsions,
suspensions, or slurries containing many different compounds.

The chance of combining noncompatible wastes within a specific category can be
minimized in several ways. First, the problem is restricted to pumpable

wastes since nonpumpable scrap is often handled in individual drums or bin
containers and is not mixed prior to incineration. Secondly, a single manu-
facturing location normally uses compatible solvents. Thus, with knowledge of
the generator in hand (manifest system), the greatest chance that noncompat-
ible wastes will be combined occurs at the incineration facility. Basically,
proper labelling at the waste generation source and the experience and know-
ledge in liquid segregation of the incinerator operators will greatly minimize
the problem. The primary concern in waste blending is minimizing the reactivity
of combined wastes. Other secondary concerns in waste blending are precipitate

formation, increases in viscosity, and blends which could generate acid gas
combustion products.

It is evident from the existing data that the largest and most common dangers
inherent from incompatible reactions involve strong acids or bases. For this
reason, it is desirable that acids and bases be neutralized to within a pH
range of 4.5 to 9 before being mixed with other wastes (sometimes acidic and
basic wastes are mixed in a controlled manner to achieve pH neutrality).

Even within this restricted pH range, acids should be segregated from acid-
soluble sulfide and cyanide salts.

With the above inclusions, an example of a compatibility matrix is depicted
in Figures 5-20 and 5-21. If it is not feasible to neutralize acid wastes

and/or caustics to within the prescribed pH range, then the matrix in Figure
5-21 is used.

5.5.2 Liquid Feed and Blending Equipment

Liquid blending or mixing of hazardous wastes is done as part of an overall
liquid feed system, which includes a feed pump, usually some recirculation to
the mix vessel, and associated piping to the incinerator.

An example of a mixing vessel is shown in Figure 5-22. For hazardous waste
blending, the vessel is always closed-top rather than open-top to prevent
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Figure 5-20. Compatibility matrix Figure 5-21. Compatibility matrix
for neutralized when wastes cannot be
hazardous wastes [1]. neutralized [1].

Figure 5-22. Example of a baffled mixing vessel [14].

>lashing and vapor escape. Impeller mixer drives, both direct drive and gear
rive, are available. The shaft length and number or configuration of impel-
:rs must be based on the geometry of the tank and viscosities of the waste.
:nerally, fuel blending requires a mild agitation or intensity of blending,
1d the use of baffles increases the turbulence and mixing characteristics.

lere conditions warrant extreme safety, the blending and feeding process can
+ augmented by the use of a pneumatic compressed air (or gas mixer) motor

d pneumatically-driven diaphram feed pump. The pumps used to transfer the
stes from storage to blending can also be pneumatic diaphram pumps. Inert
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gas blanketing with nitrogen of the mixing vessel is almost aways used. The

blending tanks are also equipped with a pH recorder, an in-tank viscometer, and
a sampling port and/or valve.

A typical sequence of activities prior to the injection of a liquid waste blend
to the incinerator is as follows: a waste batch arrives at the plant; a grab
sample is taken to confirm that the shipment is within the contracted specif-
ications between the generator and the incinerator operator; the waste batch

is then unloaded and received in an agitated tank to homogenize the batch;

an integrated sample is taken and analyzed for Btu content, ash content, chlorine
content, etc., and the batch is then piped to the blending tank(s). If longer-
term storage is necessary, the batches received are typically stored according

to Btu content, ash content, or acid gas generating potential, as well as
constraints dictated by waste compatibilities.

Waste blending goals are based on stack emissions limitations and loadings

on the pollution control system. Worksheets 4-2 and 4-12 in Chapter 4 describe
procedures for calculating the pollutant loadings of SO,, acid gas components,
and particulate matter. Ash contents of a waste blend are typically targeted
at 1-1 1/2% in order to meet particulate emission limitations; if a chlorinated
feed can be handled, the waste is blended to 15-30% chlorine; and a final Btu
content of 7,000-9,000 Btu/lb is desirable (personal communication with Jerry
Jordan, Rollins Environmental Services, Inc., Bridgeport, NJ, June 1981).

The DRE requirement of 99.99% for the POHC's in the waste blend will have
already been demonstrated in a trial burn or met through similarity criteria.

The amount of waste blended is usually enough for one day's operation of the
incinerator.

If the type of incinerator can handle a slurry feed, the piping system should
be designed to handle slurries. A slurry piping system has a minimum diameter
of 4-6 times the particle size being pumped. All piping is recirculated to
prevent settling, and possibly, mechanically comminuted to destroy any
agglomerations which would cause plugging problems. A careful monitoring of
the pump discharge pressure allows the operator to determine whether the feed
pump is being influenced by the mixer (entrained air), as a check of slurry
density, and to point to plugging problems. Figure 5-23 shows a slurry
injection and monitoring system.

When slurries cannot be fed to an incinerator, the feed lines to the mixing tan
are filtered to prevent solids from reaching the burner nozzles. If slurries ¢
be fed to the incinerator, sometimes an in-line grinder/chopper or grinder pump
is used to reduce the size of the solids in the liquid waste.

Several stages of waste line filtering are advisable in order that control
valves and measuring devices on the route to the burner nozzle do not stick or
clog. In a waste mixture, solid particulate may form as precipitates or polyme
seeds in situ. Frequently, the small beads may be elastomeric as behave in the
same way as synthetic rubber by extruding through the screens. To minimize
these conditions, stategically placed filters in sequence are very helpful

in maintaining onstream time [15].
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Figure 5-23. Slurry injection and monitoring system.

.iquid streams can carry impurities of every sort. Furthermore, they may be
1ighly viscous, which makes handling and atomizing difficult. Liquids should
jenerally have a viscosity of 10,000 SSU or less to be satisfactorily pumped
nd handled in pipes. For atomization, a viscosity of 750 SSU is the maximum.
'able 4-1 in Section 4.3.2 presents the viscosity and impurity limitations

‘or various atomization techniques. Viscosity can usually be controlled by
team heating with tank coils or in-line heaters, but careful notice of the
‘lash points must be taken. If preheating is not feasible, a lower viscosity
nd miscible liquid may be added to reduce the viscosity of the mixture. Line
eat tracing is a must, taking into account worst case material freezing points
nd local winter design temperatures [15].

feed system may have two or more recirculating loops installed, chiefly to
eep any solids remaining in the liquid mixture from settling and plugging
ipelines. Figure 5-24 illustrates an example of multiple recirculation.

.5.3 Pumps and Piping

mmp and piping materials of construction are designed to be suitable for the
iquids encountered (See Section 5.14). While centrifugal pumps can be used
> feed liquids and/or slurries, positive displacement-type (PD) pumps are
referred. Unlike centrifugal pumps, they afford a reasonably tight shut-off
1d prevent siphoning when not in operation. Table 5-4 displays the materials
! construction for positive displacement pumps. Figure 5-25 provides a pump
.assification chart.
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Figure 5-24.

TABLE 5-4.

TO INCINERATOR

STIRRER

TANK

MOYNO ®
PUMP

GV- GATE VALVE OR GLOBE VALVE
PRV-PRESSURE RELIEF VALVE HEARTH

Liquid feed system with redundant recirculation.

MATERIALS OF CONSTRUCTION FOR POSITIVE DISPLACEMENT PUMPS

Diaphragm pump

Plunger pump Diaphragm

Pump body Plunger Lantern ring or bellows
Steel Stainless steel Stainless steel Elastometer
Iron Ceramic Allow 20 Teflon
Stainless steel Monel Hastelloy "C" Polyethylene
PVC PVC Buna N
Alloy 20 Alumina-ceramic Neoprene
Monel Viton

Carpenter 20

Check valves

Resistant steels

Valve body Ball Ball seat
Steel Stainless steel Stainless steel
Stainless steel PVC PVC
PVC Hastelloy "C" to "D" Alloy 20
Alloy 20 Alumina-ceramic Monel

Hastelloy "C"
Monel

Hastelloy "C"
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POSTTIVE
CENTRIFUGAL DIS PLACEMENT
- HORIZONTAL —{ ROTARY
GENERAL SERVICE GEAR
CHEMICAL (ANST) SCREW
HIGH TEMP. (API) PROGRESSING CAVITY
MULTISTAGE LOBE
SLURRY VANE
SELF-PRIMING
MIXED FLOW | RECIPROCATING
PROPELLER DIRECT ACTING TYPE
POWER FRAME TYPE
PLUNGER OR PISTON
—| VERTICAL HORIZONTAL OR VERTICAL
GENERAL SERVICE
TURBINE TYPE
VOLUTE TYPE L CONTROLLED VOLUME
SUMP TYPE PLUNGER TYPE
CHEMICAL TYPE IN-LINE DIAPHRAGM TYPE
HIGH-SPEED IN-LINE NUMBER OF FEEDS
CAN TYPE (LOW NPSH) TYPE OF STROKE
ADJUSTMENT

Figure 5-25. Pump classification chart.

A relief valve is usually provided downstream of PD pumps, of sufficient
capacity to prevent excess pressure in the system. The relief valve discharge
is then piped back to the supply source or to the suction side of the pump.

5.5.3.1 Positive-Displacement Pumps--

Positive~displacement pumps have as their principle of operation the displacement
of the liquid from the pump case by reciprocating action of a piston or diaphragm,
or rotating action of a gear, cam, vane, or screw. The type of action may be used
0 classify positive-displacement pumps as reciprocating or rotary. Figures 5-26
and 5-27 depict some typical pumps of each type. When a positive~displacement
>ump is stopped, it serves as a check valve to prevent backflow.

».5.3.2 Centrifugal Pumps--

entrifugal pumps operate by the principle of converting velocity pressure
enerated by centrifugal force to static pressure. Velocity is imparted to
‘he fluid by an impeller that is rotated at high speeds. The fluid enters at
he center of the impeller and is discharged from its periphery. Unlike
ositive~displacement pumps, when the centrifugal type of pump is stopped
here is a tendency for the fluid to backflow. Figure 5-28 depicts some
entrifugal pumps.
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Figure 5-26. Reciprocating pumps: (a) Principle of reciprocating pump,

(b) principle of fluid-operated diaphragm pump, (c) direct-
acting steam pump, (d) principle of mechanical diaphragm pump,
(e) piston-type power pump, (£) plunger-type power pump with
adjustable stroke, (g) inverted, vertical, triplex power pump
[22].

Power for driving the various types of pumps is usually derived from electric
motors or pneumatic drives. Most rotary pumps are driven by electric motor.

