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CHAPI'ER 1 

U.'TRODUCTI ON 

This handbook is presented as a part of the docunentation for a 
NAPCA sponsored study, conducted at Vd.dwest Research Institute, of particu
late air pollution from stationary sources. The objective of the study 
was to identify, characterize, and quantify the particulate air pollution 
problem in the United States. This document delineates the kind and number 
of stationary particulate sources, the cherr~cal and physical characteris
tics of both the pa:::-ticulates and carrier gas emitted by specific sources, 
and the status of current control practices. Details of the methodology 
employed to obtain the data reported in this tandbook are presented in the 
final report for the project. 

The first three chapters present general background inforoa.tion 
pertaining to source emission factors and e:n.ission rates, effluent char
acteristics, and control technology. The chapter on emission factors and 
rates (Chapter 2) outlines the methods used to calc~late the total tonnage 
emitted by individual sources, and presents a rar:.king, on a tonnage emitted 
basis, of industrial so~rces of particulate pollu~ants. Chapter 3 high
lights the general aspects of control equipment available for use on a 
source of particulate pollution. Distinguishing characteristics and general 
areas of application and ranges of performance of control devices are sum
marized in this chapter. Chapter 4 discusses some of the mere :.rr.portant 
chemical and physical properties of particulates and carrier gas emitted by 
industrial sources. The discussion is focused pril:larily on the relation
ship of the effluent properties to control device selection and/or design. 
Chapter 5 presents a coding key for the tables of effluent characteristics 
presented in Chapters 6 - 24. 

The remaining chapters (Chapters 6 - 24) present discussions of 
the major industrial sources of particulate pollutants. The industrial 
categories were selected on the basis of the ranking of tonnage emitted 
outlined in Chapter 2. The chapters on industrial sources delineate the 
production process, emission sources, emission rates, chemical and physical 
properties of the effluents, and control practices and equipment for each 
industrial category. Appendix A presents general cost information for con
trol equipment. Miscellaneous emission data for minor sources are summar
ized in Appendix B. 
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This handbook constitutes a reference source for available infor
matior. on the distinguishing features of the various particuJ.ate pollution 
sources and should be of value to air pollution regulatory agencies, con
trol equipment manufacturers, and industrial concerns. 
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CHAPI'ER 2 

EMISSION FACTORS .AND RATES 

2.1 :NT?.OD~C~IOK 

To assess the relative contributions of stationary sources of 
particulate air pollution, the major types and quantities of particulate 
pollutants emitted nr1.1.st be deter:ni.r:ed. Methods based on source emission 
factors are ger.erally used to calculate quantities of particulates emitted 
for individual sources. Material balances and outlet grain loadings can 
also be used for these calculations. 

The emission factor for stationary sources is a statistical aver
age of the rate at w~ich pollutants are emitted from the processing or burn
ir...g of a giver. quantity cf ::naterial. Ideally, el:lission factors should be 
related to as?ects of system design, operating practices, and material 
processed to permit a definitive statemer.t as to the total emissions char
acterizir.g a given source or plant prod~cing a specified product. Unfor
tunately, the n'..;merous and e:icper.sive stack testir.g stud:. es needed to com
pletely characterize a source have not generally been performed. Recourse 
must be made to ex:.. sting data, and general corr.mer.ts presented or. the prob
able influence of variables on emission factors. In sc~e cases, especially 
industrial sources, ~he emission factor may be based upon tests conducted 
on only one installation or a few installations. 

The source emission factors used ir. this handbook were compiled 
frcm an extensive literature survey and stack sampling data provided by air 
pollution control agencies and ind:vidual industr:al companies. In most 
cases, a single number is presented for the emission factor for a specific 
source. These source emission factors are, in our judgment, the most accu
rate currently available .. Details of the analysis of all available data for 
each specific source are presented in the final report for this project.lJ' 

The industrial categories discussed in Chapters 6 - 24 were chosen 
fro~ a rankir..g of sources based on the total tonnage of particulates ereit
tei/year. The ranking of sources on the basis of tonnage emitted and its 
developmer.t are discussed in the followir.g section. 
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2. 2 il'1ISS:::ON RA'.:'3S OF BIDlJSTRIAL SOURCES 

I~portant particulate pollutant sources based on the total tonnagE 
emitted/year are presented in this sectior.. The ranking was obtained by 
first listing possible sot:..Yces and then investigating in detail a large 
enough segment to accoWlt for more than 99'/a of the to~al emissions on a 
oass basis. 

Several different methods were used to calculate the total tonnagE 
emitted by individual sources. These methods included the use of emission 
factors (both controlled and uncontrolled), l:laterial balances, and outlet 
grain loadings. The primary method used for establishing the tor..nage 
enitted by an industry utilized uncontrolled emission factors. Total ton
nage emitted by a given source was determined from four quantities: 
(1) an emission factor for the uncontrolled source; (2) the total tonnage 
processed/year by the source; (3) the efficiency of control equipment used: 
and (4) the percentage of production capacity e~uipped with control device: 
The mathematical equation for the calculation is: 

wt.ere E 

E 
(P)(ef)(l-Cc·Ct) 

2,000 

total particulate emissions for a source, tons/year 

P total production for the industry, tons/year 

e~ emission factor for unccntrclJ..ed source, pounds/ton 

(1) 

Cc ~ average efficiency of control equipment used in the industry 
for tbe specific source 

Ct ~ a.mount of application of control in the industry (on a produc 
tion capacity basis) for the specific source 

Production figures were obtained primarily froo government statis
tics. Efficiency of control equip~ent was detenraned from literature 
sources and information obtained from discussions with industrial contacts 
Tte extent of application of control equipmer.t in a given industry was 
found to be, in most cases, unobtainable from the open literature. There · 
some information as to the number of plants that have control equipment, b· 
no information as to the production capacity of these plants or to the pla: 
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:hat do no: have control equipment. 
information on extent of cor.trol. 

Industry surveys were used to secure 
Details of these surveys and the etlission 

calcu~ations are giver. in Reference 1. 

Table 2-1 presents a ranking cf :inportant stationary ir.dustrial 
sources of particulate pollutants. The statior.ary sources represented in 
Table 2-1 were rar.ked by calculating the emissions from the primary pieces 
of processing equipment such as kilns, furnaces, reactors, and dryers. In 
several cases, we have included ecd.ssions for "secor.dary sources" which in
clude crushir.g operations, materials band.ling, stockpiles, etc. The cal
culations involving these secondary sources are in general much less 
accurate than those involving the primary prccessir.g equipment because data 
on secondary sources are rr.eager or nonexistent. The e~ission quantities 
listed for ttese secondary sources are at best order of magnitude calcula
tions, and it is possible that secondary sources may ereit as much or more 
particulate ~.a.tter than the primary sources. Total e~issions for an indus
try were obtai:.ed as a sum of the emissions from primary and seccr.dary 
sources. 

The leadir..g sources are statior.al)· combustion processes, crushed 
stone, agriculture and related operations, iron and steel, and cemer.t. 
Er.tissions froo residential and commercial co~bustion sources, field burr.ing, 
ar.d s:ash burr.ing are not included in the to~als shown in Table 2-1 for the 
staticr.ary combustion processes, agricultural operations, and forest prod
ucts categories. However, emissions froxr. these precesses are ir.cluded in 
tl:e individual chapters discussing these ir.dustries. 

The reliability of ":.he eoission q·.iantities in Table 2-1 was as
sessed by eval,.:.ati:::g the reliability cf ea~h factor in Equation (1). The 
q·.iantity of data available, the spread of t=:.e data, and the source of the 
data were considered in the evaluation. A reliability factor, ranging ~ram 
1 to 5 with 1 being the most reliable, w'"9.S assigned to eacl: factor. A 
compos~te rating, shown in the last column of Table 2-1, was then determined 
·oy averagir.g the ratbgs of the individual terms. In those cases where the 
emissions were calculated by a method other than Equation (1), a reliability 
rati::.g was assigned directly to the fi:ial emission quar.tity. 

More detailed discussions of manufacturing processes, particulate 
emissio:i sou=ces, partic·..Uate emission rates, effluent characteristics, and 
co~trol practices and equipment for each industry category are presented in 
Chapters 6 - 24. 
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~;ource 

1. Fuel Combustion 
A. Coal 

1. Electric Utility 
a. Pulverized 
b. Stoker 
c. Cyclone 

2. Industrial boilers 
a.. Pulverized 
b. Stoker 
c. Cyclone 

B. Fuel Oil 
1. Electric Utility 
2. Industrial 

a. Residual 
b. Diatillate 

c. Natural Gas & LR; 

1. Electric Utility 
2. 

CJ) 
Industrial 

2. Crushed Stone, Sand & Gravel 
A. Crushed Stone 
B. Sand & Gravel 

3. Operations Related to 
Agricu.l ture 

A. Grain Elevators 
B. Cotton Gins 
c. Feed Mills 

1. Alfalfa Mills 
2. Mills Other Than 

Alfalfa 

TABLE 2-1 

MAJOR INOOSTHIAL SOURCES m· PARTICULATE POLWl'Am'S 
(Baoed on 1D61l production data) 

Annual 

Tonn ace 

I' 

?~>0 ,400,000 ton~ 
g, 900,000 tons 

28, 700,000 torn:; 

20,000,000 tons 
10,000,000 tons 
10,000,000 tons 

7.18 x 109 gal. 

7.51 x 109 gal. 
2.36 x 109 gal. 

3.14 x 106 mil. 
9.27 x 106 mil. 

681,000,000 
918,000,000 

or coal 
or coal 
or coul 

of CC'fll 

of coal 
o!' coal 

scf 
scf 

177 ,ooo ,ooo tons r.rain hanuled 
11,000,000 bules 

1,600,000 tons dry meal 

fl,364 ,ooo tons 

l:nl i ~; : ; i C) 11 

Fae: tor F.f"l'ir• icrwyt.!_/ Ap1)l ic:ation.:.~./ Uetz/ 

L\>/1'rm or Cunt rol of Control Control 

'-!r Cc, ct Cc·Ct 

16A=l!lcd lb/ ton 0 r coal o.g2 O.!:r/ 0.89 

13A=l46 lb/ton of coal O.llO 0.87 o. 70 

:SA=35 lb/ton of' coal 0.91 0. 71 0.64 

Total from Electric Utility Coal 

lGA=HOV lb/ton o!' cofll O.H!:") 0.95 0.81 
13A-13:\ lb/ton o!' coal o.os o.n2 0.52 
.SA~ 31 lb/ ton 01' coal 0.112 0.91 o. 75 

Total from Industrial Coal 

0.010 lh/gal 0 0 0 

0.023 lb/gal 0 0 0 
0.015 lb/gal 0 0 0 

Total from Fuel Oil 

15 lb/mil. scf 0 0 0 
18 lb/mil. scf 0 0 0 

Total from Natural Gas & LR; 

Total from Utility and Industrial Fuel Combustion 

17 
0.1 

12 ll>/bale 

50 lb/ton dry meal 

ii of prrnluction 

0.80 0.25 0.20 
0 

Total from Crushed Stone, Sand & Gravel 

o. 70 0.40 0.28 
O.llO 0.40 0.32 

o.o~ 0.50 0.42 

0.8~ Q.50 0.42 

Total !'rom Listed Agricultural Operations 

E)nL. ion~ 

Ton:o/Yr 
E 

2' 710 ,ooo 
217 ,ooo 

1821000 
3' 109,000 

322,000 
2,234,000 

391000 
2,595,000 

36,000 

87,000 
18 1000 

14.1,000 

24,000 

841000 
108,000 

5.953,000 

4 ,554 ,000 
461000 

4,600,000 

1,700,000* 
45,000 

23,000 

49 1000 

1,817 ,ooo 

Rel!aoi lity 
Rating!/ 

2 
2 
2 

2 

2 
2 

2 
2 

4 

3 
2 

2 

2 



4. Iron and Steel 
A. Ore Crushlnc 
R. Materials llllnd.ling 
c. Pellet Plants 
o. Sinter Plants 

1. Sintering Process 
2. Crushing, Screening, Etc. 

E. Coke Manufacture 
1. Beehive 
2. By-Product 
3. Pushing & Quenching 

F. Blast FUrnace 
G. Steel Fllrnaces 

1. Open Hearth 
2. Basic Oxygen 
3. Electric Arc 

H. Scarfing 

5. Cement 
A. Wet Process 

1. Kilns 
2. Grinders, Dryers, etc. 

B. Dry Process 
1. Kilns 
2. Grinders, Dryers, etc. 

6. Forest Products 
A. Wigwam Burners 
B. Pulp Mills 

1. Kraft Process 
a. Recovery l\lrnace 
b. Lime Kilns 
c. Dissolving Tanks 

2. Sulfite Process 
a. Recovery FUrnace 

3. NSSC Process 
a. Recovery Furnace 
b. Fluid-Bed Reactor 

4. Bark Boilers 
c. Particleboard, etc. 

1. Lime 
A. Crushing, Screening 
B. Rotary Kilns 
C. Vertical Kllno 
D. Materials Handling 

Annual 
Tonnage 
__ P __ 

82,000,000 tons of ore 
131,000,000 tons of steel 

50,000,000 tons of pellets 
51,000,000 tons of sinter 

1,300,000 tons of coal 
90,000,000 tons of coal 
91,300,000 tons of coal 
88,BOO,OOO tons of iron 

65,800,000 tons of steel 
48,000,000 tons of steel 
16,800,000 tons of steel 

131,000,000 tons of steel 

43,600,000 tons of cement 

:n,000,000 tons of cement 

27,500,000 tons of waste 

24,300,000 tons of pulp 

2,500,000 tons of pulp 
833,000 tons of pulp 

3,500,000 tons of pulp 
1,167,000 tons of pulp 

525 ,000 tons of pulp 

2A,OOO,OOO tons of rock 
16,200,000 tono of' lime 

1,800,000 tons of lime 
18,000,000 tons or lime 

Factor 
Lb/Ton 
-"-'f __ 

? lb/ton of ore 
.lO lb/t.cm of steel 

20 lb/ton of ointer 
22 lb/ton of sinter 

200 lb/ton of coal 
2 lb/ton of coal 
0.46 lb/ton of' coal 

130 lb/ton of iron 

17 lb/ton of steel 
40 lb/ton of steel 
10 lb/ton of steel 

3 lb/ton of steel 

167 lb/ton of cement 
25 lb/ton of cement 

167 lb/ton of cement 
67 lb/ton of cement 

10 lb/ton of waste 

150 lb/ton of pulp 
45 lb/ton of pulp 

5 lb/ton Of pulp 

268 lb/ton of pulp 

24 lb/ton of pulp 
533 lb/ton of pulp 

24 lb/ton or rock 
180 lb/ton of lime 

lb/ton or llme 
s lb/ton 0 r lime 

F.fficiency.0' 
of Control 

Cc 

0 
0.90 

0.90 
0.90 

0 
0 

0.99 

0.97 
0.99 
0.99 
0.90 

ApplicotionV 
of Control 

Ct 

0 
0.35 

1.0 
l.O 

0 
0 

1.0 

0.41 
1.0 
0. 79 
0.75 

Total from Iron and Steel 

0.94 
0.94 

0.94 
0.94 

0.94 
0.94 

0.94 
0.94 

Total from Cement 

0 

0.92 
0.95 
0.90 

0.92 

0.92 
0.70 

0 

0.99 
0.99 
0.33 

0.99 

0.99 
1.00 

Total from Forest Products 

0.80 
0.93 
0.97 
o.~:; 

Total from Lime 

0.25 
0.81 

0.40 
0.80 

Net:=/ 
Control 
Cc"Ct 

0 
0.32 

0.90 
0.90 

0 

0 

0.99 

0.4.0 
0.99 
0. 78 
0.68 

0.88 
0.88 

0.88 
0.88 

0 

0.91 
0.94. 
0.30 

0.91 

0.91 
0. 70 

0.20 
0.81 
0.3? 
0. 76 

Er..i:;sion3 
Tono/Yr 

E 

82,000 
446,000 
80,000* 

51,000 
56,000 

130,000 
90,000 
21,00) 
58,000 

337,000 
10,000 
18,000 
63,000 

1,442,000 

4.35,000 
65,000 

310,000 
124,000 
934,000 

132,000 

164,000 
33,000 
42,000 

10,000 

1,000 
42,000 
82,00()11 
74,000tl 

560,000 

264,000 
2.'4,000 

4,000 
ll,000 

573,000 

4 
4 

2 

2 
2 
3 
2 

2 

2 
2 
3 

l 
3 

1 
3 

2 

2 

2 
3 

3 
3 
3 

4 

3 

2 
2 
3 



TABLE 2-1 (Continue<!) 

F.mi ~:;ion 
Efficiency!!/ Appl icatio~ NetSJ Annual Fact.or Er.tissiGn~ 

Tonnace Lb/'l'on of Control of Control Control Tons/Yr Reliab11£?' 
Source I' _e_r __ Cc Ct Cc·Ct E Rati!!!!f 

8. Primary Nonferrous Metals 
A. Aluminum 

1. Grinding of Bauxite 13,000,000 tons of bauxite 6 lb/ton ol' bauxite 0.00 o,ooo 3 
2. Calcining or Hydroxide 5,040,000 tons or al1wina 200 lb/ton of alumina 0.90 50,000 3 
3. Reduction Cells 

a. II. s. Soderberr, 000,000 tons of aluminum 144 lb/ton of alumim.un 0.40 1.0 0.40 35,000 2 
b. v. s. Soderberg ·100,000 tons Of a.l1.unin1.un [)4 lb/ton of all.minum 0.64 1.0 0.64 10,000 2 
c. Pre bake 1, 755 ,ooo tons of al1unlnum 6:-S lb/ton of aluminum 0.64 1.0 0.64 20,000 2 

4. Materials Handling 3,:'ioo,ooo tons Of aluminum 10 lb/ton of aluminum 0.90 0.3:, 0.32 11,000 
Total from Primary Aluminum 142,000 

B. Copper 
1. Ore Crushing 170,000,000 tons of ore 2 lb/ton of ere 0 0 0 110,000 3 
2~ Roasting 575,000 tons or copper ltiO lb/ton or Cu a.es 1.0 0.85 1,000 3 
3. Reverb. Furnace 1,437 ,ooo tons of copper 206 lb/ton of Cu 0.95 0.85 0.81 28,000 3 
4. Converters 1,437 ,ooo tons of copper 235 lb/ton of Cu 0.9~) 0.85 0.81 33,000 3 
5. Mate rials Handling 1,437 ,ooo tons of copper 10 lb/ton of Cu 0.90 0.35 0.32 ~ 4 

Total frcxn Primary Copper 243,000 
c. Zinc 

1. Ore Crushing 18,000,000 tons of ore 2 lb/ton of ore 0 0 0 18,000 3 

ClJ 2. Roasting 
a. Fluid-bed 765,000 tons of zinc 2,000 lb/ton of Zn 0.98 1.0 0.98 15,000 3 
b. Ropp, multi-hearth 153,000 tons of zinc 333 lb/ton of Zn 0.85 1.0 0.85 4,000 3 

3. Sintering 612,000 tons Of zinc 180 lb/ton of Zn 0.95 1.0 0.95 3,000 3 
4. Distillation 612,000 tons of zinc 15,000* 
5. Materials Handling 1, 020, 000 tons of zinc lb/ton of Zn 0.90 0.35 0.32 ~ 4 

Tot.al from Primary Zinc 57 ,ooo 

D. Lead 
1. Ore Crushing 4,500,000 tons of ore 2 lb/ton of ore 0 0 0 4,000 3 
2. Sintering 467 ,ooo tons of lead 520 lb/ton of lead 0.9!) o.~o 0.86 17 ,ooo 3 
3. Blast Ft>mace 467,000 tons of lead 250 lb/ton of lead 0.85 Q.98 0.83 10,000 3 
4. Dross Re verb. Furnace 467,000 tons of lend 20 lb/ton of lead 0.50 2,000 3 
5. Materials Handling 467,000 tons Of lead !) lb/ton of lead 0.90 O.:'i5 0.32 1 1000 4 

Total from Primary Lead 34,000 
----

Total from Primary Nonferrous 476,000 



e'm..i;.i!i1UO 

Annual Fnctor Efficiency£/ Application!!/ Ne~ l!lllliss ions 
Toruiar,e Lb/Ton of Control of Control Control Tons/Yr Reliab111 

Source __ r __ 
~ c Ct Cc·Ct g Rat in 

9. Clay 
A. Ceramic 

l. Grinding 4,722,000 tons 76 lb/ton 0.80 o. 75 0.60 72,000 3 
2. Drying 7 ,870,000 tons 70 lb/ton 0.80 o. 75 0.60 uo,ooo 3 

B. Rei'ractories 
1. Kiln-Fired 

a. Calcining 688,000 tons 200 lb/ton 0.80 0.80 0.6' ~.ooo 3 
b. Drying 1,032,000 tons 70 lb/ton 0.80 0.80 0.6' u,ooo 3 
c. Grinding 3,440,000 tons 76 lb/ton 0.80 0.80 0.6' 4.7,000 3 

2. Castable 550,000 tons ?25 lb/ton 0.90 0.85 0.77 14.,000 3 
3. Magnesite 120,000 tons ;{;0 lb/ton 0.80 0.70 0.56 7,000 3 
4. )t)rtars 

a. Gr ind.ing 120,000 tons 76 lb/ton 0.80 0.75 0.60 2,000 3 
b. Drying 120,000 tons 70 lb/ton 0.80 0.75 0.60 2,000 3 

5. Mixes 249,000 tons 76 lb/ton 0.80 o. 75 0.60 4.,000 3 
c. Heavy Clay Products 

1. Gr ind.ing 4, 740,000 tons 76 lb/ton 0.80 0. 75 0.60 72,000 3 
2. Drying 1,110,000 tons 70 lb/ton 0.80 0.75 0.60 99,000 3 

Total from Clay 4.67,000 

10. Fertilizer and Phosphate Rock 

(.{) 
A. Phosphate Rock 41,300,000 tons of rock 

1. Drying 12 lb/ton 0.94 1.0 0.94 14.,000 2 
2. Grinding 2 lb/ton 0.97 1.0 0.97 1,000 2 
3. Materials Hand.ling 2 lb/ton 0.90 0.25 0.22 30,000 4 .... Calcilling 8,260,000 tons 40 lb/ton 0.95 1.0 0.95 8,000 3 

B. Fertilizers 
l. Allm>nium Nitrate 2,800,000 tons of granules 28,()()()lt 4 
2. urea 1,000,000 tons of granules 10,()()()lt 4 
3. Phosphates 

a. Rock Pulverizing 17,000,000 tons of rock 6 lb/ton of rock 0.80 1.0 0.80 10,000 2 
b. Acid-Rock Reaction 4,370,000 tons of P2Cl!; 48 lb/ton of P~05 0.95 0.95 0.90 9,000 2 
c. Granulation and Drying, 

etc. 18,100,000 tons of granules 195 lb/ton 0.95 0.95 0.90 169,000 2 
d. Materials Handling 18,()()()lt 4 
e. Bagging 9,000,000 tons of granules 4.,000* 4 

4. Allm>niwn Sulfate 2,700,000 tons of granules ";!1,000* 4 
Total i'rom Fertilizers and Phosptate Bock 328,000 

ll. Asphalt 
A. Paving Material 251,000,000 tons of material 

l. Dryers 32 lb/ton of material 0.97 0.99 0.96 161,000 2 
2. Secondary Sources 8 lb/ton of material 0.97 0.99 0.96 40,000 2 

B. Roofing Material 6,264,000 tons of nsphnlt 
1. Blowillg 4 lb/ton of asphn.\t 0.50 3,000 4 
2. Saturator 14.,()()()lt 4 

Total from Asphalt ?.18,000 



Source 

12. Fe rroalloys 
A. Blast Furnace 
B. Electric Furnace 
C. Materials Handling 

13. Iron Foundries 
A. Furnaces 
B. Materials Hand.ling 

1. Coke, Limestone, etc. 
2. Sand 

14. Secondary Nonferrous Metals 
A. Copper 

1. Material Preparaticn 
a. Wire Burning 

...... b. Sweating Furnaces 
0 c. Blast Furnaces 

2. Smelting & Refining 

B. Aluminum 
1. Sweating Furnaces 
2. Refining Furnaces 
3. Chlorine Fluxing 

c. Lead 
1. Pot Furnaces 
2. Blast Furnaces 
3. Rcverb. Furnaces 

D. Zinc 
1. Sweating Furnaces 

a. Metallic Scrap 
b. Residual Scrap 

2. Distillation Furnace 

J\rmUl.ll 
Tonm1ge 

p 

591,000 tons of ferroalloy 
2, ll!J, 000 tons of ferro11lloy 
2, 710,000 tons or f'erroalloy 

18,000,000 tons of hot metal 

10 ,500 ,000 tons of SfUlcl 

300,000 tons insulated wire 
64,000 tons scrap 

207,000 tons scrap 
1,170,000 tons scrap 

500,000 tons scrap 
1,01!:,,000 tons scrap 

136,000 tons Cl used 

53,000 tons scrap 
119,000 tons scrap 
554,000 tons scrap 

!)2,000 ton~ of' LJcru.p 
210,000 ton~; of ::;crap 
23:'>,000 ton:.> Zn recovcrccl 

TABIB ?-1 (Continued) 

Fmic~ion 

fi'11ctor 

Lb/Ton 
__ e_t_·_ 

410 lb/ton f'erron.lloy 
?40 lt.J/ ton rcrroa.lloy 

10 lb/ton f'erroalloy 

16 lb/ton of metal 

5 lb/ton of metal 
0.3 lb/ton of »and 

275 lb/ton or wire 
15 lb/ton of scrap 
~o lb/ton of scrap 
70 lb/ton of scrap 

32 lb/ton of' <;crap 
4 lb/ton of' ser11p 

1,000 lb/ton Cl used 

o.o lb/ton of scrap 
l!JO lb/ton of i;emp 
100 lb/ton of scrap 

12 lb/ton or ::>crup 
.so lb/ton or !jcrap 
~ lb/ton of zinc 

El'J'ic iencytd 
of Control 

Ce 

o.~9 

o.no 
0.90 
Total frooi 

0.80 

0.80 
0 

Appl ica tion'.Y 
of Control 

ct 

1.00 
o.~,o 

o.:S!.> 
Ferrot1lloy:; 

o.:s3 

0.25 
0 

11et<:.I 
Control 
Cc·Ct 

0.99 
o. 40 
0.32 

0.27 

0.20 
0 

Total from Irnn foundries 

0 0 0 
0.95 0.20 0.19 
0.80 0.15 0.68 
O.!J5 0.60 0.57 
Total frcm Secondary Copper 

0.% 0.20 0.18 
0.9~) 0.60 o.~1 

o.25 
Total f'rcm secondary Aluminum 

o.~5 o.~s 0.80 
0.95 0.95 0.90 
0.95 o. ~l5 0.90 
Total fran Secondary Lead 

0. (15 0.20 0.1\> 
o. ~~-, 0.20 0.19 
o. fl~) O.GO 0.!01 
Total from Secondary Zinc 

Total from ~~econdary Nonferrouri Mctalr. 

r.inlooJons 
Tono/Yr 

F. 

