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ABSTRACT
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Preface

Throughout the development of Federal
air pollution legislation, the Congress has
consistently found that the States and local
governments have the primary responsibility
for preventing and controlling air pollution
at its source. Further, the Congress has con-
sistently declared that, it is the responsibility
of the Federal government to provide techi-
cal and financial assistance to State and local
governments so that they can undertake
these responsibilities.

These principles were reiterated in the Air
Quality Act of 1967. A hey element of that
Act directs the Secretary of Health, Educa-
tion, and Welfare to collect and make avail-
able information on all aspects of air pol-
lution and its control. Under the Act the
issuance of control techniques information
is a vital step in a program designed to as-
sist the States in taking responsible techno-
logical, social, and political action to protect
the public from the adverse effects of air
pollution.

Briefly, the Act calls for the Secretary of
Health, Education, and Welfare to define the
broad atmospheric areas of the Nation in
which climate, meteorology, and topography.
all of which influence the capacity of air to
dilute and disperse pollution, are generally
homogeneous.

Further, the Act requires the Secretary to
define those geographical regions in the
country where air pollution is A problem--
whether interstate or intrastate. These air
quality control regions are designated on
the basis of meteorological, social, and po-
litical factors which suggest that a group
of communities should be treated as a unit
for setting limitations on concentrations of
atmospheric pollutants. Concurrently, the
Secretary is required to issue air quality cri-
teria for those pollutants he believes may
be harmful to health or welfare, and to pub-

lish related information on the techniques
which can be employed to control the sources
of those pollutants.

Once these steps have been taken for any
region, and for any pollutant or combina-
tion of pollutants, then the State or States
responsible for the designated region are on
notice to develop ambient air quality stand-
ards applicable to the region for the pollut-
ants involved, and to develop plans of ac-
tion for meeting the standards.

The Department of Health, Education, and
Welfare will review, evaluate, and approve
these standards and plans and, once they
are approved, the States will be expected to
take action to control pollution sources in the
manner outlined in their plans.

At the direction. of the Secretary, the Na-
tional Air Pollution Control Administration
has established appropriate programs to
carry out the several Federal responsibilities
specified in the legislation.

Control Techniques for Particulate Air
Pollutants is the first of a series of docu-
ments to be produced under the program es-
tablished to carry out the responsibility for
developing and distributing control techn...'
ogy information. The document is the culmi-
nation of intensive and dedicated effort on
the part of many persons.

In eccordance with the Air Quality Act, a
National Air Pollution Control Techniques
Advisory Committee was established, having
a membership broadly representative of in-
dustry, universities, and all levels of go 'ern-
rnent. The committee, whose members are
listed following this discussion, provided in-
valuable advice in identifying the best pos-
sible methods for controlling the sources of
particulate air pollution, assisted in deter-
mining the costs involved, and gave major
assistance in dratting this document.

As further required by the Air Quality

Hi



Act, appropriate Federal departments and
agencies, also listed on the following pages,
were consulted prior to issuance of this docu-
ment. A Federal consultation committee,
comprising members designated by the heads
of 17 departments and agencies, reviewed the
document, and met with staff personnel of
the National Air Pollution Control Adminis-
tration to discuss its contents.

During 196 ?, at the initiation of the Sec-
retary of Health, Education, and Welfare,
several government-industry task groups
were formed to explore mutual problems re-
lating to air pollution control. One of these,
a task group on control technology research
and development, looked into ways that in-
dustry representatives could participate in
the review of the control techniques reports.
Accordingly, several industrial representa-
tives, listed on the following pages, reviewed
this document and provided helpful com-
ments and suggestions. In addition, certain
consultants to the National Mr Pollution
Control Administration also reviewed and
assisted in preparing portions of this docu-
ment. (These also are listed on the follow-
ing pages.)

iv

The Administration is pleased to acknowl-
edge the efforts of each of the persons spe-
cifically named, as well as those of the many
not so listed who contributed to the publica-
tion of this volur.e. In the last analysis, how-
ever, the National Air Pollution Control Ad-
ministration is responsible for its content.

The control of air pollutant emissions is
a complex problem because of the variety of
sources and source characteristics. Techni-
cal factors frequently make necessary the
use of different control procedures for dif-
ferent types of sources. Many techniques
are still in the developmental stage, and pru-
dent control strategy may call for the use of
interim methods until these techniques are
perfected. Thus, we can expect that we will
continue to improve, refine, and periodically
revise the control technique information so
that it will continue to reflect the most up-
to-date knowledge available.

Jon N T. MIDDLNTON, Commissioncr,
National Mr Pollution Control

Administration
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SUMMARY

PARTICULATE SOURCES
Particulate material found in ambient air

originates from both stationary and mobile
sources. Of the 11.5 million tons of particu-
late pollution produced by industrial, com-
mercial, and domestic sources in 1966, 6
million tons were emitted from industrial
sources, including industrial fuel burning;
6 million tons from power generation, incin-
eration, and space heating; and 0.5 million
ton from mobile sources.

The following techniques are in use for
controlling the source or reducing the effects
of particulate pollution:

1. Gas cleaning
2. Source relocation
3. Fuel substitution
4. Process changes
6. Good operating practice
6. Source shutdown
7. Dispersion

Internal Combustion Engines
Although particulate emissions from in-

ternal combustion engines are estimated to
contribute only 4 percent of the total par-
ticulate emissions on a nationwide basis,
they do contribute as much as 38 percent
in certain urban areas. The relative percent-
ages of particulate emissions for this and
other source categories differ from one area
to another depending on automobile density,
degree of stationary source control, and
types of sources present in the area.

For each 1000 gallons of fuel consumed,
diesel-fueled engines produce about 110
pounds of particulate matter. Gasoline-
fueled engines produce about 12 pounds per
100 gallons of fuel consumed.

Gasoline engine-produced particulate mat-
ter emanates from the crankcase and ex-
haust gases. It consists of carbon, metallic
ash, aerosol hydrocarbons, and metallic par-
ticles,

The particulate matter emitted from a
diesel engine comprises carbon and hydro-
carbon aerosols. Control of diesel engine
emissions effects reduction in smoke.

Stationary Combustion Sources

In the United States more than 29 million
stationary combustion sources are currently
in operation. About 2 percent are fired with
coal, 61 percent are fired with gas, and 37
percent are fired with fuel oil. The relative
usage of fuels on a Btu basis shows coal to
be 32 percent, natural gas 49 percent, and
fuel oil 19 percent.

Types of gas cleaning devices currently
being used for stationary combustion sources
are listed in Table 1. Newer control systems
are now being installed which will be used
to control both particulate matter and sulfur
oxides.

Industrial Sources
Industrial processes, including industrial

fuel burning, discharged an estimated 6.0
million tons of particulate materials in 1966.
This amounts to more than 50 percent of the
total particulate pollution on a nationwide
basis. Major pollutants are dusts, fumes, oils,
smoke, and mists.

Table 2 presents a summary of important
industries, their pollutant sources, particu-

Table 1. TYPICAL PRESSURE DROPS AND EF-
FICIENCY RANGES FOR GAS CLEANING DE
VICES USED FOR STATIONARY COMBUSTION
SOURCES

Unit
Pressure

drop, Efficiency,
in. H,0 percent

Settling chambers 0.6 20-60
Large-diameter cyclones 0.6-4.0 30-65
Small-diameter cyclones 2-8 70-90
Electrostatic precipitator 0.1-0.6 76-99.6
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Table 2. INDUSTRIAL PROCESS AND CONTROL SUMMARY

Industry or process Source of emissions Particulate matter Method of control

Iron and steel mills Blast furnaces, steel
making furnaces,
sintering machines.

Gray iron foundries Cupolas, shake out systems,
core making.

Metallurgical (non-ferrous). Smelters and furnaces

Petroleum refineries Catalyst regenerators,
sludge inciner,..tors.

Portland cement Kilns, dryers, material
handling systems.

Kraft paper mills Chemical recovery furnaces,
me!: tanks, lime kilns.

Acid manufacture-phos- Thermal processes, phos-
phoric, sulfuric. phate rock acidulating,

grinding and handling
systems.

Coke manufactoing Charging and discharging
oven cells, quenching,
materials handling.

Glass and glass fiber Raw materials handling,
glass furnaces, fiberglass
forming and curing.

Coffee processing Roasters, spray dryers,
waste heat boilers,
coolers, conveying
equipment.

Iron oxide, dust, smoke....

Iron oxide, dust, smoke, oil,
grease, metal fumes.

Smoke, metal fumes, oil,
grease.

Catalyst dust, ash from
sludge.

Alkali and process dusts...

Chemical dusts

Acid mist, dust

Coal and coke dusts, coal
tars.

Sulfuric add mist, raw
rnaterizis dusts, alkaline
oxides, resin lAtosolt.

Chaff, oil aerosol, ash from
chaff burning, dehy-
drated coffee dust.

Cyclones, baghouses,
electrostatic precipita-
tors, wet collectors.

Scrubbers, dry centrifugal
collectors.

Electrostatic precipitators,
fabric fitters.

High-efficiency cyclones,
electrostatic precipita-
tors, scrubbing towers,
baghouses.

Fabric filters, electrostatic
precipitator, mechanical
collectors.

Electrostatic precipitators,
venturi scrubbers.

Electrostatic precipitators,
mesh mist eliminators.

Meticulous design, opera-
lion, and maintenance.

Glass fabric filters, after-
burners.

Cyclones, afterburners,
fabric filters.

late pollutants, and air cleaning techniques
(equipment) presently in use.

Construction and Demolition
The principal demolition, construction, and

Mated operations that generate particulate
air pollution are:

1. Demolition of masonry
2. Open burning
3. Movement of vehicles on unpaved

roads
4. Grading of earth
5. Paving of roads and parking lots
6. Handling and Welling of paving ma-

terials
7. Sandblasting of buildings
8. Spray painting

Control of the above operations is accom-
plished by various means which include hood-
ing and venting to air pollution control equip-
silent, wetting (tow/ working surfaces with
water or oil, and using sanitary landfill.

xtii

Solid Waste Dispotat
Although solid waste disposal by inciner-

ation accounts for less than 10 percent of
the total particulate pollution (1 million tons
in 1966), it does, however. inspire many com-
plaints about ail pollution. Of the 190 mil-
lion tons of solid wastes colected in 1967,
86 percent went into land disposal sites, 8
percent was burned in municipal inciner-
ators, and 6 percent was disposed of in sani-
tary landfills. Since open burning is practiced
at three-fourths of the land disposal sites,
particulate emissions from these sites con-
tribute significantly to air pollution arising
from the disposal of solid waste.

Over 70 percent of existing municipal in-
cinerators were installed before 1960, and
lack adequate provisions for eliminating par-
ticulate emissions.

An obvious means of reducing the Ai, pol-
lution resulting from solid waste disposals is



to use rich non-incineration methods for dis-
posal as follows:

1. Sanitary landfill
2. Composting
3. Shredding and grinding
4. Dispersion (hauling to another lo-

cale)
These methods contribute little to air pol-

lution problems.
It is estimated that measures to upgrade

existing land disposal sites, and thus de
away with open burning, will cost as much
as $230 million per year for 5 years.

Where incineration is used for solid waste
disposal, the principal particulate pollutant
emitted is fly ash. Its removal from Oh ent
gas streams is accomplished by low pressure
drop (0.5 inch ILO) scrubbers, or settling
chambers.

The estimated cost of upgrading or re-
placing existing inadequate municipal incin-
erators is $225 million, of which $75 million
would be for air pollution control equipment.

GAS CLEANING DEVICES
It has Leen estimated that total expendi-

tures in 1966 on industrial air pollution con-
trol equipment in the United States were
about $235 million. Value of shipments of the
industrial gas cleaning iipment industry
in 1967 was double the 1963 figure, and the
backlog of orders recently nearly equalled a
year's produdive output. Undoubtedly legis-
lative pressure and local pollution control
regulations have supplied the impetus for
such rapid growth in this industry.

The selection of gas cleaning equipment
is far from an exact science and must be
based on characteristics of particle and car-
rier gas. and process, operation, construc-
tion, and economic factors. Information on
particle site gradation in the inlet gas stream
is important in the proper selection of gas
cleaning equipment. Particles larger than
50 microns may be removed satisfactorily
in inertial and cyclone separators and sim-
ple, low-eriergy wet scrubbers. Particles
smaller than 1 micron can be arrested effec-
tively by electrostatic precipitators. high-
energy scrubbers, and fabric filters.

Table 3 lists advantages and disadvan-

tages in applicability of each of the general
types of air cleaners to given situations.

EMMISSION FACTORS

Emission factors may be used to estimate
emissions from sources for which accurate
stack test results are unavailable. Process
emission factors for some selected source
types ale presented in Table 4.

ECONOMICS

Air pollution control is viewed not onl
from the standpoint of available technology
but also with respect to the econcmic feosi-
bility of control methods and/or equipment.

Among the cost elements relevant to an
air pollution control problem are:

1. Capital costs of rentrol equipment.
2. Depreciation of all control equipment.
3. Overhead io.-ts including taxes, in-

surance, and '-terest for control
equipment.

4. Operation and maintenance costs.
5. rollected waste material disposal

costs.
6. Other capital expenditures for re-

search and development, land, and
engineering studies to determine and
design optimum control system.

Many of these elements differ from one in-
stallation to another. Table 6 lists major col-
lector types amt their approximate installed
costs for operational air flow rates. The in-
stalled costs (purchase cost, transportation,
and preparation for on line operation) are
average costs for typical control equipment.

Table 6 presents generalized operating and
maintenance cost equations for various types
of control equipment.

11111LIOGRAPIIV

A list of references follows each section of
this document. Other references relating to
control technology for generic sources of par-
ticulate air pollutants are cited in the bibli-
ography, which comprises the final section.
Although all of the articles cited in the bibli-
ography do not necessarily reflect the most
modern control practices, they do provide
useful background material on the control
technology for particulate air pollutants.



Table LADVANTAGES AND DISADVANTAGES OF COLLECTION DEVICES

Collector Advantages Disadvantages

Gravitational Low pressum loss, simplicity of design and
maintainance.

Cyclone Simrlicity of design and rnaintainance
Little floor space required
Cry continuous disposal of collected dusts....

Low to moderate pressure loss.
Handles large particles.
Handles high dust loadings.
Temperature independent.

Wet collectors__ Simultaneous gas absorption and particle re-
moval.

Electrcstatic
melt ttator.

Ability to cool and clean high-temperature,
moisture-laden gases.

Corrosive gases and mists an be recovered
and neutralised.

Reduced dust explosion risk
Efficiency can be varied

99+ percent efficiency obtainable ...
Very small particles can be collected.....

Particles may be collected wet or dry

Pressure drops and power requirements are
small compared to other high-effickncy
collectors.

Maintenance is nominal unless corrosive or
adhesive materials are handled.

Few moving parts
Can be operated at high t.vnperatures (550'

to IMO' F.).
Fabric filtration..... Dry collection possible

Decrease of performance is noticeable

Afterburner,
direct flame.

Afterburner,
catalytic.

Collection of small particles possible.
High efficiencies possible
High removal efficiency of submkron odor-

erasing particulate matter.
Simultaneous disposal of combustible gaseous

and particulate matter.
Direct dblosal of non-toxic gases and wastes

to the atmosphere after combustion.
Passible heat recovery
Relatively small space requirement.
Simple construction
Low maintenance
Same as direct Aare, afterburner
Compared to direct flame: reduced fuel re-

quirements., reduced temperature, insula-
tion requirements, and fire hazard.

Much space required. Low collection efli
ciency.

Much head room required.
Low collection efficiency of small particles.
Sensitive to variable dust loadings and flow

rata.

Corrosion, erosion r roblerr s.
Added cost of wastewater treatment and rec-

lamation.
Low efficiency on submicron particles.

Ccltamir.stion of effluent stream by liquid
entrainment.

Freezing problerra in cold wet ther.
Reduction in btrlancy and plume rise.
Water vapor contributes to visible plume

under some atmospheric conditions.
Relatively high initial cost.

Precipitators are sensitive to variable dust
loadings or flow rates.

hesistivity causes some material to be eco-
nomically tificolledable.

Precautions are reqdired to safeguard person-
nel from high voltage.

Collection efficiencies can deteriorate gtadu-
ally and imperceptibly.

Sensitiviti to filtering velocity.
High-temperatu-e gases must be cooled to

200' to 550' r.
Affected by relative humidity (condensation).
Susceptibility of fabric to chemical attack.
High operational cost. Fire hoard.

Removes only combustibles.

High initial cost.
Catalysts subject to poisoning.

Catalysts require reactivation.



Table 1.EXAMPLES OF PARTICULATE EMISSION FACTORS

Source Specific process Particulate emission rate,
uncontrolled

Aircraft
Solid want. disposal
Phosphoric acid

mtnufacturing.
Sulfuric acid

manufacturing.
Food and agricultural

Feed and grafi' mills
Primary metal industry_

Secondary 'metal industry...

Four engine fan jet
Oren burning dump
Thermal process

Contact process

Coffee roasting, direct fired
Cotton ginning and incineration of trash
Grit ri.) t.peration
Iron and steel manufacturing furnace, open

hearth (orb gen !Amu)
Aluminum sr.t-lting, chlorination-lancing.
Brats and bronze smelting reverberatory

furnace.
Grey iron roundly cupola

7.4 lb/flight.
16 lb/ton of refuse.
0.2-10.8 lb/ton of phosphorus burned.

0.8-7.6 lb/ton of acid produced.

7.6 lb/ton of green beans.
11.7 lb/bale of cotton.
6 Ih/ton of product.
22 lb/tun of steel.

1000 lb/ton r: chlorine.
26.8 lb/ton of meta charged.

17.4 ih/ton of metal charged.

Table S.INSTALLE0 COSTS OF CON1ROL EQUIPMENT

Collector type

Approximste installed cost, in thourands of dollars

Gas flow rates
(1000 actual cubic feet per minute)

2 5 10 15 100 300 600

Gravity 0.6 1.2 2.6 16 28
Mechanical 4 13 23
Wet 7.6 10 114 65 160
High-velar electrostatic precipitator 83 120 263 416
Low-voltage electrostatic precipitOor 13 24 105 200
Fabric filter:

High temperature (660' F.) 80 88 166 430 720

Medium temperature (260' F.) 16 46 82 226 376
Afterburner, direct flame catalytic 8.2 12 18

16 20 29

Table 4.--GENEP.A1.12ED ANNUAL OPERATING AND MAIN1rENANCE COST EQUATIONS FOR CON.
TROL EQUIPMENT

Collector

Mechanical centrifugal collector

Wet collector

Electrostatic precipitator

Fabric Mter

Afterburner .

Generalized equation

G.s r 0.7457 PHK +M
L 6336 E

0..8[0.7157 1-1K (Z+---911--)80 +WHL+M
19

r 03437 PHK +M}
L 6336 E

43.s
L
rt_1.74$7 PHK 4FH+3i

1/41.11-k
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Where:
- annual costs, dollars, for operating and

maintenance
S - design capacity of the obit, actual cubic feet

per minute (acfm)
P -pressure drop, inches of wter
H ...hours of operation annually
K -cost of electricity; dollars per kilowatt-hour
E -fan efficien:y expressed as decimal
M.-maint4nar.ce cost per actin, dollars per cfm

xxvi

F -fuel cost, dollars per acfm per hour
W.-make-up liquid rate in gallons per hour per

acfm
L -cost of liquid in dollars per gallon
Z -total power input required for a specified

scrubbing efficiency, horsepower per acfm
J - kilowatts of electricity err acfm

-elevation for pumping of liquor in circuit'.
th,a syslAm for colecter. feet

Q 'rater gallons per acfm



1. INTRODUCTION

Pursaant to authority delegated to the
Commissioner of the National Air Pollution
Control Administration, Control Techniques
for Particulate Air Pollutants is issued in ac-
cordance with Section 101c of the Clean Air
Act (42 U.S.C. 1857c-2b1).

Particulate matter in the atmosphere is
known to have many adverse effects upon
health and welfare, and red teflon rf emis-
sions of this pollutant is of prime importance
to any effective air pollilion abatement pro-
pan.. Partierlate pollutants originate from
el variety of sources, and the :missions vary
widely in physical and chemical eharacterls-
tics. Similarly, the availMe control tech-
niques vary in type, application, effective-
ness, and cost.

The control techniqu .1 described herein
represent a broad spectrum of information
from many engineering and other technical
fields. The devices, methods, and principles
have been developed and us..NI over many
years, and much experience has been gained
in their application. They are recommended
as the techniques generally applicable to the
broad range of particulate emission control
problems.

The proper choice of a method, or com-
bination of methods, to be applied to any
specific source depends on many factors other
than the characteristics of the source itself.
While a certain percentage of control, for ex-

ample, may be acceptable for a single source,
a much higher degree may be required for the
same source when its emissions blend with
Close of others. This document provides a
comprehensive review of the approaches
commonly recommended for controlling the
sources of particulate air pollution. It does
not review all possible combinations of con-
trol techniques that might bring about more
stringent control of each individual mime.

The many aFricultural, iercial, do-
mest'c, industrial, tied municipal processes
r.nd activities that generate particulate air
?ol!utants are described individually in this
document. The various tech iques that can
be applied to control emissicn: nt oarticulate
matter frcal these source% are reviewed and
compared. A technice.I consideration of the
most important types of gas cleaning devices
forms a major segment, while sections on
source evaluation, equipment costs and cost-
effectiveness analysis. and current research
and development also are included. The bibli-
ography contains important reference arti-
cles, arranged according to applicable proc-
esses.

While some data are presented on quanti-
ties of particulate matter emitted to the
Atmosphere, the effects of particulate matter
on health and welfare are considered in a
companion document, Air Quality Criteria
for Particulate Matter.

1



2. BACKGROUND

2.1 DEFINITIONS

This section contains general definitions of
the terms used throughout this document.

Pollutant or Contaminantany solid, liq-
uid, or gaseous matter in the outdoor atmos-
phere which is not normally present in nat-
ural air.

Particulate Matteras related to control
technology. any material, except unrombined
water, that exists as P, solid or liquid in th.;
atmosphere or i I a gas stream at standard
conditions.

It h import' It that standard conditions
for the measurement of particulate matter
be ircluded with its definition. Some cern-
pounes are no; solids or liquids et stack con-
diticas but coll,1 'se in the ambient atmos-
phere. Unless s',an lard conditions for mess
urement of particulate matter are definc4,
these materials would nut be considered par-
ticulate and subject to control.

Aerosol --,a dispersion in gaseous media of
solid or liquid ',Articles of microscopic size,
such as smoke, fog, or mist.

Dustsolid particles predominantly larger
than colloidal site and capable of temporary
suspension in air and other gases. Derivation
from larger masses through the application
of physical force is usually implied.

Fly Ashfinely divided particles of Ash en-
trained in flue gasses arising from the com-
bustion of fuel. The particles of ash may con-
tain unburned fuel And minerals.

Fogvisible aerosols in which the dis-
persed phase is liquid. In meteorology, fog is
a dispersion of water or ice.

Fumeparticles formed by condensation,
sublimation, or chemical reaction, of which
the predominant part. by weight. consist of
particles smaller than 1 micron. Tobacco
smoke and condensed metal oxides are ex-
amples of fume.

Mist 'ow- concentration dispersion of rel-
atively small liquid droplets. In meteorology,
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INFORMATION

the term mist applies to a light dispersion of
water droplets of sufficient size to fall from
the air.

Particlesmall, discrete mass of solid or
liquid matter.

Smoke--small gasborne particles result-
ing from incomplete combustion. Such parti-
cles consist predominantly of carbon and
other combustible material, and are present
in sufficient quantity to be observable inde-
pendently of other solids.

Sootan agglomeration of carbon parti-
cles impregnated with "tar," formed in the
incomplete combustion of carbonaceous ma-
terial.

Spraysliquid droplets formed by me-
chanical action.

2,2 MAJOR F,OURCIS OF PARTICULATE
MATTER

An estimated 11.5 million tons of particu-
late matter was emitted from zidustrial, com-
mercial, and domestic sources in the United
States during 1966.' Particulate matter,
emitted from sources other than these, in-
cludes ocean salt, volcanic ash, wind erosion

imCINEAAVOM
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MORE
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rIct-Its 2-I. Sources of particulate matter and qua-
lities produced in VAis pa year.



and roadway dust, forest fire smoke, and
plant seed and pollen. Figure 2-1, which Is
based on Reference 1 and gasoline and fuel
consumption figures, shows that industrial
sources of particulate matter, including in-
dustrial fuel burning, emit 6 million tons of
particulate matter annually. About 6 million
tons result annually from power generation,
incineration, and space heating. Mobile
(transportation) sources emit the remaining
0.6 million tons.

2.2.1 Combustion Sources
Combustion of coal and oil results in all an-

nual emission of 4.6 million tons of particu-
late matter that is principally fly ash from
coal combustion. Emission sources are dis-
cussed in Section 3.3 of this report.

Refuse burning, both in incinerators and
In dumps, produces approximately 1 million
tons of particulate matter annually. Much of
this particulate matter is dust, fume, smoke,
fly ash, and large pieces of partially burned
refuse. Although refuse burning creates less
than 15 percent of the total particulate mat-
ter emitted h. the United States, such emis-
sions are oually concentrate:I in heavily
populated areas and have a more significant
impact on the population than these statistics
may suggest.

2.2.2 Industrial Sources
Particulate emissions from industrial proc-

esses consist of dust, fume, smoke, and mist

'Does not include agricultural burning and forest
Ares.

arising largely from combustion and loss of
process materials or products to the atmos-
phere. Such emissions totaled 6 million tons
in 1966. Major industrial sources are listed
and discussed in Section 3.4 of this report.

In some industrial processes, efficient col-
lection of particulate matter increases over-
all plant operating efficiency by recovering a
portion of the product that would otherwise
be lost to the atmosphere. Dust collectors
used in cement plants, grain handling opera-
tions, and carbon black plants can recover
valuable products.

2.2.3 Mobile Sources
Emissions from mobile sources, which total

approximately 0.6 million tons of particulate
matter per year, are largely caused by the
burning of fuels In motor vehicles. Automo-
bile exhaust is the largest source of particu-
late matter in this category. It is character-
ized by an extremely large number of fine
particles consisting of organic and inorganic
materials, including lead. Particulate emis-
sions from diesel engines are more concen-
trated and may cause a visible plume. Mr-
craft, especially jet-powered planes, also
produce visible particulate emissions. The
emission rate is greatest during takeoff and
landing operations when the engines operate
under conditions of a high ratio of fuel to air.

REFERENCE FOR SECTION 2
1. "The Sources of Air Pollution and Their Con-

trol." U.S. Dept. of Health, Education, and Wel-
feet-, Dir. of Air Pollution, Washington,
PHS-Nb-1645, 1966.
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3. PARTICULATE SOURCES AND CONTROLS

3.1 INTRODUCTION

The earliest approaches to air pollution
control, used in England over 200 years ago,
were the restriction of smoke releases and
relocation of sources to "offensive trades
zones." The latter was used particularly
when the odor of the some was offensive.
Relocation is still used, or at least considered,
by operators of some pollution sources as an
alternate to emissions control. In most in-
stances, however, relocating a pollution
source to a remote area may only postpone
the adoption of emissions control.

Many sources such as transportation,
space heating, and solid wastes disposal are
inherent in population centers. All generate
particulate air pollution in moan areas. Al-
though remote power generation and long
distance hauling of solid wastes are poibte,
automobiles, busses, incinerators, and home
furnaces and manufacturing and commercial
operations that require workers will, in all
likelihood, continue to operate in our cities.

To appreciate the air pollution problem
facing the United States. it is necessary to
have some understanding of the sources of
air pollution and the means of controlling
them. The multitude of small sources closest
to the average citizenautomobiles. home
furnaces, on-site incineratorsare often the
least effectively controlled. High-efficiency
control equipment use is limi Yl almost en-
tirely to certain steam-electric generating
stations and industrial operations, particu-
larly the large installations. Most of the high-
efficiency emissions controls are being 1e-
s-eloped for such sources t.a steel mills, steam-
electric generating stations. petroleum re-
fineries, and chemical plants. The most prom-
ising areas of improvement for small sources
involve basic changes in source operation
cleaner fuels. tutomobile engine modifica-
tions, and improved means of solid wastes
disposal.
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3.2 INTERNAL COMBUSTION ENGINES

Although stationary sources are the major
contributors of particulate matter, the motor
vehicle contributk,s a significant amount of
particulate matter to the atmosphere. The
ranking of the motor vehicle emissions in an
urban community is a function of the relative
magnitude of the vehicular and industrial
activities; the extent to which coal, residual
Nee., and refuse are burned; and the extent
and effectiveness of the air pollution control
measures used. Each 1,000 gallons of fuel
consumed by diesel engines produces about
110 pounds of particulate matter and gaso-
line engines produce about 12 pounds of par-
ticulate for every 1,000 gallons consumed.' Of
the total annual emission of 11.5 million tons
of particulate matter, motor vehicles con-
tribute approximately 4 percent or about
500,000 tons.

Table 3-1 presents examples of contri-
bution by motor vehicles to particulate emis-
sions in different communities.
3.2.1 Gfoo linc-Fueled Vehicles

Particulate matter is emitted in the ex
haust and crankcase blowby gases of gaso-

Table 3-1.COMPARISON OF MOTOR VEHICLE
PARTICULATE EMISSIONS WITH TOTAL PAR.
TICULATE EMISSION. FOR SELECTED
AREAS

Particulate matter, tons/yr

Metropolitan area
Percent
of total

Total Motor
vehicles

from
motor

vehicles

Washington, D. C. 5,000 5,700 16
New YorkNorthern

New Jersey 2:31,000 3.S,800 15
Kansas City 60,000 5,000 8
Jacksonville, Florida 11,000 600 4

St. Louis 147,000 4,700 3
Los Angeles County 45,000 16,400 38



line-fueled engines. Carbon, metallic ash,
hydrocarbons in aerosol form, and metallic
materials present in engine systems are

Metal-based particles result almost en-
tirely from the use of lead antiknock com-
pounds in the fuel; however, metallic lubri-
cating oil additives and engine wear particles
are also present. Carbon and some of the
hydrocarbon aerosols result from incomplete
combustion of fuel. The rest of the aerosols
are emitted to the atmosphere from engines
with vented crankcases or are produced by
crankcase oil that leaks past the piston rings
into the combustion chamber and is emitted
unburned with the exhaust gases.

Particulate matter in automobile exhaust
amounts to approximately 6 percent by
weight of the amount of gaseous hydrocarbon
emitted. It consists of lead compounds, car-
bon particles, motor oil, and nonvolatile re-
action products formed from motor oil in the
combustion zone. It is suspected that these
reactions involve the formation of high-mo-
leculat.-weight olefins, and carbonyl com-
pounds.

Particles in blowby gases consist almost
entirely of unchanged lubricating oil. As a
very rough approximation, the amount of
material emitted in blowby gases is one-third
to one-half the amount emitted in the ex-
haust. The same approximate ratio applies
to either particulate emission or gaseous hy-
drocarbon emission. Blowby emissions are in-
fluenced to a greater extent than exhaust
emissions by mechanical condition of the
engine.'

Partial control of vehicle particulate emis-
sions has been in effect nationally since 1963.
Beginning with the 1968 automobile models,
the particulates in crankcase gases were
completely controlled (Fig. 8-1). It is pos-
sible the exhaust emission control measures
employed in the 1968 model passenger cars
reduce the emissions of some particulates.

Technology for the control of lead in ex
haunt emissions is in the developmental
stage. The National Air Pollution Control
Administration is presently evaluating two
prototype electrogasdynamic precipitators
for gasoline and diesel rfiotor vehicle ex-
hausts.'

Lead emissions may also be controlled by
restricting the concentration of lead anti-
knock compounds that are permitted in the
fuel. The American Petroleum Institute indi-
cates that the additional cost of unleaded
fuel would be 1.8 to 4.7 cents per gallon.
Petroleum processing equipment is available
for prodvdng unleaded gasoline, but an esti-
mated 6 to 10 years is necessary for its in-
stallation at a capital investment of over $4
billion."."

3.2.2 DleselPowered Vehicles

Particulate matter emitted by diesel en-
gines consists primarily of carbon and hydro-
carbon aerosols resulting from incomplete
combustion of the fuel. Aerosols in the vent
gases of the two-stroke-cycle diesel engine
(from air box drains) and in the exhaust, as
a result of crankcase oil going through the
combustion process unburned, produce a
small amount of additional particulate emis-
sions.

Federal regulations scheduled for imple-
mentation in 1970 will limit smoke from new
diesel engines. The regulations establish a
maximum intensity of smoke emission
(measured by reduction in Ifght transmis-
sion) under conditions of severe engine load-
ing at (1) full-throttle acceleration from a
prolcAged idle and (2) "iugdown" from max-
imum governed speed, also at full throttle.
No new information or control devices are
believed to be needed to reduce the smoke
emissions from diesel engines to meet the
established standards. As vehicle mileage in-
creases, proper fuel system adjustment,
maintenance at appropriate intervals, the
use of the specified type of fuel, and good
operating techniques can maintain low levels
of visible emissions, particularly with respect
to particulate carbon.

New engines, which will comply with the
1970 smoke standards, will be adjusted by
the engine manufacturer to a conservative
fuel rate and power output. Increases in fuel
rate above the manufacturer's setting will in-
crease engine power, but also will raise the
level of black smoke. Even in a properly ad-
justed engine, injector deterioration (such
as nozzle erosion) can effect a substantial in-
crease in the emission of black smoke.
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now. 3-1. Motor vehicle emission control system.

Investigations have been conducted to eval-
uate methods of reducing diesel smoke. Meth-
ods consist primarily of exhaust gas dilution
and the use of smoke-suppressing fuel addi-
tives. Neither of these methods can be recom-
mended for general application at this time.
The dilution technique at best, merely re-
duces the opacity of the smoke plume with-
out reducing the quantity of particles emit-
ted. Smoke suppressants have been reported
to be effective in overfueled engii,es in good
mechanical condition. One type of suppres-
sant reported to show promise contains bar-
ium." Use of the organic barium additive
tvuld, however, result in the emission of
texic, water-soluble, barium compounds. Fur-
ther study of additives is needed before this
technology can be broadly adopted.
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3.3 CONTROL OF PARTICULATE ENIIS-
MONS FROM STATIONARY COM-
11USTION SOURCES

3.3.1 Introduction

4.3.1.1 GrncrydOf the many techniques
unit to control particulate air pollution from
stationary combustion sources, none has
emerged as an all-inclusive answer to the
control problem.

3.3.11 SourcesMore than 29 million sta-
tionary combustion sources are currently in
operation in the United States." About 2
percent are fired with coal, 61 percent are
fired with gas, and 37 percent are fired with
liquid fuels. Table 3 -2 shows the consumption
of energy by type of consumer. Coal, gas, and
oil are burned in a wide variety of equip-



Table 1-2.ESTIMATED 1966 UNITED STATES
ENERGY CONSUMPTION BY SELECTED CON.
SUMER (10" Btu)"

Consumer

Energy source
House.

hold
and
corn.

merdal

Industrial
Power
genera-

lion
Total

Anthr.cite coal. 143 41 66 240
Bituminous and

lignite coal.
676 2,206 6,841 9,122

Natural gas 6,946 6,674 a 2,692 14,311
Petroleum 2,247 2.612 005 6,664
Hydroelectric 0 0 2,060 2,060
Nuclear 0 0 68 U

Total 8,910 10,433 12,112 31,453

Excludes non-combustion consumption.
b Excludes naphtha, keroatte, and liquified petroleum

gases.

ment. The more common types of equipment
are shown in Table 8-3.

3.3.1.3 EmissionsParticulate emissions
from stationary combustion sources in the
United States are estimated at 4.5 million
tons (see Table 3-4). Local patterns of emis-
sions will usually differ from the national
pattern because of differences in fuel and
equipment use patterns.

The rate of uncontrolled particulate emis-
sions varies widely from unit to unit because
processes, practices, and fuels all affect emis-
sion levels. For each fuel, several different
processes are used for stationary combustion.
Steam, hot water, and warm air furnaces are
in common use for domestic heating and
many specialized heaters are used by in-
dustry. Burners, combustion chambers, heat
transfer characteristics, draft systems, and

Table 3-3.COMMON USES OF VARIOUS FUELBURNING EQUIPMENT

Equipment Common t.*

Coabfired:
Rand stoked equipment

Single-retort underfeed stokers

Multiple-retort underfeed otoltera
Spreader atokers
Traveling grate stokers
Chain grate stokers
Vibrating grate stokers
Palverited-fuel-fired equipment

(dry bottom or wet bottom)
Oil-fired:

High - pressure gun-type burners

Low-pressure air - atomising burners

Rotary cup burners
Steam atomizing burners
High-pressure air-atomising burners

Oas-fired:
Premixing burners

Notale mixing burners

101

Residential, institutional, and commercial warm-air and
boiler applications at capacities up to 6 million Btu per
hour input. (Used primarily In coal-producing areas.)
Residential. institutional. and commercial warm-air and
boiler applications at co; &cities up to 40 million Btu per
hour input.
Water tube and fire tube boiler applications for institu-
tional, commercial, and industrial heating at capacities in
range of 6 million to 200 million Btu Der hone input.

Water tube boiler applications for power generation at
capacities greater than 100 million Btu per hour input.

Residential warm air furnace or boiler applications at
capacitiest up to 3 gallons pet hour distillate oil.

Water tube and Are tube boiler applications for institu.
lional, commercial, and industrial process heating with
distillate or residual oil.
Water tube and Are tube boiler applications for institu.
tional, commercial, and industrial heating and power
generation with residual oil.

Residential warrair furnace or boiler applications and
low-temperature industrial application/L.
Water tube and Are tube boiler applications for institu-
tional, tORVIWttild, industrial, and power-generation appli-
catioas. (May be combination type to permit fuel oil firing
when gas supply is interrupted.)
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Table 3-4.-ESTIMATED AMOUNT AND CONTROL STATUS FOR PARTICULATE EMISSIONS FROM
STATIONARY COMBUSTION SOURCES IN 1966

Fuel and source
Uncontrolled

emissions
104 tons

Estimated
control status

in 1966,6
percent

Estimated emissions
in 1966

10' tons Percent
of total

Anthracite coal:
Household and commercial 0.05 Negligible 0.05 1.1

Industrial 0.04 62.0 0.02 0.4
Power 0.17 86.5 0.02 0.4

Subtotal 0.26 0.09 1.9
Bituminous and lignite coal:

Household and commercial 0.24 Negligible 0.24 5.4
Industrial 2.29 62.0 0.87 19.5
Power 21.14 86.5 2.85 64.1

Subtotal 23.67 3.96 89.0
Petroleum:

Household and commercial 0.08 Negligible 0.80 1.8
Industrial 0.17 Negligible 0.17 3.8
Power 0.03 Negligible 0.03 0.7

Subtotal 0.28 0.28 6.3
Natural gas:

Household and commercial 0.06 Negligible 0.06 1.3
Industrial 0.05 Negligible 0.05 1.1

Power 0.02 Negligible 0.02 0.4
Subtotal 0.13 0.13 2.8

Grand total 24.34 4.46 100.0

Basis for estimates:
1. Emission factors Table 5-1.
2. Energy consumption Table 3-2.
3. Fuel properties:

Anthracite coal-13,000 Btu/lb., 10 percent ash.
Bituminous coal-12,000 Btu/lb., 10 percent ash.
Distillate oil-140,000 Btu/gal.
Residual oil-150,000 Btu/gal.
Natural gas-1000 Btu/ft s.

b Reference 15.
Excludes naphtha, kerosene, range oil, and LP gas.

combustion controls of industrial heating
units may vary widely. The practices of those
responsible for selecting, installing, operat-
ing, and maintaining stationary combustion
sources can also have significant effects on
particulate emissions.

Because the rate of particulate emissions
varies widely from unit to unit, the amount
of particulate emissions that may be expect cd
from a given source has not been established
with accuracy. Data that are useful for esti-
mating emissions from groups of units have
been compiled and are reported as emission
factors in Section 5.
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3.3.2 Control Techniques
Techniques that will control particulate

air pollution from stationary combustion
sources may be broadly categorized fol-
lows:

1. Gas cleaning
2. Energy substitution
3. Energy conservation
4. Good practice
5. Source shutdown

Although source relocation and dispersion
techniques will not reduce particulate emis-
sions from stationary combustion sources,
they may effect some measure of impro,-e-
ment in ambient air quality in selected areas.



Table 3-5.OPTIMUM EXPECTED PERFORMANCE OF VARIOUS TYPES OF GAS CLEANING SYSTEMS
FOR STATIONARY COMBUSTION SOURCES

Sources

Removal of uncontrolled particulate emissions, percent

Systems in operation Systems under
development

Settling
chambers

Large
diameter
cyclones

Small
diameter
cyclones

Electro-
static Stack
precip- sprays
itators

8-in.
pressure Fabric

drop filters
scrubbers

Coal-fired:
Spreader, chain grate, and

vibrating stokers.
50 60 85 99.6 e 60 99+ 99,6 b

Other stokers 60 65 90 99.6 80 99+ 99.6 h
Cyclone furnaces 10 15 70 99.6 ' (9 (9 (9
Other pulverized coal units 20 30 SO 99.6' (1) 99+ 99.5 b

Oil-fired 5 I. 10 b 30 h 76.0 d (0 (f) (I)

Estimate based on references 17 and 18.
b Efficiency estimatednot commonly used.

Estimate based on reference 16.
d Estimate based on private reports of field ex-

perience.

3.3.2.1 Gas CleaningGas cleaning is the
most common technique used for control of
particulate emissions from stationary com-
bustion sources. As shown in Table 3-4, 20
million tons of an estimated total of 24.5
million tons of particulate matter from sta-
tionary combustion was recovered by gas
cleaning devices in 1966.

A wide variety of gas cleaning equipment
is available for control of particulate emis-
sions from stationary combustion sources.
The cost of gas cleaning equipment is usually
greater for devices of high efficiency; how-
ever, the performance of competitively priced
gas cleaning equipment may differ consider-
ably. Table 3-5 shows the optimum perform-
ance that may be expected from the various
types of gas cleaning equipment that might
be used for removing particulate matter from
flue gases of stationary combustion sources.
The efficiencies shown in Table 3-5 are esti-
mates based on an analysis of information on
particle size distribution, equipment effi-
ciency, reports of experience from the field,
and actual source tests.

More detailed information on the special
application of these devices to stationary
combustion sources is given in Section 4, Gas
Cleaning Devices.

Settling chambersThe settling chamber

Reference 19.
f Insufficient data for estimate.

Estimate based on reference 20.
b Estimate based on reference 21.

is a low efficiency, low cost, low pressure drop
gas cleaning device. Settling chambers are
applied primarily to natural-draft, stocker-
fired, coal-burning units. Collection efficien-
cies for this application are estimated to be
50 to 60 percent. Only a few oil-fired, gas-
fired, and other coal-fired combustion sources
are equipped with settling chambers.

Large-diameter cyclonesLarge-diameter
cyclones are more efficient than settling
chambers, but have higher pressure drops.
Efficiencies of large-diameter cyclones range
from a high of 65 percent for some types of
stoker-fired coal burning units to a low of 15
percent for coal-fired cyclone furnaces.

Multiple small-diameter cyclonesMulti-
ple small-diameter cyclones are used on me-
chanical draft combustion units either as pre-
cleaners for electrostatic precipitators or as
final cleaners. Efficiencies of well designed
units range from 90 percent for some stoker-
fired units to 70 percent for coal-fired cyclone
furnaces.

Wet scrubbersSprays are s.ised to a lim-
ited extent in the stacks of coal-fired units
to control particulate emissions during soot
blowing. The problems that limit the use of
wet scrubbers include high corrosion rates,
high or fluctuating pressure drops, adverse
effects on stack gas dispersion, and waste
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disposal. Technically, these problems can be
overcome, but the feasibility of wet scrubber
systems for stationary combustion source
particle control has not yet been demon-
strated.

Wet scrubbers have been used experimen-
tally for the removal of sulfur oxides from
the flue gases of coal-fired sources. These
scrubbers also removed combustion partic-
ulate matter with efficiencies of up to 99.5
percent.2° A recently completed full-scale sys-
tem connected to a pulverized coal-fired
power plant boiler in Missouri is similar to
the experimental installation. Evaluation of
the economic feasibility and effectiveness of
this system must be deferred until after
shakedown runs are complete.

Electrostatic precipitatorsElectrostatic
precipitators are the most common gas clean-
ing devices used to remove particulates from
the flue gases of large stationary combustion
sources. Such devices are capable of collec-
tion efficiencies of at least 99.5 percent, and
it is quite possible that even more efficient
systems can be provided if necessary." Elec-
trostatic precipitator systems are usually ap-
plied to large pulverized coal-fired power
boilers. The cost of these systems has limited
their use on smaller combustion sources.

Electrostatic precipitators are highly sen-
sitive, and if not properly designed, small
changes in the properties of the particles and
the gas stream can significantly affect their
collection efficiencies.22 Allowance should be
made for possible changes in fuels, in fuel
composition, and in gas temperature when
consideration is given to the nse of electro-
static precipitators. It has been established
that low-sulfur fuels adversely affect the
particulate collection efficiency of electro-
static precipitators designed for high-sulfur
fuels."

Fabric FiltersFabric filters are not com-
monly applied to stationary combustion
sources. Factors which limit the use of these
devices are uncertainty of performance arid
reliability, and availability of other effective
gas cleaning devices.

3.3.2.2 Source RelocationSource relocation
will not eliminate particulate emissions from
stationary combustion sources, but it will

10

eliminate emissions from the original loca-
tion of the source. Due consideration should
be given, however, to possible air pollution
effects on other areas.

Source relocation is ordinarily considered
when new stationary combustion sources are
to be built, particularly when a new plant is
to be built to replace one that has created air
pollution problems.

33.2.3 Energy SubstitutionThe emission
characteristics of fuels used in stationary
combustion processes may differ widely.
Therefore, some measure of control may be
effected by substituting among the various
fuels. Control of emissions may also be ef-
fected through the substitution of noncom-
bustion energy for combustion energy. The
substitutions considered in this section are
limited to the more commonly used types of
energyhydraulic, electric, and nuclear
and fossil fuels. Fuels that might be consid-
ered as substitutes are LPG gas, coke oven
gas, blast furnace gas, pipeline gas from
coal, kerosene, range oil, coke oven tar, liqui-
fied coal, and low-ash coal. Although chemi-
cal, solar, and geothermal energies have long-
range potential as substitutes that would re-
duce particulate emissions, these sources are
not sufficiently developed to warrant current
consideration.

Information on cost and availability of
energy substitution is given in Control Tech-
niques for Sulfur Oxide Air Pollutants, U.S.
Department of Health, Education, and Wel-
fare, 1969.

Power generation by stationary combus-
tion is a principal source of particulate emis-
sions in the United States (see Table 3-4).
Energy sources used to generate power are
water, nuclear fuel, gas, oil, and coal as
shown in Table. 3-6. Particulate emissions
from gas- and oil-fired power plants total
less than 0.1 pound per million Btu input.
Coal-fired power plants equipped with gas
cleaning devices that are 99.5 percent effi-
cient compare favorably with oil- and gas-
fired plants. Hydroelectric and nuclear power
plants are particulate pollution free.

Substitutions commonly avilable for com-
mercial, industrial, and domestic stationary
combustion sources are electric power, coal,



Table 3-6.COMPARISON OF ENERGY SUBSTI-
TUTION ALTERNATIVES FOR ELECTRIC POW-
ER GENERATION

Energy substitution
alternative

Particulate
emissions,
lb/10' Btu

input

Hydroelectric 0
Nuclear 0
Gas (no control) 0.02
Oil (no control) 0,07
Coal-90 percent fly ash removal 01,7
Coal-99.5 percent fly ash removal .. 0.03

a Based on emission factors from Table 5-1 and
the following gross heating values:

Coal-12,000 Btu/lb at 10 percent ash.
Oil-150,000 Btu/gal.
Gas-1,000 Btu /ft'.

gas, and oil. Fossil fuels may be burned di-
rectly at the site where energy is used, or the
fuels may be used to produce electrical energy
for transmission to the site of use. Tables
3-7 and 3-8 compare the effectiveness of

various substitution alternatives on the basis
of particulate emissions per unit of useful
heat.

When comparing substitiution alterna-
tives, allowance should be made for differ-
ences in heat requirements between seeming-
ly identical applications. The differences that
might be found between fossil fuel and elec-
trical heat requirements for space heating
may be used as an example. Because electri-
cally heated buildings are often insulated bet-
ter than fossil fuel heating buildings, heat.
requirements may not be the same. It is rec-
ommended that individual studies be made to
determine these differences by consulting
with representatives of the fossil fuel, elec-
trical, and building industries and by using
information such as that published by the
American Society of Heating, Refrigerating,
and Air Conditioning Engineers.25

To make comparisons for a given area, it
it recommended that Tables 3-6, 3-7, and 3-
8 be revised to reflect local conditions before
substitution alternatives are compared.