5.5.3.3 Pump Emission Control--

Operation of various pumps in the handling of fluids can result in the release

of air contaminants. Both reciprocating and centrifugal pumps can be sources
of emissions.
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Figure 5-27. Rotary pumps: (a) External-gear pump, (b) internal-gear pump,
(c) three-lobe pump, (d) four-lobe pump, (e) sliding-vane pump,
(f) single-screw pump, (g) swinging-vane pump, (h) cam or
roller pump, (i) cam-and-piston pump, (j) three-screw pump,

(k) shuttle~-block pump, (1) squeegee pump, (m) neoprene vane
pump [22].

'he opening in the cylinder or fluid end through which the connecting rod
ctuates the piston is the major potential source of containants from a recip-
‘ocating pump. In centrifugal pumps, normally the only potential source of
.eakage occurs where the drive shaft passes through the impeller casing.

ieveral means have been devised for sealing the annular clearance between pump

hafts and fluid casings to retard leakage. For most applications, packed
eals and mechanical seals are widely used.

acked seals can be used on both positive displacement and centrifugal type
umps. Typical packed seals generally consist of a stuffing box filled with
ealing material that encases the moving shaft. The stuffing box is fitted
ith a takeup ring that is made to compress the packing and cause it to tight-
1 around the shaft. Materials used for packing vary with the fluid's tempera-
ire, physical and chemical properties, pressure, and pump type. Some
ommonly used materials are metal, rubber, leather, and plastics.
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Figure 5-28. Centrifugal pumps: (a) Principle of centrifugal-type pump,
(b) radial section through volute-type pump, (c) radial section
through diffuser-type pump, (d) open impeller, (e) semi-
enclosed impeller, (f) closed impeller, (g) nonclog impeller
{22].

Lubrication of the contact surfaces of the packing and shaft is effected by a
controlled amount of product leakage to the atmosphere. This feature makes
packing seals undesirable in applications where the liquid can cause a pollu-
tion problem. The packing itself may also be saturated with some material
such as graphite or oil that acts as a lubricant. In some cases cooling or
quench water is used to cool the impeller shaft and the bearings.

The second commonly used means of sealing is the mechanical seal, which was
developed over a period of years as a means of reducing leakage from pump
glands. This type of seal can be used only in pumps that have a rotary shaft
motion. A simple mechanical seal consists of two rings with wearing surfaces
at right angles to the shaft. One ring is stationary while the other is
attached to the shaft and rotates with it. A spring and the action of fluid
pressure keep the two faces in contact. Lubrication of the wearing faces is
accomplished by a thin film of the material being pumped. The wearing faces
are precisely finished to ensure perfectly flat surfaces. Materials used in
the manufacture of the sealing rings are many and varied. Choice of materials
depends primarily upon properties of fluid being pumped, pressure, temperature,

and speed of rotation. The vast majority of rotating faces in commercial use
are made of carbon.
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Emissions to the atmosphere from centrifugal pumps may be controlled in some
cases by use of the described mechanical-type seals instead of packing glands.
For cases not feasible to control with mechanical seals, specialized types of
pumps, such as canned, diaphragm, or electromagnetic, are required.

Another specialty category is the sealed pump, which has no external seal or
potential leakage. The two major types are the canned-rotor and the magnetic.
Sealed pumps are used where no leakage can be tolerated, or where pump seal
failure might cause major trouble. Such pumps are available in a limited
range of sizes, most are low-flows, and all are of single- or two-stage con-
struction. They have been used for both high-temperature and very low~tempera-
ture liquids. High-suction-pressure applications avoid the need for a trou-
blesome high-pressure stuffing box. The centrifugal-type pumps follow the
same hydraulic performance rules as conventional centrifugal pumps. Because
of their small size, these pumps show a rather low efficiency but, in
dangerous applications, efficiency must often be sacrificed for safety.

5.5.3.4 Pump and Piping Safety--

The primary objectives of pumping and piping systems are to prevent escape of
liquid and to keep to a minimum the quantity lost if the liquid does escape.
Inherent safety and freedom from human failure can, to a considerable extent,
be built into a hazardous/flammable liquid system. Some design
recommendations which help to attain the above objectives are listed below:

(1) Complete automatic sprinkler protection is provided in indoor areas
where pumps, piping, tanks, and other parts of hazardous ligquid
transfer systems are located. In well-drained areas, sprinkler
discharge of 0.30 gpm/sq ft of floor area is usually recommended to
prevent structural and equipment damage.

(2) 1Indoor piping is located either overhead or in trenches in the
floor. Overhead piping is normally installed close to ceilings or
beams or along walls at least 6 ft above floor level. 1f piping is
located in a trench in the floor, the trench is covered with remov-
able steel plates and a trapped drain installed to a point of safe
discharge. Positive-exhaust ventilation is provided in the trench,
or the trench is backfilled with sand for liquids having closed-cup
flash points below 110°F.

(3) Provisions are made to clean out the piping and equipment when long
or scheduled shutdowns occur. This is usually done by purging with
steam. The condensate is then collected and treated as a wastewater.

(4) Pipe materials are used which are chemically resistant to the liquid
handled, which have adequate design strength to withstand the maxi-
mum service pressure and temperature, and which, when possible, are
resistant to mechanical damage or thermal shock. Cast-iron, soft-
rubber, or thermoplastic pipe or fittings of low melting point are
never used.
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(5)

(6)

(7)

(8)

(%)

(10)

(12)

If corrosive liquids or high standards of purity make special pipe
necessary, the use of stainless steel, nickel alloys, or other
materials having high resistance to heat and mechanical damage or
steel pipe with tin, glass, plastic, rubber, lead, or other lining
is preferred to more fragile piping. If problems of corrosion,
contaminations, or sanitation are the controlling factor, the use of
carbon, graphite, glass, porcelain, thermosetting-plastic, or hard-
rubber pipe is acceptable. Where specifically needed for the liquid
being handled, aluminum alloy, aluminum bronze, or lead pipe is
acceptable. Extra care is then used in locating, guarding, and
supporting specialty piping against mechanical injury.

Each waste material pipeline is clearly marked by lettering (coded
or otherwise), color banding, or complete color coding to indicate
the product transferred therein. The coding normally conforms with
company policy or standard plant practice which, in turn, should
conform with state or federal requirements.

Each oil or hazardous material product-fill line which enters a tank
below the liquid level has a one-way flow check valve located as
closely as possible to the bulk storage tank. In addition to confin-
ing the product to the tank, in the event of valve or pipeline
failure, the check valve permits overhaul of the main shut-off valve
and should aid in preventing shock loading of the pipeline and
valves from a "slug" of the tank content caused by backflow into an
empty fill line. The waste feed flow in suction lines is controlled
by use of a positive displacement pump.

Buried pipelines are generally avoided. When they do occur however,
buried installations have a protective wrapping and coating and are
cathodically protected if soil conditions warrant. A section of the
line is then exposed and inspected regularly. This action is normal-
ly recycled until the entire line has been exposed and examined on a
regularly established frequency. An alternative would be the use of
exposable pipe corridors or galleries.

When a pipeline is not in service, the terminal connection at the
transfer point is capped or blank-flanged, and marked as to origin.

Wood-to-metal is normally avoided as a pipeline support since it is
apt to retain moisture and cause pipeline corrosion which, when
coupled with the abrasive action caused by the pulsating action of
the line, could cause line failure with resulting leakage. Supports
are generally designed with only a minimum point of surface contact
that allows for the pulsating movement (expansion and contraction)
inspections at which time the general condition of items, such as
flange joints, valve glands and bodies, catch trays, pipeline
supports, locking of valves, and metal surfaces, are assessed.

Elevated pipelines are also subjected to constant review to insure
that the height of vehicular traffic granted plant entry does not
exceed the lowermost height of the elevated line; gate check-in and
in-plant travel are routes which warrant attention in this respect.
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(13) Double-walled piping and/or flange shielding may be necessary for
some above-ground pipelines carrying an especially hazardous or
toxic waste stream if the pipeline intersects critical locations
such as highways, driveways, railroads, or small watercourses. Aan
example is illustrated in Figure 5-29.

(14) As far as practical, all pumps feeding the blender are located as
close as possible to the storage tank.

1. A SHIELD PREVENTS SPLASHING IF THE FLANGE FAILS.

2. OUTER CONCENTRTIC PIPE PREVENTS ESCAPE (AND
INDICATES THE FAILURE) IF INNER, LIQUID-CARRYING
PIPE FAILS.

Figure 5-29. Two safegquards for piping of highly toxic liquids [23].

any liquid wastes are solids at room temperature or become highly viscous at
ower temperatures, and require heated piping to keep them in a fluid state
uitable for transfer through the system. Liquids from heated tanks can
sually be handled by providing adequate insulation on the pipe and fittings.

he following methods of applying heat to piping systems are considered
cceptable:

(1) Flammable-liquid lines are often steam-traced. The minimum steam
pressure needed is used to make the liquid fluid, and a regulator is
provided in the steam line with a relief valve downstream of the

regulator set somewhat higher. The pipe and tracing are enclosed
with noncombustible insulation.

(2) Electric heating cable is usually fastened along the pipe or wound
spirally around it and the whole covered with noncombustible insula-
tion. No splices in the cable should be made, and all connections are
located outside the insulation-covered pipe. Individual thermostatic
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(3)

controls for each cable section should be provided and protected
with a fuse or fused disconnect switches of as low a rating as
practical. Outdoors, weather-proof enclosures are provided for
thermostats, plug assemblies, and switches, and in all installations
are located safely away from the pipelines and out of the flammable-
liquid area. Accessories will introduce a hazard unless located so
that the make-and-break contacts will function in a nonexplosive
atmosphere.

Thermal-electric conduction may be utilized by passing a low-voltage
alternating current though the pipe. This method is commonly used
to maintain a constant temperature in a system of piping when materi-
al in the storage tank has been previously warmed. Sufficient heat
is supplied to the piping to compensate for normal heat loss in the
system without raising the temperature of the liquid in transfer.
Thermal-electric conduction systems is normally installed and tested
as complete units by the manufacturer or his qualified agent.
Sections of the piping to be heated are insulated by electrically
nonconductive fittings from unheated sections to confine the current
paths and to eliminate any current leakage at hazardous locations.

For thermal-electric conduction systems the following
recommendations usually apply:

(a) An automatic high-temperature-limit safety cutoff switch is
provided in each circuit of each system to prevent overheating
of liquid in event of failure of the operating temperature-
control thermostat.

(b) Each circuit is protected with fuses or fused disconnect
switches of the lowest practical rating.

(c) All parts of the piping and fittings are enclosed in electri-
cal- and thermal-insulating covering to prevent accidental
grounding of the system.

