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ABSTRACT

The objectives of this study are to evaluate the
effectiveness and cost of control for existing and developing
particle technologies that can be applied to the major incdustrial
sources in California. Fine particles have been defined for this
study as those particles having an aerodynamic diameter less than
3 umA.

This report presents the design information for the fine
particle control technologies in four major categories--scrub-
bers, electrostatic precipitators, fabric filters, and cyclone
separators. Emission data and process information are given for
fuel combustion, food and agriculture, metallurgical, mineral

processing, surface coating, incineration, and wood milling.

Capital and annualized operating costs for ten fine particle
control devices--Venturi scrubber, Calvert Collision Scrubber,
F/C scrubber, . charged spray scrubber, SCAT scrubber,. ESP, ESP
with SoRI precharger, pulse charging ESP, fabric filter, and
electrified filter--were estimated for several levels of fine
particle collection efficiency..



ACKNOWLEDGEMENTS

This report was submitted in partial fulfillment of contract
number A9-119-30, "Controls for Fine Particle Emissions from
Industrial Sources in California” by Air Pollution Technology
under the sponsorship of the California Air Resources Board..

ii



DISCLAIMER

The statements and conclusions in this report are those of
the contractor and not necessarily those of the California Air
Resources Board.. The mention of commercial products, their
source or their use in connection with material reported herein
is not to be construed as either an actual or implied endorsement
of such products..

iii



TABLE OF CONTENTS

Abstract ..... ceeemeaneanea ceeccseecssensseserneaneannes
Acknowledgement ....... eeeccecosssas st taancssc et ensen
Disclaimer .eeeececeeccceas cecectsccarsesseaenacasesseseans
List of Figures ....ceceeaes ceeccccvascsacacans ceecceseaan
List of Tables ..... ceeccecenccanean csssscccnanenae ceeaeee
Nomenclature ........ seeevecnns e esccscanennsnans sesaeans
Section 1 Summary and Conclusions ...cccececeass
Section 2 Recommendations eeceeeceacecas ceeccecnn
Section 3 INEroduCtion ceeeeeeeececoccscocancccs
3.1 — Background «cceececccccccccns cessans
3.2 — MethodOlOogy ceceececccccanaces casense
Section 3 References s.ceeeeeeececccccoess ceeasecas
Section 4 Wet Scrubbing ceeceeeeceeeaes ceecacacoen
4.1 - Introduction ...... ceeseaen ceeeen .
4.2 - Types of Scrubbers .....ccccocesesnn
4.3 - Recent Developments in Scrubber
Technology ....... ceeceens teasscnanns
4.4 - Entrainment Separation ..c.ccc... .es
4.5 - Scrubber Performance Predictions ...
4.6 - Scrubber Design ..ccceeeess ceecasanns
4.7 — ECONOMICS ceeeccecs ssescccenanane .es
4.8 - Methods of Technical Evaluation ....
Section 4 References .ceeeeeeeccens cctesescencnes
Section 5 Electrostatic Precipitator .eeeeeeccec..

iv

ii
iii
ix
xviii
Xxiv

1-1
2-1
3-1
3-1
3-1
3-9
4-1



Section

Section

Section

Section

Section

Section

ot

Y]

TABLE OF CONTENTS (cont.)

— Introduction .ceceececceccccccsccacas
- General Design Features ...cecececees
— ESP FundamentalsS ..eecececececaceennn
- Factors Influencing Performance .....
- Advanced DeSidgn ce.ceececcocccccacsacss
- Engineering ModelS .tccecesscscsccncses
- Methods of 1echnical Evaluation .....
References c.eeecesccceccccassncscscsnsnae
FiltersS cuieeeccececcoccsscscssoscsscssanse
— Introduction s.ciceccccececsacccannas

— General Design FeatuUres ..cceeeeeecces

3 - Baghouse Filter Fundamentals ..ccecse.

W N

- Factors Influencing Performance .....
- Advanced Designs .............;......
- Methods of Technical Evaluation .....
References .c.ccecesscesssessccccscancaes
CYClOoneS teieerecennssscsaceccccnnanans
= Introduction ...cceceecccccccccrcncns
- General Design Features ..eeececeecces
- Cyclone FundamentalsS scececacsccccesns
- Factors Influencing Performance .....
References c.cececesecasccconccccccccns

Fuel Combustion SOUrCeS .cceceescsccces

Page
5-1

5-7

5-16
5-20
5-36
5-41

5-46

6-12
6-22
6-35
6-43
6-52
7-1
7-1
7-1

7-15
7-24

8-1



Section 8 -

Section 9 -

Section 9 -
Section 10 -
10.1
10.2
10.3
10.4
10.5
10.6
10.7

10.8

TABLE OF CONTENTS (cont.)

- Introduction ....eeeececccans ceeenocnne
- 011 Fuel .ccececcevses cecacscsescacsoase
— Coal Fuel .icecceececcoassancces ceceas
~ Calculations ..eeeececaaas cecceccneas
ReferencCes ceeeeesecocsasscccsse ccereecans

Food and Agriculture Processing .......
- Introduction ..... tecaessccsanesacccns
- Rice Drying ceecececesaccans ceceacccen
— Grain DIrying ceceeeevesececas ceessans
- Alfalfa DrYing ceccesecencsncssccsnes
- Grain Grinding and Milling ...ecce.e.

— Cotton GInNNiNg ececeeesccsccassncccoscos

Calculations .eceecececccans creccaan .-
ReferencCes seeceeeccsscsoss seeena ceeeeee
Metallurgical Scurces ...... ceecaccanan
- Introducticn ..... ceetcesessasenevecas
-~ Coke Manufacture ..... cetecesenscecs .-
- Primary Iron and Steel .......... csee
- Steel Foundries ..... csscescccnus R
— Brass/Bronze .c.cecee-e. ceesseacne ceeen
- Secondary Lead ...... tetessenaseasees
— Secondary ZinNC eecececssacccscncccnns

— Calculations eeeeceecee ceecaceccas cesen

vi

Page
8-1
8-2

8-13

8-36

10-1
10-8
10-27
10-34
10-37
10-45

10-51



Section

Section

Section

Section

Section

Section

10

11

11.1
11.2
11.3
11.4
11.5
11.6
11.7
11.8
11.9
11 -
12 -
12.1
12.2
12.3
12.4
12.5

12

13 -
13.1
13.2

13.3

TABLE OF CONTENTS (cont.)

References .eeeeeeeeceeerseccccanccacss
Minerals ...cc.c.. cessscccncce cesscsesas
— INEIOAUCEION teeerunnnnnnnnnossannnns
- Cement .cecceceiceccccccans cesccse cose
~ Asphalt Road-MiX ceceecccecccccsscans
= LiME teeeeeececcscsocncccscsocsonsccnans
— Gypsum Calcining eeecececscccescncsans
- Asbestos Mining and Milling ...ceece.
-~ Glass Melting FUurnaces ....e.cecececcee
- Rock, Sand and Gravel ....eeeeceesces
— Calculations ececeeceeeccacecccccnncnn
ReferenCes .ceeeeececececcccccnsocssncssns

Surface Coating Operations ...ceececocces

IntrOGUCtion ® % & 6 9 00 00 00 s 00 e e s

Can Manufacturing .c..cceeececcccscnas

Automobile Coating ec.eeecececcenveceas

Furniture Manufacturing .c.ececeeeces

Calculations .ceecescecssccccnccnssscss
References t.eeeeeeecccecscence seesenns
Incineration cieeeececscescccsccnannnne
= Introduction .seeeeccecsccasesssconnns
- Municipal Incineration ........ cecsns

- Industrial Incineration ..ccecececeses

vii

12-8
12-13
12-16
13-1
13-1
13-1



13.4 - Wood Waste Boilers

13.5 - Calculations

Section 13 - References

---------- e e s 0

@ 0 @ s ° 8 @5 v s 00 e e e a0 e s

Section 14 - Wood Milling and Working ....cececececs

14.1 - Process Description ........

14.2

14.3

14.4

Section 14 -~ References

Calculations

Source Characteristics

Control Technology ....

cccccc

-----

® © 9 2 0 0 2 ¢ ® P O G e TS e e s e s e e e

APPENdiX ceeeecercccscoascaas Ctecescecessseccsstecaneno

viii

13-8
13-14
13-25
14-1
14-1
14-1
14-1
14-1

14-10



4.2.1-1
4.2.3-1

4.2.4-1
4,2.5-1

4.2.9-1
4.2.10-1
4,2.10-2

4.3.1-1
4.3.1-2
4.3.1-3

4.3.1-4

4.3.1-5
4.3.2-1
4.3.3-1
4.3.4-1

4.3.4-2

LIST OF FIGURES

Example of information from the Acurex data
base (Minicucci et al., 1580)

Plate arrangement in a scrubber tower, and
two commonly used contacting devices

Two fiber-bed scrubber designs.
void fractions usually run 27-99%

Packing

Preformed-spray scrubber recovers particles
or gases on liquid droplets atomized by
spray nozzles

In gas—-atomized units, high relative
velocity between gas and droplets promotes
collection

Mobile-bed unit. High gas velocity cleans
packing elements and keeps bed turbulent

Generalized process design for F/C scrubber
system

Particle growth resulting from water-vapor
condensation reduces power cemands

APS electrostatic scrubber
TRW systems charged droplet scrubber
Calvert double scrubber

Schematic of Calvert electrostatically
augmented scrubber

UW Electrostatic Scrubber
Example of SCAT system arrangement
Calvert Collision Scrubber

Hydro-sonic steam-hydro scrubber with ejector
drive

Hydro-sonic fan coalescer

ix

3-6

4-4

4-6



4.4.3-1

4.5.1-1

4.5.1-2

4.5.2-1

4.5.4-1

4.5.4-2

4.5.5-1

4.6-1

4.8.2-1

5.2-2

5.2-3

LIST OF FIGURES (cont.)

Cut/power plot for entrainment separator
Integral (overall) penetration at a function
of cut diameter, particle parameters, and
collection characteristics

Overall penetration as a function of a cut

diameter and particle parameters for common
scrubber characteristics

Target efficiency results of various inves-
tigators

Single collector collection efficiencies for
inertial particles

Single drop collection efficiency versus
inertial impaction parameter with Coulombic
force parameter as paremeter

Generalized F/C scrubber system

Cut/power plot

Spray. scrubber penetration, charged
particle/neutral drop (Yung et al., 1981)

Spray scrubber penetration, charged
particle/neutral drop (Yung et al., 1981)

Required metal thickness

Price adjustment factors

Fractional efficiencies for a cold-side
electrostatic precipitator with the
operating parameters as indicated, on a
pulverized coil boiler

General precipitator layout and nomenclature

Parallel plate precipitator

Typical precipitator electrical arrangements
and terminology

4-34

4-39



5.3.2-2

5.4.8-1
5.5.1-1

5.5.1-2

5. 5.1-3

5.5.1-4

5.5.1-5
5.5.1-6
5.5.1-7
5.5.1~-8
6.2.3-1
6.2.3-2
6.2.3-3

LIST OF FIGURES (cont.)

Two-stage electrostatic precipitator concept
Tubular precipitator
Two-stage tubular ESP

Region near small-radius electrode (McDonald
and Sparks, 1977)

Electric field configuration for wire-plate
geometry (Mcoonald and Sparks, 1977)

Electric field modified by the presence of
an uncharged conducting particle (Oglesby,
et al., 1970)

Electric field after particle acquires a
saturation charge (Oglesby et al., 1970)

Typical temperature-resistivity relationship
EPA-SORI three electrode precharger

Grade penetration for high resistivity fly
ash (Sparks et al., 1980) :

Effective migration velocity versus particle
diameter for high resistivity runs (Sparks
et al., 1980)

Graded penetration curves for 1low
resistivity runs (Sparks et al., 1980)

Construction of BOXER CHARGER

Union Carbide high intensity ionizer system
High intensity ionizer throat

Installation of a HII in an existing ESP
Shaker Cleaning Method

Reverse flow simple collapse cleaning method

Reverse flow without flexing cleaning method

xi

5~-8
5-9
5-10

5-12

5-12

5-14

5-25

5-27
5-29
5-31
5-32




€.2.3-4
6.2.3-5
6.3.1-1

6.3.2-1

6.3.2-2

6.3.2-3

6.3.2-4

6.3.2-5

6.3.3-1

6.4.1-1

6.4.2-1

LIST OF FIGURES (cont.)

Reverse—air jet filter cleaning method
High energy pulse cleaning method
Filter cloth weaves

Effect of fabric on average

resistance of dust layer,
1965

specific
Kimura, et al.,

Relation between specific surface diameter
of particle to be collected and voids of
collected particle layer, Kimura, et al.,
(1965)

Velocity pattern in six-compartment baghouse
as a function of time. Average velocity, 1
m/min; initial compartment pressure loss, 17

mm H.g/min; final compartment pressure loss,

Flow and pressure loss variations as a
function of time in a multicompartment
baghouse. Average velocity, 1 m/min;
initial compartment pressure loss, 17 mm

H:0/m/min; final compartment pressure loss,
170 mm H.0/m/min

Effect of the number of compartments on
cleaning cycle periods (Tanaka, et al.,
1973)

Collection of efficiency of fabric filters.
The solid lines show cumulaltive collection
efficiencies and the broken lines show
instantaneous ones. (mmd = mass median
diameter)

Effect of fabric loading and face velocity
on outlet concentrations. Bench tests with
coal fly ash and woven glass fabrics

Schematic,
fabrics

dust accumulation on woven glass

xii



6.4.4-1

6.5.2—1

6.6.2-1

6.6.,2-2
6.6.2-3

7.2-1
7.2-2
7.3.1-1
7.3.1-2
7.3.3-1

7.3.3-2
7.3.3-3
7.4.1-1
7.4.1-2

802.2—1

8.2.2-2

8.2.2-3

LIST OF FIGURES (cont.)

Fabric cleaning and distribution of adhesive
(separation) forces versus fabric loading
and adhesive (separating) force-coal fly
ash, Dennis et al., 1975

Typical spray dryer/particulate collection
flow diagram (Blythe, et al., 1980)

Baghouse grade penetration as a function of
air/cloth ratio

Apitron dust collector operating cycle

Grade penetration of the Apitron electro-
ststically augmented filter

Types of cyclones in common use

Cyclone geometry

Vortex and eddy flows in a cyclone
Values of n for theoretical calculations

Typical
cyclones

grade penetration curves for

Variation of efficiency with inlet velocity
Variationof efficiency with pressure drop
Typical cyclone dimension ratios

Types of tangential inlets

Particle size distribution for the flue gas
of uncontrolled residual oil-fired utility
boilers (Taback et al., 1979)

Particle size distribution for the flue gas
of uncontrolled residual oil-fired
industrial boilers (Taback et al., 1979)
Particle size distribution for the flue gas

from crude-o0il fired package boilers
(Taback et al., 1979)

xiii

7-11
7-13
7-14
7-16

7-19

8-7



™2 g--u‘\
8.2.2-4

8.3.2-1

9.2.1-1

9.2.2-1

9.3.1-1

9.3.2-1

9.4.1-1
9.4.1-2

9.4.2-1

9.5.1-1
9.6.1-1

9.6.2-1

10.2.1-1

10.2.2-1
10.2.2-2

10.3.1-1

LIST OF FIGURES (cont.)

Particle size distribution for the flue gas
of a distillate fuel-o0il fired industrial
boiler (Taback et al., 1979)

Typical particle size distribution for the
flue gas from controlled and uncontrolled
coal-fire utility boilers (FPEIS Test Series
No. 81, 1976; Test Series No. 56, 1977; Test
Series No. 35, 1975)

Rice dryer (Taback et al., 1979)

Particle size distribution for rice dryer
(Taback et al., 1979)

Flash dryer (Danielson, 1978)

Particle size distribution measured at grain
elevators (Farant et al., 1978)

Alfalfa dryer (Vandegrift et al., 1970)
Rotary dryer interior (Danielson, 1973)
Particle size distribution for alfala
dehydration, dryer emissions and dryer plus
air meal separator emissions (Cowherd, 1971)
Flour mill flow diagram (Kuo et al., 1978)
Cotton ginning (Bethea et al., 1977)

Particle size distribution for cotton gin
condenser (Lee et al., 1975)

Coke oven (Jacko, 1979)

Coke oven charging particle size

distribution (Bee et al., 1974)

Coke oven pushing particle size distribution
(Cooper et al., 1977)

Flow diagram for a steel plant (Vandegrift
et al., 1970)

Xiv

Daage
e iy

9-14

9-15

9-17
9-20

9-24

10-5

10-9



Figure

10.3.1.2-1

10.3.1.3-1

10.3.1.4-1

10.3.2-1

10.3.2-2

10.3.2-3

10.3.2-4

10.4.1-1

10.4.2-1

10.5.1-1
10.5.1-2

10.5.1-3

10.5.2-1

10.6.2-1

10.7.1-1

10.7.2-1

- Particle size distribution,

LIST OF FIGURES (cont.)