Table 3-7.COMPARISON OF ENERGY SUBSTITUTION ALTERNATIVES FOR STATIONARY
COMBUSTION SOURCES OF LESS THAN 10 MILLION Btu/hr INPUT

Energy substitution alternative
Particulate emission

equivalent a
lb/104 Btu useful heat

Electric heat (hydroelectric or nuclear power plant originated) 0
Electric heat (gas-fired power plant originated) 0.05
Electric heat (oil-fired power plant originated) 0.22
Electric heat (coal-fired power plant originated-90 percent fly ash removal) 2.00
Electric heat (coal -fired power plant originated-99.5 percent fly ash removal) 0.10
Gas -fired furnace on site (no control) 0.03
Oil-fired furnace on site (no control) 0.08
Coal-fired furnace on site (no control) 1.11

Based on:
1. Emission factorsTable 5-1.
2. Fuel properties:

Heating value, coal-12,000 Btu/lb at 10 percent ash
Heating value, oil-140,000 Btu/gal
Heating value, gas-1,000 Btu/ft'

3. Estimated thermal efficiency of on-site heating systems.
Electric-100 percent
Coal, gas, oil-75 percent

4. National average efficiency of power generation "(Btu equivalent of generated power per unit of
heat input).

Coal-33.42 percent
Gas-31.42 percent
Oil-30.77 percent
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Table 3-8.COMPARISON OF ENERGY SUBSTITUTION ALTERNATIVES FOR STATIONARY
COMBUSTION SOURCES OF 10 MILLION TO 100 MILLION Blu/hr INPUT

Energy imbstitution alternative
Particulate emission

equivalent
lb/10° Btu useful heat

Electric heat (hydroelectric or nuclear power plant originated) 0
Electric heat (gas-fired power plant originated) . . .. 0.05
Electric heat (oil-fired power plant originated) 0.22
Electric heat (coal -fired power plant originated-90 percent fly ash removal) 2.00
Electric heat (coal-fired power plant originated-99.5 percent fly ash removal) 0.10
Gas-fired furnace on site (no control) 0.03
Distillate oil-fired furnace on site (no control) 0.14
Residual oil-fired furnace on site (no control) 0.20
Stoker-fired furnace on site (no control) 2.78
Stoker-fired furnace on site (90 percent fly ash removal) 0.28
Stoker-fired furnace on site (99.6 percent fly ash removal) 0.01

Based on:
1. Emission factorsTable 5-1.
2. Fuel properties:

Heating value, coal-12,000 Btu/lb at 10 percent ash
Heating value, distillate oil-140,000 Btu/gal
Heating value, residual oil-150.000 Btu/gal
Heating value, gas-1,000 Btu/ft°

3. Estimated thermal efficiency of on-site heating systems.
Electric-100 percent
Coal, gas, oil-75 percent

4. National average efficiency of power generation=' (Btu equivalent of generated power per unit of
heat input).

Coal-33.42 percent
Gas-31.42 percent
011.30.77 percent

Energy substitution can be an effective
and useful technique for control of particu-
late emissions from stationary combustion
sources. This technique has special value for
control of many small sources when the cost
of effective gas cleaning equipment would be
excessive. When use of this technique is con-
sidered, attention should also be given to the
effect of substitution on national security,
foreign relations, industry, labor, commerce,
conservation, and the public.
3.3.2.4 Energy ConservationEnergy con-
servation limits particulate emissions from
stationary :ombustion sources by reducing
fuel consumption. Energy conservation that
is economical should be encouraged per se.
Energy conservation that is not economical
from the standpoint of individual process
costs may actually be economical when com-
pared with other techniques available for air
pollution control.
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Table 3-9.TRENDS IN EFFICIENCY OF COAL,
OIL, AND GAS USE IN UNITED STATES"

Year

Average Btu required to generate
1 (net) kw-hr

Coal Oil Gas

1956 11,257 12,828 12,245
1963 10,258 11,278 11,066
1964 10,241 11,138 10,962
1965 10,218 11,097 10,868

Improvement of power generation efficien-
cy through use of high-temperature, high-
pressure steam electric power generating
processes reduces fuel consumption. Table
3-9 shows average national trends in efficien-
cy improvement for steam electric power
generating plants. Large, modern power
plants with efficiencies near 8,000 Btu per kw-
hr reduce energy consumption substantially



to below the national average of 10,000 to
11,000 Btu per kw-hr, and processes now
under development, such as the magneto-
hydrodynamic, electrogasdynamic, and fuel
cell, have promise of improving efficiency
even mere."-"
3.3.2.5 Good PracticeEquipment must be
properly applied, installed, operated, and
maintained to minimize emissions of partic-
ulate matter. Guidelines for good practice are
published by the fuel industry, equipment
manufacturers, engineering associations, and
government agencies. Although improper
practices are frequently the cause of visible
particulate emissions, insufficient informa-
tion exists to permit numerical evaluation of
the effect of good practice on emission levels.
Some sources of information on good prac-
tice are:

1. Air Pollution Control Association
2. American Boiler Manufacturers As-

sociation
3. American Gas Association
4. American Petroleum Institute
5. American Society of Heating, Refrig-

erating, and Air Conditioning En-
gineers

6. American Society of Mechanical En-
gineers

7. Edison Electrical Institute
8. Industrial Gas Cleaning Institute
9. The Institute of Boiler and Radiator

Manufacturers
10. Mechanical Contractors Association

of America
11, National Academy of SciencesNa-

tional Research Council
12. National Air Pollution Control Ad-

ministration
13. National Coal Association
14. National Fire Protection Association
15, National Oil Fuel Institute
16. National Warm Air Heating and Air

Conditioning Association
17. U.S. Bureau of Mines
18. Various State and local air pollution

control agencies
Proper design and applicationCombus-

tion systems must be propc:rly selected to

meet load requirements. Components, of the
system should be compatible to avoid exces-
sive emission of particulate matter.

Stationary combustion units are designed
to operate within a specific range of load
conditions. If such a unit is operated outside
design' limits, excessive discharge of particu-
late matter is nossible. It is therefore neces-
sary that the lo.,d be accurately estimated be-
fore stationary combustion systems are se-
lected and applied. The total design capacity
of the system should be sufficient to carry the
maximum load, and consideration should be
given to future increases in load require-
ments. The minimum design capacity of one
unit of the combustion system should be suf-
ficient to carry the minimum load require-
ments of the facility, and the total combus-
tion system should be selected to carry, with-
in design limits, any load between maximum
and minimum.

Consideration must also be given to load
characteristics when seleCting a combustion
system. The combustion system should be
able to supply energy at a change in rate
consistent with the demands of the facility
without deviation from design limits.

Each component of the combustion system,
such as the fuel handling system, the draft
system, the fuel burning system, the flues
and stacks, the ash handling system, and the
controls relate(' to these systems, must be
properly selected and integrated to handle
the load and the fuel to be burned.

Proper installationProperly installed
equipment will promote clean, efficient oper-
ation of stationary combustion sources. Com-
prehensive installation instructions and
plans are a prerequisite for proper installa-
tion. The designer of the entire combustion
system and the manufacturers of the sys-
tem's components are responsible for pro-
viding such plans and instructions. Equip-
ment should be installed only by qualified
personnel, and all work should be inspected
for quality.

Proper operation and maintcnonce
Proper operation and maintenance of sta-
tionary combustion equipment will promote
the reduction of particulate air pollution.
Stationary combustion units should be open
ated within their design limits at all times
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and according to the recommendations of
either the manufacturer or another authority
on proper operational practices. Combustion
units and system components should be kept
in good repair to conform with design speci-
fications. Sensitive monitoring systems are
helpful in indicating needed combustion sys-
tem repair.

Proper operation also involves the reduc-
tion of emissions from fuel- and ash-han-
dling systems. Storage pile fires and fuel- and
ash-handling operations can become signifi-
cant sources of particulate air pollution if
good practice is disregarded.

3.3.2.6 Source ShutdownSource shutdown
is a drastic control technique, but it should
not be completely disregarded. Source shut-
down is useful for control of particulate
emissions whep air pollution levels threaten
the public health in emergency episode sit-
uations and for control of emissions when
lawful orders to abate are ignored.
3.3.2.7 DispersionDispersion is discussed
in detail in Section 6 of the report Control
Techniques for Sulfur Oxide Air Pollutants.

3.4 INDUSTRIAL PROCESSES

3.4.1 Introduction
Approximately 6 million tons of dust,

fume, and mist, were discharged from indus-
trial processes and industrial fuels fired in
1966. This quantity would be considerably
greater if high-efficiency collectors were not
used by many industries. However, the total
would be drastically lower if existing control
technology were employed to the full ,,t.

Some industries inherently create more
particulate air pollution than others, and for
such industries one or two specific operations
dominate the emission picture. In a given
industry, particulate releases to the atmos-
phere are generally proportional to pro-
duction rates. Often these discharges can
be reduced dramatically through process
changes or by the use of collection devices.

Table 3-10 lists many of the industries
that release large quant;ties of particulate
matter. As discharged, these particles in-
clude dry dusts, combustible oil and tar mists,
inorganic acid mists, and combinations of
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these and other pollutants. The same proc-
esses frequently release gaseous pollutants,
some of which may be more objectionable
than the particulate matter. Although this
discussion is limited to particulate matter,
some remedial measures also affect sulfur
oxides, odors, or other gaseous contaminants.

The industries which are cited in the fol-
lowing pages commonly use several types of
fired heaters and bailers. Particulate emis-
sions associated with this equipment, for the
most part, are functions of the fuel burned.
Combustion principles developed in Section
3.3 generally apply, and the combustion proc-
esses are not cited unless specific problems
are associated with them.

3.4.2 Iron and Steel Mills
The major sources of particulate matter in

iron and steel mills are blast furnaces, steel-
making furnaces, and sintering plants. Coke
ovens, which are operated as adjuncts to
steel mills, are discussed in Section 3.4.9.

3.4.2.1 Sintering PlantsMajor sources of
dust in sintering plants are the combustion
gases drawn through the bed and the exhaust
gases from sinter grinding, screening, and
cooling operations.40 Exhaust temperatures
of the combustion gases range from 160°
to 390° F. One 6000-ton-per-day plant oper-
ates at 350°F. About 50 percent by weight
of the particles discharged from a sintering
machine are larger than 100 microns." Be-
cause dust generated in the sintering oper-
ation can be returned to the process, most
plants are equipped with cyclones, which,
because of the large particle size, usually
operate at over 90 percent efficienzy by
weight. However, cyclone exit loadings range
from 0.2 to 0.6 grains per cubic foot. High-
efficiency baghouses and electrostatic precip-
itators, therefore, offer promise of much bet-
ter collection. However, few have been ap-
plied to sintering machines.

3.4.2.2 Blast FuruncesIron ore, coke, and
limestone are charged into a blast furnace to
make iron. Under normal conditions the un-
treated gases from a blast furnace contain
from 7 to 30 grains of dust per standard
cubic foot (scf ) of gas.1, Most of the parti-
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Iles are larger than 50 microns in diameter.
The dust contains about 30 percent iron, 15
percent carbon, 10 percent silicon dioxide,
and small amounts of aluminum oxide, man-
ganese oxide, calcium oxide, and other ma-
terials. Blast furnace gas cleaning systems
normally reduce particulate loading to less
than 0.01 grain per standard cubic feet to
prevent fouling of the stoves where the gas
is burned. These systems are composed of
settling chambers, low efficiency wet scrub-
bers, and high efficiency wet scrubbers or
electrostatic precipitators connected in se-
ries.

3.4.2.3 Steel FurnacesThe three most im-
portant types of steel-making furnaces are
open hearth furnaces, basic oxygen furnaces,
and electric furnaces. Relative usage as a
percent of total production of each of these
furnaces in 1958, 1966, and 1967 is shown in
Table 341.

Table 3-11.STEEL PRODUCTION, PERCENTAGE
BY PROCESS"

Furnace type
Percent of total

1958 1966 1967

Open hearth 90.7 72.1 55.6
Bask oxygen 1.6 17.4 32.6
Electric 7.8 10.5 11.8

Average emission rate from a hot-metal
open-hearth furnace is about 0.4 grain per
scf for a conventional furnace and 1.0 for
an oxygen-lanced furnace."-41 Up to 90 per-
cent of the particles are iron oxide, predomi-
nantly FE,Os. A composite of particles col-
lected throughout a heat show that about
50 percent were less than 5 microns in size.
Control of iron oxide requires high-efficiency
collection equipment such as venturi scrub-
bers and electrostatic precipitators. Because
of the cost involved and the growing obso-
lescence of open hearth furnaces, industry
has been reluctant to invest money in the
required control equipment." Often these
furnaces have been replaced by controlled
basic oxygen furnaces and electric furnaces.

More emissions are created by the basic
oxygen furnace than by the open-hearth fur-
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nace. The principal portion of the increase
in emissions is caused from furnace oxygen
blowing. Emissions of about 5 grains per
scf are reported as typical." Particle size
is small; 85 percent are smaller than one
micron in diameter." All basic oxygen fur-
naces in the United States are equipped with
high-efficiency electrostatic precipitators or
venturi scrubbers.

Electric furnaces are usually used for al-
loy production, and because of their flexi-
bility, are becoming popular for most metal
melting operations. Emissions from electric
furnaces often reach particulate matter con-
centrations of grains per scf. Only 40 to
50 percent of ..le dust is iron oxide, an
amount considerably smaller than that emit-
ted by other furnaces. The particles are diffi-
cult to collect because of a strong tendency to
adhere to fabric surfaces, a high angle of
repose, and a high electrical resistivity, and
because they are difficult to wet. Approxi-
mately 70 percent by weight of the particles
are smaller than five microns and 95 per-
cent by number are smalle than 0.5 micron
in diameter." Nevertheless, except for diffi-
culties inherent in the charging operation,
over 95 percent effective collection can be
achieved with appropriate hooding and high-
efficiency collection equipment. Baghouses
are especially suited for such collection.

3.4.3 Gray Iron Foundries
Melting cupolas are the principle sources

of particulate matter at iron foundries. Cast-
ing shake-out sys;ems, sand handling sys-
tems, grinding and deburring operations,
and coke-baking ovens are other sources.

Cupola exhaust gases are hot and volumi-
nous, and contain significant portions of com-
bustible matter and inorganic ash. The most
effective control system incorporates an
afterburner to eliminate combustibles and
a fabric filter to collect the inorganic dust
and fume. Coolers must be used ahead of
the baghouse to protect fabric filters from
the heat of the exhaust gas. Most such sys-
tems use glass fabrics, but some synthetic
cloths have been found to be satisfactory.
Even though baghouse control systems pro-
vide excellent particle collection, they have
not met with wide acceptance, principally be-



cause of cost." Dry centrifugal collectors and
scrubbers with various efficiencies are used
in many instances. High-efficiency scrubbers
are reported to provide about the same per-
formance as fabric filters, but visible emis-
sions are more pronounced.

Casting shake-out and sand cleaning are
dusty operations that are normally well con-
trolled. For these operations baghouses are
commonly used; medium-efficiency scrubbers
and dry centrifugal collectors are also used.

Core ovens create relatively smaller quan-
tities of particulate matter, much of which
is in the form of finely divided liquid aero-
sols. Emissions from core ovens are similar
to those discharged from paint baking and
resin curing operations with odors being
more objectionable than the particulates. A
properly designed afterburner will eliminate
most of the particulates and malodors.

3.4.4 Petroleum Refiuerles
Major sources of particulate matter at re-

fineries are catalyst regenerators, airblown
asphalt stills, and sludge burners. Lesser
sources include fired heaters, boilers, and
em'rgency flares.

In modern fluidized catalytic crackers, fine
catalysts are circulated through the reactor
and regenerator vessels. From 100,000 to
150,000 cfm of hot, dusty gases are vented
from a large regenerator. Dust collectors as
well as carbon monoxide waste heat boilers
are often used to control air pollution. It is
common practice to install a carbon monox-
ide boiler to use the fuel value of the clean
gas stream exiting from the particulate col-
lector.

In typical installations 2-stage or 3-stage
cyclones are located in the regenerator ves-
sels of FCC units for catalyst recovery and
reutilization. In some cases external cyclones
are installed to reduce the particulate con-
tent of the flue gases leaving the regener-
ators of these units. Catalyst dust losses from
the regenerator equipped with internal cy-
clones and in some cases supplemented by
external cyclone equipment can range in the
order of 100 to 350 pounds per hour depend-
ing on the size, age, and basis of design of
the unit.

Electrostatic precipitators may also be

used to collect the fine particles from the
regenerator exit gases and some refiners
have reported catalyst dust losses as low as
40-60 pounds per hour although typical cur-
rent installations have higher emission rates.
The percent efficiency of the precipitators is
a function of the inlet dust loading from the
regenerator and the desired emission rate to
the atmosphere.

Airblowing of asphalts generates oil and
tar mists and malodorous gaseous pollut-
ants. It is common practice to scrub the oils
and tars from the hot (300 to 400°F) gas
stream. Sea water is sometimes used for this
purpose. In any case, separators are neces-
sary to reclaim the oil and prevent contami-
nation of effluent water. Afterburners are
used to incinerate the uncoadensed gases
and vapors, which can constitute an odor
nuisance.

As petroleum refineries, the open burning
or incineration of sludges can be a major
source of particulate matter and sulfur di-
oxide emissions. These sludges are a mixture
of heavy petroleum residues and such inor-
ganic materials as clay, sand, and acids. Be-
cause the materials cannot be separated
readily, sludge is usually atomized in much
the same way as heavy fuel oil. The organic
fraction can be burned effectively in such an
incinerator, but any inorganic matter is en-
trained in exhaust gases. High-efficiency pre-
cipitators, baghouses, and high-energy scrub-
bers are among the stack cleaning devices
that are available to collect the fine dusts;
the final choice of control unit would be based
upon the nature of the sludge. Sulfur di-
oxide collection would not be effected. How-
ever, if there is an accessible sulfuric acid
plant, sludge may be conditioned and used
as part of the acid plant's feed material.
Very low grade sludges may be dumped at
sea. It must be emphasized that incineration
alone is not the solution for the disposal of
all forms of refinery waste sludges. Solvent
extraction is another method for recovering
the organic fraction and the separated
"clean" solids are acceptable to normal land-
fill sites.

3.4.5 Portland Cement
Both mining of raw materials and man-
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ufacture of cement create dust. Dust is gen-
erated at the blasthole drilling operation at
the quarry, during blasting at the rock
face, and during loading of trucks. At
primary and secondary crushing plants, in
the grinding mills, at blending and transfer
points, and in the final bagfilling and bulk
truck or railroad car loading operations,
where the particulate-laden air is at ambi-
ent temperatures, bag filters are usually
the best means of control..'

Rotary dryers used in dry process cement
plants may be a major source of dust gen-
eration and require collecting systems de-
signed for higher temperatures. Dust con-
centrations of 5 to 10 grains per scf enter-
ing the collector are normal. Baghouses or
combinations of multiple cyclones and bag-
houses are frequently used. Newer dry
process cement plants incorporate the dry-
ing operation into the raw grinding circuit.
In such a "dry-in-the-mill" combination
el-.-ving and grinding circuit dusts are nor-
m fly vented to a baghouse.

The largest sources of emissions at ce-
ment plants are direct-fired kilns for burn-
ing Portland cement clinker. Exit gas par-
ticulate loadings are usually 5 to 10 grains
per scf for wet kilns and 10 to 20 grains
per scf for dry-process kilns. Exhaust
gases from wet-process kilns contain con-
siderably more moisture than gases from
dry process kilns. The volume of the hot
(500° to 600° F) kiln gases may exceed
250,000 cubic feet per minute. Over 85 per-
cent by weight of gasborne particles are
smaller than 20 microns in diameter. The
most prevalent chemical constituents are
calcium oxide (CaO), about 41 percent; sil-
icon dioxide (SiO2), 19 percent; and alu-
minum and iron oxides (A12034-Fe20A).
9 percent. The balance would be predomi-
nately CO2.5°

Electrostatic precipitators are widely
used to control particulate emissions from
kilns. Fabric filters of siliconized glass
bags have been installed on both wet and
dry process kilns. Each control device has
been successful when adequately designed
and properly maintained.
3.4.6 Kraft Pulp Mills

The major source of par'lulate emis-
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:ions in kraft pulping is the recovery fur-
nace in which spent cooking liquors are
burned to remove the organic materials dis-
solved from the wood to recover the inor-
ganic cooking chemicals. Sodium sulfate is
the major chemical released as particulate
matter. Small amounts of sodium carbo-
nate, salt, and silica, and traces of lime,
iron oxide, alumina, and potash also are
emitted. Because 95 to 98 percent of the
total alkali charged to the digester finds its
way to the spent liquor, it is economically
imperative that it be recovered.

Electrostatic precipitators of about 90
percent efficiency are used to recover par-
ticles emitted from recovery furnaces. New
installations call for design efficiencies of
about 97.5 percent, and at least one such
unit has a design efficiency of over 99.9
percent.

Other sources of particulate matter are
smelt tanks and lime kilns. Stack dust from
lime kilns can be collected in 85 to 90
percent efficient venturi scrubbers. Water
sprays of 20 to 30 percent efficiency and
mesh demisters of 80 to 90 percent efficien-
cy are usually used on smelt tanks.
3.4.7 Asphalt Botching Plants

Hot asphalt batching plants are potential
sources of heavy dust. emissions.

Asphalt batching involves the mixing of
hot, dry sand, aggregate, and mineral dust
with hot asphalt. Although conveyors and
elevators generate some dust, the major
source is the direct-fired dryer used to dry
and heat aggregates. Exit gases range from
250° to 350° at volume rates of 15,000 to
60,000 standard cubic feet per minute
(scfm). Most dryers employ simple cyclone
separators which collect 70 to 90 percent of
the dust entrained in the exit gases. Never-
theless, the remaining dust in the gas stream
usually totals more than 1000 pounds per
hour and further dust controls are needed
in most areas.

Cc ntrifugal and baffled scrubbers have
been used with success in many areas to
control the fine dust which escapes the pri-
mary cyclone. High efficiencies are report-
edsome exceed 99.0 percentwith loss-
es from most tested plants ranging from
20 to 40 pounds per hour. It is common to



vent elevators and major conveyor trans-
fer points to the scrubber.51

As high temperature fabrics were de-
veloped, fabric filters found greater accept-
ance at asphalt batch plants. Such filters
have been used successfully at asphalt batch
plants since 1950. Recently, several were
installed in Chicago, Illinois, in an effort
to obtain better dust control than had been
afforded with scrubbers. They are report-
ed to provide excellent collection of fine
particles with little or no visible emissions
from the baghouse. Although fabric filters
frequently are more expensive than scrub-
bers, they collect dry "fines" which may
be useable in high-grade asphaltic concrete
mixes. In addition, they obviate the need
for holding ponds and preclude water
problems.

3.4.8 Acid Manufacture

Most of the particulate matter attributed
to acid manufacture is created in the pro-
duction of sulfuric and phosphoric acids.
Manufacture of the other two major indus-
trial acidsnitric and hydrochloricdoes
not generate large amounts of acid mist.

3.4.8.1 Sulfuric Acid Over 90 percent
of the sulfuric acid in the United States is
manufactured by the contact process. 37 In
the process sulfur or other sulfur bearing
materials are burned to sulfur dioxide
(SO2) and catalytically converted to sul-
fur trioxide (SO,). Uncontrolled emissions
range from 0.05 to 0.23 grain per scf of
exit gas. Concentrations depend to a large
degree on plant design and proper opera-
tion of the acid absorber. Most modern
plants are equipped with high-efficiency
electrostatic precipitators or mesh elimi-
nators in which 99 percent of the acid mist
is recovered. Acid mists are usually con-
trolled to a far greater extent than gaseous
SO2 releases.

The primary source of emissions in the
chamber process is the final Gay Lussac
tower. Combined sulfuric acid mist and
spray in the exit gas ranges from 0.08 to
0.46 grain per scf.

3.4.8.2 Phosphoric Acid Two processes

are used to manufacture phosphoric acid.
High purity acid for the food and deter-
gent industries is produced by burning ele-
mental phosphorous. The process is sim-
ilar to the contact sulfuric acid process.
The oxidation product, phosphorous pen-
toxide (P.O,;), is hydrated and absorbed
in phosphoric acid. Mist is collected from
exhaust gases with electrostatic precipita-
tors or high pressure drop mesh entrain-
ment separators. Acid mists escaping col-
lection are extremely hygroscopic so that
visible emissions are pronounced unless
high collection efficiencies are achieved.
High-purity phosphorous for this process
is manufactured in electric furnaces, which
create gaseous fluorine compounds and solid
particulates.

The wet process is used to produce less
pure phosphoric acid for the fertilizer in-
dustry. During the manufacturing process,
sulfuric acid is reacted with phosphate rock.
Except for material handling and grinding
operations few particulates are generated.
However, the acidulation reaction liberates
large quantities of gaseous silicon tetraflu-
oride (SiP4), and scrubbers are required.

3.4.9 Coke Manufacture
Metallurgical coke is the solid material

remaining after distillation of certain coals.
About 90 percent of the United States
coke output is used for production of blast
furnace iron.

Conventional coking is done in long rows
of slot-type coke ovens into which coal is
charged through holes in the top of the ovens.
Coke oven gas or other suitable fuel is burned
in the flues surrounding the ovens, to furnish
heat for coking. Flue temperature is about
2600° F and the coking period averages
17 to 18 hours. At the end of the coking
period, incandescent coke is pushed out of
the furnace into quenching cars and car-
ried to a quenching station, where it is
cooled with water sprays.

The beehive oven is a simpler type of
coking ovt .1. Distillation products from
this oven are not recovered. Its use has
diminished with the development of the by-
product oven. The process persists because
of an economic advantage during peak pro-
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duction periods. Capital investment low-
er and inoperative periods can be tolerated.
About 1.5 percent of the total coal coked in
1967 was produced in these ovens. A very
large part, i.e., 25 to 30 percent of the coal
charged to these ovens is emitted to the
atmosphere as gases and particulate matter.
Ducting these emissions to an afterburner
appears to be a feasible method of control.

Coal and coke dust emissions result from
coal car unloading, coal storage, crushing
and screening, the coking process (where
the largest releases of particulate dust oc-
cur during larry car coal charging of the by-
pioduct oven and pushing of the product
coke to quench cars), quenching, and final
dumping from the quench car.

Slot type coke ovens currently being de-
signed include the following features that
speed operations and minimize leaks:

1. Better designed and thinner-walled
heating flues to improve heat trans-
fer and minimize cool spots and un-
dercoking. This results in a clean-
er pushing operation.

2. Improved refractories, with less
spalling and cracking. These re-
fractory defects cause warping of
metal furnace parts, gas leaks into
flue systems and chimneys, and
voids which fill with undercoked
coal and cause smoke during pushing.

3. Gas-tight, self-sealing oven doors,
that minimize manual sealing with
clay.

4. Mechanical cleaners or self-sealers
for doors and for top-charging hole
covers. A few grains of sand on a
metal seat can cause appreciable
leakage of hot gases.

5. Sealing sleeves for leveling bars.
Leveling bars are used to even out
the oven charge to allow free pas-
sage of gas over the charge into the
gas collector main.

6. Mechanical removal of top coal-
charging lids and means to charge
all three holes of an individual oven
rapidly and simultaneously, with gas
recovery mains in operation.

7. Steam jet aspirators in byproduct
header ducts.
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8. Anintercell header to no malize the
cell pressure through( ut the battery.

9. Charging car volumetric sleeves and
dust entrainment chutes.

10. Wooden baffling to separate particu-
late matter from quench tower efflu-
ent gases.

A breakthrough in coke manufacturing
technology is needed to improve opera-
tions." Improvements have been slow."
Installations exist that have employed sup-
posedly superior charging and di,charging
equipment, but satisfactory ope, at i-n have
not been achieved. A joint rc, ffort

by several steel companies has been under
way for 5 years to develop new coke man-
ufacturing technology, but potential com-
mercial applications appear to be five years
away. 53

Another form of coke, used in blast fur-
nace refractories and in the manufacturing
of electrodes for large steel and aluminum
reduction furnaces, Is calcined petroleum
coke. Petroleum coke is a refinery product,
but is seldom calcined by the refinery. Cal-
cining occurs in a rotary kiln at 1700' F
removing absorbed water and heavy oil
and forming a marble-size product. Volatil-
ized hydrocarbons are usually passed to a
2200' F combustion chamber before being
released to the atmosphere. Subsequent con-
veyance of the dusty product to the storage
requires hooding and enclosed ducting. The
dust is abrasive and causes heavy wear on
bucket elevators and other transfer equip-
ment. Control of particulate matter can be
accomplished during loading of the coke.
One system uses concentric tubing; the in-
ner filling tube carries the coke and the
outer tube exhausts entrained dust from the
enclosed railroad car, truck or ship hold.
Baghouses are used to capture dust from
loading as well as dust generated at other
handling and transfer points.

3.4.10 Primary and Secondary Recovery of
Copper, Lead, Zinc, and
Aluminum

Primary smelting of lead and sine in-
volves converting the sulfide of the ore to
an oxide through roasting, and subsequent
reduction of the metal oxide to its metallic



state in a separate vessel. Copper, however,
requires a preliminary smelting step, during
which the naturally occurring complex sul-
fide is reduced to the cuprous sulfide, CuS2,
by mixing the vharge with limestone. The
cuprous sulfide is then converted to blister
copper in a converter where the sulfur is
removed by oxidation. Sulfur dioxide gas
is released from these operations, along with
particulate matter which is largely sublimed
oxides, dust, and acid mists. When sulfur
dioxide emissions exceed 3 percent of these
furnace exhaust volumes, a sulfuric acid
manufacturing plant is feasible. Pretreat-
ment of the smelter gases going to the add
is required to remove particulate matter.
If sulfur dioxide recovery is not practiced.
fiberglass demisters or precipitators are us-
ually used to remove particulate material
from smelter exhaust gases. For a more de-
tailed discussion of smelting, refer to the
report Control Technique's for Sulfur Oxide
Air Pollutants.

Most materials fed to secondary recovery
furnaces are alloys of copper, zinc, tin, or
lead in the form of solid scrap and drosses.
Gases from the furnaces may contain as
fumes oxides of the low boiling metals. Par-
ticularly bothersome are submicron lead
and zinc fume. Zinc oxide fume particle size
ranges from a high of 0.5 micron to a low
of 0.03 micron 13aghouses are usually used
to control these oxide fumes; where the
fumes are corrosive, electrostatic precipi-
tators are used. Soiled scrap metal melting
may evolve grease or oil fumes as smoke
during the heatup phase. Incineration of
the smoke with a control afterburner is nec-
essary if the metal cannot be cleaned before
melting.

Metallic aluminum is produced by the
electrolytic reduction of alumina (A120,)
in a bath of fused cryolite by the Ifall-
lIeroult process. Cell operating tempera-
tures range from 1700' to 1800: F. The
gases generated in the cells are corrosive
and toxic, and consist of hydrogen fluoride
and volatilised fluorides. Some fine partic-
ulate matter is entrained in the exit gases.
Water scrubbers have long been used for
collection of both the particulate and cor-
rosive gates. Some installations have used

baghouses with alumina coated cloth filter
bags. a4

Secondary aluminum recovery operations
produce particulate matter from the fluxes
used, from impurities in the scrap, and from
chlorination of the molten aluminum. Oily
or greasy scrap gives off smoke. When
chlorine gas is used to degas the melt or
remove magnesium, hydrogen chloride gas
and aluminum chloride fume are evolved.
The fume Is diaicult to collect because of
its small particle size and hygroscopic na-
ture. Water scrubbers are used to collect
the gaseous contaminants.

3.4.11 Soap and Synthetic Detergent
Manufacture

Principal sources of particulate matter
in the making of soap and synthetic deter-
gents are the spray drying of products and
the handling of dry raw materials. The wet
chemical processes used to make soaps and
detergents are relatively innocuous from
the particulate standpoint, although malod-
orous gases and vapors are generated in
some instances.

Gases from the spray dryers, discharged
at approximately 200' F, contain large
amounts of moisture. In addition, the prod-
uct is sticky at these temperatures so that
dry collection in fabric filters or electro-
static precipitators is difficult. Multiple cy-
clones may be employed as precleaners, but
scrubbers are used almost exclusively to
collect fine dust Moderate pressure ven-
turi units or baffled scrubbers provide ade-
quate control in many instances. These
scrubbers usually use slurries rather than
merely water and product is recovered from
the slurries. Residual file particles, togeth-
er with high moisture levels, frequently im-
part marked opaqueness to the stack gases.
It is sometimes passible to avoid this prob-
lem by adding some of the less stable ingre-
dients to the product after the spray drying
operation.

Fabric filters are widely used in soap
and detergent plants to control dusts gen-
erated from the handling of products and
raw materials and from packaging opera-
tions.
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3.4.12 Glass Furnaces and Glass Fiber
Manufacture

Reverberatory furnaces are used to pro-
duce nearly all glass products. The furnaces
and raw materials generate significant
quantities of particulate matter.

Glass furnaces are usually heated with
oil or natural gas, which is fired directly
over the melt. Heat is reclaimed in check-
erwork regenerators used to preheat com-
bustion air. Raw materials are charged at
one end of the furnace and molted glass is
pulled from the other end. Cutlet (scrap
glass), limestone, soda ash, and sand are
the main ingredients fed to the furnace
melter section. Glass temperatures are as
high as 2700° F in the furnace, but are us-
ually near 2200' F at the point of discharge.
Particulate matter in exhaust gases is trace-
able to two principal sources: (1) Fine raw
materials that are entrained in combustion
gases before they are melted; and (2) Ma-
terials from the melt, such as sulfur triox-
ide created by sulfate decomposition and
other solids picked up by escaping carbon
dioxide gases. Sulfur trioxide and the oxides
of potassium, sodium, and calcium are the
main constituents of particulate emissions.
Losses from large furnaces range from less
than 10 pounds per hour to as high as 100
pounds per hour. Most units release less
than 40 pounds per hour. Particulate re-
leases tend to be affected by feeder designs
and the makeup of raw materials.

Operators control emissions through fur-
nace design, electric heating, and raw ma-
terial control rather than with .tack clean-
ing devices. Control of emissions with fiber-
glass filters is feasible, but the particulate
matter is extremely difficult to handle.

In the manufacture of glass fiber, the
emissions from the forming processes are
considered unacceptable both from the
standpoint of odor and visible particles. Al-
though suitable control methods are not
at hand, it appears that a combination of
process changes and stack controls will be
required to render exit gases acceptable in
many communities. These methods are be-
ing developed and prospects are good that
satisfactory techniques will be found. After-
burners have been employed with success
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at curing ovens where volumes are low in
comparison to forming lines.

3.4.13 Carbon Black

Because of the extremely fine size (0.01
to 0.4 micron) and fluffy nature of carbon
black particles, they are readily emitted
from improper handling and transferring
operations and during separation of them
from the process gases. Emissions have
been particularly heavy from channel black
process plants. The furnace black process
(oil and gas) accounts for 94 percent of the
total production and technology is avail-
able to control emissions from these plants.

Furnace temperature is kept at about
2500° F and the black-laden gases are cooled
to 450° and 550° F before entering the dust
collecting equipment. The preferred sys-
tem consists of an agglomerator followed by
a baghouse.39 Coated fiberglass bags last
about 12 months. The over-all particulate
collection efficiency of such a system Is
about 99 percent. The combination of cy-
clone and electrostatic precipitator is no
longer satisfactory because it collects only
about 60 percent of the particulate matter.

3.1.14 Gypsum Processing
Gypsum, the basic ingredient of plaster

and wallboard, is manufactured by grind-
ing, drying, and calcining gypsum rock. At
most plants much of the gypsum is proc-
essed into wallboard in highly mechanized
systems. Grinding, drying, and calcining
processes are principal sources of dust.
Handling, packaging, and wallboard man-
ufacture are of secondary potential.

Most grinding operations are controlled
with fabric filters. Fine grinders often are
equipped with built-in pneumatic convey-
om that allow the product to be collected
in the filter.

Gypsum is dried in direct-fired dryers
to remove free moisture before calcining.
F,xit gases of about 220' F contain a large
amount of fine dust. Electrostatic precipi-
tators, baghouses, or scrubbers are almost
always used to remove this dust from exit
PAM

The calcining operation is conducted at
400- to 450- F in externally heated kettles
or conveyors. In general, exit gases from



the calcining operation are less voluminous
than those from dryers. Historically, elec-
trostatic precipitators have been used to
control calciners. Dust collection has not
always been adequate, and baghouses now
find better acceptance. Most new gypsum
plants have been equipped with fabric fil-
ters. High-temperature fabrics are required
and heaters have to be installed to prevent
moisture from condensing in duct work.

Baghouses are used extensively in mod-
ern gypsum plants to collect dust from vari-
ous conveying and processing points. In
most instances a salable product is re-
claimed.

3.4.15 Coffee Proceseing

The processing of green coffee beans and
the production of dehydrated instant cof-
fee generate dust and liquid aerosols as
well as odorous gases. The most prominent
sources are roasters, spray dryers, waste
heat boilers, and green coffee cleaners.

Roasters are the predominant sources of
oil aerosols and odors but also create sig-
nificant amounts of solid particulate mat-
ter. Chaff, a flaky membrane from the bean,
and other solids are collected in simple cy-
clones at temperatures of 400) to 500= F.
Remaining aerosols and odorous gases may
be incinerated in afterburners at tempera-
tures ranging from 1200) to 1400= F.

Coolers and stoners create additional sol-
id particulate matter, but few aerosols or
malodors. Cyclones normally provide ade-
quate dust control. With some continuous
systems, the exit of roaster gases through
close coupled coolers requires the use of
afterburners on the cooler exhaust stream.

Spray dryers not unlike those used in
other industries are used to produce instant
coffee. If the dryer is operated properly,
very little fine particulate matter is gen-
erated and satisfactory dust control can be
achieved with dry multiple-cyclone collec-
tors. Periodic excursions can be expected
with resultant discharges of fine dust. Many
plants operate scrubbers or baghouses down-
stream of mechankal collectors. Collected
fines are blended with the main product
stream. Dust recovered in dry collectors is

of sufficient value to rnake it attractive to
maintain collector efficiencies.

At instant coffee plants, large quantities
of leached coffee grounds are produced.
Many operators burn the spent grounds in
waste heat boilers similar to coal-fired
boilers. Particulate emissions are depend-
ent on the type of firing and the ash con-
tent (usually about 4 percent by weight of
dry grounds). A common design incorpo-
rates an underfeed stoker and auxiliary gas
burners.

Green coffee cleaning and handling cre-
ates dust and chaff which normally can be
handled well in simple cyclones.

3.4.16 Colton Ginning

The major sources of particulate matter
in cotton ginning are the gin itself and
the subsequent incineration of the trash.
Relatively coarse materials are emitted from
the ginning operation an relatively line
materials escape the associated lint clean-
er. Iligh-efilcienc. multiple-cyclones suc-
cessfully collect the coarse pt....-tie:es, and the
recently developed stainless steel in-line fil-
ter is effective on the fine particles.

Disposal of the cotton trash by compost-
ing, rather than incineration, is being prac-
ticed in some parts of the country. Incin-
eration of trash generates a large portion
of the particulate matter released from un-
controlled ginning plants.

3.S CONSTRUCTION AND DEMOLITION

3.5.1 Introduction

The demolition and construction of build-
ings and roads creates particulate air pol-
lution with periodic emissions character-
istically dependent on the specific opera-
tions. The handling of dusty materials,
movement of trucks on temporary roads,
and breaking of masonry walls are a few
of the more prominent dust generating op-
erations. None is continuous and the dust
from almost all can be reduced if suitable
procedures are used.

Principal demolition, construction, and
relat.d operations that generate particulate
air poll'ition are:

1. Demolition of masonry.
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2. Open burning of wooden structures,
trees, shrubbery, and construction
lumber.

3. Movement of vehicles on unpaved
roads.

4. Grading of earth.
5. Paving of roads and parking lots.
6. Handling and batching of Portland

cement, plaster, and similar materi-
als at the site.

7. Sandblasting of buildings.
8. Spray painting of exposed surfaces.

Essentially all of these processes gen-
erate particulates that create local nui-
sances. Techniques have been developed to
minimize dust releases from most offending
operations; however, none of these are en-
tirely satisfactory. Furthermore, all of the
control measures require some expense and
attention and offer little, if any, monetary
return.

3.5.2 Demolition of Masonry

When a brick, plaster or concrete wall is
demolished, most of the particulate matter
is released when the broken wall hits the
ground or floor. In urban areas, water
sprays are used to keep exposed surfaces
as wet as possible. Before walls are torn
down they are sprayed with water, and as
the debris crashes to the ground more water
is sprayed onto the pile. The procedure at
best is inefficient and as it is ordinarily
practiced may reduce particulate matter by
only 10 to 20 percent. In cold or freezing
weather, water spraying systems become
almost completely inoperable.

One concept of dust collection at demo-
lition sites calls for enclosing the four sides
of the building by means of plastic sheets
attached to the scaffolding by removable
clips." The top of the building is left open
and air is sucked in by a large exhaust fan
into bag filters for collection. As yet this
concept has not been applied. Nevertheless,
it offers one of the few possibilitit for
adequate collection of demolition dust in
congested metropolitan areas.

3.5.3 Open Burning
Because open burning cannot be con-

trolled adequately, the only solution is to
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stop the practice and remove wood and oth-
er combustibles to an incinerator or sani-
tary landfill or to handle it in some other
acceptable manner.

3.5.4 Road Dust

Trucks moving across dry, unpaved roads
are a prime dust source at construction proj-
ects. Dust can be held to a tolerable level
by blacktoppiiig or at least oiling euch sur-
faces. For very temporary roads, frequent
spraying with water may be satisfactory.

3.5.5 Grading Roads and Other Surfaces
There are few satisfactory remedies for

dust created by earth-moving equipment. It
is best to conduct such operations when
winds are light and materials are sufficient-
ly moist to minimize entrainment of dust in
ambient air currents. Sand, rock, gravel,
and the roadbed can be sprayed with water.

3.5.6 Handling Dusty Materials

Portland cement, plaster, and similar
items are easily rendered airborne during
handling and batching. If the materials are
mixed at the site, greater possibilities are
presented for the evolution of dust. The best
approach is to mix such materials in a cen-
tral location, hooding all major points and
venting the dust to a fabric filter.

3.5.7 Sandblasting

The cleaning of stone and concrete sur-
faces by sandblasting creates particles that
are difficult to control by common tech-
niques. When access is possible, hooding and
ductwork can be provided from the point of
sandblasting to a baghouse or similar high-
efficiency dust collection device. A more
common p :actice has been to shroud the
operator and the area being cleaned. Most
of the resultant dust is contained within
the canvas shroud and drops to the ground
below. A clean eir supply has to be piped
by hose to the operator. The arrangement
is successful when winds are light. Under
strong wind velocities much of the particu-
late matter remains airborne. Sandblast-
ing of buildings has been replaced in many
areas by steam cleaning and acid washing.



3.6 SOLID WASTE DISPOSAL

3.6.1 Introduction

Disposal of solid wastes contributes to
air and water pollution and threatens to
pollute the land (through improper dispos-
al methods). In 1967, 190 million tons of
solid wastes were collected excluding some
industrial and agricultural sources." Of
this quantity, 86 percent was disposed of
at land disposal sites, 8 percent was burned
in municipal incinerators, and only 6 per-
cent was disposed of in what could truly
be called a sanitary landfill." Much of the
waste in disposal sites is ultimately burned
in the open. Emissions from these activi-
ties represent the most freouent cause
of local air pollution complaints by citi-
zens." Particulate emissions from inciner-
ation cause soiling, visibility reduction, and
a generally unsanitary appearance of the
air.

Better engineering end planning are re-
quired to cope with the problem of dispos
ing of solid wastes in a manner that will
least affect our environment. One survey
indicates that if present trends continue
and long-range plans are not made and im
plemented, this country will not have the
capability to handle the increased amount
of solid wastes generated In the year
1975." Planning, perhaps on a regional
basis, and proper use of existing technology,
specifically In the fields of incineration and
sanitary landfill operation, are the key to
mastering the problem of air pollution from
solid waste disposal.

3.6.2 Definition of Solid Wat,le

As defined in the So Waste Disposal
Act of 1965, "The term 'solid waste' means
garbage, refuse, and other discarded lid
materials, including solid-waste materials
resulting from industrial, commercial, and
Agricultural operations, and from commu-
nity activities, but donA not include solids
or dissolved material in domestic sewage or
other significant pollutants in water re-
sources. . ." It includes both combustibles
and non-combustibles, such as garbage, rub-

WA, ashes, street refuse, dead animals, and
abandoned automobiles. Solid waste is
grouped into the following five categor-
ies: 39

1. Residential and commercial solid
waste. Food waste, paper, plastics,
metals, cloth, wood, and numerous
other materials are included in resi-
dential and commercial solid waste.
Heating value is approximately 4500
Btu per pound. Uncompacted densi-
ty is approximately 250 pounds per
cubic yardcompacted density is ap-
proximately 600 pounds per cubic
yard.

2. Construction and demolition waste.
This category includes building ma-
terials such as wood, steel, plaster,
brick, and concrete.

3. Institutional solid waste. Wastes
from hospitals, nursing homes, and
other institutions are included in in-
stitutional solid waste. Such wastes
are similar to residential and com-
mercial solid wastes, but may contain
pathogenic materials.

4. Industrial solid waste. Waste prod-
ucts as produced by industry include
a variety of com'ouftible and non-
combustible materials.

6. Agricultural waste. Agricultural
wastt includes animal droppings and
crop tesidue, but does not Include
stands of timber or brush burned as
a result of accidental forest fires.
Reference articles on agricultural
waste disposal may be fou,'d in Sec-
tion 8, Bibliography, under v e head-
ing of Food and Argicultural
Sources.

3.6.3 Amounts of Solid Waste Generated

The amount of solid waste generated in
this country is truly astrmamical. Alto-
gether, 190 million tons per year or 5.3
pounds per person per day are collected. "
A breakdown of this latter figure is shown
in Table 3-12. These figures however, are
only for that amount of waste actually col,
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Table 3-12.AVERAGE SOLID WASTE
COLLECTED'

(Pounds per person per day)

Solid wastes Urban Rural National

Household 1.26 0.72 1.14

Commercial 0.46 0.11 0.38
Combined . 2.63 2.60 2.63
Industrial . 0.65 0.37 0.59
Demolition,

construction 0.23 0.02 0.18
Street and alley 0.11 0.03 0.09
Miscellaneous 0.38 0.08 0.31

TOTALS . . 5.72 3.93 5.32

lected. Other amounts are also generated
beyond that collected and these amounts are
best described in the following quotation
from Reference 56.

"It must be recalled that 10 to 15
percent of household and commercial
wastes are collected or transported by
the individual generating the waste.
Approximately 30 to 40 percent of the
industrial wastes are self-collected and
transported. Additionally, local rep:-
lationsor lack of thempermit c..ter
50 percent of our population to burn
some type of household waste in their
backyards. About 45 percent of com-
mercial and other establishments are
also allowed to practice controlled open
burning of some type. Thus, although
the amount of waste material that has
to be collected is staggering in itself,
the amount of material that is actual-
ly generated and could pose potential
collection problems is even more im-
pressive. Conservative estimates indi-
cate that 7 pounds of household, com-
mercial, and municipal wastes are pres-
ently generated per person per day; this
totals over 250 million tons per year. To
this must be added our estimate of over 3
pounds per person per day for indus-
trial wastes, amounting to an addition-
al 110 million tons per year. Thus, es-
timates for 1967 indicate that over 10
pounds of household, commercial, and
industrial wastes are being generated
per day in this country for every man,
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woman, and child, totalling over 360
million tons per year."'

"To these figures we must add over
550 million tons per year of agricultural
waste and crop re,zidues, approximately
1.5 billion tot:s per year of animal
wastes, and ore: 1.1 billion tons of min-
eral wastes. Altogether, over 3.5 bil-
lion tons of solid wastes are generated
in this nation every year. "

4.6.4.1 Disposal Methods to Minimize Air
PollutionMany areas of the country have
adequate land available for sanitary land-
fills. A properly operated sanitary landfill
in which solid waste is buried daily with-
out burning can turn a worthless piece of
property into a valuable recreation area.
The cost of a landfill operation, in most
cases, is less than incineration, not consid-
ering hauling costs in either case:" Ex-
panded use of landfills, of conrse, may re-
quire an efficient municipal pick-up sys-
tem. At present, only about 6 percent of
municipal solid waste, not including indus-
trial and agricultural waste, is disposed of
in a sanitary landfill."

Some solid wastes such as automobile bod-
ies, paper and wood chips have a salvage
value or reclamation potential. If a mar-
ket exists in an area (c1 part of all of the
waste currently being burned, it can be de-
veloped and used to reduce or eliminate air
pollution. Frequent collection of municipal
refuse and the pickup of leaves in the fall
will deter the citizen from open burning.
Disposal methods other than combustion are,
in many cases, economical. These methods
can be put to use, however, only with the
execution of adequate planning.

In metropolitan areas in which land is be-
coming scarce for landfill operations, com-
bustion processes are being used to reduce
refuse volume by as much as 90 percent be-
fore disposal in a landfill, increasing the life
expectancy of the landfill site. s: Incinera-
tion is often used to sterilize pathogenic or
contaminated waste and reduce its volume
before burial. Our expanding society may
have to resort to more extensive iminera-



tion in many areas as an alternative to
landfill. 63

01 the total amount of municipal solid
waste produced, not counting agricultural
or industrial solid waste, 86 percent is ulti-
mately disposed of in open dumps where
open burning is frequently practiced."
Such methods of volume reduction normally
do not meet health and esthetic standards
that usually are desired by a progressive
community, 63 because of the large amount
of particulate matter (as much as 16 pounds
per ton of solid waste burned) released to
the atmosphere with virtually no possibility
of controlling emissions.1 Open burning
has been banned in at least six States."

Even today many apartment house, com-
mercial, and municipal incinerators being
built do not meet requirements of good air
pollution control standards. Some incinera-
tors can operate with a minimum of air pol-
lution; however, these units are costly to
operate and maintain, and If poorly oper-
ated will create noticeable air pollution. The
trend today is toward multiple-chamber in-
cinerators of adequate design that are
equipped with efficient control devices and
full instrumentation as well as towards
controlled municipal size units. Municipal
units now proposed in this country are of
the water-wall type that produce steam as
a saleable product and collect more tha,:
99 percent of the particulate matter emit-
ted from the incinerator itself by means of
electrostatic precipitators.

3.6.32 Disposal Methods Without Incinera-
tionDispml and volume-reduction meth-
ods that do not use incineration are most
desirable from an air pollution standpoint.
In many cases they may be more economical
and may prove to be more acceptable to a
community than methods using incineration.

Sanitary landfill-11w sanitary
which should not be confused with an open
dump, is an acceptable means of solid waste
disposal. si Almost any kind of material can
be disposed of by this method of systemat-
ically dumping solid waste on the ground
or in trenches, compacting the waste by
driving a bulldozer or other heavy equip-
ment over it, and covering the waste at the

end of each day with a layer of compacted
earth to prevent rodent and insect infesta-
tion and to confine odors. When complete-
ly filled, land so used may be made into
parks and recreation areas. A properly op-
erated sanitary landfill is operated without
open burning. Air pollution emissions are
limited to material entrained in the air by
earth-moving equipment. Even these emis-
sions, however, can be kept to a minimum
by wetting the fill material.