(d) All switches, transformers, contactors, or other sparking units
are located in a safe area away from any flammable liquid or
vapor.

(e) The system is inspected and tested periodically to insure its
continued safe operation. Maintenance of the installation is
the responsibility of trained employees.

5.5.4 Valving and Controls

Valve functions can be defined as follows:

On/off service

Throttling service

Prevention of reverse flow, or backflow
Pressure control
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(5) Special functions:
(a) Directing flow
(b) Sampling service
(c) Limiting flows
(d) Sealing vessel or tank outlets
(e) other.

Valve selection requires consideration of three basic and critical details:

(1) The flow control element
(2) The regulating mechanism
(3) The seal to contain the fluid within the valve.

In addition to these three important design aspects, features such as mechani-
cal strength, materials of construction, dimensional arrangement, and types of
end-connections are considered.

Valves are weak links in fluid transfer systems as regards leaks and fugitive
emissions. There are three types of leakage:

(1) Process fluid escapes downstream, past flow-control element in
closed position. Identified as "flow seal' leakage.

(2) Process fluid escapes to the outside of the valve, from around the
stem and from the joints (bonnet) with the body. 1Identified as
either stem-seal or bonnet-seal leakage.

(3) Air leaks into the valve body and to the process medium under
vacuum.

Figure 5-30 shows a gate valve with the possible leakage areas around the stem
>acking, the bonnet assembly, and between the valve stem and packing gland.

5.5.5 Valving and Control Safety Consideration

5.5.5.1 Safety Shutoffs--

{azardous and flammable-liquid pumping and piping systems are equipped with
:mergency shutoffs to stop the flow of liquid in event of fire or accidental
:scape of liquid or vapor. This can usually be done by safety shutoff valves
ind/or positive-displacement pumps. In general, these devices are arranged
‘or automatic operation in event of fire and for manual or automatic operation
.n event of accidental escape of liquid. 1If the location of a possible fire
:an be accurately determined, as would be the case at dispensing locations,
‘emote actuation is not necessary. If a fire could occur anywhere at an
'Xtensive installation, provision for remote actuation of the main safety
hutoff valve will be needed.

(1) Ssafety shutoff valves are needed in flammable-liquid systems in the
following locations:
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(2)

T =5 POSSIBLE
LEAK AREAS

Figure 5-30. Three areas of a typical gate valve that can

(a)

(b)

(c)

leak and result in fugitive emissions ([2].

At connections on supply and feed tanks where transfer is by
gravity, centrifugal pump, inert-gas pressure, or other means
that permits the maintenance of continuous pressure in the
system. The possibility of siphon action through a centrifugal

pump requires installation of a safety shutoff valve on the
pump inlet.

On feed lines where they enter important buildings or struc-
tures or on branch lines where they take off from main-supply
headers. The valve is located out of doors or immediately
adjacent to an exterior wall, accessible from outdoors.

On feed lines at dispensing locations.

Safety shutoff valves may be of the diaphragm, solenoid, or weight-
or spring-operated fusible-~element types. They generally
incorporate some of the following design features:

(a)

(b)
(c)

Have bodies with the appropriate service rating for the maximum
pressure and temperature to be encountered. Bodies should be of
cast steel, except that bronze is acceptable in sizes of 2 in.
and less if under sprinkler protection.

Close on failure of the operating electrical or air supply.

Close in the direction of the liquid flow so that system
pressure tends to hold the valve in the closed position.
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(3)

(4)

(5)

(a)

(e)
(f)

(9)

(h)

(1)

(3)

Close against a pressure of at least 150 per cent of design
rating.

Close within 5 seconds after actuation.

Valve should not readily be bypassed, blocked, or otherwise
made ineffective.

Have an indicator to show when the valve is open or shut,
except on packless solenoid types.

Be manually reset, except where the valve-control circuit is
arranged for manual resetting.

Have no direct connections between the liquid and air section
of diaphragm valves that might permit leakage of the liquid
past the packing into the air lines.

Have packing and lubrication, if any, resistant to the liquid
being handled.

Automatic operation of safety shutoff valves and/or direct-
displacement pumps is normally accomplished by one of the following
methods:

(a)

(b)
(c)

(d)

Actuation by thetrmal devices located at the ceiling and above
the point of flammable-liquid use where spills may be expected.

Release of a dead-man control.

Operation of the fire-protection system. With automatic sprin-
kler systems, actuation may be by waterflow indicators, alarm
valves, or dry-pipe valves with hydraulic-pressure switches.
With special fixed extinguishing systems, actuation is by
pressure switches. Drain and alarm tests of sprinkler system
are made during idle periods or arranged that they can be made
without operating the safety shutoff.

If the piping contains fragile components such as rotameters
and sight glasses, the safety shutoff is actuated automatically
by excessive pressure drop downstream from such components.

Arrange safety shutoff valves and/or positive-displacement pumps for
manual shutdown by use of one or more stop buttons or switches at
safe and accessible locations throughout the flammable-liquid
system. In general, such stop buttons or switches are located near
points of egress from the building or structure.

Self-closing manual valves and dead-man controls of a type not
readily blocked open are recommended as emergency safety shutoffs on
small systems, where liquid transfer is intermittent, and on larger
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(6)

systems that lend themselves economically to such an arrangement.
They require constant attendance by the operator and close auto-
matically if he leaves.

If normal flow in piping is in one direction only and the piping
discharges to feed tanks, receivers, or other vessels so located
that a leak in the piping upstream of these vessels could be fed by
reverse flow through the piping, check valves are installed in the

piping as close to the vessel as possible to prevent the reverse
flow.

5.5.5.2 Gages, Meters, and Gage Glasses--

(1)

(2)

(3)

(4)

Accessories on flammable-liquid piping systems, such as gages,
meters, gage glasses, hydrometers, and sight glasses are designed to
have strength equal to that of the piping system.

Gage glasses are particularly susceptible to breakage. Their use is
generally discouraged.

Restricted orifices are used in piping to gages and instruments to
reduce the amount of leakage in event of failure.

Armored rotameters or instruments that read indirectly or sample a
proportion of the flow in preference to those that enclose the
entire stream or have the full flow directed to the glass reading
chamber are also used. Vents on air releases used in conjunction
with some metering devices are then piped to outdoors in order to
dispose safely of flammable liquid that may be discharged if the
float is inoperative.

5.5.5.3 Operating Controls--

(1)

(2)

Operating control valves are located in hazardous and flammable-
liquid piping systems so as to regulate the control and flow of
liquids to connected equipment and to isolate equipment for mainten-
ance purposes. Conventional types of valves are suitable for most
liquids. Valves are used having the appropriate service rating for
the maximum pressure and temperature to be encountered and packing
or lubrication resistant to the liquid being handled. Valve bodies
are normally of cast steel, except that bronze is acceptable on
piping 2 in. or less in size in sprinklered locations. Cast-iron
bodies are usually not used. If corrosive conditions or product
purity require the use of special materials of construction, stain-
less-steel, Monel, or lined-steel valves are preferred to those made
of more fragile materials.

Valving is arranged to minimize the likelihood of improper operation.
Rising-stem or other valves that indicate whether open or closed are
preferred. The following recommendations for valve arrangements are
generally followed where applicable:
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(3)

(4)

(5)

(6)

(7)

(8)

(a) Three-way two-port valves are used at all branch lines so that
flow can only proceed through one line.

(b) Plug-cock valves are used with a slotted guard arranged so that
the handle can be removed only when the valve is in the closed
position. This arrangement will prevent discharge through
valves accidentally left open. One handle can serve all valves
on the system.

(¢) Electrical or mechanical interlocks are provided between valves
so that the position of one valve with respect to another will
be automatically determined.

Where the correct sequence of additions of waste materials to a
blending tank is of importance, sequence locks are used on valves in
pipelines.

Hydraulic accumulators or safety relief valves are provided on
pipelines that can be valved off with liquid trapped between valves.
This prevents damage or overpressure from thermal expansion. The
discharge is piped from safety relief valves to a collection point.

Tanks, mixers, and other equipment to which hazardous liquid waste
is transferred are arranged so as to prevent accidental overflow.
The best arrangement is a trapped overflow drain leading back to the
source of supply or to a point of safe collection. The capacity of
the overflow drain should be at least equal to that of the fill

pipe.

If the equipment normally operates under pressure so that an over-
flow drain is not practical but overflow is possible during filling
because of open manholes or sampling connections, a liquid-level
control is provided to stop the liquid flow by closing a valve or
stopping the pump or to sound an alarm if the maximum safe level is
approached or exceeded. Float valves or switches, pressure switches,
and various other liquid-level indicators are available and may be
used. Mechanical interlocking of valves on overflow drain and fill
pipe can sometimes be arranged so that the overflow drain will be
open when the fill-pipe valve is open.

The use of accurate measuring devices, such as dispensing meters,
measuring tanks, or weight tanks will assist greatly in the preven-
tion of overflows. Dispensing meters permit a predetermined amount
of liquid to pass and then automatically stop the delivery. Such
meters control a spring-loaded quick-action valve that should be
designed for manual starting with a hand-trip emergency shutoff.

If control valves are to be remotely actuated, valves are chosen

having characteristics described in recommendation 2 of Safety
Shutoffs and arranged for operation in an emergency situation.
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5.5.6 5Solids Feeding Equipment

Waste material is pneumatically, mechanically, or gravity fed into an inciner-
ator capable of burning solids. Normally, heterogeneous waste material must
be reduced in size (shredded, pulverized, etc.) to facilitate the feed system

operation and allow injection, distribution, and combustion within the
incinerator.

In addition to reducing moisture content and waste material size, separation
of noncombustible material such as ferrous and nonferrous metals may often be
required. The former is removed using magnetic separators. Nonferrous metals
are commonly removed using ballistic-type separators.

5.5.6.1 Shredders--

To reduce the size of waste materials for easier handling and feeding, shred-
ders are used. Also, to expose all surfaces of hazardous waste containers
(metal and fiber drums), it may be necessary to shred the containers. Usually,
due to industrial hygiene, safety, and materials handling considerations, drums
or packs of solidified residues cannot be shredded and must be charged directly
into the incinerator [17]. Thus, it would be rare that a shredder would be
used in conjunction with hazardous waste incineration, although in some applica-
tions, e.g., in-plant dedicated incinerators, shredders may be useful.

A shredder capable of consuming 55~gallon steel drums has to be a rugged unit,
capable of containing dusts and mists of toxic materials as well as particles
of steel thrown around at high velocity. This type of potential danger
indicates a need for a hopper feed system to enclose flying debris, with
mechanical feed from a conveyor so that plant personnel need never be in the
vicinity of the hopper opening during operation. The hopper is elevated for
gravity feed into the shredder, which also may be above ground level and well
ventilated. A suction fan can then draw fumes and dust from the shredder into
the incinerator or an alternate collection device.