1,000 
l~J0,000 

9 1000 

160,000 

105,000 

37 ,ooo 
1 1000 

143,000 

41,000 

2,000 
17 1000 
60,000 

6,000 
1,000 

51 1000 
58,000 

1,000 
3 1000 
4,000 

3,000 

2,000 
t),000 

127 ,ooo 

Reliaoil~l/ 

Ratins!J 

2 
2 

2 

3 
3 

3 

3 
2 

4 

3 

2 
2 

3 
3 



I-' 
I-' 

Source 

l~). Coal Cleanlng 
A. Thermal Dryers 

16. Carbon Black 
A. Channel Process 
B. Furnace Process 

1. Gas 
2. 011 

17. Petroleum 
A. R:C Units 

18. Acids 
A. Sulfuric 

1. Nev Acid 
a. Chamber 
h. Contact 

2. Spent-Acid Concentrators 
B. Phosphoric 

1. Thermal Process 

An11ual 

Ton narc 
p 

"13,000,000 tont> dried 

71,000 

15G,OOO 
1,180,000 

l.19 x 109 bbl. of feed 

l,000,000 tons of l~ 1i2S04 
27 ,000,000 tons of 10~ H2S04 
11,200,000 tons of spent acid 

1,020 ,ooo tons or P2~, 

Ein i~:; ion 
F:u·tor 

Ll•(Tun 
I 

2,500 

5 lb/ton of 10~ H2S04 
2 lb/ton of 10~ H2S04 

30 lb/ton of spent acid 

134 lb/ton of P2~ 

* See specific industry section of Voltmie I for method of calc'llatlng quantity emitted. 

El't'iC' ierir:y'":.:/ Application::/ !lets/ 
of' C011t.rol of Control Control 

Ce ct Cc·Ct 

1.0 

0 0 0 

1.00 
1.00 

Total from Carbon Black 

1.0 

0 0 
0.% 0.90 0.85 
0.95 0.85 0.80 

o.~7 1.0 0.97 
Total from Acids 

TCJrAL FROM MAJOR INDUS!'RIAL samcES 

~ Application of Control is defined as that fractlon of the total production vhich has controls. 

~ls:;ion:; 

Ton::/Yr 
E 

94,000* 

82,000 

5,ooo* 

~· 
~3,000 

4S,OOO* 

2,000 
4,000 

B,000 

2 1000 
16,000 

18 '056 '000 

~ Effie lcncy of Control is defined as the average fractlonal eff le lency or t.he control equipnent, prorated on the basis of productlon capacity. 
sf Net Control is defined as the overall level of control, and is the product of the applicatlon of control multiplled by the efficiency or control. 
~ Average Ash Content of Coal Used, determined by phone ourvey (sec Volume I - Sectlon 5): 

Type Boller 
(d) 

Elec. Utll. 
(e) 

Industrial 

Pulverized ll. 91> 10.6~ 
stoker ll.~ 10.~ 
Cyclone 11.~ 10.~ 

lj Rellabllity rating is indicative of the reliability of the Emission:; quantity. Ratings range from l to 4 vith 1 being the most reliable. 

Re liab 111 ty 
Ratln&!J 

2 

l 

2 
2 

3 

2 

4 

l 
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C!-!API'::!:R 3 

CONTROL EQUIP.MEN':!' 

3 .1 I~""IRODUCTION 

Equipment available for the control of particulate t:1a.tter consists 
of cyclones, wet scrubbers, electrostatic precipitators, and fabric filters. 
Afterburners may also be used for removal of combustible gases and partic
ulates. Tbe chapters in this handbook discuss the applicat~on, advantages, 
and disa~vantages of tbese devices in each cf the major industrial cate
gories of particulate pollution. 

The preliminary consideration in selec~ion of the different types 
of devices is probably most dependent on the volume of gas to be treated. 
Kr.o'ilir.g this, rough cost estimat.es ca:-. be made on the basis of cost fig..i.rcs 
ar.d equations presented in Appendix A.bf Appendix A includes figures i:
lustrating p~rchase cost, installed cost, and annualized cost of operation 
plus equations ~or annual operatir.g and ma.inte~ance costs. It sho~ld be 
borne in n:ind that these costs can vary considerably for ar..y specific ap
plication, as is noted in some of the chapters of this hand.bock. 

Specifications for a particular application re~uire considerably 
~ore infor:nation than gas volume. Particle and carrier gas ctaracteristics 
are needed including particle size concentration (average and range), par
ticle size distribution, particle density, particle resistivity, gas flow 
rate, gas temperature and moisture content, and other i~portant proper~ies 
such as corrosivity or fla.:rrnability. 

The usual objective of installing :poll~tion control equip~ent is 
co~cerned with the quantity or concentration of particulate natter that will 
be emitted. Therefore, the specifications will usually stipulate the maxi
m'.:J!l allowable emissions as a quantity in lb/hr or as a concentration in 
grains/scf. This will set the efficiency for which the control equipn:ent 
must be designed, based on given inlet conditions. An indication of the 
relative efficiency of various collection devices, as a function of particle 
size, is shown in Figure 3-1.~ These curves were obtained using one 
standard test dust which CCir.pares to a typical :'ly ash. 

The opacity of the emission is usually also ar. importar.~ aspect 
of the cquipt'lent perfo:r.nance. Opacity is related to the outlet concentration 

13 
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of the particulate matter. It should be reme~bered that the finer par
ticles, which are the most difficult to collect, affect the light scatter
ing properties of the stack effluent. This is or.e of the reasons that the 
inlet particle size distribution is so important. If the control equip
rr.ent rr.ust provide a clear stack, the outlet concentration to be specified 
may be lower than ~ould otherwise be required. The maximwr. permissible 
concentraticr. for fly-ash emissions from power plants is of the order of 
:J .02 - 0.03 grain/ scf for the discharge to be invisible . .!/ Maximum concen
trations for other industry effluents are presented in some of the industry 
chapters of this handbook. 

A brief description of each of the general types of control de
vices is presented below to acquaint the reader with each and to point out 
tr:ose industries and processes that utilize each type. A more complete 
description of each of the devices and treatnent of tteoretical considera
tions may be fo:;.nd in 3.eferences 1, 2 and 3 plus many cf the refere!:ces given 
in tte bibliographies following each industry chapter. 

3 .2 CYCLONES 

Cyclonic collectors are rour.d conically shaped vessels in which 
the gas stream enters tangentially and follows a spiral path to the out
let. The spi~al motion produces the ce~trifugal forces that cause tee 
particulate rr.atte~ to move toward the periphery of the vessel and collect 
on the walls and fall to the bottom of the vessel. 

The centrifugal force is the major force causir..g separation of the 
particulate in a cyclone separator. This force (F0 ) is eq~al to the product 
of the particulate mass (Mp) and centrifugal acceleration (Vp2/R), where VP 
is the particle velocity and R is the radius of motion (curvat~re). 

The centrifugal forces cause the particles to move outward toward 
the wall of the cyclone. However, this movement of the particle through 
the gas stream is opposed by frictional drag on the particle caused by the 
relative motion of the particle and gas. The frictional drag (Fr) is 
directly proportional to the product of (Cr), a drag coefficient, the pro
jected cross-sectional area of the particle (Ap), particle density (p), the 
square of the particle velocity relative to the gas stream (vr2), and an 
~nverse function of the acceleration due to gravity (g). 
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The centrifugal and frictional forces, plus tl:e force of grav-ity, 
cor:ibine to determir.e the ccllectior: efficiency. This collecton efficienc~1 
increases with: 

(1) dust particle size 
(2) particle density 
(3) gas velccity 
(4) cyclone body ler..gth 
(5) smoothness of cyclone wall 

Althougt efficiency increases with increasing gas velocity, this 
is at a lower rate than that at which the pressure drop increases. For a 
given cyclone and dust combination, an optimum velocity exists, beyond whic 
t:1rb'J.lence. ~ncreases more rapidly than separation efficiency, and efficienc 
decreases .Y 

The cyclonic collectors are generally of t~o types: the large 
diameter, lower efficiency cyclones, a.nd the smaller dia:neter, multitube 
high-efficiency units. The larger cyclones have lower efficiencies espe
cially on particles less than about 50 µ. However, tl::ey have low initial 
cost and usually operate at pressure drops of 1-3 in. of water. The multi
tube cyclones are capable cf efficiencies exceedir.g 90% bu~ the cost is 
l::igher and their pressil.re drop is usually 3-5 in. of water. 'Ihcy are also 
002·e susceptible to pluge;ing a.nd erosion. 

The larger ·Cyclones are cfter .. used as a part of the process wher. 
the gas stream is heavily lade~ with part of the product such as in coal 
dryers, alfalfa dehydrators and milling operations. 'Ihe;y a!'e widely used 
in grain elevators, sawmills, asphalt plants and detergent rea:::ufacture. 

3.3 WE'I SC~UBBERS 

Wet collectors use water "sprays" to collect and remove particulc 
rr..atter. T~ere are many variations of wet collectcrs but ttey may generall;, 
be classified as low or higt energy scrubbers. TJ:)w ene!'gy scrubbers of 
1-6 in. of pressure drop may consist of simple spray towers, packed towers 
or impingement plate towers. Water requirements may run 3-6 gal/1,000 cu 
ft. of gas and collection efficiencies car. exceed 90-95%. The lower energ:. 
scrubber finds frequent application in incinerators, fertilizer manufact'.lr
ing, lime kilns, and iron foundries. 

The high energy scrubber, or Venturi, imparts b~gh velocity to 
the gas stream by means of converging-divergir.g duct section, and contacts 
the stream with injected water. The high velocities provide increased 
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collection efficiency, up to 99.S'fc, but the pressure drop :nay ra::-..ge fron1 
10-60 ir... of water. This requires a draft fan with higf. power ir.put. The 
Venturi scrubber is often used ir. conjunction with steel furnaces, pulp 
mills ar..d foundry cupolas. 

The wet scrabbers can provide high collection efficiency but may 
involve treatment of liquid wastes with settling ponds. They also saturate 
the gas strea:n and produce a resultant steam plume. 

The principal mechanisms involved in wet scr-..ibbi::-..g a.re: (1) in
creasing the size cf the particles by combination with liquid droplets 
thereby increasing their size so they may be collected more easily, ani/or 
(2) trapping the!:'! in a liquid film and washing ther.-. away. 

Dust collection efficiency is believed by soi:.e investigators to 
be directly related to cor.tacting power a~d the properties of the part~cu
late r:iatter. Contacting power is that portior. of usef~l energy ex.:pended in 
prod~cing contact of the particulate matter with the scr'J.bbing liquid, as 
well as in producing turbulence and mixing in the scrubber device. The con
tacting PQ'~er represents the kinetic energy or pressure head loss across 
the scrubber, k:r.etic energy or pressure head drcp of the scrubbine liqu:d, 
and other forms of energy :i:'..ssipa~ed in the gas strearr. such as scnic energy 
or energy suppl~ed by a mechanical rotor. ~his means that the higher the 
power imput, the higher is the efficien:y. 3owever, the efficier.cy is also 
a function of the particulate matter prcperties and the smal:er particles 
require higher power input than large!· particles .Y 

3.4 ELEC~ROSTATIC PRECIP!TA~O:RS 

The operating princ:ple of electrostatic precipitation requires 
three basic steps: 

(1) Electrical charging cf the susper.ded particulate 
matter. 

(2) Collection of the charged particulate :matter on 
a grounded surface. 

(3) Renoval of the particulate i::.atter from the col
lect:ng surfaces by mechanical scrubb:r.g or flush
ing with liquids. 

The electrical charging is accon:plished by passing the suspended 
particles through a higb-vcltage, direct-current corona. Peak voltage 
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req_uiren:ents usually range f!'Om 30 to 100 kilowatts. Gas velocities range 
from 3 to 15 ft/sec. 7his low linea:=- velocity pronotes deposition and 
minimizes re-entrair.ment. However, this also means tbat the precipitators 
will be large in size, or cross-sectional area, to achieve the low gas vel
ocities. Ur.ifonn flow distribution is also an i:nportant factor that must 
be considered in design of ductwork. 

The collection efficiency of electrostatic precipitators is ex
pressed by the Deutsch equation as:~ 

where 

E = 1-J,-wA/';j, 

E = weight fraction of dust collected 

w = ~gration velocity of dust particle toward -che 
collecting e:ectrode, ft/sec 

A area of collecting electrode, ft2 

Q = gas r:ow rate, acf/sec 

This equation shows the exponential relationship of efficiency to 
the area of the collecting e:ectrode. T..~us, moderate i~creases in collector 
efficiency for an existing unit may require a rather la!'ge increase in 
collecting surfaces. 

Ille proper operation of an e~ectrostatic precipitator :s depen
dent on the electrical res:stivity o~ the particles. Pre-conditioning 
with water sprays may be re~~ired to impart benef:cial resistivity char
acter to the particles. Prope::; co::::trol of operat.int; volt.ages t1us: also be 
provided if efficient particulate removal is to be mainta:ned. The pre
cipi tator generally has high initial cost but it is capable of high collecti 
efficiency, exceeding 99%, at a pressure drop less than 0.5 in. of water. 

Electrostatic precipitators have been ~sed extensively for many 
years to reduce particulate emissions from coal-f:red power plants. 'Ibese 
units handle very large gas volumes with low pressure drops. They have alsc 
been applied in steel mills to clean the gases from blast ~_irnaces a::i.d 
basic oxygen furnaces, and in cement pla.~ts, pulp mills, and sulfuric ac:d 
plants. 
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3 .5 FABRIC FILTERS 

Fabric filter systems, i.e., baghouses, usually consist of tubu
lar bags made of woven synthetic fabric or fiberglass, in which the dirty 
gases pass through the fabric while the particles are collected on the up
stream side by the filtering action of the fabric. The dust retained on 
the bags is periodically shaken off and falls into a collecting ~cpper 
for removal. 

Fabric filters usually provide very high collection efficiencies, 
exceeding 99.5%, at pressure drops usually ranging from 4-6 in. cf water. 
The amount of ~ilter area required is often based on an air-to-cloth ratio 
of 1.5-3.0 cu ft/min of gas/sq ft of cloth. The maximum operating tempera
ture for a baghouse is 550°F using fiberglass bags. However, there may 
also be a minimum temperature limitation so as to naintain the gas tempera
ture 50°F to 75°F above the dew point. Inlet dust loadings range from 0.1 
to 10.0 grains/cu ft of gas. Higher concentrations in sone industries are 
rerr.oved by a pre cleaning device, such as a low efficiency cyc::.one. 

3aghcuses do provide the high collection efficie~cy at r.'lOderate 
pressure drop but initial cost is relatively high especially when precool
ing systems are required. The baghouses also may be large and take up 
ccnsiderable space. They frequently entail high maintenance ccsts for bag 
replaceme~t. However, replacement of bags need not il:tpair bagho~se oper
ation if the unit is compartmented so that one section can be taken o~t of 
service for maintenance while the others continue to cperate. 

The bagbouse has found wide application in rr~ny industries, in
cluding mining operations, food processing, grain elevators, soap and de
tergents, plastics manufacture and numerous others. Some of the industries 
that employ large baghouse operations are carbon black, cement, electric 
arc furnaces, foundry cupolas and nor.ferrous smelting operations. 

3. 6 ~lIST ELIMINATORS 

One cf the most col'.llIOOnly used type of mist elioinators is the 
mesh filter which consists of an evenly spaced knitted wire or plastic 
mesh, usually mounted in horizontal bed. Rising mist droplets strike the 
wire sll!'face, flow dowr. the wire to a wire junction, coalesce, and flow to 
the bcttom surface of the bed, where the liquid disengages in the form of 
large droplets and returns by gravity to the process equipnent.~ · 
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Operatir..g pressure drop is usually less than l in. of water with 
gas velocities of 10 to 15 ~/sec. Advar.tages in the use of ~his type of 
collector are low initial cost, low maintenance, high removal efficiency 
and recovery of valuable products without dilution.1:/ However, these units 
should r.ot be used in services where the material car.. cause plugging of 
the mesh 'llr.less provision is made for flushing out accur::n;.J.ated solids. 

Another type of mist eli!r~nator consists of packed beds of fibers. 
?hese rr.ay operate at velocities ranging from 5 to 90 ft/sec and, therefore, 
have correspondingly higher pressure drops of 5 to 15 in. of water. 
Collection efficiencies I:tay be in excess of 99'fo on particles . .!/ 

Other types of mist eliminators are impingement baffle mist 
el:rr~nators and packed bed mist eliminators which may not achieve effici
encies as high as those discussed above but do prever..t less er carryover 
of larger droplets. 

3 • 7 AFTEFJ3URX8RS 

Afterburr..ers are gas cleaning devices whic'.::. use a furnace for 
the combustion o~ gaseous and particulate matter. Ccrr.bustior: is accom
plished either by direct f:a.me incinerat~on or by catalytic co~bustion. 

The disposal of particu~ate matter by combustior: is linited to 
res~due-free vapors, mis~sand particulate matter which is readily combus
tible, as well as to particle sizes which require short furnace reter:tion 
time and small f'urnace size. Afterburners are usi.;.ally used to dispose of 
fUP.es, vapors, and odors when relatively small voli,qes of gases and low 
concentrat:ons of ::;>articulate rr.atter are involved • ..!! 

Advar:tages of the d~rect flrur.e incineration a~erburner include: 
(1) high rerr.oval efficiency of submicron odor-causing particulate matter; 
(2) si.multar.cous d.is-pcsal of combustible gaseous and particulate zr..atter; 
(3) compatibility with existing combustior. equipment; (4) relatively small 
space requirements; (5) simple cor:struction; and (6) low maintenance. 

Disadvantages include: (1) high operational costs includir.g 
fue: a~d instrumentation; (2) fire hazards; and (3) excessive weight. 

Advantages of the catalytic afterburner include: (1) reduced 
f'uel requirements; and (2) reduced te~perature, insulation requirements 
and fire hazards. 
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Disadvar.tages of catalytic afterburners include: (1) high initial 
cost; (2) sensitivity to catalytic poisoni!'lg; (3) inorganic particles must 
be removed and organic droplets must be vaporized before conbustion to pre
vent damage and plugging cf the catalyst; and (4) cata~ysts may require 
frequent reactivation. 

Afterburner systems have been used success~~lly in nany processes 
including asphalt blowing and saturating, pai~t baking, coffee roasting, 
food processing, Kraft paper manufacture, paint and varnish cooking and 
wire enameling. 

The use of afterburners in conjunction with paint bakir:.g O?era
tions -:nay allow recirculation of the combustion gases to the over. or re
covery by heat exchangers. Fuel savings frcm the use of heat of conbus
tion of the paint solvent vapors may be large enough ~o provide a 50% 
return on :~vestment in the case of catalytic ~orr.bustior..l/ 
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CHAPTER 4 

EIT.LUENT CHARACTERISTICS 

4.1 INTRODUCTION 

'lhe severity of the problems associated with sources of particu
late air pollution is dependent en the total a~ount or rate of emission and 
the physical and chemical characteristics of the em:ssions. Furthernore, 
the intell:gent select:on or desigr. of dust collection equipment must be 
based on particle and carrier gas characteristics. 

Ill!:Portant effluent character:stics which defi~e the object:onable 
aspects of a polh:.tior: soi.:.rce include: (1) particle size distribution; 
(2) toxicity; (3) corrcsivity; (4) soiling potential; and (5) optical prop
erties. Particle and carrier gas proper::ies that are i~portant for cor.trcl 
device selection or desig:l include: (1) particle size distribution and 
shape; (2) particle density; (3) electrical resistivity; (4) volu.metric 
flew.rate; (5) gas te~perature; and (6) hur:ridity. 

&>me of the more important particulate and carrier gas character
is~ics are discussed in more detail in the following sections. The discus
sion will focus primarily on the relationship of the effluent properties to 
control device selection and/or design. 

4.2 PARTICCT.Al'E CHARACTERIS':'ICS 

4.2.1 Particle s:ze 

Information on particle size distribution in the gas stream is 
important in the proper selection of gas cleaning equipment. Particles 
larger than about 10 µ may be removed in inertial and cyclone separators 
and simple, low-e~ergy wet scrubbers. Particles smaller than 10 µ re~uire 
either high-efficiency (high-energy) wet scrubbers, fabric filters, or 
electrostatic precipitators. 