Choice of a site and method of operation
of a sanitary landfill is essentially depend-
ent on the topography and availability of
land. In addition, other factors such as
length of haul, land drainage, source of cov-
er material, and quantity of land needed to
handle future waste generation must lx con-
sidered before choosing a final site. Some
factors that must be considered are;

1. Land requirements. About 1 acre-
foot of land is required for each 1000
persons for one year operation when
the production of waste is 4.5 pounds
per day per capita." In addition,
cover material totaling at least 20
percent by volume of the compacted
waste is required. Such material
may be supplied from the site or
transported from nearby areas.
Normally, sites are designed for 10-
to 20-year service periods.

2. Topography. Depressed areas such
as ravines and abandoned pits where
the grade must be raised are usually
considered desirable for sanitary
landfill sites. Flat land can he used
by applying progressive excavation
or the cut and cover method of op-
eration. 44

3. Operation. Proper operation of a
sanitary landfil! requires continuous
use of heavy cirthmoving equipment
to compact and cover the wage with
fill material. It is essential that
waste be covered by no less than a
6-inch layer of material at least once
a day. An intermediate layer of cov-
er material (about 1 foot deep) is
usually spread over completed sec-
tions of the site. An additional 2
feet of final cover is required as a
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minimum for the entire site on com-
pletion of the operation.

4. Cost. Costs of site, site preparation,
and operation must be computed to
judge the true cost of sanitary land-
fill operation. In addition, the final
value of the land when reclaimed
must be balanced cgainst the initial
cost of the land. Sanitary landfill
equipment and operating costs usual-
ly range from $0.80 to $1.60 per ton
of solid waste placed in the land-
fill." (Transportation of waste to
the site is not included in this
figure.)

CompostingComposting, as applied to
waste disposal, is the biological decomposi-
tion of the organic component of waste.
Stable organic residue is the ultimate prod-
uct. The residue is usable as low-grade soil
conditirner. The market for compost, how -
evcr, has not becn very good, because equiv-
alent commercial products are available at
less cost.

Composting requires seraration of non-
organic material from the waste. To be
economical, a market for such scrap is nec-
essary.

Composting costs are the same or higher
than those of incineration. Consequently,
only a few plants are operating in the Unit-
ed States today." Actually, however, in the
case of a composting plant operated by a
municipality, there is no more reason to ex-
pect such a plant to be profitable than an
incinerator, as both perform essentially the
same service for the citizens of the munici-
pality: that of getting rid of solid wastes.
In areas where commercial fertilizer is not
readily available and the scrap market is
good, composting could be a suitable meth-
od for handling organic wastes with little
or no particulate air pollution. However,
some compost plants Lave odor problems.

ShrtddingDisposal of bulky waste can
be facilitated by shredding. Auto tires, for
instance, can be shredded and placed in a
unitary landfill instead of being burned.
Bulky wood waste, such as driftwood and
combustible demolition waste, which has
heretofore been burned openly because of
the difficulty of incinerating it, can be
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shredded and incinerated in a conventional
incinerator provided it is mixed with con-
ventional refuse so that it does not blind
the grates. It can also be disposed of in a
landfill site.

Each year more than six million automo-
biles are junked in the United States. Auto-
mobile body disposal, therefore, is one of
the growing solid waste problems. The most
promising solution to the problem appears
to be to step up the reuse for autobody met-
al scrap in the domestic steel and foundry
industry, so that the large portion of the
available supply now being discarded each
year can be remelted.

Air pollution arising from disposal of
automobile bodies results, however, when
they are burned to remove upholstery,
grease, and paint. Such burning is appar-
ently required to produce a useable scrap
that is competitive with other available ma-
terial. Open burning of automobile bodies
has proven entirely unacceptable from an
air pollution standpoint. Large quantities
of particulate matter are generated by such
burning. Metallic particles containing cad-
mium, nickel, and lead may also be released
by this method of disposal.

Open burning of junk automobiles has
been replaced by controlled incineration in
enclosures. 7° Emissions from such practices
have been successfully controlled by after-
burners, wet scrubbers, and electrostatic
precipitators. Unfortunately, however, be-
cause of the low market price paid for auto-
mobile scrap, the cost of purchasing, oper-
ating, and maintaining such control equip-
ment is prohibitive in many areas. It would
appear therefore, that these control tech-
niques need to be reapplied, perhaps in con-
junction with process ch.!nges, to lower op-
erating and maintenance costs, and allow the
higher installation costs resulting from more
sophisticated designs to be amortized over
the life of the installation. Such designs
might attempt to minimize inlet air flow so
that the control devices could be made as
small and inexpensive as possible." Also,
where afterburners are used, heat recovery
might be considered.

A possible solution to the air pollution
problem is the expanded use of mechanical



devices which can disintegrate and shred a
whole car (minus the block, rear axle, and
seats), remove contaminants by a series of
mechanical separations, and produce a rel-
atively useable scrap with little or no incin-
eration.72 Such processes can be used by
most larger cities. Cost of equipment for
a unit capable of handling from 200 to 300
cars per day is $500,000. Cost for a unit
capable of handling 1200 cars per day ranges
from $1 million to $3 million."

In many locations, however, the low mark-
et price paid for shredded scrap has restrict-
ed the area from which shredders can draw
junk auto-bodies. Although it, too, is re-
stricted by low scrap prices, the practice of
flattening junk autos and delivering them
from outlying areas to a centralized shred-
der results in some cars being processed
without Kenerating as much air pollution
as if they were burned in the open.

CompactionCompaction, although not a
disposal method, has the potential of reduc-
ing on-site refuse volume to a point that
large storage areas nre not required and
transfer to final disposal at landfills or
municipal incinerators is easier. Compac-
tion devices are now being marketed for
installation in larger apartment complexes.
In some instances, these units have replaced
chute-fed incinerators.

Compaction installations are similar to
chute-fed incinerator installations. Nor-
mally, refuse is charged by tenants through
a door located on each floor of the building.
Refuse builds up to a predetermined level
in a receiving hopper, usually in the base-
ment, then is forced by hydraulic ram into
a storage container or bag. Comnaction of
refuse in the storage container Is claimed
to be accomplished up to 3 to 1. Recent in-
vestigat tons indicate, however, that much
higher compaction ratios may be obtained.

Metal containers with capartities tip to
two cubic yards have been used. It has been
reported that one container is required for
every fifty apartments, with removal two
to five times per week.

Installed cost of a compactor is reported
to be $3500, plus $175 per floor for the met-
al chute. hauling cost of the compacted ref.
use for a 100-unit apartment building in one

area of the country is $85 per month. In-
cineration of the same refuse would cost $50.

Widespread use of compaction units could
place a heavy burden on pickup and dispos-
al facilities of a municipality and could
cause art accumulation of refuse should
scheduled pick up be prevented. Another
disadvantage of such a disposal method is
the high cost of installing such units in old-
er buildings.

,I.6.3.3 Disposal Methods With !Heiner°.
lionIncineration, as a means of volume
reduction, may be justified in areas where
land for sanitary landfill is scarce or haul-
ing costs are prohibitive. That well designed
and well operated equipment be used to min-
imize the discharge of particulate matter to
the atmosphere is of utmost importance in
the use of incinerators.

Emissions of particulate air pollutants
from combustion of solid waste, including
open burning, can range from 3 to 28 pounds
per ton of refuse, depending on the degree
of combustion and control of emissions.'
Reduction of these emissions to the desired
level requires either that the incinerator be
designed for control of fly ash or that a sep-
arate control system be used. Table 3.13

Table 3-IXMANI1IUM DEMONSTRATED COL-
LECTION ErrtctENcy OP INCINERATOR
CONTROL EQUIPMENT "A

Collection delce
Settling chamber
Wetted baffles
Cyclohes
Impaction scrubbers (with

pressure drop less than ten
inches of water) .

Electrostatic precipitators
Rag filters

Collection
efficiency,
percent

33
63

75 to SO

91 to 93
99
99+

summarizes the collection efficiency of vari-
ous control devices when applied to incin-
erators.

Open burning The results of the Na-
tional Solid Wastes Survey show that open
burning is widespread. Eighty-six percent
of the 190 million tons of solid waste col-
lected in 1967 went into land disposal sites,
76 percent of which resulted in some form
of open burning. " The I3ureau of Solid



Waste Management of the Environmental
Control Administration sees even a higher
percentage of the sites as undesirable as in-
dicated by the following quotation:

"This country has over 12,000 land
disposal sites being utilized by collec-
tion services, control of 94 percent of
which is unacceptable and represents
disease potential, threat of pollution,
and land blight. By no stretch of the
imagination do these sites resemble a
sanitary landfill. The waste manage-
ment field must face the challenge of
studying and evaluating these sites to
determine their suitability for conver-
sion to sanitary landfills. We must de-
velop the necessary plans, finances, and
action programs to convert those sites
that can function as a sanitary landfill.
In many instances it will be necessary
to close and abandon many of these sites.
Local government then must locate and
develop new sites for immediate use
now and to provide necessary capaci-
ties for the increase of the future."

"To eliminate open dumps, and the
air pollution that results from open
burning in them, as well as other en-
vironmental pollution, may cost as much
as $230 million per year for 6 years."
This represents about 6 percent more
than is currently being spent annually
for solid waste management, ""

Open Top IncineratorsA refractory-
lined rectangular chamber with a full, open
top and forced overflre air has 1;een used
to incinerate a variety of wastes including
liquids, solids with high caloric value,"
general trash, and municipal refuse. This
design, because of its relatively low cost,
has been applied to waste disposal by both
municipalities and industries. Tests of a
pilot unit conducted by the National Air
Pollution Control Administration have
shown excessive particulate emissions for
high-ash materials and for low-ash materi-
als under certain operating conditions Low
emissions were realised for a low-ash (0.6
percent by weight) material incinerated un-
der carefully controlled conditions." Oper-
ation of full-scale units on certain high-I3tu
low-ash wastes are being conducted without
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visible emissions of smoke, but no quantita-
tive test data are yet available. Before ap-
plying this technique, careful consideration
should be given to the ash content and physi-
cal characteristics of the waste, and tests
should be conducted on the specific waste.
As with all combustion sources, this type of
unit requires control of charging and air
flow to prevent the emission of smoke and
excessive fly ash. All installations should
be equipped with appropriate instrumenta-
tion to ensure operation within allowable
air pollution limits. Additional tests are
contemplated to further define significant
parameters which can be used to estimate
performance on any waste material.

Conical metal burnersConical metal
waste burners are used in the lumber in-
dustry to incinerate wood wastes. This sin-
gle-chamber incinerator is not properly de-
signed to minimize atmosOeric emissions,
and is usually not operated or maintained
properly. Consequently, large amounts of
particulate matter are emitted from such
units. Some areas of the country, in fact,
have banned all new construction of these
burners. Conical metal burners are not sat-
isfactory for other types of refuse either. 7a

Domestic IncineralorsDomestic incin-
erators may include such units as single-
chamber backyard units with no auxiliary
fuel to dual chamber incinerators having a
primary burner section followed by an after-
burner section.

Many air pollution control agencies have
banned installation and use of backyard in-
cinerators. A few air pollution agencies
have in the past prohibited the installation
of some or all types of domestic incinerators
because of the inability to meet various local
standards pertaining to emissions of partic-
ulates, organic compounds, or odors. Such
action may be due in part to excessive emis-
sions caused by negligent operation of such
units and the fact they can be operated with-
out using the gas burners.

Commercial and industrial incinerators
Commercial and industrial incinerators for
burning general refuse range in capacity
from 60 to several thousand pounds of ref-
use per tour. These units may be classified
into two general designs, single- and mul-



tiple-chamber incinerators. A single-cham-
ber unit is so designed that admission, com-
bustion, and exhaust to a stack take place
in one chamber. The multiple-chamber in-
cinerator has separate chambers for admis-
sion and combustion of the solid refuse,
mixing and further combustion of the fly
ash and gaseous emissions, e.nd settling and
collecting of the fly ash. industrial wastes
other than general refuse require special de-
signs based on characteristics of the particu-
lar waste.

Single-chamber incinerators have gen-
erally proven inadequate to meet most emis-
sion regulations. Emissions from such units
have been reported to be as much as 10
pounds of particulate matter per ton of ref-
use burned.' Multiple-chamber incinera-
tors, however, when designed, operated, and
maintained properly, reduce the volume of
refuse sufficiently and produce a minimum
of particulate emission. Emissions from
such units have been reported to be as little
as 3 pounds per ton of refuse burned.'
Even well-designed multiple-chamber incin-
erators may require a good gas washer to
meet more stringent regulations. The Na-
tional Air Pollution Control Administration
has tentatively found that scrubbers having
at least % inch 11,0 pressure drop and a
water rate of 4 gallons per 1,000 scfm are
required for Federal incinerators to meet
emission standards for Federal facilities."

To keep particulate emissions to a min-
imum, design standards for any incinerator
must include means to satisfy the following
criteria: "

1. Air and fuel must be in proper pro-
portion.

2. Air and fuel must be mixed ade-
quately.

3. Temperature must be sufficient for
combustion for both the solid fuel
and gaseous products.

4. Furnace volume must be large
enough to provide the retention tin,e
needed for complete combustion.

5. Furnace proportions must be such
that ignition temperatures are main-
tained and fly ash entrainment is
minimised.

Even an incinerator of proper design
must be operated and maintained properly
to minimize particulate emissions. Where
charging and operation cannot be closely
supervised, scrubbers and auxiliary burn-
ers can minimize emissions. Periodic clean-
ing and adjustment of burners, spray noz-
zles, fans, and other appurtenant devices are
also necessary to minimize emissions.

Initial incinerator cost depends mainly on
the capacity of the unit and the degree of
air pollution controt desired. Figure 3-2"
shows typical costs for incinerators with-
out scrubbers, with low-efficiency scrubbers,
and with high-efficiency scrubbers. Pre-
sumably, these costs data are for the ap-
proximate time the information was pre-
sented, December 1966. To meet the most
stringent emission standards and to mini-
mize visible emissions and by ash, most in-
cinerators must be equipped with scrubbers.

Design criteria and operating practices
previously described for general refuse in-
cinerators should also apply to units burn-

100 SOO 1000 1300 2000

CAPACITY OF INCINERATOR, IIA

Floss 3-4. Cost of Incinerator at three levelt of con-
trol of partkaats emissions.
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ing pathological waste. Primary factors
that affect particulate emissions from path-
ological incinerators include:

1. Gas burner rates should be suffi-
cient to maintain at least 1400° F in
secondary chamber.

2. Burner placement should be such
that all waste in primary chamber
is covered by flame from burner.

3. Preheating should be accomplished
with secondary burners prior to
charging of waste.

Many air pollution control agencies re-
view on a routine basis all plans for future
incinerator installations to ensure that these
units meet emission standards. Details that
are usually checked in such a review
include:

1. Plot plans to see if unit is located
in a suitable area.

2. Unit capacity to see if it is adequate
for the expected daily waste genera-
tion.

3. Gas burner placement and fuel rates.
4. Scrubber water flow rate.
5. Materials of construction for resist-

ance to heat, stress, and corrosion.
6. Air port sizes.

Recognizing the fact that emissions from
incinerators are, to a great extent, a func-
tion of operation, some air pollution con-
trol agencies conduct training courses and
publish literature to be Lsed by incinerator
operators or their supervisors. Once aware
of the factors influencing atmospheric emis-
sions, it is possible for operators to con-
tribute greatly to the reduction of particu-
late emissions by such simple practices as
regularly cleaning out the ash pit or preheat-
ing the unit prior to operation.

Apartment house incinerators Apart-
ment house incinerators are an important
pollutant source in urban areas of the coun-
try. Smoke and fly ash from these units
cause many complaints.

Emissions are usually higher than other
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incineration systems because of low coming-
tion temperatures and improper air regula-
tion. Adequate control of this source in
most cases has not been achieved, although
stricter air pollution regulations are inspir-
ing the application of new control measures.

The most common apartment house incin-
erator is the flue-fed or single-flue, single-
chamber model. In this unit refuse is
charged down the same passage that the
products of combustion use to leave the unit.
Refuse dropped onto the fuel bed during
burning smothers the fire and causes in-
complete combustion. Improvements in de-
sign have been made to the single-flue, sin-
gle-chamber unit. There are now chute fed
units that are multiple-chamber incinerators
with separate passages for the refuse and
products of combustion. This design pro-
vides improved combustion and air regula-
tion but emissions would still exceed most
emission standards. Inherent in the design
of flue or chute-fed models is the high nat-
ural draft in the flues of a tall apartment
building which is a major cause cf high par-
ticulate emissions.

Air pollution agencies have approached
the control of these units in different ways.
New York has prohibited the installation of
new apartment house incinerators and has
issued specific criteria for upgrading exist-
ing units. Washington, D. C., and Atlanta
do not allow flue or chute-fed units to be in-
stalled. Detroit and Philadelphia have set
emission standards at a level that requires
efficient collection equipment, usually water
scrubbers, on apartment house incinerators.

In upgrading existing units and designing
new units, several techniques are used to
overcome the problems of excessive emis-
sions from apartment house incinerators.
A gate at the base of the charging chute
is used to prevent refuse from entering the
incinerator during burning and to prevent
the products of combustion from leaving
through the charging flue. This appr( itch is
preferable to locking the hopper doors be-



cause these locks eventually either fail on
their own or are broken by occupants of the
building. For single-flue units, a bypass or
separate flue must be constructed for the
products of combustion. Auxiliary burners
are placed in the primary and/or secondary
chambers of the incinerator to increase
burning temperature and improve combus-
tion. 82

Draft control has been used in New York
to reduce entrainment of fuel bed material in
the effluent gas stream. A sensor is placed
in the primary chamber to monitor draft.
When a preset draft level is exceeded a
damper located in the breeching at the in-
cinerator outlet is activated and decreases
the amount of air entering the incinerator.

An important step is the addition of effi-
cient gas scrubbers to the incineration sys-
tem. Scrubbers designed to increase the
velocity of the gases and contact them with
low-velocity water appear to be preferable
to spray nozzle units because plugged noz-
zles reduce collection efficiency. A final
improvement is the establishment of definite
burning periods. Burning cycles depend on
the relative size of the apartment house and
incinerator, and are quite variable. The
intent of such cycles is to systematically de-
stroy the refuse without overloading the in-
cinerator, and to minimize smoldering ref-
use by destroying all waste charged during
any one cycle. Employment of the above
techniques should reduce emissions to a lev-
el of 2 to 6 pounds per ton of refuse
burned. 83

Municipal incineratorsIn 1966, 254
municipal-size incinerators were in opera-
tion in the United States. The average ca-
pacity of these units is 300 tons per day.
Most installations are old (70 percent were
installed before 1960) and not designed to
minimize air pollution.

"It is estimated that approximately $150
million is required to construct new incin-
erators for replacement of existing inade-
quate incinerators and conical burners. An
additional $76 million is required for air
pollution control equipment to upgrade or
replace existing inadequate incinera-
tors." 58

Approximately 8 percent of all municipal

solid waste, not including agricultural and
industrial waste, is burned in municipal in-
cinerators.56

Desig, criteria to,. municipal incinera-
tors Municipal incinerators may be classi-
fied as either batch-zed or continuously fed
units. Continuously fed units are preferable
because operating parameters, such as com-
bustion chamber temperatures that affect
particulate emissions, can be closely con-
trolled. Grates must be of proper design to
ensure complete burnout of material. At the
same time, however, grates should mix or
tumble the refuse as gently as possible to
minimize entrainment of material in the
exhaust gas.

Most municipal incinerators in this coun-
try are of the refractory-lined furnace type.
Water-wall furnaces are more common in
Europe. This type of unit offers the advan-
tage of steam generation. As a consequence
of heat recovery in the steam generation
process, flue gas temperatures are lower
than those of refractory-lined units. Lower
flue gas temperatures cause smaller flue gas
volumes, which in turn require smaller, less
costly air pollution control equipment. In ad-
dition, water-wall units can be operated with
less excess air, which further reduces stack
gas volume.

Air pollution control equipmentMost
municipal incinerators in the United States
are equipped with some form of fly ash
control system. Generally. this system con-
sists of a simple baffle-type spray cham-
ber. These spray chambers prevent hot
cinders and large particles from being emit-
ted to the atmosphere, but they do not ef-
fectively control finer material.

More efficient collection devices will be
required for municipal incinerators to meet
reasonable air pollution ck. `rol codes. The
medium pressure drop (6 inches of water)
scrubber and the electrostatic precipitator
are two control devices capable of effective
particulate control. No precipitator has yet
been installed on any American municipal
incinerator, but several nave been installed
and successfully operated in Europe. Sev.
eral devices with collection efficiencies of
over 95 percent are scheduled for new and
existing units." High efficiency scrubbers,
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in contrast to precipitators, might also con-
trol emissions of potentially odorous and
toxic gas.

Cost of municipal incineration arai con-
trol devices -- Current :oats of constructing
municipal incinerators may range from
$6,000 to $13,000 per ton of rated 24 hour ca-
pacity." Costs in the low end of the range
represent incinerators of relatively simple
design with minimal controls, such as a set-
tling chamber. Costs for incinerators of
complex design, equipped with sophisticated
controls such as electrostatic precipitators,
would be near the high end of the range.
Between 30 and 40 percent of this cost is
usually spent on operating equipment and
the remainder is anent on building and land.
Operating costs (not including plant amor-
tization) range from $4 to $8 per ton of
refuse incinerated. 84 Precipitator (95 per-
cent efficiency) cost for two 250-ton-per-
day incinerators is reported at approximate-
ly $430,000. 86

3.6.4 Air Pollution. Potential From Solid
Disposal Methods

There are approximately 12,000 land dis-
posal sites in this country. 66 Such sites
may be defined ab locations, either privately
or publicly owned, on which there is dump-
ing of solid wastes by public or private con-
tractor3. Only 6 percent of these sites may
be termed saritary landfills, in that they
have daily cover, no open burning, and no
water pollution problems." On three-quar-
ters of the remaining 94 percent of the land
disposal sites, some form of open burning
is practiced." This type of ultimate dis-
posal accounts for a larg share of the par-
ticulate emissions '3stimated to arise from
the burning of solid wastes.

Some amounts of construction, institu-
tional, industrial and agricultural waste arc
also burned. Emissions from field burning
to remove weeds or residue, incineration of
wood waste, and burning of car bodies for
salvage can contribute significantly to lo-
cal and even regional air pollution problems.
In some areas of the country these sources
may, in fact, be the greatest cause of par-
ticulate air pollution.
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3.6.5 Public Health Service Programs and
Assistance in Solid Waste Dispotal

With passage of the Solid Waste Act of
1965, the Federal Government made a com-
mitment to support and assist in a coordi-
nated national effort co solve 'solid waste
problems." The Solid Wastes Program of
the E wironmental Control Administration
presently supplies technical and financial as-
sistance relating to methods for handling
solid wastes. The National Air Pollution
Control Administration also provides tech-
nical assistance on air pollution emissions
and control techniques for solid waste dis-
posal methods. Public Health Service re-
gional office directors should be contacted in
regard to specific services available. In ad-
dition., where problems of solid waste dis-
posal arise in connection with mining indus-
tries, the Solid Waste Research Group of
the Bureau of Mines may also be consulted.
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1. GAS CLEANING DEVICES

4.1 INTRODUCTION

Gas streams contaminated with particu-
late matter may be cleaned before the gas
is discharged to the atmosphere. Gas clean-
ing devices take advantage of certain physi
cal, chemical, and/or electrical properties
of the particulate matter and gas stream.
Selection of a gas cleaning device will be
influenced by the efficiency required, nature
of the process gas to be cleaned, character-
istics of the particulate and gas stream, cost
of the device's use, availability of space, and
power and water requirements. Other basic
considerations include maintenance, depend-
ability, and waste disposal. It has been es-
timated that total expenditures in 1966 of
industrial air pollution control equipment in
the United States were about $235 million.'
Value of shipments of the industrial gas
cleaning equipment industry in 1967 was
double the 1963 figure, and the backlog of
orders recently nearly equalled a yen's pro-
ductive output. Undoubtedly legislative

pressure and local pollution control regula-
tions have supplied the impetus for such
rapid growth in this industry.."Fable 4-1
shows an up-to-date list of the types and
values of control equipment being sold to
various industries. 2

This chapter discusses the wide array of
commercially available gas cleaning devices
and summarizes published operating charac-
teristics, including efficiencies, and infor-
mation that will help determine the gas
cleaning devices suited for a specific appli-
cation. Information presented includes:

1. Introductory material (definitions
and theoretical principles).

2. Equipment description and design
(variations, arrangements, and per-
formance).

3. Typical applications (including effi-
ciency data).

4. Operational factors (power require-
ments, pressure drops, temperature

Table 4-1.-MANUFACTURERS' SHIPMENTS OF INDUSTRIAL GAS CLEANING EQUIPMENT BY END
USE IN 1967

IThoosands of dollars}

Electro- Gas
static Fabric Mechane:al Scrubbers Scrubbers incinerators Total

precip- filters collectors particulate gaseous and shipments
itators adsorbers

Iron and steel 6,783 4,636 2,300 7,423 4,276 (b) 24,817 b
Utilities 15,506 2,476 () () (*) 18,481
Chemicals 1,207 5,344 3,130 3,709 1,479 1,001 15,870
Rock products 2,760 3,602 1,038 1,142 ( (a) 8,966
Pulp and paper () 122 802 989 193 () 6,753
Mining and metallurgical_ () 1,855 389 825 394 () 6,160
Refinery ( ( () () () 282 4,098
Ali other a 687 4,959 8,408 3,901 114 2,137 20,206
Exports () 1,081 651 72 79 6,744

Toial shipments 36,509 21,730 22,381 19,229 6,770 3,976 110,695

Not published to avoid disclosure.
b Gas incinerators and adsorbers purchased by iron and steel companies are included in "all others" category to

avoid disclosure.
"Rock products" toeludes cement and asbestos plants.
"All other" includes shipments to distributors where end use cannot be identified.
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I.-

limitations, corrosion and mainte-
nance problems, and waste disposal).

Cost factors for each major type of con-
trol device are discussed in Section 6 of this
report. Capital, installation, and operating
costs are provided for settling chambers, cy-
clones, scrubbers, electrostatic precipitators,
fabric filters, and afterburners.

4.1.1 Preliminary Selection of Equipment
The selection of gas cleaning equipment

is far from an exact science and must be
based on particle and carrier gas charac-
teristics, and process, operating, construc-
tion, and economic factor',.

Important particle characteristics consist
of size distribution, shape, density, and
such physio-chemical properties as hygro-
scopicity, agglomerating tendency, corro-
siver.ess, "stickiness", flowability, electrical
conductivity, flammability, and toxicity.'

Test methods for determining some of the
properties of fine particulate matter cited
above are outlined in the American Society
of Mechanical Engineers' Power Test Code
Number 28.

The process factors affecting selection of
a gas cleaner are volumetric flow rate, vari-
ability of gas flow, particle concentration,
allowable pressure drop, product quality
requirements, and the required collection ef-
ficiency. Required collection efficiency is
based on the value ol the material being col-
lected, the nuisance or damage potential of
the material, the physical location of the
exhaust, the geographical location (i.e., the
air pollution susceptibility of the area), and
present and future local codes and ordi-
nances.

Ease of maintenance and the need for con-
tinuity of operation are operating factors
which should he considered. Important con-
struction factors include available floor
space and headroom and construction mate-
rial limitations imposed by the temperature,
pressure, and /or corrosiveness of the ex-
haust stream. Economic factors consist of
installation, operating, and maintenance
costs.

Information on the particle size gradation
in the inlet gas stream is very important in
the proper selection of gas cleaning equip-

ment. Particles larger than 50 microns may
be removed in inertial and cyclone separa-
tors and simple, low-energy wet scrubbers.
Particles smaller than 60 microns require
either high-efficiency (high-energy) wet
scrubbers, fabric filters, or electrostatic pre-
cipitators. 4

Wet collectors operate at variable effi-
ciencies directly proportional to the ener-
gy expended and can handle changing efflu-
ent flow rates and characteristics. Disad-
vantages of wet scrubbers are (1) scrubbee
liquor may require treatment, (2) power
cost is high, and (3) a visible plume may
be emitted. Fabric filters more readily per-
mit reuse of the collected material and can
collect combustible and explosive dusts.
They do, however, have temperature limita-
tions and are sensitive to process conditions.
Electrostatic precipitators can operate at
relatively high temperatures, have low pres-
sure drop, low power requirements, and
few moving parts. They are, however, sen-
sitive to variable dust loadings or flow rates
and, in some cases, require special safety
precautions.

The performance of various gas cleaning
devices may differ widely depending upon
the particular application. Grade efficiency
curves for selected gas cleaning devices are
shown in Figure 4- as an illustration of a
method for describing collection equipment
performance for one application.5,6 The
performance of the various gas cleaning de-
vices shown could differ significantly for
other applications.

As a further aid in the selection of par-
ticulate matter collection equipment, the
areas of application of the various cleaning
devices are given in Table 4-2., Other
areas of application have been summerized
at the end of each equipment section. The
reader should refer to these sections and
to the material referenced therein.

4.2 SETTLING CHAMBERS

4.2.1 Introduction
Gravitational settling chambers use the

force of gravity to separate dusts and :Lists
from gas streams. Such collectors are sim-
ple in design and operation, but nave low
collection efficiency. The principal disad-
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Table 4-2.USE OF PARTICULATE COLLECTORS BY INDUSTRY'

Industrial classification Process EP MC FE WS Other

Utilities and industrial power plants Coal
Oil
Natural gas_
Lignite
Wood and bsrk.
Bagasse_

0
0

0
+

0
0

0
0
0

Fluid coke. + +
Pulp and paper Kraft 0 0

Soda 0 0
Lime kiln 0
Chemical ... _ 0

Dissolver tank vents ... _ 0 +
Rock products Cement_ 0 0 0 +

Phosphate 0 0 0 0

Gypsum 0 0 0 0
Alumina 0 0 0 4-

Lime_ 0 0 + - - --
Bauxite 0 0
Magnesium oxide + + ____ ____

Steel Blast furnace 0 0 +
On hearth 0 - +
Basic oxygen furnace 0
Electric furnace
Sinteric.g 0 0
Coke ovens 0

Ore roasters 0

Cupola
Pyrites roaster 0 0

100
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r BAG FILTERHOUSE

A VENTURI SCRUBBER (6-INCH THROAT, 30-INCH WATER GAUGE)
ISPRAY TOWER (22FUOT DIAMETER)
DRY ELECTROSTATIC PRECIPITATOR (3-SECOND CONTACT TIME)

{MULTIPLE
CYCLONES (12 -INCH DIAMETER TUBES)

8 SIMPLE CYCLONE (1-FOOT DIAMETER)
INERTIAL COLLECTOR

I

20 30 10 SO 60 70 80

PARTICLE SIZE, microns
FIGURE 4-1. Composite grade (fractional) efficiency curves based on rest silica dust,



Table 4 -1. (continued}. USE OF PARTICULATE COLLECTORS BY IliDUSTRI"

Industrial classification Process EP MC FF WS Other

Steel-- Continued

Milling and metalltng13.41

Taconite
Hot scarfing
Zinc roaster
Zinc smelt,:
Copper roaster
Copper reverb
Copper converter

+
0
0
0
0
0
0

0
....

0
_ _ _ .

0
..
....

+

Lead furnace 0
Aluminum 0 0
Elemental ykos 0
Ilmenite 0 0
Titanium dioxide + o
Molybdenum +
Sulfurir acid 0 0 0
Phosphoric add 0 0
Nitric acid ---- - - -. 0 0
Ore heneficiation -I- + + + +

Miscellaneous Refinery catalyst 0 0
Coal drying .... 0
Coal mill vents + 0
Municipal incinerators + 0 0 --
Carbon black -I- -I- +
Apartment incinerators. ...... ..... 0
Spray drying_ ____ 0 0 +
Mae' ;fling operation ..... 0 0 + +
liot coating --- - ---- 0 0
Precious metal 0 .... 0
Feed and flour milling 0 0
Lumber mills_ 0
Wood working. 0 0

Key:
0 Most common

+ ...Not normally used
EP " Eleeirostatic Precipitator

MC.. Mechanical Collector
FF.-, Fabric Filter
WS...Wet Scrubber

vantages are low collection efficiency for
small particles and large space require-
ments.

4.2.2 Discussloa of Terms

To assist in understanding the operation
of Fettling chambers, the following terms
are discussed:

1. Terminal Settling Velocity. A dust par-
ticle falling under the influence of gravity
attains a constant terminal velocity, which
is dependent on the physical properties of
the gas through which the particle is fall-
ing, as well as the physical properties of
the particle, including its size and shape. 7
Terminal settling velocities in air of spheres

Other.z.Packed towers
Mist pads
Slag filter
Centrifugal exhausters
Flame incineration
Settling chamber

of different particle densities were calcu-
lated and are presented graphically in Fig-
ure 4-2.7

2. Pick-Up Velocity. Gas flow velocities
in a settling chamber must be kept below
velocities at which reentrainment or "pick-
up" occurs, 8 9 or collection efficiency will
be decreased.

8. Collection Efficiency, Collection effi-
ciency is represented by the weight frac-
tion of the dust retained in the collector.
Theoretical collection efficiency may be rep-
resented by the ratio of particle retention
time to theoretical settling time and cannot
exceed unity.
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Floras 4-1 Terminal relocit'ea of spherical particles
in air. (Adapted from reference 7

4.2.3 Design Conoitlerationo

A gravitational settling chamber consists
essentially of a chamber in which the veloc-
ity of the carriEr gas is decreased so that
particles in the gas settle out by gravity.
Velocity of a g7s is reduced by expanding
the ducting into a chamber of suitable di-
mensions so that a low gas velocity is ob-
tained.
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The settling chamber may consist of a
simple balloon duct (Figure 4-3), an ex-
pansion chamber with dust hopper (Figure
4.4), or dust settling chamber (Figure
4-5). The multiple-tray settling chamber
(Figure 4-6) represents one of the first at-
tempts to increase collection efficiency by
reducing the vertical settling distance
(time) by using multiple shelving. Vertical
distance between shelves may be as little
as 1 inch. The gas must be uniformly dis-
tributed laterally upon entering the cham-
ber; vertical distribution is not critical.
Uniform distribution is achieved by the use
of gradual transitions, guide vanes, dis-
tributor screens, or perforated plates.

FIGSTRE 14. Balloon duct.

Because the settling rate of dust decreases
with increasing turbulence of the gas, the
velocl:y of the gas stream is usually kept as
low as passible. For practical purposes, the
velocity must not be so great that settled
particles are reentrained, or so low that
equipment size becomes excesshe. Gas ve.
locities are normally from 1 to 10 feet per
second.

In practice. gravitational settling veloci-
ties used in design must be based on experi-
ence or on tests conducted under actual von-
ilitions, because terminal settling velocity
may be influenced by such factors as ag-
glomee.ttion and electrostatic charge.

4.2.4 Typical Applications

Settling chambers are usually installed as
pre-cleaners to remove large particle* and
agglomerated particles, which can clog
small-diameter cyclones and other dust
cleaning equipment, 13ecause of space ton-
sideralions, dust chambers are usually lim-
ited to particles larger tht.n 43 microns
(328 mesh).

Dust settling chambers are most frequent-
ly used on natural draft exhausts from kilns
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norm 4-4. Baffled eNps.usic chamber with dust hopper.
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and furnaces because of their low ores
sure drop and simplicity of design.t Other
area of application are in cotton gin °per
ations and alfalfa feed mills. II

rtGli2 4-8. Dust settling chamber. rta-ftE 4-8. Multiple-tray dust collector.
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4.3 DRY CENTRIFUGAL COLLECTORS

4.3.1 Introduction
Dry centrifugal collectors are gas clean-

ing devices that utilize the centrifugal force
created by a spinning gas stream to sepa-
rate particulate matter from the carrier
gas, Spinning motion is imparted to the
carrier gas by a tangential gas inlet, vanes,
or a fan. The dust particles, by virtue of
their inertia, move outward to the sepa-
rator wall, from which they travel to a re-
ceiver. Is

Three important forces that act on indi-
vidual dust particles during the oeuaration
process are gravitational, centrifugal, and
frictional drag. The force of gravity (F,),
which causes the particulate matter to set-
tle, is equal to the product of the particulate
mass (Mr.) and acceleration caused by grav-
ity (G).

F,=111,XG

The major force causing the separa-
tion of particulate matter in a cyclone
separator is the centrifugal (radial) force
caused by a uniform change in linear ve-
locity caused by rotation. The centrifugal
force (F,.) is equal to the product of the
particulate mass (Mr) and centrifugal ac-
celeration (Vrt/R).

F,=211,,xVpit/R

Where Vr is the particle velocity and It
is the radius of motion (curvature).

The ratio of centrifugal force to the force
of gravity is often called the separation
factor (5) : Is

S F,'FI=Vp1/110

In practice, S varies from 6 for large-di-
ameter, low-resistance cyclones to 2600 for
small-diameter, high-resistance units. 14

The frictional drag on a dust particle is
caused by the relative motion of the particle
and gas, and acts to oppose the centrifugal
force on the particle. The frictional drag
(Fa is directly proportional to the product
of (Cr), a drag coefficient, the projected
cross-sectional area of the particle (Ar),
particle density (p), the square of the par-
ticle velocity relative to the gas stream
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(V,'), and an inverse function of the accel-
eration due to gravity G.

(C,) (Ar) (p) ( Yrg) /2G

The gravitational, radial, and frictional
forces combine to deterzmne the path of the
particle and collection efficiency.

4.3.2 Types of Centrifugal Collectors

Centrifugal collectors, commonly called
cyclones, are made in a wide variety of de-
signs, which generally fall in the following
categories:

I. Conventional reverse-flow cyclones.
a. Tangential inlet.
b. Axial inlet.

2. Straight-through-flow "vclones.
3. Impeller collectors.

Figure 4.7 shows a typical cyclone of con-
ventional reverse-flow design with a tan-
gential inlet. Dust-laden gas enters the tan-
gential inlet and flows in a helical vortex
path that reverses at the base of the cyclone
to form an inner cone. Dust particles are
forced to the wall by centrifugal action and
drop to the bottom of the cyclone. There,
dust must be removed without disturbing
the vortex of gas flow in the cyclone. Any
disruption of the gas stream reduces collec-

ZONE OF INLET
INTERFERENCE

TOP VIEW

SIDE VIEW

Waft .1
VORTEX

GAS
INLET

OUTER
VORTEX

GAS OUTLET

BODY\ / /

OUTER
VORTEX

INNER
VORTEX

INNER
CYLINDER
(TUBULAR
GUARD)

CORE

/ I \--DUST OUTLET

rictitt 4-7. Conventional reverse-flow crekne.



tion efficiency and cause-, particle reentrain-
ment in the ga3 stream.

Tangential inlet cyclones are categorized
as either high-ediciency or high-throughput
collectors. The high-efficiency design fea-
tures a narrow gas inlet which enhances
collection because of the shorter radial set-
tling distance and large cross-sectfbnal area
between the wall and the dust-laden vortex.
These features are typical of many small
diameter cyclones. The high-throughput cy-
clone sacrifices efficiency for voluine flow
rate and is typical of larger-diameter cy-
clones.

Althoukh most cyclones use a cone to re-
verse the gas direction and to deliver the
collected dust to a central point for removal,
a simple cylinder can be used. Because the
cylinder requires a greater axial distance
than the cone and thereby adds height and
weight to the collector, it lo not commonly
used.

DUSTLADEN OAS

Ftctitt 4-8. Axial inlet evict*.

The axial inlet cyclone is shown in Fig-
ure 4-8. Like the tangential inlet cyclone,
both the efficiency and pressure drop of ax-
:al inlet units are affected by the dimensions
of the gas inlet.

In cyclones with straight-through flow
(Figure 4-9), particulate matter is collect-
ed around the periphery of the base and is
bled off to a secondary collector that may be

SWIRL VANES

SIDE VIEW

PURGE

DEFLECTOR RING

nem 4-9. StraigIttthroagb-flow cyclone.
(Cearfesy of Me ANteritma Pet. ateim hatitmte)
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a cyclone or dust settling chamber. This
type of cyclone is used frequently as a fly
ash collector and as a precleaner (Aimmer)
for other types of dust cleaning equipment.
The chief advantages of this design are low
pressure drop and high gas handling ca-
pacity.

In the impeller collector (Figure 4-10) ,
the particulate-laden gas enters the throat
of the impeller and passes through a special-
ly shaved fan blade where the Oust is thrown
into an annular slot leading to the collec-
tion hopper.

The principal advantage of this unit is
its compactness, which may be of concern
in a plant requiring a large number of col-
lectors. The major limitation is a tendency
toward plugging and rotor imbalance from
the buildup of solids on the rotating impell-
er. Temperature limitations also exist be-
cause of the use of bearings and seals in
the device.

1.3.3 Dealgi

High-efficiency, dry centrifugal collectors
require that the separation factor be high,

and the number of gas revolutions large,
and that collected dust be removed to avoid
reentrainmcnt. Cyclone dimensional factors,
gas characteristics, and dust properties af-
fect dust collection. It

Collection efficiency increases with:
1. Oust particle size,
2. particle density,
3. inlet gas velocity,
4. cyclone body length,
5. number of gas revolutions,
6. smoothness of cyclone wall.

Collection efficiency decreases with ia-
creased :

1. gas viscosity.
2. cyclone diameter,
3. gas outlet duct diameter,
4. gas inlet area.

Cyclone efficiencies am commonly classi-
fied as low, medium, and high, correspond-
ing to weight collection efficiency ranges
of 60 to 80, 80 to 95, and 95 to 99 percent,
respectively. " A riven cyclone design can
fall into more than one class, depending upon
the mode of operation and the particle

1-7

Ttctita. 4-10. Dynamic ()clone showing method by which dust is dynamically precipitated and &livered to
the storage hopper.

(Cow, 'try of Amerire* Air Fitter CoRpaity)
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size being collected. For example, a cyclone
nominally considered a high - efficiency cy-
clone coal operate in the low collection ef-
ficiency vange if it were used on a gas
stream containing a significant quantity of
submlcron particles.

In addition to the overall collection effi-
ciency, based on the weight of entrained par-
ticulate entering and leaving the collector,
performance is also related to cut size.
Generally, cut size is defined as the particle
diameter collected with 50 percent effi-
ciency on a weight basis.

Particle cut size may be estimated from
the Rozin, Hammier, and Intelmann " for-
mula:

Dr,=\/(9-0i)1(2/rN,V1(pg.)
where:

D, =diameter Of particle collected with
50 percent efficiency,

ic =gas viscosity,
b =width of cyclone inlet,
N, =number of effective tuns within the

cyclone,
=inlet gas velocity,
=density of the particulate matter,

and
g 1..-dtnsity of the gas.
Well-designed, large-diameter, conven-

tional cyclones may be expected to provide
high collection efficiency fur particles from
40 to 60 microns and typically hove cut sizes
of 8 microns." High-efficiency cyclones
having diametera of less than 1 foot operate
efficiently on y.articles of 16 to 20 microns in
site and have cut sizes of 3 microns. Typi-
cal efficiencies for various particle site
ranges are shown in Table 4-3.

Collection efficiency of small-diameter cy-
clones will be low if much of the suspended
material is smaller than 5 microns. In spe-

V

p

Tattle t-LRELATIONSHIP PETWEEN PARTICLE
SIZE RANGE AM) C'CLoSE EMCIENCV
RANGE"

Coareatioaal
Particle tar! range, crew*

Mitt)INS efficiency

Lets thsa 6 . ......
5 to V)
16 to 60
Greater that 10 ..

Low
Medium
High

High
tplone

efficiency

Low
Mcdiam

amb. 41.1.

cal cases in which the dust shows a high
degree of agglomeration or high dust con-
centrations are involved (over 100 grains
per cubic foot), cyclones wil! remove dust
particles smaller than 5 microns in diame-
ter. The size of the agglomerates is many
times larger than the original particles. Ef-
ficiencies of as high as 98 percent have been
attained on agglomerated dusts having orig-
inal particle sizes of from 0.1 to 2.0
microns. 17

Factors that commonly cause a reduction
in cyclone collection efficiency include infil-
tration of air at the bottom of the cyclone
and the buildup of dust en the cyclone walls.
A variety of dust removal methods is avail-
able (Figure 4-11). The buildup of dust
may be reduced by means of vibrators and
flexible rubber cones." Specie.' valves may
be used to discharge dust without admitting
air.
4.3.3.1 Opel-Ming Pressure DropThe pres-
sure drop across a cyclone depends on a num-
ber of variables, but usually ranges from 1
to 8 inches of water. Efficiency increases
with increasing inlet velocity," but at a lower
rate than that at which the pressure drop
increases. For a given cyclone and dust com-
bination, an oplintnin velocity existr, be-
yond which turbulence increases more rap-
idly than separation efficiency, and aft-
cier.cy decreases.

Pressure drop in a cycione is due to both
frictional and dynamic energy losses, which
are interdependent. Frictional losses are de-
termined by cyclone surface roughness, gas
velocity, and the physical properties of the
gas and aerosol. Dynamic energy loss, on
the other har..4, is caused by the energy
stored in the Ir!.;ii-velocity rotating centrif-
ugal gas strew,. .TI.Irt of this energy is lost
in the rotating .;as leaving the cyclone.

Internal surface roughness can cause an
increase in frictional pressure drop, and re-
uult in a eecrease in overall prem.ure drop
by causing a decrease in rotational gas ve-
locity (dynamic pressu-: loss) along the
outer cirIumference of the cyclone, with a
resultant decrease in collection efficiency.

To love. the pressure drop through a
Given collector, either a reduction of the ro-
tational velocity (dynamic pressure loss) of
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the cleah exit gas or reduction of internal
rotational enemy (dynamic pressure gain)
is used. Prt,ssure recovery from the exit

Ftocax 4,12. Cyclones arranged in parallel.
(Cowie oy of Buell EntifillOint Company, Int.)

Ift

Frsitys 4-14. Cyclones arrangtA is parallel
(Cowles,/ of Wester* Precipitation birision)

gas may be accomplished by the use of de-
flection cones, baffles, inverted cones, vanes,
or drums and scrolls, but usually at the ex-
pense of reduced collection efficiency. Pres-
sure reduction vsiues reported in the litera-
ture vary from i0 to 26 percent of the total
pressure drop across the cyclone."'

Pressure reduction may also be accom-
plished by the use of inlet vanes which re-
duce pressure drop and rotational velocity,
and hence collection efficiency. Vanes are
used when gas handling capacity is to be
increased and/or when normal collection ef-
ficiency Is so high that loss in efficiency is
insignificant.

In the impeller collector, pressure drop
and collection efficiency may be increased
by restricting the gas outlet. Pressure crop
may be as low as ih inch of water, and pres.
sure gains may ever be leatized with some
units because of the pumping action of the
motor-driven impeller.

4.3.3 3 Dust Loading --A cyclone can be de-
signed to handle practically any amount of
material that can be moved by gas flow.
In genera), cyclone efficiency increases with
increasing dust load. Since these (Wee-
teristIcs are not possessed by other types
of collectors with inherently higher efficien.
ciAs, cyclones are frequently used as pre-
cleaners where dust loadings are too high
for the final collector.

Because cyclone efficiencies decrease with
decreitdng dust load and other types of col
lectors to.n operate efficiently at lower dust
loadings, cyclones are usually used (1) for
dust loadings of more than 10 grains per
cubic foot, (2) for come or easily flocculat-
ed dust loadings of less than 10 grains per
cubic foot, or (3) if such factors as high
temperature and corrosion exert an over-
riding influence.

4.3.3.3 Other Design ConsiderationtCy
clones may be operated In parallel as shown
in Figures 4.12 and 4.13. In both configu-
rations, gas distribution becomes critical
an collection efficiency is usually lower
than the corresponding single-unit efficien-
cy, even in well-designed systems.

Series operation is sometimes justified
it the duet is subjected to fragmentation
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and deflocculation as a result of bouncing
within the cyclone, if large particles must
be removed to prevent clogging, if abrasion
is a problem, or if the primary cyclone loses
efficiency. In these cases, the primary cy-
clone is usually of large-diameter, low-pres-
sure-drop design followed by progressively
smaller-diameter cyclones, each with in-
creased efficiency and pressure drop.

Erosion effects, increase exponentially
with increasing gas velocity. Maximum
erosion occurs at An impingement angle of
from 20 to SO degrees, and is approximately
twice the erosion occurring at 90 degrees. I
The effects of erasion may be minimised
by the use of special alloys, abrasion-resist-
ant refractories, thicker walls, rubber lin-
ing, and by reducing gas velocity.

4.3.4 Typical Applications

C.,,clones are frequently used in both pri-
mary and secondary ga cleaning and opera-
tions. They are used in feed and grain
mills, cotton gins, fertilizer plants, petrole-
um refineries, asphalt mixing plants, met-
al!.irgical operations, and chemicals, plas-
tics, and metals manufacture. to. tt

Cyclones designed for the collection of
mist are sometimes modified by placing an
outer skirt on the gas outlet to prevent liq-
uid carryover. Representative performAnce
and applicathms of centrifugal .collectors are
listed in Tables 4.4 and 4-8. tt

4.4 WET COLLECTORS AND MIST
ELIMINATORS

4%4.1 Introduction

We collectors use a liquid, usually wa-
ter, in the separation process either to re-
move particulate matter directly from the
gas stream by contact or to increase collec-
tion efficiency by preventing reentrainment.
4.4.1.1 Collection TAcoryWet collectors in-
crease particle removal eiciency by two
mechanisms: (1) fine particles are "condi-
tioned" sr, that their effective size is in-
creased enabling them to be collected more
easily and (2) reentrainment of the col-
lected particles is minimized by trapping
them in a liquid film and washing them
away. 201. 29

The effective size of the particle may be
increased by promoting condensation or.
fine particles, whin act as nuclei when the
vapor passes through its dew point. Con-
densation can remove only a relatively small
amount of dust because the amount of con-
densatfon required to remote high concen-
teations is usually greater than can be readi-
ly achiesed.