A shredder capable of consuming 55-gallon drums would probably have a capacity
for handling material several times as fast as the incinerator. Thus, some
silo storage is necessary to safely contain the shredded material. The
material discharged from the siloc would go directly into the incinerator.

A shredding operation normally consists of a shredding unit and a transfer
network including a variety of conveyors and feeders. Several types of shred-
ding devices exist: vertical and horizontal axis hammer mills, vertical axis
grinders, and horizontal axis impactors; horizontal hammer type shredders are
the most common.

Unlike most other rotating equipment (pumps, fans, turbines, etc.), there is
very little design criteria for predictable performance of mixed solid waste
shredders. Size, style, and power selection is on an empirical basis, and
this is not likely to change in view of the infinite types and combinations of
input material.
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There are three basic types of horizontal shaft swing hammer type shredders:

\1) Topfeed, single direction rotor rotation
(2) Topfeed, reversible rotor rotation
(3) Controlled feed, single direction rotor rotation.

Figure 5-31 illustrates a cross-sectional view of a horizontal axis shredder.

FEED
CONVEYOR

‘ FEED MATERIAL
//

o— FEED CHUTE

LINERS » REJECT
MAIN FRAME —¢ & POCKET

BREAKER PLATE DISCHARGE
GRATE

DISCHARGE —*
CHUTE

DISCHARGE
CONVEYOR

Figure 5-31. Cross-section through a nonreversible
horizontal shredder [24].

.5.6.2 Explosion Suppression and Safety Considerations for Shredders--
he primary explosion in a shredding system is a gas explosion caused by a fric-
ion spark and sometimes followed by a more violent dust explosion. Explosive
ust mixtures of the type most likely to form in a solid waste shredder require
higher energy level for ignition than available from a friction spark.
Plosion suppression systems have proved effective for gas and dust explosions
1 municipal solid waste shredders and are used on most installations. Today,
>st systems use a demand-inerting suppression system, whereby metal hemispher-
zal containers release a suppressant in advance of a flame front. Such con-
1iners are connected to the shredding chamber by piping to channel the
ippressant toward the interior of the chamber to provide blanket coverage.
1e most popular suppressant is Halon (short for halogenated hydrocarbon), a

mily of chemicals which possess unique properties with regard to fire
:tinguishing.

so, sufficient pressure relief area is provided in the shredder and connecting
perstructures such as hoods, ducts, or any connected enclosure. Excepting the

redder, this can be by means of hinged flaps, tethered blowout panels, and
exible flaps.
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In addition, other means for minimizing personal injury and building damage
are [25]:

(1) Rigid enforcement of off-limits areas for roving personnel.

(2) Complete enclosure protection for the shredder operator.

(3) Separate or detached shredder building enclosures with blow-out
sidewall and roof panels.

(4) Partially open walls and/or roof.

5.5.6.3 Feeders--

Critical components in any system handling bulk solids are the feeders, which,
in conjunction with conveyors and other handling equipment, transfer solids at
a controlled rate from storage into the process, or from point-to-point within
a process. Feeders may be called upon to transfer materials from railcar to
storage bin, from storage bin to conveyor, or from conveyor to the incinerator.

There are four major types of solids feeders:

(1) Rotary
(2) Screw

(3) Vibrating
(4) Belt

Many specialized feeders are also available. Table 5-5 relates feeder types
to material characteristics. The most common types of feeders which will be

encountered in handling hazardous solid wastes are belt feeders and screw
feeders.

Both belt feeders and screw feeders have their own limitations. Steps must be
taken to alleviate dusting during operation of belt feeders. Total dust con-
trol can be assured only by enclosing the feeder with the proper dust entrain-
ment hoods. Most manufacturers furnish enclosures for belts up to about 36
inches wide. These housings can be made gas-tight for inert-gas purging.
However, if the user does not monitor feeder operation, or if a poor hopper
design allows powder to avalanche onto the feeder belt, or if a dust collec-
tion system has not been provided to remove particles as they become airborne,

the enclosure will serve only to contain the dust so that it eventually buries
the feeder.

Caution is advised when using screw feeders with sticky or very cohesive mate-
rials. Such materials can build up in short pitch sections, and conveying
will cease. For these services, longer-pitch, smoothly surfaced flights,

multiple screws with overlapping flights, or ribbons instead of solid flights
are normally specified.

Dust leakage around covers and along shaft seals is a common problem with
screw feeders. '"Dust tight" means little in a specification. Because this is
an important requirement, "gas tight" to about one inch w.c. (water column)
pressure is a term used. To ensure continued dust control, followup is normal-
ly needed during operation to make sure operators maintain seals, gaskets, and
covers. Shaft seals are difficult to keep dust tight, especially if the
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TABLE 5-5. FEEDERS FOR BULK MATERIALS

Material characteristics Feeder type

Fine, free-flowing materials Bar flight, belt, oscillating or vibrat-
ing, rotary vane, screw

Nonabrasive and granular materials, Apron, bar flight, belt, oscillating or
materials with some lumps vibrating, reciprocating, rotary
plate, screw

dJaterials difficult to handle Apron, bar flight, belt, oscillating or
because of being hot, abrasive, vibrating, reciprocating
lumpy, or stringy

ieavy, lumpy, or abrasive materials Apron, oscillating or vibrating,
similar to pit-run stone and ore reciprocating

:rough is gas-purged. Even with the variety of seals offered, most will leak
just within a few hours unless shaft runout at the seal area is minimized.
‘here is no standard industry specification covering runout; as much as 1/32
.n. runout is not unusual. Manufacturers will furnish special construction

‘or tight sealing, if this requirement is spelled out clearly in the
pecification.

0lid Waste Charging To Combustion Zone--The methods of feed to the combusion
one can be broken down as follows:

(1) Batch
(a) open charging
(b) air lock feeders
(2) Continuous

atch open charging can be as simple as gravity feeding solid waste into a
wute leading to the combustion zone, as in a rotary kiln incinerator.

1 example of a batch air-lock feeder can be a charging hopper located above a
>tary kiln inlet, charged by a grapple which is controlled from a fully
‘r-conditioned operator cab, sealed against the bin space, using TV cameras
1id TV screen in a partially automatic, partially manual operation. The

tary kiln inlet is sealed from the bin space by a lock fitted with two
.iding gates. When the inclined sliding gate in the drop chute of the rotary

n inlet is closed, a horizontal sliding gate located in the charging hopper
.11 open.

. example of a continuous solids feed is given in Figure 5-32, which illus-
ates a screw conveyor carrying sludge to a rotary feeder which is then
eumatically conveyed to a spin air nozzle within a fluidized bed incinerator.
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Figure 5-32. Continuous feeding of sludge to fluid bed incinerator.

5.5.6.4 Container Feeding Equipment--

For the most part, disposal technology for filled containers is appropriate

for toxic materials and for materials which are not readily removable from the
container. When opening the container might be harmful to operations personnel,
the container should preferably be processed within a closed system. Further-
more, if the material cannot be easily poured, co-disposal of both the chemical
and the container is preferable. Batch feeding of containerized solid wastes
results in a cyclic waste loading that can contribute to reduced destruction
and removal efficiencies [17].

In order to prevent the possibility of explosion or rapid temperature excursions
drummed material should not contain free-standing combustible liquids or even
combustible liquids of high vapor pressure that are bound within solids or
sludges. A series of holes are typically punched in the drums or other contain-
ers or their covers are removed to provide adequate venting. Small quantities
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of the material should be tested for thermal stability and exothermic decomposi-
tion at elevated temperatures before significant quantities are charged into the
high-temperature environment of the rotary-kiln primary combustion chamber. It

is often necessary to regulate the charge size of various containerized solids
depending upon heat release characteristics [17].

There are three basic types of automated container feeding equipment to
incinerators:

(1) Conveyor to air-lock charging to rotary kilns.
(2) Hydraulic drum and pack-feeding mechanisms.

(3) Conveyor to air-lock vestibule with puncturing apparatus to thermal
treatment chamber.

Figure 5-33 illustrates a schematic diagram of a rotary kiln incineration
system using air-lock charging of containers. A more detailed example of an
air-lock waste charging system is given in Figure 5-34. The general practice
of dropping small containers into a rotary kiln without emptying them has
orocess disadvantages. Occasionally, there will be deflagrations with strong
soot generation and excessive thermal and mechanical loading of the kiln refrac-

:ories resulting from this practice. A separate explosion vent for the charging
system is required to handle possible explosions.

\ different type of container handling, feeding, and thermal treatment system
‘s 1llustrated in Figure 5-35. The process includes a remote handling opera-
:ion and a completely enclosed cannister punching operation. Containers are

hen thermally cleaned in the first thermal stage with the controlled
rolatilization of toxic chemicals.

'he process described is excellent in the protection afforded to the operators
y the remote automated handling, punching, and thermal disposal approaches.
wide range of containers or cannisters can be processed, including 55-gallon
rums, chemical ton containers, munition cannisters, projectiles, and cans.
ontaminated filter media have also been detoxified using the same technique.

1¢ thermal furnace uses a containerized conveyor to transport the cannisters
irough the thermal process chamber, which is equipped with entry and exit

estibules with gas-tight doors at either end to facilitate the total contain-
ant of vapors which might escape from opened containers.

Mechanized punching
7 the cannisters takes place within the entry vestibule.

.5.7 Backup/Redundancy Provisions

¢ functional diagram of an incineration facility indicates that most compon-
its of the system are in a '"series' configuration; each series component must

: adequately functioning to avoid degraded performance. A few process com-
ments may be in a "parallel" configuration allowing a switchover to another
mponent when problems are detected with an on-stream component. Examples

‘e waste feed line filters which will usually have two or more units in

rallel. Critical thermocouples for temperature measurement related to control
nctions and automatic shutoff must be redundant. Feed pumps are typically
dundant; if plant processing rates are determined to be especially critical,
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redundant level monitors or extra gaging in critical storage tanks and silos, and
‘low monitoring cells may need backup devices to assure safety. A detailed failure
ode analysis of each particular incinerator facility will identify the most
.ikely potential malfunctions of each process element and point toward which

afety systems cannot afford to fail for pointing out redundancy needs at a
articular facility.