Particle size in general cannot be specified uniquely by a single 
parameter. For irregular dust particles, the average dimension along three 
mutually perpend:cular axes may be used, or the diameter of a spher~ having 
the same volume or the same surface area as the particle may be chosen. 
Obviously, the more irregular the shape of the particles, the grea~er will 
be the variations in equ~valent diameters. For extremely irregular particles 
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like plates, rods, or stars, some other measure, such as specific surface 
or settling rate, will usually be more sign:'..f'icant. In many gas clea::::.ing 
processes the se~tling velocity has direct physical meaning, independent 
of particle structure, and is preferred to equivalent diameter. 

Determination of particle size cannot be unique except for the 
special case of spherical particles. For all other cases, the results 
will depe::::.d on the experimental method used. Methods for determining par
ticle size and particle size distribution may be classi~ied as follows: 

4.2.1.1 Sieve Analysis: Used for relatively coarse particles 
above 44 µ, corresponding to a 325 mesh screen. 

4.2.1.2 Microscopic .k'.alysis: 'Ille ma.x:'..mun resolV:.ng power cf 
optical microscopes permits determination o~ particles down to about 0.5 µ. 
'Ihe much greater resolut.:'...on of electron microscopes exte:.1ds this lower li!:L 
to about 0.01 µ.. 

4.2.1.3 Sedi~entation Analysis: This method is basei on neas~re 
ment of settling rate o~ particles in fl~ids. It gives settling velocities 
directly a.r.d equivale::::.t diameters indirectly, based on k.~own or assu.~ed 
laws of the flow resistance or drag of the particles. Stokes' dia.n:eter is 
deternined by this method, which is useful for particles in the range cf 
about 0.5 to 50 µ. 

4.2.l.4 Elutriation Analysis: This method is based or. separatic 
of particles in vertically rising fluids. Fir.e ?articles above a certain 
size cutoff point are carried upward with the rising fluid, and coarser 
particles below t.~e cutoff point fall to the bottorr. of the elutriation charr. 
ber. A series of graded elutriation cha':'!bers rr.ay be used to separate par
ticles ir.to a series of size classes. 

4.2.1.5 Centrifugal Analysis: Sicrilar in prir.ciple to sedimer.ta 
tion but ~ses centrif\4gal forces, which may be as high as one million ti~es 
gra.V:.ty in the best ultracentrif'uges. This extends the lower particle size 
lirr~t down to giar.t molecules, or to about 0.01 µ. 

4.2.1.6 Igpact:'..on Methods: Particles are deposited or. a plate 
surface by impaction from an air.jet. A series of graded impactors, the 
so-called cascade impactor, may be ~sed to separate particles into size 
classes. 

4.2.1.7 Photome~ric Methods: 'Ihese methods are based on scatter 
ing or absorption of light, both of which deper.d on particle size. This 
method is most useful for fir.e particles below a few micror.s in size. Lowe 
li~it by the best techniques is about 0.03 µ for monodisperse or uniform 
particle size dispersions. 
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4.2.1.8 Miscellaneous Methods: Gas absorpt:.cn methods, air perme
ability, X-ray diffraction. 

No universal methed or apparatus for particle size determinati~n 
is possible, even in principle. For gas-cleaning applications, the sedi
mentation and elutriatior. methods have very definite advar.tages because 
they give results ir. terms of settling velocity or Stokes' d:'..am.e'ter. But 
these methods usually necessitate redispersion of co:lected particle samples, 
which may be difficult, and any agglomerates present in the original aerosol 
cannot be reproduced in the particle size equipment. Another problem con
nected with sizing of industrial aerosols is the difficulty of procuring 
representative sa-nples from the field because of the very large gas flews 
and variable conditions that characterize most industrial gas-cleaning sit
uations. 

'Ille Bahco ccntri:\:.gal dust class:.fier is used extensively for 
routine measurements by control device manufacturir.g conpan:.es. 'Ihis in
stru...11ent uses a foro:. of cer.trifUgal elutriatio::.:. Dust is f~d into an air 
strean in the annular space between parallel rotating plates and in each 
stage the dust is di\~ded into two fractions, one deposited on the periphery 
of the wheel and the other carried forward. By varying the air velocity a 
n'.llllber of fractions can be collected. Instrumen~s o~ t~is type require 
careful adjustment tn ensure a good separatio~ . .!/ 

Generally, the purpose of a particle s:ze measurement is to dis
cover the true :'requency distribution cf particle size. The obse~ed distr:
bution serves as basic data from which may be de:!.'i ved. certain rcp::-esenta ti ve 
constants, for ex8"nple, the median size. Modified relative frequency distri
butions can also be obtained by transformation; for ex8"llple, percent by 
weight from percent oy number. Adequate presen~atio~ cf data is important 
to facilitate utilization. 

Tabular and graphical forms can be used. A table can list size 
versus one of many ways cf expressing distribution; fer exanple, size fre
quency or size cum'..llation. It is essential tc specify which weighting pro
cess is employed since dis~ributions are general~~/radically different 
·(e.g. number-size and weight-size distributions).-

Graphical methods for presenting size distributions are: (1) 
histograms, (2) size fre~uency curves and (3) cumulative plots. Cumulative 
plots are used extensively and their interpretation and conpariscn can be 
enhanced by using the general],y applicable log-normal distribution plot 
or one of its mcd~ficatior.s.~/ Figure 4-1 illustrates a log-normal distri
b~tion plot for particulates emitted from a kraft pulp mill recovery ft:.rnace. 
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Log-nor:nal size distributions are defined by two para.meters: 
(1) the intercept of the cumulative curve with the 50~ probability mean di
ameter, and (2) the polydispersity factor (gecmetric deviation) defined as: 

one. 

Polydispersity factor intercept at 50% probability 
intercept at 15.87% probability 

A completely mor.odisperse aerosol has a polydispersity factor of 

Figure 4-1 shows that 50% of the outle~ fume is composed of 
particles smaller than l.~ ~ in diameter. The po:ydispersity factor is 4.2. 

Compre~ensive discussions of particle size measurement, inter
pretation, and application are given in References 1, 5 and 6. Readers 
interested in more detail are directed to these sources. 

4.2.2 Particle Shape 

As ~otcd above, particle size analysis does not acccur.t for the 
:rr . .il tiplici ty of particle s!".apes. ParticlE:~ sr.apes of aerosols arc of rr:a:-,y 
types, from sireple spheres to cc~plex stars and chainlike aggregates. 
Fogs, rr.ists, ar.d some sm::>kes are corr,posed of spr.erical liq'..:.id or tarry 
drcplets. ¥..ar.y fly ash particles, pr::iduccd i.:1 the combust:.on of pulvcri zei 
coal, are hol:.cw spheres or cenospl::.eres, freq~ently W:. th nuch s:naller 
sate~lite particles attacted to their surfaces. Thlst pa:rt:cles usually 
are irregular ir. shape as the res~lt of m~ltiple fractures that cccur :r. 
crushing or grir.ding. 143.ny netallurgical fumes have a starlike or pla~elike 
shape; others are needlelike and tend to fcrr:i aggl~erated cr.ains. 

Particle shape and surface ccndition influence handling char
acteristics, chenical :reactivity, adsorption potential, and flan:.~ability 
limits amor.g other particulate properties. 

4.2.3 Solids Load:ng 

Solids loading is a neasure of particulate cor.centration in the 
gas s~ream. While it is not strictly a particulate property, it is ir.
cluded in th::.s category for ease of discuss:on. Solids loading or grain 
loading is usually expressed in grains per cubic foot (1 grain = 1/7,000 lo). 
Grain loading and particle size often dictate the choice of control equip
~cnt. Very high grain loadings might re~uire tte use of a series control 
device conf::.guration to meet air poll-...ticn rcg..1.lat:!.ons (i.e., .cyclone 
follo"..l'ed by an electrostatic prec :.pi ta tor or a ·oaghouse). 

27 



4.2.4 Electrical Proper":.ies 

The most impor":.ant electrical properties of particulates are 
their electric charge and conductivity. Practically all natural or in
d~strial dusts are electrically charged to an appreciable degree. The 
fractions of positively and negatively charged dust are ger.erally equal, 
so that any given dust suspension is, as a whole, electrically neutral. 

4.2.4.l Particle Resistivity: In the electrical precipitation 
method for gas clear.ing, tte particle deposits on the collection surfaces 
of precipitators must possess at least a small degree of electrical con
d~ctivity. Theory and experience indicate that tte critical or minimum 
value of particle conductivity for normal precipitator perforr:1ance is 
about 0.5 x io-lO inverse ohm-cm, or as more con:monly expressed, a maxim~ 
resistivity of 2 x 1010 o~-cm (measured in situ). 

In precipi":.ator operation, high particle resistivity is usually 
manifested by di::;turbed e::..ec';;rical co::.ditions in the form of excessive sr 
i~g Aith ooderatcly lowered vo::..tages, or-by excessive current wit~ ~reatl 
lowered voltages. These effects in turn cause loss of precipitator effi
ciency, the loss in performance increasing with resistivity. When resist 
ity exceeds about 1011 ohm-cm it becomes very difficult to achieve reaso~ 
able efficiencies witl:: precipitators of conver.tional design. Special typ· 
of precipitators must then be used, or, more commonly, measures must be 
ta~en to reduce resistivity.~ 

':'here are a number of factors and combinations of factors wl:.ich 
ir.fluence the apparent resistivity of particulates. Among those particle 
cl:aracteristics which may be important a.re particle size distrib~tions, 
shape, particle temperature, surface energy characteristics, packing con
figuration, a.~d chezr.ical composition. Carrier gas characteristics includ· 
chemical composition and te!llJlerature. 

~est liquid particles and certain types of solid particles are 
intrinsically conducting and, therefore, cannot cause difficulty because 
o'!: l:igh resistivity. Most of :.he dusts and fumes in industrial precipi
tation applications, however, originate from furnace, s~eltir.g, drying, 
or calcining operations and are composed of silicates, metallic oxides, 
and similar inorganic compounds. M.a..~y of these materials in the pure dry 
state are among the best insulators knOWI: and, therefore, might be expect' 
to cause trouble in precipitators. However, moisture and chemical impuri· 
ties present in the gases and adsorbed on the particles provide at least 
part of the trace conductivity required. In other cases the gas temperat· 
may be sufficiently high to ensure adequate cor.ductivity in the particles 
by the te:nperat•J.re conduction effect. Low moisture, absence of certain 
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specific chemical impurities, and temperatures in the ra.."lge of 250°F to 
450°F are likely to cause high resistivity particles.~ 

4.2.4.1.1 Conduction mechanisms: The electrical conductivity of 
a b'.llk layer of particles depends on both surface and volume factors. In 
surface conduction, electrical charges are carried ~n the surf'ace moisture 
and chemical films adsorbed on the particles. These films usually d~ffer 
both physically and chemically from the interiors of the particles owing to 
adso:::-ption phenomena. Volam.e conduction, or the motions of electrical charges 
tlu·ough the interiors of the particles, depends, on the other hand, on the 
composition ar.d temperature of the particles. Volume conduction also ir.volves 
a:.cilla:::-y factors, such as c0r.1pressior. of the particle layer, particle size 
a::d shape, a."ld S'..:.rface properties.'§.../ 

Volume conduction in semi-insulating mineral particles may be 
either ionic or electronic. The most common exa..mples of ionic conductors 
are metallic halides, such as sodium chloride or silver bromide, and are 
of :itt:e importance in electrical precipitation. E:ectronic conduct~on 
occurs in many materials, such as metal:ic oxides and silicates, whic~ ~re 
of primary ~nterest in industrial gases. For the metallic oxides and the 
silicates the resistance to volume conduction decreases with rising teir.pera
~ures in the following ma.."'1ner: 

p :;:: A exp E/kT 

w:'.'£re p = resistivity 

A cor.sta::t 

E = electror. activation energy 

k = Bol tm.a.r. 's constant 

T = t~erature 

Volu:ne conductior. is thought to be the predominant mode at te:nperatures 
above approximately 300-350°F. At lower temperatures, volume conduction 
becomes insignificant. It appears that the volllr.1.e conductivity of dusts 
and :f'u.~es is caused by temperature excitation of internal electrons. Field 
measurenents co;.firm the increase in particle cor.ductivity and the i:nproved 
performance of prec~pitators collecting these materials at higher tempera
tures. 

Surface cor.duction usually predominates for semi-insulating par
ticles in the temperat~re range below about 300°F. As previously noted, 
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cor1ductio:-. at these lower temperatures occurs p::-imarily throug.11 aclsc::-bed 
:r.o~sture a?:d cl:e:n.:'..cal fiL":l.s on the particles. Moist:.ire is prese:-.t natu::-ally 
in F..cs-:. bdus trial gases controlled by electrical precipitation i:i amounts 
ra::ging from e. few up to a."bcut 50%. Cond.-..;.ction ir. the s-..rface moisture fil!':ls 
ap~ears to be electrolytic or ionic ir. character, witt the projo::-ju.11!' ~ech-

. . . .... d. t ha~ f t "' f ha 3 a:-1:.s:n ceJ.rg ~ne pre or.nnar. :nee r:_sm or rans ... er o c rge .-

Fig~re 4-2 illustrates the effect of ter.l]?erature and ht:.midity on 
particle resistivity. 'Ille i!'lflue:::ce of tempera"::ure on volume resist:.vity of 
a typical layer of collected particles is shown by the straight line ir. 

Figu!"e 4-2 labeled "bone dry." I:::i. the prese::.ce of certair. conditioning agent:: 
the total resistivity becorees a ~wiction of the conditio::ing agent and tenper
ature. This con:bined suti'ace-volume conduction relationship is illustrated by 
the lower two curves in Figure 4-2 with water as the conditior.ing ager.t. 

~.2.l..1.2 Conditioning methods: Control of particle resistivity 
by cor.dl ticni:-i.g of the carrier gases plays a!"~ inportant rcle in electrical 
precipitation practice. Although the term cor.ditioning us~ally implies the 
additio?: of chen:icals or moisture to the flue gases, it is used here in a 
broader context ar.d ir.cL;.des temperati.;.re and compcsi tion control. 

Conditionir:g of gases by stea11 in~ect:'..on, water sprays, or wetting 
of raw ~aterials to reduce particle resistivity is widespread, partic~larly 
where the natural moisture cor.tent of the gas is low and the te!'!l!lerature rel
atively high. Moist'.;.Ye also is ~avorable in raising the dielec~ric strength 
and reducing the viscosity of the gas. Conditioning by hi.m:idification is 
always more effective at lcw temperatures. At roo:r. tempera::ure, fer example, 
rr.ost dusts and ~umes may be effectively conditicr.ed oy or.ly_i% to 2% moisture 
in the gas, b~t 10% to 20% :nay be needed at 20C°F to 300°F.~/ 

Chemical conditicnirlg agents may be effective in minu"::e concentra
tionso A gcod example occurs in the fine cleaning of the exhaust gas in the 
powdered-catalyst petroleur.-cracking process i.;.sed widely in the production 
of high-octane gasoline. In the first f-...11 scale operation of this process, 
it was fo~nd that recovery of the valuable alwr.inu..11 silicate catalyst dust 
in the electrical precipitator was hampered by high resistivity of the par
ticles. Am.11onia was fcur.d to be a highly effective chemical co~ditioner, 
and it was added ~o the precipitator gas in the prcportior. of only 1 part 
i~ 60 000 which was std'ficie~t to drop the dust resistivity from 5 x ioll 
to lOio o~.:r.i.-cm, a.nd to raise precipitator efficiency from 96~ to 99.8~.~/ 

Moisture appears to be essential to the effectiveness of chemical 
cor.ditioning agents. In general, the action cf the conditioner increases 
w:.th the amcur.t of :no:sture in the gas and with decreasing teeyerature of 
the gas. Water vapor is therefore frequently referred to as a primary con
ditioning ager.t and chemicals are considered secondary conditioning agents. 
The effects of conditioning on particulate resistivity are show:: in 
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Figure 4-2 - Effect of Humidity on Particle Resistivity 
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Figlu-es 4-3 and 4-4. The addition of a small a.mour.t of ammonia reduces 
the resistivity of a powdered catalyst by a factor of about 100, and the 
addition of diethylarr.ine reduces resistivity by a factor of 103 to 106 
(Figure 4-3), Figure 4-4 illustrates the effects of S03 conditioning on 
f~ ash resistivity. Resistivity is plotted in terms of the percent of 
sulfuric acid fume added, with gas temperature as a parameter.~ 

4.2.4.1.3 Resistivity measurement: Because of conduction modes 
and their dependence on operating conditions, particle resistivities measure 
directly in plant flues are preferable to those measured in the laboratory. 
Gaseous environments usually cannot be duplicated feasibly in the laboratory 
In the in-situ measurements, the phenomenon of surface conduction usually 
predominates because of the presence of conditioners in the flue-gas strea.~. 

In the laboratory, these conditions are usually not present and conduction 
is by the volume mode. When in-situ measurements are corr.pared to laboratory 
measurements, the in-situ resistivity is freque=t~ 2 to 3 orders of magi:i
tude lower. 'Iltis discrepancy is ~est severe with fly ash. Laboratory meas
urements of fly ash resistivity have very little f\u"',damental meaning, and 
the only meaningful measurements are those made in situ. Essentially all 
electrical resistivity data currently available in the literature have been 
determined under laboratory conditions. A more detailed discussion of par
ticle resistivity is presented in References 2 a.~d 3. 

4.2.4.2 Electrostatic Attraction: Electrostatic attraction is 
also important in fabric filtration. Precipitation on the filter will resul 
from electrostatic forces drawir.g particles and filter elements together 
when either or both possess a static charge. These forces may be either 
direct, when both particle a.11d filter axe charged, or induced, when only 
one is charged. Such charges are usual~ not present '.JL.less deliberately 
introduced during the manufacture of the fiber. Electrostatics assist 
filtration by providing an attraction bet7.reen dust and fabric, and also 
affect particle agglomeration, fabric clear.ability, and collection efficienc: 

The type and quantity of charge acquired by a filter medi-.im is a 
:function of the filter type a.nd the method of charging. The rate at which 
a fabric loses its charge is also an important consideration. This depends 
not only on the conductivity of the fibers but also on the tumidity of the 
gases passing through the filter. Thus fabrics which are poor conductors 
retain a charge much longer than good conductors. In humid conditions a 
fabric acquires a surface film of moisture which also acts as a conductor. 

Charges a.re induced in fabrics by frictior., and the type and exten 
of charging that a particular material acquires relative to others can be 
measured by charging a series of materials in the same way. The usual tech
nique consists of placing a strip ot the material on an insulated ring and 
rubbing it with a strip of the reference fabric which is mo'Wlted on an 
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insulating rotating disc. The charge on the test strip is :r:ieasured after 
a standa.rized number of turns of the charging disc, and again after a set 
period (frequently 2 min.) to find the rate of charge leakage. The maxim 
charge, measured immediately after charging, enables the materials to be 
placed in relation to one another in a triboelectric series (Table 4-1).l. 

Dust particles can be arranged into a similar series relative t 
one another and to filter fabrics This arrangement can assist in the sel 
tion of filter fabrics with the most favorable charge characteristics for 
bo:.h particle collection and particle release, if the particles a.re to be 
removed by shaking, vibration or blowing. 

Particles can be placed in one of three categories: Those whic· 
acq'.lire a charge and do :::.ot aggl0I:1erate (Class I); those that acquire a 
charge ar.d agglomerate (Class II), these beir.g t::.Ce active classes; a.l".ld 
those which a.re not affected by the charge on the filter (Class III), 
being inactive. The active groups are divided ir.to fine and coarse parti 
cles. Coarse particles do not preseDt a proble~ in filtratior. as they a.r( 

easily collected on the surface layers of the faoric, usually form a loos· 
cake, and are easily sha..~en off. Fi:::.e particles are ~uc~ rr.ore difficult 
to collec-: becu;ise they tend to penetrate the filter medi:i:n and ofter. lea: 
through. 3y selectir.g a highly charged filter medium, fir.e particles in 
Class II will be agglo~erated, their collection ~roved, and they should 
form a loosely agglomerated cake on the fiber filter surface. :f the fil
~as a high rate of charge loss '.lnder these conditions, cake release will 
also ce assisted.~/ 

Several d-:ists in the vario:.;.s categories have been experimentall; 
inves-:igated and their properties are listed in Table 4-2.7,8/ 

4.2.5 Mo:sture Content 

Moist'-lre content influences both selection of control equipment 
and particle cr.aracteristics. Particle resistivity, fla.mm.ability, and 
ha.::1dlir.g characteristics are strongly influenced by moisture content. 

4.2.6 Toxicity 

Toxicity charactertistics of particulates and carrier gases def: 
importar..t health aspects of particulate emissions. The toxicity aspects 
of the particulates ~ight dictate the use of a control device where it wot 
not otherwise be required. 
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Positive 

Kegative 

TABLE 4-l 

TRI3CELE8TRIC SERIES FOR FABRrcsZ/ 

Electrostatic 
Units 

+ 25 

Wool felt 
+ 20 

+ 15 - Glass filament, heat cleaned and silicone treated 
Glass spun, teat cleaned and silicone treated 

Wool, woven felt 
+ 10 Nylon 66, spun 

Kylon 66, spun, heat set 
Nylon 6, spun 

Cotton sateen 
+ 5 Orlon 81, filar:ient 

Orlon 42, needled fabrics 
Arr.el, filament 
Dacron, fil8.!lle::::t 
Dacron, filament, silicone treated 

0 Dacror., filament M.31 
Dacror., combir.ation, filament and spun 
Cresla.n, spun: Azoton spun 
Verel, regular, spun: Orlon 81 spun (55,200) 
Dynel, spun 

- 5 Orlor. 81 spun 
Orlo:::: 42 spur. 

Dacron, needled 
- 10 Dacron, spun: Orlon 81 spun (79475) 

Dacron, spu..~ and heat set 
Polypropylene 01, filament 

Orlon 39B, spun 
- 15 Fibraryl, spu.~ 

Darvan, needled 
Kadel 

- 20 Polyethylene B fila.:nent and spun 

Note: Polystyrene, Saran and Vinyon are at the far negative end of the series. 
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TABLE 4-2 

RELATIONS OF FABRIC REQUIREMENTS TO DUST PROPERTIES AND DUST IN THE CATEGORIES LISTE:I)/ 

Dust Classification 

Relative particle size 
Electrostatic properties 
Agglomerating tendencies 

Criteria for filtration: 
Leakage 
High flow low 6 p 

Criteria for cleaning: 
Leakage control 
Ease of cake removal 

Material 

IA 

Fine 
Active 
Little or none 

Px 
Const!!:./ 

De 
Dh 

Calcined} 
Calcium 
Silicate 

!!;/ Fabric construction determines property. 

IB 

Coarse 
Active 
Little or none 

Const!!:./ 
Pm 

Flux } Calcined 
Diatomaceous 
Earth 

Commercial} 
Finished 
Cement 

Ball} 
Clay 

IIA 

Fine 
Active 
Positive 

Px to p2 
c 

PX 

Processed } 
Natural 
Diatomaceous 
Earth 

Wheat } 
Starch 
Taconite 
Zinc oxide} 
Fume 
Nickel furnace fume 
Magnesite 
Cellulose} 
Acetate 
Molybdic oxide 
Sugar 

b/ Requires low density, rapidly agglomerating dust forming large aggregates. 