Iron blast furnace (May, 1977)

Open hearth furnaces, cross section (Camp
et al., 1951)

Basic oxygen furnace, charging (Caine, 1977)

sinter machine
windbox (Oglesby, 1970)

Particle size distribution, blast furnace
casthouse emissions (McCrillis, 1978)

Particle size distribution,
furnace (Taback et al., 1979)

open hearth

Particle size distribution, basic oxygen
furnace, charging (Caine, 1977) '
Electric arc furnace

Particle size distribution for electric arc
fan (Lee et al., 1975)

Rotary furnace

High frequency induction furnace (Liddell

1945)

Low frequency induction furnace (Liddell
1945)

Particle size distribution brass melting,
uncontrolled (Dawson, 1979)

Particle size distribution for particles
collected in baghouse of secondary lead
furnace (Danielson, 1973)

Belgian retort furnace (Danielson, 1973)

Particle size distribution zinc refining,
uncontrolled vertical retort (Jacko, 1977)

Xv

10-10

10-12

10-15

10-16

10-17

10-18

10-19
10-28

10-30

10-35

10-36

10-36

10-38

10-43

10-46

10-47



Figure
11.2.2-1

11.2.2-2

11.2.2-3

11.2.2-4

11.2.2-5

11.3.2-1

11.4.2-1

11.5.2-1

11.7.2-1

11.8.2-1

LIST OF FIGURES (cont.)

Particle size distribution for cement
plants, dry kiln offgas, effluent of
multicyclone pre-cut (FPEIS, Test Series No.
157, 1976)

Particle size distribution for the offgas of
a dry process cement kiln controlled by
bachouse (Taback et al., 1979)

Particle size distribution for an
uncontrolled cement plant wet kiln offgas
(FPEIS, Test Series No. 80, 1975)

Particle size distribution from a cement
plant wet process kiln controlled by an
electrostatic precipitator (FPEIS, Test
Series No. 80, 1975)

Particle =size distribution for an
uncontrolled cement plant clinker cooler
offgas (FPEIS, Test Series No. 86, 1975)

Particle size distribution for uncontrolled
asphalt road-mix plant aggregate drier
offgas (FPEIS)

Particle size distribution for the offgas
from a wet scrubber on a asphalt road-mix
aggregate drier (FPEIS)

Particle size distribution for uncontrolled
and controlled lime plant kiln offgas
(Shannon et al., 1971)

Particle size distribution for the effluent
gases of a gypsum calcining oven, controlled
by baghouse (Taback et al., 1979)

Particle size distribution for the
uncontrolled effluent gas from a glass
melting furnace (Stockhasm, 1971; Danielson,
1973; Spinosa et al., 1579)

Particle size distribution for rock

screening and handling operations
(Vandegrift et al., 1970)

Xvi

11-4

11-5

11-6

11-7

11-15

11-16

11-18

11-24

11-31

11-37



Figure

11.8.2-2
12.2.1-1
12.2.1-2

12.3.1-1

12.3.1-2
12.3.1-3

12.3.2-1
12.4.1-1
13.2.1-1
13.2.2-1
13.3.1-1

l3.4.1-1
13o402_1

14.1-1
14.2-1

14.2-2

LIST OF FIGURES (cont.)

Particle size distribution for uncontrolled

rock crushing operations (Shannon et al.,
1971; Vandegrift et al., 1970; Wachter,
1980)

Two piece can manufacture (U. 8.

Environmental Protection Agency, 1977a)

Three piece can manufacture (U. 8.
Environmental Protection Agency, 1977b)

Automobile surface coating flow diagram (U.
S. Environmental Protection Agency, 1977b)

Water wash spray booth (Steenberg, 1974)

Down draft water-wash spray booth (Taback
et al., 1979)

Particle size distribution,

paint spray
booth (Taback et al., 1979)

Metal furniture surface coating (U. 8.
Environmental Protection Agency, 1977b)

Rectangular incinerator furnace (DeMarco et
al., 1969)

Particle size distribution from the effluent
gases of controlled and uncontrolled
incinerators (FPEIS)

Rotary kiln incinerator

Wood waste boiler (Boubel, 1977)

Particle size distribution, wood waste
boiler controlled by multiple cyclone
(Taback et al., 1979)

Wood sawing operation (Taback et al., 1979)

Particle size distribution for wood sander
emissions (Taback et al., 1979)

Particle size distribution for wood saw
emissions (Taback et al., 1979)

xvii

11-38

12-2

12-3

12-5

12-6

12-7

12-9

12-12

13-4
13-10

13-12

13-13

14-2

14-3

14-4




4.2.10-1

4.2.10-2

4.5.2-1
4.8.3-1

5.4.8-1

5.5.2-1

6.2.1-1
6.2.3-1

6.3.1-1

6.4.1-1
6.4.9-1
6.6.2-1

6.6.2-2

6.6.2-3

LIST OF TABLES

MAJOR INDUSTRIAL SOURCES OF FINE PARTICLE IN
CALIFORNAI

DEVICES EVALUATED FOR FINE PARTICLE CONTROL

COST COMPARISON FOR A SECONDARY METAL
RECOVERY FURNACE

MAJOR INDUSTRIAL PARTICULATE SOURCES FOR
WHICH F/C SCRUBBING IS ATTRACTIVE

PARTICLE DEPOSITION VELOCITY
PRICES FOR INSTALLED COOLING TOWER

TYPICAL DESIGN PARAMETER RANGES FOR A HOT-
SIDE ESP ON A COAL FIRED UTILITY BOILER

OPERATING PARAMETERS FOR ESP ON A LIME KILN
WITH PULSE ENERGIZATION

CHARACTERISTICS OF FABRIC FILTER MATERIALS
COMPARISON OF BAG CLEANING METHODS

ELECTROSTATIC CHARGING ORDER OF FILTER
FIBERS

TYPICAL AIR-TO-CLOTH RATIOS
METHODS OF TEMPERATURE CONDITIONING
BAGHOUSE PRICE

APPROXIMATE GUIDE TO ESTIMATE GROSS CLOTH
AREA

BAGHOUSE PRICES

CYCLONE STANDARD DESIGN

OIL FUEL IDENTIFICATION AND USES

PARTICLE CHARACTERISTICS FOR OIL-FIRED

BOILERS
LIST OF TABLES (cont.)

xviii



8.2.2-2 PARTICLE CHEMICAL COMPOSITION FOR OIL-FIRED

BOILER GAS 8-10
8.2.2-3 GAS CHARACTERISTICS FOR OIL-FIRED BOILERS 8-11
8.3.2-1 PARTICLE CHARACTERISTICS FOR COAL-FIRED

BOILERS 8-15
8.3.2-2 PARTICLE CHEMICAL COMPOSITION FOR COAL-FIRED

BOILER FLUE GAS 8-16
8.3.2-3 GAS CHARACTERISTICS FOR COAL-FIRED BOILERS 8-17
8.4-1 LIST OF PERFORMANCE CALCULATIONS 8-19
8.4-2 CALCULATION RESULTS FOR OIL-FIRED UTILITY

BOILERS 8-20
8.4-3 CALCULATION RESULTS FOR RESIDUAL OIL-FIRED

INDUSTRIAL BOILERS 8-23
8.4-4 CALCULATION RESULTS FOR CRUDE OIL-FIRED

PACKAGE BOILERS _ 8-26
8.4-5 CALCULATION RESULTS FOR DISTILLATE OIL-

FIRED BOILERS 8-29
8.4-6 CALCULATION RESULTS FOR COAL-FIRED BOILERS 8-32
9.2.2-1 RICE DRYER PARTICLE ELEMENTAL ANALYSIS 9-5
9.2.2-2 RICE DRYER PARTICLE CHARACTERISTICS 9-6
9.2.2-3 RICE DRYER GAS CHARACTERISTICS 9-7
9.3.2-1 GRAIN CHEMICAL COMPOSITION 9-11
9.3.2-2 GRAIN DRYER PARTICLE CHARACTERISTICS 5-12
9.3.2-3 GRAIN DRYER GAS CHARACTERISTICS 9-13
9.4.2-1 ALFALFA DRYING PARTICLE CHARACTERISTICS 9-18
9.4.2-2 ALFALFA DRYING GAS CHARACTERISTICS 9-19
9.5.2-1 MILLING PARTICLE CHARACTERISTICS 9-21

LIST OF TABLES (cont.)

Xix



9.7-3
9.7-4
9.7-5
9.7-6
10.2.2-1

10.2.2-2

10.3.1.3-1

10.3.2-1

10.3.2-2

10.3.2-3

10.3.2-4

10.3.2-5

10.4.2-1
10.4.2-2

10.4.2-3

MILLING GAS CHARACTERISTICS

COTTON DUST ELEMENTAL ANALYSIS

COTTON GINNING PARTICLE CHARACTERISTICS
COTTON GINNING GAS CHARACTERISTICS
LIST OF PERFORMANCE CALCULATIONS
CALCULATION RESULTS FOR RICE DRYING
CALCULATION RESULTS FOR BARLEY DRYING
CALCULATION RESULTS FOR CORN DRYING
CALCULATION RESULTS FOR WHEAT DRYING
CALCULATION RESULTS FOR ALFALFA DRYING
COKE OVEN PARTICLE CHARACTERISTICS
COKE OVEN GAS CHARACTERISTICS

VARIATION OF PARTICLE MASS CONCENTRATION IN
OPEN HEARTH STEELMAKING

SINTER DUST CHEMICAL ANALYSIS

STEEL OPEN HEARTH FURNACE PARTICLE ELEMENTAL
ANALYSIS

BASIC OXYGEN FURNACE CHARGING PARTICLE
CHEMICAL COMPOSITION

PRIMARY IRON AND STEEL PROCESSES, PARTICLE
CHARACTERISTICS

PRIMARY IRON AND STEEL PROCESSES, GAS

CHARACTERISTICS
ELECTRIC ARC FURNACE FUME, CHEMICAL ANALYSIS
STEEL FOUNDRY PARTICLE CHARACTERISTICS

STEEL FOUNDRY GAS CHARACTERISTICS
LIST OF TABLES (cont.)

XX

10-14

10-20

10-21

10-22

10-23

10-25
10-31
10-32

10-33



Table
10.5.2-1

10.5.2-2
10.5.2-3
10.6.2-1
10.6.2-2
10.7.2-1

10.7.2-2
10.7.2-3
10.8-1
10.8-2
10.8-3
10.8-4

10.8-5
10.8-6
10.8-7
10.8-8
10.8-9
10.8-10
10.8-11

10.8-12

11.2.2-1

BRASS AND BRONZE SMELTER, CHEMICAL ANALYSIS
OF MATERIAL COLLECTED IN A BAGHOUSE

BRASS FURNACE PARTICLE CHARACTERISTICS
BRASS EURNACE GAS CHARACTERISTICS
LEAD FURNACE PARTICLE CHARACTERISTICS
LEAD FURNACE GAS CHARACTERISTICS

CHEMICAL AND ZINC SWEAT FURNACE PARTICLE
EMISSIONS

ZINC FURNACE PARTICLE CHARACTERISTICS

ZINC FURNACE GAS CHARACTERISTICS

LIST OF PERFORMANCE CALCULATIONS
CALCULATION RESULTS FOR COKE OVEN CHARGING
CALCULATION RESULTS FOR COKE OVEN PUSHING

CALCULATION RESULTS FOR SINTERING WINDBOX
MACHINE

CALCULATION RESULTS FOR BLAST FURNACE
CALCULATION RESULTS FOR OPEN HEARTH FURNACE
CALCULATION RESULTS FOR BASIC OXYGEN FURNACE
CALCULATION RESULTS FOR BASIC OXYGEN FURNACE
CALCULATION RESULTS FOR ELECTRIC ARC FURNACE
CALCULATION RESULTS FOR BRASS MELTING
CALCULATION RESULTS FOR LEAD FURNACE

CALCULATION RESULTS FOR ZINC VERTICAL
REFINING RETORT

PARTICLE CHARACTERISTICS FOR CEMENT PLANTS

xxi

10-39
10-40
10-41
10-42
10-44

10-48
10-49
10-50
10-52
10-53

10-56

10-59
10-62
10-65
10-67
10-70
10-73
10-76
10-79

10-82

11-8




Table

11.2.2-2

11.2.2-3

11.3.2-1

11.3.2-3

11.4.2-1

11.4.2-2

11.4.2-3

11.5.2-1

11.5.2-2

11.5.2-3
11.6.2-1
11.7.2-1

11.7.2-2

11.7.2-3

11.8.2-1

11.8.2-2

11.9-1
11.9-2

11.9-3

PARTICLE CHEMICAL COMPOSITION FOR CEMENT
PLANTS

GAS CHARACTERISTICS FOR CEMENT PLANTS

PARTICLE CHARACTERISTICS FOR ASPHALT ROAD-
MIX PLANTS

GAS CHARACTERISTICS FOR ASPHALT ROAD-MIX
PLANTS

PARTICLE CHARACTERISTICS FOR LIME PLANTS

PARTICLE CHEMICAL COMPOSITION FOR LIME
CALCINING KILN OFFGAS

GAS CHARACTERISTICS FOR LIME PLANTS

PARTICLE CHARACTERISTICS FOR GYPSUM
CALCINING

PARTICLE CHEMICAL COMPOSITION FOR A GYPSUM
CALCINING KILN

GAS CHARACTERISTICS FOR GYPSUM PLANTS
CHEMICAL COMPOSITION OF CHRYSOTILE ASBESTOS
PARTICLE CHARACTERISTICS FOR GLASS MELTING

PARTICLE CHEMICAL COMPOSITION FOR GLASS
MELTING FURNACE

GAS CHARACTERISTICS FOR GLASS MELTING PLANTS

PARTICLE CHARACTERISTICS FOR ROCK,
GRAVEL PLANT EMISSION

SAND AND

GAS CHARACTERISTICS FOR ROCK, SAND AND

GRAVEL PLANT EMISSION
LIST OF PERFORMANCE CALCULATICNS
CLACULATION RESULTS FOR CEMENT DRY KILN

CALCULATION RESULTS FOR CEMENT WET KILN

xxii

Page

11-11

11-10

11-13

11-14

11-19

11-20

11-21

11-25

11-26
11-27
11-29

11-32

11-33

11-44

11-39

11-40
11-42
11-43

11-46



Table

11.9-4
11.9-5
11.9-6
11.9-7
11.9-8

12.3.2-1

12.3.2-2

13.2.2-1

13.2.2-2
13.2.2-3

13.4.2-1

13.4.2-2
13.4.2-3
13.5-1
13.5-2
13.5-3
14.2-1
14.2-2
14.4-1

LIST OF TABLES (cont.)
Page
CALCULATION RESULTS FOR CEMENT CLINKER COOLER 11-50
CALCULATION RESULTS FOR ASPHALT ROAD MIX DRYER 11-53
CALCULATION RESULTS FOR LIME KILN 11-57

CALCULATION RESULTS FOR GLASS MELTING FURNACE 11-60

CALCULATION RESULTS FOR ROCK SCREENING 11-62
AUTOMOBILE SURFACE COATING PARTICLE
CHARACTERISTICS 12-10
AUTOMOBILE SURFACE COATING GAS
CHARACTERISTICS 12-11
PARTICLE CHEMICAL COMPOSITION FOR MUNICIPAL
INCINERATION 13-5
PARTICLE CHARACTERISTICS FOR INCINERATION 13-6
GAS CHARACTERISTICS FOR INCINERATORS 13-7

WOOD WASTE BOILER PARTICLE ELEMENTAL
ANALYSIS 13-15

WOOD WASTE BOILER PARTICLE CHARACTERISTICS 13-16
WOOD WASTE BOILER GAS CHARACTERISTICS 13-17
PERFORMANCE CALCULATIONS 13-18

CALCULATION RESULTS FOR MUNICIPAL INCINERATOR 13-19

CALCULATION RESULTS FCR HOG FUEL BOILERS 13-22
WCOD MILLING PARTICLE CHARACTERISTICS 14-5
WOOD MILLING GAS CHARACTERISTICS 14-6
CALCULATION RESULTS FOR WOOD SANDER 14-8

xxiii




NOMENCLATURE

cyclone gas inlet height, cm

average acceleration of fabric during cleaning, m/s?
1.26 + 0.42 exp[—l.08(dp/2x,]

ESP collector plate area, m?

particle collection area, cm?

cleaned bag area/fraction

deposition area, cm?

constant (eq. 4.5.1-2)

constant

cross sectional area of scrubber, m?

air to cloth ratio in fabric filtration, m?®/min/m?
cyclone gas inlet height, cm

ion mobility, m?/V-s

cyclone dust outlet diameter, cm

constant (eq. 4.5.1-2)

correction factor for sneakage and reentrainment (eq.
5.6.3-2), dimensionless

Qr, 0c/Qg @g Cpor dimensionless

concentration, g/m?

cyclone geometry coefficient, dimensionless

drag coefficient at Venturi throat entrance,
dimensionless

Cunningham slip correction factor, dimensionless

4 e /e

k/e

outlet concentration, g/m?

charged drop and charged particle

charged drop and uncharged particle

diameter of cyclone at the vortex turning point, cm
packing diameter (nominal), cm

drop diameter, cm
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NOMENCLATURE (continued)

diameter of sieve plate hole, cm

physical particle diameter, um

aerodynamic particle diameter, umA = pm (g/cm3)%
aerodynamic diameter of particle collected with 50%
efficiency, umA

geometric mean particle diameter, umA

specific area diameter of particle, um

Sauter (surface) mean diameter, cm

performance cut diameter, pymA

required cut diameter, umA

cyclone diameter, cm

cyclone gas exit diameter, cm

particle diffusivity, cm?/s

electronic charge = 1.6 x 107® C

efficiency, fraction

average electric field in ESP, V/m

uniform external electric field strength, V/cm
electric field at the collector plate, V/m
electrostatic precipitator

empirical factor

150/Ngp + 1.75 (eq. 6.6.2-4)

foam cdensity, g/cm?

adhesive force, N

correction factor for non-uniform gas flow (eq. 5.6.3-
3)

separation force, N

flux force condensation scrubbing

acceleration force due to gravity, m/s? or cm/s?
gravitational conversion factor = 9.8 kg-m/N-s?
cyclone cylinder height, cm

enhancement factor equal to Wkp/wk' dimensionless
wire to plate spacing, cm
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NOMENCLATURE (continued)

cyclone pressure loss, number of inlet velocity heads
cyclone overall height, cm

high intensity ionizer

current density, A/m?