.5.8 Waste Processing Instrumentation

n automated instrumentation system is used to transfer hazardous wastes from
torage to the incinerator. Electrical and/or pneumatic systems permit obser-
ation of control, for all material handling, from a graphically illustrated
ontrol panel which shows such things as discharge valve positions, pump motor
>eration, storage tank and bin levels (high and low), storage tank agitator
’eration, and liquid or solid waste flow. The control instrument technology
1s been well developed. Instrumentation used in oil-burning utility systems

. excellent. The difficulty encountered in the hazardous waste liquid applica-
.on is caused by the nature of the product. It is invariably corrosive, con-
ins particulate, and has a nasty tendency to foul the surfaces it contacts.
e flow-sensing system is the heart of the control problem [15]. Equipment

eration including belt conveyors, shredder, bucket elevator, or screw con-
'yors to the incinerator can also be displayed.

6 COMBUSTION PROCESS MONITORING

fore incineration process conditions can be controlled automatically they
st be measured with precision and reliability. Instrumentation for an
cineration process is essential because of the variability of the many
ctors involved in attaining good combustion. For example, as the heat
1tent of the solid waste rises, changes in the combustion process become

cessary. Instrumentation indicates these variations so that automatic or
wal control adjustments can be made.
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The uses of instrumentation and controls include means of process control,
protection of the environment, protection of the equipment, and data collec-
tion. A control system must have four basic elements:

(1) the standard of desired performance;
(2) the sensor (instrument) to determine actual performance;

(3) the capability to compare actual versus desired performance (error),
and

(4) the control device to effect a corrective change.

The four major factors governing incineration efficiency for a given waste feed
are temperature, residence time, oxygen concentration, and the turbulence
achieved. Chapter 4 discusses the significance of these factors in incinerator
design and operation. Methods to determine appropriate conditions of temper-

ature, residence time, etc., for a given waste/incinerator combination are also
described in Chapter 4.

To comply with RCRA and EPA regulations, monitoring is required for combustion
temperature, waste feed rate, air feed rate, carbon monoxide, carbon dioxide,
excess oxygen, particulate matter, hydrogen chloride, and nitrogen oxides.

Temperature in the incinerator can be directly measured. Instrumentation is
also available to directly monitor CO, CO,, and oxygen concentration in the
combustion gas to insure that excess air levels are maintained. Residence time
and mixing efficiency cannot be directly measured, however, so other parameters
indicative of these conditions need to be measured instead.

Gas residence time in the combustion zone depends upon the volume of the
combustion chamber and the volume flow rate. Since the volume of the chamber
is fixed for a given unit, residence time is directly related to combustion
gas volume flow rate. Therefore, measuring this flow rate is equivalent to
residence time measurement for a given incinerator.

Mixing in liquid waste incinerators or afterburners is a function of burner con-
figuration, gas flow patterns, and turbulence. Burner configuration and gas
flow pattern are a function of the incinerator design and will not vary from
baseline conditions. Turbulence is determined by gas velocity in the combustion
chamber, which is proportional to gas volume flow rate. Therefore, combustion
gas flow rate is an indicator of mixing as well as residence time in liquid
injection incinerators.

In incinerators burning solid hazardous wastes, other factors need to be consid-
ered to determine solids retention time and degree of agitation. These factors,
which vary from one type of incinerator to another, are discussed in Section
5.6.4. Sections 5.6.1 through 5.6.3 discuss where and how temperature, oxygen
concentration, and gas flow rate can be measured.

5.6.1 Temperature Monitoring

Incinerator temperature is monitored on a continuous basis to assure that
the minimum acceptable temperature for waste destruction is maintained.
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This requires one or more temperature sensors in the hot zone and a strip
chart recorder or equivalent recording device.

Generally, wall temperatures and/or gas stream temperatures are determined
using shielded thermocouples as sensors. Thermocouples are the most commonly
used contact sensors for measuring temperatures above 1,000°F. Specifically,
thermocouples can measure the following thermal parameters:

a. Average gas temperature - accomplished using a shielded thermocouple with
relatively large thermal capacity anchored to a relatively large mass.
The metering circuit is provided with a 30-second time constant to
further smooth and average the readings.

b. Instantaneous gas temperature - accomplished using a shielded thermo-
couple with very small thermal capacity with the output metered by a
circuit with a l-second time constant. (Nominally, the reaction rates
within the hot gas stream should be strongly temperature dependent; they

thus should depend on the highest temperature to which the constituents
are exposed.)

c. Open flame temperature - obtained using an unshielded low thermal mass
thermocouple with the output metered by an amplifier with a 30-second
time constant.

d. Average wall temperature - obtained using a shielded thermocouple
imbedded in the refractory wall. (Here, the averaging is accomplished by
the thermal inertia of the refractory material.)

ptical pyrometers are not recommended for these measurements due to spectral
vias factors present in the combustion area which can cause unacceptable meas-
rement error.

he location at which temperature measurements are taken is important, due to
ossible variations from one point to another in the combustion chamber.
emperatures are highest in the flame and lowest in the refractory wall or at
point of significant air infiltration. Ideally, temperatures are measured

1 the bulk gas flow at a point after which the gas has traversed the combus-
ion chamber volume that provides the specified residence time for the unit.
:nerally, temperature measurement at a point of flame impingement or at a

>int directly in sight of radiation from the flame is not recommended. Figures
-36 and 5-37 show typical monitoring locations for liguid injection and rotary
"1n incinerators, respectively.

e types of thermocouples used include J, K, E, R, S, and B. The letter
mbols identifying the thermocouple types are those defined in ANSI Standard
6.1. These symbols are in common use throughout industry:

Type J - Iron versus constantan (modified 1913 calibration)

Type K - Originally Chromel-P versus Alumel

Type R - Platinum 13% rhodium versus platinum
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Type S - Platinum 10% rhodium versus platinum
Type T - Copper versus constantan
Type E - Originally Chromel-P versus constantan

Type B - Platinum 30% rhodium versus platinum 6% rhodium

Table 5-6 lists the limits of error for the common thermocouple types; most

manufacturers supply thermocouples and thermocouple wire to these limits of
error or better.

TABLE 5-6. LIMITS OF ERROR FOR THERMOCOUPLES [28]

Temperature Limits of error
Type range, °F Standard Special
J 32 to 530 14°F $+2°F
530 to 1,400 13/4% 13/8%
K 32 to 530 1+4°F +2°F
520 to 2,300 *3/4% 13/8%
R, S 32 to 1,000 #5°F +2-1/2°F
1,000 to 2,700 1/2% +1/4%
T -300 to ~75 11%
-150 to -75 2% 1%
-75 to +200 +1-1/2°F  13/4°F
200 to 700 +3/4% 13/8%
E 32 to 600 +3°F +2-1/4°F
600 to 1,600 11/2% 1+3/8%
B 1,600 to 3,100 t1/2%

Since the thermocouple element in a thermocouple assembly is usually expend-
able, conformance to established emf-temperature relationships is necessary to
permit interchangeability. Calibration of a thermocouple consists of the
determination of its emf at a sufficient number of known temperatures such
that with some accepted means of interpolation its emf will be known over the
entire range in which it is to be used. The process requires a standard
thermometer with a high-level calibration to indicate temperatures on a stand-
ard scale, a means for measuring the emf of the thermocouple, and a controlled
environment in which the thermocouple and standard can be brought to the same
temperature [28].

Thermocouples use one of three different types of measuring junctions--grounded,
ungrounded, and exposed. The grounded junction is the most popular. The
ungrounded junction is the most rugged, but its speed of response is slower thar
that of the grounded type. The unprotected exposed junction responds the faste
but is more vulnerable to corrosion and mechanical damage.
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A complete thermocouple assembly consists of the following:
1. A sensing element assembly, including in its most basic form two

dissimilar wires joined at one end and separated by an electrical
insulator

2. A protection tube, either ceramic or metal, or a thermowell.

In some
cases, both primary and secondary protection tubes are used

3. A thermocouple head or connector

Miscellaneous type hardware such as pipe nipples or adaptors to join the

protection tube to the head and thermocouple glands for mounting and
pressure sealing

Protection tubes and thermowells serve the double purpose of guarding the
thermocouple against mechanical damage and shielding it from corrosive atmos-
>heres. The choice of the proper material for the protection tube or thermo-
vell is governed by the conditions of use and by the tolerable life of the
hermocouple. There may be times when the strength of the protection tube is
nore important that the long term stability of the thermocouple. On the other
1and, gas tightness, resistance to thermal shock, or chemical compatibility of
:he protection tube with the process may be the deciding factors [28].

’he most common forms of protection tubes and thermowells and their applica-
:ions are covered in the following subsections [28].

1.6.1.1 Metal Tubes--

etal tubes offer adequate mechanical protection for base metal thermocouples
.t temperatures to 1,423 K (1,100°F; 1,150°C). It must be remembered that all
etallic tubes are somewhat porous at temperatures exceeding 1,088 K (1,500°F;

15°C) so that, in some cases, it may be necessary to provide an inner tube of
eramic material [28]. :

(a) Carbon steels can be used to 973 K (1,300°F; 700°C) usually in oxidizing
atmospheres.

(b) Austenitic stainless steels (300 series) can be used to 1,143 K (1,600°F;

870°C), mostly oxidizing although Types 316, 317, and 318 can be used in
some reducing atmospheres.

‘c) Ferritic stainless steels (400 series) can be used from 1,248 K to

1,423 K (1,800°F to 2,100°F; 975°C to 1,150°C) in both oxidizing and
reducing atmospheres.

d) High nickel alloys, Nichrome, Inconel, etc., can be used to 2,100°F
(1,150°C) in oxidizing atmospheres [28].

ere the protection tube is subject to high pressure or flow-induced stresses

both, a drilled thermowell often is recommended. Although less expensive
tal tubes, fabricated by plugging the end of the protection tube, may satisfy
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application requirements, more stringent specifications usually dictate the

choice of gun-drilled bar stock, polished and hydrostatically tested as a
precaution against failures [28].

5.6.1.2 Ceramic Tubes--

Ceramic tubes are usually at temperatures beyond the ranges of metal tubes

although they are sometimes used at lower temperatures in atmospheres harmful
to metal tubes [28].

The ceramic tube most widely used has a Mullite base with certain additives to
give the best combination of mechanical and thermal shock properties [upper
temperature limit 1,923 K (3,000°F; 1,650°C)] [28].

Silicon carbide tubes are used as secondary protection tubes. This material
resists the cutting action of flames. It is not impermeable to gases and,
where a dense tube is required, a nitride-bonded type material can be obtained
so that the permeability is greatly reduced [28].