Forced conditioning or trapping i dust
particles on liquid droplets is usually ac-
complished by impact using inertial forces.
Wetting agents do not significantly increase
collection efficiency, but they do help to
prevent reentrainment cf collected dusts

Table 4-4--REPHSSENTATIVE PERIVIISIANCE OP CENTIEFIVAL COLLECTORS'

Cot It
t,Pe

nooses stateiaf Airflow,
Pressure
nu*, Efticicnq,

111. H2O at percent

al...111.1164ar

Islet
toad,
gr if ti

Inlet
MU,
median
site,*

Series cyclone_ fluid-catalytk
eta Aim.

Catalyst 10,000 High 0.14 2100 1/.0

Cyclone_ Abrasive cleaning. Tale 2,800 0.33 23.0 2.2
Cielorte Drying Sand and gravel 12,800 1.2 88.0 88.0 8.2
Cyclone Grinding Aluminum 2,100 1.2 eo.o 0.4

Planing mill Wood. 3,100 2.4 21.0 0.1
Impeller

cellectors.
Grinding. Iron scale 11,600 1.7 24.3 ..I1 3.21'

Impeller
colletiors.

Rubber dusting Lint situate 3,330 1.0 44.0 0.4 0.1

Outlet mass median sites. 2.! micron&
Out/et isms median then 2.1 microns.

.1



that are not easily wetted by water."
Solubility of the particle in the droplet is
usually not a factor in increasing collection
effectiveness.

The principal mechanisms by which par-
ticulate matter is brought into contact with
liquid droplets 19 are:

1. Interception. Interception occurs
when particles are carried by a gas
in streamlines around an obstacle at
distances of less than the radius of
the particle.

2. Gravitational Force. Gravitational
force causes a particle, as it passes
an obstacle, to fall from the stream-
line and settle on the surface of the
obstacle.

3. Impingement. Impingement occurs
when an object, placed in the path
Of a particle-laden gas stream, causes

11111

the gas to flow around the obstacle.
Larger particles, however, tend to
continue in a straight path because
of inertia and may impinge on the
obstacle and be collected. (The im-
pingement target efficiency is rep-
resented by the ratio of the cross -
sectional area of the liquid droplets
to the area of the gas stream cleared
of particles.)

4. Diffusion. Diffusion results from
molecular collisions and, except for
submicron particles, plays little part
in separation of particles from a gas
stream.

5. Electrostatic Force Electrostatic
forces result when particles and liq-
uid droplets become electrically
charged. An electrical charge may
be induced by flame ionisation or

Tabl: 44APPLICATIONS OF CENTRIFUGAL COLLECTORS

Operation or process Air contaminant
Type of air

cleaning
equipment

Collector
fficiency,
t percent

Reference

Crusliing, pulverising, mixing, screening:
Alfalfa feed mill . Alfalfa dust Cyclone, settling

chamber.
85 23

Harley feed mill.
Wheat air cleaner

Barley flour dust.
Chaff

Cyclone.
4. Hone

83
85

25
23

Drying, bak;nt
Catalyst refer este:* (petroleum).. Catalyst dust Cyclone, ESP. 9S 23
Detergent ponder spray drier Detergent powder Cyclone 85 23
Orange " alp feed Met utp dust. Cyclone 83 23
Said drying kiln Silica dust. Cyclone 78 21
Sand and r we] drying. Silica dust Inertial collector... 60 26
Stone drying kiln. Silica dust Cyclone 86 24

Mhing fluids:
Asphalt mixing Sand and gravel dust... Cyclone 60-86 24
Bituminous COMM* Sand and atone dint.... Cyclone, et-rubber (4 22

Polhing. bleat, ainding, chipping:
Grtklint (0,unlauml. Aluminum dust........ Cyclone 82 26
()Hiding (iron) Iron et.e.le and rand. Cyclon iS6 25
Grinding (machine shop). Dust. Impeller coPlectot_ . 91 21

Surface radio; rubber dusting fluffy 0 A stearate ..... Impeller collector I8 -88 26
Surface treatment-013W:

Abrasive , Tait Cyclone 93 26
Abrasive stick trimming and

shaping.
Silica, carbide and

alumina dent.
2 parallel cyclones 61 21

Casting cleaning with metal shot,
sandblasting and tumbling.

Metallic and silica dust.. Impeller collector 17 -91+ 27

Foundry tumbling Dust Impeller eollectot... 99 27
Truing 614 shaping abrasive

products.
Silicon carbide and

alumina dint.
Cycloac 68 21

Wooden:eking, including plastics rob-
ber, paper board: mill planing.

Wood dust and chips._ Cyclone 9? 24
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friction, or by the presence of
charged matter. Electrostatic forces
may affect collection efficiency sig-
nificantly.

6. Thermal Gradients. Thermal gradi-
ents are important to the removal of
matter from a particle-laden gas
stream because particulate matter
will more from a hot erea to a cold
area. it ne motion is caused by tin
equa! gas molecular collision energy
on the surfaces of the hot and cold
sides of the particle, and is directly
proportional to the temperature gra-
dient.

4.4.1.2 EfficiencyEfficiencies of wet-scrub-
bing devices are compared on the basis
of "contacting power" and the "transfer
unit." " Contacting power is that portion
of unfol energy expended in producing con.
tact of the particulate matter with the
scrubbing 114uid, as well as in producing
'urbuience and nu (14 ;n the scrubber de-
rice. The contacting power represents the
kinetic energy or pressure head loss across
the scrubber, kinetic energy or pressure
head drop of the scrubbing liquid, and other
forms of energy dissipnted in the gas
stream, such as sonic energy or e..ergy sup-
plied by a mechanical rotor.

The transfer unit, which Is expressed as
the numerical value of the rotural logarithm
of the reciprocal of the frac don of the dust
passing through the scrubber, is a measure
+f the difficulty of separation of the particu-
late matter.

Dust collection efficiency Is believed by
some investigators to be directly related to
contacting power and the properties of the
aerosol and Zo have little relationship to
scrubber design and geometry." Others
believe design details hr,e important in the
effort to achieve maximum collection efli-
dency for a given pressure drop.

Gas Meaning equipment is usually selected
on the basis of required collection efficiency."
There are other factors such as gas temper-
ature and humidity awl dust stickiness and
abrasiveness that may exert an overriding
influence on the final choice. In the following

62

discussion principal design features of the
various groups of wet collectors are reviewed
from the point of view of get.eral suitability
under different operating conditions.

In general, particle size distribution and
operating conditions will determine collec-
tion efficiencies, which, in turn, will deter-
mine power requirements for a given unit.

IJ.2 Equipment Description and Design

Collection efficiencies, operating pressure
drop, water requirements, and other operat-
ing characteristics reported herein were ob-
tained from manufacturers' equipment bul-
letins and other literature sources.
4.4.2.1 Spray Chambe The simplest type
of wet scrubber is a round or rectangular
spray chamber into which water is intro-
duced by means of spray nozzles. 33

When spray chambers are used to remove
coarse particles from hot gases, they per-
form the additional functions of gas cooling
and humidification. Spray chambers also
effect preliminary conditioning of the par-
ticulate matter by causing condensation of
moisture on particle, thus increasing collec-
tion efficiency by increasing the size of the
particles.

The principal three configurations in a
spray chamber are cocurrent flow, counter
current flow, and cross flow. al

In cocurrent flow, both the spray droplets
and the gas ct.iitaining particulate matter
flow though the spray chamber in the same
direction. The relative velocity of the water
droplet and gas stream causing effective
collision and rapture of the particulate mat-
ter is at a minimum, as is collodion effi-
ciency. Part of the kinetic energy of the
spray droplets is expended in inducing gas
circulation and motion wiThin the scrubber.

Countercurrent flow occurs when the lig-
ilk, and gas flow in opposite directions, as
in a spray tower in which the liquid is in-
troduced in the top of the tower and falls
against the rising gas stream. The relative
velocity of the liquid droplets and particu-
late matter in the gas stream is at a max-
imum, as is collection efficiency.

In cross flow operation, the liquid is in-
troduced' at right angles to tte direction of
gas flow and fells across the gas stream.



The relative velocity of the particulate and
liquid droplet and Inc impaction efficiency
lie between the cross flow and countercur-
rent flow methods of operation.

For a given spray chary bee design, mixed
flow usually occurs because of turbulence,
liquid droplet inertia, and gravitational
force. Liquid droplets travel in the direc-
tion of the liqdd stream until inertial forces
are overcome by air resistance. Large drop-
lets settle under the influence of gravity
while smaller droplets Mar be swept along
with the gas stream.

Liquid droplets and particulate matter
may be separated from the gas stream by
gravitational settling, impaction on bafileo,
filtration through shallow packed beds, or
by cyclonic action.

Spray chambers are used in exhaust sys-
tems for light dust clean!ng, electroplating

SA FULLJET HOUSES
11 REQUIRED ;N TKOISANKS
MATERIAL TI")E 20 STAIN.
LESS STEEL, PkESSURE
DROP 51 TO 61 p.s.i.

NOZZLES TO PITCH
10' TOwARDCENTER
OF STACK

fume control, and preconditioning d "st from
acid phosphate fertilizers," as well 4.s for
providing a final cleanup of exhaust gases
from the recovery furnaces in the kraft pulp
manufacturing process."

Figure 4.14 shows a spray system in
stalled in the base of a stack," When the
system is properly adjusted and operated,
GO to 80 percent of the solids entering the
spray zone may be collected during soot-
blowing operations. a6 Approximately 1/t

gallon of ilquid per minute per square foot
of stack cross sectional area is required.

The smokestack soot wet-out surface area
may also be increased by packing the smoke-
stack (Figure 4.14). The raves of packing
are usually stacked and of large diameter to
minimize pressure drop and fouling of the
bed. Extra draft fan capacity must be avail-
able to make up for the decrease in draft

FULLJET NOZZLE
I FULLJET NOZZLES
26 REQUIRED IN FOUR
BANKS MATERIAL T T PE
103 KT...MUSS STEEL
PRESSURE DROP SS TO
65

NOTE: NOZZLES 10 PITCH
10"tOwARDCENTER
OF STACK

PACKED STACK UNPACKED STACK

INLET PIPE

SECTION A S

IFULLAT NOZZLE

SECTION 111P

EKFECTED VARIATION OF LIQUID 1,0A0
FER SQUARE FEET A *PROximATELY 10%

rialItt 4 -11. Arrangement of nottles is ttrtAce stack spray system.
041 rimy of Xpraisiag Sperm: ('oppeRy)
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caused by lower flue gas temperature and by
packing. The bed must be cleaned periodi-
cally by flooding with water.
4.4.2.2 Gravity Spray TowersOne of the
simplest types of wet scrubbers is the grav-
ity spray tower. Liquid droplets, produced
by either spray nozzles or atomizers, fall
downward through a countercurrent rising
gas stream containing dust particles. To
avoid spray droplet entrainment and carry-
over, the terminal settling velocity of the
spray droplets must be greater than the ve-
locity of the rising gas stream. In practice,
the vertical gas velocity usually ranges from
2 to 5 feet per second. For higher velocities,
a mist eliminator must be used in the top
of the tower.

Collection impingement target efficiency
in a gravity spray tower is influenced by the
difference between the free-falling velocity
of these particles and the velocity of the ris-
ing gas stream. Droplet collection efficiency
increases with decreasing droplet size and
increasing relative velocity. In a gravita-
tional settling chamber these two conditions
are mutually exclusive. Hence, there is an
optimum droplet size for a maximum collec-
tion efficiency." In practice, this optimum
size is from 500 to 1000 microns.

Spray towers are often used as precool -
era where large quantities of gas are in-
volved. Operating characteristics include
low pressure drop (usually less than 1 inch
of water, exclusive of mist eliminator sec-
tion and gas distribution plate), ability to
handle spray liquid having a high solid con-
tent (using water recirculation because of
large spray nozzle clearance and spray drop-
let size), and moderate liquid requirements
(from 5 to 20 gallons per 1000 cfm). Their
chief disadvantages are low scrubbing effi-
ciencies for dust particles in the 1- to 2-
micron range and large space requirements.
Spray towers are usually limited to the col-
lection of particles of 10 microns or larger.

Figure 4-15 shows a typical spray tower
layout. 33 Gas entering the base of the spray
tower passes through inlet conditioning
sprays, through a distribution plate, through
one or more bank,: of spray nozzles, and
through a mist eliminator section. The mist
eliminator is usually necessary in a tower
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operating at gas velocities of over 6 feet per

The base gas distributor plate may con-
sist of a perforated plate with uniform hole
distribution or a support plate covered with
from 6 to 12 inches of tower packing.
4.4.2.3 Centrifugal Spray ScrubbersThe
efficiency of collection of particles smaller
than those recovered in a gravitational
spray tower can be improved by increasing
the relative velocity of the droplets and gas
stream. This may be achieved by using the
centrifugal force of a spinning gas stream.

Centrifugal spray scrubbers are of two
types. In the first type the spinning motion
is imparted to the gas stream by a tangen-
tial entry such as shown in Figure 4-16a.
The principal benefit is derived from the
wetted walls, which prevent reentrainment
of separated material. Best collection is ob-
tained by spraying countercurrently to gas
flow in the inlet duct at water rates of
from 5 to 15 gallons per 1000 cubic feet of
gas and at pressure drops in excess of 3
inches of water. 37 Figure 4-16b shows this
principle employed with a tangential base
gas inlet. The liquid spray is directed out-
ward from sprays set in a central pipe. An
unsprayed section above the nozzles is pro-
vided so that the liquid droplets containing
the collected particles will have time to
reach the walls of the chamber before com-
ing into contact with the gas stream.

In the scrubber desigu illustrated in Fig-
ure 4-16c water is sprayed tangentially in-
ward from the wall as an aid in imparting
centrifugal motion to the gas stream. The
scrubbing liquid is introduced through noz-
zles at a pressure of 400 pounds per square
inch (gauge).

Water requirements are approximately 5
gallons per 1000 cubic feet of gas. Operat-
ing pressure drop ranges from 1.3 to 2.3
inches of water with removal efficiencies as
high as 96 percent for 2- and 3-micron par-
ticles. 88

In the second design, (Figure 4-16d) the
rotating motion is given to the gas stream
by fixed vanes and impellers, and the scrub-
bing liquid is introduced centrally either as
a spray or liquid stream."

This type of scrubber is used as a final
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FIOLTRZ 4-16. Centrifugal spray scrubbers.



cleanup after spray dryers, calciners, cool-
ers, crushers, classifiers, and cupolas.

4.4.2.4 Impingement Plate ScrubbersIm-
pingement plate scrubbers, shown in Figure
4-17a, consist of a tower equipped with one
or more impingement stages, mist removal
baffles, an dspray chambers.37 The im-
pingement stage (Figure 4-17b) consists of
a perforated plate that leas from 600 to 3000

IMPINGEMENT
BAFFLE STAGE

AGGLOMERATING
SLOT STAGE

o. IMPINGEMENT SCRUBBER

holes per square foot and a set of impinge-
ment baffles so arranged that a baffle is
located directly above each hole. The perfo-
rated plate is equipped with a weir to con-
trol the level of scrubbing liquid on the plate.
The liquid flows over the plate and through
a downcomer to either a sump or the lower
stage.

The dust-laden gas enters the lower sec-
tion of the scrubber and passes up through

TARGET
PLATE

ORIFICE
PI. ATE

WATER
LEVEL

GAS FLOW

ARRANGEMENT OF "TARGET PLATES"
IN IMPINGEMENT SCRUBBER

WATER DROPLETS ATOMIZED
AT EDGES OF ORIFICES

GAS FLOW

DOWNSPOUT TO
LOWER STAGE

b. IMPINGEMENT PLATE DETAILS

Flom 4-17. Imringement plate scrubber.
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a spray zone created by a group of low-pres-
sure sprays. As the dust-laden gas passes
through the impingement stage, the high
gas and particle velocity (from 75 to 100
feet per second) effectively atomizes the
liquid at the edges of the perforations. The
spray droplets, about 10 microns in size,
enhance collection of fire dust.

Overall efficiency for a single plate may
range from 90 to 98 percent for 1-micron
particles or larger, with pressure drops of
from 1 to 8 inches of water and water
requirements of from 3 to 5 gallons per 1000
cubic feet of gas. 37
4.4.2.5 Venturi Scrubbers Obtaining high
collection efficiency of fine particles by im-
pingement requires a small obstacle diam-
eter and high relative velocity of the par-
ticle as it impinges on the obstacle. In a
venturi scrubber this is achieved by intro-
ducing tae scrubbing liquid at right angle3
to a high velocity gas flow in the throat
(versa contracta) of the venturi. Very small
water droplets are formed by the gas flow,
and high relative velocities are maintained
until the droplets are accelerated to their
full speed.

In the venturi scrubber the velocity of
the gases alone causes the disintegration of
the liquid. The energy expended in the
scrubber is accounted for by the gas stream
pressure drop through the scrubber, except
for tae small amount used in the sprays
and mist separation chamber.

A second factor which plays a part in
the effectiveness of the venturi scrubber
is the conditioning of dust particles by con-
densation. If the gas in the reduced-pres-
sure region in the throat is fully saturated,
or (preferably) supersaturated, some con-
densation will occur on the particles in the
throat due to the Joule-Thompson effect.
Condensation will be more pronounced if the
gas is hot, due to the cooling effect of the
scrubbing liquid. This helps the particle
to grow, and the wetness of the particle
surface helps agglomeration and separation.

Gas velocities of from 200 to 600 feet
per second are attained in the venturi
throat." Water is either injected into the
throat of the venturi as a spray (Figure
4-18a) or by means of a weir box (Figures
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4-18b and 4-18c) in quantities of from 5
to 7 gallons per 1000 cubic feet of gas.

Figures 4-18b and 4-18c show a scrubber
that uses an overflow weir on the walls up-
stream of the venturi. This method of wa-
ter injection has the advantage of allowing
the scrubbing water to be recirculated to
much greater exteet than is possible with
systems using ,mall jets.

Recent developments have taken the form
of finding methods of injecting water to
reduce nozzle wear and pump requirements,
and in maintaining pressure drop with vary-
ing gas flows. Methods of maintaining pres-
sure drop and scrubbing efficiency with va-
rying gas flow rates have been centered in
the development of variable venturi throats.

The flooded disk (variable-throat-orifice
scrubber) illustrated in Figure 4-19 is a
relatively new development." Scrubbing
liquid is fed to the centee of the orifice
plate, which serves to distrIbute the liquid
across the orifice throat. The pressure drop
and efficiency performance is comparable
to other venturi scrubbers. The scrubbing
efficienc,y and pressure drop may be ad-
justed by changing the position of the

The operating pressure u. op across the
unit ranges from 6 to 70 inches of water.
Water recirculation rate is about 5 gallons
per 1000 cubic feet of gas; make-up water
required is about a gallon per 1000 cubic
feet.

In the venturi jet scrubber the scrubbing
liquid may be supplied in the form of a high-
velocity jet directed along the axis of a
venturi throat. The ejector venturi scrub-
ber uses the velocity of the contacting liquid
to pump, scrub, and/or absorb the entrained
gas.

The mechanical efficiency of the venturi
jet stream in pumping the gas may range
as high as 16 to 17 percent of the total en-
ergy input. The energy requirements range
from 1 to 5 horsepower per 1000 cubic feet
per minute. Correspending liquid require-
ments range from 20 to 50 gallons per 1000
cubic feet of gas. Increased collection effi-
ciency requires increased energy expendi-
ture. 42, 43

In the multiple-venturi jet scrubber (Fig-
ure 4-20), a nozzle sprays a hollow cone of



water into the belled venturi entrance so
that the spray strikes the throat wall and
rebounds in the form of a flue spray a
right angler to the gas stream. The water
passes through the gas stream twice before
passing through the venturi diffuser sec-

tion. Features of the design are low water
usage and low pressure drop.

The vertical venturi differs from the con-
vrtItional venturi scrubber in that the gas
flow is directed upward to produce a turbu-
lent mixing action of the gas stream and sus-

b.

c.

FIGURE 4-18. Venturi scrubber may feed liquid through jets (a), over a weir (b),
or swirl them on a shelf (c).

(Courtesy of UOP Air Correction Divisior)
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penaing scrubbing liquid in the diffuser sec-
tion of the venturi (Figure 4-21). Liquid
recirculation occurs both internally by eddy
mixing action in the diffuser and externally
by return of the scrubbing liquid, after par-
tial solids separation, to the venturi throat.
The carryover slurry, when separated by
the centrifugal action of the gas stream
caused by the stationary impeller, returns
by gravity to the solids concentrator. The
principal advantages of this design are high
solids content of slurry, low water usage (1
to 3 gallons per 1000 cubic feet of gas),
elimination of a recirculation pump, rela-
tively low pressure drop, and low operating
costs. 15

4.4,2.6 Packed Bed ScrubbersA tower or
box packed with such packing as Raschig
rings, saddles, tile, and marbles may be
used for dust and mist collection as well as
for gas absorption (Figure 4-22). Two
basic packed bed designs, cross-flow (Fig-
ure 4-23a) and countercurrent flow (Fig-

DUSTY GAS
INLET

ure 4-23b) exist. The packed bed may be
held in piaci., ;fixed), free to move (fluid),
or covered with water (flooded). The irri-
gating liquia serves to wet, dissolve, and/or
wash the entrained particulate matter from
the bed. Dry beds may he used for the elim-
ination of mists. In general, smaller-diam-
eter tower packing gives a higher particle
target efficiency than larger-sized packing
for a given gas velocity.

The cross flow, fixed bed, packed scrub-
ber (Figure 4-23a) operates with the gas
stream mol, ,g horizontally through the
packing while the irrigating liquid flows
by gravity vertically through the packing.
This type of scrubber operates with a very
low pressure drop and water requirements,
both of which are about 40 percent of that
required for cnnter flow operation. The
leading face of the packed bed is usually
slanted from 7 to 10 degrees (depending on
gas velocity) in the direction of the oncom-
ing gas stream to ensure completc, wetting

CLEAN GAS OUTLET

CYCLONE MIST
SEPARATOR

ADJUSTABLE DIE..< --

TANGENTIAL
INLET

STUFFING BOX

SCRUBBING WATER INLET
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DISKPOSITIONING ROD
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FIGURE 4-19. Flooded disk (variable throat orifice) scrubber.
(Courtesy of Research Cottrell Incorporated)



FIGURE 4-20. Multiple-venturi jet scrubber.
(Courteey of Buell Corporat(on)

61



FIGURE 4-21. Vertide venturi scrubber.
(Courtesy of UOP Air Correction Division)

and washing of the face of the bed by the
falling irrigation liquid. Inlet sprays are
usually included in this design to condition
the inlet gas and scrub the face of the
packed bed. The first few inches of the bed
may be irrigated more heavily to prevent
build-up of The back of the LA is
usually operated dry to act as a demisting
section."

Liquid requirements range from 1 to 4
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gallons per 1000 cubic feet of gas, with pres-
sure drops of from 0,2 to 0.5 inch of water
per foot of bed. Collection efficiency in ex-
cess of 90 percent may be achieved when
collecting particles of 2 microns or larger,
with dust loadings as high as 5 grains per
cubic foot." Higher dust loadings may be
handled if the dust is readily soluble.

Countercurrent flow (Figure 4-23b) is
the most common design used in packed
beds. Gas is forced upward through the
packing against gravity flow of the liquid.

Countercurrent flow works best at a pres-
sure drop and gas velocity that cause the
buildup of water in and on top of the bed,
usually 0.5 to 1.0 inch of pressure drop per
foot of packing depth. '4 Pressure drop in
excess of this amount will usually result in
excessive liquid entrainment and reduced
efficiency. Liquid flow rates of from 10
to 20 gallons per 1000 cubic feet of gas are
common. Water efficiency will then be at
a maximum and bed clogging at a minimum.

In cocurrent, or parallel flow, the gas
stream and liquid pass through the bed in
the same direction. In this type of oper-
ation the irrigation liquid keeps the packed
bed from being clogged, and the gas and
liquid both assist in washing solids through
the bed. The advantage of this type of
operation is the small liquid requirement,
7 to 15 gallons per 1000 cubic feet of gas.
The operating pressure drop is on the order
of 1 to 4 inches of water per foot of packed
bed.

The flooded-bed packed scrubber is oper-
ated as a counterflow packed tower (Fig-
ure 4-24). The packing consists of a 6-
inch thick bed of spherical icking. Dust-
and fume-laden air enters below the bed of
glass marbl.s and passes through a spray
section and up through the flooded bed of
spheres. Bubbles formed in the bed create
a turbulent layer approximately 6 inches
in depth. The marbles have a constant, gen-
tle rubbing action which makes them self-
cleaning. Entrained moisture is removed by
impaction or inertial separation in a mist
eliminator section. The scrubber is reported
to be 99 percent efficient in removing par-
ticles 2 microns and larger with a pressure
drop of from 4 to 6 inches of water.49
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Scrubbing liquid requirements are from 2
to 21/2 gallons per 1000 cubic feet of gas.
Liquid with a high solid content can be re-
circulated. The scrubber is capable of han-
dling dust loads of up to 40 grains per
standard cubic foot. Flooded bed packed
scrubbert, may be used to control emissions
of acid vapors, carbon black, ceramic frit,
chlorine tail gas, cupola gas, and ferrite
dusts.

Fluid bed packed scrubber (Figure 4-25)
packing consists of low density polyethylene
or polypropylene spheres about 11/2 inches
in diameter that are continually in motion
between the upper and lower retaining
grid. 15

The scrubbing liquid is sprayed I.:5W11-
ward over the balls in a countercurrent
flow of dirty gas. Gas and liquid are
brought into contact on the surface of the
wetted spheres and in the spray between
them.

The spheres are continually cleaned by
constant motion, and the bed is not readily
plugged.

Pressure drop ranges from 6 to 8 inches
of water, and collection efficiencies are in
excess of 99 percent for particles of 2 mi-
crons and larger,'9 Liquid and dust han-
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cluing capacities are comparable to the flood-
ed bed packed scrubber. 45

4.4 2.? Self-Induced Spray Scrubbers.The
particle collection zone of the self-induced
spray scrubber is a spray curtain that is
induced by gas flow through a partially sub-
merged orifice or streamlined baffle. Mist
carryover is minimized by baffles or swirl
chambers. In the submerged orifice scrub-
ber (Tigure 4-26a) the impingement gas
velocity of about 50 feet per second creates
droplets in the 300- to 400-micron range. ,°
Blaw Knox (Figure 4-26b) and Doyle (Fig-
ure 4-26c) scrubbers operate with impinge-
ment velocities of from 120 to 180 feet per
second. 51

Pressure drop ranges from 2 to 16 inche;,
and water requieenent is about 1 gallon
per 1000 cubic feet of gas when water is
recycled.

The chief advantages of this self-induced
spray scrubber design are its ability to han-
dle high dust concentration and concentrat-
ed slurries.

Sludge removal may be accomplished by
drag chains or by sluicing the sludge to
suitable separators.
4.4.2.8 Mechanically Induced Spray Scrub-
bersIn the mechanically induced spray
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FIGURE 4-23. Packedbed scrubbers.
(Courtesy of Chemical Engineering Magazine)



scrubber (Figures 4-27a and 4-27b) high-
velocity sprays are generated at right angles
to the direction of gas flow by a partially
submerged rotor. Scrubbing is achieved by

impaction because of both high radial drop-
let velocity and vertical gas velocity. Liq-
uid atomization occurs at the rotor and at
the outer wall. 52
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FIGURE 4-24. Flooded-bed scrubber.
(Courtesy of National Dust Collector Corporation)
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Power and liquid requirements range
from 3 to 10 horsepower and from 4 to 5
gallons per 1000 cubic feet of gas for the
high-velocity design (Figure 4-27b), de-
pending on particle size and the desired
level of scrubbing efficiency."

Advantages of this type of scrubber are
relatively low liquid requirements, small
space requirements, high scrubbing effi-

DIRT AND WATER
DISCHARGED AT
BLADE TIPS

c ency, and high dust load capacity. The
rotor, however, is susceptible to erosion
from large particles and abrasive dusts,
and high-energy scrubbing applications may
require the use of additional mist elimi-
nation equipment.

4.4.2.9 lYsintegrator ScrubbersA disinte-
grator scrubber consists of a barred rotor

ar
DIRTY GAS
INLET

S" 1.-

0

WATER AND
SLUDGE OUTLET

CLEAN GAS
OUTLET

WATER SPRAY
NOZZLE

FIGt1ts 4-28, Centrifugal fan *-et irrabbet.
(Cortriery of Arntriean Air niter Compaay)

69



within a barred stator. Water is injected
axially through the rotor shaft and is sep-
arated into fine droplets by the high rela-
tive velocity of rotor and stator bars. Dust
particles are impacted by the high velocity
liquid droplets.

Water and power requirements range
from 4 to 9 gallons per minute and from
7 to 11 horsepor. er, respectively, for each
1000 cubic feet per minute of gas handling
capacity. Scrubbing efficiency is about 95
percent for 1-micron particles and may be
improved by increasing either the water rate
or the number of stator and rotor bars.
Scrubbing efficiency is independent of dust
loading, and exit dust concentrations range
as low as 0.001 grain per standard cubic
foot. Si

Advantages of this scrubber are high
collection .'fficlency for submicron particles
and low spare requirements. The principal
disadvantage is its large power requirement.

4.4.10 Centrifugal Fan Wet Scrubbers
This type of scrubber (Figure 4-28) con-
sists essentially of a multiple-blade centrif-
ugal blower.

Design pressure drop is about 6% inches
with a maximum pressure drop of 9 inches.
Water requirements range from 3 to 1.6
gallons per 1000 cubic feet of gas and power

requirements range from 1 to 2 horsepower
per 1000 cubic feet per minute. 53

The chief advantages are low apace re-
quirements, moderate power requirements,
low water consumption, and a relatively
high scrubbing efficiency.

4.4.2.11 Wine Wet ScrubbersIn this axial-
fan.powered gas scrubber (Figure 4-29), a
water spray and baffle screen wet the par-
ticles, and centrifugal fan action eliminates
the wetted particles through concentric

.louvers.
Pressure drop is about 6 inches of water,

and water consumption is about 1 gaEon
per 1000 cubic feet of gas. The moisture
removal capacit:. of the eliminator section
is sensitive to .hanges in gas flow rate. Av-
erage removal efficiency is in excess of 99
percent for particles ranging in size from
6 to 10 microns. 7's

Advantages of the inline wet scrubber
are low installation space requirements and
low installation costs. Coal and metal min-
ing industries use inline scrubbers.

4.4.2.12 Irrigated Wct Filters Irrigated
wet filters (Figure 4.30a) consist of an
upper chamber, containing wet filters and
spray nozzles for cleaning the gas, and a
lower chamber for storing scrubbing liquid.
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Liquid is recirculated and sprayed onto the
surface of the filters on the upstream side
of the bed. Two or more filter stages con-
structed in series are used. A dry bed con-
taining small diameter fibers may be add-
ed as a final cleanup stage to remove spray
mist.s7.3/4 A wetted impingement plate may
be used in the first compartment to reduce
the particle load on the following stage
( Figure 4-30b) . 59. so

The number of cleaning stags to be used
Is determined by the characteristics of the
gas stream and cleaning requirements. Gas
velocities range from 200 to 300 feet per
minute with a liquid requirement of approx-
imately three gallons per minute per square
foot of filter area (8 to 10 gallons per 1000 cu-
bic feet of gas). Pressure drop, which ranges
from 0.2 to 3 inches of water per 4-inch
bed depth, is dependent on the gas loading,
liquid loading, and fiber bed density. Nor-
mal bed thickness may range from 1 to 4
inches, based on scrubbing requirements. 57

The chief mechanism of irrigated wet
filters involved in the capture of particulate
matter is interception by individual fila-
ments in the filter. Both particle removal
and gas absorption can be accomplished, and
the irrigation feature aids in removal of
solid particulate matter.

4.4.E.13 Wet Fiber Mist EliminatorsTwo
mechanisms, Brownian diffusion and iner-
tial impaction, are involved in the separa-
tion of mist and dust particles in wet fiber
mist eliminators.

Brownian diffusion dominates in mist col-
lection in which fiber beds with large spe-
cific surface areas are used, gas velocities
range between 6 and 80 feet per minute,
and the mist consists largely of submicron
particles. A characteristic of Brownian dif-
fusion control is that collection efficiency
increases with decreasint gas velocity be-
cause of increased filter ...rd retention time.
This collection mechanism has some effect
on the collection of 8-micron particles and
a major effect on the collection of 0.6 mi-
cron particles. Brownian motion is an im-
portant factor in particle capture by direct
int irception.
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Inertial impaction dominates in particle
collection above 3 microns in site at gas
velocities in excess of 30 feet per econd in
coarse filter beds. Inertial impaction effi-
ciency increases with increasing gas veloc-
ity.

Fiber diameter and the distance between
adjacent fibers are important in determin-
ing collection efficiency and pressure drop.
Because high mechanical bed stability is
necessary for operation in the high pres-
sure drop range, design of mounting and
support structures becomes critical."

Wetted filters are available in two de-
signs, low-velocity (5 to 30 feet per min-
ute), illustrated in Figure 4.31, and high-
velocity (30 to 90 feet per minute), illus-
trated in Figure 4.32. The low-velocity de-
sign consists of a packed bed of fibers re-
tained between two concentric screens. Mist
particles collect on the surface of the fibers,
coalesce to form a liquid film that wets the
fibers, and are moved horizontally and
downward by gravity and the drag of the
gases. The liquid flows down the inner
screen to the bottom of the element and
through a liquid seal to a collection reser-
voir. Collection efficiencies are reported to
be in excess of 99 percent on particles small-
er than 3 microns at operating pressure
drops of from 5 to 15 inches of water. Effi-
ciencies increase when the scrubber is op-
erated below design capacity.

The high-velocity filtering element (Fig-
ure 4-32a) consists of a packed fiber bed
between two parallel screens. A multiple
mounting is shown in Figure 4-32b. Liquid
flow patterns are similar to those of the
low-velocity filter, and removal efficiencies
range from 85 to 90 percent for 1- to 3-
micron rsrticles and pressure drops of from
6 to 10 inches of water."

This type of wet filter finds application
in collection of sulfuric, phosphoric, and
nitric acid mists and in the separation of
moisture and oil from compressed gases.
Disposable filters are used in the recovery
of platinum catalysts used in nit- i^ acid
manufacture and in the collection 04 druses
and bacteria, and radioactive and toxic
dusts."
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The wire mesh filter consists of an even-
ly spaced knitted wire mesh and is usually
mounted in horizontal beds (Figure 1-33).
The principal collection mechanism Is iner-
tial impaction. Rising mist droplets strike
the wire surface, flow down the wire to a
wire Junction, coalesce, and flow to the
bottom surface of the bed, where the liquid
disengages in the form of large droplets and
returns by gravity to '-ve process equip-
ment.*4

Operating pressure drop is usually less
than 1 inch of water with gas velocities of
from 10 to 16 feet per second. Recent de-
velopment has centered on the area of high
energy filtration in which pressure drops
of from 36 to 40 inches of water gauge have
been used.

Factors governing maximum allowable
pas velocities include gas and liquid density,
sur:acc tension, viscosity, bed specific sur-
face ar a, liquid !oading, and suspended sol-
ids c.)nt ent. st

Advantages in the use of fiber (liters and
wire mesh mist collectors are high reov-
al efficiency, simplicity of operation, low
maintenance in dust-free service, low initial
cost, and recovery of valuable producis with-
out dilution.

4.41.14 Imping(mcni Reiff,. Mist Elimina-
torsBaffle mist eliminators offer one of
the simplest methods of controlling large-
diameter solid and liquid particulate emis-
sions. A variety of designs are in use. Fig-
ure 4 -34 shows the arrangement of baffles
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suecemfully used in the reduction of emis- achieved on particulate matter which ranged
Mons from coke quenching operations," An from 16 to 200 mg E gas velocities ranging
85 to 90 percent reduction of emissions was to a high of 36 fc% .r second. A significant
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reduction in water droplet fallout was also
achieved. The baffles were operated dry
with short spray periods to prevent the
buildup of solids." Figures 4-35, 4-36, and
437 show the common layouts of mist elim-
inator baffles used In spray chamber scrub-
bers.". " Mist removal efficiencies of as
high as 95 percent may be achieved for the
removal of 40-micron spray droplets up to
a maximum gas velocity of 25 feet per sec-
ond and pressure drops of from 1 to 2

OAS
FLOW

rIaltE 1-36. Streamline mist eliminator baffle&

inches a water. Velocities in excess of 25
feet per second result in the re-entrainment
of liquid droplets.
4.4.Y.IS Vont-Type Mist EliminatorsVane-
type mist eliminators have a range of op-
eration of from 10 to 50 feet per second, with
collection efficiencies reported to be as high
as 99 percent for 11-micron particles and
with pressure drops from 0.1 to 2 inches of
water. The principal advantage of vane type

75



FLUE
GAS

16 GAUGE PLATE

WIRE MESH
317 STAINL

}:cuss 4-37. Screen and mist eliminator details.
(Comrtesy of Paper Trade Journal)

BERL SADDLES

"kit) INIA.1%.1%.I ts 1, tr ........

riot as 4-35. fled of Berl saddles added
stack.

(Courtesy of Chemical Engineering
Progress Magntirre)

to discharge

over baffle mist eliminators is the wider
range of operation at comparable collection
efficiencies."

4.4.t.16 I (irked Red Mist Eliminators
Figure 4-88 shows a packed bed Mack mist
eliminator. Removal efficiencies of such
devices may range to as high as 65 percent
At gas velocities from .7 to 10 feet per sec-
ond. Mist re-entrainment occurs at higher
gas velocities because of the turbulent na-
ture of gas flow in packed beds. This type
of mist eliminator is often used for tail gas
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cleanup in sulfuric and phosphoric acid
manufacture. 65.70

.$,4.2.17 .list and Vapor SuppressionMist
formation from bubbling solutions, such as
plating baths and acid pickling baths, may
be reduced by the addition of wetting agents.
Foaming and non-foaming types are pres-
ently used to reduce both surface tension
and bubble size."" Smaller bubbles es-
cape the treated bath with less violence
and with a corresponding reduction in the
formation of mist particles. Foaming agents
reduce mist formation by reducing bubble
escape energy and by trapping the mist par-
ticles in a dense foam. The use of surfac-
tants in chrome relating baths can reduce
chromic acid losses by as much as 45 per-
cent with a corre:ponding reduction in air
and water pollution.

Foam, which has the disadvantage of
trapping hydrogen gas, can create 6 fire
hazard and must be continually replaced.
Floating plastic objects such as polyethylene
balls, hollow rods, and cylinders are also
used." The floating plastic used to cover
the surface serves as a trait top and mist
eliminator and reduces heat losses and ven-
tilation requirements.

in one case the use of 4.i-inch balls to
cover 90 percent of the surface area of sul-
furic acid solutions used in the electro-
refining of copper resulted in a 90 percent
reduction in evaporation losses and a 70
percent reduction in heat loss. The savings
from the reduction in loss of methylated
spirits (an addition agent) over a 2-week
period paid for the balls. In addition to a
90 percent reduction in air pollution from
sulfuric acid mist, there was a noticeable
reduction in corrosion rates. The approx-
imate cost of the ball cover is $1.5G to $2.00
per square foot of tank surface area."
4.4.2.18 Liquid Distribution --Wet scrubbers
require a uniform and consistent liquid dis-
tribution pattern for the maintenance of
high scrubbing efficiencies at minimum
water rates. Liquid distribution in wet
scrubbers is accomplished by spray nozzles
or spinning disk atomizers. Weir box or
sieve plate distributors may be used for
packed towers.



4.42.19 Spray Nozzles Spray scrubbers re-
quire liquid droplets that are closely sized
in order to avoid liquid entrainment at max-
imum gas flow rates, Since the scrubbing
liquid is often recirculated, the spray noz-
zles must be capable of handling liquids
with fairly high solids content.

The basic functions of liquid spray noz-
zles and atomizers are to create small drop-
lets with large surface areas, to distribute
the liquid in a specific pattern, to control
liquid-flow metering, and to generate high-
velocity droplets."' At least one of the
above functions is involved in every indus-
trial spraying prix mss, and spray nozzle
selection depends on the specific function
to be performed. The spray devices used in
wet scrubbers may be classified as pres-
sure nozzles (hollow and solid cone and im-
pingement and impact), rotating nozzles
(spinning atomizers), and miscellaneous
nozzles.

In hollow-cone spray nortles, the fluid is
fed to a whirl chambe a tangential inlet
(Figure 4.39a) or a fixed spiral (Figure
4.39b)so that the fluid acquires rapid ro-
tation. The mike is on the axis of the
chamber, and the fluid exits as a hollow
conical sheet and then breaks up into drop-
lets. The angle of the spray is determined
by the dimensions of the swirl chamber and
the pitch of the nozzle. A spiral with a short
pitch produces a wide-angle spray; con-
versely, a long pitch produces a narrow-
angle spray. The spray angle may range
from 15 to 135 degrees.

Hollow cone spray nozzles with cone an-
gles of from 15 to 20 degrees (Figures 1-39b
and 449c) are used in venturi jet scrub-
bers for maximum turbulence and mixing
in the throat and diffuser section. Larger
nozzle angles are used in air washers and
humidifiers.

The solid cone nozzle (Figure 4-39d) is
a modification of the hollow cone nozzle
used when complete coverage of fixed area
is desired. The nozzle is essentially a hol-
low-cone nozzle with the addition of a cen-
tral axial jet. The jet strikes the outer ro-
tating fluid inside the nozzle orifice and is
broken into droplets. The angle of the spray
is a function of nozzle design and is nearly

independent of pressure. A second type of
solid cone spray nozzle (Figure 4-39e) con-
sists of an orifice and external helical
spiral. The nozzle is essentially non-clog-
ging and finds use in packed column distrib-
utor design. Commercial solid cone nozzles
are available with included angles of from
30 to 100 degrees. Wet scrubbers nearly
always use nozzles with large angle sprays.
Solid-cone sprsy nozzles are frequently
mounted in clusters (Figure 4-39f). Liquid
distribution is enhanced by using several
small rflays instead of one large spray of
the same capacity. Liquid distribution is
also improved by the proper selection of
pipe manifold size. '8

In the impingement-type nozzle (Figure
4.39g), a high-velocity liquid jet is directed
at a solid target or a liquid stream. Proper
orientation and shape of the target or con-
trol of the size and shape of the two fluid
streams produces a ham cone, fan, or
dish-shaped spray pattern. The nozzles are
robust and simple in shape, and despite
higher cost, they are frequently used in wet
scrubbing towers because of their more uni-
form distribution of droplet size.

Rotating nozzles (spinning atomizers) are
a type of liquid distributor (Figure 4.39h)
less frequently used in gas scrubbing than
either hollow cone or solid cone nozzles.
The droplets produced by rotating nozzles
are uniform in site and can be controlled
without regard to liquid feed rate by chang-
ing the disk speed. Spinning atomizers are
used in some wet scrubbers and have the
advantage of being able to handle slurries
that could clog conventional nozzles. Among
miscellaneous atomizers, the fan jet (Fig-
ure 4.391) is used in wetting and light hu-
midification operations.

In packed tower and cross flow &rub-
ber liquid distributor design, spray nozzles
and drilled pipe headers may be used to
distribute liquid. Most packed tower liquid
distributors are of the weir box V-notch
type (Figure 4-10a). For low rates of gas
flow, weir risers (Figure 4-40b) map be
used. Submerged orifice plate distributors
(Figure 4-40c) are also used. Liquid dis-
tribution is critical in determining scrub-
ber performance. 79
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o. HOLLOW CONE SPRAY
NOZZLE
(Courtesy of Spray Systems
Company)

d. SOLIO CONE SPRAY
NOZZLE
(Courtesy of Sproy
fAgineering Company)

h. SPINNING DISK SPRAY
NOZZLE
(Courtesy of Schutt* &
Kaerting)
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b. HOLLOW CONE SPRAY
NOZZLE
(Cototesy of Schutt. &
Kaerting)

e. SOLID CONE SPRAY
NOZZLE
(Courtesy of Bete Compony)

i. MONOFAN NOZZLE
(Courtesy of Sproy Engineer-
ing Company)

c. HOLLOW CONE SPRAY
NOZZLE
(Courtesy of Schutt. &
Kaerting)

f. CLUSTER SPRAY NOZZLE
(Courtesy of Spray Engineering
Company)

..$

g. PIN JET IMPINGEMENT
SPRAY NOZZLE
(Cowries, of Spray Engineer
ing Company)

FIGIR 4-39. Spray nozzles commonly used in wet scrubbers.



o. PACKED 'POWER WEIR BOX LIQUID DISTRIBUTOR
(Courtesy of Koch Engineering Company)

b. PACKED TOWER "WEIR RISER" LIQUID DISTRIBUTOR
(Courtesy of U. S. Stemma, Company)
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Because spray nozzles frequently wear or
clog and produce an uneven liquid pattern,
they require frequent replacement and main-
tenance. Weir box distribution, on the other
hand, is dependable and requires little main-
tenance after initial leveling. Pumping
heads are also lower and result in lower
power requirements and less maintenance.

Liquid distribution within a packed bed
is also very important. Initial distribution
of liquid onto the top of the bed is often
enhanced by the use of small sized packing
in the top of the bed.

Normal drip point requirements for weir
box distribution range from 8 to 10 points
per square foot for vertical packed beds
and from 15 to 30 points for cross flow
scrubbers.

Cross flow scrubbers normally contain
baffles or corrugated walls around the pe-
riphery of the packed bed to prevent gas

channeling. Packed beds above 15 feet in
height frequently require liquid redistribu-
tion.

4.4.3 Typical Applications of Wet
Scrubbers

ypical applications of wet scrubbers are
tabulated in Table 4-6.

4.4.4 Water Disposal
Water usage and waste disposal may be-

come critical factors in the final selection
of a wet scrubber. Waste quantity, particle
size distribution in the slurry, recovery val-
ue, corrosiveness of the solutions, and mate-
rials of construction are important factors,
The final selection of a water treatment
or disposal system should not result in wa-
ter, soil, or air pollution. Refer to refer-
ences 80 through 92 for additional infor-
mation.

Table 4-6.TYPICAL INDUSTRIAL APPLICATION OF WET SCRUBBERS

Scrubber type Typical application
Spray chambers Dust cleaning, electroplating, phosphate fertilizer, kraft paper,

smoke abatement
Spray tower Precooler, blast furnace gas
Centrifugal Spray drier., calciners, crushers, classifiers, fluid bed processes,

kraft paper, fly ash
Cupolas, driers, kilns, fertilizer, flue gasImpingement plate

Venturi:
Venturi throat
Flooded disk
Multiple jet

Venturi jet
Vertical venturi
Packed bed:

Fixed
Flooded

Pulverized coal, abrasives, rotary kilns, foundries, flue gas, cupola
gas, fertilizers, lime kilns, roasting, titanium dioxide processing,
odor control, oxygen steel making, coke oven gas, fly ash

Fertilizer manufacture, odor control, smoke control
Pulverized coal, abrasive manufacture

Fluid (floating) ball

Self-induced spray

Mechanically-induced spray
Disintegrator
Centrifugal fan In line fan
Wetted filters
Dust, mist eliminators:

Fiber filters

Wire mesh
Baffles
Packed beds

80

Fertilizer manufacturing, plating, acid picaling
Acid vapors, aluminum inoculation, foundries, asphalt plants,

atomic wastes, carbon black, ceramic hit, chlorine tail gas, pig-
ment manufacture, cupola gas, driers, ferrite, fertilizer

Kraft paper, basic oxygen steel, fertilizer, aluminum ore reduction,
aluminum foundries, fly ash, asphalt manufacturing

Coal mining. ore mining, explosive dusts, air conditioning, incin-
erators

Iron foundry, cupolas, smoke, chemical fume control, paint spray
Blast furnace gas
Metal mining, coal processing, foundry, food, pharmaceuticals
Electroplating, acid pickling, air conditioning, light dust

Sulfuric, phosphoric, and nitric acid mists; moisture separators;
household ventilation; radioactive and toxic dusts, oil mists

Sulfuric, phosphoric, and nitric acid mists; distillation and absorp-
tion

Coke quenching, kraft paper manufacture, plating
Sulfuric and phosphoric acid manufacture, electroplating spray

towers



4.4.4.1 Settling Tanks and PondsThis
method of disposal may be applied to scrub-
ber discharges containing solid particulate
matter that readily settles or is easily floc-
culated by chemical treatment. Tank or
pond size may be easily determined by labo-
ratory sedimentation tests.'" Separation by
sedimentation is usually limited to particles
larger than 1 micron or to particles that
readily flocculate. Advantages are that
waste products to be disposed of may be
sluiced to a burial pit, waste water may he
chemically treated and reused, operational
costs are low, and abrasi,/ solids can be
handled. Disadvantages F ; that a large
area is required for the settling of small
particles, ground water contamination from
ponds is possible, and natural evaporation
to the atmosphere occurs.

4.4.4.2 Continuous FiltrationThis method
of slurry treatment is usually applied where
the solids have some recovery value or are
porous or incompressible." Advantages are
a dewatered waste product and moderate
space requirements:Disadvantages are high
initial cost and relatively high maintenance
and operational costs.

4.4.4.3 Liquid CyclonesThe wet cyclone
has come into prominence in the last few
years as a method -for concentrating solids.
The advantages are low initial cost, low
maintenance, ability to handle abrasive sol-
ids, and low space requirements. Disadvan-
tages are the production of high solids fil-
trate or overflow and relatively high power
requirements. 82

4.4.4.4 Continuo:a CentrifugeThis method
of solids separation can sometimes be ap-
plied to submicron slurries at fairly high
collection efficiencies." The advantages are
low space requirements and a large variety
of designs for special requirements. Disad-
vantages are high capital and operating
costs and susceptibility to abrasion and cor-
rosion.