Boltzmann's constant = 1.38 x 1023 J/°K

pressure loss coefficient for clean filter, 1/m
average specific resistance of collected particle
layer, m/kg

particle relative dielectric constant, dimensionless
Coulombic force parameter, dimensionless

external electric field force parameter, dimensionless
charged particle image force parameter, dimensionless
electric dipole interaction parameter, dimensionless
charged collector image force parameter, dimensionless
inertial impaction parameter, dimensionless

inertial impaction parameter at Venturi throat
entrance, dimensionless

distance below the exit duct at which the vortex turns,
cm

Venturi throat length, cm

exponent (eq. 5.7.2.3-1)

vortex exponent, see Figure 7.5.1-2

number of particle diameters

number of holes in sieve plate

number of charges on particle

number of time increments

free ion density, 1/m?

Reynolds number, dimensionless

number of baffled sections in ESP

neutral drops and charged particle

neutral drop and uncharged particle

pressure loss, N/m?, or cm W.C.
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NOMENCLATURE (continued)

dry plate pressure drop, cm W.C.

pressure loss due to fabric filter, N/m? or cm W.C.
pressure loss due to deposited particle layer, N/m?, cm
W.C.

penetration, fraction

overall penetration, fraction

drop charge, C

charge on particle, C

gas volumetric flow rate, m?/s

liquid volumetric flow rate, m?/s

radial distance from the vortex centerline, cm
radius of drop, cm

cyclone gas outlet duct length, cm

fraction of particles in ESP that are reentrained and
that bypass the electrified region per section
specific collection area, A,/Qg = m*/m*/s

residence time for charging

penetration time, s

absolute temperature, °K

drop velocity, cm/s

drop velocity at Venturi throat entrance, cm/s

gas velocity relative to duct, cm/s

gas velocity through sieve plate hole, cm/s
undisturbed upstream velocity, cm/s

particle velocity, cm/s

particle deposition velocity, cm/s

particle velocity at Venturi throat entrance, cm/s
drop velocity relative to gas, cm/s

filtering gas velocity (superficial) m/s

terminal settling velocity, cm/s

= 2[1-x? + (x*-x2)0:31, (eq. 4.5.2-14)

applied voltage, V

xxvii




NOMENCLATURE (continued)

mean thermal speed of ions, cm/s

gas velocity through cyclone inlet, cm/s

superficial gas velocity through bed, cm/s

tangential gas velocity, cm/s

collected dust loading on the filter, kg/m? or g/m?
residual dust loading on filters after cleaning, kg/m?
total weight of dust,g

migration velocity, cm/s

pulse charging migration velocity, cm/s

3 1 CpOQG/lG dgor, + 1 ,(eg. 4.5.2-15)

estimated mass collected by last electrical section,
mg/DSCM

rapping emissions for a cold side ESP, mg/DSCHM
rapping emissions for a hot side ESP, mg/DSCM

bed depth, cm

heicht or length of scrubber, cm

average specific resistance of collected particle
layer, m/kg

pressure loss coefficient for clean filter, 1/m
fraction void volume space

apparent volumetric void fraction of particle layer
bed porosity, fraction

dielectric constant of drop, F/cm

dielectric constant of gas, F/cm

permitivity of free space = 8.854 x 102 F/m
dielectric constant of particle, F/cm

collection efficiency, fraction

mean free path of gas molecules, cm
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NOMENCLATURE (continued)

micrometer

um‘\/g/cm3 = aerodynamic micrometer
gas viscosity, poise ’

liquid viscosity, poise

density of water, g/cm?

liquid density, g/cm?

particle density, g/cm?

surface tension, dyne/cm

geometric standard deviation of particle size
normalized standard deviation of gas velocity

diameter d m/s

pl

XXix







SECTION 1

SUMMARY AND CONCLUSIONS

The objectives of this study are to evaluate the effective-
ness and cost of control for existing and developing fine par-
ticle control technologies that can be applied to the major
industrial sources in California. Fine particles, defined for
this study as those with an aerodynamic diameter less than 3 uma,
are a major air pollution problem. They reduce visibility, can
be deposited in the lungs, and they are difficult to collect in
conventional control devices.

This study consisted of two phases.. In Phase 1 of this
study information was acquired on fine particle control technol-
ogies and on the major sources of fine particle emissions in
California.. Phase 2 was a technical evaluation of the effective-
ness and cost of control for various fine particle control de-
vices applied to the major sources.

Sections 4 through 7 of this report present the design
information for the fine particle control technologies in 4 major
categories--wet scrubbers, electrostatic precipitators, fabric
filters, and cyclone separators. Literature surveys and corres-
pondence with individuals developing new fine particle control
'devices provided this information.

Sections 8 through 14 present the emission data and process
information necessary for an evaluation of the fine particle
control technology as applied to the largest source within the
‘seven major source categories (fuel combustion, food and agri-
culture, metalurgical, mineral processing, surface coating, inci-
neration, and wood milling). The information presented in these
sections was obtained from the California Emissions Inventory
System (EIS), the U. S. Environmental Protection Agency Fine
Particle Emission Inventory System (FPEIS), and literature
reviews.

Table 1-1 presents a summary of the emissions from the major
sources of fine particle emissions in California, the types of
control devices presently used on the different sources, and the
fine particle control devices that were evaluated during Phase 2
of this study..

Particle collection systems can be designed to achieve
almost any collection efficiency, at a cost which increases with
efficiency. At present, there are no emission standards for fine
particles considered separately. In order to explore the pos-
sibilities, CARB specified that the costs for 50, 75, and 90%
collection of particles less than 3pmA were to be estimated. Of
the ten fine particle control devices selected for evaluations,
Venturi, ESP, flux-force/condensation, precharged ESP, and
Calvert Collision Scrubber have proven mathematical models or
empirical equations. Calculations with these devices were done
only for the above three levels of efficiency, not to determine
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the maximum feasible collection efficiency of these devices on a
source.

For the remaining five control devices (i.e. fabric filter,
electrified filter, pulse charged ESP, charged spray scrubber,
and the Spray Charging and Trapping (SCAT) scrubber), reliable
design equations are not available. Calculations for conditions
to achieve the three levels of efficiency cannot be done. There-
fore, calculations were based on field test results and the
reported efficiency shows what the control device could do under
the same conditions as the field tests..

For a given efficiency, one calculates the dimensions and
operating conditions of a control device on a source. Cost
estimations were then made for a typical plant for this source.
Capital cost, operating cost, and annualized operating cost were
accounted for in the calculations..

Calculation results were reported in CARB data base format
and are given in sections 8 through 14..

CONCLUSIONS

Control technologies are currently available, at reasonable
costs, for removing the fine particle emissions from all of the
sources considered in this study, to meet the criteria specified
for removal of fine particles (90 percent). 1In addition, the
information presented in this report is sufficient for technical
personnel to estimate control costs and particle removal effi-
ciencies needed for stationary sources to comply with emission
standards that are expressed on a mass basis, including instances
where required removal efficiencies may exceed 90 percent.



TABLE 1-1. MAJOR INDUSTRIAL SOURCES OF FINE PARTICLES IN CALIFORNIA

Uncontrolled Control Technology
Emissions* Weight %
Process —(Tons/¥r)  _< 3umA  Present Fine Particle
FUEL COMBUSTION
Oil-Fired Boilers v, ES, CS, E,
EH, EP, B, EF
Residual 0il Field-
Erected Boilers 6-80 70 - 95 E
Residual 0Oil
Package Boilers 0.2-2,125 45 - 70 p
Crude 0il Package
Boilers 38-77 30 - 70 S
Distillate Oil
Package Boilers 2 75 - 95 E
Coal-Fired Boilers v, ES, CS, E,
EH, EP, B, EF
Field-Erected
S,B
B = Baghouse (fabric filter) EP = Pulse charging ESP
C = Cyclone separator ES = Charged spray scrubber
CO = Confinement F/C = Flux force/condensation
CS = Calvert Collision scrubber
Scrubber™ GB = Granular bed filter
E = Electrostatic P = Process modification
Precipitator (ESP) S = Scrubber
EF = Electrostatically SCAT = Spray charging and
Augmented Filter trapping scrubber
EH = ESP with SoRI V = Venturi scrubber

precharger

* Fach source
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TABLE 1-1. MAJOR INDUSTRIAL SOURCES OF FINE PARTICLES IN CALIFORNIA

Uncontrolled Control Technology
Emissions Weight %

Process _(Tons/¥r) < 3 umd Present Fine Particle
FQOD AND AGRICULTURE

Rice Drying 1,400 10 - 40 C Vv, CS, B

Grain Drying 300 10 - 15 B v, CS, B

Alfalfa Drying 600 C, S
Primary Cooling 12
Secondary Cooling
Air Meal Separato 42

Grain Grinding and
Milling 310 C B

Cotton Ginning 490 v, CS, B
Incliner Cleaner C
Unloading and Dryer S
Unloading Separator
Mote Cleaner
Lint Cleaner
Battery Condenser 5 S

METALLURGICAL

Coke Cvens P v,F/C,ES
SCAT,CS,E
B, EF
Charging 140 <20
Pushing-Clean 1,100 6
Pushing-Green

Primary Iron and Steel v,F/C,ES,E
CS, B, EF
Sintering Windbox 270 <5 S,E,B,C
Blast Furnace Cast
House _ 690 60 B
Open Hearth Furnace
with Oxygen Lancing 720 90 B,S,E
Basic Oxygen Furnace
Charging Clean Scrap 45 B,S,E
Charging Oily Scrap 65
Scarfing Machine 70



TABLE 1-1. MAJOR INDUSTRIAL SOURCES OF FINE PARTICLES IN CALIFORNIA

Uncontrolled Control Technology
Emissions Weight % ‘
Process —(Tons/¥Yr) < 3 umA Present Fine Particle
METALLURGICAL
Steel Foundry ‘ B vV,F/C,ES,B
CS,E,EF

Electric Arc Furnace
No Oxygen Lancing 150 35
with Oxygen Lancing

Brass 110 V,F/C,ES,E
CS,B, EF
Rotary Furnace 95 B
Reverberatory Furnace
Lead 100 V,F/C,ES,E
CS,B,EF
Reverberatory Furnace 80 B
Secondary Zinc 70 V,F/C,ES,E
CS,B,E
Reverberatory Furnace 90 B
MINERALS
Cement V,ES,CS,E
EH,EP,B,EF
Dry Kiln 1,600 4 C,B,E
Wet Kiln 520 4 - 30 C,B,E
Dryer/Grinder 410 B
Clinker Cooler 260 1.5-3 C,B
Asphalt v,ES,CS,E,B
EH, EP, EF
Road Mix
Agregate Dryer 1,800 1 -28 c,S
Lime Manufacture - V,ES,CS,E,B
EH, EP,EF
Rotary Calcining Kiln 230 30-80 S
Gypsum v,ES,CS,E,B
. EH, EP,EF
Gypsum Calciner 140 50



TABLE 1-1. MAJOR INDUSTRIAL SOURCES OF FINE PARTICLES IN CALIFORNIA

Uncontrolled Control Technology
Emissions Weight %
Process —(Tons/¥r) < 3 umA Present Fine Particle
MINERALS
Asbestos Milling V,ES,CS,E,B
EH,EP, EF
Glass Manufacture vV,F/C,ES,CS
EH, EP, B, EF
Melting Furnace >80
Rock, Sand, and Gravel V,ES,CS,E,B
EH,EP,EF
Primary Crushing 5,100 co,S,B
Screening/Handling 780 CO
Secondary Crushing 500 - Cc0,S,B
Aggregate/Sand Drying 470
Fines Milling 110
Abrasive Blasting 70 S,B,C
SURFACE COATING 720 60-65 S Vv, ES, CS
Auto Manufacturing
Can Manufacturing
Metal and Wood Manufacturing
INCINERATION
Municipal Incineration 30-40 E,S,B V,F/C,ES,CS
E,B,EF
Industrial Incineration vV,F/C,ES,CS
E,B,EF
Wood Waste Boiler 96
WOOD MILLING AND WORKING C vV,ES,CS,E,B
Wood Sander 47
Wood Saw 7

1-6



SECTION 2
RECOMMENDATIONS

This study was limited to the use of existing knowledge of
control technology, emission and source characteristics, and
design methods.. No experimental work was done to evaluate the
accuracy of the information available in the literature, such as
particle size distribution and concentration of emissions from a
source. To accurately evaluate the effectiveness and cost of
control for fine particles, the following are recommended.

1. Because of many adverse effects of fine particles,
separate regqulations on fine particle emissions may be appro-
priate. Evaluation of fine particle control technologies could
be made more specific in terms of such requlations and therefore
such evaluations should be performed..

2. Source sampling should be done to determine emission
characteristics and control efficiency for the following
operations:

a.. Food and agriculture processing

b. Gypsum calcining

c.. Asbestos milling

d. Industrial incineration

e.. Wood milling and working.

3. Pilot scale tests of developing technologies on actual
sources are needed to provide more reliable performance infor-
mation.. The following systems need further evaluation:

a. Charged particle/charged spray scrubber

b. Electrostatically augmented filter

c. Electrostatically augmented granular bed filter

d.. Electro-cyclone

e.. Pulse charging ESP and ESP with SoRI precharger (on

sources other than coal-fired boilers).
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SECTION 3

INTRODUCTION

3.1 BACKGROUND

The purpose of this study is to provide information on the
degree of fine particle control feasible for stationary sources
in California and estimate the costs for several devices of fine
particle emission control. 'The cost estimates include capital
and annual operating expenses.. This information is intended as a
reference for CARB staff and district personnel in considering
the impact that an emission standard for fine particles would
have on industry in California. Fine particles have been defined
for this studies as those with an aerodynamic diameter less than
3 umA. ‘

The California Air Resources Board has sponsored previous
studies to survey stationary industrial pollution sources and
identify the pollutants and control devices used. A study done
by Acurex Corporation (Minicucci et al. 1980) summarizes
stationary air pollution sources in California and the control
technologies used for these sources. The report for that study
lists specific processes in eight industrial categories and the
major air pollutants emitted from each process.. Control methods
are listed for each process as well as an estimate of the control
efficiency of the device and cost information..

As part of that study, Acurex developed a data base and
associated software to allow CARB to organize, access, and update
the information. The information compiled by A.P.T. in the
present study will be entered into this data base..

The CARB also contracted with KVB, Inc. to identify major
sources of fine particles in The South Coast Air Basin (SCAB) and
characterize the emissions from these sources.. KVB (Taback et
al., 1979) reported field test data for over twenty different
sources.. The information reported includes particle size distri-
butions, chemical analysis of the particles, and characteristics
- of the gas stream, such as temperature and flow rate.

In the present study, the emissions from the major sources
were characterized to determine the most applicable control
devices and to estimate the fine particle control efficiency..

3.2 METHODOLOGY

This study was divided into three distinct tasks.. The first
task was to determine the stationary sources of fine particle
emissions in California and characterize the emissions from these
sources. The second task was to determine the control
technolgies available for fine particles. The third task was to
estimate the efficiency of the control devices on the sources and
the costs associated with the control devices..
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3.2.1 Identification and Characterization of Sources

Seven industrial categqories were specified by the CARE for
inclusion in this study:

1. Combustion of fuels

2. Food and agricultural operations
3. Metallurgical operations

4, Mineral operations

5. Solvent use

6. Incineration

7. Wood milling

The sources to be evaluated in each category were not
specified, except for the fuel combustion category. In this
case, the CARB specified that the following sources be evaluated:

1. Residual oil-fired utility boilers

2. Coal-fired utility boilers

3. Residual oil-fired industrial boilers
4. Distillate oil-fired industrial boilers
5. Crude oil-fired industrial boilers..

For the other six categories the sources of particle emis-
sions were determined from Emission Inventory System (EIS) data
supplied by the CARB. The EIS data are a compilation of data
reported to the California Air Resources Board from all the Air
Pollution Control Districts (APCDs) in the state.. The EIS lists
the companies which are major sources of air pollution in each
APCD. Specific processes are listed under each company and the
amount of pollutants emitted by that process are listed. The
amount of particulate emissions are reported in tons per year. A
list was compiled of specific industries and the operations
within each industry which are the largest sources of particle
emissions in the state.

Computer literature searches were performed to locate
information on the sources of particle emissions. In particular,
it was necessary to obtain particle size distributions to
determine which sources emit fine particles. The following data
bases were searched:

. National Technical Information Services (NTIS)

.. Air Pollution Technical Information Center (APTIC)
. Chemical Abstracts

.. Pollution Abstracts

5. Engineering Index
Useful reports from the lists of the searches were then obtained..

Contacts were made with people in various departments of the
Environmental Protection Agency (EPA) to obtain information not
vet published or which did not appear in the literature search.,
Officials of several APCDs were contacted as well as researchers
at other companies.