Fused alumina tubes can be used as primary or secondary protection tubes or
both where temperatures to 2,253 K (3,600°F; 1,980°C) are expected and when a
gas-tight tube is essential. Fused alumina tubes and insulators should be
used with platinum-rhodium, platinum thermocouples above 2,200°F (1,200°C) in
order to ensure long life and attain maximum accuracy. [The Mullite types
contain impurities which can contaminate platinum above 2,200°F (1,220°C).
The alumina tubes are more expensive than the Mullite base tubes, but types
impervious to most gases to 2,088 K (3,300°F; 1,815°C) can be obtained] [28].

5.6.1.3 Metal~Ceramic Tubes--

Cermets" are combinations of metals and metallic oxides which, after proper
treatment, form dense, high-strength, corrosion-resistant tubes usable to
about 1,698 K (2,600°F; 1,425°C) in most atmospheres [28].

5.6.2 Oxygen Monitoring

Oxygen concentration in the combustion gas is usually measured at a point of
high turbulence, after the gas has traversed the full length of the combustion
chamber. A good location for measurement is at the inlet to the duct leading
from the combustion chamber to the quench zone, immediately after the gas has
gone through a 90° turn. Figures 5-36 and 5-37 show this location.

Oxygen measurements are made on a continuous basis. Commercially available
instruments are discussed in Section 5.9. Whichever type of sensor is used,
it is typically equipped with a gas conditioning system specified by the
manufacturer for the gas environment in which the instrument is used.

When measuring oxygen concentration directly in the high-temperature flow, some
difficulty can be experienced because of molten slag impingement on the probe.
Trial-and-error solutions of location and probe length have minimized this
problem. A redundant system for scheduled maintenance is desirable [15].
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5.6.3 Gas Flow Measurement

Gas flow rates can be measured or approximated in several ways: by insertion
in the flue gas duct of an air pressure measuring element (e.g., pitot tube)
or by measuring the drop in pressure across a restriction to the gas flow
(e.g., baffle plate, venturi section, or orifice) downstream of the combustor

Exhaust gas flow, however, is the most difficult flow measurement application
on the incinerator for many reasons:

(1) Because the gas is dusty, moist, and corrosive, pressure taps will tend
to plug. For this reason it is extremely important that the connection
to the duct be made sufficiently large and with cleanout provision.

(2) 1f the two pressure sensing points are at widely different temperatures,
the resulting difference in density of the gas in the connecting lines to
the instrument will create an error in measurement. For this reason,

avoid measurement across spray chambers or other locations where gas
temperature changes radically {29].

(3) If taken across a restriction to gas flow, the fouling tendencies of the
dirty gas will cause the restriction to increase with time, thereby
changing the differential measurement for a given rate of flow [29].

‘or the reasons stated above, the usefulness of this measurement as an indication
»f quantitative flow is limited and care should be taken in this application [29].

‘low measurements are performed at either of two locations: (1) in the duct
etween the combustion chamber and quench zone, or (2) in the stack (Figures
-36 and 5-37). Both locations have their advantages and disadvantages. 1In
he combustion chamber outlet duct, a sufficiently long length of duct may not
e available for flow pattern development. Access to this location can also be
problem when the incinerator is vertically oriented and because of the neces-
ity to breech the duct at a high temperature point. High temperatures at this

ocation may require special materials of construction (e.g., inconel) for
easurement elements.

1e advantages of flow rate measurement in the stack are relief of the prob-
ams associated with high temperature gas flow measurement, increased access-
>ility to the gas flow, and increased likelihood of having a proper section

I duct for the flow measurement. One minor disadvantage associated with this
>sition is the increased possibility that ambient air leaks into the system
ystream of the draft fan could bias the flow measurement. This is not a

mmon occurrence, however, and good facility management practice will
irmally detect such leaks quickly.

" the instruments available to measure gas flow in closed conduits, pressure
velocity head meters are among the oldest and most common. The principal
ortcomings are the need for elements to be inserted directly into the flow
ths (in contact with th gas stream), making them susceptible to corrosion,
osion, and fouling; the requirement for seals; the likelihood that the con-

it may have to be opened for inspection or service; and permanent pressure
sses caused by restrictions placed in the channels.
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Head-type flowmeters incorporate primary elements, which interact directly
with the streams to induce velocity changes, and secondary elements, which
sense the resulting pressure perturbations. The flow rate of interest is a
function of the differential pressures which can be detected.

5.6.3.1 Orifice Plates--
Orifice plates, the predominant primary flow elements, can yield accuracy and
repeatability of #0.25 to 2% full scale at Reynolds numbers from 8,000 to

500,000 [29]. Units are offered in a variety of designs, with flow area
shapes which can be:

(1) Concentric
(2) Eccentric
(3) Segmental,

and profile cross sections which can be:

(a) Square-edged
(b) Sharp-edged
(c) Quadrant-edged
(d) Double bevel
(e) Conical inlet.

Principal advantages include low cost, interchangeability, and installation
with minimal modification of piping systems. The greatest disadvantages are
high unrecoverable pressure loss, requirement for skill in installation and
making pressure connections, need for long runs of unobstructed piping or use
of straightening vanes upstream and downstream of the primary element to
achieve accuracy, and sensitivity of measurement reliability to orifice geom-

etry and surface conditions which can vary as a result of normal use or
handling [29].

Orifice plates can be specified in corrosion-resistant materials appropriate
for many operating conditions. For fluids above 600°F, plate materials should
be specified that have thermal expansion coefficients matched with those of
the mounting flanges, and effort should be made to moderate the rate of tem-

perature change on the complete primary assembly to avoid thermal stresses
[29].

The most common orifices have sharp, square, or rounded upstream edges. Cir-
cular concentric designs are particularly popular since accuracy is highly
predictable and extensive performance data are available for broad ranges of
flow rates, duct sizes, pressure differentials, and other application factors.
Eccentric and segmental orifice designs may be considered when the measured
fluid contains suspended materials since these may lead to accumulations
behind concentric plates and cause erratic or false readings [29].

5.6.3.2 Venturi Tubes--

Venturi tube configurations can be standard, eccentric, or rectangular. 1In
standard designs, cylindrical barrel sections having inner diameters close to
those of the main pipes connect to the throat sections through cones of fixed
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angular convergence; the throats terminate in diverging exit cones which again
match the inner pipe diameters. Eccentric venturi elements are available to

handle flows with mixed phases, and rectangular units can be specified for use
in noncircular ducts [29].

Venturis handle 25% to 50% more flow than orifices for comparable line size
and head loss. The flow range for satisfactory measurement is usually con-
sidered to extend upward from Reynolds numbers of about 200,000. Advantages,
in addition to capacity, include high pressure recovery, good accuracy with
beta ratios greater than 0.75, integral pressure connections, minimal require-
ments for straight runs of upstream piping, and suitability for dirty applica-
tions because the streamlined inner surfaces resist erosion and particle
accumulation. Purchase cost is high compared with most other primary elements,
but the greater pressure recovery can result in significant energy savings in

large ducts. A more significant problem is that large sizes make the tubes
awkward to install [29].

5.6.3.3 Pitot Tubes--

Pitot tubes are the simplest velocity head sensors. Models can be specified
for a variety of difficult fluid services, including high temperature, high
pressure, and corrosive, dirty gases. Moreover, the sensors are formed as

probes, which often are designed to be inserted in conduits without system
shutdown {[29].

Jumerous special as well as standard configurations are available; for in-
stance, models can be ordered to measure velocity direction as well as magni-
:ude. Limitations include tendency to plug when fluids contain suspended
0lid particles unless provision is made for purging or flushing, narrow

selocity ranges with standard secondary elements, and sensitivity to local
Jistrubances in the flow pattern [29].

\nother fundamental problem is that measurement indicates velocity at one
>oint in the stream, rather than providing integrated volumetric flows. The
)robes must be traversed across the pipes or the velocity profiles known in
«dvance to calculate average flow. Moreover, to avoid uncertainty about local

rerturbations, at least 8 diameters of straight smooth pipe are recommended
pstream of typical devices {29].

'.6.4 Solid Waste Retention Time and Mixing Characteristics Information

etention time for nonvolatile or solid wastes in an incinerator is different
rom that for volatiles. When solid wastes are being incinerated using incin-
rators which have mechanical means for agitating and moving solids through

he combustion zone such as is possible with rotary kilns and multiple hearth
1cinerators, residence time of nonvolatiles will become a function of these
ariables. Mixing will also become a variable when rabble arms or other
echanical devices are used to tumble or otherwise break up chunks of solid
aterial. Residue analysis is typically performed to ascertain the condition
I the ash produced at these conditions. If analysis shows that insufficient
jitation or residence time is being achieved in exposing the solids to com-

istion zone conditions, a change of those conditions is normally requested to
.iminate the problem.
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5.7 AIR POLLUTION CONTROL DEVICE INSPECTION AND MONITORING

5.7.1 Wet Scrubbers

Five parameters are routinely checked on wet scrubbers to monitor their opera-
tional effectiveness. These are discussed below. Gas and liquid flow rates
are discussed together in Section 5.7.1.2

5.7.1.1 Temperature--
Deviations from the design temperature can have serious effects on the removal

efficiency of a wet scrubber, particularly when the scrubber is being used to
remove gaseous components. Since incineration inherently produces high tem-
perature gas to be scrubbed, pre-cooling of the gas stream is necessary.

Units used for this are commonly called quench towers, and they normally bring
the gas temperature down to around 150°F prior to entry into the scrubber.
This scrubber inlet temperature is continuously monitored to assure that
proper scrubbing conditions are maintained in accordance with the design inlet
temperature value or range. Deviations can cause several effects, including
rapid loss of scrubbing liquid, compromise of absorption efficiency, undue
corrosion, and structural damage to the unit. One or more of these occur-
rences can increase emissions from the unit. Figures 5-36 and 5-37 show the
approximate position for temperature measurement. Emergency shut down
features regarding this temperature measurement are discussed in Chapter 4.

5.7.1.2 Ligquid and Gas Flows--

A wet scrubber must provide good gas-liguid turbulence and optimum contacting
surfaces for proper absorption of contaminant gases or removal of particles
[30]. This provision is typically specified by the vendor and normally ex-
pressed as the liquid-to-gas ratio (e.g., 5 gpm/1,000 cfm [L/G]). A certain
L/G will be necessary to achieve design removal efficiency. The vendor also
supplies the sensitivity of the L/G ratio to removal efficiency because each
design has a somewhat different sensitivity to the L/G ratio. With this data
in hand, a range of acceptable L/G ratios can be established, consistent with
removal efficiency requirements. This range serves as the parametric limits
for acceptable L/G ratio operation. System gas flow will have been measured
as part of the incinerator operating reguirement covered previously. There-
fore, scrubber liquid flow rate measurement will provide the remaining neces-
sary parameter measurement to define the L/G ratio. This parameter is moni-
tored often and remedial actions taken by the operator, should the ratio
exceed the parametric limits. Operator action will normally be a minor
adjustment of the scrubber liquid flow rate.