IIB 

Coarse 
Active 
Positive 

Carbon 
SRF 

III 

Fine and coarse 
Inactive 

Fabric 
Construction 

dictates 
performance 

Kaolin 



4.2.7 Wettability and Solubility 

These properties can affect dust separation in wet scrubbers, 
although they are generally oLly second-order effects. In general, wetting 
is the term applied to the phenomenon of a liquid adhering to a solid. Wet
tabili ty depends upon the nature of the substance involved, and is related 
to boundary surface energies. In principle, wetting occurs when the adhesion 
energy between solid and liquid is greater than, or equal to, the cohesion 
energy of the liquid. 

The determination of wettability is difficult in the case of 
morphologically heterogeneous dusts. Recent studies :n Germany have in
dicated that a wettability trer.d ca.~ be expressed in ter:ns of the velocity 
of rise of a liquid in capillaries of powders and the total time required 
for a liquid to rise a certain height.!f Table 4-3 sUill!!Ja.rizes rates of 
rise and total wetting ti:nes for several dust samples using water as the 
liquid phase. The results indicate that the rates of rise and the wetting 
times differ greatly for individual dusts. Highest we~tability is shown by 
dust from sludge of a wet scrubber operating in the cleaning room of a 
foundry. In contrast, the wetting properties of dust samples from the hot
blast cupola furnaces and the boiler soot a.re very poor.!/ 

Subsequent investigations, conducted wit!: a tes~ setup in which 
dust particles could be shot at i~dividual droplets of water at different 
velocities, indicated that wettability did not markedly affect the efficiency 
of wet scrubbing. :t was repeatedly show"!l that, regardless of particle type 
and velocity, a dust particle hitting the wa~er droplet was always retained 
by the latter, even if the droplet was greatly defor~ed by the particle • .!/ 
These results indicate, a.t least for the dust studied, that wetting behavior 
of particles i:c... wet scr:.i.bbing is of secondary importance. 

4.2.8 Fla.n:m.:i..bility or Explosive Li.I:Jits 

These factors influer.ce selection of control equipment and define 
handling hazards. Ignition and explosion behavior of dust is affected by 
electrostatic charging, chemical composition, the size and state of the solid 
surface, moisture content, and dust thermal properties. Carrier-gas temper
ature, pressure, and chemical composition also affect these limits. 

4.2.9 Chemical Composition 

Particulate e..~d carrier-gas chemical composition exerts a.r. in
fluence on choice of control and auxiliary handling equipment. Composition 
also influences electrical properties, toxicity, reactivity, wettability, 
and most other particle properties. 
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'I.ABLE 4-3 

RATES O? RISE Mv '.IDTAL W2'.I'E:NG 'TIMES 
MEASUR::!:D AT DIFFERENT DUST SA.i."LPLES.~/ 

(sa.~ple cross section: 0.50 cr.:.2, sa"llple height: 
0.5 cm, liquid: distilled water) 

or:.gin c:' dust 

Boiler 
(:!.a:::-gely soot) 

Hot-blast cupola 
furnace (basic) 

Hot-blast cupola 
f\:.rnace (acid) 

Cold-blast cupola 
f'..lrnace 

SW.:.ng gri::ding shc>p 

Blast f::rnac e 

Sand prepara~ion 
(sludge) 

Density 
(g/cm3 ) 

2.57 

2.68 

2.71 

3.17 

4.68 

2.30 

Rate of 
Rise 

(cr.:./sec)•10-3 

C.226 

5. 98 

2s. 12 

46.80 

96.32 

192.58 

38 

Total 
wetting ti::r.e 

(sec.) 

ca. 51,000 

ca. 61 800 

1,153 

148 

63.6 

21. 7 

12.6 

6.14 



4.2.10 ~andling Characte~istics 

Particle har.dling a.~d flow properties influe~ce dust se:paration 
equiprr.ent and auxiliary devices for dust collectors. Powder flow properties 
result from a combinatior. of a number of factors inclJding trar.s~ission of 
external and body forces through the system, particle size and shape dis
tribution, ruggedness and resilience of the particles, cohesior., adhesion 
of particles to surfaces, and adsorbed films especially of water. 

Particle shaking properties a.re very important for the desig:i. of 
auxiliary devices for dust collectors and for the further treatment of 
separated dust. These properties include: 

( 1) Shakedown Weight - specific weigl:t of hig.'iest packing density 

( 2) Angle of Repose - angle at which piled dust begins to slide 

(5) Slide Angle - angle at which dust begins to slide on a base. 

Shaked~~'!l weight exceeds the free bulk weight by a factor of 1.2 to 1.4; 
angle of repose lies between 25 degrees to 55 degrees and slidir.g angle 
between 35 degrees to 65 degrees. Both angles a.re influenced by particle 
size, moist·u.re content of dust, particle shape, and co!:.esion and ad!lesion 
forces. 

Tl:.e abrasive behavior of dust characterizes its mechanical effect 
upon a surface with which it co~es into contact. In gas clea.~ing, the 
inner walls of pipe conduits are subject to the highest abrasion. This 
dust property cannot be expressed by rr.erely givi:::ig its hardness, since hard
ness expressed as resistance to the penetration of foreign bodies cannot be 
determined for dust particles. Furthermore, abrasive behavior is also af
fected by the shape and size of particles and their specific weigl:.t. 

The corrosive characteristics of the particulates ca.n influence 
the choice of gas-clea.~ing equipment, a.nd, in many cases, dictate the ma. te
rials of construction. 

4 .3 CA..':IBIEP.-GAS CHA..'RACTERISTICS 

4.3.1 Volume Flowrate, Pressure, Temperature, and Composition 

Control equipment choice and size a.re dictated by these parameters. 
The gas temperature also exerts a.n influence on particle resistivity, moisture 
co:ltent, and fl.a.mmability limits. Pressure and composition affect flamma
bility limits. 
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4.3.2 Corrosive Pro;perties 

Carrier-gas corrosive properties primarily influence selection of 
equipment construction materials. 

4.3.3 Optical Properties 

The optical properties of aerosols are of importance in connectio! 
with gas clea.~ing and air pollution, because the degree of pollution is 
cormi.only judged by visual appeara.~ce of stack discharge or of the atmosphere 
itself. Visual appearance is subjective and is associated with the observer 
character of the sky, and physical character of the stack discharge. 

Optical density is closely related to the visual appearance of 
the stack exhaust plume. '.I'he extinction coefficient is a functio~ of the 
number of particles per unit vol".lllle, the particle size, shape, and size 
distribution. 

4.3.4 Odor and Toxicity 

Particulate and carrier-gas odor properties are secondary factors. 
Concentrations below toxic or harmf'ul levels a.re primarily a problem from 
the standpoir.t of complaints from nearby residents. Malodorous gases and 
vapors include mercaptans, phenolic cotipounds, naphthe~ic acids, organic 
sulfides, nitrogen bases, aldehydes, and a.mmonia. 
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CHAPTER 5 

PRESEITA'IION O? EF?LUENT DATA FOR SPECIFIC INDUSTRIES 

Effluent data for specific sources in the major industrial cate
gories listed in Table 2-1, Chapter 2, are presented. in tab-..:lar form in 
Chapters 6 - 24. Only numerical data a.re given in these tables. Table 5-1 
is provided as a coding key for the tables of effluent character:stics in 
Chap~ers 6 - 24. 
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TABLE 5-1 

CODmG KEY FOR '!ABLES OF EF'FLUENT CHJl.RAC'ERISTICS 

I. General Note: All data for uncontrolled sources ~~less othe::.-wise noted. 

II. $pecific Notes: 

A. Particulates 

1. Particle size; 

x<y, x>y. 

x = weight %, y = particle size (µ). 

Measuring techr.ique noted. If no notation is listed, 
measuring tech:i.ique was not reported or is unknown. 

2. Solids loading: grains/scf, unless otherwise noted. 

3. Chemical composition: 

solids - wt. i (unless otherwise noted). 

4. Particle density: g/c~3 . 

s. Electrical resistivity: ohm-cm, laboratory measurements unless 
otherwise noted. 

6. Moisture content: wt ~' unless othc::.-wise noted. 

1. Toxicity: 

a) N.T. - not toxic. 

b) numerical value - threshold limit, mg/m3 • 

8. Solubility: 

s. - soluble. 

s. sl. - slightly soluble. 
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TABLE 5-1 (Ccncluded) 

d. - decoir.p:::ises. 

9. Wettability, hygroscopic, flS!Jlr.'.a'bility, handling, cptical, 
and odor characteristics: only a descriptive comn:.ent ge~eral: 
giver:; if nu.~erical value is presented, llnits will be indicat• 

B. Carrier Gas 

1. Flow rate: flow-rate data presented in two forms: 

a) thousands of sta.r.dard cubic feet per ~ir:ute, M scfm, 
unless otherwise noted. 

b) thousands o.:' standard c;;.bic feet per ton of product 
processed, ~/s~f/ton, ~~less otherwise noted. 

2. T~mperature: °F. 

3. Moisture content: v:::il %, unless otherwise r:oted. Dew point 
is in °F if listed ur..der moisture conter:t. 

4. Chem::.cal co~position: vol %, ur:less otherwise ir:dicated. 

5. lbxici ty: 

a) N.T. - not toxic. 

b) numerical value - threshold limit, ng/m3 • 

6. Corrosivity, odor, flrur.mability, and optical properties: only 
a descripti vc corm::ent generally gi vcr:; if m.:.r.:ierical value is 
presented, units will be indicated. 
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CHAPTER 6 

STArIONA .. ~Y C(l{BUSTION PROCESSES 

6,1 INTRODUCTION 

~ore than 29 million stationary combustion sources are currently 
ir. operation in the United States: (1) electric-utility power-generating 
plants, (2) industrial power plants and process heaters, and (3) space
heatinJ ur.its. Coal, cil, and gas are burned in a wide variety of eq~ip
rnen:, .1 

Particulate emissions vary widely from unit to unit because 
precesses, practices, a...~d fuels all affect emission levels. Fer each 
fuel, several different precesses are used for stationary combustion. 
Coal-fired electric generating plants utilize pulverized, cyclone, and 
stoker-fired boilers. Burners, combustion chan:bers, draft systems, heat 
transfer characteristics, and combustion ccntrcls cf industrial ur.its '!:{2..y 
vary widely. Steam, hot wate.r-,a.r:d wann air fu.r-naces are in ccn:mon use for 
dc:nestic heating. 

Stationary combustion sources are divided into electric utility, 
ind·.:.strial, and commercial and residential groups for a more detailed dis
cussion in the fellowing sections. 

6,2 ELECTR:C UTILITIES 

T.:e prod~1ction of power by the combustion of coal, fuel oil, 
and gas contribu:es large quantities of particulates, sulfur oxides and 
nitroeen oxides to the atoosphere. Coal-fired units are the dooinar.t 
source of particulate emissions. Particulate emissions from oil-fired 
power boilers are about l~ of e~issions from sill:.ilar coal-fired equipment. 
Use of natural gas as a fuel nearly eliminates particulate e~issions, 
Since emissior.s depend so strongly on the type of fuel burned, discussion 
of emission rates, effluent characteristics, and control practices is 
presented for each fuel type in succeeding paragraphs. 

6.2.1 Fuel Type 

6.2.1.1 Coal-Fired: The modern coal-fired electric generating 
plant is comprised of a boiler, generator, condenser, coal handlir.g equip
ment, dust collection and disposal equipnent, water handling and treat
oent facilities, and heat recovery systems such as economizers and air 
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tcaters. Boilers in present-day usage include cyclcne, pulverized, and 
st.oker types witt pulverized fuel boilers ccn:prisir.g nea!'ly 90'f, of the 
total. 

Pulverized fuel boilers utilize coal gro:.:.nd to a size such ttat 
about 70~ passes 200 mest. The coal and preheated combustion air are 
direct-fired into the boiler as determined by the steam require~ents. The 
coal-air ratio is a~tomatically regulated to give optimum combustion for 
all load conditions. Boilers are classified as horizontal, vertical, er 
tangential, depending upon tte firing position of the burners.SI 

Pulverized coal-fired boilers are alsc classified as either wet 
totto~ or dry bottom, depe;.ding on the operating terr.perat~re and ash-fusion 
temperature. In wet-bottom boilers, the temperature is maintained above 
the ash-f'..;.sion temperature so t!:le slag is nolten a:;d can be removed fro~ 
the botto:r. as a liqcdd. Dry-bottom boilers operate at ternpera~~res below 
the ash-fusion point, ar:d the ash is rez::oved in a sclid state • .=./ 

Cyclone boilers operate with much coarser coal, typically 95% 
minus 4 mesh. '.i:'he heater is a water cooler cylinder with combustion air 
ir.trod~ced tangentially. Combus:ion occurs at temperatures sufficiently 
high to melt a high percentage of tte ash which is discharged through slag 
tap openings. 

Less ttan 5% of tte ccal consu.n:cd in electric-generating plants 
is b:.:rned in s-::.oker boilers. A variety of stoker_l}nits exist, b'.lt spreader
stcker ~nits have tte tighest stea.i:i output rates.~ The spreader-stoker 
unit combines suspension and fuel-bed firing; the stoker nechanism feeds 
fro~ the topper onto a rotating flipper mechanism, which in turn ttrows 
the fuel into tte furnace. Because the :f.'uel is b~rned partly in suspen
sion and partly on tl':e grate, the fuel bed is thin, a.r:d response to 
fluctuations in load is rapid. The grates are either stationary or con
tinuous n:oving from the rear to the, front. Vibrating, oscillating, travel
ing, and chain grates are used fer mcving tte fuel toward the ash-receiving 
pit.~ Fly-ash rein~ection is also practiced in many plants. 

6.2.1.2 Oil-Fired: Compared to coal-fired iAilits, oil-fired elec
tric-generating plants emit a minor amount of particulate n:.atter to the 
atmosphere. The rates cf err.issions from these uni ts are affected by 
variable operating conditions and by the nature of tte ft<el used. 

Two different basic designs of furnace are used in oil-fired 
plar;ts: tangentially and horizontally fired. The tangentially fired unit 
is built so that the fla.me is propagated in a cylindrical forn:. The unit 
is constructed to prod~ce a spiral upward ~cticn cf the flame and combus
tion products around the walls of the cylindrical firebox. The tangentially 
fired ~nit is a relatively new and infrequently used design.!/ 



Horizontally fired units are usually fired at right angles to the 
walls of the firebox, but may be fired at various angles. They may be 
fired on one or more sides, or frorr the bottom of the firebox. The firebox 
may be square, rectanGular, or cylindrical. Horizontal firing tends tc 
cor:ce~trate ~he hot gases in the center of the firebox. 

6.2.1.3 Gas-Fired: Natral gas is also utilized. in power :pla:1ts. 
Particulates and oxides cf sulf'..~r emissions are insignificant compared 
wi~h those of other fossil fuels. Control e~uiµner:t has not been required 
for natural gas combustion equipnent. 

6.2.2 Ebission Rates 

6.2.2.1 Coal-Fired: The emission rate of particulate ~atter 
from a coal-fired furnace is related to many fac~ors, mainly gas velocity, 
:particle size, particle density, fuel-burnir:g rate, con:b'.::stion efficiency, 
flue gas temperature, furnace configuration, coal compcsiticn and size, 
and the initial state cf the raw coal. 

The follcw!ng variables are tl:oug!"it to be t'.'le most irr.portant in 
relatio~ to particulate effiissions:.;I 

1. Amount cf ash in the coal; 

2. Method o:' burning t::te coal; 

3. Rate at which the coal is burned. 

Fer ar.y specific furnace, coal-ash conte~t is the dc~inant variacle. 
Other conc~tior.:s remaining fixed, the fly-ash err.issicn will be approximately 
proportional to the ash content of t!le coa.l. The heating value of the coal 
i.s related to its ash content. Fig·.::re 6-1 presents a nomcgra:ph fer esti
matine :partic·..:late emissions from coal corr:custion.~ 

~he me~hod of burning the coal influences :pa.rtic~late emission 
rates. W'.'len coal is thrown er blown into a fUrnace, corr.bustion takes place 
in suspension. As the pieces of coal burn, ttey get smaller, and thus 
tteir chance of being exhausted with stack gases is ir.creased. When coal 
i.o pushed er pulled into a. furnace to form a bed, -:he coal er ash !las less 
chance of being entrained by the flue gases because of impingement onto 
larger particles. When coal is introduced tangentially into a cylir.der, 
such as in the cyclone :f\irnace, the burner_ ~cts as a cyclor.e se:pa.rator and 
th·..:s reduces en::issior, o.f larger :particles.~ 

As the velocity of tte gases :passing through the ~urnace increases, 
larger particles of coal and ash are carried cut cf the furnace. The velocity 
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C. WET t:OTTOM, rULVERI HO, CR SPREAOER STO~ERS 

WITHOUT FLY·ASH REl~JECTIOH 

D. ORY aor:o11 PULVERIZED 
[, SPREADER STOKERS WITil FLY·ASH REIHJECTIOll 
F. WET BOTTOlj PULVER! 2£0 WITH FLY-ASH REIHJECTIOH 
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of the gases is directly proportional to the firing rate of a given furnace; 
~hus, the size of the particle and rate of emission should be a function of 
the firing rate. In a similar manner, the excess air, pressure, and tempera
ture are related to the particulate emissions in.that they control the gas 
veloc:'..ty.~ 

Emission rates for the various types of coal-burning t:.nits are 
summarized in Table 6-1. As w~~ld be expected, over 90% of the emissions 
are from pulverized coal-fired boilers. The infl~ence of firing method is 
clearly shown, as the emission factor for cyclone units is 20 to 25% of that 
for p~lverized and stoker units. 

6.2.2.2 Oil-Fired: The particulate loading of stack gases de
pends primarily upon the efficiency of combustion and the rate of build-up 
of boiler deposits. Poor mixing, low flame temperatures, and short residence 
time in the combustion zone cause larger particles, higher combustible con
tent, and higher particulate loadings.!/ The degree of ator.Uzation r.as an 
important effect on particulate emissions. Low-pressure atomization pro
duces larger fly-ash particles and a higher particulate loading.!/ High
pressure atomization (400 psig or greater) prod~ces smaller particles, fewer 
cenospheres, and lower particulate loadings.!/ 

The soot-blowing operation :narkedly increases the particulate 
loading in the stack gases. An increase of 1.7 to 3.3 times the normal 
emission level has been reported during soot blowing.!/ 

Eclission rates for oil-fired units are sur:utarized in Table 6-1. 
Farticulate emissions are estimated at 36,000 :,o"-s/yea!·. 

6.2.2.3 Gas-F'ired: Meager data exist on particulate emissions 
fron gas-fired units. Table 6-1 summarizes available information. Partic
ulate en:.issions are estimated to be 24,000 tens/year. 

6.2.3 ~haracteristics of Effkents fron !:lectric Generating P::.ants 

6.2.3.1 Coal-Fired: The chemical and physical characteristics 
of effluents from coal-fired electric generating plants are summarized in 
Table 6-2. Particulates from pulverized coal. furnaces are larger in size 
than those from cyclone f'urnaces. There is also a rather large variation 
in particle size for each !"'urnace. FUrnace design, operating conditions 
and coal composition ·..m.doubtedly influence the size of emitted particulates. 
Outlet grain loadings from pulverized furnaces generally exceed those from 
cyclone .furnaces. 
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c.n 
I\) 

I. 

Source 

Coal 
A. Electric Utility 

l. Pulverized 
2. Stoker 
3. Cyclone 

B. Industrial 
1. Pu.lverized 
2. Stoker 
3. Cyclone 

C. Residential and 
Commerical 

II. Fuel Oil 
A. Electric 

Utilities 

B. Industrial 
1. Residual 
2. Distillate 

c. Residential and 
Canmercial 

III. Natural Gas and 
LPG 

A. Electric 
utilities 

B. Industrial 

C. Residential and 
Commercial 

TABLE G-1 

PARTICULATE EMISSIONS 
FUEL COMBUffi'ION IN STATIONARY SOURCES 

Amount of Fuel 
Burned 

258,400,000 ton~ 
9,900,000 

28,700,000 

20,000,000 
10,000,000 
10,000,000 

20,000,000 

7,180,000,000 gal. 

1,s10,ooo,ooo v,al. 
2,3GO,OOO,OOO e;al. 

3G,~Jo,uou,ooo r,al. 

3,143,143,000 mil. 
cu. ft. 

9,270,000 mil. 
ru. ft. 

G,?50,000 mil. 
cu. rt. 

~ission 

Factor 

16 A* 
13 A 

3 A 

16 A 
13 A 

3 A 

5 A 

10 lb/1,000 r,al. 

23 lb/1,000 gal. 
15 lb/1,000 gal. 

8 lb/1,000 Gal. 

15 lb/mil cu ft 

18 lb/mi I cu ft 

19 lb/mil cu ft 

Efficiency 
of Control 

(Cc) 

0.92 
0.80 
0.91 

Total 

0.85 
0.85 
0.82 

Application 
of Control 

(Ct) 

0.97 
0.87 
0.71 

from electric 

0.95 
0.62 
0.91 

flet 
Control 
(Cc. Ct) 

0.89 
0.70 
0.64 

utilities 

0.81 
0.52 
o. 75 

Total from industrial units 

Total from coal 

Total from fuel oil 

Tota.I from natural gas 

Total for fuel combui;tion, stationary source~ 

Emissions 
(tons/yr) 

2,710,000 
217,000 
182 1000 

3,109,000 

322,000 
2,234,000 

391000 
2,595,000 

3001000 
6,004,000 

36,000 

87,000 
18,000 

146,000 
287,000 

24,000 

84,000 

59,000 
l(i7 ,ooo 

6,450,000 



£hctr1c Generat1:11· 
'Plants 

I. Ce&l F!..red 
'l"',(pe ot t..::il~r 

a. Pulver1:.ed 

l. Vertical" 
2. ·:orner• 

~ • Fron~ vall 
hor!..:or.tal4 

"- · }(1;>ri;.on~ally 
uppo1td 

S. 'JnSp!'e~t'tl!d 

b, Cyt:lor.e• 

... Stoke:-
... · Spreade!" 

stcker4 

i!. Unde':"!eed 
stckC!" 

d. :Jn5;:cel.fle1 
':>oi :,r t3'1"" 

Pt.rt1c l~ Siu 

25 < io. 49 < 20, 
"9< .. 

M.'i:O AnalY!l 1 s 
~rJ1, CF 69 Mea-
1\:.reJller.ts 1D 
f>jllOW!.Dc rar.1e 
E·2'0 <: J, 12-32 
< 5, 28-56< lC, 
.~ .. 7-l < ro, 6L-'J~ 

< tC 
Mo•t Prob&bi.. 
r1strH:ut!.on 
15<3,25<5. 

'~ < 10, 65 < 
2C. 81 < '° 
72< 10, S7 < 20, 
95<"' 
BU!CC A."'1!.:V!.$ 
C0-72 < 5,a.vg. 
•O< S; 40 .. n< 
10, avg. 55< 10; 
'0-99 < 20, ~vg. 

e1 < 20, e~-100 
< t.O, ava. 9~ <i:> 

:::oc: lC, 2~< 20, 
62 < '" 
; < ... o, u: < 20, 
30 < 4.( 

'~:'.:J\l..lter CC"'1r.t'!'r 
~;-;;g. 
lB < :oi 4·85 < 
20, ~vg • .!! < 2V: 
20-38 < 44, avg. 
59<" 
Opt1::11.! an~ Ele-: ... 
tr::>n Kicrcscc;w: 
42-e& < :o, •vii,. 
~s < ::.:>; io-a1 < 
20, a.vg. 79< 2C; 
86·~9 < '4i avg. 
9~.! < " 
l~e:-ative Sedi:l:ien· 
~•t1on 

45-69 < lO, a.vg. 
59 < :o; s.-es < 

ro, r-11. 16 < 20i 
"0 ... 9i < u i avg. 