Data from the Fine Particle Emission Inventory System
(FPEIS) maintained by the EPA were used to characterize emis-
sions from several sources. The FPEIS data are reported by
organizations which have conducted source tests, generally under

B W N
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contract with the EPA. The FPEIS contains information on the
source, the test conditions, particle size distributions, and
mass concentrations.

For each of the sources identified as a major source of fine
particles, a source description has been written. Information
defining the gas flow and particle characteristics of each source
is included in the descriptions..

3.2.2 Survey of Control Technology

Computer literature surveys for fine particle control
technology were run on the same data bases listed in the previous
section.. An extensive amount of the control device literature
was available in the A.P.T. library and additional information
was obtained when necessary. Information about many developing
control devices was obtained directly from the people involved in
the research.

Discussion of the control devices has been divided into four
sections: scrubbers, electrostatic precipitators, filters, and
cyclones.. Each section contains a discussion of both
conventional devices and developing technology. The methods of
calculating the particle collection efficiency of the devices and
the cost data are also presented..

3.2.3 Technical Evaluation
3.2.3.1 Estimation of Efficiency

Table 3.2.3-1 shows a list of the devices which were eval-
uated for controlling stationary sources in California. They are
described in Sections 4 through 7 of the report and those listed

in Table 3.3.3-1 have the ability to control firne particles..

Both conventional and advanced designs were included..

The method of estimating the collection efficiency is dif-
ferent for each device. In many cases, computer models are
available and were used.. In other cases, because theoretical
models are not available or are not sufficiently accurate, effi-
ciency was estimated from test data reported in the literature.
The specific methods of technical evaluation for each device are
described in sections 4.8, 5.7, 6.6, and 7.6. rThe purpose of
the efficiency calculations is to determine the necessary oper-
ating conditions to achieve the required collection efficiency.
Equipment size was estimated from operating conditions and the
average gas flow rate from the source. The costs were then
estimated from the design..

Particle collection systems can be designed to achieve
almost any collection efficiency. The limiting factor is the
cost of achieving that collection efficiency. At present, there
are no emission standards for fine particles. Therefore costs
were evaluated, whenever possible, for three levels of collec-
tion efficiency for particles less than 3 pmA in diameter: 50%,
75%, and 90%. For some developing technologies and devices there
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TABLE 3.2.3-1. DEVICES EVALUATED FOR FINE PARTICLE CONTROL

11.

12.

Gas—-Atomized Spray Scrubber
Flux-Force/Condensation Scrubber
Charged Dust/Grounded Spray Scrubber
Charged Dust/Charged Spray Scrubber
Spray, Charging and Trapping (SCAT) Scrubber
Calvert Scrubber

Electrostatic Precipitator (ESP)

ESP with High Intensity Ionizer

ESP with Pulse Energization
Conventional filter (Baghouse)
Electrostatically Augmented Filter

Granular Bed Filter



is not enough information available to design for all three
efficiency levels, so efficiencies were calculated from the
available information.

3.2.3.2 Cost Estimation

Cost estimation for electrostatic precipitators, baghouses, .
and Venturi scrubbers was calculated with the data reported by
Viner and Ensor (1981) and Neveril (1978). Estimates for
advanced designs were made from material and labor costs in
fabricating the device.. All costs are in fourth quarter 1981
U.S. dollars.

3.2.3.3 Format for Reporting Data

The information from this study is to be added to the data
base developed by Minicucci et al. (1980). The format for report-
ing the cost and efficiency evaluations of this study conforms to
this data base format. An example is shown in Figure 3.2-3.1..
The efficiency for particles with d a < 3 ymA is reported in the
remarks column and the overall efficiency is reported in the
efficiency column..
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SECTION 4
WET SCRUBBING

4.1 INTRODUCTION

The Scrubber Handbook (Calvert et al., 1972) defined a wet
scrubber as any device which uses a liquid in the separation of
particulate or gaseous contaminants from a gas.. The liquid may be
used to contact the gas and particles directly, or may be used to
- clean solid surfaces on which the particles have been collected.
In view of this very general definition, there are as many types
of scrubbers as there are ways of contacting a liquid and a gas..

Scrubber manufacturers offer a wide array of products over a
range of designs, sizes, advertised performance capabilities, and
capital and operating costs.. Choosing the optimum scrubber for a
particular job requires an understanding of the fundamental prin-
ciples underlying the various designs.

4.1.1 Collection Mechanisms

Particle collection in scrubbers is due to one or more of
same phenomena which may be operative in other types of collec-
tion equipment. Deposition may be due to inertial impaction,
interception, Brownian diffusion, turbulent diffusion, gravita-
tional force, electrophoresis, diffusiophoresis, thermophoresis,
photophoresis, and magnetophoresis.

1. Gravitational sedimentation. This mechanism is usually of
little consequence for any particles small enough to require
consideration of a scrubber.

2. Centrifugal deposition. Particles may be "spun out" of a
gas stream by centrifugal force induced by a change in gas
flow direction. Large-scale changes in flow direction, as
would be encountered in a cyclone separator, are not very
effective on particles smaller than about 5.0 microns
diameter.

3. Inertial impaction and interception. When a gas stream
flows around a small object, the inertia of the particles
causes them to continue to move toward the object, and some
of them will be collected.

Because inertial impaction is effective on particles as
small as a few tenths micron diameter, it is usually the most
important collection mechanism for fine particle collection in
scrubbers. Since this mechanism is a function of the inertia of
the particles, both their size and density are important in
determining the ease with which they may be collected. All
important particle properties may be lumped into one parameter,
the aerodynamic diameter, defined as:

L
— f —
dpa = dp(Qp C') (4.1-1)
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where d particle aerodynamic diameter, pmA

pa

dp = particle physical diameter, um

C' = Cunnincham slip correction factor, dimensionless
Rp = particle density, g/cm?

Most methods for measuring particle size (such as the cas-

cade impactor) measure the aerodynamic diameter. Since this 1is
the most important parameter where inertial impaction is at work,
one needs not know the actual physical diameter or particle
density.

4.

Brownian diffusion. When particles are small enough (i.e.,
less than about 0.1 micron diameter), they are buffeted
around by gas molecules, and they begin to act like gas
molecules. That is, they diffuse randomly through the gas
because of their Brownian motion.. In general, inertial
impaction and Brownian diffusion are the two principal
mechanisms operating in particulate scrubbers.. As a conse-
quence, there is generally a minimum point when collection
efficiency is plotted against particle diameter. Above
about 0.3 micron diameter, inertial impaction becomes impor-
tant and efficiency rises with particle diameter. BRelow 0.3
micron diameter, diffusion begins to prevail and efficiency
rises as particle diameter falls below that size..
Thermophoresis. If there is heat transfer between the gas
and liquid, there will be a corresponding temperature gra-
dient, and fine particles will be driven toward the cold
region by differential molecular bombardment arising from
the gradient.. This effect will rarely be of much
significance in a scrubber..

Diffusiophoresis. Mass transfer within the scrubber--as
micht be caused by condensation of water vapor from the gas
onto a cold liquid surface--will exert a force upon
particles that causes them to deposit on the surface. Dif-
fusiophoretic deposition can be significant; the fraction of
particles removed will roughly equal the fraction of the gas
stream condensed out..

Electrostatic precipitation. If an electrostatic charge is
induced on the particles, they can be precipitated from the
gas stream by the influence of an electric field. This
mechanism can be effective on all particle diameters and can
provide high collection efficiency.

Particle growth. While it is not a collection mechanism in
itself, the enlarging of particle mass by such means as
having water condense in a film around it makes the
particles more susceptible to collection by inertial impac-
tion. This phenomenon, in combination with diffusiophoresis
and thermophoresis, can take place in scrubbers where
condensation occurs. The combination of mechanisms is
referred to as "flux force/condensation" (F/C) scrubbing..
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4.1.2 Cut Diameter

A very convenient parameter for describing the capability of
a particle scrubber is the diameter of the particle that it will
collect at 50% efficiency. This diameter is referred to as the
cut diameter, generally given in aerodynamic units. Thus a
scrubber with a cut diameter of 1.0 uymA would collect particles
of 1 pymA diameter at 50% efficiency..

The reason cut diameter is so useful a parameter is that a
plot of collection efficiency vs. particle diameter for collec-
tion by inertial impaction is fairly steep.. Several important
types of scrubbers have performance characteristics such that a
particle whose aerodynamic diameter is half the cut diameter
would be collected at about 10% efficiency, whereas a particle
with an aerodynamic diameter twice the cut diameter would be
collected at about 90% efficiency..

Because the cut is fairly sharp, one can use as a rough
approximation the concept that the scrubber collects everything
larger than the cut diameter and passes everything smaller.

4.2 TYPES OF SCRUBBERS

Scrubbers may be grouped into a number of categories: plate,
- massive packing, fibrous packing, preformed spray, gas-atomized
spray, centrifugal, impingement-and-entrainment, mechanically
aided, moving-bed, and various combinations (Calvert, 1977a).
These will each be discussed briefly.

4.2.1 Plate Scrubbers

A plate scrubber consists of a vertical tower with one or
more plates (trays) mounted transversely inside. Gas comes in at
the bottom of the tower and must pass through perforations,
valves, slots, or other openings in each plate before leaving
through the top.. Usually, liquid is introduced to the top plate,
and flows successively across each plate as it moves downward to
the liquid exit at the bottom. Gas passing through the openings
in each plate mixes with the liquid flowing over it. Gas-liquid
contacting causes the mass transfer or particle removal for which
the scrubber was designed.

Figure 4.2.1-1 shows two common types of plates and a tower.
Plate scrubbers are generally named for the type of plates they
contain; for example, a tower containing sieve plates is called a
sieve-plate tower.

In some designs, impingement baffles are placed a short
distance above each perforation on a sieve plate, forming an
impingement plate.. The impingement baffles are below the level
of liquid on the perforated plates, and for this reason are
continuously washed clean of collected particles.. The chief
mechanism of particle collection is inertial impaction from gas
jets impinging on the liquid or on solid members. Particle
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collection may be aided by atomization of liquid flowing past
openings in the irrigated perforated plate. Collection effi-
ciency increases as the perforation diameter decreases and can
enable a cut diameter of about 1.0 pymA for 0.32 cm (% in.)
diameter holes in a sieve plate.

Engineers are accustomed to the notion that plate columns
become more efficient for mass transfer as the number of plates
increases.. This generally does not hold for particle collection
whenever a range of particle diameters are present. A plate does
not have the same efficiency for all particle sizes, but rather
shows a sharp efficiency change around the cut diameter. Once
particles larger than this size are removed from the gas,
additional plates can do little good. This kind of behavior is
characteristic of most types of scrubbers and should be kept in
mind whenever one is tempted to try two scrubbers in series..

4.2.2 Massive Packing

Packed-bed or tower scrubbers are familiar as gas absorbers
or fractionators and can also be used as particle scrubbers..
They may be packed with a range of manufactured elements, such as
various ring and saddle-shaped packings, or with commonly
available materials like crushed rock. The gas-liquid contacting
may be cocurrent, countercurrent, or crossflow. Mist collection
in packed beds with subsequent drainage can be accomplished
without additional liquid flow..

Collection in packing works mainly by centrifugal deposition
due to curved gas-flow through the pore spaces, and by inertial
impaction due to gas-jet impingement within the bed.. The good
mass—-transfer characteristics of packings can also make for
efficient collection of particles by diffusion if the particles
are small enough..

Collection efficiency for particles in the inertial size
range (larger than 0.3 uymA diameter) rises as packing size falls.,
A cut diameter around 1.5 ymA can be reached using columns packed
with 1 in. Berl saddles or Raschig rings. Smaller packing gives
higher efficiency: a 1.3 cm (0.5 in.) packing can achieve 0.7
umA cut diameter at 9.2 m/s (30 ft/s) gas velocity. Packing
shape does not appear to be very important so far as collection
efficiency is concerned..

Packings are subject to plugging, but can be removed for
cleaning.. Temperature limitations are of special importance when
plastics are used. Likewise, corrosion can have a severe effect
on metallic packings.

4,2.3 Fibrous Packing
Beds of fiber can be employed in various configurations for
the collection of particles (Figure 4.2.3-1). The fibers are

made from materials such as plastic, spun glass, fiberglass and
steel. Fibrous packing usually has a very large void fraction
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ranging around 97-99%. Fibers should be small in diameter for
efficient operation, but strong enough to support collected par-
ticles or droplets without matting together. A liquid flow
flushes away collected material from the fibers in cocurrent,
countercurrent or crossflow arrangements similar to those for
massive packings.

Collection is by inertial impaction accompanying the gas
flow around the fibers. Efficiency rises as fiber diameter
decreases and as the gas velocity increases. Diffusional col-
lection can be important for very small particles, and the effi-
ciency of this mechanism will improve as gas velocity diminishes
through a given scrubber. Cut diameters can run as low as 1.0 or
2.0 pmA for knitted wire mesh with 0.028 cm (0.011 in.) diameter
wire, and to around 0.5 pmA for very fine wires and/or higher gas
velocities.

Fibrous beds are very susceptible to plugging and can be
impractical where scaling persists and conditions favor depos-
ition of suspended solids. Obviously, they will also be es-
pecially sensitive to chemical, mechanical and thermal attack.

4,2.4 Preformed Spray

A preformed-spray scrubber collects particles or gases on
liquid droplets that have been atomized by spray nozzles. The
properties of the droplets are determined by the configuration of
the nozzle, the liquid to be atomized and the pressure to the
nozzle. Sprays leaving the nozzle are directed into a chamber
that has been shaped so as to conduct the gas through the atom-
ized drops.. Horizontal and vertical gas flow paths have been
used, as well as spray entry flowing cocurrent, countercurrent or
crossflow to the gas (Figure 4.2.4-1). If the tower is vertical,
the relative velocity between the droplets and the gas is ulti-
mately the terminal settling velocity of the droplets..

Ejector Venturis are preformed spray devices in which a
high-pressure spray is used both to collect particles and move
the gas. High relative velocity between the droplets and the gas
aids particle separation. Preformed sprays have also been in-
stalled in Venturi scrubbers that use a fan to provide high gas-
phase pressure drop..

Particle collection in these units results from inertial
impaction on the droplets. Efficiency is a complex function of
drop size, gas velocity, liquid-to-gas ratio, and drop trajec-
tories. There is often an optimum drop diameter that varies with
fluid flow parameters. For drops falling at their terminal
settling velocity, the optimum drop diameter for fine particle
collection is around 100 to 500 pum; for drops moving at high
velocity within a meter of the spray nozzle, the optimum is
smaller..

Spray scrubbers that take advantage of gravitational sett-
ling can achieve cut diameters around 2.0 ym at moderate liquid-
to-gas ratios. BHigh velocity sprays can reduce cut diameters
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down to about 0.7 pmA. Efficiency improves with higher spray
nozzle pressures and liquid-to-gas ratios.

Spray scrubbers are practically immune to plugging on the
gas flow side but are subject to severe problems on the liquid
side.. The liquid-to-gas ratio required can be high, usually
running 2-13 liters/m?® (15-100 gal/Mcf) of gas treated, depending
on efficiency.

The recirculating scrubber liquor can erode and corrode
nozzles, pumps and piping. Nozzles can plug with pieces of scale
or agglomerates of particles. By their nature, sprays generate a

heavy loading of liquid entrainment, which must be collected..

Gas-phase pressure drop is generally low or may even be positive,
enhancing the flow of gas.

4.2.5 Gas—-atomized Spray

Gas-atomized spray devices use a moving gas stream to first
atomize liquid into drops, and then accelerate the drops. Typi-
cal of these devices are the Venturi scrubber and the various
orifice-type scrubbers. High gas velocity of 60-120 m/s (200-400
ft/s) raise the relative velocity between the gas and the liquid
drops, and promote particle collection. Many gas—-atomized spray
scrubbers incorporate the converging and diverging sections typi-
cal of the Venturi scrubber, but this modification does not
appear to yield much benefit. Various geometries have been used
successfully, as illustrated in Figure 4.2.5-1..

Liquid may be introduced in various places and in different
ways without having much effect on collection efficiency. Usual-
ly, it is introduced at the entrance to the throat through
several straight-pipe nozzles directed radially inward. Other
gas—-atomized-spray designs distribute a liquid film over the
scrubber walls upstream from the throat..

Particle collection results from inertial impaction due to
gas flowing around drops. Velocity is so high (and droplet
residence time so short) that diffusional collection and depos-
ition by other forces, such as electrostatic, are not very effec-
tive. Efficiency increases with throat velocity and with liquid-
to-gas ratio. Because there must be enough liquid to effectively
sweep the gas stream, it is good practice to use a high liquid-
to-gas ratio rather than a high gas velocity to get a lower cut
diameter. At least 1 liter/m?® (7.5 gal/Mcf) should be speci-
fied.. Cut diameters down to about 0.2 pmA have been achieved
with Venturi scrubbers..

Gas-atomized scrubbers have about the simplest and smallest
configurations of all scrubbers. While fairly difficult to plug
up, they are susceptible to erosion because of their high throat
velocity.. They can be built with adjustable throat openings to

permit variation of pressure drop and collection efficiency..

Liquid-to-gas ratios ranging from 0.7 to 2.7 liters/m?® (5 to 20
gal/Mcf) have been used. All of this liquid is entrained and
must be removed from the gas.. In general, the entrainment sepa-
rator is much larger than the gas-atomized scrubber.
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4.2.6 Centrifugal Scrubbers

Centrifugal scrubbers, usually cylindrical in shape, impart
a spinning motion to the gas passing through them. The spin may
come from tangential introduction of gases into the scrubber, or
from direction of the gas stream against stationary swirl vanes..
In a dry centrifugal collector (cyclone), the walls can be wetted
down to hinder reentrainment of particles that collect there, and
to wash off deposits. Often, sprays are directed through the
rotating gas stream to catch particles by impaction on spray
drops.. Sprays can be directed outward from a central manifold,
or inward from the collector wall. Spray connections directed
inward from the wall are more easily serviced, since they can be
made accessible from the outside of the scrubber..