A measurement of the moisture content of the gas leaving the scrubber is made
in cases where some other device is in the system which can contribute addi-
tional moisture to the total gas flow such as a mist eliminator. This also
covers the situation where the gas flow measurement may be made upstream of
the quench zone in the hot gas area. In the case of the hot zone measurement,
the sum of hot zone gas flow plus moisture content corrected to scrubber
pressure and temperature conditions represent scrubber gas flow. Obviously, a
direct measurement of the gas flow exiting the scrubber may also be used, but
this will necessitate another measurement system set-up.
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Measurement of the liquid flow rate is accomplished by using any of several
types of flowmeters, including venturi, orifice, flow tube, pitot tube, mag-
netic, or acoustic varieties. Device acceptability considerations are sum-

marized in Table 5-7. Figures 5-36 and 5-37 show the appropriate measurement
location.

5.7.1.3 pH--

Another important parameter in wet scrubber operation is pH. Materials of
construction are selected in part based upon the degree of acidity or alka-
linity provided by the scrubbing liquid during operation. Deviation from the
design pH condition or range may result in deterioration of the scrubber
structure in contact with the liguid. Furthermore, maintenance of the pH

design condition is important to scrubber liquid absorption efficiency when
removing gaseous contaminants.

The liquid composition and its attendant pH will be determined during the
design phase. Absorption efficiency can change drastically as a function of
oH, thereby altering the scrubber removal efficiency, so an acceptable pH
sariation range is designed for the equipment. The pH is monitored continu-
>usly and either manual (operator) or automatic adjustment made to keep the pH
vithin proper operating specifications. A number of commercially available pH
ionitoring systems can adequately serve this purpose. These systems normally
‘nclude a direct readout device which can be conveniently located on a control
»anel for continuous monitoring accessibility. Figure 5-42, Section 5.8,

hows the measurement location and arrangement for scrubber liquid pH.

v.7.1.4 Pressure Drop--

'ressure drop is an important indicator parameter in monitoring the opera-
ional condition of a wet scrubber. It is sensitive to changes in the gas
low rate, liquid flow rate, and clogging phenomena in the system. During the
esign phase, a proper pressure drop value or range to maintain design removal
fficiency is specified. Monitoring this parameter provides a continuous,
dditional check on the normal operation of the scrubber. A change in the
ressure drop is an indication that other measured parameters in the system
eed to be observed immediately to find the cause of the disturbance and
srrective action should be taken. It is also an indicator which covers the
ime span between other routine parameter checks. 1If, after checking the pH,
smperature, and gas and liquid flow rates, all appears in order, then the
"essure drop measuring system is checked for correct operation and a visual
1spection of the scrubber conducted to identify possible clogging problems.

check of the control efficiency is also routinely made to see if removal
ficiency is being maintained.

ny kinds of pressure measurement devices are commercially available to meas-
‘e pressure drop across a device; however, a differential pressure gage cali-
ated in inches of water is usually recommended for this purpose. The read-

t device is located in a convenient place for the operator to observe at any

me. Figures 5-36 and 5-37 show the location of the pressure taps relative to
e device.
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TABLE 5-7. DEVICES FOR LIQUID FLO? MEASUREMENT
Flow range, gpm
Flow (applicable
measurement pipe
device Advantages Disadvantages diameter)

Venturi meter Low permanent Flow disrupted and 0-750
pressure drop. plumbing modifica- (1-18 in.)
Applicable to tions required for
streams with ap- installation.
preciable solids Expensive.
content. Accurate.

Orifice meter Inexpensive. Flow disrupted and 0-750
plumbing modifica- (0.5-30 in.)
tions required for
installation. Large
permanent pressure
drop. Solids may
deposit behind device.

Moderately accurate.

Flow tube Applicable to Flow disrupted and 0-750
streams with plumbing modifica- (1-18 in.)
appreciable solids tions required for
content. installation. Inter-

mediate permanent
pressure drop. Mod-
erately expensive.
Moderately accurate.

Pitot tube Low permanent pres- Flow disrupted and 250~50,000
sure drop. Inex- plumbing modifica-
pensive method for tions required for
pipes of large installation. Solids
diameter. may cause plugging.

High flow velocities
may cause instability.
Moderately accurate.
Magnetic meter Minimum permanent Flow disrupted and 250-20,000

Acoustic meter

pressure drop.
Applicable to
streams with ap-
preciable solids
content.

Installation without
flow disruption.
Relatively accu-

rate. No head
loss or pressure
drop. Applicable

to streams with
appreciable solids
content.

Accurate.

Portable.

plumbing modifica-~
tions required for
installation.
sive.
be fouled by waste-

waters containing oil

and grease. Suscep-
tible to electromag-

Expen-
Electrodes may

(0.1-100 in.)

netic interference from

nearby equipment.

Expensive.
accurate.

Moderately

250-20,000
(pipes of all
diameters)
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In selecting a pressure measuring device, the following items are considered:

 Pressure range

+ Temperature sensitivity
+ Corrosivity of the fluid
« Durability

- Frequency response

A guide to pressure sensing device selection is summarized in Table 5-8.

5.7.1.5 Residue Generation--

seneration of residue from wet scrubbers results from operational requirements
of the scrubber liquid in the specific system used. Vaporization losses in
:he contacting area create the need for make-up liquid to be provided, and
changes in liquid pH create the need for adjustment. Collected material (such
1s solid particles) also creates abrasion, contamination, and corrosion prob-
.ems in the scrubbing liquid and/or transport system. In addition, when
1azardous materials are collected, a need for further treatment may be created
srior to disposal. Sometimes a designer will choose to accommodate these
sroblems in an integrated system design approach. Monitoring requirements
‘elative to generation of residue from a wet scrubber are those required for

bservation of waste stream treatment systems and are covered in Section 5.8.
‘ontrol of pH is also discussed.

.7.2 Fabric Filters

abric filters basically consist of a porous layer of flexible, textile mater-
al through which a contaminated gas is passed to separate entrained material
rom the gas stream [32]. As collected material accumulates, resistance to

1e gas flow increases. The collected material is removed periodically by

igorously cleaning the filter to maintain proper pressure drop across the
ystem.

artain fabric filter parameters are monitored on a regular basis to evaluate
>erational effectiveness. These are detailed below.

.7.2.1 Temperature--
limiting factor in filtering hot gases with a fabric filter is the temper-
ure resistance of the fibrous materials from which the filter cloth is made.
erefore, the manufacturers temperature specifications regarding appropriate
lter material are important for efficient operation. Continuous recording

" the temperature of the gas coming into contact with the filter media is

de to assure that extended excursions above the recommended value are not
curring. Appropriate corrections are then made immediately, either automa-
cally or by the operator, to maintain inlet temperature within design cri-
ria. This helps minimize the occurrence of extraordinary material breakdown
th resultant increased emissions. It also aids in keeping maintenance of

e filter in good order and extending the life of the filter material.
asurement technique is similar to that depicted in Section 5.7.1.

Figure
38 shows the appropriate measurement location.
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Figure 5-38. Recommended measurement and inspection locations.

.7.2.2 Gas Flow and Pressure Drop--
abric filter collectors are commercially available to handle total gas flqws
rom 100 cfm to greater than a million cfm. The quantity of gas processed and
1e contaminant concentration in conjunction with specific flow resistance
roperties of the particulate deposit on the fabric determine the amount of
iltration area required for a selected value of operating pressure drop. A
:'sign pressure drop is generally chosen around 3 or 4 inches of water for
conomic reasons, but some units are designed to operate higher than 10 inches
© water pressure drop. Variation in the pressure drop over a specified range
normal in fabric filter operation. The operational cycle consists of a
adual buildup of material on the surface of the filter which is periodically
.eaned off. The development of this deposition increases the pressure drop
.th time. This cycle usually remains within specified limits. Continuous
:cording of the operating pressure drop is maintained by the operator. The
‘essure drop is maintained within the manufacturer's specified range so that
due disturbance of the design filtration efficiency does not occur. Chapter
provides further information regarding fabric filters. The pressure drop
asurement device is essentially the same as described in Section 5.7.1.4.
asurement location is shown in Figure 5-38.

7.2.3 Residue Generation--

cumulated particulate matter is removed and transported to a central point
* reprocessing or disposal depending on the hazardous nature of the collec-
1 material. Means of preventing gas leakage at the hopper discharge is an
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important design factor. This is normally accomplished through the use of
double flap valves or rotary air-lock valves, although the rotary air lock
valve will give the most positive seal.

A means of preventing bridging in the hoppers is also important. Common types
are mechanical, spring loaded rappers, electric vibrators, and compressed air
vibrators. Helicoid screw conveyors are commonly employed for horizontal
transport of the collected material to a central point.

Residue analysis is needed to ascertain the hazardous nature of the collected
material and to select appropriate disposal options. The type of such
analyses is covered in Chapter 3.

5.7.3 Electrostatic Precipitators

Precipitators are theoretically complex control devices which are almost
always specifically designed for a given application. Many technical consid-
erations are evaluated initially to aid the applicability determination ([33].
In each case, however, a set of operating conditions and checkpoints are
defined by the vendor as proper and necessary to maintain the design removal
efficiency. Compliance with these and other conditions pertinent to
maintaining the quality of the environment are evaluated; the following
information serves as a checklist for such items.

5.7.3.1 Rapping Cycle Practice--

Precipitators use a “rapping" or force impact sequence to remove buildup of
collected material on the internal surfaces of the equipment. This causes
re-entrainment of collected material in the exhaust gas stream which affects
precipitator removal efficiency. Three variables are involved; the rapping
interval, the rapping intensity, and the duration of the rapping cycle.

(1) Rapping interval - It is desirable to know the time interval of rapping
for each electrode in the precipitator field, because the upstream fields
are normally rapped more frequently than the downstream fields as a
result of the relatively high material buildup in the initial stages.

(2) Rapping intensity - How hard an electrode is rapped will affect the
amount of material removed each rap.

(3) Cycle duration - How long a time the rap covers affects the degree of
"cleanliness" achieved.