4.4.4.5 Chemical TreatmentChemical treat-
ment of liquid wastes includes treatment
with chlorine, lime, soda ash, carbon dioxide,
ammonia, corrosion inhibitors, coagulants,
and/or limestone soak pits."-"

4.5 IIIGII-VOLTAGE ELECTROSTATIC
PRECIPITATORS

4.5.1 Introduction
The high-voltage electrostatic precipitator

(ESP) is used at more large installations
than any other type of high-efficiency par-
ticulate matter collector. For many opera-
tions, such as coal-fired utility boilers, the
high-voltage electrostatic precipitator is the
only proven high-efficiency control device
available today. High-voltage single-stage
precipitators have been used successfully to
collect both solid and liquid particulate mat-
ter from smelters, steel furnaces, petroleum
refineries, cement kilns, acid plants, and
many other operations. Figures 4-41 and
4-42 show typical electrostatic preciOtator
installations.

Electrostatic precipitators are normally
used when the larger portion of the particu-
late matter to be collected is smaller than
20 microns in mean diameter. When par-
ticles are large, centrifugal collectors are
sometimes employed as precleaners. Gas
volumes handled normally range from
60,000 to 2,000,000 cubic feet per minute.
Operating pressures range from slightly be-
low atmospheric pressure to 160 pounds per
square inch gauge and operating tempera-
tures normally range from ambient air tem-
peratures to 760° F.

4.5.2 Operating Principles
Separation of suspended particulate matter

from a gas stream by high-voltage electro-
static precipitation requires three basic
steps:

1. Electrical charging of the suspend-
ed matter.

2. Collectic., of the charged particulate
matter on a grounded surface.

3. Removal of the particulate matter
to an external receptacle.

A charge may be imparted to particulate
matter prior to the electrostatic precipitator
by flame ionization or friction; however, the
bulk of the charge is applied by passing the
suspended particles through a high-voltage,
direct-current corona." The corona is es-
tablished between an electrode maintained
at high voltage and a grounded collecting
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FIGURE 4-41. Multiple precipitator installation in basic oxygen furnace plant.
(Courtly of Koppers Co. Inc.)
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FIGURE 4-42. Detarrer precipitators installed in steel mill.
(Courtesy of Koppers Co. Inc.)
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surface.'` Particulate matter passing
through the corona is Eubjected to an in-
tense bombardment of negative ions that
flow from the high-voltage electrode to the
grounded collecting surface. The particles
thereby become highly charged within a
fraction of a second and migrate toward
the grounded collecting surfaces. This at-
traction is opposed by inertial and friction
forces.

After the particulate matter deposits on
the grounded collecting surface, adhesive,
cohesive, and primary electrical forces must
be sufficient to resist any gas stream action
and counter electrical forces that would
cause reentrainment of the particulate mat-
ter. Free flowing liquids are removed from
the collecting surface by natural gravity
forces. Successful removal of other particu-
late matter depends on a complex interrela-
tionship of particle size, density, and shape
and electrical, cohesive, adhesive, aerody-
namic, and rapping forces. This particu-
late matter is dislodged from the collecting
surfaces by mechanical means such as by
vibrating with rappers or by flushing with
liquids. The collected material falls to a
hopper, from which it is removed.

4.5.3 Equipment Description
Two major high-voltage electrostatic pre-

cipitator configurations are used: the flat
surface and tube types. In the first, par-
ticles are collected on flat, parallel collect-
ing surfaces spaced from 6 inches to 12
inches apart with wire or rod discharge
electrodes equidistant between the surfaces.
In tube-type high-voltage electrostatic pre-
cipitators, the grounded collecting surfaces
are cylindrical instead of flat with the dis-
charge electrode centered along the longi-
tudinal axis. Figures 4-43 and 4-44 show
typical electrode and collecting surface lay-
outs for both types of high-voltage electro-
static precipitators. A complete precipita-
tor consists of many of these units as
shown in Figures 4-45 and 4-46.

44.3.1 Voltage Control and Electrical Equip-
ment-1-Egh-voltage electrostatic precipita-

*The terms "collecting electrode" and "grounded
collecting surface" are often used synonymously.
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tors operate with unidirectional current and
with voltages of from 30 to 100 peak kilo-
volts. Transformers are used to provide
high-voltage current. Rectifiers convert the
alternating current to unidirectional cur-
rent. In addition, precipitators are usually
equipped for automatic power control. Elec-
trical rower energization and control equip-
ment is usually furnished in the form of sev-
eral packaged units complete with instru-
mentation.

Transformers are usually oil cooled and
are integrally connected to silicon rectifiers.
The transformer single-phase output may
be rectified to either double-half-wave or
full-wave direct current. Earlier types of
high-voltage sets consisted of separate
transformers using either vacuum tube or
mechanical rectifiers. Silicon rectifier con-
version equipment is available for modern-
izing existing vacuum tube or mechanical
rectifiers.

Figure 4-47 shows one type of transform-
er-rectifier unit, and Figure 4-48 shows one
type of power control unit.

4.5.3.2 Discharge ElectrodesThe discharge
electrodes, which are almost always ener-
gized, provide the corona. Although round
wires about 1/8-inch in diameter are usu-
ally used, discharge electrodes can be
twisted rods, ribbons, barbed wire, and
many other configurations. Steel alloys are
commonly used; other materials include
stainless steel, silver, Nichrome®, alumi-
num, topper, Hastelloy®, lead-covered iron
wire, and titanium alloy. Any conducting
material with the requisite tensile strength
that is of the proper configuration is a
feasible discharge electrode. Figure 4-49
shows some common discharge electrode
configurations.

4.5.3.3 Collecting SurfacesA variety of
flat collecting surfaces is available. The
use of smooth plates, with fins to strength-
en them and to produce quiescent zones,
has become common in recent years. Spe-
cial shapes are designed primarily to pre-
vent reentrainment of dust. Figure 4-49
shows some types of collecting surfaces.
Essentially all tubular collecting surfaces
are standard pipe.
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FIGURE 4-47. Typical double half wave silicone rec-
tifier with twin output bushings.

4.5.3.4 Remoral of Collected Particulate
MatterCollected particulate matter must
be dislodged from the collecting surfaces
and discharge electrodes and moved from
the electrostatic precipitator hopper to a
storage area.

Liquid collected particulate matter flows
down the collecting surfaces and discharge
electrodes naturally and is pumped to stor-
age.

Solid collected particulate matter is us-
ually dislodged from collecting surfaces by
pneumatic or electromagnetic vibrators or
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rappers. At times, motor driven hammers
are used for this purpose or sprays are used
to flush materials from collecting surfaces.
Solid materials are transferred from the
hopper to storage by air, vacuum, or screw
conveyors. Swing valves, slide gates, or ro-
tary vane-type valves are installed at the
hopper outlet. Figures 4-50 and 4-51 show
some types of hopper valves and rapper
mechanisms.

4.5.4 iligliNoltage Electrostatic Precipita
for Equipment Design

Design of high-voltage electrostatic pre-
cipitator equipment is a highly complex and
specialized field. It is therefore important
that design decisions be made only by those
qualified by extensive knowledge and ex-
perience.

The basic elements of design of electro-
static precipitators involve both perform-
ance requirements and physical require-
ments. Voltage, electrical energy, gas ve-
locity, flow distribution, sectionalization,
collecting surface area, treatment time, num-
ber and type of discharge electrodes, num-
ber and type of collecting surfaces, collect-
ing surface and discharge electrode spacing
and number and type of rappers are some
performance requirement factors to consid-
er. Layout, structure, materials handling,
and construction material requirements are
some physical factors to consider.

Information on the design of high- ,oltage
ESP is reported by Ramsdell, White, and
Archbold. 91-98

4.5.4.1 Conditioning SystemsConditioning
systems that change the properties of the
gas stream or the particulate matter are
sometimes installed ahead of the electro-
static precipitator. The need for such a
system depends on the applicatiol. Condi-
tioning may involve gas cooling, gas humid-
ification, air dilution, or the injection of
agents such as sulfur trioxide and ammonia.

4.5.4.2 Voltage, Electrical Energy, and Sec-
tionalization RequirementsVoltage, elec-
trical energy, and sectionalization are inter-
related. The design of the high-voltage
electrostatic precipitator should provide for
a peak voltage sufficient for consistent op-
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Flamm 4-48. Internal view of one type of rectifier control console showing component parts.
(Courtesy of Koppers Co. Inc.)
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eration of the unit within required perform-
ance limits. The design should also provide
for automatic power control and sufficient
electrical power to handle all load condi-
tions. When necessary, the desigii should
provide for sectionalization so that voltage
may be adjusted t compensate for different
conditions in different sections of the elec-
trostatic precipitator.

The peak voltage requirements of a high-
voltage electrostatic precipitator depend on
the application and design, and usually
range from 30 to 103 kilovolts. Peak volt-
age requirements depend largely on the
spacing of electrodes and collecting sur-
faces. The composition, pressure, and tem-
perature of the gas stream and the concen-
tration of particulate matter in the gas
stream also influence peak voltage design
requirements.

For continuous high-efficiency perform-
ance, sectionalization usually is required.
Tl' power supply and controls for each pre-
cipitator section are energized separately
to prevent power fluctuations from spread-
ing from section to section. The power con-
trols regulate current, voltage, and spark-
ing. The number of sections required de-
pends on performance requirements and the
application. For some applications spark-
ing is not desirable. Where sparking is de-
sirable, there is often an optimum spark
rate that will give the best performance.
An example of this effect is shown in Fig-
ure 4-62.'t

e. ROTARY VALVE

4.5.4.3 Gas Velocity, Treatment Time, ond
Floiv DistributionGas velocities range
from 3 to 16 feet per second. Low linear
gas velocities promote deposition and help
minimize re-entrainment of particulate mat-
ter. The cross-sectional area of the electro-
static precipitator determines the linear gas
velocity for a given gas volume. Longer
treatment time promotes more effective dep-
osition of particulate matter. The length
of the treatment section of the electrostatic
precipitator determines the treatment time
for a given linear gas velocity.

Uniform flow distribution is an important
design factor. Perforated plates are installed
at the inlet and sometimes at the outlet of the
electrostatic precipitator, and vanes are often
installed in the inlet fold outlet ductwork to
distribute the flow of the gas stream. When
it is necessary to install bends or elbows near
the inlet or outlet, fuming vanes are helpful.
Experimental gas flow models are most useful
as an aid to flow distributor design.

4.5.4.4 Collecting Surfaces and Discharge
ElectrodesThe number, type, size, and
spacing of collecting surfaces and discharge
electrodes required is dependent on the ap-
plication and desired performance. For a
given application, an increase in the total
collecting surface area will usually improve
performance provided adequate corona power
is supplied.

4.5.4.5 Materials of ConstuctionChoice of
materials for shells, collecting surfaces, elec-

SWING VALVE

From 4 -IA Hopper direharge valve*. (a) Rotary vslre mkt (b) wing rah-e.
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SO 100

SPARKS PER MINUTE

FIGURE 4-52. Variation of precipitator efficiency with
sparking rate for a given 11)-ash precipitator.

trodes, hoppers, and other surfaces is gov-
erned by cost and serviceability. Corrosion
and temperature resistance are the two most
important factors to consider. Steel con-
struction is used wherever possible; how-
ever, aluminum, lead, concrete, wood, ce-
ramics, plastics, plastic coated metals, and
many other ..-naterials can be employed.

4.5.4.6 Collected Particulate Matter Han-
dling SystemsElectrostatic precipitator
hopper walls should be sloped to dromote
free flow of collected material. When ma-
terials stick or bridge in the hopper, vibra-
tors or rappers should be attached to the
outside of the hopper walls at strategic
locations.

Hopper outlet valves should be designed
to operate freely under all conditions. The
hopper discharge system should also be de-
signed to minimize gas leakage into or out
of the electrostatic precipitator to prevent
re-entrainment of the collected particulate
matter.

4.5.4.7 Controls and InstrumentsUseful
controls and instruments are:

1. Individual electrical set controls and
indicators.

2. Spark rate indicators.
3. Rapping cycle, frequency, intensity,

and duration controls and indicators.
4. Outlet opacity indicator.
6. Line voltage indicators.

Recorders are useful for providing a per-
mnient record of performance. Alarms are
used to signal when control variables devi-

ate from normal and when control valves,
gates, or conveyors fail to function properly.

4.5.4.8 LayoutAn electrostatic precipita-
tor system should be designed to conserve
space and to minimize costs. Other factors
to consider are provision for future addi-
tions of equipment and the effect of the lay-
out on gas flow distribution.

.5.5 Specifications and Guarantees

Little published information is available
on design criteria for electrostatic precipi-
tators. It is therefore advisable for persons
without extensive knowledge of and ex-
perience with the application of electro-
static precipitators to rely on several dif-
ferent vendors or consultants to furnish
specifications. Forms used by members of
the Industrial Gas Cleaning Institute are
helpful for reporting and tabulating neces-
sary information. These forms specify the
information that the vendor needs to make
a comprehensive proposal. This form in-
cludes information on:

1. The purchasing company.
2. The proposal.
3. The application.
4. Operating and design conditions.
6. Properties of the particulate matter

and the gas stream.
6. Inlet particulate matter loadings.
7. Desired outlet loadings.
8. Desired efficiency.

When the purchaser lacks sufficient in-
formation to complete the form, the vendor
can often draw on his knowledge and experi-
ence to supply the missing information or
can advise the purchaser on further action.
The purchaser may also retain consultants
for guidance.

Industrial Gas Cleaning Institute publi-
cation No. EP-4 is useful for bid evaluation.
Major sections of this form relate to:

1. Operating and performance data.
2. Precipitator arrangement.
3. Collecting system.
4. Electrical systems.
6. Other auxiliary equipment and soy-
ices.

The purchaser should select specifications
from the information submitted by the sev-
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eral vendors. Any differences in equipment
or services proposals should be reconciled
by consultation with the vendors or other
experts. The specifications selected should
be used to solicit final bids.

The purchase agreement should include a
performance guarantee (when desirable),
conditions for measuring performance, and
specifications. Information that may be used
for guidance in the preparation of purchase
agreements is published by the Industrial
Gas Cleaning Institute."-t"

.4.5.6 Maintaining Collection Efficiency

A well designed precipitator properly
maintained and operated within design lim-
its will perform consistently at or above
design efficiencies throughout its service-
able life.

Loss of efficiency is commonly caused by
overloading, process changes, or inadequate
maintenance. Increasing output or process
gas flows without adding precipitator sec-
tions usually reduces electrostatic precipita-
tor efficiency. Changes in raw materials,
products, fuels, tied gas stream conditions
can also lead to poor i..)rformance. If these
factors are anticipated in the original de-
sign, lass of efficiency can often be avoided.

It is not always possible to anticipate
changes in the properties of particulate mat-
ter and the gas stream. It is therefore im-
portant that collector performance be mon-
itored frequently by sampling the outlet gas
stream. When inspection and maintenance
fail to bring performance to within design
limits and overloading is not a factor, the
cause of poor performance is usually trace-
able to changes in properties of the particu-
late matter or the gas stream. Should this
occur, consultation with the manufacturer
of the equipment or ss th other experts is in
of der.

-1.5.7 improlcmen; of Collection Efficiency
Process changes or changes in air pollu-

tion control requirements may make it nec-
essary to improse the efficiency of an elec-
trostatic pv.eptator. When no provision
has been made fur future additions, it may
be less c--ety t) scrap the older unit and
to katall a modern, more efficient unit.
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If provision has been made originally for
layout and installation of additional units
to increase capacity, the changes may be
made at nominal cost.

Before action is taken to improve effi-
ciency, all of the elements of design men-
tioned in Section 4.6.1 should be consid-
ered and compared with process require-
ments. The modifications required will de-
pend on the degree of improvement required
and the application.

When process conditions have changed,
changing the voltage or power supply of
the unit may improve the performance.
Increasing the number of high-tension bus
sections may at times improve performance,
The installation of automatic power controls
alone seldom results in significant improve-
ment; however, use of this technique in
conjunction with other techniques such as
increased sectionalization is often effective.

Installing additional high-voltage electro-
static precipitator sections is the most com-
mon technique for improving collection effi-
ciency. At times efficiency may be improved
sufficiently by distributing the flow more
unit.,rmly within the unit or in the duct-
work leading to the unit. In exceptional
cases, modification of material handling sys-
tells may bring about the necessary im-
rovement.

Changing the temperature of the gas
stream or injecting of ler materials into
the va:, stream may improve efficien-
cy. 1^2 Whenever foreign materials are
injected the air pollution aspects of these
materials should be considered.

4.5.8 Typical Application
high-seltage electrostatic precipitators

have been used successfully to collect a wide
variety of solid and liquid particles. Vari-
ous applications for high Pottage electro-
static precipitators are included in Table
4-2.

4.5.8.1 Parr ritrd Coal-Firrd Poorrr Plants
The arrangement in Figure 1-63 depicts a
rtiverized coal unit. Typical of older systems,
the mechanical precleaner (multiple cyclone)
and the electrostatic precipitator are located
downstream of the air heater. Gases range in
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temperature from 220° to 350° F. The best
precleaners seldom exceed 80 percent efficien-
cy. Assuming an 80 percent cleanup, the elec-
trostatic precipitator would have to collect 95
percent of the remaining particulate matter
to achieve an overall efficiency of 99 peg cent.
When soot is blown, particulate matter con-
centrations are well in excess of average
emission levels.

A recently installed collection system lo-
cates the electrostatic precipitator before, in-
stead of behind, the air heater on a large
steam generator. The collector is rated at
99 percent efficiency and handles gases at
from G00° to 700° F. In this temperature
range resistivity of particles is favorable for
collection; particularly for fly ash gener-
ated from low sulfur coals and residual
fuel oil. Installations of this type must
handle greater volumes of gases and, there-
fore, are more expensive. Long-term evalu-
ations are necessary to compare the per-
formance of this unit with cold-side electro-
static precipitators of the same rating.

4.5.8.2 Infrarn Ird Serr Ininkiup Oprcations
Iligh-voltage electrostatic precipitators are
frequently used in integrated steel plants.
A common application is the detailing of
coke oven gas. Wet-type electrostatic pre-
cipitators are used for final cleaning of blast
furnace gases. Exit loadings as low as 0.005
grain per standard cubic foot have been re-
ported for this application.'" High
voltage electrostatic precipitators applied to
sintering strands reportedly reduce partic-
ulate emission concentre' ons to less than
0.04 grain per standar( .bic foot. '01-1^1,

Precipitator equipment applied to oxygen-
lanced open hearths, bask oxygen furnaces.
and electric are furnaces reduces particulate
emission levels to less than 0.05 grain per
standard cubic foot. '"' "4' ""'"'

4.5.8.1 Crnunt /r/drIsttyElectrostatic pre-
cipitator system efficiencies in excess of
98 percent have been reported for dry-proc-
ess rotary cement kiln applications. 'Is Ef-
ficiencies exceeding 99 percent have been
reported for electrostatic precipitator sys.
(ems applied to wet - process rotary cement
kilns. III
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4.5.8.4 Kraft Pulp MillsThe electrostatic
precipitator is a common gas cleaning de-
vice used on kraft mill recovery furnaces.
A survey of 50 plants indicated that the
rated efficiency of electrostatic precipita-
tors installed ranged from 90 to 98 per-
cent."' In some applications efficiencies
of at least 99 percent have been reported.
Electrostatic precipitators have been ap-
plied to emissions from kraft mill lime kilns.

3.5.8.5 Sulfuric AcidThe efficiency of elec-
trostatic precipitators in removing acid mist
from contact-type sulfuric acid manufac-
turing processes ranges from 92 to 99.9
percent.'"

.6 LOW.VOLTAGE ELECTROSTATIC
PRECIPITATORS

4.6.1 Introduction

The low-voltage, two-stage, electrostatic
precipitator is a device originally designed to
purify air, and is used in conjunction with
air-conditioning systems. Cleaning of incom-
ing air at hospitals and industrial and com-
mercial installations is also a major use for
the low-voltage precipitator, and it is some-
times called an air-corslitioning precipitator
or electronic air (Merl:" As an industrial
particulate matter collector, the device is
used for the control of finely divided liquid
particles discharged from such sources as
meat smokehouses. asphalt paper saturators.
pipe coating machines. and high-speed grind-
ing machines.

Low-voltage precipitators are limited al-
most entirely to the collection of liquid par-
tides, which will drain readily from collector
plates. Two-stage precipitators cannot con-
trol solid or sticky materials, and become in-
effective if concentrations exceed 0.4 grain
per standard cubic foot.

There is a limited number of ways of re-
m% ing collected materials from the two-
stage precipitator. This limitation causes the
primary use of the equipment to be restrictel.
to systems with low grain loadings in which
the collector plates need to be cleared only
at infrequent intervals. This has been a de-
torrent to widespread use of two-stage pre-
cipitators in air pollution control. Also, elec-



trostatic precipitators do not collect or re-
move gases or vapors responsible for ob-
jectionable odors and eye irritation.

4.6.2 Major Components of Low-Voltage
Eleetrostatie Precipitators

The feature of the low-voltage precipitator
(Figure .1- 51 ) that distinguishes it from the
high-voltage electrostatic precipitator is the
separate ionizing zone located ahead of the
collection plates.':' The ionizing stage con-
sists of It series of fine (0.007-inch diameter)
positively charged wires equally spaced at
distances of from 1 to 2 inches from parallel
grounded tubes or rods. A corona discharge
between each wire and a corresponding tube
charges the particles suspended in the air
flowing through the ionizer. The direct-cur-
rent potential applied to the wires amounts
to 12 or 13 kilovolts. Positive polarity is reg-
ularly used to minimize the formation of
ozone.

The second stage consists of parallel metal
plates usually !as than an inch apart. In
some designs, alternate plates are charged
positively and negatively, each to a poten-
tial of 6 or 61/2 kilovolts direct current, so
that the potential difference between adja-
cent plates is 12 or 13 kilovolts.

In other cases, plates are alternately
iliarged to a positive potential of 0 to 13
ltilovolts and grounded. (The lower voltages
are used with closely spaced plates.) This
arrangement is shown in Figure 4 -51. The
illustration shows particles entering at the
left, receiving a positive charge in the ion-
izer, and being collected at the negative
plates in the second stage. Liquids drain by
gravity to a pan located beneath the plates.
Rapping or shaking is not employed, pri-
marily because of the close spacing of plates.

The package unit shown in Figure 4-M
is used to collect oil mist from grinding ma-
chines.'" Oil droplets agglomerate on the
plates and drain to the bottom. Because solids
or viscous liquids will not drain freely. sys-
tems removing such materials have to be
shut down occasionally for cleaning of the
plates to prevent arcing.

Semi: scous materials can be collected by
the low-1 ()Rage precipitator if an adequate
washing system is provided. The frequency

1

of washing will depend on the inlet loading
and the characteristics of the collected par-
tictdate matter.

4.6,3 Auxiliary Equipment

Pretreatment of particles may be required
to improve their electrical properties before
they enter the precipitator. The system
shown in Figure .1-56 includes a low-pies.
sure scrubber, mist eliminator, and temper-
ing coil to control temperature and hu-
midity. Removal of large particles by the
scrubber allows longer operating periods
without shutdown for cleaning of the elec-
trostatic precipitator. Mist eliminators re-
move water droplets and prevent excessive
sparkover. Heating coils allow flexibility in
setting optimum conditions. For many ma-
terials, a relative humidity greater than 50
percent in the gas stream is beneficial.

1.6.1 Design Parameters

When a low-voltage electrostatic precipi-
tator is used in conjunction with air condi-
tioning, velocities range between 5 and 10
feet per second (fps). However, for pollu-
tion control purposes, where the particulate
loadings are much higher, the superficial gas
velocity through the plate collector section
should not exceed 1.7 fps. The relationship
between air velocity and collection efficiency
is illustrated by the Penney equation which
assumes streamline flow. The Penney (1937)
equation for two-stage precipitation is:

F
vd

where:
F = efficiency expressed as a decimal.
w= drift velocity, feet per second.
L = = collector length, feet.
v =gas velocity through collector, feet

per second.
d , distance between collector plates.

feet.

The upper limit for streamline flow through
these t' o-stage nrecipitators is 600 feet per
minute (fpm). Mechanical irregularities in
units now manufactured may reduce this up-
per limit.

The effect of gas velocity on collection ef-
ficiency for several industrial operations is
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shown in Figure 1 57. Efficiencies of 80 per-
cent and greater are shown for the collec-
tion of oil mist at asphalt paper saturators
and for air conditioning applications. Col-
lection efficiencies ranging from 60 to 80
percent are possible for meat smokehouses
at a velocity of 1.5 fps. For smokehouses.
collection decreases rapidly at higher veloci-
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in.t istrial operations.

ties. Test data for typical installations are
shown in Table 4 -7.

The practical voltage limit for low-volt-
age precipitators is 18 kilovolts. Most units
operate at 10 to 13 kilovolts. Current flow
under these conditions is small (4 to 10 milli-
amperes). The collecting plates Pre usually
energized at 5.5 to 6.5 kilovolts. but poten-



Table 4-7.INDUSTRIAL OPERATION OF TWO-STAGE PRECIPITATORS'

Contaminant
source

Contaminant
1)Te

Ionizing
voltage

Tool grinding. .

Meat smokehouse.

Meat smokehouse.

Deep fat cooking..

Asphalt saturator
(roofing paper.

Muller-type mixer.

Oil aerosol.
Wood smoke,

vaporized fats.
Wood smoke,

vaporized fats.
Bacon fat aerosol...

13,000
13,00:

10,000

13,000

Oil aerosol 12,000

Phenol-formal-
dehyde resin.

13.000

Number
of ionizer

banks
Collector
voltage

Efficiency
vt percent

Velocity,
fpm

Inlet
concen-
tration
gr/scf

1 6,500 90 333
2 6,00 90 60 0.103

1 5,00) 50 1.181

2 6,506 175 percent
opacity

reduction)
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1 6,000 145 0.384

1 6,500 87 75 0.049

(Ws tip to 13 kilovolts ,,1L possible. Actual
current flow is small because no corona ex-
ists between the plates.

The degree of ionization may be increased
by increasing the number of ionizing elec-
trodes. either by decreasing spacing or by
installing a second set of ionizing wires in
series. Because decreased spacing requires
reduced voltage to prevent sparkover, there
appears to be an advantage in the series ar-
rangement. Decreased spacing. however.
lowers first cost and space requirements.

Low-voltage precipitators of :,tandard de-
sign for capacities up to 20.000 cfm are sup-
plied by manufacturers in preassembled
units requiring only external wiring and duct
connections. The installed weight of the pre-
cipitator is approximately 80 pounds pet
square foot of cross-sectional area measured
perpendicular to the gas flow. These stand-
ard units are usually sized so that the air
flow for air pollution applications is about
100 fpm.

4.6.. Materials of Construction

The standard material used in the con-
struction of low-voltage precipitator (*flee
for cells is aluminum. The precipitator holm-
ing is usuilly made of galvanized steel and
frames are of aluminum. Where washing is
to be frequent and even mildly corrosive con-
ditions exist ionizer wires should be made
of stainless steel.

Soo

1.6.6 Typical Applications of Low-Voltage
Electrostatic Precipitators

Applications of low-voltage precipitators
to air pollution control have developed slowly
since 1937 when the first installation was
successfully used to collect ceramic over-
spray from pottery glazing operations. Other
applications have been the collection of oil
mist from high-speed grinding machines and
the cleaning of gases from deep fat fryers,
asphalt saturators. rubber curing oven, a d
carpet mill dryers. See Table 4-7 for oper-
ational data.
..6.6.1 Machining Op raticusIligh speed
grinding machines generate mist from cut-
ting oils, which must be vented from the
working area. Package units of the type
shown in Figure 4-65 are used to collet the
mist. A filter is provided ahead of the pre-
cipitator to remove metal chips and any
other large particles. Concentrations of solids
and tars are usually low enough to be flushed
from the plates with the collected oil drop-
lets.

1.6.6.1 .lspholt SaturatorsIn thA manufac-
ture of roofing paper, low-voltage electro-
static precipitators are used to remove the
steam-distilled organic materials from hot
liquid asphalt. Moisture evolved from the
paper carries oil from the process. Oils that
are collected flow readily from the plates of
the electrostatic precipitator; only occasional
cleaning is required.
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4.6.6.3 Meat Smokehouses Smokehouses are
used by meat packing houses to cook and
smoke a variety of products. During the
cooking cycle, exhaust products are reason-
ably innocuous and exhaust gases can be dis-
charged directly to the atmosphere. Smoke
generated from hardwood sawdust contains
liquid aerosols, most of which are partially
oxidized organics. In addition to aerosols,
odorous, eye-irritating gases and vapors are
discharged in exhaust products.

Two-stage precipitators have been used
with limited success to control visible aero-
sols from smokehouses. All such operations
use the design of Figure 4-56 with a scrub-
ber, mist eliminator, and tempering coil.
Under optimum operation, these units have
reduced visible emissions to about 10 per-
cent onacity. Maintenance is a problem, how-
eve; and the exhaust gases have a strong
odor and a lachrymose character.

The collected particles are principAy tars
and gums. When the unit is warm (; 20 to
180° F), at least some of these tars drain
from the plates. When the plates are not
cleaned regularly, arcing occurs in the col-
lector section, particularly near the lower
edges of the plates.

4.6.6.4 Other Applications Two -stage pre-
cipitators offer the promise of a low-cost
control device for such operations as rubber
curing and carpet mill drying, where oil
mists are generated. Conceivably, these de-
vices can be used wherever the liquid sepa-
rates easily from the plates and wherever
other considerations such as odors and eye
irritants are not a problem.

4.6.7 Air Distribution
Proper air distribution through the pre-

cipitator is essential for efficient collection.
PrecipitatorP are usually installed with hori-
zontal air flow and frequently in positions
requiring abrupt changes in gas flow pre-
ceding the unit. Installations of this type
can result in turbulent and uneven flow with
high local velocities, leading to low overall
efficiencies.

Where a straight section of at least 8 duct
diameters is not available ahead of the pre-
cipitator, mechanical means for balancing
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the air flow must be used. Several types of
distribution baffles and turning vanes have
been devised. The most effective device has
been found to be one or more perforated
sheet metal plates fully covering the cross
section of the plenum preceding the ionizers.
The optimum open area for the plate is about
40 percent of the cross-section.

4.6.8 Maintenance

To assure optimum performance, the in-
ternal parts of the precipitator must be kept
clean enough to prevent arcing. In addition,
voltagcs have to be held within proper
ranges, and plate and wire spacings have to
be maintained within reasonably small tol-
erances.

The frequency of internal washing will de-
pend on the application. High particulate
loadings in the gas stn.. ;Ili and sticky ma-
terials present the greatest problems. On the
other hand, two-stage precipitators can be
operated indefinitely where relatively clean,
free-flowing oils are collected.

4.7 FABRIC FILTRATION

.1.7.1 introduction

One of the oldest and most positive meth-
ods for removing solid particulate contami-
nants from gas streams is by filtration
through fabric media.'1" The fabric filter is
capable of providing a high collection effi-
ciency for particles as small as 0.5 micron
and will remove a substantial quantity of
particles as small as 0.01 micron."'

With a fabric filter, the dust-bearing gas
is passed through a fabric in such a manner
that dust particles are retained on the up-
stream or dirty-gas side of the fabric while
the gas passes through the fabric to the
downstream or clean-gas side. Dust is re-
moved from the fabric by gravity and/or
mechanical means.' The fabric filters or
bags are usually tubular or flat.

The structure in which the bags hang is
known as a baghouse. The number of bags
may vary from one to several thousand. The
baghouse may have one compartment or
many so that one may be cleaned while oth-
er. are still in service. Figure 4-58 illustrates
one type of baghouse.



CLEAN AIR
OUTLET

DIRTY AIR
INLET

CLEAN AIR
SIDE

COLLECTION
HOPPER

FIGURE 4-58, Typical simple fabric filter baghousa design.
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4.7.1.1 Range of ApplicationApproximate-
ly 80 percent of all manufacturing plants
contain operations that produce dust and
particles of such a small size that use of a
highly efficient collection device such as a
baghouse is desirable.'" In many cases, a
fabric collector is an integral component of
the plant operation. For example, filters are
used to collect metal oxides, carbon bl-
and dehydrated milk, and to recover reusable
materials such as nonferrous grinding
dusts.'-"

In other casei, fabric collectors are used
to reduce equipment maintenance, to im-
prove product quality, to filter ventilation
air entering a clean room, to prevent physical
damage to the plant or equipment, and us-
ually to collect mists, fumes or particulate
matter that contribute to atmospheric pol-
lution.,"

The initial selection of gas cleaning equip-
ment for a given plant frequently is made
on the basis of past performance of the
equipment. However, in making a choice, the
ability of the equipment to continue satis-
factory operation under anticipated condi-
tions must also ba considered. In 'hort, de-
sign collection efficiency is not the sole cri-
terion of performance. The ability of the
equipment to continue high collection effi-
ciency throughout its lifetime is also im-
portant. Other parameters considered in the
selection are the costs of purchase, oper-
ation, and maintenance (detailed in Section
6), as well as a variety of technical factors
(listed in Section 4.7.4).

4.7.2 Mechanisms of Fabric Filtration
The particulate matter is removed from

the air or gas stream by impinging on or
adhering to the fibers.12T, 12$ The filter fibers
are usually woven with relatively large open
spaces, sometimes 100 microns or larger.
The filtering process is not simple fabric
sieving, as can be seen by the fact that high
collection efficiency for dust particles 1 mi-
cron or less in diameter has been achieved.
Small particles are initially captured and re-
tained on the fiber of the fabric by direct
interception, inertial impaction, diffusion,
electrostatic attraction, and gravitational
settling. Once a mat or cake of dust Is ac-
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cumulated, further collection is accomplished
by mat or cake sieving as well as the above
mechanisms. Periodically the accumulated
dust is removed, but some residual dust re-
mains and serves as an aid to further filter-
ing.

4.7.2.1 Direct InterceptionAir flow in fab-
ric filtration is usually laminar.," Direct in-
terception occurs whenever the fluid stream-
line, along which a particle approaches a filter
element, passes within a distance from the
element equal to or less than one half the
particle diameter. If the particle has a very
small mass it will not deviate from the
streamline as the streamline curves around
the obstacle, but because of van der Waal
forces it will be attracted to and adhere to
the obstacle if the streamline passes suffi-
ciently close to the obstaele.,3" (See path A
in Figure 4-59 for illustration.)

C ELECTROSTATIC ATTRACTION

A DIRECT
INTERCEPTION

IP

B INERTIAL IMPACTION

Eternal 4-59. Streamlines and particle trajectories
approaching filter elements. (I), represents the fil-
ter element diameter; 1),, the diameter of the par-
ticles; V. is the velocity of the gas stream.)

4.7.2.2 Inertial ImpactionInertial impac-
tion occurs when the mass of the particle
is so great that it is unable to follow the
streamline rapidly curving around the ob-
stacle and continues along a path of less
curvatlire,"" so that the particle comes closer
to the filter element than it would have .:0M13
if it had approached along the streamline.
Collision occurs because of this inertia effect
even when flow line interception would not
take place. (See path B in Figure 4-59). Im-
paction is not a significant factor in collect-



ing particles of 1 micron diameter or less.
Impaction is considered significant for the
collection of particles of two microns diam-
eter and becomes the predominant factor as
particle size increases."'

4.7.2.3 DiffusionFor particles ranging in
size from less than 0.01 to 0.05 micron di-
ameter, diffusion is the predominaat mecha-
nism of deposition. Such small particles do
not follow the streamline because collision
with gas molecules occurs, resulting in a ran-
dom Brownian motion that increases the
chance of contact between the particles and
the collection surfaces. A concentration gra-
dient is established after the collection of a
few particles, and acts as a driving force to
increase the rate of deposition. Lower air
velocity increases efficiency by increasing the
time available for collision and herefore the
chance of contacting a collecting surface."'

4.7.2.4 Electrostatic AttractionElectrostat-
ic precipitation will result from electrostatic
forces drawing particles and filter element
together whenever either or both possess a
static charge. (See path C in Figure 4-59.)
These forces may be either direct, when both
particle and filter are charged; or induced,
when only one of them is charged. Such
charges are usually not present unless de-
liberately introduced during the manufac-
ture of the fiber. Electrostatics assists filtra-
tion by providing an attraction between the
dust and fabric, but it also affects particle
agglomeration, fabric cleanability, and col-
i"etion efficiency. A triboelectrie series of
filter fabrics may be useful in selecting fab-
ric with desirable electrostatic properties."'

4.7.2.5 Gravitational SettlingSettling of
particles by gravity onto the filter surface
may zesult from particle weight as the par-
ticle passes through the filter. A simple
method of judging the usefulness of a mecha-
nism, based on particle size, is shown in
Table 4-8.'"

4.7.3 Filter Resistance

Two forms of resistance, clean cloth re-
sistance and dust mat resistance, affect the
design of baghouses containing fabric filters.
4.7.3.1 Clean Cloth ResistanceThe resist-

Table 44.--CONTROL MECHANISM FOR
PARTICLE SIZE COLLECTION'

Diameter
Primary collection mechanism of particle,

mIcrorl

Direct interception >1
Impingement >1
Diffusion 0.001 to 0.6
Electrostatic 0.01 to 6
Gravity >1

ante to air flow offered by clean filter cloth
is determined by the fiber of the cloth and
the manner in which the fibers are woven
together. A tight weave offers more resist-
ance than a loose weave at the same air
flow rate and, because the air flow is laminar,
resistance varies directly with air flow. One
of the characteristics of filter fabrics fre-
quently specified is the American Society
for Testing and Maeda Is (ASTM) perme-
ability, which expresses the air volume in
cubic feet per minute passing through a
square foot of clean new cloth with a pres-
sure differential of 0.50 inch water gauge.
The usual range of values is from 10 to 110
cfm per square foot."' With normal design
conditions, the resistance of tY e clean cloth
does not exceed 0.10 inch of water gauge and
is often less. The average flow rate in use
for an operating cloth is 1,5 to 3.0 cubic feet
per minute per square foot of woven cloth.
This is known as the air-to-cloth ratio or
the filtering velocity in feet per minute.",
4.7.3.2 Dust Mat Resistance- -The pressure
drop of the dust mat at tha end of any
elapsed time is related to the concentration
of dust in the gas stream, the mass density
of the gas, and the face velocity of the gas
through the fabric by the equation!

Gpgv't
{op,) wxe =Kt

where:

(Apt) ,,,,, = pressure drop of the dust mat,
inches of water

t =elapsed time, seconds
G,----dust concentration in gas stream,

lb/ft'
p mass density of gas, slugs/ft'
g=--- acceleration of gravity, ft/sec'

105



v =face velocity of gas through the fab-
ric, ft/sec

K = resistance coefficient
C = dimensional constant

The values of K, the resistance coefficient
modified to include a factor for conversion
of dust cake thickness to mass with constant
viscosity, must be determined experimen-
tally. C is a dimensional constant adjusted as
required for the actual units used.'", 1"

K values are usually determined by means
of a scale model unit either in the laboratory
or in the field. Care must be exercised in ap-
plying such results to a full-scale unit.'" If
a vertical bag is used, elutriation of particles
may,occur so that the true value of K varies
with time and position on the bag." The
measured value of K is an average value that
may not be the same when the scale or the
configuration is changed. This is borne out
by failure of some full-scale units to func-
tion as anticipated on the basis of pilot
studies.

Table 4-9 gives K values for a number
of dusts,'" These data were obtained by lab-
oratory experiments using an air flow of 2
cubic feet per minute through 0.2 square
foot of cloth area (equivalent to a filtering
velocity of 10 ft/min). The tests were termi-

nated at a maximum pressure differential of
8 inches of water column.

Investigators have found that K varies as
a power function of the filter velocity,"1 and
velocities greater than 2.3 ft. /min, seriously
affect the K value of the fly ash being
studied."' These recent studies indicate that
K values listed in Table 4-9 should be used
only for erAinates. Further research is
needed to definif more precisely the factors
affecting the resistance coefficients of filter
cakes. The values in Table 4-9 may be used
when such limitations are considered.

The pressure drop across the collected dust
increases uniformly with time, indicating a
linear relationship between resistance and
the thickness of the accumulated dust mat.
The data clearly show a treed of increasing
resistance with decreasing particle size. In a
full-scale baghouse, particularly if relatively
long vertical bags are used, a substantial
amount of elutriation can be expected.'" The
dust-laden gas usually enters the filter bag
at the bottom and travels upward. As the
gas filters through the cloth, its upward ve-
locity decreases so that only very fir', dust
remains airborne to in deposited on ale up-
per portion of the bag. Because the actual
pressure loss through the bag must be the

Table 4-9.FILTER RESISTANCE COEFFICIENTS (K) FOR INDUSTRIAL DUSTS ON WOVEN FABRIC
FILTERS'

Filter resistance coefficients (K) for particle size smalle than
Dusts

LO mesh b. 140 mesh b. 376 mesh b'd 90 pc 45 p 20 p 2p

Granite 1.58 2.20 19.8

Foundry 0.62 1.68 3.78

Gypsum 6.30 18.9

Feldspar 6.30 27.3

Stone 0.96 6.30

Lampblack 47.2

Zinc oxide 15.7
Wood 6.30

Resin (cold) 0.62 25.2

Oats 1.58 9.60 11.0

Corn 0.62 1.58 3.78 8.80

KmInchex water gauge per pound ot dust per square toot per toot per minute ot filtering velocits.
b U.S. standard sieve.

Coarse, smaller than 20 mesh or 140 mesh.
Medium, smaller than 350 mesh, 90 p or 46 p.
Theoretical size of silica; no correction made for materials having different densities.
Fine, smaller than 20 a or 2 p.
Flocculated material, not dispersed, size actually larger.

106

'



same through all areas, the volume and fil-
tering velocity through some portions of the
bag reach high values. Investigators "9
found that local filtering velocities vary by
a factor of 4 or more throughout a single
filter bag. This, in turn, may lead to collapse
or puncture of the fiber cake."9 Punctures
(small holes in the dust mat) are usually
self-repairing because the increased air flow
through the small area of low resistance
brings more dust with it. Collapse of the fil-
ter cake, on the other hand, is a shift in cake
structure to a more compacted condition with
a greater resistance.

Collapse and puncture of the filter cake
are phenomena caused by excessive filter-
ing velocities. Some dust is embedded and re-
mains in the interstices of the cloth when
puncture or collapse occurs so that normal
cleaning does not completely remove this
dust. The embedded dust "blinds" or plugs
the fabric pores to such an extent that the
fabric resistance becomes permanently ex-
cessively high. Once begun, blinding be-
comes worse rapidly. For example, transient
local filtering velocities of 100 ft/min
through areas of puncture were found when

BAG ECONOMICS

DUST AND GAS CHEMISTRY

OF DUST AND GAS STREAM --1

FABRIC SELECTION

DUST AND GAS TEMPERATURE

PHYSICAL CHARACTERISTICS

DUST PARTICLE
SIZE DISTRIBUTION

DESIRED COLLECTION
EFFICIENCY

GAS DEW POINT

GAS TEMPERATURE -----*

EQUIPMENT
MAINTAINABILITY

ECONOMICS

the average filtering velocity was only 0.76
ft/min.'"
4.7.3.3 Effect of Resistance on DesignRe-
sistance of the cloth filter and dust cake can-
not be divorced from the total exhaust sys-
tem. The operating characteristics of the
exhaust blower and the duct resistance de-
termine the ways in which increases in the
baghouse resistance affect the gas rate. If
the blower performance curve is steep, the
gas flow rate may be reduced only slightly
when the resistance of the filter bags changes
markedly."' Some variation in resistance and
air volume occurs normally in all baghouses.
Proper design requires that the volume be
sufficient to capture the emissions at the
source when the Eystem resistance is maxi-
mum and the gas volume minimum. To pre-
vent blinding of fabric from partic!e im-
paction, the filter ratio must not be excessive
immediately after cleaning when the pres-
sure drop is at a minimum and the air vol-
ume at a maximum.

4.7. Equipment Description and Design
The selection or desian of industrial Bust

collection equipment requires consideration

4 PROCESS FACTORS-.

AIR TO CLOTH___). FILTER SURFACE
RATIO AREA

PRECOOLFRS

L-PRECLEANERS

< VOLUME

4 4 INLET DUST
LOADING

PRODUCT
RF.QUIREMENTS

FILTRATION CYCLF.4_BAG CLEANING
TECHNIQUE

ENERGY ECONOMICSBAGHOUSE_,FALRIC FILTER
HOUSING -COLLECTOR DESIGN

DESIRED
COLL ECTION
EFFICIENCY

BAG ECONOMICS

PRODUCT HANDLING

Ficus,: 4-60. System analysis for fabric filter collector design.
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of many factors. Figure 4-60 illustrates 'he
complex nature of the final selection of a
fabric collector. Exhaust system design con-
siderations include:

1. Determination of the minimum vol.
Ime to be vented from the basic
equipment.

2. Estimation of the maximum desir-
able resistance.

3. Selection of the blower operating
point that will provide the minimum
required volume at the maximum sys-
tem resistance.

4. Estimation of the minimum resist-
ance for the condition immediately
after a thorough cleaning of the fil-
ter bags.

5. Determination of a second operating
point on the blower characteristic
curve for the clean bag condition.

6. Determination of the minimum fil-
tering area required by the maximum
filtering velocity permissible for the
particular dust or fume being col-
lected.

7. Rechecking of the calculations, with
the filtering area thus determined,
to assure compatibility.

The rule of thumb for air-to-cloth ratios
for conventional baghwises with woven-
clott,, fabric filters is 1.5 to 3.0 cubic feet
per minute per square foot for dusts and
1.0 to 2.0 cubic feet per minute per square
foot for fumes. The pressure drop for the
woven cloths normally ranges from 2 to 8
inches of water. Physical characteristics of
bag fabrics tested in a pilot plant are given
in Table 4-10. Typical relationships between

Table 4-10.-PHYSICAL CHARACTERISTICS OF
BAG FABRICS TESTED IN PILOT PLANT"'

Fabric

Material A
Siliconized Siliconized Salconized

glass Dacron glass

Thread count 54X52 73X63 65X35
Yarn Type:

Warp Filament Filament Filament
Fill Filament Filament Staple

Weave Crowfoot Twill Twill
Weight, oz/sq yd 9.36 4.69 9.00
ASTM

permeability 15-20 25-36 60-80
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filter ratio and pressure drop across bags for
the three fabrics in Table 4-10 14° aro shown
in Figure 4-61.11°

Typical filter ratios and dust conveying
velocities for various dusts and fumes col-
lected in woven z!oth bags are shown in
Table 4-11.3"

4
7

C

vi 6

4

3

--I--I20
1 2 3 4 5

FILTEI4ING RATIO, 83/ft2 min

Roc A and C arc silIconited gloss fabrics, 8 Is a
sl!iconized Dacron faErIc.

FICUM 4-61. Presoure drop versus elter ratio for
fabrics on 60minute clearing cycle for electric
furnace dust.

(Courtesy of the Journal of the Air Pollution
Control Association)

Table 4-I1.-RECOMMENDED MAXIMUM FILTER-
ING RATIOS AND DUST CONVEYING VELOCI-
TIES FOR VARIOUS DUSTS AND FUMES. IN
CONVENTIONAL BAGHOUSES WITH WOVEN
FABRICS"'

Dust or fumes

Maxim4m Branch
filtering pipe
ratios, velocity,
cfm/ft' fpm

cloth area

Abrasives
Alumina
Aluminum oxide
Asbestos
Baking powder

3.0
2.26
2.0
2.75

215-2.50

4300
4500
4500

3500-400u
4000-4500

Batch spouts for grains 3.0 4000
Bauxite 2.6 4500
Bronze powder 2.0 5000
Brunswick clay 2.25 4000-4500
Buffing wheel operations 3.0-3.25 3500-4000
Carbon 2.0 4000-4600
Cement crashing mid

grinding 1.6 4500
Cement kiln

(wet process) 1.6 4000 -4500



Table 4-11 (Continued).-RECOMMENDED MAXI-
MUM FILTERING RATIOS AND DUST CONVEY-
ING VELOCITIES FOR VARIOUS DUSTS AND
mins IN CONVENTIONAL BAGHOUSES
WITH WOVEN FABRICS'

Dust or fumes

Maximurn
filtering
ratios,
cfm/tV

cloth area

Branch
Pipe

velocity,
fpm

Ceramics 2.6 4000-4600
Charcoal ... 2.25 4500
Chocolate .... 2.25 4000
Chrome ore 2.6 5000
Clay 2.25 4000-4500
Cleanser 2.25 4000
Cocoa 2.25 4000
Coke 2.26 4000-4500
Conveying 2.6 4000
Cork 3.0 3000 -350a
Cosmetics 2.0 4000
Cotton 3.5 3500
Feeds and grain 3.26 3500
Feldspar 2.6 4030-4500
Fertilizer (baggilg) 2.4 4000
Fertilizer (cooler, dryer) 2,0 4600
Flint 2.5 4600
Flour 2.5 .-500
Glass 2.5 4000-4500
Granite 2.6 4500
Graphite 2.0 4500
Grinding and separating. 2.25 4000
Gypsum 2.6 4000
Iron ore 2.0 4500 -5000
Iron oxide 2.0 4500
Lampblack 2.0 4500
Lead oxide k.25 4500
Leather 3.6 3600
Lime 2.0 4000
Limestone 2.76 4500
Manganese 2.25 5000
Marble 3.0 4600
Mica 2.25 4000
Oyster shell . 3.0 4600
Packing machines 2.75 4000
Paint pigments 2.0 4000
Paper 3.6 3500
Plastics 2.6 4600
Quartz 2.75 4500
Rock 3.25 4500
Sanding Machines 3.25 4500
Silica 2.75 4600
Soap 2.26 3500
Soapstone 2.26 4000
Starch 2.25 3600
Sugar 2.25 4000
Talc 2.25 4000
Tobacco 3.5 3600
Wood 3.5 3600

The rule of thumb for air-to-cloth ratios
for reverse jet baghouses with felted or
napped woven fabric filters is 10 tc 16 cubic
feet per minute per square foot of cloth for
dust, and 6 to 10 cubic feet per square foot
of cloth for fumes. Table 4-12 shows typical
filter ratios of fabrics used for various dusts
and fumes being collected in reverse jet bag-
houses."'