A particle cut diameter of 4.0 to 5.0 uymA can be obtained
with centrifugal scrubber in the absence of spray. As more spray
is introduced or generated inside, the performance nears that of
a preformed spray scrubber.

4.2.7 Impingement and Entrainment Scrubbers

Impingement and entrainment (self-induced spray) scrubbers
feature a shell that retains liquid, so that gas introduced to
the scrubber impinges on and skims over the liquid surface to
reach a gas exit duct. This contact atomizes some of the liquid
into droplets that are entrained by the gas and act as particle
collection and mass transfer surfaces.. The gas exit duct is
usually designed so as to change the direction of the gas-liquid
mixture flowing through it, reducing drop entrainment..

Particle collection is attributed to inertial impaction
caused by the gas jet impinging on the liquid, and by the gas
flowing around the atomized drops. Drop size and the liquid-to-
gas flow ratio inside the scrubber depend upon scrubber geometry
and gas flow rate, but are not controllable or measurable.

Generally, the performance of an impingement and entrainment
scrubber seems to be comparable to a gas-atomized scrubber oper-
ating at the same gas-phase pressure drop.. Cut diameter ranges
from several microns for low-velocity impingement to around 0.5
umA for high velocity impingement..

4.2.8 Mechanically Aided Scrubbers

Mechanically aided scrubbers incorporate a motor driven
device between the inlet and the outlet of the scrubber body..
Often, the motor-driven devices are fan blades, used to move air
through the scrubber. Particles are collected by impaction upon
the fan blades as the gas moves through the device. Usually,
liquid is introduced at the hub of the rotating fan blades. Some
liquid atomizes upon impact with the fan, and some runs over the
blades, washing them of collected particles; the latter portion
atomizes as it leaves the fan wheel. The liquid is recaptured by
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the fan housing, which drains into a sump..

Disintegrator scrubbers draw on a submerged, motor driven
impeller to atomize liquid into small drops. The drops spin off
the impeller across the gas stream, collecting particles on the
way.. Mechanically aided scrubbers are used almost exclusively
for particle collection. Their mass transfer capabilities are
generally low, due to relatively low amount of liquid available
for contacting.

Particle collection mechanisms, in probable order of import-
ance, are: inertial impaction on the atomized liquid, inertial
impactiocn on the rotor elements, and centrifugal deposition on
the housing. Cut diameters (aerodynamic) down to about 2.0 ymA
have been achieved with devices having fine sprays and low-rpm
fans and 1.0 umA can be reached with a disintegrator type
scrubber.

There seems to be no power advantage for mechanically aided
units over other types. Disintegrators require more power than a
gas-atomized scrubber with comparable efficiency.. Further, high
speed impaction of liquid and slurry on the scrubber parts pro-
motes severe abrasion and corrosion conditions. Rotating parts
are also subject to vibration-induced fatigue caused by solids
deposition, Or wear leading to unbalancing..

4.2.9 Moving-bed Scrubbers

Moving-bed scrubbers provide a zone of mobile packing--
usually plastic or glass spheres--where gas and liquid can mix
intimatelv. The vessel shell holds a support grid on which the
movable packing is placed. Gas passes upward through the pack-
ing, while liquid is sprayed up from the bottom and/or down over
the top of the moving bed, as shown in Figure 4.2.9-1. Gas
velocitics are sufficient to move the packing material around
when the scrubber operates. This movement aids in making the bed
turbulent a:nd keeps the packing elements clean.. When hollow or
low densitv spheres are used, the bed fluidizes and bed depth
extends to about double that of the quiescent bed..

Particle collection stems from inertial impaction on atom-
ized ligu:d and on the packing elements. Cut diameters down to
about 1.0 umA are attained in the fluidized "ping pong ball" type
of bed having three stages in the scrubber column (Yung et al.,
1979). TFs-formance of the less violently agitated "marble"-type
bed resem~les that of massive packing beds unless the gas velo-
city rises so high as to cause significant liquid atomization and
entrainmerc from the bed.

Movirs-bed scrubbers prove beneficial where good mass trans-
fer characc-eristics are needed, as well as particle collection.
The agitz::on cleans the packing and reduces problems with solids
depositicn. Ball wear can be severe, and the scrubber's hydro-
dynamic stability is limited by fluidization ranges and surging
difficult:iz<s.
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4.2.10 F/C Scrubbing

Essentially an F/C scrubber is any wet scrubber which is
designed to take advantage of water vapor condensation effects to
enhance particle collection (Calvert and Parker, 1978). A
simplified F/C scrubber system is illustrated schematically in
Figure 4.2.10-1. Some of the water vapor condenses on the par-
ticles causing their mass and diameter to increase and thereby
making them easier to collect. The rest of the condensing vapor
sweeps particles with it as it moves toward the cold surface and
condenses. To a lesser extent particle collection is also en-
hanced by thermal forces resulting from the temperature gradient
between the gas and the cold surface. The diffusion and thermal
forces are termed "flux" forces.

Water vapor condensation can enhance scrubber performance by
increasing the mass of the particles, thereby bringing greater
deposition forces to bear on them. Figure 4.2.10-2 (Calvert,
1977b) shows the effect of condensation on aerodynamic size. The
straight line on the lob-probability plot of particle diameter
vs. mass percent of particles under that size applies to the
original size distribution, whereas the dashed line represents a
particle size distribution accompanying condensation of water
vapor.. If a Venturi scrubber were used to obtain 85% collection
efficiency, a pressure drop of about 190 cm W.C.(75 in.W.C.)
would be required for the particle size distribution, however
only about 75 ¢m W.C. (30 in. W.C.) would be needed if condensa-
tion and particle growth took place..

Two full-scale industrial F/C scrubber demonstration plants
have now been built and operated (Calvert and Gandhi, 1977 and
Chmielewski and Calvert, 1981). The results have been very
impressive in terms of high collection efficiency for fine par-
ticles at relatively low pressure drop (and hence lower operating
costs).

A cost comparison between F/C and conventional scrubbing is
presented in 1able 4.2.10-1 for a secondary metal recovery fur-
nace. This installation which required both particle collection
and acid gas absorption would have a 50% greater annualized cost
if a conventional air pollution system were installed..

The lower annualized cost is the result of a lower pressure
drop requirement for the scrubber. This substantially reduces
the capital and power costs for the fan and motor. Similar
annualized cost savings are possible for cleanup of other hot gas
Streams.

In general, F/C scrubbing is economically attractive when
high removal efficiencies are required for fine particle emis-
sions; and the flue gas enthalpy is higher than 100 kcal/kg or
spent steam is available in the plant. These conditions are
common for industrial combustion processes, which include several
major stationary pollution sources in California. ‘rable 4.2.10-2
lists some of the major industrial particulate pollutant sources
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Figure 4.2.10-2. Particle growth resulting from water-vapor condensation
reduces power demands.
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TABLE 4.2.10-1. COST COMPARISON FOR A SECONDARY METAL RECOVERY

FURNACE

Cost
Cost Item For F/C
Scrubber $ 1,700
Cooling Tower 8,900
Condenser 4,040
Saturator 5,060
Blower & Motor* 3,790
Total Equipment 23,490
Total Capital Investment $103,121
Depreciation $ 10,310
Maintenance 6,185
Water 180
Raw Materials 1,650
Power* 2,370

$ 20,695

Cost For
Conventional

$ 1,700
0

4,040
5,060
14.450
25,340
$111,242

$ 11,125
6,675
180
1,650
11.530

$ 31,160

*Lower blower and motor and power costs for the F/C option
results from a lower scrubber pressure drop requirement..




for which F/C scrubbing is attractive. It is clear that F/C
scrubbing is a feasible and attractive particulate control method
for several major industrial sources..

4.3 RECENT DEVELOPMENTS IN SCRUBBER TECHNOLOGY

For the past several years the EPA has conducted a program
to develop and evaluate "novel devices" for fine particle scrub-
bing (Harmon and Sparks, 1978). The program has reached the
point where there are not many more things to test, and in retro-
spect, very few new principles have been discovered. Though
scrubber technology has been improved through the optimum combin-
ation of several fundamental collection mechanisms in several of
the "novel devices".

More recently, EPA has focused on controlling fugitive par-
ticle emission sources, which represent a large fraction of the
remaining uncontrolled sources.. This work has lead to the devel-
opment of additional new scrubber technology. The following

sections cover the most promising control technologies using wet
scrubbers.

4.3.1 Electrostatically Augmented Scrubbers

Electrostatically augmented scrubbers can be very efficient,
depending on design and operating parameters. The variations
available include: charged—-dust/grounded-liquid scrubbers,
charged-drop scrubbers, and charged-dust/charged-drop scrubbers..

Performance prediction methods are still in the elementary
stages except for traditional electrostatic precipitator geo-
metries. Some pilot plant data are available, however, electro-
static scrubbers have just started to receive industrial accep-
tance. Two of the operating problems which can be severe for
certain designs are corrosion and voltage isolation.. The follow-
ing electrostatically augmented scrubbers have received the most
attention.

4.3.1.1 Char ged-Dust/Grounded-Liquid Scrubbers
4.3.1.1.1 Ionizing Wet Scrubber

The Ceilcote ionizing wet scrubber (IWS) consists of two
sections: an ionizer or charger and a cross—flow scrubber (Ensor
and Harmon, 1980). The ionizer consists of charging wires sus-
pended between irrigated grounding plates. The scrubber contains
irrigated packing as described in Section 4.2.2. The IWS is
normally installed with two or more ionizing wet scrubber sec-
tions followed by a section of unirrigated packing for entrain-
ment separation.



TABLE 4.2,10-2, MAJOR INDUSTRIAL PARTICULATE SOURCES FOR

F/C SCRUBBING IS ATTRACTIVE

INDUSTRY
Iron & Steel

Forest Products

Lime

SQURCE

Sinter Plants
Coke Manufacture
Blast Furnaces
Steel Furnaces
Scarfing

Wigwam Burners
Pulp Mills

Rotary Kilns
Vertical Kilns

Primary Nonferrous Metals

Aluminum

Copper

Zinc

Lead

Asphalt
Ferroalloys

Iron Foundry

Calcining
Reduction Cells

Roasting
Reverberatory Furnaces
Converters

Roasting
Sintering
Distillation

Sintering
Blast Furnaces
Dross Reverberatory Furnaces

Paving Materials
Roofing Materials

Blast Furnaces
Electric Furnaces

Furnaces

Secondary Nonferrous Metals

Copper

Aluminum

Lead

Zinc

Material Preparation
Smelting and Refining

Sweating Furnaces
Refining Furnaces
Chlorine Fluxing

Pot Furnaces
Blast Furnaces
Reverberatory Furnaces

Sweating Furnaces
Distillation Furnaces

4-19
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4.3.1.1.2 Electrostatically Enhanced Venturi

The Scrub-E of Air Pollution Systems (APS) is basically an
electrostatic charger (or ionizer) followed by a Venturi scrub-
ber.. Figure 4.3.1-1 shows a schematic diagram of the scrubber.
An electrode is placed upstream of the Venturi to charge the
inlet particles, which then enter the Venturi throat. The gas
stream atomizes the water in the Venturi throat and the charged
particles, according to APS, are then attracted and collected by
the polarized water drops..

The charged particles are also collected on the walls of the
ionizer section prior to the throat of the Venturi. A thin film
of water is run down the inclined surfaces to keep the walls
clear and prevent high voltage arcing. The water is separated
from the gas stream in the downstream cyclone and is recycled or
disposed.

A pilot scale Scrub-E was evaluated in the APS laboratory by
1A.P.T. (Calvert et al., 1978) and a 566 Am?/min (20,000 acfm)
demonstration scrubber was installed on a magnesium recovery
furnace (Kearns, 1979). The furnace produces submicron fume
particles of Mg0, MgCl. and ZrCl.. The system was designed to
demonstrate the effectiveness of the High Intensity Ionizer on a
high pressure drop Venturi scrubber. The High Intensity Ionizer
array operated stably at field strengths of 10-15 kV/cm and at
velocities in excess of 18 m/s (60 fps). Unfortunately, the
scrubber caught fire and was destroyed before obtaining any
particle collection efficiency data..

4.3.1.2 Charged Drop Scrubbers
4.3.1.2.1 TRW Charged Droplet Scrubber

The TRW charged droplet scrubber (CDS) is a spray scrubber
which uses charged water drops to collect uncharged particles in
the presence of an external electric field (Lear, 1975, 1976)..
The imposed electric field is used both to form charged drops
electrohydrodynamically and to move them through the scrubbing
volume.

Figure 4.3.1-2 is a diagramatic sketch of the TRW/CDS show-
ing its operating principle. The scrubbing liquor, generally
fresh water, is raised from a ground potential to high voltage
(about 40 kV) by flowing through a long electrical resistance
path in the form of an insulating tubing. Electrical isolation
must be achieved through the electrical resistance of the water..

The water is then introduced into a hollow electrode which
contains a series of hollow, elongated spray tubes. Emerging at
the tips of these spray tubes, the water sees a high electric
field force. Drops are formed here by the joint action of elec-
trical and surface tension forces in an electrohydrodynamic
spraying process. The drops thus formed are highly charged,
their surface field being near the local corona limit or Rayleigh
stability limit. They move at high velocity through the scrub-
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Figure 4.3.1-1. APS electrostatic scrubber.
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bing volume under the influence of the ambient electric field
between the electrode and the collecting walls. Because of the
high droplet velocities (around 30 m/sec) induced by the ambient
electric field, there is a large relative motion between droplets
and particules..

A pilot scrubber was installed in a steel plant to control
the emission from a coke oven. This installation suffered from
severe corrosion problems and has been the subject of a materials
performance study (Bianchi and Rocales, 1979)..

4.3.1.3 Charged-Dust/Charged-Spray Scrubbers

Charged-dust/charged-spray scrubbers offer the dgreatest
potential of electrostatically augmented scrubbers for collection
of submicron particles, because the electrostatic parameter is
greatest for oppositely charged particles and spray drops..

4.3.1.3.1 Calvert Electrostatically Augmented Double Scrubber

Calvert Environmental Equipment Co. offers an electrostati-
cally augmented option for their Double Scrubber shown in Figure
4.3.1-3. The Double Scrubber is a preformed spray scrubber whose
uniqgue compact design minimizes the amount of materials used for
fabrication and the amount of space required for installation. A
similar design, the Spray Charging and Trapping (SCAT) scrubber,
has been developed by Air Pollution Technology, Inc.. for fugitive
particle emission control (Yung et al., 1981). The SCAT is
described in Section 4.3.2.

The electrostatically augmented spray scrubber shown in
Figure 4.3.1-4 uses charged water sprays for removing particles
entrained in the gas stream.. The particles entering the scrubber
are charged negatively in a wire and plate corona charger. The
drops are given a positive charge by induction.. Induction charg-
ing of the drops can be accomplished by either holding the spray
nozzles at ground potential or high voltage. A high voltage grid
is placed in front of the spray nozzles when the nozzles are held
at ground potential. Both induction charging methods have been
shown to result in similar drop charge levels. The Double Scrub-
ber uses the grounded nozzle system because it simplifies the
electrical isolation.. '

Several stages of charged spray nozzles can be installed for
additional collection of fine particles. The charged spray sec-
tion is followed by a high efficiency entrainment separator..

4.3.1.3.2 University of Washington Electrostatic Spray Scrubber

The UW Electrostatic Scrubber uses electrostatically charged
water droplets to collect oppositely charged particles (Pilat et
al., 1974, 1975, 1976, 1977a, b, 1978a, b, . ¢, d, 1979). A sche-
matic illustration of the UW Electrostatic Scrubber system is
shown in Figure 4.3.1-5.
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Figure 4.3.1-3. Calvert double scrubber.
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The particles are electrostatically charged (negative polar-
ity) in tEe corona section. From the corona section the gases
and charged particles flow into a scrubber chamber into which
electrostatically charged water drops (positive polarity) are
sprayed. The water drops are induction charged by holding the
spray nozzles at high voltage. This requires that the recycled
scrubber water, pump and piping must be isolated from ground
potential. The gases and some entrained water drops flow out of
the spray chamber into a mist eliminator consisting of a posi-
tively charged corona section in which the positively charged
water droplets are removed from the gaseous stream..

4.3.2 Spray, Charging and Trapping (SCAT) Scrubber for
Fugitive Dust Control

The Spray, Charging and Trapping (SCAT) scrubber system is a
unique fugitive emission control system developed by Air Pollu-
tion Technology, Inc. (Yung et al., 1981). It uses air curtains
and push jets to contain, divert, and convey the fugitive emis-
sions into a charged spray scrubber. It has many potential
applications in the metallurgical and mineral industries includ-
ing major sources such as coke ovens, blast furnaces, molding
lines and stockpiles.. Figure 4.3.2-1 shows an example of the SCAT
system arrangement. The air curtain (and/or air jets) and the
spray scrubber are arranged in a "push-pull" fashion with the
fugitive particle emission source situated in between..