8' <" 
5.CHC Ana.lys!s 
.:.2-26 <.LO, &Vg. 

l6 . 6 < 10 i 20-36 
< ro, a•g. 26 < 

20; 4'2-95 < ''· 
u.-g. 63.Ji< « 

so:id• :.oadin,g 

'· 1·6.8" 
2.9-3. 7; ava. 
3.~ 

:?.•·~.s 

:5.9 
l .OC:·~ .6 
llo&r.: 3.3 

0.2 ... 3.2 
lleo.n: o.es 

l.S 
C.C!!-C.2 

!Frt~JENT CllAAA::TER:s-::cs 
StATIOMRY CCMl!l'STIOR P!IOC!SS!S* 

tl'Eical 1'ly A1bi 
Si~2 : l 7 -E4 avg. 43, 
F•2'>!i= <-~E- avg. ;.::., 
Al;i)3: ~-~ &vg. 24, 
·::a.~): o. l-2? avg. 4, 
~: 0.:-5 ave. l.O, 
~ .. ;~; 0.3-4 &va. o.t 
Igpitioc Leu 
c .•-U avig. 8 . .5 

F...all """"''" 
T1c,, Kfl. rec, P2'°ls• 
S03 

?Cl)o":1UC:ea.r h,y<!r:t• 
co:~r.s ( aee :able 
6-3 tar :1et•1lea 

da'-&) 

8u.:.k 0.D' it~ 
3().!)0 :..t:/~ 

Part~::;,;,~ De~!1tY 

C.S·3.0, avg. 2.3 
Pa.rt!c le s~.a?C 
variea widel.y. 
May ~ minut> 
sphie?'~$, slivers, 
O!' &pOQ.i:Y, lace· 
11.U ent!tie•. 

' See Cc~1..'li Key, :o&b:e 5-1, c·~pter s, ~- 45' !er UC!'!.s f'or 1,n:::l;!.vidu•l err1..1ent prc:perties. 
"' ?artia: and !\:U le~ tens ( partie.::. lo&d - 754' 1:::>1.d); ~ .. sc excus atr . 
.. '.:'or"etl!d :c 12" :~, dry ta.sis. 
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E:et:tr1c1.l 
Res~ st 1v1 ty 

0.23 (•"I· 
30 sa:ap:es) 



A. Pa?t.1eU:&te (Par~ r, COAClude4) 

Pvt1c:!.e Size 

ll•~tr1e 3eoeT&t1l'iC 
Plants C=one:wi.d) 

II. Oil Pi.red 
a. Typ1ea...:. CJ'.lftrat!on 90 < 

Ele::t.r!.c Gecer•tlr..s 
P:..Uts 

!. ccaJ..Nred 

II. 01l-1'1red 

:ontain& Y ... lc et"l·~le 
coc~cr:er.ti 

30.6~ •olub:e 
10Udt 

Scl 1112 Load.inc 

::>.0.::3.0.2 1 avg. 
o.os, &04! ::-aa.oc 
va:ue - C .03-
o.= 
o.:3-<J.19 

~.01-0.:itS, •va. 
o.~ 

1'ett@1:!.tx 

t!.!!'1c'oo.lt to W9t 

01.ff!.eult te vet 

E.:.ec~rs~a.: Mc!l~a.r• 
ResBt1v1ty ~ 

1ly Aat: See ':'ab:. 
6_. ror ~tt.1:.ed 
dat& 

2.5 
Pct!cl.e 11bape 

V&r11"t 1 ~ small 
•;:heres 

~scer1c f'Jim&b".:-:. ty er 
ilw'a;teruttc; tx:p;os:.ve :t;ltc Haai:.1.gg Cha.rc.cterist!.cs 
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£!.~!'ic'-l.l.t to har.ile, "€· 
ftiml!:-ate5 

:r.tern&l F'r!.::t1ou An;:le 
•2C-59:) w. - 25.:. • 
?95-4c? J .... 25. 
?.SC .. ~95 l.l • .::Oc.~· 

l49·2~:. u, ls.:.2<t..::• 
l05-U9 • :6.3-23.s• .,,.1cc 111 1,.2-22° 
44. 14 l.l • 9,3 .. :.a. 1• 

C- U, \i • .:...:.• 

Extt!rn&l ?!'1ct1on Angle 
fw~-~l': Al.ur..1:-:.•...-a\ 
"2C-S9.; µ .. 16. ;• 
295-~C i.& - 2~· 

2SC·~'S5 y, - J..9.s• 
149.2sc ~ • u.2a.,• 
:cs.149 I' .. 20.5-24 • 
74-l~ ... :~.6-2' .~· 
•+- 74 11 • :2.l6.s• 
c .. u J,l • !,c,,, .. :,.s,3• 

Cohes!en 

~o" .. :3.5 g/in-; 
29!'-C:O ~ - 0.5 
25C-C9S "" • $.i-
.:_49 .. 2sc µ .. a.s.~o.s 

lG5-U9 o - 13.5 
7 .. 1G5 ~ - 0.5-5.0 
"'- .,. "" • 5.3-14.5 
o- '' ~ .. l,.s .. 2: 

ac!d!c 

Co!.or vu!es trc:i. 
light 'tE or grey 
to T&rious s~ad.es 

ot bl.Ack 



••• H1\.-

: '1 f:..re1 
~"!"' r;f ::.Cij~r 

a.. !\f ... ,.':" ~ ,. .. ,, 

;:: . ~orn~r* 

! . . f'r(1r:t wa! :• 

h::>:-i:or.~a;;. 

(•) c97-39' 

J.Vg. ~50 
(t;) ~62-4~4 

*''i· ";).'.) 

(•l 264·!G2 
a. .. •g. -i,;,~ 

( h.\ 38?.4; 7 

(:..Vg. 4C"? 

<Vg. 2>< 
: b; 378-.39t 

avg. 386 

"· '.·.:ri:~r.tt1:;;.y- ':l~ 44-6~ 
~--·~.·.! J.vg. ~3 

~. :, • : .. r~ ·.• 

II. O~ - Fi!'cd 
H(,..riz.;-:;to:Ll:;· 
fi.:-c:i 

i 'v) !3C-~?'3 
a .... g. 33& 

•• :.>. ! ~.;~-158 

:J.\'C· 50: 
'.:,; :-.:.~-&.;.:: 

3-..:g. :::.i.L 

3.Vg'. 4.3 
cu 1 35;.-~e3 

l:i'/f!. 367 

(a.) 47-12,'lOO 

( c) ""'·'av 
avg. u:. 

( •) 206-2:6 
{ o~ 1,dil-!96 

avg. ~'!h.' 

2•~-,:...s 

avg. - .. ~s2 

."'5.3-~8~ 

ave ... 258 

.:'44-?!::7 

e.vg. - 251 

314 • 11 1~ 

l!!IV£. • ~14.5 

2"'~-?l '3 
it.Vg. - <"7C: 

3'J6-4ft! 

a.vg. - 411 

<00-688 
a.-.;. - :ns 

27-J 

?-tc.!sture 

~ 

f..t 

7 .C-8.·'..l 

(,, ~-6.6 
&Yg. 6.45' 

., .•• , .9 
avg. 7 .6 

e,$-9. B 
&V8, - 8.~ 
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C~,t'!::j :IL 

Cr.o:r.':" • ."';'f•.;.on 

:~ - :.::.:--1( r. 

.:...2 - 6. ~-t..5 
~2 - h!l.:~r.:"~ 

:o - :~-17 ¥P: 
:c~ • ,,..;:, ... ~a Vi·" 
5:);: - .A:..I> 

:.··c.: ;-p" 

:o, - :<.4•14.9 
c,, • 4.2-• .... 

~; - ba!anc~ 
1::: - : .-!.<3 t''f"!. 
ti'.A,.i ~9:'>-5.:6 ;:p!\ s,,., l,!..2C ... 

l. :SO ~ye 
::~. e-:.o r;-e. 

l~ .~-l.3.6 
~":,_ 5.3-5.€ 

N2 - ':Ii.la.nee 
CO• o-1" PF~ 
!>'""~< - 415-5.:J(J Yte 
St"2 - l ,.)AJ-

2.l:?O Pt:t:'I 
S~ • !-11 Fl"' 

::c.-. - :?.e-1~.2 

,)., • 5.9•€,C 
s~ .. ba:.a.~c~ 
('~ - U-6~ frl'i 
~:)1. :.~-~95 pp~ 

s:i;, ~.sec-

=~ .. 1:::.0·12 
l';:> - f..4·5.B 
~ - b~1a:l:::~ 

CC - no i!r~tn 
ilC.,. - 7.e~-!,;;)4 P!--'l'i 

:>~ .. l,!~O· 

i .:.e1' rrc:. 
SC.:. - :.3-~l PP!'l 

::;;~ - ! ~ .. -

0 - 5.6-6.lJ 
K.;. • b~le.n~c 
-:o .. 13•29 p;t.:11:. 

Na,. - 4.'.) ppc 
50. - 1.~R:)-

!,36::• '"P'll 
3~ .. !::?·~S rJJO 

CC~; - 5.9<5.4 
avg. - ll.7 

Cl.;? .. c .7 .. 1~.2 

&.Vg. - 4.2 

ft;, - balar.r~ 

S".\.:? • ::a-~ ,2VO FF
a.vg ... 9::"" ¥¥:t 

SC>t - 2•iS J!pc 
aVe. ~ ~9.:.: n: 
(~c~t ::orz.::>n val:..:it 

14-2: ppoi) 
HCx • l5-9C' ppr. 

l'l.Vg .• 41' P'-':l 
(~st ccmon v1.:ue 
.;SJ-480 p;:c; 

cc.; .. 11.1-1~ 2 
&Vi· - H.7 

'2 • 2.2-6.s 
&Vi:t - 4 -~ 

N;, - :f.<e-40C Pl'D 
&vg. - ()6C p;:ri 

Mo&t. cor:r.er. vLlae. 
180·~0 PP" 

i?'!"i t111.nt 
r.v - lo-:, 

r:<UZt•:.H1·.y ~'r 

:.:xj>ios1·•~ :..~=.; '.! 



:5. Ce:.tri!\J.i&l 
&tam.iii::ig 

(&) 0.3-1.2 
(b) o.~-1.1 

svg. 0.6 

ta) l. 7-lO 

(bl c ..... o.c. 
avg. O.« 

~a) l..~-•·' 
I') C.~9-0.8 

AV~ • .J,[,~ 

250·370 
avg. - 3lC 

s20-1:0 
&Vg. • 5'&6 

243·500 
AV!. • 37~ 

'!AiLJ: 6-2 ( Con<~uded) 

!.0-9.8 
&Yg ... 6.0 

6.3-::?. 7 
avg. - 9.4 

.... 9.2 
a.vg ... 6.3 
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C'!i.eai.cal 
Ccapo1it.!cn 

:o. .• 3. 9-l2.• 
.~6· - &.6 

:.., - •.5-l6.S 
&Vi• • ll.C 

CO • 0.002 • C.01 
avg. - 0.00£ 

SO:? - 98-SSS Pll' 
avg. • 21' PP" 

so. - 1.4·~.2 ppm 
avg. • 2.~ Pl" 

N"x • 3'·128 Pl" 
a.vs. • SV PPE 

:"< • •-e.? 
&Vi· - 6,, 

°a • 7 .a-:<.O 
avg. • :.0.1 

C'O • 0.0Cl-C.CC3 

ava. - c.c~:i 

SOz .. 7•700 7P!Z1 
s.vg. - 3SEi p;:-z 
s~ - :.2-6.1 _.... 
avg. • '.2 Pi"$ 

llOx - lo-368 r;m 
avg. - .;·29 ppt 

C'2 • 2.7-G.3 
avg. • • 7 

°'2 • 3.8-i.6 2 
ave:. - :.2.1 

CC • C.CO!-J.J2 
avg ... c.coa 

Sf'~ - ll-102 pp:i 

ava. - •c ;ip:: 

s0:5 • C.S•S.5 ppas 
avg. - 2.(i ;;c. 

1;c,, - ;()-1? l'Jl'I 
avg. - !"' p;a 

Corroa!v!t.y 
f!a=a:. 
Ei.r:.osi... 



Compound 

Fluorant'.1ene 

Pyrene 

Benzo(a)pyrene 

Eenzo(e)pyrene 

TABLE 6-3 

POLYNUCLEA:!:\ HYDROCAR30N CONC~NTRA~IONS§/ 
(Mic:rograms/106 Btu Heat Input)~/ 

'IYI!e of Eoile:r Firi~g 
Pulverized 

Hcri-
Front- zontally Spreader 

Vertical Cc:rner Wall Op:pcsed Stoker 

200 300 80 188 50 

155 140 180 9::_ 105 

19 140 19 81 < 20 

86 23 265 30 

Ber:zo( ghi )perylene 150 7 645 

Coronene 7 56 5 

Cyclcne 

79 

1,025 

223 

395 

198 

6 

7l Perylene ] 7 

~/ After fl~·-ash ccllector de ring fUll-load cperation. Average values 
for two tests at eac~ unit. A blank indicates ~hat the compcund 
was not detected. 
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TABLE 6-4 

ELEMENTAL AXALYSES OF ':'OTJl.L PARTICU!.ATES!/ 
(Data ir. Percer.t) 

Ele!nents 

Carbon 
Ether, soluble 
Hydrogen 
Ash (900°C) 
Sul:'ates as s0:3 

(incl. ?"2804) 
Chlorides as Cl 
Nitrogen as N03 
Iron as Fc203 
~~romium as Cr02 
Nickel as NiO 
Vanadium as V2C3 
Cotalt as Co203 
Silicon as S i02 
Aluminum as A120:3 
Eariurr. as EaO 
Magnesi:m as I'~gO 

Lead as P'cO 
Calcium as cao 
Sodium as Na20 
Ccpper as Ct.<O 
Titanium as Ti(2 
Mcly"cden-.m: as Mo(2 
Boror, as B203 
Mangar.ese as Mn(2 
Zinc as ZnO 
Phosphorus as P2C15 
Stror.tit.Ur. as SrO 
Ti ".:anim:i as ?iO 

Test A 
Total solids from burning 
PS~400 cil (collected in 
a laboratory electrical 
preciTiitator at 230°F) 

17.4 

17.5 

3.1 
0.06 
1.8 
2.5 
0.08 
0.6 
1.6 
0.4 
0.2 
0.1 
0.2 
0.9 
0.01 

0.02 
0.01 
0.04 

0.9 
0.04 
0.03 

Test B 

Total solids from b~rning 
4° API oil (collected in a 
glass filter sock at 3J0°F) 

18. i'!J./ 
4.4 

51.2 

25.0 
0.5 
0.3 
3.7 
0.3 

13.2 
4. 7 

0.3 
9.7 

14.9 
0.1 
0,7 
0.2 
0.4 
3.0 
0.25 
0.004 
0.03 
0.1 
0.04 
0.06 

a/ Pacific Standard. 
~/ Val;.ie probably includes mir.or amount of hydrogen. 
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Fly ash (particulate en:itted from combustion process) is a hetero
geneous material and is composed cf a variety cf shapes. Cencsp~eres, 

unburned carbon particles, and mineral matter are the principal cc:nponents. 
Pe:centages of these constituents vary frcm sample to sa.n:ple, depending upon 
factors such as coal composition and furnace operation. 

6.2.3.2 Oil-:ired: Table 6-2 presents data on the effluent charac
teristics of oil-fired electric-generating plants. Lin:ited data were found 
en particle size distrib,.;.tions fer particulate emissions from oil-fired units. 
The predominant size ( O'Jer 90%) is less than l µ.. Size distribut:.on 
will depend upon the degree of atomization of the oil, the efficier.cy of 
mixing, the number of collisions between ~ly-ash particles, the flame ten:pera
bre, tl:e design of tte firebox, and tl:e flue-gas pa.tr. t!",rough the boiler to 
-the stack. 'i.'he lighter plrticles usually contain less carbon and a.:re sn:aller 
in size. 

Tl:e larger particles are skeletons of burr:ed-c·ut fuel pa.rt,icles, 
called cenospheres, whict are hollow, black, coke-like spherical particles.!/ 
T'r.e s~aller particles ::orn:ed by tte conder.sa.tion of vapors a~e of regular 
s::--.ape and us-.;.ally have a rr.a.xi!llum dimer.sion o:' aboi.:t 0 .01 µ..if F\te: a-cor:i.iza ti on 
usually reduces the number of cencspteres. 

6.2.3.3 Gas-Fired: No detaile~ da"ta were four.d or. emissior.s frcn: 
gas-fireC. units. Particulates can be assun:ed to be less t:1an 5 µ, in size, and 
gaseous err.issicns ·will contain °'2' N2, C°'2, S°'2 and NOx. 

6.2.~ Cor.trol Practices and Equ::pn;e:-.t for Electric-Generat::.ng Plants 

6.2.4.l Coc.1-Fired: Tr.e d:ist ccllectcrs used for coal-fired power 
plar.t/ are s~cwn in Table o-5 with their usual expected efficiency in Table 
6-6 .~ Optinun: e~ccted per:~orrr.ance of various types o: cleaning systet:ls is 
shown in I'a~le 6- 7 _/, 

A comparison of the cost cf va.r~ous types and con:binatior.s o:f 
control equipment is eiven in Table 6-8.~/ 

Tt.e problem of particulate matter is not solved witt its collection. 
The costly matter of dispcsal still reoains. Ttis ccst ranges fron: $0.50 to 
$2.00/tcn for most utilities. The average is abcut $0.74/ton.Y 

6.2.~.l.l Electrical ·nrecinitators: ElectricalPrecipitators 
are :ised extensively in power plants. A recent s:irvey shows that in recent 
years hign-e~~iciency electrcstatic precipitatcrs are being installed almost 
excl~sively.~/ Recent trends toward the use of low-sulfur coal may req~ire 
increasing the capacity o:: the electrostatic precipitatcrs. A red~ction in 
the .sul:\:.r cor.tent cf the coal is apt to increase fly-ash resistivity, tr:ereby 
reducine the efficiency of existine electrostatic precipitatcrs.~ 
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m 
0 

Collector 
Type 

Cinder trap 

Medium draft 
loss cyclone 

Collecting 
Action 

Gravity 

Inertia 

Single cyclone Centrifugal force 
(large diameter) and inertia 

Multicyclone 
( small diameter 
tubes) 

Wet scrubber 

Electrostatic 
precipitator 

Si li coni zed 
glass filter 

Centrifugal force 
and inertia 

Inertia 

Electrical 
attraction 

Filtering 

TARIJ: G-S 

DUST COLLEI:'IORS FOR COAL-FIRED HEATING AND IDWER PLANT~/ 

Recommended 
Application 

Smaller plants with under
feed, vibrating, chain, 
and traveling-grate 
stokers 

Snaller plants with 
very critical on
grate firing 

On-grate firing at high 
rates and some spreader 
stokers 

Spreader stoker 

Spreader stoker and 
pulverized-coal-firing 
units 

Pulverized-coal-firing 
unit 

Pul ve ri.zed-coal-fi rirtf'. 
uni ts 

Efficiency Relative Draft Loss, 
to Particle Size Inches of Water Other Considerations 

30 to 40% for 45 µ. 
and smaller; 75% 
or more for par
ticles over 45 u 

Overall--to 65%, 
100% over 25-µ. 
size 

50 to 90<f, for 
particles over 
20 u 

75 to 90% for 
particles over 
10 u 

70 to 90%, de
pending on 
particle size; 
75% over 2 µ. 

85 to 99% - < 1 
to 10 µ. 

98 to 99<f, for < 1 
to 44 µ. 

0.1 to 0.5 (nat- Used mainly to eliminate 
ural draft usu- cinder nuisance in im
ally sufficient) mediate plant area. 

0.4 to 1.5 

0.5 to 2.0 

2.0 to 6.0 

13 to 20 

0.1 to 0.5 

1 t ,, 6 

Abrasion may occur: 
made in variety of 
designs to fit job. 

Made in variety of 
designs. Care required 
to fit design to job. 

Abrasion may be a 
problem. 

Caking and corrosion 
may be a problem, 
also water recovery. 

Perfonnance affected by 
resistivity of particles 

Exit temperatu1·e 
limited lo 600°F. 



Type of Firing 
or Furr.a~e 

Cyclone 

Fulverized 

Spreader stoker 

Oti::er stokers 

~BLE 6-6 

USUAL EXP~TED EFFICIENCY RANGES FOR 
C0t+10NLY USED CONTROL E>:iUIFMENT 2/ 

(Percent) 

Type of Control Equipment 
High- Low- Settling er.amber, 

Electrostatic Efficiency Resistance Expanded 
Precipitator Cyclone Cyclone Chimney Bases 

65-99 30-40 20-30 

80-99.9 65-75 40-60 

85-90 70-80 20-30 

90-95 75-85 25-50 
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en 
I\) 

TABLE 6-7 

OPTIMUM EXPEX:!TED PERFORMANCE OF VARIOUS TYPES OF GAS CLEANING 
SYSI'EMS FOR Sl'ATIONARY COMBUSI'ION OOURCEq!7 

Removal of Uncontrolled Particulate 

Systems in Operation 
Large ~all 

Settling Diameter Diameter Electrostatic 
Sources Chambers Cyclones Cyclones Precipitators 

Coal-fired 
Spreader, chain grate, and 
vibrating stokers 50 60 85 99.5 

Other stokers 60 65 90 99.5 

Cyclone furnaces 10 15 70 99.5 

Other pulverized coal llllits 20 30 80 99.5 

Oil-f'ired ~/ Hi!:/ 3~/ 75.0£/ 

a/ Efficiency estimated--not commonly used. 
b/ Insufficient data for estimate. 
"'§./ Designed for 99% efficiency when firing with coal. 

Emissions 

stack 
Sprays 

60 

80 

"E_/ 

£/ 

£/ 

~Eercent~ 
Systems Under 
Develo12ment 

8-In. 
Pressure 

Drop Fabric 
Scrubbers Filters 

99+ 99.5 

99+ 99.5 

"E_/ £/ 

99+ 99.5 

£/ E.I 



TABLE 6-8fi./ 

AIR CLEANING EQUIFMmT lNEID.LLED COffi' 
BASED ON 1 2000 MW UNIT (1968) 

Furnish, Deliver, Erect 
(Supports and Flues not Included) 

Electro- Electro- Comb. Comb. Comb. 
Mechanical static static Mech- Mech- Electro-

(cyclone) Precip. Precip. Electro. Electro. Mech. Bag 

{ 75'.!l {95'.!l (99~) {95~l {99'.!l {99'.!l Filter 

$/MW 
at 300°F $ 730 $ 3,330 $ 5,200 $ 3,830 $ 4,470 $ 6, 160 $ 7,650 

$/lb steam/hr 
CJ) at 300°F 0.11 0.48 0.76 0.56 0.69 0.90 1.12 (JI 

$/ton coal/hr 
at 300°F 2,300 10,400 16,200 12,000 14,800 19,300 23,800 

$/CFM flue gas 
at 300°F 0.25 1.00 1.50 1.15 1.40 1.80 2.25 

$/CFM flue gas 
at 700°F 0.20 0.85 1.35 1.00 1.15 1.55 



For a 500-800 ~egawa.tt plant, a.n electrostatic precipitator with 
a des:gn efficie~cy of 95%, treating 300°F flue gases a..~d handling fly ash 
(which is relatively easy to collect) could be installed for a cost between 
$800 and $1,200/megawatt generating capacity. An electrostatic precipitator 
of 99~ efficiency could be expected to cost between $1,400 and $2,200/mega
watt of generating ca:pacity.§7' 

Additional cost data. on the basis of volume flow rate, are given 
in ?igures 6-2 and ·6-3, and Table 6-9.Y Data for fly ash disposal costs 
are given in Figi.:res 6-4 and 6-5. 