A typical range of dust loading for woven
bag filters is from 0.1 to 10 grains per cubic
foot of gas. Higher concentrations of par-
ticulate matter in some industries are re-
moved by a pre-cleaning device, such as a
low efficiency cyclone. Maximum dust load-
ing reported for felted bag filters with re-
verse jet or pulse jet cleaning is 80 grains
per cubic foot. Figure 4-62 presents dust
loading versus filter ratio data for typical
products.'"

4.7.4.1 Baghouse Design-Many design con;
siderations for handling waste gases from

4,1
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al

60

cr

Lu 40

0
)- 20

0

FILTERING RATIO, 113/112 - min

KEY

1. MAGNESIUM 6. KAOLIN
TRISILICATE 7. CEMENT OR

2. CARBON BLACK LIMESTONE DUST
3. STARCH DUST 8. COAL DUST
4, RESINOX 9. LEATHER BUFFING
5. DIATOMACEOUS EARTH DUST
FOR NUMBERS 1 THROUGH 6, 99.94 99.99 PER-
CENT PASSING 325 MESH. FOR NUMBERS 7 AND
8, 95 PERCFNT PASSING 200 MESH. NUMBER 9,60
MESH AVERAGE.
From 4-62. Typical performance cf reverrejet

baghouses using felted fabrics on a variety of
dusts (dust load versus filtering ratio at 3.5 in.

.c. pressure drop).
(Courtesy of the Industrial Chemist magazine)

109



Table 4-I2.RECOMMENDED MAXIMUM FILTER.
ING RATIOS AND FABRIC FOR DUST AND
FUME COLLECTION IN REVERSEJET BAG.
HOUSES"'

Niaterial
or operation Fabric

Filtering
ratios,
elm /ft'

Afurnin lir oxide
Bauxite
Carbon, calcined.... _

Carbon, green _ . _

Carbon, banbury
mixer.

Cement, raw. ......
Cement, finiahed
Cement, milling
Chrome. (ferro)

crushing.
Clay, green... _

Clay, vitrified
.sIlicious.

Enamel, fp gcels in1 _

Fl our
Grain

Graphite
Gypsum

Lead oxide fume____.

Lime
Limestone (crushing).
Metallurgical fumes._

Mica
Paint pigments
Phenolic molding

powders.
Polyvinyl chloride

(PVC).
Refractory brick

sizing (after firing).
Sandblasting_

Silicon carbide
Soap and detergent

powder.
Soy bean
Starch
Sugar

Talc
Tantalum fl uoride...
Tobacco
Wood flour
Wood sawing

operations.
Zinc, metallic.
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Nappen cotton_ 11

Cotton lateen 10
Napped cotton, 8

wool felt.
Orlon felt.... 1

Wool felt 8

Cotton sateen
Cotton sateen
Cott on sateen. _
Cot ton sateen._ _ _

Cotton sateen
Cotton sateen

Napped cotton_
Cotton sateen._
Wool felt,

cotton sateen.
Wool felt
Cotton sateen,

orlon feli.
Orlon felt,

wolf felt.
Napped cotton
Cotton sateen
Orlon felt,

wool felt.
Napped cotton
Cotton sateen
Cotton sateen

Wool felt

Napped cotton

Napped cotton,
wool felt.

Cotton sateen
Dacron telt,

orlon felt.
Cotton sateen
Cotton sateen
Cotton sateen,

wool felt.
Cotton sateen
Orlon felt
Cotton sateen
Cotton sateen
Cctfrn sateen

Orlon felt,
dacron felt.

Table 4-12 (Continaed).RECOMMENDED MAXI.
MUM FILTERING RATIOS AND FABRIC FOR
DUST AND FUME COLLECTION IN REVERSE.
JET BAGHOUSES"

Material
or operation "abrIc

Filtering
ratios,

elm/ft

Zinc oxide Orlon felt
Zirconium oxide Orlon felt 8

Decrease 1 cim/ft: if t"ist concentration is or
particle size is small.

9 various operations are the same regardless
10 of the process involved. However, this is not

8 n,,icessarily true of baghouse typea most
10 important design decisionwhich tanges
10 from the open-pressure type to the closed,
12 welded, fully insulated baghouse. Generally

the type of baghouse required is dictated by
the moisture in the wt.ste gas. The higher
the dew point, the greater the precaution
that must be taken to prevent condensation
which can moisten the filter cake, plug the
cloth, and corrode the housing and hoppers.
Three designs, open pressure, closed pres-
sure, and closed suction are used in fabric

to filter baghouse construction.", The cost of
to the open pressure system is the least of the
10 three; that of the closed suction system is

the greatest.
Open pressureAn open pressure bag-

house, in which the fan is located on the dirty
gas side of the system, can be operated with

o open sides as long as protection from the
12 weather is provided. Under some circum-

stances, a completely open baghouse is satis-
6-8 factory,'" and allows hotter inlet gas tem-

peratures to be used because the cooling is
9-11 better in an open baghouse. Better cooling

allows lower temperature filter media to be
14 used with higher inlet gas temperatures than
10 might otherwise be possible." In an open
10 pressure system, the blower must handle the

entire dust load, which causes the blower to
wear substantially. Thus, maintenance cost
is higher than that for a blower on the clean
gas side of a baghouse. Because air flows
from the inside of the filter bags, bag re-

1t placement is facilitated because a leaky bag
is easier to locate. The open pressure unit is

12
14
16

7

10

8

11

10
10

12

11

6
12
10
12
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FIGURE 4-63. Open pressure baghouse.

normally constructed with corrugated steel
or asbestos cement walls. It may have open
gratings at the cell plate level and may not
require hopper insulation. Figures 4-63 and
4-64 illustrate the open pressure bag -
house.144, 143

Closed pressure - -A closed pressure bag-
house is also constructed with the fan on the
dirty gas side of the system, but the structure
is closed.

The closed pressure unit is used for gases
with high dew points and for toxic gases,
that cannot be released at low elevations.
Blower maintenance problems are identical
to those of the open pressure baghouse. As-
bestos cement walls without insulation are
sometimes used to construct closed pressure
baghouses. The floor of such a unit is closed
and the hoppers are insulated. Figure 4-65
and 4-66 illustrate the cl'v,ed pressure bag-
hause.111, "3

Closed suctionA closed suction baghouse
is one in which the fan is located on the clean
gas side of the closed, all-welded, air tight
structure. The closed suction unit is used for
gases with dew points between 165° F and
180° F. The floor of such a unit is closed and
the structure walls and hopper are insulated,
particularly for dew points in the upper
range. Blower maintenance is cheaper be-
cause the blower is on the clean gas side of

the system. The inspection for holes in the
bag is difficult. Figures 4-67 and 4-68 illus-
trate the closed suction baghouse."4."'

Structural considerationsMetal used to
construct the baghouse walls and hoppers
must be strong enough to withstand the pres-
sure differ tials involved. A pressure differ-
ential of 8 inches water column represents
approximately 42 pounds per square foot.
The total air pressure !"Yor.ted on a side panel
of a closed suction baghouse may be in excess
of 2 ions.,"

Easy access to the baghouse Interior must
be provided to change bags and to perform
maintenance. The open pressure unit has
easy access to the cell plate at the bottom of
the barhouse, even when the unit is operat-
ing. However, at the bag top level, the hot
and possibly toxic gases prevent bag chang-
ing without taking the unit off stream. To
overcome this difficulty, many units are fur-
nished with internal partitions between com-
partments so an individual compartment can
be isolated. Thus, the remaining compart-
ments continue to filter while the one re-
moved from service is maintained.

Hoppers are sized to hold the collected
dust while or until it is removed for disposal.
The slope of the sides of the hopper must be
steep enough to permit the dust to slide or
flow freely. The designer must also consider
the possibility of bridging. Continuous re-
moval of dust will help to prevent bridging
of material, and will prevent operating diffi-
culties with materials that become less fluid
with time.

4.7.4.2 Fabric Filter ShapeFilter shape is
dependent on the use to which the filter will
be put. Two major bag shapes, the envelope
(flat) and the tube, are used.

The envelope bag is illustrated in Figure
4-69.143 Dust is coilected on the outside of the
bat, which is prevented from collapsing by
the use of internal screens or frames. How-
ever, the internal screen complicates bag
changing and the contact of the screen and
fabric reduces cloth life. The envelope bag
has the advantage of providing more filtering
surface per volume than the tubular bag be-
cause of the close spacing of the envelopes.
If the dust has a tendency to bridge, every

111
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FIGVRE 4 65. fluted pleasure baghouse.

other bag may be removed to prevent plug-
ging.

The tubular bag, illustrated in Figure
4 -70, is open at one end and closed at the
other.'" Tubular bag design is more varied
than flat bag design. Multi-bag and bottom or
top entry uni-bag filters are in widespread
use. Mr flow may be either from the outside
or inside.

A niriti-bag is a group of either three or
six tubular bags sewn together as shown in
Figure 4-71.1" Multi-bag suspension is lim-
ited to a top loop suspension. A disadvantage
of the top loop suspension is the difficult ad-
justment required occasionally because of the
multi-bag dimensional instability.

The uni-bag is a single tubular bag. not at-
tached to other bags, into which gag; may
enter from the top or bottom. Bottom entry
allows gas to enter from the hopper section
and flow upwards into the filtering area as
shown in Figure 4-72.1"

Bottom entry allows pre-separation of the
coarse partici% in the hopper, and the fabric
handles the suspended dust. Gas flows dosn
in a top entry unit into the filtering area as
shown in Figure 4-73.'" The entire dust load
passes through the entire tube of the top
entry design before dust reaches the hopper.
A cell plate ceiling, as well as a cell plate
floor, increases the difficulty of adjusting top
entry bags. The top entry baghouse creates a

dead gas pocket in the hopper than can be a
source of trouble because of condensation of
water vapor in moisture-laden gases.

The direction of gas flow in tubular bags
can be either inside out or outside in. If the
direction is outside then a frame is inserted
in the bag to prevent the bag from collapsing.
Collecting the dust en the outside of the bag
requires that the unit be inspected on the
dirty gas side and increases the difficulty of
bag replacement. Also, shorter bag life is ex-
perienced because of bag and frame contact.

4.7.4.4 Cloth Type --Two basic types of cloth
are used in fabric filters. They are woven
cloth or "cake" filter media, and felted cloth
or "fiber" filter media."4.

Woven fabric acts as a support on which a
layer of dust is deposited to form a micro-
porous layer capable of removing additional
particles by sledng and other basic filtration
mechanisms.'" Cake filtration is the most
important removal mechanism when new fil-
ter cloth becomes thoroughly impregnated
with dust. A wide variety of woven and felted
fabrics are used in fabric filters. Clean felted
fabrics are more efficient dust collectors than
clean woven fabrics, but woven materials are
capable of giving equal filtration efficiency
after a dust layer accumulates on the surface.
AVlieti PW woven fabric is placed in service,
visible penetration of dust may occur until
the cake builds up. This takes a period of a
few hours to a few days for industrial appli-
cations, depending oft the dust loading and
the nature of the particles. When dealing
with extremely low grain loadings and fine
dusts, fabrics may be preloated with asbestos
floats or similar materials to form an arti-
ficial filter cake to prevent dust leakage.

Another method of reducing dust leakage
in fabrics is based on the use of electrostatics.
Electrostatic forces used in dust collecting
mechanisms are explained in Section 4.7.2.4.
Electrostatics not only assists filtration k
providing an attraction between the dust and
fabric but also may affect particle agglomera-
tion, fabric cleanability and collection effi-
ciency.

Electrostatic charges are induced in both
fabrics and dusts by friction. The maximum
charge and the charge dissipation rate are
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Flom: 4-67. Closed suction liaghouse.

Fictwfi 4 -'44. Closed suction concrete bagbouso unit.
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measured for each fabric and dust. Fabrics
are arranged in relation to each other in a
triboelectric series)" Attempts to develop
such a series for dusts have not been success-
ful.

Agglomeration of some charged dusts may
be aided by selection of a fabric with an op-
pcite charge. For example, a negatively
charged dust would agglomerate with a posi-
tively charged fabric.

TOP VIEW

SIDE VIEW

ViGt-an 4 69. TypivAl flat or envelope dust collec-
tor bac.

TOP VIEW

SIDE VIEW

rIGI RF. 4 70. Tpical round or tubular dust col-
lector hair.

Dust leakage through a fabric may be re-
duced by maximizing the electrostatic differ-
ential between dust and fabric, thus maxim-
izing the electrostatic attraction forces. Leak-
age may also be reduced by selecting a fabric
with a low dissipation of electrostatic charge.
A fast dissipation of charge reduces too
quickly the electrostatic attraction between
fabric and dust. When this occurs, fabric
overcleaning during the cleaning cycle is
possible with no residual dust remaining on
fabric to act as a precoat.

Electrostatic charging has been introduced
in some bonded fiberglass fabrics used for
air conditioning installation. However, until
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more information is available for large in-
dustrial fabric filters, the relative import-
ance of electrostatics in determining the best
filter fabric for a specific installation cannot
be evaluated. Certainly, if one fabric does not
v.ork effectively, other fabrics should be
tried, Both the physical characteristics and
the electrostat!c properties of the fabrics
may serve as guides.

Waren fabricsWoven fabric filters in
conventional baghouses usually have air-to-
cloth ratios of 1:1 to 5:1.1m "* Woven fabric
permeability can be varied, which, in turn,
varies the operating air-to-cloth ratio. Per-
nteabifity and air-to-cloth ratio have beezi
discussed in Section 4.7.8.1.

Woven fabric permeability or porosity is
varied by using different yarns, fabric count,
cloth weights (expresed as ounces per square
yard), And *ye patterns. The three basic
forms of yarn used for woven fabrics are
monofilament, multifilament, and spun-sta-
pie.'" ktonofilament yarn is a synthetic fiber
made in a single, continuous filament, Multi.
filament yarn is made by twisting two or
more monofilamenta together. Spun-staple
yarn is made by twisting short lengths of
natural or synthetic fiber into a continuous
strand. Warp is the yarn that runs length-
wise in a cloth and fill (pick) is the yarn
that interlaces with warp yarn to form a
woven fabric." The count of a fabric is the
number of warp and fill yarns per square
inch in a woven fabric.



Another method for deo casing woven
fabric porosity is to weave cloth from napped
yarn or plied yarn. The napped yarn is made
by abrading the surface of the filament yarn
to produce a fuzzy, fibrous condition.'" The
plied yarn is made by twisting lighter weight
yarns together in a single, continuous strand
of yarr."' For example, a fabric made from
800 denier yarn (weight in grams of a single
continuous strand of yarn, 9000 meters long)
may be made from plied yarn by using four
strands of 200 denier yarn. These four 200
denser strands of yarn may be twisted to-
gether to give the plied strand of yarn which
may be used to weave the 800 denier cloth.
The weight of the cloth remains unchanged
while its dust retentivity is improved.

The basic weaves usually used for fabric
filters are plain, twill, and sateen.'" These
are illustrated in Figure 4-74. The plain
weave has a simple "one up and one down"
construction. This construction permits max-
imum yarn interlacing per square inch, and,
if woven tightly, allows high impermeability.
If the count is lowered, this weave can be As
open as desired. The plain weave is common
in certain cotton ducks and many synthetic
fibers.'"

The twill weave is recognized by the sharp
diapaal "twill" line formed by the passage
of a warp yarn over two or more fill or pick
yarns with the interlacing advancing one
pick with each warp. In equivalent construc-
tion, twills have fewer interlacings than the
plain weave and, hence, greater porosity, al-
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though this naturally depends on the count.
Cotton and synthetic filter twills are com-
monly used.'"

The sateen weave with even fewer nick
interlacings, spaced widely and regul ,rly,
provides h smooth surface with increased
porosity. These (nllities make them particu-
larly valuable in dust collection. Cotton fab-
rics in this weave are commonly known as
sateens. Cotton sateen is probably more com-
monly used than any other fabric in fabric
filters operated at ambient temperatures.

Dimensional stability is an important fac-
tor in filter fabric. Colton and wool fabrics
must be preshrunk, and synthetics are usu-
ally given a corresponding treatment known
as "heat-setting"."' This process contributes
to a more even balance of warp and filling
yarn tension, controlr porosity, and virtually
eliminates shrinkage. Dimensional stability
may be lost if the fabric is subjected to tem-
peratures near that used in th,: original heat .
setting process. Excessive temperatures in
operation can cause a shrinkage of 3 or 4
percent. Shrinkage may cause a bag to pull
loose from it3 connection to the floor pate or
the upper support structure.

Woven natural fabrics may be treated with
flameproofing, moldproofing, thrinkproofing,
and/or dust - releasing coatings, such as sili-
cone to increase service life.'" Woven syn-
thetic fibers are often treated with flame-
proofing and dust releasing coatings..

Woven fabric bags are made from cotton,
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wool, Dacron, Nylon, Orion, Nomex, polypro-
pylene, Teflon, and fiberglass.

Fiberglass fabric bags are treated with
silicone, mixtures of silicone and colloidal
graphite, and Teflon lubricants to orovide
protection against abrasion and flex failures
caused by fiber-to. fiber rubbing.'" These lu-
bricants are effective at temperatures of
from 100°F to 550°F.

Felled fabricsFelted fabrics serve as fil-
ter media and are used in reverse jet and
pulse jet baghouses with air-to-cloth ratios
of 5: 1 to 10:1,114 or ratios 5 to 0 times '"
those woven fabric filters.

Felted bags are more expensive than
woven hags. Wool is the only fiber that will
produce a true felt. However, synthetic fibers
can be needled to function as a feat filter
fabric. Hence, felt is limited to wool and such
synthetic fibers as Dacron, Nylon, Nomex,
polypropylene, and Teflon. Cotton and fiber-
glass fibers do not make felted fabrics.

Feted fabrics are complex, labyrinthine
masses of randomly oriented fine fibers. The
relative thickness provides the advantages of
maximum dust impingement and changes of
direction of flow to entrap small dust and
fume particles Felted fabric filters operate
with extremely high collection efficiencies.'"

In some cases, felted bags do not function
well in the collection of extreme6- fine fumes
because the fine pat tides are embedded in
the felt and are very difficult to remove in the
cleaning cycle. In general, felted bags are
cleaned by high-pressure reverse jet arid jet
pulse devices that operate at frequent inter-
vals. In one unit, each felted bag is cleaned
individually by reverse air flow from a pres-
sure blower and a burst of compressed air
released when the bag has been expanded.'"

Principal considerations for proper selec-
tion of the most economical felt fora particu-
late process include,'"

1. Necessary characteristics of the fiber
to meet chemical and thermal resist-
ance needs.

2. Type of construction.
3. Such physical properties of the felt

as density, breaking strength, elonga-
tion, bursting strength, air permea-
bility, and particle site retez.:ion.
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4.7.4.4 Fabric Clcaning Fabric flexing and
reverse air flow through the cloth are two
methods of cleaning collected particulate
matter from fabric filters.

Fabric flexingManual shaking, mechani-
cal shaking, and air shaking are three meth-
ods of fabric flexing used in cleaning filters.
Air shaking is further broken into four meth-
ods: bubbling, jet pulsing, reverse air
flexing and sonic vibration.

Manual shaking is used in baghouses of
about 500 to 500 square feet of cloth. A rap is
transmitted to the framework from which
the filtering bags are suspended. Vibration
from the rap shakes the dust loose. Thorough
cleaning is rarely achieved because the shak-
ing action is dependent on the operator's
vigor.'" This method is the least expensive
and least desirable.

'Mechanical shaking (Figure 4-75) re-
moves dust from woven fabrics in a manner
simil;r to that achieved by hand shaking a
rug.'" The shaker mechanism provides a
gentle but effective cleaning action on the
Lags without exerting undue stresses on the
fabric.

The shaker design must allow for easy in-
stallation, alignment, and maintenance.
shaking is usually used for inside out filter-
ing and is considered too vigorous for fiber-
glass bags unless special provisions are made
for reducing the intensity of shaking.'"

IN9DE OUT
FILTEPING

SIDE view

Pistil 1-T5 Measnical INakinir of bottom entry
&sign airbag dist collector.



Mr shaking (Figure 4-76) is done by
flowing air between rows of bags, indwhip-
ping the bags to make a dancing, cleaning
action.'" Bags are overcleaned near the ori-
fice or jet and undercleaned in blind areas out
of the windhipping action. This method
requires a minimum of hardware but is usu-
ally too vigorous for fiberglass bags.'"

Air bubbling is done by releasing a travel-
ing air 'nibble at the top of the bag during
the cleaning cycle, as ;,!sown in Figure 4-77.
The !rubble travels down the bag during re-
prersuring and causes it to ripple, thus clean-
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FiGltg 4-7E. Air shaking fluFt
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Pict at 4-T7. Rabble cleaning et (last collector bags.

ing the bag by shaking. The compressed air
requirements are high and cleaning at higher
air-to-cloth ratios has not been fully proven.
This method is used for inside out filtering
and sometimes for fiberglass bags."'

The jet pu'AQ method employs a jet action
of compressed air through a venturi section
at the top of the bag (Figure 4-78). Smaller
dinmaer tubular bags are held in place over

a supporting screen, and dust is collected on
the outside of an open-endup tubular bag.
Compressed air released at frequent intervals
to a row of bags causes the bags to pulse out-
ward, thus vibrating the fabric, and remov-
ing the dust. The dust is cleaned off by a flick-
ing action on the collection surfaces rather
than a reverse flow through the fabric. Felted
fabrics usually are Ilsed with outside-in fil-
tering. The jet pulse provides uniform pres-
sure drop end continuous and automatic
cleaning with no moving parts and permits
higher air-to-cloth ratios, resulting in smaller
units for equivalent capacity. The cost of a
supporting frame and higher replacement
costs of felted fabrics over woven fabrics
are disadvantages of this method.'"

Reverse air flexing is achieved by a double

or triple cycle deflation of the bags followed
by gentle inflating through low-prey. ure re-
verse flow, as shown in Figure 4-79. The

cleaning is not (xclusively shaking, be-

caose some backwashing occurs. This method
is used for inside out filtering with fiberglass
bags.

COMPRESSED MR

OUTSIDE IN
FILTERING

SIDE VIEW

rtstAS 4-78. Jet pile. diet collector hag cleaning.
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Occasionally, sonic generators are used to
provide additional fabile vibrations for
cleaning action.'" Sonic generators vibrate
the dust loose from the collecting fabrics as
shown In Figure 4-80. They are sometimes
used to supplement repressuring and reverse
flow cleaning. Some carbon black and zinc
oxide installations are using repressuring
and sonic horns to clean fiberizia.s bags.'"

Pcrersc air /low is Divided into three meth-
ods: repressuring cleaning, atmospheric
cleaning. atmospheric cleaning, and reverse
Jet cleaning.

AIR HORN

FILTER PAO
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SOUND WAVES

SIDE WE*

frog 4- ZO. Softie cleaning of dust collettot tsgs,
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liepre..suring cleaning is a low-pressure,
high-volume, reverse flow of air through the
bags as shown in Figure 4-81. It is used for
woven or felted bags.

Atmospheric cleaning is used in closed sue.
tion baghouses. An atmospheric vent is
placed into the damper of the fan so that
when the compartment damper valve closes,
the vet opens to the atmosphere allowing a
backwash of air to clean the cloth, as shown
in Figure 4-82. This action is gentle and is
only used with fiberglass cloth and easily re-
moved dust. Sonic horns may be used to sup-
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rfulltt 4-51. Repref..41,ting cleaning of dust collec-
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FIGURE 4-82 Cloth cleaning

plement the cleaning action. The amount of
backwash air ix dependent on cloth resist-
ance. If the resisthnce is high the amount of
backwash air is diminished, thus reducing
the cleaning action.'"

Reverse jet cleaning uses a travel:..ir com-
pressed air ring which moves up and down
the outside of a tubular filter bag, thus Wm-

lOP ENTRY
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AIR BLOW
RING

natio 443.

INSIDE OUT
FILTERING

CROSS-SECTION

Reverse let &waning of dui collector
bap.

CLEANING

TO NEXT
COMPARTMENT

SIDE VIEW

by reverse flow of ambient air.

ing the dust back through the cloth and off
the inside of the bag with compressed air as
shown :n Figure :-88. Re-entrainment of
fine dust during cloth cleaning has caused
high pressure drops across some baghouses
collecting fine fumes. The design is used suc-
cessfully with felted bags with high air-to-
cloth /iiii(13 collecting relatively coarse, nor.
abrasive dusts The replacement cons of bags
is somewhat high. The unit allows a compact
Inst

The volume of air blown through the slot
of the blow ring usually ranges from 1.0 to

cubic feet per minute per linear inch of
zJ .t."' Slot widths range from 0.03 to 0.2b
inch."'

Pabrie ScirctioaFabrica that are
prezently applied in commercially available
bagh)uses are shown in Table 4-18.1",'"- l"
The finish adplied to these fabrics is de-
scribed in Section 4.7.4.8.

When comparing fabric cost ranks given
in Table 4-18, other t "ctors also should be
considered. Use of a high-temperature fabric
reduces the amount of dilution cooling re-
q iired.'" A high - temperature fabric requires
less filtering area. For example, when cooling
gases from 400°F to 260°F with ambient air
at 90°F, the final gas volume is increased by
CO percent, The filter operating at 400°F re-
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Table 4-I8.FI1.TER FABRIC CHARACTERISTICS "11 "'

Operating Mr
exposure Supports perme-

Resistance

Composition Mineral Organic CostFiber cf.-. corn- ability
buatfon Abrolon adds adds Alkali tankcfm/fti

Lor.g Short

Cotton , 226 yes 10-20 Cellulose 0 P 0 0 1

Woo; 200 260 no '2 0 6 0 Protein 0 I' IP p 7

Nylon 4 200 260 yes 16-80 Polyamide E P F 0 2
Orlon 4 240 276 yes 20 -/6 Polyserylonit rile 0 0 0 F 8
Dacron 4 276 326 yea 10-60 Polyester E 0 0 0 4

Polypropylene 200 260 yea 740 Olefin E E E E 6

Nomex 4 426 600 no 76-64 Polyamide i F E 0 8

Fiberglass.. 660 600 yes 10-70 Glass P-F E E P 6

Teflon'.... 4150 600 no 16-65 Polyfluoroethyiene F l E E 9

email at 0.6 In. W.G.
P. Poor. F. Fair, -Good, E F:xcelient.

Coat rank, 1 et lowest coat, highest cost.
+Dupont registered trademark.

quires only 61.5 percent as much cloth area as
at 250°F. These reductions will also lower
power costs for operating the filter."'

Fabric materirls less commonly used are
carbon, metals and ceramic fibers that will
filter gases at temperatures up to 1600°F."N
Beta fiberglass, a relatively new product, is
more flexible than regular fiberglass and
abrades less in service.'"

414.4 Auxinary h'quipment---Auxiliary
equipment that is selected during the original
design includes dust handling equipment and
precooling equipment.

Dust handling rcuipmrntFor collectors
that are regularly cleaned and re-used, such
dust handling equipment as hoppers must be
provided for the collected dust. Hoppers
empty through $1 dust gate, rotary lock or
trickle valve into a screw or belt conveyor, a
truck body or a tote bin.'" The dust is then
conveyed to the final disposal point.

Careful consideration must be Oven to the
dust handling system at the time the fabric
collector is originally designed.'" Failure to
do so may result in leakage in the system that
will redisperse the collected dust and create
air pollution problems. Inaccessibility of the
handling equipment for servicing will make
maintenance difficult. Under-siting of the dust
disposal mechanism may block the upstream
flow of process materials.

Praooling ercipoirtifThe application of
cloth filtration to the cleaning of furnace
trues in most cases requires that the gases be
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cooled in order to protect the filter fabric and
to ensure economical bag life. The following
three cooling methods are employed zingly or
in various combinations:"4

1. Radiation and convection cooling, this
requires a relatively large Investment
in ti-tube coolers, or heat exchangers.

2. Admission of outside air for cooling,
this results in relatively large filtra-
tion volumes with a resultant in-
crease in the size of the gas cleaning
cquii;iment.

3. Spray cooling. this is the most eco-
nomical with respect to capital in-
vestment, but requires careful con-
trol of cooling water sprays in order
to keep the temperature of gases high
enough (75C}' i.b:ve dew point) to
prevent condensation, which causes
plugged filters.

Radiation and convection cooling, and
spray cooling cannot be used for a gas of
high moisture content. Only the tempering
air method can be used to avoid condensation
of the moisture. Regulation of temperature
is accomplished easily by this method. How-
ever. ihe outside air used for cooling also
must pass through the filter, so the filter
must be considerably larger than a filter used
with t' -tubes or spray coolinr, methods.

Sp.tiy cooling of hot gases is the least ex-
pensive method because the initial cost is
reasonable, the maintenance is relative4
easy, and the increase in gas volume to be



filtered is nominal. However, careful control
of cooling is needed to hold the temperature
of hot gases 60°F to 75°F above the dew
point.'"
4.7.4.7 Individual Collectors Versus Large
Collecting SystemsThe individual fabric
collector has several advantages over a large
central collecting system in manufacturing
plants where relatively few dust sources must
be controlled." The unit collector is self-
contained, and has a lower erection cost be-
cause the unit is shipped erected, or nearly
so, and because !t can be installed at the point
of need with minimum duct work. The unit
collector's mobility is often economically im-
portant in a plant with idle batch processes
where idle unit collectors may be moved to
sites requiriv.g dust control. The large central
collecting system requires considerable floor
space and is often erected outdoors. Outdoor
erection of a central system may require in-
sulation and even supplementary heat input
to avoid chilling the gas to the dew point. The
large central system is preferred in large
manufacturing plants where many dust
sources of continuous processes must be con-
trolled.

4.7.5 Typical App Prailena

The following examples of fabric collector
application are presented to show how they
may be applied to control particulate matter
fr ?tit various sources. The use of fabric filters
has been extended by the introduction of
fiberglass bags capable of operations at tem-
peratures up to 6501F. The use of synthetic
fabric bags has resolved many problems as-
sociated with corrosive or moderate tempera-
ture dust emissions.

1.73.1 Cement KilnsThe collection of the
dust from rotary cement kilns has long been.
a difficult problem. The difficulty arises from
the large volumes of gas involved, the heavy
loading of vet-) fine particles, the high gas
temperatures, and in the case of wet-process
kilns, tile presence of a large amount of
water vapor.'"

The conventional cyclone will collect a high
percentage of the dust, but beyond this point
the electrostatic precipitator is the only de-

vice besides the fabric collector capable of
final and complete cleanup.'"-"' Efficiencies
as high as 99.6 percent, outlet loadings below
.02 grains per standard cubic foot, and plume
opacities less than 10 percent have been re-
ported for fabric filter applications to cement
kilns.'"
4.7.52 Fo 14 ',dory CupolasEmissions from a
gray Iron cupola are a prime example of par-
ticulate matter than can be controlled with
high temperature fabric filtration. Cupola ex-
haust temperatures range from 1000° F to
2200° F with an average effluent loading of
about 1 grain per cubic foot.'" Me' of the
emission is fine metal oxide fume less than
0.5 micron in diameter. Gas cooling and high..
temperature fabric filters are required.
Evaporation cooling by water sprays is the
most common technique used in gas cooling.
Off-gas temperatures are reduced to about
450° F before filtration through fiberglass
bags. In a typical installation the gas is Al-
tered at rates of about 2.5 feet cfm /ft'
through tubular bags that are 111/2 inches
in diameter and 151,4 feet long. A bag life of
one or two years can be expected if bags are
used continuously. In noncontinuous service,
averaging 20 to 40 on-otrearn.hours per week,
bags have been reported to last four or flv,
years.'"

4.7.5.3 Klectric it re Steel FurnacesThe elec-

tric arc steel furnace presents an emission
control problem that is characterised by fine
particulate matter containing a high per-
centage of oxides of iron, dispersed in a gas
stream that is highly variable in tempera-
ture, loading, and volume during the differ-
ent process cycles. Effluent volume is de-

pendent on the type of hooding arrangement
employed because the dilution air fib,- is ad-
justed to provide for gas cooling and in-plant
dust control. Stack temperatures may reach
760° F or higher with closed, hooded units.'"

The first large-scale fiberglass filter in the
steel industry was installed in 1959 at a Se-
attle steel mill.'" This unit handles 105,000
cfm at temperatures up to 600° I using fiber-
glass bags 111,4 inches in diameter and 28
feet long that operate at an air-to-cloth ratio
of 1.4. The fiberglass bags are cleaned by co'.
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Another example is a furnt.....: melting 46
tons of steel scrap in four hours and using
an Orlon fabric filter to handle a volume of
60,000 cfm at 200°F. The bag replacement
costs are approximately $1400 per year with
a five year bag life.'"

4.7.5.4 Open Hearth FurnacesA major
steel company conducted a study which found
that iron oxide fumes generated by an oxy-
gen-lanced open hearth furnace could be col-
lected efficiently by fiberglass bags."1

The 10-compartment baghouse used in the
study handles 145,000 cfm at 500° F, based
on a filter ratio of 2 cfm/ft2 when nine of the
ten compartments are in operation. Each of
the ten compartments contains 80 fiberglass
bags, 111/2 inches in diameter and 34 feet
long (or 8070 square feet of filter surface per
cornpartment). Reverse air flex cleaning,
supplemented by sonic horns, is used. The
efficiency of the baghouse is well over 99 per-
cent under all conditions of inlet gas volume
and dust loading. Inlet particulate loading
has been as high as 20 grains per cubic foot
during periodic cleaning of heat regenerative
surfaces. The outlet dust loaf.;ng has been
measured at 0.007 grains per cubic foot.'

4.7.5.5 Nonferrous Metal FurnacesOne of
the largest secondary lead smelters in the
country has converted from synthetic fiber to
fiberglass bags to permit fume collection at
temperatures higher than 400° F. This in-
stallation cleans the combined effluent from a
reverberatory furnace and a lead blast fur-
nace. Higher filtering temperatures were
desired in order to eliminate the deposition of
organic tars on the bags. After 16 months'
experience with fiberglass bags, operated at
1.2 cfm /ft' and cleaned by shaking, results
are reported as satisfactory."'

After completion of pilot-scale studies with
both synthetic and fiberglass media at an in-
tegrated smelter producing primary copper
and zinc, a baghouse equipped with 222,000
square feet of fiberglass bags was con-
structed to clean the effluent streams from a
reverberatory furnace and copper convert-
ers." Fiberglass fabric was selected because
of its corrosion resistance and because opera-
tion at 460° F reduced by 50 percent the ra-
diation-convection heat transfer area that
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would have been required for cooling to tem-
peratures safe for organic media. The aver-
age filter ratio is 1.6 cfm /ft'. Bags 6 inches
in diameter and 10 feet long are used. Bag
cleaning involves collapse every half hour
supplemented by mechanical shaking every
eight hours. Sonic cleaning equipment has
been tried experimentally. Based on present
knowledge, an average bag life in excess of
two years is anticipated.

4.7.5.6 Carbon Black PlantsBaghouses
equipped with fiberglass bags are reported
to be in use for the final cleaning in 35 of the
37 carbon black plants in the United States.'"
Earlier baghouses used synthetic bags and
kept the filtration temperature below 250° F
to protect the media. However, the tempera-
ture was regulated by evaporative cooling,
which brought the gas stream close to the
acid dewpoint and caused serious corrosion
of fabric. The introduction of fiberglass in
1953 minimized this problem by allowing op-
eration at temperatures of 400° F to 500° F.
Bag collapse, with some supplementary vi-
bration from sonic horns or other gentle
means is the most common technique used for
cleaning the fiberglass filters. Air-to-cloth ra-
tios are usually 1.6:1. The average baghouse
capacity is around 50,000 cfm, and bag life
is 12 M 18 months.'"

4.7.5.7 Grain Handling OperationsThe im-
portant sources of grain dust emissions are
cleaning, rolling, grinding, blending, and the
loading of trucks, rail cars, and ships. Con-
veying and storing grains also cause dust
emissions.

Low- and medium-efficiency cyclones only
have been used because of the increased op-
erating costs and maintenance problems as-
sociated with high-efficiency multiple cy-
clones. For grain dusts larger than 10 mi-
crons in diameter, medium-efficiency cyclone,.
are satisfactory. For grain dusts smaller than
10 microns, the fabric filter is preferred."
Often, air streams containing large amounts
of dust are passed through a cyclone to re-
move coarse particles before being directed
to a fabric filter. This technique relieves the
fabric filter from handling a high volume of
large particles. Recei'..ing, handling, and
storing operations require hooding the emis-



sion source and conveying the dust-laden air
to dust collection equipment. For receiving
hoppers used in unloading rail cars and
trucks, a method of control is to exhaust air
from below the grating. The indraft velocity
required will range from 100 to 300 feet per
minute depending on whether the hopper is
in a building or outside and exposed to winds.

The fabric filters with the open pressure
or closed pressure baghouse with mechan-
ically shaken woven cotton bags are reported
to remove 99.9 percent of grain particles in
the size range of 1 to 5 microns.," The air-to-
cloth ratios are about 6:1,

Reverse jet filters which use felted fabrics
are reported to remove 99.9 percent of grain
particles in the size range of 1 to 5 microns
with an air-to-cloth ratio as high as 15:1,
although ratios of 12:1 are more common.168

4.7.6 Operational Practices

Operational practices are somewhat differ-
ent for woven fabrics and felted fabrics. The
bag life of woven fabrics is related to clean-
ing frequency. The more often a fabric, es-
pecially fiberglass, is cleaned, the shorter the
bag life; this assumes that cleaning is con-
ducted often enough to avoid fabric blinding
by a dust overload. Fabric cleaning may be
done when the pressure drop across the bag-
house, or one of its compartments, increases.
to 6 inches of water."' In large baghouses,
fabric cleaning is scheduled by compartment
based on previous operating experience.

To avoid plugging of woven fabrics be-
cause of condensation, the gas temperature
in the baghouse should be 50° F to 75° F
higher than the dew point of the gas.," In
some cases, insulated duct work and bag-
houses are needed to maintain gas tempers-
tures. In some installations, a small auxiliary
heater is used to prevent condensation in a
baghouse when it is shut down.

The bag life of felted fabrics is pro-
longed by reducing the frequency of clean-
ing. The cleaning cycle may be scheduled to
hold the pressure drop across a reverse jet
baghouse with felted bags to 3-5 inches of
water."' Figure 4-48 illustrates the effect
of pressure control on filter resistance in a
reverse jet filter for dusts and fumes.'"

DUST AT 5 TO 10 gr/fe3
OR METALLURGICAL FUME
AT 1 gr/i13

20 40 60 80

REVERSE JET OPERATION, percent

FIGURE 4-84. Effect of cleaning frequency on filter
resistance in reversejet baghouse.
(Courtesy of Air Conditioning, Heating, and

Ventilating magazine)

To avoid plugging of felted fabrics when
handling gases with high moisture content,
the use of preheated air for reverse jet clean:
ing may be necessary."'

4.7.7 Maintenance Procedures
Maintenance of a fabric collector is often

related to adequacy of the original design.
The installation of filters with high air-to-
cloth ratios is often responsible for rapid re-:
placement of bags. The replacement may be
needed because of blinding of fabric or ex-
cessive bag wear.

An unusually heavy grain loading may
cause excessive wear or blinding of a woven
fabric. As a rule of thumb, particulate load-
ings above 10 grains per cubic foot are often
handled by a precleaner such as a medium-
or low-efficiency cycloi, !."° The cyclone will
remove a large amount of particulate matter
greater than10 microns in diameter. Reverse
jet and pulse jet collectors can handle, with-

125

100



out a precleaner, dust loadings up to 80
grains per cubic foot for particulates larger
than 00 microns.'"

Many b:tghouses are designed with com-
partments so that, one compartment can be
shut down while the rest of the dust collector
continues operating. Means for easy access to
the bags should be included in the original
desi;!n.

Leakage through the filter is perhaps the
most important service problem. Each bag
must be regularly inspected for holes or
tears. Regular measurement of down-strenm
dust concentration should be made either
manually or with an electronic-eye, to warn
of an increase in dust content of the

Bag spacing is important. Sufficient clear-
ance must be provided so that one bag does
not rub another. A minimum clearance of 2
inches is needed between bags 10 or 12 feet
long," while longer bags require greatr
clearance distances.

The fan motor and bearings, shaking de-
vice, reverse jet blow rings, valves, and
dampers must be lubricated regularly and
checked for wear.'" To avoid extended down-
time, worn parts should be replaced before
they fail in service.

Regular inspection of ducts, hoods, frame-
work, and housing for signs of wear from
corrosion, erosion, excessive heat, and exces-
sive moisture should be made. '3°

Pressure guages, thermocouples, flow me-
ters, and all other instruments must be
checked regulary to ensure that they are
functioning accurately.'3n

A preventive maintenance program should
be established and followed. Regular routine
inspection of major lubricant locations is
needed. The schedule may be altered to fit
specific installations of dust collectors.'3°

4.7.8 Safety

Whenever dust is a combustible material,
the principal hazard in the operation of fab-
ric collectors is that of explosion and fire.
Other hazards may arise in special cases, de-
pending upon the toxicity or abrasiv,mess of
the dust, i.e., human health hi zards such as
metal poisoning and silicosis. Continuous
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monitoring of discharge effluents is needed to
avoid any mishaps.'''''

18 AFTERBURNERS

1.8.1 Iniroluction
Afterburners are gas cleaning devices

which use a furnace for the combustion of
gaseous and particulate matter. Combustion
is accomplished either by direct flame incin-
eration or by catalytic combustion.

The disposil of particulate matter by com-
bustion is limited to residue-free vapors,
mists, smoke, and particulate matter which is
readily combustible, as well as to particle
sizes which require short furnace retention
time and small furnace size. Afterburners are
usually used to dispose of fumes, vapors, and
odors when relatively small volumes of gases
and low concentrations of particulate matter
are involved.

4.8.1.1 Definition of TermsDirect flame
combustionThe use of a separately-fired
burner in direct flame contact with the par-
ticle-laden gas to sustain rapid oxidation.
Heat transfer occurs by conduction, convec-
tion, and radiation.

Catalytic combustionA method of oxi-
dizing combustible gases and vapors on the
surface of a catalyst, without flame and at
a lower temperature than corresponding
flame temperatures.

CatalystA substance which increases the
combustion rate and theoretically is un-
changed by the combustion process.

Flash point temperatureThe lowest tem-
perature at which the vapors above a volatile
combustible substance ignite momentarily in
air, tested usually by applying a small flame
under specific test conditions. Flash point
temperatures are dependent on the geometry
of the vapor-filled space, and differ from
open and closed containers.

Auto-ignition temperatureThe lowest
temperature at which a volatile flammable
substance will ignite and sustain combus-
tion."'

4.8.1.2 Advantages and Disadvantages of Af-
terburnersThe advantages and disadvan-
tages of direct flame and catalytic afterburn-
ers are cited to allow a comparison to be



made of the two types of gas cleaning de-
vices.

Direct flame Advantages of the direct
flame incineration afterburner include: (1)
high removal efficiency of submicron odor-
causing particulate matter, (2) simultaneous
disposal of combustible gaseous and particu-
late matter, (3) compatibility with existing
combustion equipment, CO relatively small
space requirements, (5) simple construction,
(6) and low maintenance.

Disadvantages include: (1) high opera-
tional costs including fuel and instrumenta-
tion, (2) fire hazards, and (3) excessive
weight.

Catalytic Advantages of the catalytic af-
terburner include: (1) reduced fuel require-
ments, (2) and reduced temperature, insula-
tion requirements, and fire hazards.

Disadvantages include: (1) high initial
cost, (2) sensitivity to catalytic poisoning,
(3) inorganic particles must be removed and
organic droplets must be vaporized before
combustion to prevent damage and plugging
of the catalyst, (4) catalysts may require
frequent reactivation, and (5) lower effici-
ency at the usual catalytic afterburner oper-
ation temperature.

Catalytic afterburners frequently require
a direct flame air preheater to initiate and
sustain catalytic combustion, thereby further
reducing the relative advantage of the cata-
lytic afterburner. Methane from the incom-
plete combustion of the direct flame pre-
heater fuel is not oxidized at low temperature
in the catalyst bed. Incomplete combustion
and the formation of oxygenated compounds
may be prevented by operating the catalyst
bed at elevated temperatures with a conse-
quent reduction in the thermal advantage and
fuel savings over direct flame combustion.

Catalytic afterburners frequently are un-
able to meet the local code requirements as
to combustion efficiency at the usual cata-
lytic afterburner operating temperature.

4.8.1.3 Combustion ThcoryCumbustion is
the chemical reaction of a fuel with an oxi-
dant, involving the disappearance of the

* Los Angeles County Rule No. 66: 90 percent or
more of the carbon in the organic material being in-
cinerated must be oxidized to carbon dioxide.

original reactants and the production of
heat and oxides. Combustion usually takes
'dace in a thin reaction zone.

When solid fuels burn, the reaction zone
is confined to the surface of the particle.
At low temperatures the combustion rate is
limited by the chemical reaction rate, where-
as at higher temperatures the chemical-reac-
tion rate is so rapid that the rate of air
supply controls the combustion rate.'". '"

Combustion of liquid droplets and volatile
solids occurs away from the surface of the
particle and combustion rate may be depend-
ent on the rate of heat transfer to the sur-
face, which causes evaporation and thermal
decomposition of the solid. Combustion is
influenced by the gas velocity, the rate of
mixing, and the supply of oxygen.'",

The temperature in the combustion zone
surrounding the particulate matter may ex-
ceed the temperature at the interior of the
particle and in the surrounding gas by sev-
eral hundred degrees. Heat transfer is large-
ly by radiation from the incandescent surface
of the particle, or from the incandescent car-
bon formed as an intermediate step in the
combustion process.'"

Cat«lytir combustionThe mechanism of
surface catalysis is very complex. The cata-
lytic combustion process occurring on the
surface of the catalyst involves diffusion of
the reacting molecules to the surface of the
catalyst through a stagnant gas film which
surrounds the surface of the catalyst, adsorp-
tion of the reactants on the surface, chemical
combination of the reactants, desorption of
the combustion products, and diffusion of the
combustion products from the surface of the
catalyst to the main gas stream. The rate
of catalytic oxidation is usually controlled
by adsorption, chemical combination, desorp-
tion, or a combination of these.""

Catalytic combustion occurs at a lower
temperature than direct flame oxidation by
substituting catalytic adsorption energy for
thermal energy of activation (energy neces-
sary for chemical combination) and by in-
creasing the concentration of the reactants
on the surface of the catalyst.

The chemical union of the oxygen with the
organic compounds occurs without flame on
the surface of the catalyst, with the transfer
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of the heat of combustion from the catalytic
bed to the gas stream.

Many substances exhibit catalytic proper-
ties, but metals in the platinum family are
recognized for their ability to produce com-
bustion at minimum temperatures. Because
catalysis is a surface phenomenon, relatively
small amounts of metal are used and sup-
ported to expose a maximum of surface area.
Other catalysts include copper chromite, and
the oxides of copper, chromium, vanadium,
manganese, nickel, and cobalt."6,

Catalysts may be subject to poisoning
from such materials as zinc, arsenic, lead,
mercury, copper, iron, antimony, and phos-
phates. Other materials which commonly
suppress catalysis include halogen, and sul-
fur compounds.us. 1i9 Poisoned catalysts may
be reactivated by periodically washing the
catalyst with acid solutions.

4.8.2 Aftt rburner Design Criteria
.4.8.2.1 GeneralVariables which must be
considered in the selection and/or design of
afterburners for particle-containing gaseous
wastes are heat transfer, reaction temper-
ature, particulate size, mixing, flame contact,
residence time, inlet gas temperatures, and
composition. The variables are interdepend-
ent and, as a consequence, design criteria are
semi-em Arica! because of the large range
of materials dealt with, the lack of design
data, and the relatively loose control of op-
erating conditions.

4.8.2.2 Heat TransferThe transfer of heat
from burner flame to gaseous and particulate
matter is an important factor in determining
the furnace size, operating temperatures,
and fuel requirements of direct flame con-
tact incinerators. Heat transfer is beg
achieved by mixing when gases are burned,
and best achieved by radiant heat transfer
when particulate matter is burned.1"91"

For purposes of burning particulate mat-
ter, radiant heat transfer and furnace tem-
perature uniformity may be increased by in-
creasing the emissivity of the burner flame.
This can be accomplished by limiting the
air supply to produce a sooty flame, by using
high carbon-to-hydrogen ratio (C/H) fuels,
by adding soot or fuel oil (by carburetion)
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to gas flames, by using low-velocity burners,
through poor mixing of air and fuel, and by
altering furnace design."'J -"I

4.8.2.3 Reaction TemperatureMost direct
flame burners operate in the 1200° to 1500°
F temperature range in order to obtain maxi-
mum combustion within the limits of flame
contact, mixing, and residence time in the
furnace."

Figure 4-85 illustrates the effect of air
velocity and particle diameter on the com-
bustion rate of carbon."6 1" The effects of
particle size, reaction temperature, combus-
tion gas composition, and gas velocity on the
combustion rate of carbon, coal, and a num-
ber of other compounds have been investi-
gated.171-174, 1,9-1511

Adsorption catalysts are used in fume
burners operated in the 800°F to 1200°F
temperature range. Furnace and catalyst
temperatures, space, velocity, and bed depth
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are used to achieve the desired level of com-
bustion efficiency (Figures 4-86 and 4-
87).19: 191

Compounds such as methane, which are
difficult to oxidize, require a catalytic bed
temperature approximately 200° F higher
than ethane, propane, butane, and other
members of the paraffin series. "' Carbon
monoxide, which is difficult to oxidize by di-
rect flame combustion at low temperatures,
is easily oxidizer, by platinum at a temper-
ature of approximateiy 300° F and by hop-
calite catalysts at room temperature.1T6. 196
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4.8.2.4 Retention TimePre-heat (induc-
tion) and combustion times will dictate the
overall residence time of the particulate. mat-
ter in the afterburner. Residence time re-
quirement will determine both combustion
chamber dimensions and efficiency.