An air curtain involves the use of one or more high velocity
air streams flowing as a sheet.. The air sheets are produced by
one or more air jets which issue from circular, or rectangular
nozzles. The high velocity air streams will push and entrain the
fugitive particles plus some additional air and will carry them
away from the source. At some convenient distant downstream,
charged water is sprayed concurrently into the gas stream to
remove the entrained dust. After sufficient contacting distance
to effect capture of the particles present in the gas, water
spray drops are removed with a low pressure drop entrainment
separator. Either a parallel plate or a zigzag baffle type
entrainment separator may be used, depending on mist elimination
and pressure drop requirements., '

The water from the entrainment separator can be passed
through a separation process, such as a filter, to remove the
collected particles.. The water may then be recycled and the
particles may be disposed of in such a way as to prevent their
redispersion.. As an alternative, a blow-down stream of dirty
liquid may be directed to a disposal system.

The SCAT system has the following features which suit it to
fugitive process emission control:

1. Minimum use of solid boundaries enabling access to the

source.

2. Air curtain and/or air push jets to contain, divert,.

and convey the fugitive partives. Minimum use of duct
work or hooding..
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Can deflect crosswind..

Can contain hot buoyant plume.

Unobstrusive..

Portable.

Traps particles and removes rather than depositing them
at the source site.

NOoy Vb W
« s e o

4.3.3 Calvert Collision Scrubber

The Calvert Collision scrubber is a patented device sold by
the Calvert Environmental Equipment Company. It uses the capab-
ility of a conventional Venturi scrubber throat and then takes
another major step in collecting particles and absorbing gas..
First the gas flows through a pair of primary scrubber throats
into which water is injected and which give the same performance
as a Venturi scrubber operating at the same "ug" and "Q;/Qg".

After the Venturi throats have done all they can (because
the relative velocity is depleted) the two streams are directed
at each other so they collide head-on, as shown in Figure 4.3.3-
1. Now the relative velocity between drops and the opposing gas
stream increase to about twice the maximum value it had in the
throat. The relative large drops formed in the throats are no
longer stable so they undergo a secondary atomization and shatter
into much smaller drops..

Particle collection efficiency increases abruptly as the gas
flows thation and shatter
into much smaller drops..

Particle collection efficiency increases abruptly as the gas
flows through the collision zone and contacts very small drops at
very high relative velocity.. Gas absorption is also enhanced by
the large amount of newly created liquid surface (which causes a
large liquid phase mass transfer coefficient) and the high rela-
tive velocity (which causes a large gas coefficient). After
flowing through the second throat and a diffuser section, the
clean gas goes into an entrainmenrt separator prior to discharge.

4.3.4 Lone Star Steel Hydrosonic Scrubber

Lone Star Steel Hydro-Sonic air cleaners are powered by
either: (1) an I.D. or F.D. fan drive, (2) a compressible fluid
ejector drive, or (3) combinations of both (Ewan and Master 1980;
Mitchel, 1980). The pumping energy consumption ranges from 0.23
kKW/Am?®/min to 4.6 kW/Am?®/min of off-gas, depending on the pumping
and cleaning requirements of the process..

The "Steam-Hydro" as shown in Figure 4.3.4-1 uses a steam
ejector to pull the process gas through the cleaner. Water is
sprayed around the steam jet, resulting in violent shattering of
the water and ejection of high-velocity drops through the pol—
luted gas.. The system can also be operatedwith a compressedair
ejector with no loss in performance..

The "Fan Coalescer" shown in Figure 4.3.4-2 is subsonic
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Figure 4.3.4-1. Hydro-sonic steam-hydro scrubber with ejector drijve.
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Figure 4.3.4-2. Hydro-sonic fan coalescer.
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free-jet design which uses a fan to pump the gas through a nozzle
where it flows out in a diverging cone as shown. The inner cone
retains its velocity and serves as the energy source for atomi-
zaion and pollutant capture. The contacting is reported to take
place in the turbulent mixing zone, although some water may
penetrate into the core.

4.4 ENTRAINMENT SEPARATION

Mist eliminators or entrainment separators are required to
prevent undesirable emissions of liquid drops from the scrubber
(Calvert, 1977b).

An unfortunate consequence of thorough and vigorous liquid-
gas contacting in the scrubber 1is that some liquid is atomized
and carried out of the scrubber by the gas that has been cleaned.
The liquid entrainment, or mist as it is commonly referred to,
will generally contain both suspenced and dissolved solids..

In many cases, excessive entrainment imposes a limitation
upon scrubber capacity. That is, while the scrubber itself might
be capable of handling a larger gas flow rate, the rate at which
entrainment becomes excessive will dictate a limit on capacity.

4.4.1 Separation Principles

Drops entrained from the scrubber contacting zone may be
separated from the gas by the same mechanisms dJdescribed earlier
for particles. Since drops are usually larger than particles,
dominant collection mechanisms are gravitional sedimentation,
centrifugal deposition, and inertial impaction..

4.4.2 Equipment Types

Apparatus used for entrainment separation can be grouped
into categories according to the mechanism of operation:

1. Gravitation sedimentation. Within the scrubber and its
outlet ducting, sedimentation is always active and
important. However, discrete entrainment separators using
sedimentation rarely follow a scrubber.

2. Centrifugal deposition. Cyclone separators of various
designs are commonplace. Radial baffles and other types of
guide vanes can be installed to induce a rotary motion of
the gas stream within the scrubber shell. Zzigzag-baffles,
chevrons, corrugated sheets and similar devices force one or
more abrupt changes in the gas flow direction. Crops
deposit on the baffles, and the collected liquicé film either
runs down the baffles (if the major axis 1is vertical) or
drips off as large drops (if the axis is horizontal). A
directional change in the gas duct can likewise cause
considerable deposition of large drops.

3. Inertial impaction. Beds of massive packing--such as
saddles, rings and other elements—-—-are used in either
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vertical or horizontal gas-flow configurations. Fibrous
packings can also be used in beds comparable to massive-
packed systems.. Knitted-wire mesh, screens, and glass fiber
have been used for this purpose.. Other impaction devices
employ banks of round tubes, stream-lined struts, and other
shapes in vertical and horizontal orientations. Trays
(perforated, valve, impingement and others) have been used
for special purposes. Because these are scrubbing devices,
they generate entrainment; their use after another type of
scrubber may be redundant and should be carefully assessed.

4.4.3 Primary Efficiency

Primary collection is defined as fractional collection of
the drops present in the original entrainment by various mechan-

isms and is reported in terms of mass fraction as an efficiency.

Primary efficiency includes only the collection of drops present
in the original entrainment. The reentrainment of these col-
lected drops or the subsequent collection of these reentrained
drops does not affect the primary collection efficiency even
though it affects the net entrainment collection efficiency..
Methods for predicting primary collection efficiency for

various types of separators were reported by Calvert et al..

(1974, 1975, 1977¢, 1979). A concise representation of the
primary efficiencies of several types of separators can be shown
using the same cut/power relationship used for characterizing
particle collection efficiencies in the scrubber itself. This
relationship is given by a plot of the drop diameter collectedat
50% efficiency (i.e., the cut diameter) against the gas-phase
pressure drop, or power input for the separator (Figure 4.4.3-1).
Plots shown in Figure 4.4.3-1 are based on design equations
and experimental correlations.. Curves are given for baffles at
two angles of attack to the flow direction, tube banks with two
different spacings between tubes within a row, packing of one
particular size, and knitted mesh with a certain wire diameter..

4.4.4 Reentrainment

The overall collection efficiency of an entrainment separa-
tor is equal to the mass ratio of net liquid collected in the
entrainment separator to the liquid present in the inlet. It can
also be expressed as the the difference between the primary
collection and reentrainment. Reentrainment is the drops gene-
rated and entered the gas in the entrainment separator.

Reentrainment from an entrainment separator may take place
by any one or more of the the following mechanisms:

1. Shattering of liquid drops upon impaction..

2. Creeping of liquid along the so0lid surface and movement

into the gas exit in the entrainment separator..

3. Rupture of bubbles at the gas-liquid interface and

subsequent drop formation.
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4, Transition from separated flow to entrained flow caused

by high gas velocity.

The first three mechanisms of reentrainment depend upon the
design of entrainment separators. The last mechanism represents
the upper limit of the operation of entrainment separators..

The rate of reentrainment depends on separator geometry, gas
velocity, 1liguid flow rate, and separator orientation.. Increas-
ing the cas or liquid flow rate will incrase the rate of reen-
trainment.. Liquid drainage is best when gas flow is horizontal
and collection surface are near~-vertical; also, with this con-
figuration, reentrainment occurs at higher flow rates than for
horizontal elements..

Some approximate values of gas velocity (based on an empty
cross-section) at the onset of entrainment are given here to
illustrate the range possible for well-designed equipment at
moderate liquid loadings (Calvert et al., 1975):

Separator Gas Velocity m/s

Zigzag with upward gas flow and horizontal 3.7-4.6
baffles

Zigzag with horizontal gas flow and vertical 4.6-6.1
baffles

Cyclone (inlet gas velocity) 30-40

Knitted mesh with vertical gas flow 3.0-4.6

Knitted mesh with horizontal gas flow 4.6-7.0

Tube bank with vertical gas flow 3.7-4.9

Tube bank with horizontal gas flow 5.5=-7.0

4.4.5 Solids Deposition

Industrial experience with entrainment separator fouling and
plugging, and experimentation on suspended solids deposition,
have yielded quantitative guidelines for design. Vertical col-
lection surfaces stay cleaner than horizontal ones, due to better
liquid drainage.. Intermittent washing with sprays is beneficial,
but the details of the washing system and procedure depend on the
specific case. Precipitation scaling must be controlled through
the system's chemistry.

4.5 SCRUBBER PERFORMANCE PREDICTIONS

The basic approach for predicting scrubber collection effi-
ciency is to consider the collection efficiency of individual
unit mechanisms, such as collection by single drops, and derive a
relationship for the overall collection efficiency based on the
unit mechanisms (Yung and Calvert, 1978). A unit mechanism is
the basic particle collection element which accounts for the
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scrubber particle collection. For example, in a Venturi scrub-
ber, particle collection is achieved by contacting the particles
with the atomized liquid drops.. Thus, collection by drops is a
utnit mechanism. Other unit mechanisms for particle collection
include collection by cylinders, sheets, bubbles, and jet
impingement.

For each unit mechanism, the particles are separated from
the gas by one or more of the following particle collection
mechanisms: gravitational sedimentation, centrifugal deposition,
inertial impaction, interception, Brownian diffusion, thermo-
phoresis, diffusiophoresis, and electrostatic precipitation..
Particle collection also may be enhanced by increasing the par-
ticle size through agglomeration, condensation, or other particle
growth mechanisms.

The general design equation which describes particle col-
lection by any control device in which the gas and cust are well
mixed is:

dc u,
- — = —— n dA, (4.5-1)
C QG
where A, = particle collection area, cm?
c = particle concentration, g/cm?

Og = volumetric gas flow rate, cm?®/s
u. = relative velocity between gas and collector, cm/s

n =overall collection efficiency of a unit
mechanism, dimensionless

Relationships between particle collection performance and
design parameters may be predicted from equation 4.5-1 with the
appropriate "n" for the unit mechanisms involved, or measured by
experiment, or both. A specific performance relationship between
collection efficiency and particle size (often called a "grade-
efficiency curve") can be integrated over the particle size dis-
tribution to yield the overall collection efficiency. Alterna-
tively, a generalized and somewhat idealized method, which is
described below, can be used for rapid prediction of scrubber
performance.

4.5.1 Cut Diameter Method

The "cut diameter" method for scrubber performance predic-
tion (Calvert et al., 1972) is based on the idea that the most
significant single parameter to define both the difficulty of
separating particles from gas and the performance of a scrubber
is the particle diameter for which collection efficiency is 50%.
This diameter is referred to as the cut diameter.
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When a range of sizes is involved, the overall collection
efficiency of a control device will depend on the amount of each

size present and on the efficiency of collection for that size..

In mathematical expression, the overall (integrated) penetration,
Pt, of any device on a dust of any type of size distribution is:

L F Pty
Pt = ./r — aw (4.5.1-1)
0 w

where Pt = overall penetration, fraction

Pt~ penetration for particles with diameter "dpa",
fraction

w = total dust loading, g

The right-hand side of the above equation is the integral of
the product of each weight fraction of dust times the penetration
of that fraction.

Penetration for many types of inertial collection equipment
can be expressed as:

Pty = exp(-Ady,"e) = 1-E (4.5.1-2)
where Ae = constant
Be = constant
E = efficiency, fraction

In some cases, one is concerned with particles larger than 1
micron diameter or where the particle size distribution is log-
normal in terms of physical rather than aerodynamic diameter, it
may be convenient to use the simplifying assumption that penetra-
tion is related to physical diameter by:

- - B -
Pty = expl( Apdp e) (4.5.1-3)

where Ap = constant

Packed towers, centrifugal scrubbers, and sieve plate
columns follow the first relationship. For the packed tower and
sieve plate column, "B_." has a value of 2. For centrifugal
scrubbers, "B.," is about .67. Venturi scrubbers also follow the
above relationship and "B_." is approximately equal to 2 when the
throat impaction parameter is between 1 and 10.

Calvert (1974) solved equations 4.5.1-1 and 4.5.1-2 for a
variety of log-normal size distributions and presented the re-

sults in graphical forms in Figures 4.5.1-1 and 4.5.1-2. Figure.
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4.5.1-1 is a plot of "Pt" vs_"(d o/ da )Be" with "B_ 1n(g )" as a
parameter. Figure 4.5.1-2 is Sresgé%ed as a pl&% of ﬁ%t" VS.
"(dpc/d )" with " ¢.," as the parameter when B, = 2.

po%llustrate é%e use of these graphs, assume the scrubber
cut diameter determined from the cut/power plot (see Section
4.5.6 ) is 0.63 umA and the particles from an emission source
have a size distribution of 4 = 10 ymA and 6, = 3.0. Then,
d c/d = 0.063. From Figure E%Ll—2, the overagl penetration
cgrreggonding to dy/dng = 0.063 and ¢, = 3.0 is 0.01. Since
penetration is 100 miéh% the percent é%ficiency, the overall
collection efficiency of the control device is 99%.

4.5.2 Scrubber Performance for Inertial Collection

The efficiency estimated by the cut diameter method is only
an approximation because the inlet particle size distribution
might not follow the log-normal distribution closely and equation
4.5.1-2 is correct only for packed beds and similar devices and
is an approximation for others. To accurately predict the scrub-
ber overall collection efficiency, one should perform the inte-
gration in equation 4.5.1-1 with the actual size distribution and
the grade penetration for the scrubber. In the following sec-
tions, design equations for predicting the grade penetration will
be presented for several scrubber types.

Along with particle collection efficiency, the scrubber
power requirement is also an important consideration in designing
the optimum pollution control system. The power requirment for
particle scrubbing is mainly a function of the gas pressure drop..
Preformed sprays and mechanically aided scrubbers have signif-
icant power inputs to pumps and other devices. Equations for
predicting the gas phase pressure drop for various types of
scrubber are also presented in the following sections..

4.5.2.1 Plate Columns

rarticle separation in sieve (perforated) and impingement
plates can be defined mathematically by starting from the basic
mechanisms of particle collection in bubbles, on drops, and jet
impaction.

Experimental data on the collection of hydrophilic particles
by water on sieve plates (Taheri and Calvert, 1968) are
correlated by:

Pt 4 = exp(-40 FKp) (4.5.2-1)
2
Kp = uhdpa/gquh (4.5.2-2)
where Kp = inertial impaction parameter, dimensionless
F = foam density, g/cm?
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Integral (overall) penetration as a function of cut
diameter, particle parameters, and collector characteristics.
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OVERALL PENETRATION, Pt
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Figure 4.5.1-2.
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Overall penetration as a function of a cut diameter and
particle parameters for common scrubber characteristics.
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up = gas velocity through sieve plate hole, cm/s
Bg = 9as viscosity, g/cm-s

d, = diameter of sieve plate hole, cm

By setting Pty = 0.5 in Equation 4.5.2-1, the following
relationship for cut diameter in a sieve plate is obtained:
_ L

Pressure drop in a sieve plate column under usual operating
conditions runs about 2.5 to 10 cm W.C. per plate. Section
5.2.2, Perry's Handbook (1963) gives the necessary equations and
correlations to calculate the pressure drop in a sieve plate
column.

ror impingement plates there are no reliable experimental
data available so the efficiency is predicted based on the
impingement of round jets on plane surfaces.. The cut diameter is

given by:
1.37upq ny, 4y ? \%
d. = ( € h h) (4.5.2-4)

pC 0

where dpc = aerodynamic diameter of particle collected with 50%
efficiency, umA
ny, = number of holes
Qg = 9as volumetric flow rate, m®/s

The total pressure drop per plate can be divided into three
main components: dry plate pressure drop, wet plate pressure
drop, and frictional losses in the scrubber. The wet plate
pressure drop can be estimated from liquid depth above the plate.
Frictional losses must be evaluated from experimental work.

The dry plate pressure drop, which is mainly due to jet
exit, can be approximated by the following equation..