The relationship between the collecting area required in an 
electrostatic precipitator and the collection efficiency for coals of dif
ferent sulfur content is shown in Figure 6-6.2/ 

6.2.4.1.2 Fabric filters: I'he pr:.ncipal objections to bagho·J.se 
operation, that is, encrustation, blindir:e and deterioration of the cloth, 
can be overcome by injecting dry dolomite d~st into the gas stream and 
9.head of the collection deV:.ces. S':.llfur oxides react in the gas stream 
and on the surface of t~e bags to for:t: calcium sulfate, a collectable solid. 
Bag filter installations are beir..g tested with l1opcs of fut....u-c application.:!:. 

One prototype unit has been tested on an oil-fired boiler in 
California. This un:t handles 820,000 cftn at 258°F, usine a gas (ft3/min) 
to cloth (ft2 ) ratio cf 6.5:1 along witr. an aL~aline addit:ve. This u:lit 
achieves hig!: partic':.llate and sulfur-trioxi~e collection efficiencies 
altr.ough a number of design and operating problems have been encou.~tered.1!/ 

~he cost cf a bag~ouse insta~lation, including the additive 
handling system, has been estimated at $2.25/sc:f':r...~ 

6.2.4.1.3 Cyclones: Multiple small-diameter cyclones are used on 
mechanical draft cor.bustion units either as precle!l.:1ers for electrostatic 
precipitators or as final cleaners. Efficiencies of well-designed units 
range from 9C/f, for some stoker-fired units to 6C/f, for coal-fired cyclone 
furnaces. 

The efficiency of the cyclone or multicyclone collectors depends 
on size, shape, and density of the particles as well as other factors. 
It diminishes drastically in the range of 5 to 10 ~in size. The effect 
of particle size on collection efficiency at different pressure drops 
(inches of ~O) is shown in Figure 6-7.~ 
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TABLE 6-9 

PRECIPITATOR COSTS (1965 - 1969)Y 

Efficiency 
Range (<f,) 

90.0-94.9 

95.0-98.9 

99.0+ 

0-0.249 
FOB Erected 

64.7 59.3 
( 2) ( 1) 

75.4 91.6 
( 15) (5) 

98.0 204.5 
( 4) (5) 

Note: (a) Costs are cents/ACFM. 

Gas Volume Ran~e - Millions ACFM 
0.250-0.499 0.500-0.999 

FOB Erected FOB Erected 

33.8 101.1 25.2 69.2 
( 1) ( 6) ( 1) (2) 

61.1 88.6 37.1 62.4 
( 10) ( 12) (6) (9) 

62.7 103.5 44.3 82.7 
(4) (5) (9) (9) 

> 1.00 
FOB Erected 

25.8 No data 
(3) 

31.6 55.3 
( 21) ( 16) 

34.2 55.5 
( 23) ( 17) 

(b) Numbers in parentheses are sample size, i.e., no. of installation contract prices averaged 
to obtain indicated costs/ACFM {all precipitator mantd'acturers represented). 
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6.2.4.1.4 Wet scrubbers: Sprays are used to a limited extent in 
the stac~s of coal-~irei units to control pa.!"ticulate emissions during scot 
blowing. The problems that limit the use of wet scrubbing incl~de higl: 
ccrrosion rates, hig.~ or fluctuating pressure drops, adverse effects on 
stack gas dispersion, a.,d waste disposal. 

A turbulent contact absorber system has undergone testing for 
absorption of S02 in alkaline solution and simultaneous renoval of fly 
ash for a coal burning power plant. With this system, fly ash collection 
efficiencies of 98~ and overall S02 removal of 91~ can be expected at wet 
scrubber pressure drops of about 4.5 in. w.g. For a generating capacity 
of 25 megawatt equivalent to 100,000 cfn: of flue gases at 300°F, the in
vestment and operating costs are approx~~ately $10/kW and $1.17/ton of 
coal, respectively.!!/ 

'.:'wo limestone injecticn S02 removal systems, designed by Combustio: 
Engineering, have been installed on operating boiler ,_.,_~its. This design in
corporates a marble-bed wet scrubber having < 6 in. of pressure drop and 
is guaranteed to remove 83% of the S02 ani 99~ of the particulate matter.;z/ 

6.2.4.2 Oil-Fired: The combined ash and unburned particulates 
in exhaust gases ~rom gaseous or liquid fuel combustion are not likely to 
exceed local air pollution control statutes. For instance, the efficient 
burning of a con:::non heavy residual oil of 0.1~ ash results in a stac~ gas 
concentration of only 0.0'30 grain/scf at 12% C02. Nevertheless, particu
lates from oil burning are still principally in the submicror. range (0.4 µ), 
and are in sufficiently large concentration to cause perceptible ligl:t 
scattering. 

The only air pollution control devi.ces that have found ready 
acceptance on oil-fired power plant boilers are dust collectors used to 
co~trol particulates during soot blowing • This equipnent serves princi
pally to collect particulate matter larger than 10 µ. Small-diameter 
multiple cyclones are the most common soot-control devi.ces installed. 
'11".e emission from an oil-fired unit without special collection equipment 
is comparable to a coal-fired Wlit of better than 99i collection efficiency.~ 
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The use of an electrostatic precipitator for particulate removal 
on an oil-fired steam generator was tested on a pilot unit and a prototype 
unit. Although control was outstanding on the pilot unit, stack ~~~ssions 
from the full-scale unit did not comply with opacity regulations.~ 

6.2.~.3 Gas-Fiyed: Control equipment has not been utilized on 
natural gas equipment. 

6.3. INDUSTRIAL POWER GENE:'~TION 

Large industrial plants may generate their own electric power 
or process stea..ri by the combustion of coal, fuel oil, and gas. Emissions 
from these combustion Wlits parallel those discussed wider electric 
utilities (Section 6.2) but are lower in total quar:tity because of a 
s~aller quantity of fuel burr.ed. 

6 . 3 .1 Fue ::_ ''.ype 

6.3.1.l Coal-?ired: The stoker-type boiler is the dominant unit 
used in ir.dustrial plants. Stoker ".lr.its accounted for about ?CY/; of the 
coal burned by industrial plants in 1968. Pulverized units (20%) and 
cyclone (10%) accounted for the remaining coal consumption. T'ne pulverized 
and cyclone Wlits are generally associated with larger industrial com
plexes, a.~d are similar in design to those disc~sscd under electric 
utilities. 

Sto~er units used include: 

1. Spreader stoker, 

a. Traveling grate 
b. Stationary or dumping grate 
c. Vibrating grate 
d. Reciprocating grate 

2. Chain or traveling grate, 

3. Water-cooled vibrating grate, 

4. Multiple retort underfeed, and 

5. Bituminous Coal Research Automatic "Packaged". 
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Spreader-stoker units were described in Section 6.2.1.l. Travel
ing grate and chain-grate units have moving grates. These grates move 
from the front to the rear and carry coal from the hopper in front through 
a grate into the combustion zone. The fuel bed burns progressively to the 
rear, where the ash is continuously discharged. Older units with natural 
draft are fast disappearing; modern units have zone-controlled forced 
draft. Complete combustion-control systems are utilized and overfire 
air, especially in the front wall, is an aid to burning the volatiles in 
the fuel."Y 

The water-cooled vibratir.g grate unit consists of a water-cooled 
grate structure on wh~ch the coal moves from the hopper at the front of 
the boiler through the burr.ing zone by means of a high-speed vibrating 
zechanism automatically operated on a time-cycling control. As in the 
traveling grate, the fuel bed progresses to the rear, where the ash is 
continuously discharged. Forced air is zor.e-controlled ar.d regulated, 
a:ong with the complete coal and air system, through an automatic com
b~stior.-cor.trol regulator."Y 

Multiple-retort underfeed boilers usually consist of several 
inc:ir.ed retorts side b'f side, with rows of tuyeres in between each retort. 
Coal is worked fror.::. the fron~ hopper to the rear ash-discharge mechar.isms 
by pushers. The forced-air system is zoned beneath the grates by means 
of air dampers, a~d the combustior. cor.trol is a f'ully modulating system. 
In the larger furnaces the walls are water-cooled, as are the grate S\U'

faces in son:e units. Mu::..tiple-retort underfeed stokers are declinir.g in 
use, giving way to sp:::·eaders and traveling-grate \Ulits. 

':'he BCR automatic packaged boiler is a complete steam or hot 
water generat~ng system, incorporating a water-cooled vioratir.g grate as 
the firing ::necha.r.ism. Coal is delivered from the storage bin to a hopper 
from which it travels on the vibrating grate to the fuel bed. Ash is dis
charged automa~ically by means of a screw conveyor. The \Ulit has com
pletely automatic combustion controls so that coal feed to the hopper from 
the bin and ash discharge is coordinated with load conditions. Forced 
and induced draft fa!ls are used.~ 

6.3.1.2 Oil-Fired: Large industrial con:.plexes will use essentially 
the same design of furnace as is used in electric utility plants. These 
'W1its are discussed in Section 6.2.1.2. Smaller industrial cpera~ions 
utilize lower capacity u..~its with attendant lower flame temperatures. In 
many cases less attention is given to treatment of fuel and regulation of 
combustion air for small un~ts. Neglecting either one often results in 
reduced combustion efficiency.!/ Boiler types used in sEaller units are: 
(1) steam ato~izing, (2) pressure atomizing, and (3) centrifugal atomizing. 
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6.3.1.3 Gas-Fired: No detailed information was found on gas
r:red units in industrial applications. 

E.3.2 Emission Rates 

6.3.2.l Ccal-Fired:Emissions from coal-fired industrial units 
are affected by the same factors discussed in Section 6.2.2.l for e:ectr:c 
utility plants. Emission rates are sum:narized in Table 6-1. Emissions 
currently total about 2.6 million tons/year with stoker-fired u.~its 
accounting for about 85% (2.2 million tons/year). 

€.3.2.2 Oil-F:red: The fly ash loadings for industrial sources 
may be slightly higher ~nan those for the larger electric-generating 
plants. Emission levels are dependent upon combustion efficiency and 
rate of b~ild-up of boiler deposi~s. Table 6-1 summarizes emission 
levels for oil-fired industrial boilers. Current emissions a.re estimated 
at about 100,000 tons/year. 

6.3.2.3 Gas-Fired: ~eager data exist on emissions from gas
fired un: ts. Avai.Lab.Le inr·ormation on emission ra~es is tabulated in 
Table 6-1. Particulate emissions are estimated to be about 85,000 tons/ 
year. 

6.3.3 C-naracteristics of ~ffluents from Industrial Boilers 

6.3.3.l Coal-Fired: The characteristics of effluents from indus
~rial coal-fired units would parallel those from electric-utility scr<.U"ces. 
Some differences in composition and particle size of the fly ash will occur 
because of the differences in boiler types employed in industrial plants. 

6.3.3.2 Oil-Fired: Characteristics of emissions from oil-fired 
industrial boilers differ in minor respects from those of electric-utility 
boilers. Table 6-2 SU?llI!larizes available d.a.ta for these sources. 

6.3.3.3 Gas-Fired: No detailed data were found on emissions 
from gas-fired boilers. 

6.3.4 Control Practices and Equipment for Industrial Boilers 

6.3.4.l Coal-Fired: Control equipment for coal-fired industrial 
boilers is very similar to that employed by electric utilities. Cyclones, 
~ulticlones and electrostatic precipitators are used in both groups 
although the use of electrostatic precipitators has not been as preva
lent for indus~rial boilers. 
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The increased e~phasis on reducing air po:lution tas apparent:y 
pro~pted many of the industrial coal-fired boi:er operators to s~itch 
over to oil or gas. This route to control may be a simpler matter fer 
the industrial operator tha.~ for the electric utility operator who is 
consuming larger qua~tities of fuel. 

6.3.4.2 Oil-Fired= The use of control devices on oil-fired 
uni~s is usually li.mitea ~u periods when soot-blowing operations are in 
progress or in areas where restrictive legislation requires low particu
late loadings and low opacity of stack effluents. Multip:e cyclones and 
e:ectrostatic precipitators have been used for these purposes.!/ 

6.3.4.3 Gas-Fired: Control equipment has not been utilized on 
natural-gas equip~ent. 

6 .1. COMMERCIAL, INS'.::II'"~IONA.L, AND RESr:DE~TIAL FURNACES 

Commercia~, institutional and residential furnaces are primarily 
used fer space heatir.g. The general character of emissions from these 
sources would parallel that of e:ectric utility and industrial sources, 
w:th allowance made for differences in furnace types and operating pro
cedures. In general, combus~ion efficiency will be lower in these units 
and outlet grain loadings higher as a result. 

6.4.1.: Coal-F~rCQ! Sir.all stoker-type boilers are the main units 
used in cOllll:lercial, institutional and residential operations. In some 
::::ases hand-fired equipment may be employed, but such installations are 
fast disappearing, and are being replaced with automatic firing. 

Stoker units include: 

1. Underfeed stokers, 

a. Single retort (residential) 
b. Multiple retort 

2. BCR Auto Packaged, and 

3. Small spreader stoker 

a. Stationary or dumping grate 
b. Water-cooled vibrat:ng grate. 
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In the residential underfeed stoker, the coal is fed from a 
hopper or dire::tly f'rom the coal storage bin to the retort by a continuous, 
rotating screw. Coal rises into the firing zone from underneath: thus 
the term "underfeed firing''. Air is delivered to the firing zone through 
tuyeres (grate openings), also from underneath the actively burning bed. 
The coal and primary air control is "all on" or ''a::.l off". Ash is removed 
as a clink.er from a refractory hearth through the furnace firing door. 

The general arrangement of the single retort unit for commercial 
and institutional use is similar to the residential unit, with "dead" p::.ates 
replacing the refractory hearth. As sizes become larger, screw feeders 
are replaced by a mechanical ram, which feeds coal to pusher blocks that 
distribute the coal in the fire box. Ash is discharged by side-dump grates. 
Modulating combustion controls, i.e., variable control of bott fuel and 
air rates, are often used. Forced draft is automatically regula~ed, and 
separate over-~ire air syste:ns are used, particular::.y when on-off controls 
are used. A bridge wall retains the coal aver the stoker grates.~ 

The multiple-retort, BCR autoir.a.tic packaged boiler, and spreader
stoker units are described in Section 6.3.1.l. 

6.4.l.2 Oil-Fired: Boiler types are simi:ar to the s-:nall uni~s 
discussed in Section 6.3,1.2. 

6.4.l.3 Gas-F:.re·i: ~fo pertir.ent informa:tion is available on gas
fired units for these ir:i.stallations. 

6.4.2 Emission Rates 

Data are meager on emissions from all types of units used in these 
facil:. ties. In general, lower combustion efficiency than ttat exper:'..enced ~or 
utilities or industrial uni~s is expected to lecd to increased outlet grain 
::.oadings. 

6.4.3 Characteristics of Effluents 

No pertinent data on effluent ctaracteristics were found for this 
class of furnaces. 

€.4.~ Control Practices and Equipment 

Control eq~ipment is not generally used on these sma..l furnaces. 
Reference 16 discusses the use of various combustion-improving devices to 
reduce emissions of smoke, carbon monoxide, nitrogen oxides, and total gaseous 
hydrocarbons from high-pressure atorr.izing-gun burners used in domestic oil
fired furnaces. The devices (primarily imprs.ved nozzles) were designed to 
improve combustion in older inefficient ~.irnaces. Laboratory tests indicated 
that the devices offer potential for reducing levels of pollutants. 
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CHAPTER 7 

CRUSHED STONE, SAND, AND GRAVEL IlIDUS'IBIES 

7 .1 INTRCDUCTION 

l'he conversion cf naturally occurring m:..nerals into crushed stone 
sand, and gravel :'..nvclves a series of physical operations. Q~ar:::-ying, trans
portation, c~~sr.ing, size class:'..ficatio~, and drying are corr~~on to aL~ost 
all m:neral production procedures. Air pollution problems may te created 
by all of these operations. The dust emitted is usually a heavy d~st re
leased at a~bient tc:nperature, and these emissions can be considered to te 
a nuisance to the COJ:Jr.lunity. Processir.g ~ethcds, particulate e~issicn 
sources, el':lission ra7.es of ind:'..vidual part:'..culate sources, the charac"'.:er
ist.ics of source e~issions, ar.d cor.trol practices a~d equipment are d:'..scussed 
in ~te following sections. 

7.2 CRJSHED STONE 

7 • 2 .1 Prod·.;.c"'.;ion Process 

The :'..r.it:al ste~ :~ the processing of crushed stor.e occurs at the 
quarry site. Rock and stcne produc:.s are loosened by drilling a:i.d blast:ng 
fr'On: thei:r dep'Osi:. sites. Primary drilling, primary blas":.ing, and sec'.:>:-.dary 
blasti:-,g ::1r 'breakage c:'.)!?lprise the principal st.e:ps in tne quarry opera.ti on. 
The secondary blasting operatior. in many quarries is now either el:'..m:'..na~ed 
by ·oetter fragr.ientation during primar.f b::.ast:..ng, or by the use of "drop ball" 
cranes. Tract.or-mo:.:.nted a:::.r er hydraulic operated "rock-splitters" t.ave 
provec. satisfactc:::-y for sor.ie operations.±/ 

The broken rock or stone is transported from the quarry to the 
processing plar.t. Tra~sport is usually by truck or heavy earth rr.oving 
equipment. The processing cf stcne includes such operations as drying, 
crushing, pulverizing, screeni~g, a:i.d ~onveying. Primary crusters will 
norrr.ally reduce stone to 1-3 in. in size. Secondary crus~ers are used 
to reduce stor.e to sizes below 1 in. Fellowing the processing opera
tions, the stone or rock is loaded fc!' shipl':lent tc the customer or sent to 
s:.orage. 

7.2.2 Emission Sources and Rates 

Particulate emission sources in the crushed stone industry can be 
divided into two categories; first, sources associated with the actual 
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q~a~rying, crushing, screening, and processing operations; a~d second, 
"fug.'..tive" ~ources i:-.volving reent::-ain:nent of previously settled dust. 
TI."lese fug::..tive s::i"J.rces ir:clude vehicle traffic or. tem:P'.)rary roads, transfer 
'.)pcratior.s, and stockpiles. 

The use of pne-:..:n:atic drilling and cutting as well as the blasting 
and transferring can cause considerable dust for:r.at::..cn at quarry sites. The 
transport cf stone by veticle creates dust from unimp::-oved roads. No quan
titative data is available or. emission rates ~rorr. tr.ese so'J.rces. 

Rock processing operations (i.e., cr:ishi:-.g, p'..:.lverizing, classify
ir..g) are pote!1tial d'...:.St sources. Dust is discharged fron: crushers and grindf 
inle:, and outlet p0r:,s. Factors affecting etrJ.ssions ir:clude moisture con
tent of "the rock, t:y:pe of rock precessed, amount of rock processed, and type 
cf c::::"..:.sher en:;·lciyed. 

Sc;nc :n.:.nerals require drying prior to pr::>cessing. Dryers are 
us·.<all.y d:.rect-fired_. ei c,!:er :pa:ralle::.. or cot;.nter flow, rctary uni ts. Par
t:.culate emi ssicns fron: C.ryers car. be signif:.ca:-1t, and. U:c a:nou:::.t err.i ttcd 
varies wl tL type of r.i.:..neral precessed, degree of drJing, 9.nd dryer type. 

A :ne.jcr "fugitive" dust soi...:.rce is stoc::tpiles (i.e., wind.blown 
dust). LJsses vary W::.th size c:' st::>red ma-:erial, dens:'..ty of :r.aterial, rr..o:'..s
ture: contcr.t, and. w:nd speed. 

Act·..:.al :.est data or-.. er.iissions from the above scurces are li:ni tei. 
'.:'112 limited er.iiss:cn data are prese;,ted in '.I.able 7-1. Tte factors used in 
esti:r.atir.g the :particulate eni.ss~.ons fror.i tte crushed stone industry were 
cb~ined ::re~ Reference 2. Ta~le 7-1 does not ir.clude dust blown fro~ stock
pi::..es. Stockpile lesses due tc wind ergsicn have been est:mated at 0.5% 
c:: fir.:'..shed product :'or crust.ed stone.g/ 'J!l.e potential a11o'J.r..t of dust 
that could arise fron st2.ckpi~es in crushed stone storage areas :s abcut 
3.1 million tons per year. Factors whic~ wculd red~ce this estimate are: 
(1) the amount cf product whicr. is loaded for stip~e:::.t directly from proc
essing ..:itr.out beir.g sent to stockpiles; (2) the amount stored in b:'..ns ar.d 
silcs; and (3) a~ount of product which has suf~icicr..t moist"J.re content at 
the tir.le of discharge tc stcckpL'..es tc "..r:hibi t the fcmatior. of dust by 
wi;.d erosion. 

Ne est.:.mate has beer! ma.de of dust e:nissi::ms from quarrying or from 
vehicie traffic over "J.npaved or paved plant roads. 

7.2.3 Effl~ent Characteristics 

Meager da~a exist on the physical and cher.i.ical properties of dust 
em:tted in c~~shed stone operations. It is usually a heavy dust e:n::'..tted at 
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(X) 
(Jj 

Source 

I. Crushed Stone 
A. Primary crusher 

B. Secondary crushing & screening 
c. Tertiary crushing & screening 
D. Fines milling 
E. Re-crushing & screening 

F. Conveying, general screening, 
etc. 

G. Dryers 

II. Sand & Gravel - crushing and 
screening 

III. Quarrying 
A. Drilling 
B. Blasting 
c. Loa.ding - unloading 

IV. In-Plant Vehicle Traffic 

TABLE 7-1 

PARTICULATE EMISSIONS 
CRUSHED STONE, SAND AND GRAVEL 

Quantity of Material 

681,000,000 tons (cement, 
lime & dolomite not 
included) 

918,000,000 tons 

Emission 
Factor 

0.5 lb/ton 
of roci&f 

l.~ 
6.~ 
6. o!};/ 
1.oP.! 

15.0Y 

1. 7 lb/ton 
of product 

0.1 lb/ton 
of material 

Efficiency 
of Control 

cc 

0.80 

0.80 

Application 
of Control 

Ct 

0.25 

0.25 

0.20 

0.20 

Total for Crushed Stone, Sand and Gravel 

r:..J R:>unds/ton of rock through the primary crusher. 

pj Listed emission factor is 5 lb/ton of rock re-crushed. Twenty percent of product is assumed to be re-crushed. 

Emissions 
(tonsjyear) 

4,100,000 

454,000 

46,000 

4,600,000 



arr.bi en";; te:npe:ca tures. The rr..ajori :,y is fa:'..rly cca::se a:-.d ::ontair.s sc·me 
r.i.c.istu.::»2. Fig-.1re 7-1 preser:ts po.rticle s::.zc d.ata fc:· the :par~iculates cm:'.. t
te:i fror.i a ja• .. : crus::e:· an:i a conveyor systerr .. 

7.2.4 Control Practices a:.d Eq~ipment 

C:mtrol meas-c.res ccnsist of ·..:etting and sp:rinkl:'..ng to :nini:n:'..ze 
dusting and p::-ope::- loading a.nd evacuation to callee-: dus:. fr·:::>m crusl'.jng ar:d 
screen:'..r:g eq,uipment and transfer points. Cyclones and wate:::- S'Pray cha.n:l::ers 
are the present ch:'..ef neans cf ccllecticn of t~is dust. Bag fil:.ers or higt 
eff:ciency wa";:,er scrubbers a:::-e used ir.. locat:ons where s".:.ringent e:nissior: 
standards nust be met. 