The time required to heat the waste gas
to pc* furnace temperature is dependent on
the burner combustion chamber dimensions
and efficiency.

The time required to heat the waste gas to
peak furnace temperature is dependent on
the burner combustion intensity and inlet
gas temperature and may be computed as
follows:

heat up time (seconds) -=
heat capac. of gas (Iltu/ft'-°F) x temp. rise ( °F)

(1)
combustion intensity (Rtu /ft' -sec)

Values of combustion intensity will vary
from 1 Btu per cubic foot per second for low-
pressure gas jet mixers to 500 Btu per cubic
foot per second for premix mechanical burn-
ers. A typical value is 140 Btu per cubic foot
per second for premix high-pressure gas jet
multiple-port burners.

The time required to heat a gas with a
heat capacity if 0.0182 Btu /ft' - °F, from
200° F to 1800° F in a furnace with a com-
bustion intensity of 140 Btu per cubic foot
per second would be:

Time (seconds) =0,0182x (1800
200) /140 = 0.268 seconds

Combustion time required is dependent on
particle oxygen content of the furnace
atmosphere, furnace temperature, particle
composition, gas velocity, and mixing of com-
bustibles. Combustion times for a number of
different materials have been determined and
correlated on the basis of the following
equations:196

td = pRiT,x2,,/ (960Dpg) for diffusion-con
trolled combustion rate (2)

t,..px./(2K,,p6) for chemical reaction-con-
trolled cumbustion rate (3)

Where: t,, = diffusion-controlled combustion
time (seconds);
L.= chemical reaction rate-controlled com-

bustion time (seconds);
p=-- density of carbon residue or coke (gm/

cm');
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universal gas law constant (82.06 atm
cm1/mole/°K);

mean temperature of stagnant gas
film (°K) ;

x-= original diameter of particle (cm);
0 combustion mechanism =1 for CO and

2 for CO2 formation;
D= diffusion coefficient of oxygen at tem-

perature T,,, (gm/cm2);
p,= partial pressure of oxygen in combus-

tion air (atm); and
K. = surface reaction rate coefficient (gm/

cm2 sec atm).

K. me- 1,1 calculated by means of the follow-
equations:

K1 =1.035 x 10,x Ts-v.1 x e-211,220 /RTS (for soot)

(4)

K.= 3710 x e-85,700/RTs (for coke and (5)
carbon residue)

Where: T.= surface temperature of the car-
bon.

Equation 2 holds at high temperature, zero
gas velocity, and large particle sizes. The
equation can be corrected for the effects of
gas velocity and turbulence by use of the di-
mensionless Nusselt conventional heat trans-
fer relationship for spherical particles:1"

Neu =2+ 0.68 Npr1/2 X NRe1/2

Where: NNu = Nusselt Number;

Npr =Prandtl Number, a function of
the physical properties of the
gas; and

NR,, = Reynolds Number, a function
of the physical properties of
the gas, particle diameter, and
gas velocity.

The Nusselt Number NNu=h x/k=2 at
zero gas velocity where: h=convectional
heat transfer coefficient (cal/cm2 °C sec);
x = particle diameter (cm). h is an inverse
function of the stagnant gas film thickness,
x/2, surrounding the particle and directly
proportional to the thermal conductivity of
the furnace atmosphere, k (cal/cm2 °C cm
sec).

The film thickness decreases with increas-
ing velocity and decreasing particle size to
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such an extent that the combustion rate for
particles smaller than 100 microns is limited
only by chemical kinetics at normal after-
burner temperatures.

Equation 2 is of limited value in after-
burner design because particles larger than
100 microns are easily collected by other gas
cleaning devices and would require excessive
retention time and furnace volume.

Equation 3 holds for particle sizes smaller
than 100 microns and for temperatures at
which the combustion rate is determined Ly
chemical kinetics.

Total combustion time for a carbon resi-
due-forming particle then becomes:

tr=ti+tdKv+t, (7)

Where: tr=total residence time (see);

ti =induction time (sec) ; and

K =volatile matter correction factor
determined by the equation:

K,= (1 + E/100) /(1 + E/100V/100) (8)

where: E= percent excess air and
V= percent volatile matter

The combustion time for hydrocarbon liq-
uid droplets larger than 30'microns at zero
gas velocity may be computed using the fol-
lowing equation:"'

td= (29,800/pg) Mw T-1.75-x20 (9)

Where: AL.= molecular weight and
T= furnace temperature (°K)

The combustion time of particles smaller
than 30 microns is dependent on the com-
bustion rate of the hydrocarbon vapors.

The time required to burn a 5 x 10-4 cm
soot particle of 2 grams/cubic centimeter
density in a furnace atmosphere containing
0.20 atmosphere of oxygen at 1800°F can
be f.emputed using the equations 3 and 4. The
time required would be 0.51 second.

Total residence time in the furnace, in-
cluding heat up time from 200° F, would be
induction time + combustion time = total
time, or:

t,=0.208 +0.510=0.718 second

In practice, minimum gas furnace reten-
tion time is about 0.30 second at tempera-



ture of 1200°F. Particle retention time may
be increased by designing the combustion
chamber in the shape of a cyclone using a
small tangential inlet, and by introducing tl:e
gases at a high velocity (Figure 4-88).""

Cyclone furnace dimensions are chosen
using a gas velocity of from 15 to 30 feet per
second."' '91 Good mixing is attained by
using appropriate design parameters to pro-
vide turbulent flow in the afterburner.

A tangentially fired, portable hood, smoke
afterburner is shown in Figure 4-89.

The combustion constants for a number of
organic compounds are presented in refer-
ences 171 through 175,186 through 191, and
195 through 197.

4.8.2.5 Heat RecoreryInlet waste gas tem-
peratures should be as high as possible to
minimize additional fuel and preheat require-
ments."`-"' The maximum recoverable en-
ergy in afterburner stack gases as ,E; function
of exhaust gas temperature is shown in Fig-
ure 4-90, with waste gas energy content and
temperature as parameters.

Heat recovery equipment used to recover
heat from the flue gas may be grouped under

REFRACTORY
LINED
STEEL SHELL

REFRACTORY
RING BAFFLE

GAS BURNER
PIPING

BURN R
BLOCK

INLET FOR CONT/MINATED
GAS STREAM

FiGURE 4-88. Typical directfired afterburner vith
tangential entries for both fuel and contaminated
gases.

two classifications: recuperative and regen-
erative. Recuperative (recovery) heat ex-
changers recover heat on a continuous basis
and include cross flow, countercurrent flow,
and cocurrent flow heat exchangers (Fig-
ures 4-91 through 4-93). For a given heat
flow and temperature drop, heat exchanger
surface requirements will be at a minimum
in the counterflow heat exchanger (Figure
4-91)."2

Cocurrent flow heat exchangers are often
used where a moderate level of heat recov-
ery is required. Cour .r.:tirrent flow heat ex-
changer construction may be more costly
than that for cocurrent flow, because of op-
eration at lower temperatures (near the dew-
point), which may require use of special al-
loys or alloy steels.

Regenerative heat exchangers recover heat
by intermittent heat exchange by the alter-
nate heating and cooling of a solid. Heat
flows alternately into and out of the same ex-
changer, as air and flue gas flow are periodic-
ally reversed. Regenerat' z heat exchangers
are of fixed and moving bed types.

A fixed-bed, pebble-stove, regenerative
afterburner is shown in Figure 4 -94. When
gas is passed through the pair of pebble-type
regenerators connected back to back, the gas
is heated on the upstrem side and cooled on
the downstream side. When the upstream
bed and gas temperature drop, gas flow is
reversed and the heat transfer process is re-
peated. Particulate matter is effectively re-
tained and incinerated. Heat recovery effi-
cinecies in excess of 95 percent can be
achieved."'

A commonly used rotary regenerative heat
exchanger consists of a partitioned rotating
cylinder containing heat sink and heat trans-
fer surface area. The cylinder is partitioned
along its axis by appropriate gas seals so
that hot flue gas and cold '.caste gas may be
passed through the heat exchanger on op-
posite sides of the cylinder. Heat is absorbed
from the hot flue gas by the heat exchanger
surface and transferred by the continuous ro-
tation of the heat f.:.xchangr; surface to the
cold waste gas side where the heat is ab-
sorbed by the incoming cold gases. Heat re-
covery efficiency ranges from 85 to 95 per-
cent."'
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FIGURE 9-91. Counter-flow type.
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FIGURE 4-92. Parallel-flow type.
STACK GASES

STACK GASES

Ficuar. 4-93. Crossnow type.



NATURAL GAS

TO CHIMNEY
BLOWER

FROM KILN

Fi GuRE 4-94. Fixed-bee!, pebble-stone, regenerative destencher.
(Courtesy of Research Cottrell)

4.8.2.6 Fuel RequirementsMaximum fuel
consumption for one-pass catalytic after-
burners may be as high as 10 Btu per stand-
ard cubic foot of waste gas flow, while sys-
tems with heat exchangers can economically
reduce heat requirements to about 4 Btu per
standard cubic foot.1D9 The heating value of
the waste gas stream is usually limited by in-
surance underwriters to combustible vapor
concentrations of less than one-fourth of the
lower explosive limits of the gas mixture. For
organics, this is equivalent to about 13 Btu
per standard cubic foot and represents a total
temperature rise of approximately 675° F,
equivalent to 52° F to 55° F per Btu per
standard cubic foot. Catalytic combustors are
usually equipped with automatic safety con-
trols when treating high organic concentra-
tions.

The heat generated by the combustion of
sol.. ent and paint fumes may be directly re-
covered by recirculating the combustion
gases to the oven (Figure 4-95), or indirectly
recovered by means of heat exchangers (Fig-
ure 4-96). Direct heat recovery may be ad-
vantageous in the case of catalytic combus-
tion because of lower oxygen requirements
in the catalytic combustion zone.9°' 999 This

can be advantageous with materials having
a low explosive limit.

Fuel savings from the use of the heats of
combustion of paint bake-oven solvent vapors
may be large enough to provide a 50 per-
cent return on investment in the case of
catalytic combustion.291

Fuel requirements and burner capacity
may be determined by means of a heat bal-
ance, using the heat of combustion of the fuel
and the sensible heat needed to raise the tem-
perature of the waste gas and the products
of combustion up to the desired combustion
temperature. The heating value of the con-
taminant must be deducted to determine net
fuel requirements."% = -'="

4.8.2.7 Modified Furnace AfterburnersEx-
isting boilers, rotary kilns, and furnaces have
been successfully modified and used for direct
flame incineration. Requirements for success-
ful operation are:

1. Contaminants must be combustible
and non-corrosive.

2. The oxygen content of the contami-
nated gas must be high, or of such
volume that it does not upset or re-
duce furnace capacity.
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PREHEAT
BURNER

ALL-METAL
CATALYST ELEMENTS

FRESH MAKE-UP AIR

FROM SOLVENT
EVAPORATION ZONE

CLEAN GASES

FROM
BAKE ZONE

PAINT BAKE OVEN

SUPPLY
FAN

HEATED DECONTAMINATED

7
AIR RETURN TO OVEN

FIGURE 4-95. Direct recirculation of combustion gases to recover heat.

HEAT EXCHANGER

COLO
FRESH
AIR

CATALYTIC SYSTEM

,SUPPLY FAN

AO'

HEATED MAKE-UP MR

PREHEAT BURNER

PAINT BAKE OVEN
FiGuRE 4-96. Heat exchanger to recover heat from combustion gases.

(Courtesy of Universal Oil Products Co.)

3. The furnace must be operated con-
tinuously or modulated to ensure ade-
quate furnace temperatures.

4. The furnace must be large enough to
ensure adequate residence time.

6. Conditions must be such that there is
little or no deposition of particulate
matter on the burner or furnace
walls.

134

Furnace modifications, design calculations,
and proven methods for introducing waste
fumes are given in the literature.'

Odors from kraft pulp manufacture have
been successfully disposed of by introduction
into a modified furnace kiln with fuel savings
of over $450 per month.")", "°

4.8.2.8 Hood and Duct Design Considera-
tionsFurnace inlet gases, and vapors from



1 EXHAUSTER
2 PREHEAT BURNER
3 CATALYST
4 RECYCLING DAMPER
5 HEAT EXCHANGER

STACK
DISCHARGE 1 COLD OUTSIDE

AIR

0

1.1
\WAX

COOLING
STATION

\\\N\
COOKING
STATION

N\N\NNN\

PREHEATED
FACTORY
SUPPLY AIR

FIGURE 4-97. Integration of fume disposal from a kettle cooking operation with flctory
make-up air heating.

(Courtesy of Catalytic Combustion Co.)

paint and varnish cooking kettles, as well as
from other sources, must be maintained at
temperatures above condensation to avoid
exhaust duct fouling. Collection ductwork is
usually insulated and may be heated by
means of an external duct which serves to
recover heat from the flue gas, effecting a
reduction in combustor fuel requirements
(Figure 4-97).24'

Duct gas velocities are usually high, rang-
ing from 4000 to 5000 feet per minute, to
prevent the settling of particulate matter, to
effect a high heat recovery rate between the
flue gas and furnace feed gas, and to minimize
the danger of flashback and fire hazards.2w,"

Other safety devices to minimize fire haz-
ards may include diluting vapors to below
the lower explosivetliniits, using flame ar-
restors, and including a %Vet scrubber be-
tween the direct flame combustor and the
vapor source. Dilution of the vapors may be
accomplished by recirculation of a portion
of the flue gas, with a substantial reduction
in fuel requirements, as shown in Figure

Flame arrestors may consist of a packed
bed of pebbles, metal tower packing, alumi-
num rings (Figure 4-98), or corrugated

metal gridwork (Figure 4-99),. in conjunc-
tion with a blast gate or other pressure re-
lease device. Flashback through the bed is
prevented by bed gas velocities in excess of
flame propagation velocities, by pressure
drop, as well as by cooling the flame to
below combustion temperatures."' 2"

Other types of flame arrestors include
spray chambers, wet seals, and dip legs (Fig-

-4"
TO

COMBUSTOR

FIGURE 4-98. Packed bed flame arrester.

n 11
rrirre77
...... //,/

oveeie,/#/

PACKING
...Oe/e ......

WASTE GAS

BLAST GATE
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me 4-100). Wet flame arrestors have the dis-
advantage of cooling and humidifying the
exhaust gas, with a consequent increase in
fuel requirements. Wet sprays are capable of
removing up to 80 percent of the solids in-
volved in paint making; there is no notice-
able reduction in odor level."

TUBE BANK
SHELL

Other safety devices include high- and low-
temperature combustion and flame-out con-
trol instruments.

Exhaust hoods should be close fitting to
minimize ventilation requirements. Guidance
on hood design and ventilation rates is of-
fered by the Amer Iran Conference of Gov-
ernmental Industrial Ilygienists."1

4.8.2.9 Gas Darnel sFigure 4-101 shows a
cross-sectior,1 view of an open-type inspira-
tion (venturi mixer) premix burner. This
mixer uses the ene qty of the gas to induce
primary air in Drop irtion to the gas flow and
is limited to cases in which high pressure
gas (6 to 10 pounds per square inch) is avail-
able.

F oun 4-99. Corrugated metal name arrester with
mile removed and tube bank pulled partly out
of body.

(Coarttsy of General Pete laion Systems, /rte.)

WASTE GAS

flows: 4-100. Dip leg flame amster.

186

SPIDER LOCK SPUD
NUT AIR INLET

Fict-an 4-101. Cross-sectional view of open type in.
spirational premix burner.

Luminous flames may be produced by con-
ventional burners by operation at low ca-
pacity and by restricting air supply. Mini-
mum burner capacity is determined by the
burner throat velocity at which flashback
can occur."' "*. "' The turndown ratio (ratio
of maximum to minimum flow rate for satis-
factory burner operation) will range from
311 to 5:1.

Pressure-type burners, illustrated in Fig-
ure 4-102, permit a higher rate of heat re-
lease withir a relatively small space and are
Available in a multitude of designs for special
applications. They are .cl,aracterized by a
single mixing port or nozzle which produces
a short hot flame. Gas premixing is accom-
plished by use of forced inlet combustion air.
usually supplied by a fan. This type of burner
has a high turndown ratio and is capable of
producing an accurate control of the gas come
bustion mixture.

%Taste pPS may be used as a source of
primary and secondary air, with a consequent
reduction in fuel requirements, if the oxygen



NM s 1111(1L*

RATIO DIAL COMBUSTION

AS INLET AIR INLET

loi."1-,All -aft=.11I, _ a.m.. prIb......._
-#.:, ...iiim"-

RATIO VALVE 1141
BURNER ,-'

HOLE FOR PILOT TIP

TILE

MOUNTING PLATE

Itct.an 4-102. Cross.sectional %.iew of forced air,
premix, multiple-port burner.

content is high and the gas is free from de-
posit-forming solids.

Burners of the cyclone design, shown in
Figure 4-88, are usually mounted to fire tan-
gentially into the combustion chamber and to
assist in the cyclonic motion and mixing of
the furnace atmosphere. Burners must be
capable of continuous modulation to accom-
modate changes in waste gas flow rates."

To prevent the emission of smoke when
the flame is operated to produce a luminous
flame, secondary air or waste gas may be
introduced above the burner.

Combustion intensity may be further in-
creased by the use of forced air, premixing,
multiple-port burners of the type shown in
Figure 4-103. Combustion intensities as high
as 500 Btu per cubic foot per second have
been obtained using a combination of multi-
ple port burners and flame impingement on

Fictitt: 4-10.4. ultiple-port high-inter.sity premix
tnittltt.

(Cox, ropy of Moron Pre Pais FiRratr Company)

the surface of refractory brick which acts as
a catalytic surface.''' Typical uses and com-
bustion characteristics for a number of burn-
ers are listed in Table 4-14.

The combustion intensity of a given burner
is related to the furnace temperature and
fuel composition as indicated in the equa-
tion:'"

CI = k yr T, C co . e-A/RT, (10)
Where: CI =combustion intensity (Blu/ftl

sec atm);
k is a constant;

p,,atmosplieric pressure;
T. furnace atmosphere tempera-

ture 'absolute;
Cr, C.= fuel and oxygen concentra-

tion;
e natural log base;

A energy of activation (approxi-
mately .12,000 calories'gm
atom); and
universal gas law constant.

A heat loss of approximately 5 percent
from the combustion gas can reduce com-
bustion gas temperature and reduce combus-
tion intensity by as much as 20 percent, with
a consequent reduction in afterburner com-
bustion efficiency. Hence it is important that
combustion zone heat losses be kept at a mini-
mum. Heat losses can be reduced by proper
insulation and by shielding the burner from
cold objects, such as it onwork, heat exchang-
ers, masonry or even the sky.

Combustion efficiency is improved if com-
bustion takes place at the base of the furnace
and the waste gases pass upward. This mini-
mizes opportunity for channeling and by-
passing.
4.5.1.10 Consfrarfioa MOE- riaisAfterburn-
er surfaces exposed to high temperatures and
erosive or etarosive conditions must be con-
structed of alloys capable of withstanding
high temperatures or must be lined with re-
fractory materials.

.1. toffTemperatures at which alloy
steels are used Are limited by Underwriters'
Laboratories, Inc, to approximately 200' F
below the temperature at which scale forma-
tion oectits. Niattensitic and ferritic stainless
steels are recommended for use in areas that
are exposed to wide ranges of temperature
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and to corrosive conditions." Temperature
limitations for other metals and alloys are
determined by design stress and safety re-
quiren,ents."'

Refractories Refractories used in direct
flame afterburners increase radiant heat
transfer, insulate, act as a support structure,
and resist abrasion and corrosion. In so
doing, they must be capable of withstanding
thermal shock. Fire clay refractories are com-
monly used in incinerator and afterburner
construction because of low cost, spill resist-
ance, and long service life. Fire clay refrac-
tory bricks are classified (Table 4-15) into
maximum service classes according to Amer-
ican Society for Testing and Materials stand-
ards (ASTM)."2 lheir softening points, as

Table 4-I5.ASTM CLASSIFICATION OF FIRE
CLAY REFRACTORIES

Temperature.
Refractory type PCE

Low heat duty . 19 2768

Intermediate heat duty 29 2984

nigh heat duty 21-32 3056-3092
Super duty V. 33 8173

S000

4300

1000

3500

3000

3300

1500

I000

determined by pyrometric cone equivalent
(PCE) help determine their maximum serv-
ice class.:" Other requirements include limits
on shrinkage, spalling loss, and deformation
under load. Castable fire clay refractories
commonly used (Table 4-16) are of two
ASTM classes.":

Table 4-16.COMMONLY USED CASTABLE FIRE
CLAY REFRACTORIES

ASTM Temper. Density. Special
No. attire. `F thift' properties

24 2400 70-85 Insulating light weight
27 2700 110-125 General purpose

Service temperature range and physical
properties of various refractories for cor-
rosive conditions are shown in Figures 4-104
and 4-105 and in 'Table 4-17. The literature
contains further information.t".",_"
4.8.2.11 Typical it pplira fionsA summary of
thE afterburner applications is presented in
Table 4-18. The information was taken from
published literature and manufacturers' bul-
letins.

GRAPHITE, 6400' F

SILICA CASIABLES, INSULATING HIGH CHROME, ZIRCONIA, GRAPHITE
MORTARS, BRICK ALUMINA MAGNESITE ZIRCON CARBIDES;
PLASTICS BORIOES,

NITRIDES

Flogs 4-104. Service temperature rouges for refractories.
(Couttetty of McGroor-hilt Book Co.)
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5. EMISSION FACTORS FOR PARTICULATE AIR POLLUTANTS

An emission factor is a statistical average
of the rate at which pollutants are emitted
from the burning or processing of a given
quantity of material. Emission factors can
also be established on the basis of some other
meaningful parameter, such as the number
of miles traveled in a vehicle. To determine
emission factors, available reliable data on
emissions from a particular source or group
of sources are gathered and correlated with
information on process use. The individual
emission factors derived are tabulated, and
either an average or a range of values is
selected for use.

Some emission factors are based on very
limited data; others are based on extensive
data that are highly variable; and still others
are based on extensive, consistent data. It is,

therefore, important that the accuracy of
the data on which an emission factor is based
be evaluated before the factor is used for esti-
mating emissions.

In general, the emission factors for particu-
late air pollutants are not precise indicators
of what particulate emissions might be from
any single process even though all the de-
tails of the process are known. Emission fac-
tors are more valid when applied to a num-
ber of processes.

Emission factors listed in Table 5-1 are
taken from Compilation of Air Pollutant
Emission Factors, Public Health Service pub-
lication No. 999-AP-42, except where noted.
The factors are for uncontrolled sources ex-
cept as qualified in the table. Examples of
how emission factors are used follow.

Table 5-1.PARTICULATE EMISSION FACTORS'

Source Particulate emission rate

Fuel combustionstationary sources:
Coal:

Pulverized:
General (anthracite and bituminous)
Dry bottom (anthracite and bituminous)
Wet bottom (anthracite and bituminous):

Without fly ash reinjection
With fly ash reinjection

Cyclone (anthracite and bituminous)
Spreader stoker (anthracite and

bituminous) :
Without fly ash reinjection
With fly ash reinjection

All other stokers (anthracite and
bituminous):

Greater than 10X10' Btu/hr
Less than 10X101 Btu/hr

Hand-fired equipment (bituminous coal only)
Residual oil:

Greater than 100X10' Btu/hr
Less than 100X104 Btu/hr

Distillate oil:
10 to 100X10' Btu/hr
Less than 10X10' Btu/hr

150

16Ab tb/ton of coal burned
17A lb/ton of coal burned

13A lb/ton of coal burned
24Ac lb/ton of coal burned
2A4 lb/ton of coal burned

13A lb/ton of coal burned
20Ac lb/ton of coal burned

5A lb/ton of coal burned
2A4 lb/ton of coal burned
20 lb/ton ,.)f coal burned

10 lb/1000 gallons of oil burned
23 lb/1000 gallons of oil burned

15 lb/1000 gallons of oil burned
8 lb/1000 gallons of oil burned



Table 5-1 (Con linuA).PARTICULATE EMISSION FACTORS'

Source Particulate emission rate

Fuel combustionstationary sources (continued) :
Natural gas:

Greater than 100X 10' litu/hr
10 to 100X10' ritu/hr
Less than 10X10' litu/hr

Wood'
Fuel combustionmobile sources:

Gasoline - powered motor vehicle
Diesel-powered vehicle
Aircraft:

Jet (fan-type) :
4 engine ....
3 engine
2 engine
1 engine

Jet (conventional) :
4 engine
3 engine
2 engine
1 engine

Turboprop:
4 engine
2 engine

Piston:
4 engine
2 engine
1 engine

Solid waste disposal:
Open burning of leaves and brush
Open-burning dump
Municipal incinerator

On-site commercial and industrial multiplechamber incinerator
(Los Angeles design)

Single-chamber incinerator
Domestic gas-fired incinerator
On-site residential flue-fed incinerator
Process industries(specific examples) :

Chemical industry:
Paint and varnish manufacture:

Varnish cooker
Alkylresin productiontotal operation
Cooking and blowing of oils
Heat polymerization acrylic resins

Phosphoric acid manufacturethermal process absorber tail
gas with control (acid mist).

Sulfuric acid manufacturecontact process (acid mist)
Food and agriculture industries:

Coffee roasting:
Direct fired roaster
Indirect fired roaster
Stoner and cooler.
Instant coffee spray dryeralways controlled with

cyclone and wet scrubber.
Cotton ginning operation (includes cotton gin and incinera-

tion of cotton trash).
Feed and grain mills:

General with 90 percent efficient cyclones
Wheat air cleaner with cyclone

15 lb/million ft of gas burned
18 lb/million ft of gas burned
19 lb/million ft of gas burned
10 lb/ton of wood burned

12 110000 gallons consumed
110 111/1000 gallons consumed

7.4 lb/flight
5.6 lb/flight
3.8 lb/flight
1.9 lb/flight

34.0 lb/flight
25.5 lb/flight
17.0 lb/flight
8.5 lb/flight

2.5 lb/flight e
0.6 lb/flight

1.4 lb/flight e
0.6 lb/flight
0.3 lb/flight

17 lb/ton of refuse burned
16 lb/ton of refuse burned
17 lb/ton of refuse burned

3 lb/ton of refuse burned
10 lb/ton of refuse burned
15 lb/ton of refuse burned
28 lb/ton of refuse burned

60-120 lb/ton of feed
80-120 lb/ton of feed
20-60 lb/ton of feed
20 lb/ton of feed
0.2-10.8f lb/ton of phosphorus burned

0.3-7.5 lb/ton of acid produced

7.6 lb/ton of green beans
4.2 lb/ton of green beans
1.4 lb/ton of green beans
1.4 lb/ton of green beans

11.7 lb/bale of cotton (500 lb)

6 lb/ton of product
0.2 lb/ton of product
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Table 5-1 (Continued).PARTICATIATE EMISSION FACTORS'

Source Particulate emission rate a

Feed and grain mills (continued) :
Barley flour mill with cyclone
Alfalfa meal mill with settling chamber and cyclone
Orange pulp dryer with cyclone

Starch manufacturenatural gas directlired flash tinier .

Primary metal industry:
Iron and steel manufacture:

Sintering machine gases
Sinter machine discharge

Open hearth furnace:
Oxygen lance
No oxygen lance

Basic oxygen furnace s
Electric arc furnace:

Oxygen lances
No oxygen lances

Blast furnace:
Ore charging
Agglomerate charging

Scarfing
Coking operationscharging, pushing, quenching

Secondary metal industry:
Aluminum smelting:

Chlorinationlancing of chlorine gas into molten
metal bath

Crucible furnace
Reverberatory furnace
Sweating furnace

Brass and bronze smelting:
Crucible furnace
Electric furnace
Reverberatory furnace
Rotary furnace

Gray iron foundry:
Cupola
Electric induction furnace
Reverberatory furnace

Lead smelting:
Cupola
Pot furnace
Reverberatory and sweating furnace

Magnesium smelting: Pot furnace
Steel foundry:

Electric arc furnace
Electric induction furnace
Open hearth furnace

Zinc smelting:
Galvanizing kettles
Calcine kilns
Pot furnaces
Sweating furnace

Mineral product industry :
Asphalt saturators
Asphalt batch plantrotary drier
Calcium carbide plant:

Coke dryer
Electric furnace hood
Furnace room vents

3.1 lb/ton of product
1.0 lb/ton of product

lb/ton of product
8 lb/ton of starch

...

15:2

20 11)/ton of sinter
22 lb/ton of sinter

22 Ilt/ton of steel
14 11)/ton of steel
-16 lb /ton of steel

11 11)/ton of steel
7 11)/ton of steel

110 11)/ton of iron
40 lb; ton of iron
3 lb/ton of steel processed
2 lb/ton of coal

1000 lb/ton of chlorine used
1.9 lb/ton of metal processed
4.3 lb /ton of metal processed
32.2 lb/ton of metal charged

:1.9 lb/ton of metal charged
3.0 lb/Lon of metal charged
26.3 lb/ton of metal charged
20.9 lb/ton of metal charged

17.4 lb/ton of metal charged
2.0 lb/ton of metal charged
2.0 lb/ton of metal charged

300 lb/ton of metal charged
0.1 lb/ton of metal charged
154 lb/ton of metal charged
4.4 lb/ton of metal charged

15.0 lb/ton to metal charged
0.1 lb/ton of metal charged
10.6 lb/ton of metal charged

5.3 lb/ton of metal charged
88.8 lb/ton of metal charged
0.1 lb/ton of metal charged
10.8 lb/ton of metal charged

3.9h lb/ton of asphalt
5.0 lb/ton of mix

0.2 lb/ton of product
1.7 lb/ton of product
2.6 lb/ton of product



Table 5-1 (Continued).PARTICULATE EN1ISSION FACTORS'

Source Particulate emission rate

Secondary metal industry (continued) :
Calcium carbide plant (continued):

Main stack (vents to atmosphere) exhaust from fur-
nace hoods always passes through impingement
scrubbers

Cement manufacture:
Dry processkiln
Wet processkiln

Ceramic and clay processes:
Ceramic clayspray drier with cyclone
Bisque with scrubber
Catalytic materialdried, kiln and cooler with cyclone

and scrubber
Concrete batch planttotal operation
Frit manufacturefrit smelters
Glass manufacturesoda-lime process with direct fired

continuous melting ...
Lime production:

Rotary kiln .....

Vertical kiln ................ ..........
Per lite manufactureexpanding furnace

Rock wool manufacture:
Cupola
Reverberatory furnace .

Blow chamber
Curing oven
Cooler

Rock, gravel and sand production:
Crushing
Conveying, screening. shaking
Storage pileswind erosion

Petroleum industry:
Fluid catalytic crackers
Moving bed catalytic crackers:

TCC-type unit
HCC-type unit

Kraft pulp industry:
Smelt tank:

Uncontrolled
Water spray
::esh demister

Lime kiln
Recovery furnace with primary stack gas scrubber

........

........ ..........

......... ........ .................

2M Ili/ton of product

16 lb/loarrel of cement
lb /barrel of cement

15 lb/ton of charge
2 lb/ton of charge

6 lb /ton of charge
0.2 lb /yard of concrete
1615 lb/ton of charge

2.0 lb/ton of glass

200 lb/ton of lime
20 lb/ton of lime
21 lb/ton of chary

21.6 lb/ton of charge
4.8 lb/ton of charge
21.6 lb/ton of charge
3.6 lb/ton of charge
2.4 lb/ton of charge

20 lb/ton of product
1,7 lb/ton of product
20 lb/ton of product

0.1 to 0.21 lb/ton of catalyst circulated

0.05 to 0.151 lb/ton of catalyst circulated
0.15 to 0.25/ lb/ton of catalyst circulated

20 lb/ton of dry pulp produced
5 lb/ton of dry pulp produced
1-2 lb/ton of dry pulp produced
94 lb/ton of dry poll_ produced
150 lb/ton of dry pulp produced

& Emission sates are those from uncontrolled
sources, unless otherwise noted.

b Where letter A is shown, multiply number given
by the percent ash in the coal.

c Value should not be used as emission factor. Val
ues represent tho loading reaching the control equip-
ment always used on this type of furnace.

d Revised from 5A.
e Flight is defined as a combination of a landing

and a takeoff.

Depends on type of control.

g Based on data from NAPCA Contract No. PH
22-68-65.

h Includes only solid particulate matter. In addi-
tion, about 65 lb/hr of oil mist may be evolved from
asphalt saturators.

Revised from 0.1.

i Revised from 0.04.
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Coal Combust ion

Given: Source burns 10,000
a spreader stoker
injection,
85 percent efficient
Ash content-10
pressed as the number
the computation).

From Table 5-1:
Emision factor = 13A

coal, where A equals ash
Therefore:

Particulate emissions.
(Emission factor) Collection
factor)

Particulate emissions,
tone of coal]

tons per year
without fly ash

multiple cyclones,
percent (Note:

10 in making

pounds per ton
content.

(Process weight)
efficiency

particulate

pounds of particulate

per-

of

in tons of refuse
re-

=6,000
pounds of particulate

year

Ex-Process Industries

Given: Secondary brass and bronze smelting
operation with fabric filter 99

cent efficient
of Furnace typeelectric.

Metal charged into furnace-20,000
tons per year

From Table 5-1:

Emission factor .3 pounds per ton
metal charged

Therefore:
Particulate emissions=

tons of metal charged

year

[ (13) (10)
pounds of

[20,000tons of coal year
pounds of particulate pounds of particulate[1-0.85] =195,000 [1-0.99]year .

[ 3
0

tons of metal charged
Solid Waste Disposal
Given: Commercial operation burning 2,000

tons per year of refuse in multiple-cham-
ber incinerator.

From Table 5-1:
Emission factor-3 pound per ton of ref-

use
Therefore:

Particulate emissions =

tons of refuse]
year

154

=600 pounds of particulate
year
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6. ECONOMIC CONSIDERATIONS IN MR POLLUTION CONTROL

6.1 SELECTION OF CONTROL SYSTEM

Most air pollution emission control prob-
lems can be solved in several ways. In order
to select the best method of reducing pol-
lutant emissions, each solution should be
thoroughly evaluated prior to implementa-
tion. Steps such as substitution of fuels ami
raw materials and modification or replace-
ment of processes should not be overlooked
as possible solutions. Such emission reduc-
tion procedures often can improve more than
one pollution problem. For example, particu-
late matter and sulfur oxides emissions both
may be reduced by switching from high-sul-
fur coal to natural gas or low-sulfur oil.
Such steps also may have the benefit of re-
ducing or eliminating solid waste disposal
and water pollution problems. Often it is
cheaper to attack two air problems together
than to approach each problem individually.
If steps such as process alterations and sub-
stitution of fuels are not feasible, it may be
necessary to use gas cleaning equipment.

Figure 6-1 shows the factors to be con-
sidered in selecting of gas cleaning system.
The first consideration is the degree of re-
duction of emissions which may be required
to meet emission standards. The degree of
emission reduction or the collection efficiency
required is dependent upon the relationship
between emissions and emission standards
as shown at the top of the figure. This is an
important factor in making the choice among
control equipment alternatives. Although a
control system may include two or more
pieces of control equipment, collection effi-
ciency, as used in this chapter, applies to in-
dividual pieces of control equipment. The us-
ual ranges of collection efficiency for various
equipment alternatives are shown in Table
6-1. The important factors to be considered
next are the gas stream and particle char-
acteristics of the process itself, as shown in
the center of Figure 6-1. High gag temper-

Table 6-I.AIR POLLUTION CONTROL
EQUIPMENT COLLECTION EFFICIENCIES '''

Efficiency Range
(on a total

Equipment type weight basis)
percent

Electrostatic precipitator a 80 to 90.5+
Fabric filters b 95 to 99.9
Mechanical collector 50 to 95
Wet collector .. . 75 to 99+
Afterburner:

Catalytic c 50 to 80
Direct flame 95 to 99

Most electrostatic precipitators sold today are
designed for 98 to 99.6 percent collection efficiency.

b Fabric filter collection efficiency is normally
above 99.5 percent.

c Not normally applied in particulate control; has
limited use because most particulates poison or de-
sensitize the catalyst.

atures without cooling, for example, preclude
the use of fabric filters; explosive gas
streams prohibit the use of electrostatic pre-
cipitators; and suirmicron particles cannot
generally be efficiently collected with mechan-
ical collector. A number of factors that re-
late to the plant facility should also be con-
sidered, some of which are listed in Figure
6-1. Each alternative will have a specific cost
associated with it, and the components of
this cost should be carefully examined. Those
alternatives which meet the requirements of
both the process and the plant facility can
then be evaluated in terms of cost; on this
basiF the gas cleaning system may be se-
lectee.

6.2 COST-EFFECTIVENESS
RELATIONSHIPS

Meaningful quantitative relationships be-
tween control costs and pollutant reductions
are useful in assessing the impact of co;i-
trol on product prices, profits, investments,
and value added to the product. With such

Value added is generally considered to be the
economic worth added to a product by a particular
process, operation, or function'
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EMISSIONS AND EMISSIONS
STANDARDS

DETERMINES COLLECTION EFFICIENCY

CONTROL EQUIPMENT ALTERNATIVES

ELECTROSTATIC
PRECIPITATOR

GAS STREAM
CHARACTERISTICS

VOLUME
TEMP ERATURE
MOISTURE CONTENT
CORROSIVENESS
ODOR
EXPLOSIVENESS
VISCOSITY

WET
COLLECTOR

DR:j
COLLECTOR

CENTRIFUGAL

PARTICLE
CHARACTERISTICS

AFTER-
BURNER

PROCESS

IGNITION POINT
SIZE DISTRIBUTION
ABRASIVENESS
HYGROSCOPIC NATURE
ELECTRICAL PROPERTIES
GRAIN LOADING
DENSITY AND SHAPE
PHYSICAL PROPERTIES

WASTE TREATMENT
SPACE RESTRICTION
PRODUCT RECOVERY

PLANT
FACILITY

WATER AVAILABILITY
FORM OF HEAT RECOVERY

(GAS OR LIQUID)

ENGINEERING STUDIES
HARDWARE
AUXILIARY EQUIPMENT
LAND
STRUCTURES
INSTALLATION
START-UP
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COST OF
CONTROL

4

POWER
WASTE DISPOSAL
WATER
MATERIALS
GAS CONDITIONING!
LABOR
TAXES
INSURANCE
RETURN ON INVESTMENT

wwwwIrle

SELECTED
GAS CLEANING SYSTEM

DESIRED EMISSION RATE

FIGURE U-1. Criteria for selection of gas cleaning equipment.



relationships at hand the alternates for so-
lution of an air pollution problem can be
evaluated for move effective program imple-
mentation by the user of the control equip-
ment and by the enforcement agency. These
cost-effectiveness relationships sometimes
are applied collectively to a meteorological
or air quality control region, where they de-
scribe the total cost impact on polluters as
a result of controlling sources; the discus-
sion here, however, centers around cost-effec-
tiveness as applied to an individual source.
Cost-effectiveness is a measure of all costs
to the firm associated with a given reduc-
tion in pollutant emissions. For computing
the costs for a given system, one should con-
sider ( 1) raw materials and fuels used in
the process, (2) alterations in process equip-
ment, (3) control hardware and auxiliary
equipment, and (4) disposal of collected
emissions.

Figure G -2 shows an example of a theo-
retical cost-effectiveness relationship.' The
actual total costs of control may depart from
this curve because some cost elements, such
as research and development expenditures
and fixed charges (taxes, insurance, depre-
ciation) are not directly related to the oper-
ation of the equipment and to the level of
emissions in a given year. The cost of con-
trol is represented on the vertical axis and
the quantity of pollutants emitted on the
horizontal axis. Point P indicates the uncon-
trolled state, in which there are no control
costs. As control efficiency improves, the

.1410.

QUANTITY OF POLLUTANTS

FicVnn 6-2, Cost of control.

quantity of emissions is reduced and the cost
of control increases. In most cases, the mar-
ginal cost of control is smaller at the lower
levels of efficiency, near point P of the curve.
The curve also illustrates that as the cost of
control increases, greater increments of cost
usually are required for corresponding incre-
ments of emission reduction. Process changes
sometimes may result in emission reduction
without increased costs. Research and de-
velopment expenditures resulting in new or
improved equipment design, improved proc-
ess operations, or move efficient equipment
operations will improve the economics of
control. All these factors may substantially
reduce control costs at most emission levels
and shift the cost of the control curve (CC)
as illustrated by CC, in Figure 6-3. Note
that as control technology develops, the cost
of attaining a desired emission level will be
reduced from C to C,,.

Cost-effectiveness information is useful in
emission control decision making. Several
feasible systems usually are available for
controlling each source of emissions. In most
cases, the least-cost solution for each source
can be calculated at various levels of con-
trol. After evaluating each alternative and
after considering future process expansions
and more rigid control restrictions, sufficient
information should be available on which to
base an intelligent control decision.

Cost-effectiveness relationships vary from
industry to industry and from plant to plant
within an industry. The cost for a given

Ca

Cb

I-
ces

O

q

QUANTITY OF POLLUTANTS

FIGURE 6-3. Expected new cost of control.
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control system is significantly dependent on
the complexity of the installation and the
characteristics of the gas stream and pol-
lutant. Geographical location is another sig-
nificant factor that influences the total an-
nual cost; for example, the components of
annual cost, such as utilities, labor, and the
availability of desired sites for waste mate-
rial, vary from place to place.

6.3 COST DATA

It is the purpose of this chapter to de-
velop basic information and techniques for
estimating the costs of installing and operat-
ing control equipment. Such information can
be useful in developing cost-effectiveness re-
lationships for application of various con-
trol systems.

The control cost information included in
this chapter is based on experience, a care-
ful study of the literature, and a survey of
more than 250 suppliers, users, installers,
and operators of air pollution control equip-
ment. The cost information was reviewed by
a panel from the gas cleaning equipment in-
dustry for reasonableness of data and meth-
odology. The cost data reported reflects 1968
prices, except as noted.

6.4 UNCERTAINTIES IN DEVELOPING
COST RELATIONSIIIPS

Cost information for control devices is in-
dicated in Section 6.7 where, for various
types of equipment, operating capacity is
plotted against cost. The upper and lower
curves indicate the expected range of costs,
with the expected average cost falling ap-
proximately in the middle. Although quan-
titative values for collection efficiency and
gas volume capacity are not listed, higher
collection efficiency, which involves more in-
tricate engineering design, results in hither
costs. Control equipment is designed for a
nominal gas volume capacity, but under ac-
tual operating conditions the volume may
vary. Similarly, the efficiency of control
equipment will vary from application to ap-
plication as particle characteristics, such as
wettability, density, shape, and size distri-
bution, differ. For example, a control device
designed to operate on 50,000 acfm of gas
with a nominal collection of 95 percent may
have an effective operating range of from
45,000 to 55,000 acfm, and its collection effi-
ciency may range from 90 to 97 percent.

The effect of these independent variations
is to make single point estimates of cost ver-

Table 6-2.-APPROXIMATE COST OF WET COLLECTORS IN 1965°

Type of collector
Cost, dollars/cfm

Capacity, cfm

1,000 5,000 20,000 40,000

Cyclonic: b. a
Small diameter multiples 0.50 0.30 0.20 0.20
Single chamber, constant water level 1.40 0.45 0,55 0.26
Single chamber, multiple stage, overhead line pressure

water feed.
0.95 0.40 0.25 0.20

Single chamber, internal nozzle spray 3.00 1.60 1.00 0.76
Self-induced spray b. e. d 0.80 0.40 0.25 0.26
Wet impingement b. c 1.00 0.60 0.26 0.26
Venturi c. d 3.00 1.60 1.20 0.60
Variable pressure drop inertial c. d t. 1.00 0.30
Mechanical e. d 1.76 0.75 0.35

Basic designs, mild steel construction.
b Add 30 to 40 percent to base price for fan, drive, and motor (standard construction materials).

Special materials construction costs for 1000 to 40,000 cfm range units are approximately as follows:
Rubber lining-base increase of 66 to 116 percent.
Type 304 stainless steel-base increase of 30 to 60 percent.
Type 316 stainless steel-base increase of 45 to 100 percent.

d Add from 10 to 40 percent to base price per additional stage as in some cyclonic and wet impingement designs.
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sus size and efficiency difficult to determine.
Based on the data available, all estimates
must be constructed over an interval of un-
certainty for each of the three variables. To
make the cost estimation problem manage-
able in this report, nominal high, medium,
and low collection efficiencies have been se-
lected for each type of control equipment,
except fabric filters. For fabric filters, the
nominal high, medium, and low curves re-
flect construction variations. The purchase,
installed, and total annualized costs of oper-
ation are plotted for each of the three effi-
ciency levels over the gas volume range in-
dicated. Purchase, installed, and total an-
nualized costs for fabric filters are plotted
for variations in filter construction and clean-
ing methods.

Generalized categories of control equip-
ment are discussed rather than specific de-
signs because of uncertainties in size, effi-
ciency, and cost. If required, more detailed
information on the cost, of various engineer-
ing innovations (e.g., packed towers of spe-
cific design to accommodate a corrosive gas
stream) should be requested from the manu-
facturers of the specific equipment. Cost vari-
ations associated with wet collectors are re-
ported in Table 6-2.3

Other 'difficulties exist in developing cost
information for existing control devices, es-
pecially cost estimates on the maintenance
and operation of control equipment. Indi
victual iirms may remember what a control
device cost originally, but they may forget
what it costs to install and operate. In addi-
tion, internal bookkeeping and auditing sys-
tems often bury these expenditures in total
plant operating costs. For example, water
and electricity used by a control operation
are not always separately metered and ac-
countable as a specific air pollution control
cost item. Some of these costs can be identi-
fied and assessed on the basis of industrial
experience or engineering estimates.

6.5 DESCRIPTION OF CONTROL COST
ELEMENTS

6.5.1 General

The actual cost of installing and operating
air pollution control equipment is a function
of many direct and indirect cost factors. An

analysis of the control costs for a specific
source should include an evaluation of all
relevant factors, as outlined in Figure 6-4.
The control system must be designed and
operated as an integral part of the process;
this will minimize the cost of control for a
given emission level. The definable control
costs are those that are directly associated
with the installation and operation of control
systems. These expenditure items from the
control eqt.ipment user's point of view have
a breakdown for accounting purposes as fol-
lows:

Capital Investment:
Engineering studies
Land
Control hardware*
Auxiliary equipment*
Operating supply inventory
Installation*
Startup
Structure modification

Maintenance and Operation:
Utilities*
Labor*
Supplies and materials*
Treatment and disposal of collected

material
Capital Charges:

Taxes*
Insurance*
Interest*

Of the expenditure items shown above,
only those denoted by an asterisk were con-
sidered in developing the cost estimates used
in this chapter. Othee factors, such as engi-
neering studies, land acquisition, operating
supply inventory, and structural modifica-
tion, vary in cost from place to place and
therefore were not included. Costs for the
treatment and disposal of collected material,
while also not included, are discussed in some
detail in Section 6-8.

6.5.2 Capital Investment

The "installed cost" quoted by a manu-
facturer of air pollution equipment usually
is based on his engineering study of the
actual emission source. This cost includes
three of the eight capital investment items

* Denotes cast items considered in this report.
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Table 6-3.TOTAL INSTALLATION COST ['OR
VARIOUS TYPES OF CONTROI, DEVICES EX-
PRESSED AS A PERCENTAGE OF PURCHASE
COSTS

Equipment type

Cost, percent

Low Typical High
Ex-

Creme
high

Gravitational 83 67 100
Dry centrifugal 36 60 100 400
Wet collector:

Low, medium
energy.. ... 60 100 200 400

High energy 100 200 400 600
Electrostatic

precipitators... 40 70 100 400
Fabric filters 60 76 100 400
Afterburners 10 26 100 4C0

High-energy wet collectors usually require more ex-
pensive fans and motors.

control hardware costs, auxiliary equipment
costs, and costs for field installation.

The purchase cost curves that are shown
in Section 6.7 illustrate the control hardware

costs for various types of control equipment.
These purchase costs are the amounts
charged by manufacturer for equipment of
standard construction materials. Basic con-
trol hardware includes built-in instrumenta-
tion and pumps. Purchase cost usually varies
with the size and collection efficiency of the
control device. The purchase costs plotted on
the curves are typical for the efficiencies in-
dicated, but these costs Mr: vary -.±20 per-
cent from the values shown. 01 course, equip-
ment fabricated with special materials (e.g.,
stainless steel or ceramic coatings) for ex-
tremely high temperatures or corrosive gas
streams may cost much more.

The remaining capital investment items,
auxiliary equipment and installation costs,
are aggregated together and referred to as
"total installation costs." These costs are
shown in Table 6-3, expressed as percentages
of the purchase costs. These costs include a
reasonable increment for the following
items: (1) erection, (2) insulation material,
(3) transportation of equipment, (4) site

Table 6-4.COND1TIONS AFFECTING INSTALLED COST OF CONTROL DEVICES

Cost category Low cost

Equipment transportation.. Minimum distance; simple
loading and unloading
procedures.

Plant age Hardware designed as an
integral part of new plant.

Available space Vacant area for loci.Iion of
control system.

Corrosiveness of gas Noncorrosive gas

Complexity of startup S mile startup, no extensive
adjustment required.

Instrumentation Little required

Guarantee on performance.. None needed
Degree of assembly Control hardware shipped

completely assembled.
Degree of engineering design. Autonctnous -package con-

trol system.

Utilities Electricity, water, waste dis-
posal facilities readily
available.

Collected waste material No special treatment facili-
handling. ties or handling required.

Labor Low wages in geographical
area

High cost

Long distance; complex procedcee 'or loading and un-
loading.

Hardware installed into confines of old plant requiring
structural or process modification or alteration.

Little vacant space requires extensive rteel support
construction and site preparation.

Acidic emissions requiring high alloy accessory equip-
ment using special handling and construction tech-
niques.

Requires extensive adjustments; testing; considerable
down time.

Complex instrumentation required to assure reliability
of control or constant monitoring of gas stream.

Required to assure designed control cfrciency.
Control hardware to be assembled and erected in the

field.
Control system requiring extensive integration into

proce. insulation to correct temperature problem,
noise abatement.