Apj = 588 (@, /7 4 (4.5.2-5)

2 2
PC)
where Apj = dry plate pressure drop, cm W.C..
4.5.2.2 Packings

Particle collection in packed columns (Jackson and Calvert,
1966) can be described in terms of gas flow through curved pass-
ages, and performance for a variety of packing shapes, such as
saddles, rings, and spheres, can be correlated simply by the
packing diameter, as shown in Equation 4.5.2-6:
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Pty = exp(-7.0 ZKp/edc) (£.5.2-6)

where Z = height of packing, cm
Kp = jnertial impaction parameter, dimensionless
e = void volume, fraction
d, = nominal packing diameter, cm

where "K.." is defined as in Equation 4.5.2-2, but with gas velo-
city qu%l to the superficial velocity through the total bed
area, vg, and collector dimension, d., taken as the packing
diameter. Aerodynamic cut diameter is given by:

e d.? p 2
C G
dpc = (-————————) (4.5.2-7)

VGZ
where v, = superficial gas velocity through bed, cm/s

The pressure drop in a packed column can be precicted from
Eckert's (1961) generalized correlation or from methods by
Sherwood and Pigford (1952), Treybal (1980), Noeman(1961), and
Morton et al. (1964).

The pressure drop in a packed column as usually operated is
small. The pressure drop at flooding is in the range 12 to 35 ¢cm
W.C. per meter of packing height (1.5 to 4 in. W.C./ft)for most
packings,with 15 cm W.C./m (2 in. W.C./ft) being an average value
for crucde estimation purposes..

A substantial amount of pressure drop data is available in
packing manufacturers' literature. These data can be useful if
the operating conditions of the scrubber are exactly identical to
a situation for which there are data..

5.2.3 Preformed Spray
.5.2.3.1 Vertical Countercurrent Flow--Inertial Impaction

Starting from a material balance over a small section of the
tower, one cets after integration,

3 QL g Zn Ag ug n
Pty = exp|- = expl- 0.25(-41————

4 QG rd (Ut"UG) QG

(4.5.2-8)

where Ag = [3 Qp Z2/rg4 (up-ug)]l = total surface area of all drops
in the scrubber, assuming no ligquid reaches the

scrubber wall



liquid volumetric flow rate, m3/s

(@]
[nal
i

Uz = gas velocity relative to the duct, cm/s

u = drop terminal settling velocity, cm/s
n = collection efficiency of a single drop,. fraction
ry = drop radius,.cm

Single drop collection efficiency is obtained from Figure
4.5.2-1. Target efficiency is greatly influenced by the drop
Reynolds number and is calculated from an interpolation between
the target efficiencies for viscous and potential flows around
the drop.. Actually, only a small fraction of the drops remain in
suspension, and as little as 20% of "Qp" may be effective, depen-
ding on scrubber size..

The pressure drop through a spray scrubber is very low..
Mehta and Sharma (1970) found pressure drops of 1 to 2 cm W.C./m
of column height (0.4 to 0.8 in.W.C./ft of column) for gas velo-
cities of 500 to 1,600 m/hr (0.5 to 1.5 ft/s), with the liquid
flow rate having negligible effect for L = 20,000 to 80,000
kg/hr-m? (4,100 to 16,000 1b/hr-ft?).

For vertical countercurrent flow, the gas pressure drop has
to be sufficient to support the weight of liquid holdup, overcome
frictional loss against the walls, and absorb any excess momentum
imparted to the drops by spray nozzles.. If the latter two compo-
nents are neglected, the pressure drop for countercurrent scrub-
bing is given by:

Q;, 0, 2Z
ap =B 7 (4.5.2-9)
(up-ug)A
where Ap = pressure drop, cm W.C..

uy = drop terminal velocity,.cm/s
ug = upward gas velocity, cm/s

A = tower cross—-sectional area, cm?
Z = column height, . cm

Qr, = liquid density, g/cm?

4.5.2.3.2 Cross Flow--Inertial Impaction

In the cross-flow case, the water is sprayed at the top of
the spray chamber while the gas flows horizontally.. For collec-
tion by inertial impaction in a spray chamber, equation 4.5.2-10
predicts the penetration:

3 QL Z n Ag U, n
Pty = exp ={————— ]} = exp|- 0.25 —————}(4.5.2-10)
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where u, = drop veldcity relative to gas, cm/s

For crosscurrent and cocurrent flow, Calvert (1968) esti-
mated the pressure drop on the basis of the change in momentum of
the liquid when accelerated from zero velocity to the gas
velocity.

-,
Ap = 1.0x10 3 — uk (4.5.2-11)
ole

4,5.2.4 Venturi Scrubbers

Particle collection by liquid drops is the predominant oc-
currence in the Venturi scrubber. Inertial collection, inter-
ception, diffusion, electrostatic collection, and gravitational
collection are several of the mechanisms causing collection by
drops.. All investigators have concluded that inertial impaction
is the principal mechanism of particle collection in a Venturi
scrubber for particles larger than 0.5 pm diameter. For parti-
cles smaller than 0.1 pm diameter,. diffusional collection
prevails..

By performing a material balance for the dust over a differ-
ential scrubber volume with the assumption of constant liquid
holdup, Calvert (1968, 1970) obtained a differential equation for
the prediction of Venturi scrubber performance:

dc  1.5lu. - usl ©
-—= P d L 4 (4.5.2-12)
C uddd QG

where up velocity of particle, . cm/s

]

ug velocity of drop, cm/s

Other investigators,. such as Ekman and Johnstone (1951),
Morishima et al.(1972), Boll (1973), and Behie and Beeckmans
(1973) have presented the same equation in slightly different

forms to describe the particle collection in a Venturi scrubber..

In a Venturi scrubber, particle collection occurs mainly in
the throat section.. Yung et al. (1978) solved equation 4.5.2-12
for the Venturi throat section and obtained the following equa-
tion for particle collection.

e T —— -




B

1n Pty = -
Koo (1 = u'gp) + 0.7
x |4k o (1 - u¥g)es + 4200 g 0F - 5.02 KBo°

*
% 0.7 _ (1 - u dl)KpO o 5 BV
x{1 -u qa t tan ! - —_———
KPO 0.7 Kpo + 0.7

.. 0.7 Ko\t
x [4K + 4.2 = 5.02 Koot |1+ N

Kpo 0.7
(4.5.2-13)
where BV = QL QL/QG QG CDO
Kpo = inertial impaction parameter evaluated at throat
entrance, dimensionless
Cpo = drag coefficient at throat entrance, dimensionless
ugl = drop velocity at throat exit, dimensionless
C' o, dz2(u - Ug)
K = p_d po do (4.5.2-14)
po

where Upo particle velocity at throat entrance, cm/s

Ugo drop velocity at throat entrance, cm/s

The particle velocity is assumed equal to the gas velocity. Drag
coefficient at the throat entrance "Cp," is determined from the
"standard curve" using a Reynolds number calculated on the basis
of the relative velocity applying at the throat entrance. Drop
velocity at the throat exit is calculated from the following
equation:

u¥ g = 201-x® 4 (x* - x2)0%] (4.5.2-15)
31, Cpn©
x = & DOTG (4.5.2-16)

where 1y = Venturi throat length, c¢m

Particles are collected only by atomized liquid drops. The
drop diameter is the Sauter mean diameter predicted by the
empirical correlation of Nukiyama and Tanasawa (1936):
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0.0585 fg \*** u, 10 fop\ee
dg = — [ — +1,888 [ ———— —
ug  \eL (Geg)®-* Og

(4.5.2-17)

where dg Sauter mean drop diameter, . cm

g surface tension, dyne/cm

Although in actuality a distribution of drop sizes will exist,
the use of a single representative size similifies calculations
and gives reasonable results..

The pressure drop for gas flowing through a Venturi scrubber
is due to the frictional loss along the wall of the scrubber and
the acceleration of liquid drops.. Frictional loss depends large-
ly upon the geometry of the scrubber. Acceleration loss, which
is frequently predominant in the Venturi scrubber pressure drop, .
is fairly insensitive to scrubber geometry and in most cases can
be predicted theoretically..

Currently, there are several correlations available, both
theoretical and experimental, for the prediction of pressure drop
in a Venturi scrubber. Equations proposed by Yoshida et al..
(1960, 1965), Calvert (1968), Tohata et al. (1964), Bol (1973),
and Behie and Beeckmans (1973) are theoretical correlations.. All
equations were derived from the equations of motion and momentum
balance..

Yung et al. (1977) have modified Calvert's equation which
neglects the pressure loss due to wall friction and pressure
recovery by the gas in the divergent section.. This simplifica-
tion is acceptable since wall friction is compensated to some
extent by the pressure recovery. For this case, the pressure
loss in a Venturi scrubber is equal to the momentum expended to
accelerate the liquid in the Venturi throat and is given by:

207u~2 Q
ap = - —E8 L) g p (k% - k9% (4.5.2-18)
9c QG
4.5.3 Scrubber Performance for Other Collection Mechanisms

Scrubber performance for other collection mechanisms can be
predicted from the following general relationship which describes
particle deposition in any control device in which turbulent
mixing eliminates any concentration gradient normal to the flow
outside the boundary layer and in which the deposition velocity
is constant:

Ptd = exp-—(upD Ad/QG) (4.5.3-1)
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where Upp = particle deposition velocity, cm/s

RAg

deposition area, cm?

The particle deposition velocity is the net particle deposi-
tion velocity caused by the collection mechanism(s). The depo-
sition velocity for any collection mechanism depends on the force
balance between the driving force (deposition force) and the
resistance force of the gas. Table 4.5.3-1 is a list of theore-
tical equations predicting the deposition velocity for each col-
lection mechanism. The scrubber collection efficiency can be
calculated from equation 4.5.3-1 coupled with the appropriate
deposition velocity and the total deposition area of the
scrubber.

4.5.4 Electrostatically Augmented Scrubbers

The scrubber performance for an electrostatically augmented
scrubber can also be predicted from equation 4.5-1 if "n" is
known..

Particle collection in an electrostatically augmented scrub-
ber may be due to impaction and (Yung et al., 1981):

1. The Coulombic force between a charged particle and a charged
collector.

2. The electrical image force between a charged particle and a
neutral collector..

3. The electrical image force between a neutral particle and a
charged collector.

4. The force on a charged particle in the presence of a neutral

collector by a uniform external electric field directed
parallel to the flow field..

5. The electric dipole interaction force between a neutral
particle and a neutral collector, both polarized by a
uniform external electric field directed parallel to the
flow field..

For the collection of particles by drops, the dimensionless
electrical force parameters for the above five conditions are:

040, C'
K. = ¢ ’p (4.5.4-1)
3 1? kG IJG UO ddz dp

k. - k 0.2 C
Ko =( d G )( P ) (4.5.4-2)
k.. + 2 kG 3 m? QO Hg uo dd3 dp

p

kg = k 2 042 4,2 C!
Kip = ( d ¢ )( d P ) \ (4.5.4-3)
k + 2 kG 3 ;x? kGdds ]JG u

P O
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TABLE 4.5.3-1. PARTICLE DEPOSITION VELOCITY

Collection Phenomena Particle Deposition Velocity
2
Gravitational e = L ¢ dp (pp-pG)g
Sedimentation PD
18 Mg
2 _ 2
Centrifugal u R T c' dp (pp pG) Ut
Deposition | PD 18 Mg R
B . . D 0.5
rownian - P
Diffusion UpD 1.13 8)
Thermophoresis U = - 3 C' ug kg VT
PD 2 p. T \2 kp*k
°G G
M _%° PD
Diffusiophoresis Upn = - Y VG vp
PD M 054 M. 0-S v
Py Yy TPg TG Pg
L

Electrical u . _E ¢ o Ec EP dP
Migration : PD

e+2 4 7 £G

]

Magnetic : u - c Yo H qp e
Precipitation PD 37 ug dp
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Qp Eq Cc'

Koy = S n w4 (4.5.4-4)
g "o "p
Kicp ='( kp ~ e )( fa ~ ke )(kG dpz Fo’ C')(4.5.4—5)
kp + 2 kg/ \kg + 2 kg dgq Mg Yo
where K, = Coulombic force parameter, dimensionless

Kic = charged particle image force parameter,
dimensionless

Kip = qharge@ collector image force parameter, .
dimensionless

Koy = external electric field force parameter,
dimensionless

Kicp = e}ectr@c dipole interaction force parameter,
dimensionless

Qa = drop collector charge, C

Qp = particle charge, C

C' = Cunningham slip correction factor, dimensionless

dd = drop diamaeter, cm

dp = particle diameter, cm

u = undisturbed upstream velocity, cm/s

Eq = uniform external electric field strencth, V/cm

Hg = gas viscosity, g/cm-s

kg = dielectric constant of the drop, F/cm

kp = dielectric constant of the particle, F/cm

kg = dielectric constant of the gas, F/cm

The single drop collection efficiency, in the presence of
electrostatic force, can be predicted by performing a force
balance and solving the resulting equation. Kraemer and
Johnstone (1955) numerically solved the equation of motion and
obtained approximate collection efficiencies for potential flow
and Stokes flow around a spherical collector in the absence of
particle inertia. For the collection of a charged aerosol by a
charged collector, considering only the Coulombic force, the
collection efficiency is:

n = -4K, (4.5.4-6)

For the collection of uncharged aerosol particles by a
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charged spherical collector considering only the induced charge
on the particles, the collection efficiency is:

(15 )
n = I 1§ K' (4-5.4-7)
8 P

Nielson (1974) and Nielsen and Hill (1976a) numerically
solved the equation of motion for the collection of inertialess
particles on spheres with electrical force.. Their result for
collection efficiency under the influence of Coulombic force is
the same for potential flow and viscous flow and is identical to
that reported by Kraemer and Johnstone (1955).. The collection
efficiency for external electric field force is:

ki - k K
n = (1 + 2 -9 ° ) £X (4.5.4-8)
kg + 2kg/ 1 + K,

The flow field does affect the collection efficiencies for
the image force cases. Their results are plotted in Figure
4.5.4-1,

George and Peohlein (1974) and Nielsen and Hill (1976b)
numerically calculated the target efficiencies for the collection
of fine particles by a single spherical collector under the
combined influence of particle inertia and electrostatic forces..
The results of Nielsen and Hill for the collection of charged
particles by charged collectors are presented in Figqure 4.5.4-2,

4.5.5 Flux Force/Condensation

When a hot and saturated gas is in contact with cold water
or a cold solid surface, condensation of water vapor occurs..
Part of the vapor will be condensed on the particles which serve
as condensation nuclei.. Thus, the particles will have grown in
mass due to the layer of water they carry and will be more
susceptible to collection by inertial impaction. While condensa-
tion occurs, there will be diffusiophoretic and thermophoretic
deposition on the cold surfaces as well as some inertial impac-
tion.. The particle growth by condensation in combination with
diffusiophoresis and thermophoresis is referred to as "flux
force/condensation" (F/C) scrubbing.

A typical F/C scrubbing system is shown in Figure 4.5.5-1.
The gas leaving the source is hot and has a water vapor content
which depends on the source process.. The first step is to satur-
ate the gas by quenching it with water. This will cause no
condensation if the particles are insoluble, but will if they are
soluble. There will be a diffusiophoretic force directed away
from the liquid surface.

Condensation is required in order to have diffusiophoretic
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Figure 4.5.4-1. Single collector collection efficiencies
for inertialess particles.
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Figure 4.5.4-2 Single drop collection efficiency versus inertial
impaction parameter with Coulombic force parameter
as parameter.
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Figure 4.5.5-1. Generalized F/C scrubber system.

4-54



deposition, any growth on insoluble particles, and extensive
growth on soluble particles.. Contacting with cold water or a
cold surface is employed to cause condensation..

Subsequent scrubbing of the gas will result in more particle
collection by inertial impaction. This will be more efficient
than impaction before particle growth because of the greater
inertia of the particles.. There may be additional condensation,
depending on water and gas temperatures, and its effects can be
accounted for as discussed above..

One can apply this general outline of F/C scrubbing to a
variety of scrubber types.. The condenser may be a separate unit
or can be part of the scrubber..

Several phenomena are simultaneously involved in a F/C
scrubber and the mathematical model is complex and cumbersome..
Calvert and Gandhi (1877), through a series of studies, concluded
that the flux force effects and condensation effect can be
treated separately. Based on this conclusion, they developed a
simplified performance prediction and design method. Their
method is summarized in the following paragraphs..

4.5.5.1 Diffusiophoretic Deposition

Particle deposition by diffusiophoresis was described by the
following equation (Calvert et al. 1973, 1975, 1976):

(Ml)oos DG dy
upD = —
(y (Mo 5) + (1-y) M) (1-y)  dr
or, (4.5.5-1)
( 1 ) dy
u = Ci D —_— —
pD € \1-y/ ar (4.5.5-2)
where Dg = diffusivity of water vapor in carrier gas, cm?/s

M1 = molecular weight of water,.g/mol
M: = molecular weight of nontransferring gas, g/mol
y = mole fraction water vapor, dimensionless
r = distance in the direction of diffusion, cm
Upp = diffusiophoretic deposition velocity, cm/s
The molecular weight and composition function represented by
"C1" described the effect of molecular weight gradient on the
deposition velocity corresponding to the net motion of the gas
due to diffusion (the "sweep velocity"). For water mole fraction

in air ranging from 0.1 to 0.5, "C,;" varies from 0.8 to 0.88.
Calvert and Gandhi (1977) used a rough average of 0.85 for "C,n»
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for computing "u,p" and consequent particle collection efficiency
by integrating oger the period of condensation..

Whitmore (1976) concludes that the fraction of particles
removed from the gas by diffusiophoresis is equal to either the
mass fraction or the mole fraction condensing, depending on what
theory is used for deposition velocity. In other words, it is
not necessary to follow the detailed course of the condensation
process, computing instantaneous values of deposition velocity,
and integrating over the entire time to compute the fraction of
particles collected. One can simply observe that if some frac-
tion of the gas is transferred to the liquid phase it will carry
along its load of suspended particles..