7.2.4.l ~uarry Operatio:::-.s: Tne:::-c a:::-·2 many sources of di.l.st a:;soc.:.
ated w:'..th crushed stone cperat::.cns and :nost of these are of the "fugitive" 
type. :Blasting is one o:· these sources w:.--.ich ccc:;.rs in:.enr.i t-cently. 

Ir.. conven-::ional min:'..r:g .::.f coal, water-filled plast:'..c bags are 
~sed f'.)r s-:err:.~:ng dus-:; e:nissi::>::is frc:n blast hole~ Their '..4Se in conjcx.ction 
wi.. th an ai:--and-wa ':.e::- o:..as-: resul :.s i:-. a conside::-atle red.'..<.ction ::;.f the Q.;.;.st 
frof.1 blast:'..ng.~/ This tec'.'.nique :nay be appEcable 7..t'J blastir:g opec-aticns 
:n stcne qua!'::-:'..cs. 

A methcd cf suppressing dust frorr.. dry percuss:i.:m drill::.ng :!.n 
qua;r:.cs and cpen pit mines has been devel.oped. Water with an addei ;Je-:;ting 
agent is in"trcduc1>C. in-:o -:he a:.r ·.:.sed fer flushi:1g the C.r::.11 cut:.ings f1·.:irr. 
the hcle. Dil'.:.tio:t ra"::ics ra:tge :'rc:n 8CD tc 3,CJO parts of water to cne :Jf 
su:::-factant. The prcper at:J.ount cf scL.;.tic::, utcu:, 7 gal/;.r f:ir a 3-1/2 '_::. 
dia. hole, cau

7
"'es tl".e drill c·.:.tti:-.g to be ""::il::.i-.m frc:n the hcle as da.:np dust-

f' - 1 3 _ree pe.i.~e-::s.-

Fnr pri:nary ·:;lowing operations, it ias bee!'l. repor"::ed that :'..nit::.
ation of :ictcnatio:i wi tl: multi-delay devices and the con:plete combustior. of 
the exp:..cs::.ve cc:npound result in low dust eraiss:'..on.1/ 

7.2.4.2 Transport Operations: The loading and unloading c~ blasted 
sto::e a:so usually releases d~st into the atmcsp~ere. Wet~ing of the bro
ken stone can eff~cti vely decrease ';,he d·..:.st enissic,, cu:: this is no~ a com
~on practice. We";:,ting the surfa~e cf a load in a transport vehicle will 
rcd~ce windage loss during transport. 

T.::e tra;.sport of s";:,one by vehicle creates ai:-borne dust fro:n -.rn

improved roads. This can be min:'..r.J.ized by freque!'lt wetting of the road. 
o::.:..1ng er wet~ing wi tl: CaCl2 can red'..<.ce the reg_u.i::-ed freque:::.cy of wett:.r:g. 
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Unpaved plant roads ca.n be a constant source of trouble in dry 
weather. Calcium ch~oride can be applied at a cost cf approximately 
$0.15/sq yd treated/year. T'ne principal problem with ca~cium chloride 
treatment of roads is corrosion of vehicle bodies ar:d t:iffiing the applica
tions relative to weather. Treating roads with oils of various types, at 
least once a month, will do an excellent job of contrcl:ing unpaved roads 
at a cost of approximate:y $0.10/sq yd treated/year. The use of water 
trucks with high velocity side flush can be used to control dust. However, 
the opinion has been expressed that the use of a water truck on unpaved 
roads in the hot summer is virtually a co:np:ete waste of time • .!/ 

7.2.4.3 Crushing, Screer.ing and Transfer O~erations: The simplest 
ar..d least expensive me~ns of controlling dust in a crusting and screeni.'lg 
operation is thro~ the use of wetting agents and fine water sprays at 
critical points.!/ 

The use of untreated water sprays fer suppression of dust froo 
handling and storing :i::aterials requires that approximate:y 5 to 8% moisture 
by weight be applied. However, when the water has been treated with a 
surfac~ 1active agent the moisture addition required may be reduced to 0.5 
to ii.~ Once the material has been adequately sprayed and dustproofed 
it may be conveyed through several transfer pcints without requiring further 
treatment. 

Water sprays are used successfully to control dust at transfer 
and ~oading points. Experimental use of a high expansicn !oaming agent 
reduced dust counts at be:t-conveyor transfer points by SQ<fo.'Y 

Steam has been used to alleviate dust at transfer points of cor.
veyors in coal preparation plants, etc. The effectiveness of dust suppres
sion by steam is attributed to the reduced surface tension of hot water._s/ 

7.2.4.4 Stockpiles: Stockpiles of minus 3/16 in. material can be 
a dust problem in dry or win~ weather. An economical solution to this 
problem is difficult to find.~ Various mechanical means can be used to 
minimize dust as the product is dropped onto the pi:e.§/ 

Another approach to dust con~rol is t~e use of che~ical binders 
for application to the surface of stockpiles. The chenical coats the top
most particles with a thin film causing theo to adhere to one another. As 
long as the crust remains intact the stockpile is adequately protected 
against windage losses. 'FSy adding a coloring agent to the binder, treated 
areas can be readily identified to detect those that may not have been 
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coated properly. The normal rate of application is 1 gal/100 sq ft of 
surface area.'id./ Application of water from sprinkler systems has also been 
fou;:d to be a met~od of reducing stockpile losses.!/ 

7 • 3 SASD Al"'ID GRAVEL 

7.3.1 Production Process 

'.!he raw materials for sand and gravel plants may be dredged from a 
river or q~arried ar.d then transferred by vehicle to the crushing and screen
ing equipMent. ,M3.terial is frequently washed prior to processir.g to attain 
a p":"~uct wtich meets users' specificati::ms. Preliminary scrcer.ing, prior 
-:.o C::'',.;.Shir-.g, is also practiced in some plants. Wet and dry .scrceni::g :nay 
be used. Fcl:owi~g processing and classification, the material is loaded 
for shi:pnent or stockpiled :'..n storage areas. 

7.3.2 Emission Sources and Rates 

P~rticu~ate emission sources in sand a::d gravel processi::g parallel 
those in crusted stone preparaticr.. The cr<;.shir.g, sc~·ee:-.ing, and trs!1sfer 
operati:Y::s can all ge:-.erate si.gnif:'..cant qu&:-.ttt:es of dust. Emissicn rates 
are affect<::d. t~; moisture content of processed r.iaterials, degree ::;f s:'..ze re
duction req·;.ired, and type cf eq-:;ip::ier.t used f::;r processing. 

Observati::Jr.s frorr. !1Umerous p~ants indicate that a najor scurce 0f 
dust, :n addit:on to thJ3e asscc:atcd wi~b the plac.t equipment, is fro~ 
vehicle traffic eve::- unpaveC. reads er paved r:iads covered w:th dust . .§/ 
Stockpile losses w~~ld also contribute to the dust turden. Stock];:iles of 
fir.e sand would be susceptible to 'Wir.d loss. 

No information has been found on emission factors from sand and 
gravel plants. One sampling report, furnished by a state agency, listed 
overall emissions as 0 .06 lb. of dust/"ton of material through the plant.,. 
This report listed the discharge of the secondary and reducing crushers 
and the elevator boot on the "dry side" a.s the dust sources. Seventy-five 
percent of the dust was estimated to cane from the crushers. Based on 
this limited information, an overall emission factor of 0.1 lb. of dust/ 
ton of product was assumed for sand and gravel plants. 

Table 7-1 summarizes the estimates cf emissicn levels from sand 
and gravel plants.. Table 7-1 does not include dust blowr. from st·'.)Ckpiles. 
Stockpile losses due to w:'..nd erosion hjve been estima":.ed at l'li of finisbed 
product fer sand and 0.5% for gravel.! ~st stockpiles are merely ground 
piles; however, silos and bi!1s are also used. Potential "fugitive" di..;.st 
emissions from stockpiles in sand and gravel plants are estimated tc be 
about 5.5 million tons/year. 
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Ko estimate has been made of dust emissions from quarrying or 
from vehicle traffic over unpaved or paved plant roads. 

7.3.3 Efflue~t Characteristics 

Limited data were fo".llld on the characteristics of effluents from 
sa~d ar.d gravel plants. Stock sampling data for sand and gravel dryers, 
obtained fro~ state control agencies,~ indicated that oatlet grain 
loadings ranged fro!L 5.8 to 38 grains/ft3. Mass median particle size of 
the particulates en:itted from the dryers varied from 3.5 to 9.4 µ. 

7,3.4 Cor.trol Practices and Eq~ipment 

Specific informatio~ on control practices a.nd equipment utilized 
in sar.d and gravel plan"':.s is limited. Since many of the operations parallel 
~hose of t~e crushed stone industry, similar control practices and equ~p
n:ent are ur.do'..<:)tedly employed. 
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CHAPTER 8 

OPERA'.I'IONS RELATED TO AGRICULTURE 

8.1 INTRODUC~ION 

The agriculture industry as considered here includes such diverse 
operations as field burning, grain elevators, feed mills, and cotton gins. 
Obviously, emissions from these operations are high:y variab:e. 

Open bu:rning of agricultural wastes is practiced in many areas 
as the most practical means of clearing the land of these wastes. I'his 
practice can contrib~te a high concentration of polluta.r:ts to the atmo
sphere. Gra:n handling facilities constitute a major dust problem in some 
urban areas. F"J.rthermore, in less densely populated areas a grain facility 
may be a nuisance to people in the immediate v:cinity. Cotton gins also 
present primarEy a loca:ized air pollution pro"oleo. 

Various phases of the agriculture i~dustry, particulate eoission 
sources, par~iculate emission rates, effluent characteristics, and control 
practices and equipment are discussed in the following sections. 

8.2 AG:?.I::;'JLTURAL FIE:.D BURNIN::i 

Disposa: of agricult"J.ral wastes is impera~ive because the refuse 
piles act as reservoirs of horticultura: diseases a.~d agricultural pests. 
Open burning is currently the most practical means of accomplishing this 
disposal. 

Emissions into the atmosphere from the burning straw and stubble 
are characteristic of vegetative plant sources generally. Cellulose and 
lignin are the primary constituents of plants. Emissions consist of smoke, 
made up of carbon particles of varying sizes, ash, and certain gases. Most 
of the carbon particles are minute in size and indistinguishable without 
visual aid, while others are readily visible. 'lll.e former are a major factor 
in reduced visibility, while the larger particles, which settle out more 
readily, are factors in soiling and deposits on property. 'lll.e principal 
gases emitted are the Of~a.nic hydrocarbons, carbon dioxide, carbon monoxide 
and oxides of nitrogen . ..:Y Open burning emissions are affected by many 
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variables including wind, ambient temperatures, moisture content of the 
fuel burned, size a.nd shape of fuel, and compactness of fuel bed. Table 8-: 
gives typical data for particulate emissions from rye-grass bur'-s and 
Table 8-2 summarizes emission rates. It is estimated that agricultural 
field burning emits about 2.4 million tons of particulate/year. 

TABLE 8-1 

PARTICUIA7E EMISSIONS FRO~ RYE-GR.ASS E:J:''""INS.h/ 

Grass Variable Low Average High 

Annual Suspended particulate, mg/m3 2.1.4 25.6 46.8 

Annual Percent organic matter in 
srr.oke 13.3 37.4 63.9 

Perennial Suspended particU:ate, mg/m3 20.4 39.4 56.3 

Perennial Perce:::it organic matter in 
smoke 19.9 38.8 72.8 
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Source 

1. Burning or Stubble 

u. Grain Elevators 
A. Tenainal Elevators 

1. Shipping or Receiving 
2. Transferring, Conveying, etc. 
3. Screening and Cleaning 

'· Drying 
B. Country Ele'vators 

1. Shipping or Receiving 
2. Transferring, Conveying, etc. 
3. Screening and Cleaning 

'· Drying 

III. Cotton Gins 
A. Trailer lhl.oading 
B. Cleaners 
c. Stick and Bur Machine plus Buller 

Jl'ront and lllote Discharge Stand 
D. Lint Cleaner· 
E. Condenser 

IV. Feed Mills 
A. Altalta Del\Ydrators 

1. Primary Cooling Cyclone 
2. Secondary Cooling Cyclone 
3. Air-Meal Separator 

a. Cyclone 
b. Cyclone + Skillllller 

'· Pellet-Meal Separator 
5. Pellet Re-Grinder 

TABLE 8-2 

PARTICULATE EMISSIOW FR<Jol 
OPERATIONS RELATED TO AGR!Ctn..TURE 

Quantity of Material Emisoion Factor 

280,000,000 tons of stubble 17 lb/ton of stubble burned 

177,000,000 tons of grain 

Total for Grain Elevators 

11,000,000 bales 

Total for Cotton Gins 

1,600,000 tons of dry meal 

1 lb/ton or grain handled 
2 lb/ton of grain handled 
5 lb/ton of grain handled 
6 lb/ton or grain handled 

5 lb/ton of grain handled 
3 lb/ton of grain handled 
8 lb/ton or grain handled 
7 lb/ton of grain handled 

5 lb/bale 
2 lb/bale 
3 lb/bale 

l lb/bale 
...!. lb/bale 
12 

11 lb/ton of dry meal 
4. lb/ton of dry meal 

47 lb/ton of dry meal 
9 lb/ton of dry meal 
2 lb/ton of dry meal 
2 lb/ton of dry meal 

Total for Alfalfa Dehydrators SO (as an average) 

B. Wheat Mill-Feeds 
c. Gluten Feed and Meal 
D. Rice Mill-Feeds 
E. Brewers' Dried Grains 
F. Distillers' Dried Grains 
G. Dried Beet Pulp 

v. Flour Mills 

4.,490,000 tons 
1,515,000 tons 

4. 76,000 tons 
336,000 tons 
447,000 tons 

1,100,000 tons 
Total for Feed Mills Other Than Alfalfa 

112 lb. per eapita 

11' of end product 
11' of end product 
11' of end product 
11' of end product 
11' of end product 
11' of end product 

Efficiency 
of Control 

Cc 

o.o 

0.70 

0.80 

0.85 

Application 
ot Control 

Ct 

o.o 

o.,o 

0.4.0 

0.50 

Net 
Control 
Cc·Ct 

0.0 

0.28 

0.32 

0.42 

0.4.2 
0.42 
0.42 
0.42 
0.42 
0.42 

TO'l'AL FOR LISTED OPERATIONS 

Emissions 
(tons/yr) 

2,,00,000 

1, 700,000 

'5,000 

23,000 

26,000 
9,000 
3,000 
2,000 
3,000 
6,000 

4g,ooo 

4,217,000 



8 .3 GRAIN ::::LEVA'I'.::RS 

Grain elevators are primarily transfer and storage units and are 
classified into two categories. These are t~e smaller more numerous 
country elevators and larger terminal elevators. In addition many elevator 
locations also contain feed manufacturing facilities. Particulate emis
sions occur because of the dry, light nature of most grains and the way 
they are handled via pneumatic and mechanical conveyors. A wide variety 
of grain-handling configurations are possible at elevator sites depending 
on the number and quantity of grains handled, and the amount of processing 
required. At grain elevator locations any or all of the fo:.lowing opera
tions can occur: 

Receiving, transfer and s~orage 
c:.eaning 
Drying 
Milling and grinding. 

Receiving and transfer operations are accomplished by unloading 
the grain, usually by dumping into a bin followed by conveyor belt or 
pneumatic transfer. Cleaning operations are designed to elin:inate in:
purities such as sticks, stones, and other foreigr: matter. Both screen
ing and air classifiers are used to separate grain and foreign matter. 

8.3.1 E::l.ission Sources and. Rates 

Emissions from grain operations may be separated into those 
occ-..u-ring at all elevators involving transfer losses, and those occurring 
at processing operations such as cleaning, drying, and grinding. E::nis
sions are greatest at the loading and unloading areas, especially when 
these operations are carried out in the open. Fallir.g or moving stre8.llls 
of particles inspirate a column of air moving in the same direction. 
wllen this moving mass of particles strikes an immovable object, the 
energy eXJJended ca~ses extreme air turbulence and a violent generation 
of dust occurs. This undesirable situation occurs when trucks and rail 
cars are dumped into deep hoppers and also when rail cars and the holds 
of ships are loaded. 

Lesser sources of dust emissions in transfer operations are 
conveying equipment and storage bins. Belt conveyors have less rubbing 
friction than either screw or drag conveyors and generate less dust. 
Dust emissions usually occur at belt transfer points as materials fall 
onto or away from a belt. The discharge points of pneumatic conveying 
equipment are also potential sources of dust emissions. Storage bins 
vent dust.-laden air from two sources. One source is air displaced during 
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loading operations. As the incoming material falls freely from a spout 
at the top of the bin, dust is mixed with the air in the bin. The other 
source is air inspirated by the flow of incoming material. 

Factors affecting emissions from grain elevator transfer opera
tions include the types of grain, the moisture content of the grain 
(usually 10-20%), a.mount of foreign material in the grain (usually 51' 
er less), the amount of moisture in the grain at the time of harvest 
(hardness), the amount of dirt included with the grain during harvest
ing, and the degree of enclosure at loading and unloading areas.~/ 

The grain processing operations may include wet and dry milling 
(cereals), flour milling, oil-seed crushing, and distilling. Wet milling 
by its nature is not conducive to major dust formation, although dust may 
escape from dryer cyclones. Dry milling, hO'..,rever, is somewt.a.t more dusty 
in its operation. Most handling and transfer in these operations is 
pneu;natic, allowing good dust control. Oil-seed crushing generally is 
not conducive to rea.jor dust generation, but losses can occur from extract
ing and drying operations and from cyclone collectors used on these opera
tions. Grain distilling operations also a.re not conducive to major dust 
formation althoug.~ particulates can escape during unloading of grains and 
be entrained in the gaseous discharge from cool~~ operations. The major 
problem with these operations is odor emissions.,g/ 

Drying is usually acco~plished in rotary, column, or shelf 
dryers using heated air as the drying medium. The material emanating 
from the dryers is generally not classified as dust but ratter chaff or, 
in the case of corn, "beeswing." Although the particle size is large, 
it is extremely light and filmy. This material will carry for miles on 
a windy day if it is released from a source sufficiently high above the 
ground.~ 

Grinding may be done in a variety of devices in either a wet 
or dry state. Connnon devices used include hammer mills and rollers. 
Many of the large terminal elevators also process grain at the SCU!e 

location. 

Factors affecting emissions fram grain processing operations 
include the type of processing (wet or dry), the amount of grain processed, 
the amOWlt of cleaning, the degree of drying and heating, the type of 
dryer, the amount of grinding, and the type of grain.g/ 

Emission rates for grain elevators are summarized in Table 8-2. 
Current particulate emissions total 1.7 million to~s/year. 
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8.3.2 E~fluent Characteristics 

Available data on the chemical a.nd physical characteristics of 
effluents from grair. elevators are summarized in Table 8-3. Particulates 
emitted during railroad car loading of oats and wheat have a geometric 
mea~ size of 3.1 and 2 µ. Grain dust presents a high explosive hazard. 

8.3.3 Control Practices and Ecuipnent 

Air pollution from feed and grain mills consists entirely of 
dusts. These dusts, thoug.~ varied, may be collected by inertial devices 
and fabric filters. 

For receiving hoppers used for unloading, "the best method of 
tooding is to exhaust air from below the dump grating to a fabric filter 
or cyclone-filter combination . .!/ One of the most difficU.::..t to control 
ell:issior. sources is that occurring wher. grain is poured into the hold of a 
ship.V 

The duct work for a dust-collection system generally is sized 
based on the volume of air r.ecessary for each hood inle~ and pickup point, 
ar.d a base velocity of 4,000 ft/min in the duct. Velocities of< 3,500 
ft/min Nill permit settling of dust in ~ong horizontal ducts. If dust 
settles and acc1.lll1ulates in duct work, it provides a harborage and point 
of i~sect infestatior.. Careful attention should be given to design of 
duct wor~ to avoid p~o~ections in the duct which will permit accw::i.ulation 
of d'.lSt and subseque~t infestation by insects.§./ 

One develop~cnt reported in a recent articl~ is a co:np:etely 
enclosed belt conveyor. The.basement of the storage elevator, which houses 
the conveyor, is kept under slight positive pressure so that no dust can 
leak from inside the co-::iveyor. 

6.3.3.l Cyclones:- Cyclones are used with great versatility in 
grain elevators and in feed ~ills. Nearly all cyclones are of the simple, 
law or medium efficiency types. 

8.3.3.2 Bagho'.lses: Fabric filters can provide high efficiency 
dust collection for most services associated with feed and grain operation. 
However, they do not find application in grain drying due to the high 
moisture content of the eff:uent gases from the dryer. 
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TABLE 8-4 

ANALYSIS OF AIR?OR.NE DUST COLLECTED IN 
VICDt"ITY OF RAILWAY CARS DURING LOBING 

Percent by Weight 
Oats 

Organic fraction 82.2 
Inorganic fraction 17.8 
Free silica in total dust 8.0 
Free si:ica in organic fraction 2.3 

Free silica in inorganic fraction 5.7 

TABLE 8-5 

P.A...i.TICUI.ATE Af:D PROD'JCT ANALYSZS 
(ALF'A:::..FA :DEHYDRATING MILL) 

Particulate Sour~e 

Company A 
Air meal separator 

Company B 
Air meal separator 

Ccmpany A 
Pellet meal air separator 

Company B 
Pellet meal air separator 

Company C 
Pellet regrind air separator 

Product 

Company A, Pellets 
Company B, Pellets 
Campar.y C, Meal 

Pro:.ein 
Conte::it 

Percentage 

2:::..20 

21.60 

2-8.90 

19.25 

26.60 

15.0 
14.1 
17 .3 

W'neat 

87.2 
12.8 

7 .4 
1.5 
5.9 

Carot.ene 
Content 

( IU/lb)* 

107,600 

77 ,300 

88,900 

84,900 

145,900 

100,000 
88,000 

132,000 

* International Unit, IU, for carotene {pro-vitamin A) is def~ned as the 
biological act:.vity of 0.6 µ.g of a-caro:.ene. 
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Percent 
Grass Moisture 

Blue 5 
Perennial Rye 6 

I-' Bent 2 
0 Annual Rye 9 0 

Fescue 9 
Orchard 15 

Blue 23 
Perennial Rye 71 
Bent 60 
Annual Rye 

1 20 
2 55 

Fescue 66 
Orchard 

1 66 
2 47 

a/ Without methane. 