The intervals for these three variables are designed to be appropriate for the
application. This choice is normally based on the experience of the company
with their product. Common practice ranges from very frequent rapping (every
few minutes) to intervals as long as an hour. The intensity may range from
low to high with frequent intervals, but is normally high at longer intervals.
The ability to change the values is normally a part of the precipitator con-
trols. A check of the proper settings is made at least once a day by the
operator and records kept for examination by the EPA upon request. A typical
rapping mechanism is shown in Figure 5-39.
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Figure 5-39. Typical vibratory rapper.

7.7.3.2 Temperature, Resistivity, and Gas Moisture Effects--

‘he resistivity of the material collected can have an influence on the collec-
don efficiency. 1If the resistivity is greater than about 5 x 101° ohm-cm,

he electrical field developed in the collected particle layer can exceed the
reakdown field strength. Excessive spark rates and back corona can occur
hich will cause operation at lower than normal current densities with result-
ng degraded performance. If the particle resistivity is less than about 107
hm-cm, the electrical forces holding the material to the collection plates

ay be low. Excessive re-entrainment can occur yielding lower performance.

resistivity range showing the allowable span for maintenance of removal
fficiency is normally supplied with an ESP along with a measurement of the
asistivity of the material collected. As long as the feed material does not

range, no further check on the resistivity is usually necessary, unless
:moval efficiency changes for no apparent cause.

icreasing moisture content will also lower the resistivity. A change in
»isture content will normally only occur with a change in the feed material

isture or a change in steam injection conditions if such a technique is used
» increase hydrogen ion availability in the combustion zone.
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Temperature affects precipitator removal efficiency although not as much as it
affects baghouses and wet scrubbers. Temperature considerations are normally
evaluated during the design phase of the precipitator by the vendor.

Specifications are provided by the owner/operator showing the allowable temper-
ature range for design removal efficiency. Continuous recording of the in-
coming gas temperature is made by the owner/operator to assure that extended
excursions above or below the recommended range are not occurring. Appropri-
ate corrections are then made to maintain inlet temperature within design
criteria. The measurement techniqgue must be similar to that discussed in
Section 5.7.1. Figure 5-40 shows the appropriate measurement location.

T0
LIQUID ATMOS PHERE
INCINERATOR QUENCH ZONE

ELECTROSTATIC

PRECIPITATOR
// I

INLET GAS
TEMPERATURE
10
DISPOSAL

Figure 5-40. Recommended measurement location.

5.7.3.3 Applied Voltage (Power Supply Control)--

The overall objective of precipitator design is to combine the component parts
into an effective arrangement that results in optimum collection efficiency.

A very important aspect toward this objective is the design of the
precipitator power supply.

The power supply normally consists of four components as shown in Figure 5-41;
a step-up transformer, a high voltage rectifier, a control element, and a
sensor for the control system. A step-up transformer is required because the
operating voltages (applied voltage) range from about 20 to 100 KV. This
system is used to maintain the applied voltage at an optimum value even when
the material characteristics and concentration exhibit temporal fluctuations.
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Figure 5-41.

Power supply system for modern precipitators.

)nce normal operating conditions have been established, continuous monitoring
»f the power supply system is typically maintained. The necessary indicators
‘meters) for this are normally provided as part of the precipitator control
anel. Deviations will likely be caused by excessive buildup of collected
aterial in the precipitator or breakdown of the electrical supply circuitry.
nvestigation should begin immediately to locate the cause, and correction
ade, including shut off of feed material and/or shut down for repair if
emoval efficiency drops below specifications.

.7.3.4 Gas Flow--

hanges in the gas flow rate can affect removal efficiency. This becomes more
ritical as the particles get smaller. The precipitator is designed so that
he combination of the forces applied on the particles and the time that the
orces remain on the particle (dwell time) result in the movement of the

articles to a collection surface. The smaller the particle, the longer it
akes under fixed conditions to do this.

T the gas flow rate increases beyond design capacity, this combination
:comes compromised and a degradation of removal efficiency will occur.

1e gas flow measurement requirement discussed in Section 5.7.3 is appropriate
or checking the precipitator flow parameter also. Sustained increase in the
s flow is usually checked immediately for effect on the design removal
ficiency, and correction made to remain within design conditions. This may
:quire reduction in input feed material flow or some other modification(s).
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5.7.3.5 Residue Generation Rate and Dust Removal Capacity--

It is important to determine that the dust removal system remains working
properly according to specifications. Hoppers are used to collect material
removed from the collecting surfaces by the rapping sequence. If the residue
generation rate exceeds the material removal capacity, re-entrainment of
collected material will occur, greatly reducing precipitator efficiency.
Historically, automatic removal of collected material is one of the major

causes of precipitator failure, and daily inspection for proper operation is
typically required.

5.7.3.6 Internal Systehm Pressure--

If the precipitator system is operated with internal pressures less than
ambi-ent, leakage of air through the hopper can also cause a re-entrainment of
mate-rial from the hoppers. A design check to make sure the hopper area is
properly sealed is made to prevent such occurrence. Section 5.7.2.3 discusses

appropriate seal techniques. Further details regarding electrostatic
precipitators is found in Chapter 4.

5.7.4 Mist Eliminators

Mist eliminators are extensively employed to reduce emissions of entrained
liquid droplets from wet scrubbers. The most commonly used types include
cyclone collectors, simple inertial separators such as baffles, wire mesh mist
eliminators, and fiber bed elminators. 1In use, the latter three devices work
by the same principle. Rising mist droplets strike the mist eliminator,
coalesce due to inertial impaction and direct interception, and form larger
droplets which fall back into the scrubber.

Cyclones differ from the other types of mist eliminators because centrifugal
force is used to remove the droplets. The particulates, because of their

inertia, tend to move toward the outside wall from which they are led to a
receiver [22].

The choice of mist eliminator equipment is dependent on droplet size, gas flow
pressure drop, and cost considerations. Cyclone collectors are used to remove
larger droplets (10 to 100 pym range), and are used commonly in conjunction
with venturi scrubbers. Simple inertial mist eliminators (baffle, louvre, and
vane-type among others) are effective with droplets about 10 pm in size.

Fiber bed mist eliminators have the highest efficiency of any of the types of
eliminators for trapping very fine droplets (as small as 0.5 pm).

Blthough the different types of mist eliminators vary in design, they have
common parameters which must be monitored to evaluate operational effective-
ness. These are detailed below.

5.7.4.1 Temperature--
Excessive temperatures can adversely effect the performance of a mist elimi-

nator. Higher temperatures could result in a heavier loading and increased
corrosion. Since the mist eliminator is located downstream from the wet
scrubber, monitoring the temperature of the scrubber is sufficient to ensure
the mist eliminator is operating at a suitable temperature.
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5.7.4.2 Gas Flow and Pressure Drop--

For maximum efficiency, flow of gases through the mist eliminator should be
high enough to be practical while allowing a reasonable retention time.
Re-entrainment of the liquid droplets can result if the gas flow is too high.
The optimum gas flow varies according to the particulate mist eliminator used,
and is normally supplied by the manufacturer. Pressure drop may vary from 2
to 12 in. of water gage, in accordance with manufacturers' specifications.

Continuous recording of the operating pressure drop is typically maintained by
the owner/operator and such records made available for inspection. A change
in the pressure drop would indicate a change in the gas flow rate or, more

importantly, the accumulation of solids in the equipment, decreasing its
efficiency.

5.7.4.3 pH Level-- '
To prevent excessive corrosion, the mist eliminator is normally constructed of
laterial that is resistant to the pH level of the mist. pH is monitored in

he wet scrubber to ensure the mist eliminator is operating within the manu-
‘acturer's recommended pH range.

}.7.4.4 Maintenance-~

‘roper maintenance of mist elimination equipment is essential in order to
aintain optimal efficiency, for collection of solid material in the equipment
‘an decrease efficiency. The equipment can be cleaned by backwashing or by

utomatic spray devices. Often, daily inspection is required to assure that
he backwash system is operating properly.

.8 SCRUBBER WASTE STREAM TREATMENT INSPECTION AND MONITORING

.8.1 Flow Measurement and Monitoring

1 any treatment system unit operation, the measurement and/or control of flow
5 a critical parameter. In this case, flow is a factor in determining the
ate of caustic solution addition in the neutralization system. Flow measur-~

1g and recording devices are described in detail in Section 5.7.1.2.

,8.2 Flow Control

tomatic monitoring systems are employed to provide advanced warning when the
.ter level in the neutralization system has increased above a set operating
mit. This enables operators to institute immediate process alterations to
low the neutralization system to equilibrate back to normal operations.

8.3 pH Monitoring

a1sors for automatic monitoring, recording, and control of pH are especially
1sitive to process interferences. It is necessary, therefore, that care is
.en in the selection of automatic equipment in order to ensure that it will
wction satisfactorily in the treatment scheme.

5-99



Automatic monitoring of pH has the following advantages:

(1) pH is recorded on a continuous basis, producing a clear picture of
variation with time. '

(2) Time lag between sampling and analysis is much shorter than in manual

sampling. Problems resulting from the storage of sampling equipment are
also eliminated.

(3) The rate of neutralizing chemical addition can be continuously
controlled.

(4) Automatic monitoring can be combined with an alarm system to provide
warning if the neutralized effluent is of insufficient gquality. W®hen
this occurs, a by-pass valve could be opened to direct the effluent to a

storage basin for gradual addition to the treatment system once normal
operations have been resumed.

Automatic monitoring is not without disadvantages, however. Among them are:

(1) The sensor may not be capable of registering unusual circumstances due to
probe location. i

(2) The wastewater characteristics, at least in general, must be known in
advance of monitoring equipment selection.

(3) The initial cost of automatic equipment is relatively high.

Problems which can be anticipated and need to be addressed in system design
and operation are:

(1) Loss of calibration. Regular maintenance 1is necessary to prevent errors.

(2) Bacterial growth may inhibit sensor operation. Regular cleaning is
necessary unless self-cleaning sensors are used.

(3) Mechanical damage may occur if the probe is unprotected by a screen,
similar device, or design.

(4) Miscellaneous problems resulting from power failures, mishandling of
equipment, pump difficulties, etc.

(5) Interferences should be analyzed and addressed before equipment selection
and installation.

5.8.4 pH Control Systems

A pH control system consists of a pH electrode probe, located in the flow
scheme, connected to a controller which reports to a recorder. The controller
requlates the rate of neutralization chemical addition.
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In the monitoring/control system, several types of valves may be used, depend-
ing on the consistency of the influent quality and the treatment chemicals

used. The types of controllers likely to be employed are on-off, proportional,
resetting derivative, and flow-proportional.

5.8.4.1 On-0ff Controller--

The on-off controller is the least expensive of the above devices. If the pH
exceeds, in either direction, a certain limiting value, the valve opens and
neutr