4.5.5.2 Particle Growth

Particle growth is dependent on how well the particles can
compete with the cold surface for the condensing water. There
are several transport processes at work simultaneously in the
condenser section of an F/C scrubber:

1. Heat transfer

a.. from the gas to the cold surface
b. from the particles to the gas

2. Mass transfer
a.. from the gas to the cold surface

b. from the gas to the particles

A mathematical model which accounted for these transport
processes in addition to particle deposition has been described
in EPA reports by Calvert et al. (1973, 1975, 1976). Calvert and
Gandhi (1977) solved the equations through a finite difference
method for sieve plates under various situations to predict the
fraction of the total condensate which goes to the particles
(this fraction defined as "f_"). It was found that "f_ " depends
heavily on "n_.," the particlg number concentration, dand liquid
phase heat tr&%sfer coefficient. It decreases significantly with
"n_ " pbelow about 10% particles/cm? and does not change much for
pa?ticle number concentration greater than 107/cm?3.

"f " yaries between 0.1 and 0.4. Calvert and Gandhi (1977)
used an" average of 0.25 for the sieve plate scrubbers..

4.5.6 Cut/Power Relationship

Mathematical models for scrubber performance and the cut
diameter approach developed by Calvert et al. (1972) led to the
concept that performance cut diameter could be related to gas-
phase pressure drop, Or power input to the scrubber. Subsequent
performance tests on a variety of scrubbers in industrial instal-
lations, combined with mathematical modeling, has led to the
refinement of the cut/power relationship shown in Figure
4.5.6-1. The curves give the cut diameter as a function gas-
phase pressure drop (cm W.C.) for a number of typical installa-

tions—--sieve—-plate column, packed column, gas—-atomized spray
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(Venturi and Calvert Collision Scrubbers) and the mobile f£luid-
ized bed scrubbers.

The A.P.T. cut/power relationship has been devised and
tested on the basis of all of the published data available to the
authors. It appears to be an accurate and reliable criterion for
scrubber selection and performance prediction..

The cut/power plot gives a measure of what the scrubber can
do for a given pressure drop. It can be used to predict the
scrubber performance if the scrubber operating pressure drop is
known. For example, a Venturi scrubber with a pressure drop of
33 cm W.C. is installed on a source which has a mass emission of
2.3 g/Nm?® (1 gr/scf). From Figure 4.5.6-1, the performance cut
diameter of the Venturi scrubber is 0.63 umA. Suppose the parti-
cle size distribution has d = 10 pymA and 6, = 3, then the
overall penetration is 0.01 Pgrom Figure 4.5.1£5) and the con-
trolled mass emission will be 0.023 g/Nm? (0.01. gr/scf).

4.6 SCRUBBER DESIGN
4.6.1 Design Equation Approach

Air pollution control requlation generally specify a maximum
mass rate of emissions and often set a concentration limit as
well. By knowing the particle concentration and mass rate at the
scrubber inlet, one can specify the minimum collection efficiency
or the maximum allowable penetration through the scrubber being
designed or selected..

When a range of particle sizes is involved, as generally is
the case, the overall particle concentration will depend on the
size distribution and on the penetration for each size.. The
overall penetration of any device collecting a dust with any size
distribution can be calculated from equation 4.5.1-1.

In designing a scrubber, the maximum allowable penetration
and size distribution in the process stream must be known.. The
only variable in equation 4.5.1-1 is "Pt 4" which is a function of
scrubber geometry and scrubber operating conditions. One must
first choose the scrubber geometry and operating conditions, then
evaluate "Ptd“ by means of the design equations presented in the
last section and integrate equation 4.5.1-1 to obtain the overall
penetration. If the calculated overall penetration is greater
than the allowable maximum, new scrubber geometry and operating
conditions are chosen and the calculations are repeated.

These trial and error procedures are continued until one
arrives at a scrubber design which gives an overall penetration
smaller than or eqgual to the maximum allowable "pPt". Generally;,
more than one scrubber geometry and set of operating conditions
give satisfactory performance. The final selection will be based
on cost, experience, and other factors..

Choosing a scrubber is simpler than designing one. The
scrubber manufacturer's proposed geometry and operating condition
may be used to calculate "Ptdﬂ Then, the overall penetration
may be calculated from equation 4.5.1-1 to check whether it is
acceptable.
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4.6.2 Cut Diameter Method

When precision is not required, the cut diameter method
provides quick designs.. From the maximum allowable scrubber
penetration and the particle size distribution, one specifies the
required cut diameter from Figure 4.5.1-2. The required cut
diameter defines what the scrubber needs to do.. It is the par-
ticle diameter at which the collection efficiency (or penetra-
tion) must be 50% in order that the necessary overall efficiency
for the entire particle size distribution be attained..

Once the required cut diameter is specified, one can design
a scrubber such that its performance cut diameter is smaller or
equal to the required cut diameter. For example, suppose the
size distribution has d = 10 pmA and ¢ = 3.0 and 99% collection
efficiency is needed.. Fe penetration is 100% minus the percent
collection efficiency, or 1%, which corresponds to Pt = 0.01 in
fraction units.

The diameter ratio corresponding to Pt = 0.01 and g, = 3.0
1s dR g = 0.063 (from Figure 4.5.1-2). Since d = 10% HmA,

0. é% umA.. This means that a scrubber w1tha?%ut diameter
o§ 0.63 pmA or less to achieve 99% collectlon of the particles in
guestion..

It can be seen from Figure 4.5.6-1 that the only "unaided"
scrubbers capable of giving a 0.63 puymA cut diameter are the gas-
atomized spray types (Venturi and the Calvert Collision Scrub-
ber). The separation would require a gas-phase pressure drop of
about 33 cm W.C. for the Venturi scrubber whereas the Calvert
Collision scrubber would only require 20 cm W.C..

Other types of scrubbers would achieve the required perfor-
mance if augmented by F/C effects or by electrostatic charginag.
Each system would have to be examined to determine whether it
would be economically attractive.

4.7 ECONOMICS

Costs are the ultimate criterion of the optimum system in
gas scrubbing, as in any industrial operation. One must decide
whether one type of equipment is better than another when both
are capable of the desired performance; whether to use less
expensive equipment and more power; whether to use more expensive
materials or to have higher maintenance costs; or whether to use
a higher stack and less efficient collection equipment. The
rationalization of these various trade-offs requires the use of a
single method of evaluation: total cost.

Cost estimation methods range from quick and dirty predesign
approximations to elaborate compilations of firm bids on com-
pletely design systems. Even the latter will only give results
with a probable error of between 7% over and 15% under actual
capital costs. Other elements such as labor and maintenance will
be more inaccurate. Nevertheless, a decision based on approx-
imate costs is better than one based on no cost considerations.
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The situation is eased considerably because the comparison of
cost estimates generated in the same way is likely to be more
accurate than their absolute magnitudes and because sometimes the
most doubtful items may contribute only a small fraction of the
total cost.

4.8 METHODS FOR TECHNICAL EVALUATION
4.8.1 Devices for Further Evaluation

Based on the survey of existing and developing technologies,
the following devices, which are appropriate for control of
particles with diameters less than 3umA, have been selected:

1) Venturi scrubber

2) Electrostatically augmented spray scrubber
3) Flux force condensation scrubber

4) SCAT scrubber (for fugitive particles)

5) Calvert Collision scrubber

The specific method which is used to estimate the efficiency
and the costs for the control devices listed above is explained
in the following sections..

4.8.2 Methods for Predicting Collection Efficiency
4.8.2.1 Venturi Scrubber

Predictions for Venturi scrubber efficiency and pressure
loss are determined from equation (4.5.2-13) and (4.5.2-18),
respectively.. The particle penetration as a function of particle
diameter is calculated for specified operating conditions. Using
particle size distributions for the specific sources, the pene-
tration is integrated to obtain an overall penetration for par-
ticles less than 3 pmA in diameter for each source..

4.8.2.2 Electrostatically Augmented Spray Scrubber

The theoretical model for particle collection in electro-
statically augmented spray scrubbers is not well developed.
Therefore, the particle collection efficiency for charged parti-
cle/grounded drop scrubbers and charged particle/charged drop
scrubbers is calcualted based on experimental results reported by
Yung et al. (1981). Figures 4.8.2-1 and 4.8.2-2 show experiment-
al efficiency curves for electrostatically augmented spray scrub-
bers. The dashed lines show where the curves have been extra-
polated beyond the experimental data. The curves are for one
spray bank with a liquid to gas ratio (Q;/Qg) of 4 x 107* m¥*/m?
(3 gal/1,000 acfm). On each figure a second curve is shown which
is the efficiency of the scrubber, neglecting the particle col-
lection in the particle charger.

Efficiency as a function of particle diameter is estimated
for scrubbers having one or more spray banks. For example, the
penetration for a 1.0 ymA diameter particle through a charged
particle/charged spray scrubber with 3 spray banks is estimatea
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neutral drop (Yung et al., 1981).
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as follows:

1) The penetration through the first spray section is read from
line 1 on Figure 4.8.2-2, which includes collection by the
particle charger..

2) Spray sections two and three will have the same penetration,
read from line 2, which excludes the particle charger..

3) The fractional penetration of a particle with dp = 1.0 pymA
can be estimated by multiplying the penetrations %hrough the
individual spray sections..

Pt g

(Ptd)1 X(Ptd)z X(Ptd)s (4.8.2-1)

(0.5) (0.8) (0.8) = 0.32

Once this has been done for a number of particle diameters,
the overall penetrations are determined by integrating over the
size distributions of each of the sources.. In this manner, the
overall penetration and the overall penetration for dpa < 3 pmA
can be estimated..

4.8.2.3 Calvert Collision Scrubber

Calculations for the Calvert Collision Scrubber are based on
empirical correlations of experimental data.. Figure 4.8.2-3
shows a plot of "d,." versus "Pt4" for the Calvert Collision
Scrubber. The dasﬂ%d line in Figure 4.8.2-3 is a conservative
correlation of the experimental data for practical values of
liquid/gas flow rate ratio and pressure drop. This figure and
the cut/power relationship shown in Figure 4.5.6-1 are sufficient
for predicting the performance of a Calvert Collision Scrubber on
any source. The procedure is:

1. Select a pressure drop and determine the cut diameter

from Figure 4.5.6-1. ,
2. Construct a grade penetration curve from the plot in
Figure 4.8.2-3..
3. Plot "Pt4" versus percent smaller than "dp" (from
- particle size distribution curve)..

4. Integrate the area under the curve of step (3). The

result is the overall penetration..
5. To calculate the integrated penetration for particles
smaller than 3 pmA diameter, the area under the curve
of step (3) from 0 to the percent undersize for d,, = 3
pmA is obtained numerically. The intedrated
penetration for particles smaller than 3 pymA diameter
is equal to this area divided by the area obtained in
step (4).

6. Steps (1) to (5) are repeated for other pressure drops..
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4.8.2.4 Flux Force/Condensation

The procedure for predicting the collection efficiency of a
F/C scrubber system depends on whether the condensation and
particle growth occurred within the scrubber or before the scrub-
ber.. The sequence of steps to be followed for before the
scrubber is outlined in the following:
1. Determine the initial particle size distribution at the
condenser inlet., -
2. Calculate the condensation ratio corresponding to the
condenser operating conditions..
3. Calculate the penetration due to diffusiophoresis
according to the following equation. Collection by
other mechanisms may be neglected..

Ptgg = 1 - 0.85 £,
0.85q’
= ] - —
18
Hz + 59 (4.8.2-2)
where Pt3q = penetration due to diffusiophoresis, fraction
fV = volume fraction of gas condensing, fraction
g' = —condensation ratio, g/g
Hy = original humidity ratio, g/g
4. Calculate the grown particle size distribution at the

condenser outlet, assuming that an equal amount of
vapor condensed on each particle.

5. Compute the grade penetration for the scrubber and
calculate the overall penetration for the grown
particle size distribution leaving the condenser..

6. Calculate the total overall fractional penetration for
the F/C scrubber system. Overall penetration is equal
to the product of steps 3 and 5..

4.8.3 Cost Data
4.8.3.1 Venturi Scrubber

The cost of the scrubber is based on the volumetric flow
rate, operating pressure drop, and materials of construction.
Neveril et al. (1979) gave the following price equation for
Venturi scrubbers with gas flow rate up to 5,663 Am®/min (200,000
acfm).

Pp = 10,498 + 1,275 Qg5 - 5.63 Qg? (4.8.3-1)
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where Pp = purchase price of Venturi scrubber, $
Q¢ = volumetric gas flow rate, Am?*/s

The price is in December 1981, U.S. Dollars and it includes
the Venturi, cyclone entrainment separator, elbow (between
Venturi and cyclone), pumps, and controls.. Prices are for 0.32
cm (1/8") thick carbon steel scrubbers. —Additional cost factors
are provided in the following for different metal thickness,
fiberglass or rubber liners, manual or automatic Venturi throat,
and stainless steel construction.

Item Price Adjustment Factor

1. Other metal thickness From Figures 4.8.3-1 & 4.8.3-2
2. 316 stainless steel x 3.20
3. 304 stainless steel x 2.30
4. 0.48 cm (3/16") rubber

liner $74.43/m? ($6.92/ft?)
5. Manual variable throat $5,100
6. Automatic variable throat $9,400
7. Fiberglass lined Add 15% of price for 0.32 cm

(1/8") carbon steel scrubber
to total price..

The internal surface area of the scrubber system (for
1ining) can be estimated from the following equation:

A = 0.0492 Qg (4.8.3-2)
where A = internal surface area, m?
Qcz = gas flow rate, Am3/min

4.8.3-2 F/C Scrubber

The equipment in a F/C scrubber system could include:

a) Gas humidifier or saturator

b) Condenser

c) Scrubber

d) Cooling tower

e) Auxiliary equipment such as fan and pump

In this study, the scrubber is assumed to be a Venturi
scrubber and its cost can be estimated from data presented in the
last section. Cost data for fan and pump are presented in
Appendix "A."

The saturator, in most cases, is a spray chamber. The cost
of the spray chamber is estimated from the following equation due
to Neveril (1978).

Pp = 12.24 Qg + 63,400 (4.8.3-3)
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where purchase price of saturator, §

gas flow rate, Am3?/min

Pp
Qg

The saturator cost includes vessel of carbon steel construc-
tion and support rings, platform, ladder,.gratings, spray system,
and control.

The quencher could be a spray tower or packed beds.. It is
usually fabricated from corrosion resistant materials, or is
refractory lined, and can be either horizontally or vertically
oriented. Costs for quenchers is estimated from the following
equation (Neveril, 1978).

Pp = 11.46 Qg + 11.800 (4.8.3-4)

where Pp Quencher price, §

e

gas flow rate, Am?/min

The cost includes the vessel of carbon steel construction,
inspection holes, supports, and internal water supply system. It
does not include pumps, piping, and refractory..

To maximize the effects of condensation and particle growth,
the water to the quencher should be as cold as possible..
Therefore, if the water is recycled, the water to the quencher
should be first passed through a cooling tower..

The cost of a cooling tower depends on cooling capacity..
For capacities less than 1,000 tons (1 ton = 3,024 kcal’/hr,
(12,000 btu/hr) of useful refrigeration effect, or 3,780 kcal/hr
(15,000 btu/hr) of heat rejected), installed cooling tower cost
is (Neveril, 1978):

where Pp = installed cost of cooling tower, $
Qt = capacity of the cooling tower, ton

For capacities over 1,000 tons, cost is estimated from equations
and adjustment factors presented in Table 4.8.3-1.

The cooling tower price includes the cooling tower, fan,
pumps, motors, and installation.. It does not include the price
of the basin.. The installed basin cost is about $1,110/m? of
basin area.. The basin area is estimated as follows:

Basin area (m?) = 6.2 x 1074 p (4.8.3-6)

p

where Pp = cooling tower price, §
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4.8.3-3 Calvert Collision Scrubber and Electrostatically
Augmented Spray Scrubber

The price for the Calvert Collision Scrubber and

electrostatically augmented spray scrubber is estimated from
material and labor costs in fabricating the scrubber.
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TABLE 4.8.3-1.

Pri Equat i

Wet bulb temperature =
Approach = 5.6°c (10°F)

Qp, = inlet water flow rate, Am3®/min

Range

33°C 60°F
28°C 50°F
22°C 40°F
17°cC 30°F
14°C 25°F
1l1°C 20°F

8°cC 15°F

6°C 10°F

Adiust !
For Wet-Bulb Temperature
Wet-Bulb Temp Factor
20°C (68°F) 1.54
21.1°C (70°F) 1.46
22,2°C (72°F) 1.38
23.3°C (74°F) 1.30
24.4°C (76°F) 1.22
25.6°C (78°F) 1.15
26.7°C (80°F) 1.07
27.7°C (82°F) 1.00
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(82°F)

COOLING TOWER

Equation
$ = 50,900 + 65,450
$ = 50,900 + 61,330
$ = 50,900 + 56,360
$ = 50,900 + 48,940
$ = 50,900 + 44,120
$ = 50,900 + 38,470
$ = 50,900 + 32,390
$ = 50,900 + 24,720
For Approach
Approach Factor
3.3°C 1.60
4.4°C 1.20
5.6°C 1.00
6.7°C 0.85
8.9°C 0.65
11.1°C 0.50
13.3°C 0.40
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