Electrical and waste treatment facilities must be ex-
panded, water supply must be developed or ex-
panded.

Special treatment facilities and/c4 handling requirel.

Overtime and/or high wages In geographical arms.
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preparation. (5) clarifiers and liquid treat-
ment systems (for wet collectors). and ((i)
auxiliary equipment such as fans. ductwork.
motors. and control instrumentation. The
low values listed in the table are for minimal
transportation and simple layout and instal-
lation of control devices. High values are for
higher transportation cost and for difficult
layout and installation problems. The ex-
treme high values are for unusually complex
installations on existing process equipment.
Table 6 .1 lists the major cost categories and
related conditions that establish the instal-
lation cost range from low to high. The "in-
stalled cost" estimates reported in Section
6-7 are the sum of the purchase costs and
the total installation costs.

6.5.3 Maintenance and Operation

The following sections describe the work-
ing equations for the operation and mainte.
trance costs of various control devices. Nu
merical values for the variables expressed in
these equations are found in Tables 6 5 and
6 6.

Table 6 3.-ANNFAI, NlAINTENANCE COSTS roll
ALL GF.NERIC T1 PES OF CONTROL DEVICES

Generic type
Dollars per acfm

Low Typical High

Gravitational and dry
centrifugal collectors..... 0.005 0.015 0.025

Wet collectors _.. 0.02 0.04 0.06
Elect rettat ic precipitators:

High voltage.. . 0.01 0.02 0.03
Low .... q.00S 0.014 0.02

Fabric filters 0.02 0.05 0.05
Afterbur nets:

Direct name 0.03 0.06 " 0.10 "
Catalytic.... 0.07 0.20 0.35

Metal liner with outside insulation.
" Refractory lined.

Grnmr/---The costs of operation and
maintenance will vary widely because of dif-
ferent po!icies of control equipment users.
This variance will depend on such factors
as the quality and suitability of the control
equipment. the user's understanding of its
operation. and his vigilance in maintaining
it. Maintenance and operation usually are
very difficult to define and assess, but often
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Table 6- 6.-MISCELLANEOUS COST AND EM7I.
NEERING FACTORS

(Fan efficiency-60 pereert: Pump efficiency-50
percent)

rower rogt, rhillorA/loclor

Low Typical High

All lcV ices 0.005 0.0 1 1 0.020

11,,ofrA nl ovirtifiwr. 8760 hortro pct. war, 24 bridny
X365 daii+,, yr . 8760

Low Medium High

I'oNer requirements %a effi-
ciency for high voltage
electrostatic precipita
tors, 10 'kw/aefrn 0.19 0.26 0.40

Low High

Power requirements vs efficiency
for lowvoltage electrostatic
precipitators 110 'kw/acfm/ 0.015 0.040

Low Typical High

Liquor cost in 10 ' dollars per
gallon per hour (for
%vet systr nil -Wet scrubber
(make -up liquor require-
ments, 0.0005 galjh r.ac f m 0.35 0.50 1.00

rower rrviremtnix

Low Medium High
efficiency efficiency efficiency

-Scrubbing" (contact)
power, horsepower/
acfm 0.0013 0.0035 0.015

Strolfibrr liquor delfo

Low Typical High

Liquor circulation rate.
gal/acfm

Minimum head require-
ments. feet water .

0.001 0.008 0.020

30 60

Preigoirr drop I1 roe r(poipmcnt, leaches of wafer

Generic type Low Typical High

Dry centrifugal collector 2-3
Fabric filter 2-3 4-5 6-8
Afterburners 0.5 1.0 2

Electrostatic precipitators and
gravitational collectors 0.1 0.5 1

*Rased on national average of large cons.uMers.
'1 psig0.2.1 ft water.



may be a significant portion of the overall
cost of controlling air pollutant emissions.
Although the combined operating and main-
tenance costs may be as low as 10 percent of
the annualized total cost for a gravitational
settling chamber, for example, they may b?
as high as 90 percent of the total annualize('
cost for a high-efficiency wet col:ector.

Maintenance cost is the expenditure re-
quired to sustain the operation of a control
device at its designed efficiency with a sched-
uled maintenance program and necessary re-
placement of any defective parts. On an an-
nual basis, maintenance cost in the follow-
ing equations is assumed proportional to
the capacity of the device in acfm. Table
6-5 shows annual maintenance cost factors
for all types of particulate control devices.
Simple, low- efficiency control devices have
low maintenance costs; complex, high-efli-
clency devices have high maintenance costs.

Annual operating costs is the expense of
operating a control device at its designed
collection efficiency. This cost depends on the
following factors: (1) the gas volume
cleaned, (2) the pressure drop across the
system, (3) the operating time, (4) the con-
sumption and cost of electricity, (5) the me-
chanical efficiency of the fan, and (6) the
scrubbing liquor consumption and costs
(where applicable).

rrritationai and Centrifugal Me-
chanical Collectors-1n general, the only sig-
nificant cost for operating mechanical col-
lectors is the electric power cost, which va-
ries with the unit size and the press. ure drop.
Since pressure drop in gravitational collee-
tots is low, operational costs associated with
these units are considered to be insignificant.
Maintenance cost includes the costs of serv-
icing the fan motor, replacing any lining
worn by abrasion, and, for multiclone col-
lectors, flushing the clogged small diameter
tubes.

Cost equationThe theoretical annual cost
(G) of operation and maintenance for cen-
trifugal collectors can be expressed as fol-
lows:

G,s0.7457 PI1K mi
6356E

where:
S design capacity of the collector, acfm
P pressure drop inches of water (see

Table 6-6)
1.: fan efficiency, assumed to be 60 per-

cent (expressed as 0.6)
0.7457 = a constant (1 horsepower -=0.7457

kilowatt)
11= annual operating time (assumed 8760

hours)
K poorer et-At, dollars per kilowatt -hour

(see Table 6-6)
maintenance cost, dollars per acfm

(see Table 6-5)
For computational purposes the cost formula
can be simplified as follows:

G-S[195.5x 10 PI1K +M) (2)

6.5...) CotiretorsThe operating costs
for a wet collector power and scrubbing liq-
uor costs. Power costs vary with equipment
size, liquor circulation rate, and pressure
drop. Liquor consumption varies with equip-
ment size and stack gas temperature. Main-
tenance includes servicing the fan or com-
pressor motor, servicing the pump, replacing
worn linings, cleaning piping, and any nec-
essary chemical treatment of the liquor in
the circulation system.

Cost «motionthe theoretical annual cost
(G) of operation and maintenance for wet
collectors can be expressed as follows:

G S[0.7157 11K P + +
6356E 1722F 3960F

+ M l (3)

where:
S,-design capacity of the wet collector,

acfm
0.7457,a constant (1 horsepower =0.7457

kilowatts)
11= annual operating time (assumed 8760

hours)
K = power costs, dollars per kilowatt-hour
11, pressure drop across fan, inches of

water (see Table 6-6)
Q = liquor circulation, gallons per acfm

(see Table 6-6)
g, liquor pressure at the collector, psig

(see Tab'e 6 -6)
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h = physical height liquor is pumped in
circulation system, feet (see Table 6 .6)
,-- make-up liquor consumption, gallons
per acfm (see Table 6-6)
liquor cost, dollars per gallon (see

Table 6 6)
M = maintenance cost, dollars per acfm

see Table 6-5)
fan efficiency, assumed to be 60 per-

cent (expressed as 0.60)
F pump efficiency, assumed to be 50 per-

cent (expressed as 0.50)

The above equation can be simplified ac-
cording to Semrau's total "contacting power"
concept.4Semrau shows that efficiency is pro-
portional to the total energy input to meet
fan and nozzle power requirements. The
scrubbing (contact) power factors in Table
6-6 were calculated from typical perform-
ance data listed in manufacturers' brochures.
These factors are in general agreement with
data reported by Semrau. Using Semrau's
concept the equation for operating cost can
be simplified as follows:

G ...---S[0.7157 11K ( 980) Willa+ M]

where Z contact power (i.e., total power in-
put required for collection efficiency),
horsepower per acfm (see Table 6-6). It
is a combination of:

1. fan horsepower per acfm

6356 E and

2. pump horsepower per act m

Qg Vie power to atomize)
1722 l+

'cater through a noz-
:le

The pump horsepower. Qh 1980, required
to provide pressure head is not included in
the contact power requirements.
C.5.3.4 Mrefrostatir Precipitators The
only operating cost considered in the oper-
ation of electrostatic precipitators is the
power cost for ionizing the gas and oper-
ating the fan. As the pressure drop across
the equipment is usually less than ti inch
of water, the cost of operating the fan is as-
sumed to be negligible. The power cost varies
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with the efficiency r.nd the size of the equip-
ment.

Maintenance usually requires the services
of an engineer or highly-trained operator, in
addition to regular maintenance personnel.
Maintenance includes servicing fans and re-
placing damaged w iv es and rectifiers.

Cost (4/notionThe theoretical annual
cost (G) for operation and maintenance of
electrostatic precipitators is as follows:

G -S (.111K + M) (4)
where

S design capacity of the electrostatic pre-
cipitator. acfm

.1 power requirements, kilowatts per
acfm (see Table 6.6)

II= annual o; :rating time (assumed 8760
hours)

K power cost. dollars per kilowatt-hour
(see Table 6-6)

11 maintenance cost, dollars per Reim
(see Table 6-5)

Ffilwir PilfersOperating costs for
fabric filters include lower costs for operat-
ing the fan and the bag cleaning device.
These costs vary directly with size of equip-
ment and the pressure drop. Maintenance
costs include costs for servicing the fan and
shaking mechanism, emptying the hoppers,
and replacing the worn bags.

Cost rviationThe theoretical annual cost
(G) for operation and maintenance of fabric
filters is as follows:

0.707 tit,
ot(;=" S r (5)

6356E
where:

S= design capacity of the fabric filter,
acfm

P pressure drop. inc.es of water (see
Table 6 -6)

E -- fan efficiency. which is assumed to be
60 percent (expressed as 0.60)

0.7457 =a constant (1 horsepower 0.7157
kilowatt)

H ,annual operating time (assumed 8760
hours)

K power cost, dollars per kilowatt-hour
(see Table 6-6)

M =maintenance cost, dollars per acfm
(see Table 6 -5)



Table 6-7. 1101111Y MA. COSTS

Device
Temperature. `F

Temperature.
Inlet Outlet

Fuel cost.'
dollars/acfmhr

Direct flame (DF) . 380 1400 1020 ;0.00057
OF with heat exchanger 1000 1400 400 0.0002:3
ektalytic afterburner (CAB) 380 900 620 0.00018
CAB with heat exchanger 650 900 250 0.00014

These figures include the cost of heating an additional 60 percent excess air. It is assumed there i3 no
heat content in the material or pollutant being consumed.

For computational purposes, the cost for-
mula can be simplified as follows:

G=S[195.5x10-" PIIK +I'd] (6)
6..5.3.0 eificrenancrsThe major operating
cost item for afterburners is fuel. Fuel re-
quirements are a direct function of the gas
volume, the enthalpy of the gas, and the
difference between inlet and outlet gas tem-
peratures. For most applications, the inlet
gas temperature at the source ranges from
300° to 400° F. Outlet temperatures may
vary from 1200° to 1500° F for direct flame
afterburners and from 730° to 1200° F for
catalytic afterburners.2 The use of heat ex-
changers may bring about a 50 percent re-
diction in the temperature difference.'.`
Table 6-7 lists hourly fuel costs based on a
natural gas cost of $0.60 per million Btu.
No credit was given for heat of combustion
of particulate or other matter. These costs
were developed from enthalpies (heat con-
tent) of the process gas at given temper-
atures' Maintenance includes servicing the
fan, repairing the refractory lining, washing
and rinsing the catalyst, and rejuvenating
the catalyst.

The equation for calculating the operation
and maintenance costs (G) is as follows:

0.7457 PIIKC=S[6356 +I1F+111] (7)
E

where:
S= design capacity of the afterburner,

acfm
P=pressure drop, inches of water (see

''able 6-6)
E----fan efficiency. assumed to be 60 per-

cent (expressed as 0.60)
0.7457=a constant (1 horsepower = 0.7457

kilowatt)

I1 `annual operating time (assumed 8760
hours)

K = power cost, dollars per kilowatt-hour
(see Table 6-6)

F =fuel cost, dollars per acfm per hour
(see Table 6-7)

M =maintenance cost, dollars per acfm
(see Table 6-5)

For computational purposes, the cost for-
mula is simplified as follows:

G,S[195.5x 10 4 PIIK + IIF+ 11] (8)

Caplial Charges
Capital charge includes overhead expenses

such as taxes, insurance, and interest in-
curred in the operation of a control device.
Such costs frequently lose specific identity
because of internal I.:counting practices. It
is possible, however, by reasonable assump-
tions, to include capital charges in the an-
nualized cost of control.

6,5.3 Annualiration of Coat
Annualized capital costs are estimated by

depreciating the capital investment (total
installed cost) over the expected life of the
control equipment and adding the capital
charges (taxes, interest, and insurance).
Adding the recurring maintenance and op-
eration costs to this figure gives a total an-
nualized cost of control. Total annualized
cost estimates are shown in Section 6.'7.

6.5.6 Assumptions in Annualized Control
Cost Elements

Annualized conttol costs will differ from
installation to installation and from region
to region, and certain simplifying assump-
tions have been necessary to develop the cost
figures of this section. if more information
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for a given location is available, it is de-
sirable to substitute this for the assumptions
used here.

6.5.6.1 Annualizrd Capital Cost Assump-
tionsThe simplifying assumptions for com-
puting the total annualized capital cost are
as follows:

1. Purchase and installation costs are
depreciated over 15 years, a period
assumed to be a feasible economic
life for control devices.

2. The straight line method of deprecia-
tion (OA percent per year) is used
because it is the most common meth-
od used in accounting practices. This
method has the simplicity of a con-
stant annual writeoff.

3. Other costs called capital charges
which include interest, taxes, insur-
ance, and other miscellaneous costs
are assumed to be equal to the amount
of depredation. or percent of the
initial capit:d cost of the control
equipment installed. Therefore, de-
predation plus these other annual
charges amount to 131,11 percent of
the initial capital cost of the equip-
ment.

Opurtinu Cost AssumptionsThe
following assumptions were taken into ac
count for computing operation and mainte-
nance costs.

1. Power costs included in annual (Ter-
atg expense reflect electricity used
by all systems directly associated
with the control equipment. Electri-
cal power requirements are computed
on a constant usage basis at a sped-
fied gas volume.

2. For wet collectors. it is assumed that
the liquor is recirculated in a closed
system. Liquor consumption consists
of the makeup liquor which must be
added from time to time. Stack gas
temperature influences the rate of liq-
uor loss; this influence is partially ac-
counted for by assuming a constant
loss per cubic foot of stack gas vol-
ume. This assumption is necessary
because of the extremely wile range
of stack gas temperatures.
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3. The costs for electricity and water
are computed on the marginal rate
classes for each size user. which as-
sumes that any additional consump-
tion will be priced at the lowest rate-
highest volume class available. Ex-
cept where specifically indicated, the
typical values for the pressure drop
and cost of electricity (see Table 6-7)
were assumed in all control cost cal-
culations and illustrations.

1. The disposal cost and or recovered
value of collected effluents are not
included in the operating cost cal
culations because of cost differences
from process to process. Disposal cost
figures for several major industrial
categories are reported in Section
6.8.

6.5.6..1 Maintenance Cost AssuptionsIt
is assumed that a user of control equipment
establishes a preventive (scheduled) main-
tenance program and carries it out to main-
thin equipment at its designed collection effi-
ciency. Further, it is assumed that unsched-
uled maintenance, such as replacement of de-
fective parts, is undertaken as requir'd. The
cost incurred far equipment modification or
retail due to an operational accident is not
included.

6.6 1IET1101) FOR LSTIMAIIING ANNUAL
COST Or CONTROL FOR A SPE.
ClFIC SOURCE

6.6.1 General

As previously indicated. it is beyond the
scope of this report to identify and assess
the cost of control for a specific source. Such
assessments can. however, be calculated by
applying the steps outlined below.

6.6.2 Procedure

The following procedure can be used to
determine the expecte(' cost of control for
any source.

Step 1. Describe the source (including
characteristics of the process). the charac-
teristics and consumption of fuel for com-
bustion. and the total number of hours in
operation annually. Emissions can be deter-
nvir.ed by making stack gas tests or can be



.?stimated by making calculations using the
emission factors.

Step 2. Select the applicable types of con-
trol equipment. Figure 6- I illustrates what
must be considered in selecting the optimum
iyi)e of control equipment.

Step 3. Specify pressure drops. efficiencies.
construction material, energy and fuel re-
quirements. and size Ihnitations for the se-
lected control equipment. taking into account
any existing equipment.

Step .1. Determine the gas How in acfm
at the point of collector location. For wet
collectors, this would be the water saturated
gas volume. This should be done by taking
measurements at maximum operating con-
ditions.

Step 5. Determine the estim tied total pur-
chase cost for the specific selected device
(curves found in Section 6.7) at the required
gas volume and control efficiency, For fab-
ric filters, select the proper filter medium for
the process.

Step fi. Multiply the cost found in step
5 by the low, typical. and high installation
cost factors (Table 6 -3), and add the result
to the estimated total purchase cost to ob-
tain the corresponding low, typical, and high
total installed costs. Conditions affecting the
cost of installation are listed in Table 6-1.

Step 7. Calculate the total annual capital
cost as follows:

annualized capital cost
eepreciation 4- capital charges

total investment costa
Step 8. Compute the cost of electricity.

maintenance, and liquor consumption.
Step 9. Compute low, medium, and high

operating and maintenance costs from the
appropriate formulas:

Dry centrifugal collectors
G =S[195.5 .).; 10-0 PIIK + M]
Wet scrubbers

G,S[0.7157
1980

+ WM+ M
Electrostatic precipitator
(3,SPi1k + MI

litts,.41 oft the assumptions in Section 6.5.6.1.

Fabric filters
G z: S[195.5 10 4 M)

Afterburners
z S[195.5 \ 41)111: +

where:
tlworetical value for operating and

maintenance costs
S the design capacity of the collection

device, acfm
P pressure drop of the gas. inches of

II annual operating time
power costs, dollars per kilowatt-hou

Q liquor circulation, gallons per acfm
h z physical height that liquor is pumped

in circulation system, feet
Z total power input required for scrub-

bing efficiency, horsepower per acfm
M maintenance cost, dollars per acfm
W liquor consumption, gallons per hour

per acfm
cost of liquor. dollars per gallon

z power requirement. kilowatts per acfm
')ased on efficiency

F fuel cost, dollars per hour per acfm

Step 10. Add the typical annualized capi-
tal cost to the typical operating and mainte-
nance cost to yicId the estimated total an-
nualized cost of control.

Step It. Because the above calculation is
a point estimate, the range of costs should
be investigated. For this, a variance is cal-
culated and applied to the total estimated
annual cost. The low cost variance (VI) and
high cost mimic.? (V%) of an equipment
combinat on can be computed by using the
square root of the sum of the squares. The
t'ormulas for these variances are as follows:

(C.C1):+
-----

where:

C,. and CI, are the low, typical. and high
annual capital cost estimates. respectively,
and G1. and (1,. and G), are the low, typical,
and high operation and maintenance cost es-
timates. These formulas are taken from the
usual definition of the -_,tandard error of a
linear combination of statistically independ-
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ent variables. They permit computation of
the most probable, rather than the extreme,
range of costs.

Step 12. The high cost variance (V.) is
added to the total estimated annual cost to
yield the high cost limit.

Step 13. The low cost variance (V1) is
subtracted from this total estimated annual
cost to yield the low cost limit.

6.6.3 Sample Calculation.
The following calculations illustrate the

method used to determine the total estimated
annual cost of control. The following exam-
ple shows the estimation of annualized cost
for a 60,000 dm, 90 percent (medium effi-
ciency) wet collector.

Step 1. Annual operating time= 8760
hours (11)

Step 2. Wet collector (given)

Step 3. 90 percent efficiency (given)
Scrubbing power required-0.0035

hot.,epower per acfm (Z)

Step 4. Actual gas flow -60,000 acfm
(given)

Step 5. Purchase cost = $17,000 (from Sec-
tion 6.7.4 for wet collectors)

Step 6. Installation factors from Table 6-3
are 50 percent, 100 percent and 200 per-
cent

Installation factor 60% 100% 200%
Installation cost $8,500 $17,000 $34,000
Purchase cost $17,000 $17,000 $17,000

Total capital cost
III*101.11111m.

$28,800
IN...101100111

$34,000
/11111
$51,000

Step 7. 0.133x (Total capital cost] an-
nual capital cost (C)

CI. 0.133 x $28,400 = $3400
C.,---- 0.133 x $34,000 = $4630
C.6.0.133 x$51,000,--$6800

Step 8. Power cost, dollars/kw-hr (K)
Low Typical High
0.005 0.011 0.020

Maintenance cost, dollars/acfm, (M)
Low Typical High
0.02 0.04 0.08

168

Liquor cost, 10-' dollars/gal, (L)
Low Typical High
0.35 0.50 1.00

Head required for circulation in sys-
tem, feet, (h)

Low Typical High
1 30 60

Liquor circulation, callons per acfm,
(Q)

Low Typical High
0.001 0.008 0.020

Makeup liquor rate, 10 gal/hr-acfm,
(W) =0.5

Step 9. Using the following formula to de-
termine annual operating cost (C),

G.SRZ+-9h ) (0.7457 HK)
1980

+WilL+M]

the low, typical and high operating and main-
tenance costs are as follows:

CI =$8200 $18,100 0, = $35,900

Step 10. From the steps 7 and 9,

Cm =$4630 Gm= $18,100

Then, the total estimated annual cost is
as follows:

C. + G. 822.600

Step 11. Using the square root of the sum
of the squares of the differences, the hig'i and
low cost variances are as follows:

V1 .V(Cm (G.-01)3
V(4530-3100)3+ (18,100- 8200)'

VI =810,000

Ni(C. C.)3+ (08-0.P.
v(6800=4630) I + (35,900 18,100) I

V.--= $17,900

Step 12. From Step 10, the total estimated
annual cost $22,600

From Step 11, VI ---- $10,000
Low cost limit $10,000,2
$12,600



Ir.

Step 13. Total estimated annual cost=
$22,600

From Step 11, V,,.$17,900
High cost limit = $22,600 + $17,900
$10,500

Step 14. The amount of particulate matter
emitted may be calculated if the inlet
conditions are known.

6.6.4 Annualized Cost Variation

The previous section illustrated the prob-
able high and low cost limits for a single in-
stallation, taking into account the variation
in cost for installation, maintenance, and op-
eration. To compute the annualized cost for
a given emiszion reduction system, one must
take into account four variables: (1) collec-
tion efficiency of the system, (2) cost of in-
stalling the system, (3) cost of operation, and
(4) maintenance cost. A more complete sum-
mary of the range ..sf total annualized costs is
shown in Table 6-8 for a 60,000 acfm wet col-
lector. This table illustrates cost figures for
81 possible combinations of each of the four
variables, with each variable taking on three
independent values-low, typical, and high.
It is constructed by the procedure outlined in
Steps 1 through 10 in the previous section.
The constants for computing these values are

taken from Tables 6-5 and 6-6. Table 6-8
shows that a low-efficiency 60,000 acfm wet
collector with low installation, maintenance,
and operation costs will cost approximately
$6100 per year to operate (extreme upper
left hand corner). The most efficient (99 per-
cent efficiency) wet collector, according to the
table, will cost as high as $137,400 per year
to operate. The most likely costs for efficien-
cies of 75 percent, 90 percent, and 99 percent
are $11,300; $22,700; and $74,600, respec-
tively. The type of data shown in Table 6-8 is
useful in developing cost-effectiveness rela-
tionships. Note that this table does not show
the variances, V, and V,; these should be used
only when the probable cost limits are de-
sired.

6.7 COST CURVE:1 BY EQUIPMENT
TYPE

6.7.1 General
For the convenience of those vho may use

the cost information ,lescribed in this chap-
ter, the following sections contain a series
of control cost curves (see Figures 6-5
through 6-24). For each type of control
equipment, a series of curves is presented:
(1) purchase cost curves, (2) installed cost
curves, and (3) annualized cost curves.

The estimated purchase cost curves show

Table SAL-ILLUSTRATIVE PRESENTATION OF ANNUAL COSTS OF CONTROL FOR 60,000 acfm WIT
SCRCRRER (dollars)

El 76 percent I. E. =90 percent F,99 percent
11. 1. 1, 1, 1, 1. 1,

MI 6,100 6,800 8,100 11,800 13,000 16,200 35,1100 37,800 42,800
ht. 7,300 8,000 9,800 18,000 14,200 16,400 36,700 89,000 43,600
24, 8,600 9,200 10,600 14,200 16,100 17,600 37,90) 40,200 44,700
MI1 3,500 10,100 11,600 20,800 21,600 23,700 71,100 78,300 77,900

0, M. 10,700 11,300 12,700 21,600 22,700 24,900 72,800 74,600 79,100
M1, 11,900 12,500 13,900 22,700 23,900 26,100 73,600 76,700 80,300
MI 18,300 20,800 36,900 88,100 40,300 128.200 130,600 136,000

01 14,,, 19,600 20,100 21,600 36,100 39.300 41,600 124,400 131,700 136,200
M, 70,700 21,800 11,720 39,300 40,600 42,700 180,000 182,900 18:,400

E efficiency factor.
Subscripts 1, m, and h indicate low, medium, and hlitt ranges, respectively.
1. installation factor.

a NI .trraint*hance factor.
0 operating factor.

Nor' A similar table can be generated to stow the various control costa for any type of control equipment by
opecifyie operating conditions and calculating each entry. This procedure provides complete information to aid t-
lb. Reetkenettt of existing controls ot other control ietettatives.
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the dollar amounts charged by manufactur-
ers for basic control equipment, exclusive of
transportation charges to the installation
site. This basic control equipment includes
built-in auxiliary parts of the control uni,,
such as instrumentation and solution pumps.
The installed cost curves include the pur-
chase costs, additional auxiliary equipment
costs, and installation costs, as described in
Section 6.5.2. The annualized cost curves in-
clude elements discussed in Section 6.5.3
through 6.5.6. The assumptions, sources of
data, and the limitatiors used to develop
this information are discussed in Sections
6.3 and 6.4.

6.7.2 Gravitational Collectors

In computing the cost of gravity collectors,
three collection efficiencies were considered.
These efficiencies were based on the assump-
tion of essentially complete removal of 87-
micron, 50-micron, and 25-micron particles,
and are designated as low, medium, and high

Celts s.p v f 20 wont.
0.1 111111 1, i 1 1 1 11

1 S 10 30 100

GAS VOLUME tHROUGH COLLECtOR, 103 oefat

Frotits 64. f'atchsoe tost of grarhational collectors.
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efficiencies, respectively. The low and me-
dium efficiency collectors are simple expan-
sion chambers, and the high efficiency col-
lector is a multiple-tray settling chamber,
commonly called a Howard separator.

In actual operation, the collection efficiency
for a gravitational collector depends on the
particle size distribution. In cleaning the flue
gas from a stoker-fired coal furnace, for ex-
ample, low-, medium-, and high-efficiency col-
lectors would have particle removal efficien-
cies of approximately 64 percent, 75 per-
cent, and 88 percent, respectively. In clean-
ing the flue gas from a pulverized coal fur-
nace, these same collectors, because of the
smaller-sized particles emitted by the com-
bustion unit, would have approximate effi-
ciencies of 21 percent, 34 percent, and 56
percent, respectively.

The purchase costs of gravitational col-
lectors are shown for three different effi-
ciencies in Figure 6-5. These are apprlxi-
mate costs for typical installations. If it were
necessary to include insulation or a corro-
sion-resistant lining, the costs would be
higher. The total installed cost was also
calculated for each efficiency and is shown
in Figure 6-6. The total installed cost is the
sum of the purchase and installation costs.
The installation costs were assumed to range
from 33 percent to 100 percent of the pur-
chase cost (see Table 6-3), and this range
results in a cost band for each efficiency. as
shown in the figure. No annualized cost
curves are presented for these collectors be-
cause operation and maintenance costs, other
than for removal and disposal of collected
material, usually are negligible, except where
corrosion ma :' be a problem. Section 6.8 pro-
vides specific information on the disposal
of collected material.

6.7.3 Dry Centrifugal Collectors

The costs of purchasing, installing, and
operating mechanical centrifugal collectors
are given in Figures 6 -?, 6-8, and 6-9 re-
spectively. The curves in these figures show
costs for collectors that operate at nominal
efficiencies of 50 percent, 70 percent, and
95 percent (see Section 6.4). Costs are plot-
ted for equipment sizes ranging from 10,000
to 1,000,000 'term. The as_surnutions used in
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calculating annual operation and mainte-
nance costs for dry centrifugal collectors are
as follows:

1. Annual operating time.87130 hours
2. Collector pressure drop=3 inches of

water
3. Power cost = $0.011 /kw-hr
4. Maintenance cost =10.016 facfm
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6.7.4 Wet Collectors

The costs of purchasing, installing, and
operating wet collectors are given in Fig-
ures 6-10, 6-11, and 6-12, respectively, as a
function of equipment size. The curves in
these figures show costs for collectors that
operate at normal efficiencies of 75 percent,
90 percent, and 99 percent (see Section
6.4). The basic hardware costs for medium
and high collection efficiency equipment are
reported by manufacturers to lie in the same
1000
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111111 1 171 Ilfli T 1 1-111(±

Costs moy very by 20 percent.

I 1 1 1 11111 1 1 1 1 11111 1 1 1 1 1 111

5 10 50 100 500 1000

GAS VOLUME THROUCH COLLECTOR, 103 acfm

FIGURE 6-10. Purchase cost of wet collectors.
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=

cost range and both appear on the same
curve in Figure 6-10. The higher installed
cost of a high collection efficiency system in
Figure 6-11 results from the need for larger,
more expensive auxiliary equipment (based
on Table 6-3). The assumptions used in cal-
culating annual operating and maintenance
costs for wet collectors are as follows:

1. Annual operating time=8760 hours
2. Contact power requirements:

0.0013 horsepower/acfm for 75
percent efficiency

0.0035 horsepower/acfm for 90
percent efficiency

0.015 horsepower/acfm for 99
percent efficiency

3. Power cost= $0.011/kw-hr
4. Maintenance cost= $0.04/acfm
5. Head required for liquor circulation

in collection system= 30 feet
6. Liquor circulation =0.008 gallon/

acfm
7. Liquor consumption =0.0005 gallon/

hour -acfm
8. Liquor cost =$0.0005/gallon

6,7.5 High-Voltage Electrostatic
Precipitators

The costs of purchasing, installing, and
operating high-voltage electrostatic precipi-
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FIGURE 6-12. Annualized cost of operation of wet
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tatora are given in Figures 6-13, 6-14, and
6-16, respectively. The curves in these fig-
ures show costs for collectors that operate
at nominal efficiencies of 90 percent, 95 per-
cent, and 99.5 percent. These costs are plot-
ted for equipment sizes ranging from 20,000
to 1,000,000 acfm. The assumptions used in
calculating annual operation and -mainte-
nance costs for high-voltage electrostatic pre-
cipitators are as follows:

1. Annual operating time 8760 hours
2. Electrical power requt..3ments:

aged modular low-voltage precipitators with
flow rates of less than 1500 acfm are used
to collect oil mist from machining operations.
Purchase cost of such a unit usually is less
than $1200. The assumptions used in cal-
culating annual operation and maintenance
costs for low-voltage electvostatic precipita-
tors are as follows:

r.

0.00019 kw/acfm for low effici-
ency 0

0.00026 kw/acfm for medium 7,
efficiency

0.00034 kw/acfm for high effi- 3
ciimcy

3. Power cost $0.011/kw-hr
4. Maintenance cost -,---$0.02/acfm

6.7.6 Low-Voltage Electrostatic
Precipitators

The curves in Figures 6-16, 6-17, and 6-18
indicate purchase cost, installed cost, and op-
eration cost of low-voltage electrostatic pre-
cipitators for low and high collection effi-
ciencies based on design gas velocities of 160
and 125 feet per minute, respectively. Pack-
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6.7.7 Fabric Filters
Figures 6-19, 6-20, and 6-21 show pur

chase cost, installed cost, and annualized cost
of control for three different tyres of filters.
Each of the three filters is designed with
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FIGURE: 6-18. Annualized trust of operation of low -
s oltage electrostatic precipitators.
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FELT. CONTINUOUS AUTOMATIC C1 tANING.

B MEDIUM-TEMPERATURE SYNTHETICS, WOVEN AND
FELT. CONTINUOUS AUTOMATIC CLEANING.

C - WOVEN NATURAL FIBERS. INTERMITTENTLY
CLEANED SINGLE COMPARTMENT.

FIGURE 6-19. Purchase cost of fabric filters.



about the same efficiency-99.9 percent.
Costs are plotted for equipment sizes rang-
ing from 10,000 to 1,000,000 acfm.

The control cost curves represent the fol-
lowing different types of filter installations:

1. Curve A represents a fabric filter in-
stallation with high-temperature syn-
thetic woven fibers (including fiber-
glass) and felted fibers cleaned con-
tinuously and automatically.

2. Curve B represents an installation
using medium-temperature synthetic
woven and felted fibers, such as Or-
lon or Dacron, cleaned continuously
and automatically.

3. Curve C is the least expensive instal.
lation. Woven natural fibers are used
in a single compartment. Filters are
intermittently cleaned. This equip-
ment is rarely designed for processes
handling over 150,000 acfm.

These control cost curves do not include
data for furnace hoods, ventilation ductwork
and pre-coolers that may appear only in cer-
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F/OURE 6-20. Installed cost of fabric filters.

thin installations. The e numptions for cal-
culating operating and maintenance costs are
as follows:

1. Annual operating time= 8760 hours
2. Pressure drop of the gas through the

three types of fabric filters =4 inches
of water

3. Power cost = $0.05/acfm
4. Maintenance cost = 05/acfm

6.7.8 Afterburners
Afterburners are separated into four cate-

gories: (1) direct flame, (2) catalytic, (3)
direct flame with heat recovery, and (4)
catalytic with heat recovery. Equipment and
installation costs were obtained from both
the literature and manufacturers of after-
burners. Sufficient.data were received on cata-
lytic afterburners to define the narrow pur-
chase cost range shown in Figure 6-22. The
figure shows that, purchase costs of direct
flame afterburners have a wider range than
those of catalytic afterburners.

Figure 6-23 shows the installation costs
for afterburners. Heat exchangers are con-
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CLEANED -SIFGLE COMPARTMENT.

FIGURE 6-21. Annualized cost of operation of fabric
filters.
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sidered accessory equipment and appear as
part of the installation cost. Installation costs
may range from 10 percent to 100 percent
of the purchase costs, although in some sit-
uations they may be as high as 400 percent.
Differences in installation coats are due to
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FIGURE: G -22. Purchase cost of afterburners.
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FIGURE 6-23. Installed cost of afterburners.
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the differences in burner locations relative
to the emission source, and differences in
structural supports, ductwork, and founde.-
tions. Installation costs for the addition of
equipment to existing plant facilities will
be higher than similar costs for new plants.
Other factors accounting for different in-
stallation fees are the degree of instrumenta-
tion required, engineering fees in manufac-
turers' bids, startup tests and adjustments,
heat exchangers, auxiliary fans, and utili-
ties. The assumptions for calculating oper-
ation and maintenance costs are as follows:

1. Annual operating time= 8760 hours
2. Fuel cost:

$0.57/1000 acfm-hour for direct
flame afterburner with no heat
recovery
$0.23/1000 acfm-hour for direct
flame afterburner with heat re-
covery $0.28/1000 acfm-hour for
catalytic afterburner with no
heat recovery
$0.14/1000 acfm-hour for cata-
lytic afterburner with heat re-
covery

3. Maintenance cost:
$0.06/acfm for direct flame af-
terburner
$0.20/acfm for ca talytic after-
burner

4. Pressure drop throrgh all after-
burner types =1 inch of water

5. Power cost =$0.011/W-hr
Cost comparisons presented in Figure 6-24

show that the direct flame afterburner with-
out a heat exchanger is the most expensive.
The tower curve in Figure 6-24 shows that
the annualized cost of a (Erect flame after-
burner with heat recovery is lower than the
cost of a catalytic afterburuer without heat
recovery.

6.8 DISPOSAL OF COLLECTED PARTIC-
ULATE EMISSIONS

6.8.1 General

The installation of any pollution control
system designed t) collect particulate mat-
ter demands a decision regarding the dis-
posal of the collected particulate material.
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Frame 6-24. Annualized cost of operation of after-
burners.

This section discusses the relevant factors
and illustrates the economic consequences of
disposal of the collected material.

In the past, pollution control equipment
often was installed either to reduce a severe
nuisance or to recover valuable material.
Such equipment not only prevented valuable
material from escaping to the atmosphere
but also reduced costly cleaning of the plant
grounds and facilities.

As industrial plants become more crowded
together and as the public desires a higher
quality of air, more emphasis will be placed
on intensive control activities. This empha-
sis will increase the demand for more effec-
tive air pollution control. Generally, most
air pollution control systems collect material
that has little economy, worth.

Basically, the Alternatives for handling
collected particulate material are as follows:

1. Return the material to the process.
2. Sell the material directly as collected.
3. Convert the material to a saleable

product.
4. Discard the material in the most eco-

nomical manner.

The process of selecting an alternative
should take into account the following ques-
tions:

1. Can the material be used within the
company?

2. Is there a profitable market for the
material?

3. What is the most economical method
of disposal?

4. is there land available for a landfill?
5. is there a source of water available

for:
a. a wet pipeline system
b. disposal at sea
c. transportation by barge

6. Is there space available for a settling
basin or filtering system?

7. Ic there process-related equipment
presently available for transporting
or treating the collected material?

8. Is there access to a municipal waste
treatment system?

9. Can technology and/or markets be
developed for utilization of the waste
material?

6.8.2 Elements of Disposal Systems
After examining feasible solutions to the

disposal problem, the least costly alternative
that is most compatible with other operat-
ing factors in the plant should be chosen.
The decision should result from consideration
of each of the four functional elements of
the disposal system described below and their
relationships to the manufacturing process.

1. Temporary storage, which allows
gathering sufficient quantities of the
collected material to make final dis-
posal more economical. The unit cost
of disposal usually is lower for greater
quantities. Temporary storage may
be convenient at many points in the
overall disposal scheme, such as in the
hopper or settling chamber of a pollu-
tion control device, or in a silo some
distance from the plant.

2. Transportation that moves the col-
lected material from the particulate
control device to some location where
disposal is relatively economical. In
most cases, transportation displaces
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the material to a location where ac-
cumulation minimizes any potential
interference with plant activities.
Any single disposal system may re-
quire more than one method of trans-
porting the material. For example,
a conveyor system may be used at
the control device, a truck may be
used to transport the material to a
landfill area, and a bulldozer may be
used to push it to its final disposal
location.

3. Treatment that changes physical
and/o7 chemical characteristics for
easier disposal. Such treatment may
simplify operations and reduce costs
for handling and disposal of wastes.
Frequently, for easier transport, par-
ticulat;., matter is made into a slurry
by adding water to it. This permits
the use of a pipeline, which is often
the most economical method for
transporting wastes over long dis-
tances. Slurries from wet scrubbing
pollution control systems frequently
are treated in an opposite manner:
the water is removed and the par-
ticulate mattes is concentrated by fil-
tration or sedimentation. This per-
mits the ultimate disposal of a solid
waste, rather than a sludge or a
slurry. The method of treatment
should be selected with a view to
minimizing contamination of the ?,n-
viromnent. Examples of such treat-
ment methods are the wetting of fine
dust to prevent air pollution, the neu-
tralization and filtration of slurries
to prevent contamination of receiv-
ing waters, and the proper burial of
solid material in a sanitary land-
fill.

4. Final disposition, which pertains to
discarding the unusable material. Ma-
terial which cannot be sold, con-
verted, or re-used ultimately can be
discarded in landfills; or sometimes
it can be disposed of in lagoons or
the sea.

The following list shows some examples
of the four functional elements for both wet
and dry disposal systems:
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A. Starage
(1) Slurry of suspended particulate

matter in water
(a) Settling basin
(b) Lagoon
(c) Tank

(2) Dry collected particulates
(a) Mound
(b) Rail car
(c) Bin
(d) Silo

B. Transportation
(1) Slurry of suspended particulates

in water
(a) Barge
(b) Pipeline
(c) Truck
(d) Rail

(2) Dry collected particulates
(a) Truck
(b) Rail
(c) Front-end loader
(d) Conveying system
(e) Barge

C. Treatment
(1) Slurry of suspended particulate

in water "
(a) Sedimentation
(b) Filtration
(c) Flotation
(d) Thickening; wet combustion
(e) Lagoons and drying beds
(f) Vacuum filtration
(g) Centrifugal,ion; incineration
(h) Neutralization

(2) Dry collected material
(a) Comjvessirg
(b) Wetting

D. Final Disposition
(1) Landfill

(a) Public or private disposal
sites

(b) Quarry
(c) Evacuated coal mine

(2) Lagoon
(3) Dump at sea

The arrangement of these elements in an
overall disposal scheme is shown in Figure
6-25. This flow diagram shows the move-
ment of the collected material through vari-
ous stages toward final disposal.

Environmental factors such as space, utili-
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Finn 6-25. Flow diagram for disposal of collected particulate material from air pollution control equip-
ment.

ties, disposal facilities, and the desired form
of collected waste material usually have an
important bearing on the selection of a dis-
posal system compatible with a specific type
of particulate pollution control equipment.
Therefore, a specific type of particulate pol-
lution control equipment may not always call
for the same waste disposal system.

6.8.3 Disposal Cost for Discarded Material

Table 6-9 describes various disposal sys-
tems and the related costs within specific in-
dustries. Each system listed is specifically
designed to cope with the disposal problem
and available facilities of the individual plant
shown. Therefore, drawing general conclu-
sions about the relative costs of systems
listed in the table ould be erroneous. The
disposal costs shown include capital charges
and costs for labor and material. The dis-
posal cost per ton will be higher the smaller

the quantity of material, because capital
charges for investment in facilities will re-
main the same regardless of quantity.

Fly ash, a residue from the combustion
of coal and residual oil, probably is the most
common material collected in emission con-
trol systems. An estimated 20 million tons
of fly ash was produced in the United States
in 1965. Only 3 percent of this total was sold
as a marketable product." If the cost for
discarding the remaining 97 percent of the
fly ash as unusable waste were $1.00 per
ton or more, this would represent a total cost
of $20 million or more. Based on the data
in Table 6-9, a cost of $1.00 per ton is a
typical unit cost.

In certain situations, the disposal cost of
fly ash can be a major portion of the total
annualized cost for a complete pollution. con-
trol system (including dispcsal facilities).
For example, the disposal costs can be as
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high as 80 percent of the total annualized
cost for an emission control system with
older electrostatic precipitators which are
no longer depreciated. The disposal cost still
can he as high as 60 percent for similar sys-
tems with newly installed electrostatic pre-
cipitators, which usually have high depre-
ciation charges,

Table 6-10 shows a summary of fly ash

Table 6-10, COST OF ASH DISPOSAL BY ELEC-
TRIC UTILITIES

Disposal costs, dollars/ton
Type and collection method

Low Medium High

Fly ash (mechanical
collector) $0.16 $0.69 $1.67

Fly ash (electrostatic
precipitator) 0.12 0.77 1,74

Bottom ash 0.16 1.04 4.76

disposal costs for material collected from
electrostatic precipitators and mechanical
collectors installed in electric utilities and is
taken from a recent survey." This survey
analyzed the costs of disposal, the sales, and
the uses of fly ash collected by 54 electric
utilities and reported an average disposal
cost of $0.74 per ton. Analysis of the data
for individual utilities revealed that disposal

fY

-1
-J00
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ASSUME: CFM, GRAIN LOADING CONSTANT

cost is partly a function of geographical lo-
cation. The average disposal cost per ton in
the heavily-populated East is higher tht.a
that reported elsewhere.

6.8.4 Return of Collected Material to the
Process

In some process operations, collected ma-
terial is sufficiently valuable to warrant its
return to the process In these situations, the
value of the recovered ma'erial can partially
or wholly pay for the collection equipment.
In many applications, however, the cost for
the high efficiency control systems necessary
to achieve desired ambient air quality will
be greater than the revenue returned for re-
covery of the material collected. This is illus-
trated by the hypothetical example in Fig-
ure 6-26.

The figure shows a linear relationship be-
tween collection efficiency and value of ma-
terial recovered. It also shows a curvilinear
relationship between collection efficiency and
related equipment costs. Up to the break-
even point D (which corresponds to an effi-
ciency of about 97 percent), the recovery
value of material collected is greater than
the cost to achieve the recovery. Equipment
designed for efficiencies greater than 97 per-
cent, according to the curve, would have a
higher cost than the potential recovery value.

I

VALUE OF ..:ATERIAL
RECOVERED

PROFIT MAXIMUM

BREAK EVEN
POINT

"PROFIT"

65 70 75 80

EFFICIENCY, %

85 90 95

FIGURE 6-26. Theoretical effect of dust value on control cost.
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If profit were the only control incentive, 85
percent collection efficiency would achieve the
maximum profit, as illustrated by the profit
line AB. If however, emission standards
made 97 percent collection efficiency neces-
sary, no profit would be achieved at the
break-even point D. For collection efficiency
greater than 97 percent, equipment costs
would exceed recovery costs. At 99 percent
efficiency, for example, control equipment
would cost the amount shown by FII, and
the value recovered would be the amout.t
GIL The difference FG would represent an
expense and can be considered as the net
control cost.

The cement industry is one example where
return of the collected material to the proc-
ess is commonly practiced. A survey con-
ducted in 1956 shows that, out of 383 kilns,
a total of 349 return collected dust to the
process." Not only does recovered dust, in
such situations, have value as a raw material,
but its recovery also reduces disposal costs
and decreases other related costs for the
preparation of raw materials used in the
process.'1

6.8.5 Recovery of Material for Sale

Although material collected by air pollu-
tion control equipment may be unsuitable
for return to a process within the plant, it
may be suitable for enother manufacturing
activity. Hence, it may be treated and sold
to another firm that can use the material.
Untreated pulverized fly ash, for example,
which ca: not be reused in a furnace, can be
sold as a raw material ton cerneht manu-
facturer. It also can be used as a soil con-
ditioner, or as an asuhalt filler, or as land-
fill material. For such uses, pulverized fly
ash requires no treatment ard can be sold
for as much as $1.00 per ton. Pulverized fly
ash which is treated can yield an even more
valuable product. A !milted number of u ili-
ties, for example, sinter pulverised fly ash
to prodJee a lightweight aggregate which
can be used to manufacture bricks and light-
weight building blocks.

At the present time, however, the sale of
raw or treated collected process material us-
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ually does not offer an opportunity to offset
control costs to a significant extent,
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7. CURRENT RESEARCH IN CONTROL OF PARTICULATE MATTER

A total of 501 identified projects relating
to air pollution research were active in 1966.'
Of these projects, only 16 related directly to
research on the control of particulate matter.
Five of the 16 projects were financed by the
Federal Government (both as in-house and
contract projects), and the rest were per-
formed by control equipment manufacturers,
public utilities, and some of the larger basic
industries.

To provide the research and development
necessary to keep pace with the particulate
pollution problem and the increasing require-
ments for improved control, the National
Mr Pollution Control Administration (NA-
PCA has undertaken a series of pollution
device development system studies. These
studies will be conducted by industrial or-
ganizations under contract to NAPCA. Their
purpose is to systematically identify and
carry out research needed to improve the
performance and extend the application of
major pollution control equipment.

These studies include research on high-
temperature bag filtration directed toward
increasing bag life and determining the
mechanisms that cause bags to rupture.'
Additional studies are under way to deter-
mine performance under various dust inlet
feed modes and the effects on filtration of
particle size distribution along the filter bag.
In another study, the potential of fabric
filters for controlling fly ash emissions from
t)wer plants burning pulverized coal .vas
!nvestigated.'

Combustion research at the NAPCA in-
cludes an evaluation of emissions from a
pilot trench incinerator.' Laboratory investi-
gations into the effects of fuel additives,
burner operation, and burner modifications
on particulate emissions from oil combustion
are being conducted.'

Five basic types of wet scrubbers are be-

ing studied in an attempt to relate collec-
tion efficiency to cost of operation, to im-
prove scrubber effectiveness in the control
of incinerator emissions, and to evaluate the
scrubber as a gas-liquid contactor. A 100 -
to 500-cfm test unit was constructed to carry
out these investigations.'

Contract studies currently being conducted
by NAPCA pertain to systems analysis
studies covering Loth theory and application
of the various modes of control of particu-
late matter.

A research program in the field of high-
temperature electrostatic precipitation is be-
ing conducted by the U.S. Bureau of Mines.
Data from a pilot plant at which fly ash is
collected show collection efficiencies in the
90 to 98 perceti% range at a temperature of
1460°F. and a pressure of 80 psig.t

Research by universities and manufac-
turers is under way to determine the effects
of sparking rates and gas and dust flow on
collection efficiencies of electrostatic. precipi-
tators.'.'

Wet scrubber research includes a study of
the parameters affecting particle collection
in a venturi scrubber '° and removal of par-
ticles by foam in a sieve plate column." In-
vestigations into the performance param-
eters of the flooded disc scrubber have been
reported." "

Cloth filtration application studies by pri-
vate companies are under way on large oil-
and coal-fired steam generators "." and sin-
ter plants."

Additional research is being conducted by
equipment manufacturers in an effort to im-
prove technology on the collection of par-
ticulate matter.

The October 1968 issue of the Journal of
the Mr Pollution Control Association is de-
voted entirely to current aerosol research
progress reports.
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B. BIBLIOGRAPHY

The following bibliography contains a broad
listing of articles pertaining to particulate
air pollution control. The articles are ar-
ranged according to specific source categor-
ies. The following arrangement of categories
is intended to aid the reader in locating ar-
ticks in specific areas.
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Page
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