TABLE 8-6 

YIELDS OF VARIOUS POLLUTANTS FROM GRASSES.Y 
BURNED IN IABORATORY TOWER 

FbundsLTon of Grass Burped 
Sat.:!'!:/ 

Particulate C02 co c + Acet. Ole fins 

Dry Series 

16.5 2,786 147 18 3.3 3.1 
12.0 2,483 104 14 2.1 3.2 
14.0 2,557 124 14 2.1 2.0 
10.5 2,666 85 8 0.9 1.2 
13.0 2,737 122 12 2.5 2.4 
11.5 2,469 89 7 1.2 1.2 

Dry-Green Series 

15.0 2,407 95 8 1.0 2.0 
26.0 678 106 19 2.4 5.6 
24.0 1,277 109 19 2.1 5.0 

9.0 1,855 56 4 0.4 1.0 
11.0 969 60 6 0.8 2.4 
17.0 925 77 9 1.2 2.6 

18.0 645 86 14 1.4 3.3 
17.0 1,558 113 16 1. 7 4.0 

c N02 at 
Balance Temp. Peak 

Ethylene (i) (ppm) 

2.4 107 72 
1.4 100 49 
0.9 98 21 
0.6 103 23 
1.2 107 45 
0.7 100 27 

L2 111 44 
3.4 77 4 
3.1 94 13 

0.6 103 37 
1.8 102 
1.8 94 8 

2.1 87 12 
2.3 90 5 



TABLE 8-7 

RESULTS OF SUMMER 1967 FIELD BURNS OF VARIOUS GRASSESY 

Ambient Wind 
Burn .Lb. Particulate/ Lb. CO/ Lb. HC/ Temp. R.H. Speed 
No. Grass Ton Fuel Ton Fuel Ton Fuel (oF) ffi_ ~ 

2 Blue 81.23 238 14.75 89.8 32 9 
3 Orchard 15.54 130 10.78 71.5 50 6 
4 Orchard 8.47 140 11.18 90.2 24 6 
5 Perennial Rye 10.23 133 10.68 70.5 61 3 
6 Red Fescue 1.31 102 9.14 79.8 64 11 
7 Red Fescue 12.65 120 9.90 88.0 34 0 

I-' 9 Perennial Rye 8. 78 118 9.41 80.0 51 2 
0 

10 Perennial Rye 8.75 107 9.41 80.0 62 1 I-' 

11 Red Fescue 5.24 126 10.02 84.0 64 12 
12 Annual Rye 3.33 108 10.27 100.0 24 9 



8. 4 AL.rhLFA DEHYDPATIK:J MILLS 

Dehydrated alfalfa is a meal product dried rapidly by artificial 
means at temperatures above 2l2°F. The general method of operation is to 
harvest the alfalfa with a self-propelled or tractor-drawn chopping machine. 
The chopped alfalfa is then transported as quickly as possible to the 
dehydrating plant where it is dumped onto an automatic feeding device and 
fed into a dryer at a uniform rate. Practically all of the dryers are of 
the direct-fired, rotary type. The products of combustion leave the com
bustion chamber of the furnace (most units are gas- or oil-fired) at a 
temperature in the neighborhood of 1800 to 2000°F. The chopped, wet alfalfa 
is discharged from the feeder into this hot flue-gas stream which is being 
pulled through the dryer by a :fan at the outlet end. After passing through 
the rotating drum section, the moisture content of the material will be in 
the neighborhood of 7 to 9~ a.nd the flue-gas temperature will be 250 to 350° 
Customarily, the material is then blown to a primary cooling cyclone in 
which the dried material is separated from the now moisture-laden flue-gas 
stream. The effluent :from this cyclone (Figure 8-1), usually billowing 
clouds of condensed steam, is the first of a series of atmospheric emis
sions from the alfalfa dehydrating plant. 

From the primary cooling cyclone, the dehydrated alfalfa is 
passed through a secondary cooling cyclone, a grinder, and finally a third 
cyclone which collects the meal for bagging, bulk storage or pelletizing. 

To minimize storage and shipping space requirements, the meal is 
often steam-extruded into pellets which are subsequently air cooled. The 
coolant air entrains small pellet chips and unpelletized meal. This par
ticulate matter is then separated from the coolant air stream and recycled 
to the pelletizer. Separation is accomplished in a fourth cyclone, the 
pellet meal air separator, which constitutes a potential source of air 
contamination. 

For formula feeds the pellets are reground, a.n operation found 
only in the larger dehydrating mills. This process consists of conveying 
the pellets from storage to a hammer mill, grinding the pellets into a 
meal, and pneumatically conveying the meal to the pellet regrind air 
separator, and thence to the blender, bagging equipment, or to bulk ship
ping facilities. The discharge from the pellet regrind air separator is 
a possible source of air pollution.1/ 

8.4.l Er.lission Sources and Rates 

Objectionable emissions from alfalfa dehydrating plants include 
dust from the various separators, and odors from the volatile matter 
driven off the alfalfa with the moisture and combustion products emitted 
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to the atmosphere.!.J Eoission ra:.es fro::n alfa::.fa dehydrating plants are 
sUll:Illarized i~ Table 8-2. Particulate emissions currently tota::. about 
23,000 tons/yea:r. 

8.4.2 Effluent Characteristics 

Table 8-3 summarizes available data on tte chemical and physical 
prcperties of effluents from alfalfa dehydrating plants. ':'he average 
Stokes' di~~eter of e~itted particula~es ranges from 1.5 to 10 u. 

8.4.3 Control Practices ani Equipment 

Alfalfa dehydrating operations are a source of pollution in so::ne 
areas. The pri:nary and secondary cooling cyclo~es, and air ~eal separator~ 
wtich are a part of the process, are the major pollution sources. Control 
equipment su:.::h as mu::!.titube collectors and bag filters has ·oee:a used as 
at:.:xiliary dust separators on the air !llcal separator. However, the oil 
ad.ditive that is so::netimes used in the dehydrating process causes clogging 
of bag filters. Other methods suitable for control of eff:uents dis
:harged to the atmosphere include incineration and electrical prec~pita
tion, but in general these are more costly thar. bag filter units.2/ 

8. 5 C·:YIION .:;:~~S 

1-~odern cotton ginning instal2..ations using pneumatic conveyir.g 
e~uipoent, air b:ast equipment, and seed cotton conditioning equipoent 
have increased the output of nor1:1a.l ginning operations and improved cotton 
fiber quality. This gain in output has been accompanied by a major increa' 
in the volume of air bearing lint and dust discharged to the at~osphere. 
A:though the discharge of waste ir.aterial to the atmosphere froo an individ
ual cotton ginning operation generally results in only a local air pollu
tion problem, the number of such establishments and the gradua: urban 
encroachment into the areas of ginning operations is sufficient to warrant 
consideration of their overall pollution potential.~ 

Figure 8-2 illustra~es a flow diagram for a cotton gin used by 
the Department of Agriculture to study particU:ate emissions from ginning 
operations. This particular operation is considered to be representative 
of ginning operations in general.~ The flow diagram indicates the follow
ir.g major sources of particulate er:lissions: unloading fan, six-:::ylinder 
clear.er, stick and bur machine, gin stand, separator Ne. 2, seven-cylinder 
clea..~er, separator Ko. 3, and the condenser. The unloading fan supplies 
the air for the trar.sfer of cotton from the storage bins or from a wagon 
to the first separator. These wastes are carried to the dust house by the 
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air stream and consist mostly of sand, dirt, and other fine mate
'Ibe dust house is a tall structure open at top and sometimes also 
bottom and it acts as a settling chamber or elutriator. 

The cotton then passes from the first separator onto the feed 
control, into the tower dryer, through a boll trap, and then to the six
cylinder cleaner which opens and cleans the boll cotton. The waste dis
charge from the six-cylinder clee.ner is carried to the dust house by a 
moving air stream and consists of fine particles of leaf trash, d:.rt, sand, 
s~ems, and small sticks. From the cleaner the cotton is moved to the stick 
and bur machine which removes burs, sticks and stems, together with fine 
trash not removed by the cy:inder cleaner. The discharge duct from the 
stick and b'.1!" machine ~oins with the air discharge duct fro~ the gin stand. 
Wastes from these sources are carried to t~e dust house. 

F'Yom the stick a.:cd bur machine the cotton passes to a second 
separator, ther. to a stub tower dryer, and then to a seve~-cylinder clear.er. 
The discharge from the secor.d separator is emitted directly to the at~o

sptere outs:de the bui:ding. !hese wastes, carried througt the separator, 
cons:sted mainly of fine particles of :eaf trash, dirt, sand and stems. 

The was~e discharge from the seven-cylir.der clea"-er is carried 
to cyclones. 1'hese wastes consist mainly of sand, trash, and dirt. 

The seed cotton then passes from the seven-cyli~der cleaner on . 
a bel~ distributor to the extractor-feeder and then to the hull~r front 
gin stand. The trash fror:i the gi~ stand (burs, sticks, stems, motes, and 
sand) is combined with the waste discharge from the stick and bur machine 
and blown to the dust house. 

From the gin stand the cotton is transferred first to a separator 
which removes fine leaf particles, motes, dust, and sticks, which are dis
charged directly to the atmosphere outside the building. 7he cotton next 
travels to the lint c1eaner, and then to the condenser which discharges 
sand and dirt to the dust house. From the condenser the cotton gees to 
the baler and out as a finished product. 

8.5.l Emissions 

Data on atmospheric emissions from cotton ginning operations are 
limited in scope. Reference 8 presents data from a study conducted at the 
Cotton Ginning Laboratory, Agricultural Research Service, U.S.D.A,, Stone
ville, Mississippi. This operation was considered to be representative of 
ginning operations in general, and the cotton harvested by both machine
and hand-picked methods and processed during testing was representative of 
the cotton from the test area.~ 
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The ginning operation ar.d subsequent incineration of the waste 
:ar. re2.ease pesticide residues, bacteria, benzene-solub::..e organic matter, 
ar.d arsenic comnounds to the atmosphere. ?aganin~ reported data on 
particulate matter collected upwind and downwind from cotton gins. 

to 100 
agar. 
19 to 

The bacteria and f1.Ulgi co·J.nts in samples taken upwind were 88 
and 33 to 70/m3 of air, respectively, wher. collected on nutrient 
The counts in samples taken downw:nd ranged from 172 to l,752 ~nd 

129/m3 of air, respectively. 

S::noke er:iitted from incineration of cotton gin ;,raste was found to 
contair. significant a.mounts of benzene-soluble organic n;.atter and arsenic, 
and to reduce visibility to such an extent at times in some locations that 
driving was hazardous on the highway. 

Emission rates from cotton ginning are summarized ir. Tab:e 8-2. 
?articulate en:.issions currently total 45,000 tons/year. 

8.5.2 Effluent Ctaracteristics 

Available data on the che~ical and physica: properties of efflu
e~ts from cotto~ gin..~ing operations are summarized in Table 8-3. The 
concentrations of arsenic, pesticides, and defoliant in effluents from 
various phases of the ginning operation ger.erally exceed many times t~e 
concentration found in ::J.atural a.n1oient air. 

e.5.3 Control Practices and EquiPl!lent 

'The ginning operatior.s e~ploy srr.al>diameter cyclones for removal 
of dust, trash, fibers, etc. The small-dia.:neter cyclone that cane into 
widespread use several years ago has proved effective. It creates more 
static pressure but its higher efficiency makes up for this increased cost 
of operation.l.Q/ 

It is standard practice to place all but one of the cyclones in 
a battery beside the gin building. They all discharge into a screw con
veyor that has a dust-tight cover. The conveyor in turn discharges trash 
through a conventional dropper into an air line that conveys it to a bur 
house or incinerator. The air from one cf the gin's fans, preferably the 
fan ha.~dling the lint cleaner's trash, is used for this purpose, because 
this fibrous material has a tendency to choke a conveyor. In some areas 
the dust coming from the exhaust of the cyclones may be objectionable and 
f'u.rther filtering may be necessary. This can probably best be accomplished 
using an in-line filter or other commercial type fil~er.1:2/ 
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A guide in select:ng the proper cyclone arr~~ge~ent and dimen
sions for normal gin plant installations is given in Reference 2. '7his guide 
also describes tte sizing of lint fly catchers and in-line air filters. The 
:::.n-line air filters have proven to be over 99% efficient in the collection 
of trash and fly (see Figure 8-3) . .!!/ 

Another source cf e~issions is tte incinerators at cotton gins 
wtict. have been in use for many years for the purpose of burning burs, 
sticks, stems, leaf trash, and motes • .!!/ 

I'he concentration of particulates which exit the cyclone collector 
on a seven-cylinder cleaner tas been found to be as low as 0.005 grains/scf 
fer a 34-in. dial!leter high-efficiency cyclone • .!,S/ 

8.5.3.l Control Equipment: TI::e net!'.ods available to the ginner 
for removal of particulate natter and lint fly from this discharge air are 
limited by economic and practical reasons to the following, listed in order 
of increasing capital investment.~ 

8.5.3.1.1 Grav:ty or settling chamber: Air is introduced into a 
large enclos'..ll'e to lose veloci~y and drop o-....t particles prior to discharge 
c~~ air. The condenser exha;.;.st "dog house" is an exa.n:.ple. Condenser exha-....s t 
air introduced into large chambers W:::.th screened sides has been observed 
to operate satisfactorily where l4 x 18 mesh screen wire was employed. It 
is not believed that settling chambers alone are feasible for use on air 
exhausts other than from the condensers because of the greater dust loads 
fron other gin ex!:austs.~ 

In some instances, use of settling to remove larger particles 
prior to passage of air through a cyclone collector unit will reduce the 
load on the cyclone and increase its collection efficiency. 

8.5.3.1.2 Cyclones: '.i:'he cyclone collector is widely used in 
cotton gin emissions. Its first cost compares favorably with other types of 
collectors. It is simple, n;gged, has a low operating cost, and requires 
little attention. T'ne cyclone will operate very well under surprisingly 
wide limits. However, careful sizing must be done to avoid excessive pres
sure drop and at the sa::ne ti!ne provide for the most efficient collection of 
dust and lint. 

'Ihe smaller the cyclone, the greater the efficiency; therefore, 
it is recom.~ended that multiple, parallel u..~its be used rather than one 
larger cyclone. Sizing of cyclones is described and illustrated in Ref
erences 11 and 13. 
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8.5.3.l.3 Scrubbers: The use of settling chambers with adequate 
water sprays or tanks has been observed to operate very well in some 
instances. However, care must be taken that water disposal does not become 
a problem.~ 

8.5.3.1.4 Lint fly catchers and filters: All of the lint fly 
units permit a build-~p of lint on the screen and this provides additional 
filtration. Each of these units must be of sufficient size and properly 
installed and maintained to prevent back pressure build-up on the system 
they serve. 

Cloth filters are efficient collection devices and various commer
cial units are available. The cost of proper installation of filter units 
is high becaase sufficient particle arrestment capacity must be provided to 
allow shutdown of portions of it at intervals for clea.~ing. 13/ 
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CHAP.l'ER 9 

moN AND STEEL INDUSTRY 

9.1 INTRODUCTION 

The manufacture of iron and steel involves many different pro
cesses until semifinished products are available for sale or further use. 
Some of the processes produce large quantities of particulates and gaseous 
emissions, while other processes a.re relatively free of air pollution prob
lems. The pyrometallu.rgical processes inherent in the iron and steel manu
facturing processes emit a very fir..e-siz.e particu2-ate material. 

The major sources of particulate air pollution are: sinteri~ 

plants, coke-oven plants, blast-furnace operations, steel-making furnaces 
(especially those using large a.mounts of oxygen for steel making), and 
materials-hand.ling operations. 

T:.~e manufacturing process, particulate emission SO".lrces, emission 
rates of individual sources, chemical and physical properties of the efflu
ents, control practices, and control equipment a.re discussed in the follow
ing sections. 

9. 2 IRON AND STEEL MA.lilUFACTURDm 

A composite flow diagra.ir. for al'- integrated iron and steel plant 
is shown in Figure 9-1. The diversity of the operations and the tcyTiad 
emission sources are apparent. A compilation of potential en:ission sources 
is presented in Tab:e 9-1. The numbering sequence corresponds to that 
shown in Figure 9-1. 

A detailed discussion of manufacturing processes has been pre
sented in a recent NAPC..A.. report and those .seeking more inforzr..a tion on the 
individual processes are referred to it.11 Emission rates from individual 
sources are discussed in the following sections. 

9 .3 EMISSION RATES FROM IRON AND STEEL MA..lWFAC'IURE 

9.3.1 Sinter ~bchines 

Sintering ma.chines generally accept ar.d process a wide variety 
cf feeds and produce.~ considerable quantity of emissions of variable 
quantity and nature.11 Emissions froo sinter plants vary widely in quantity 
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TABLE 9-1 

:roTENTIAL PARTICULATE :roLLUTAJ.1T EMISSION SOURCF.S IN 
IRON AND STEEL MANUFACTURII'U 

Source 

1. Ore crushing 
2. Materials handling and stockpiles 
3. Pelletizing dryer 
4. Sinter m.actine 

( e.) Windbox 
(b) Discharge end 

5. Sinter machine screen 
6. Sinter cooler 
7. Coke ovens 

(a) Charging 
(b) Coking (no by-product 

recovery) 
8. Coke quenching tower 
9. Coke by-product recovery 

10. Blast furnace 
(a) Charge 
(b) Heat 
( c) Tap 

Steel-Making .FUrnaces 

11. Open hearth 
12. Basic oxygen 
13. Electric-arc 

(a) Charge] 
{b) Heat 
(c) Tap 

Particulate emitted 
from each furnace 
durine; these stages 

14. Scarfing 
15. Pickling 
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Particulates 

Ore, coal and limestone dust 
Ore, coal and limestone dust 
Ore and coal dust 
Iron oxi.des, calcite, 

iron calcium silicates, and 
quartz 

Coal, smoke, and coke 

Hydrocarbon vapors and/or mists 
Iron oxides, coke, and limestone 

Kish 

Iron oxides, lime, kish, silica 

Iron oxide 
~so4 , HCl fumes, Water-oil mist 



and particle size and depend upon, among other things, raw mix composition, 
types of machines, and exhaust-fan characteristics. 

Sinter machine emission sources can be divided into two categorie. 
(a) windbox emissions, and (b) discharge-end emissions. Wind.box emission 
dusts are mainly generated early in the sintering process, and again later, 
when the flame front has reached the bottom of the bed. Emissions from the 
discharge end parallel those of the windbox on a basis of pounds emitted 
per ton of sinter. However, grain loadings a.re higher at the discharge end 

9.3.2 Coke Ovens 

Metallurgical coke is the major fuel and reducing agent used in 
the production of blast furnace hot metal, and will probably be the major 
fuel end reductant for many years in the future. Beehive coke is still 
made to a limited extent, but 99% of coke production utilizes the by-produc1 
coke oven. 

D.l.ring the manufacture of coke and during the processing of coke 
by-products, emissions are generated in several locations and operations: 
(1) coal handling; (2) oven charging; (3) oven operation, pushing and quencr 
ing; (4) coke handling; and (5) by-product processing. Most of the particu
lates escape du.ring the charging and discharging (i.e., pushing) operations. 
At the end of the coking cycle, the incandescent coke is transferred from 
the oven into a quenching car by a hydraulic ram. The quantity of smoke 
rising from the mass du.ring the period required to transport the coke to 
the quenching station is dependent upon the degree of coking. Incompletely 
carbonized coke gives rise to considerable qua.~tities of smoke; conversely, 
thoroughly carbonized coke gives rise to very little smoke.g/ 

9.3.3 Blast Furnace 

The blast furnace is one of the largest chemical reactors used 
by industry. It acts as a counter-current reactor in which solid materials 
descend by gravity from the top and react with ga~es generated near the 
bottom. 

Iron ore, fluxes, and coke are charged into the top of the furnace 
through a succession of two of three seals that serve to limit leakage of 
gas at this point. Preheated air (sometimes augmented with oil, gas, oxygen 
or steam) is forced through ports {tuyeres) arranged radially near the bottc 
of the furnace and just above the hearth. The incoming air and ad.mixed 
additives react between themselves and with the hot coke to generate a re
ducing gas rich in hydrogen and carbon monoxide, at a flame temperature of 
up to 3500°F. 'lhe hot reducing gases liberate some of their heat to melt 
the iron and slag, then continue upward to ca:rcy energy and chemical poten
tial to the unreduced ore in the upper part of the furnace. :r.blten iron 

116 



and slag drip C.own into t!:e hearth ar:.d are tapped inter.nittently ti:1rougl: 
specia2. ports.2./ 

Two emissions con:e f:rom the top of a blast furnace: top gas ar.d 
the dust which it entrair.s. The top gas is a r:iixture mainly of s:.e am, ni
":;rogen, carbon inonoxide, and carbon dioxide. Or. a dry basis, this gas may 
average 25 to 30 vol. % carbon :nonoxide. Emissicns to the atmosphere occur 
fro:n leakage around. ::::oppers and seals. Top gas may :..eak f?"om openings such 
as ports for rods used to deter:n:i.ne -::;e heigh"':. of tr.e cl:arge materials in
side the furnace. Dust entrained in ~he top gru:; is a result of the abrasion 
sustained. by the burden materials d~:~ng cha.rgin~ a.~d during the initial 
stages of passage d.own the blast furnace. It is possible to minimize 
particulate er.iissio:::i.s by choice of raw materials a.r:.d sour:d ope:rati:i& prac
tices, and thereby to reduce the load on the dust-cleaning system.Y 

9. 3. 4 Steel-l<akir.g Furna::.:e s 

9.3.4.1 Open-Ecart!: F"..irnaces: Particulate and gaseo:is emissio::i.s 
fro~ tl:e open-hearth process originate from (1) the physical actior: of 
":;he flan::.e or: t:':l.e charged. ma":;erials and the res·.lltine pickup of fines, 
(2) -::he chen:ical reactions i:::-, the bat:-:, (3) the agita"'.:.ion of the bath, 
a::.d (4) t~e combustion of ~ie:.1,3, 4 / The amount of dust generated during 
tl:e open-tear:h process varies according to the different stages of tl:.e 
process and accc:rding to operating practices. Oxyc;en l~.cing produces 
mere particulate emissions than open-hearth practic~ without lancing. 

A typical heat is co::iposcd of 60% hot metal and 40~ scrap, ar..d 
usual2.y proceeds as follows: -:he bottom of the furr.ace :.s first built up 
with dolomite and the burners are fired. ':he furnace is then charged with 
li~cstonc and. steel scrap. The ti:ne required for this charging and mclt
do~n of the scrap varies between 2 a.r.d 4 hr., depending upon the f'urnace 
size and the ratio of hot metal to scrap. ':ille hot metal is added when the 
scrap is partially melted. Decomposition of the li~estcne begins when the 
tem:peratu?"e of the bath increases. The release of carbon dioxide gas from 
the li:nestone increases ag:.tation in the bath. After the lime boil tru:; 
beer. completed and the lime solution is in the slag, the rate of decarbon
ization increases. When gaseous oxygen is used for decarbonization, the 
flow of oxygen is started after the addition of hot metal.g/ 

Fume generation from the open hearth occurs during the charging, 
me~ting, and ref:.ning phase. Emission rates vary considerably during the 
process cycle, and quite likely vary from cycle to cycle depending on the 
quality of the scrap charged into the fu:rnace. For the furnace utilizing 
oxygen-lanc:.ng (i.e., i:npinging strea:::i of high-velocity oxygen), Referer.ce 
5 eives a dust loading of 0.78 grain/scf at 60,000 scf~ gru=; flow at melt
down, 1.9 grair.s/scf at 64,000 scfm at hot metal addition, 2.70 grains/scf 
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"'t 66,000 scfu:. at the lir:ie boil, up to 5 grains/scf during oxygen la.'1cing 
a:::d 0.21 gra-:n/scf' at 64,000 scfm d.ur-:ng re:'ir:ing. 

9.3.4.2 Ba.sic Oxyger. F".rrr.aces: Basic oxyge.::i :'urr:aces (BOF) are 
becoming the principal method. of making steel in the u. s. Ir. basic oxyge-::. 
steel-ma~ing, the r.eed. for a lar£e-surface bath (such as is required in 
open-hearth steel-ma~ing) is overcome by forcing a jet of high-purity oxygc 
below the surface of the metal. The jet also provid.es v-:olent agitation, 
and therefore increases the area o~ the slag-~etal interface. The BO? proc 
i.s exothermic to the extent ttat up to 30% (or more) of steel scrap can be 
nelted, using as fuel only the carbon and other metalloids dissolved in thE 
t:letal. No cor.ventional fuel is added. In terms of emissions, the sulfur 
dioxide and i.;.r:burned hydrocarbons associated with open hearths are nor.
~xistent with BOF furnaces.!/ 

In the initial stage of basic oxygen steel-Daking, the charging 
of carbon-saturated hot r.tetal upon co~d scrap results in a release' of kist 
as the molten iron is rapidly cooled. Only a part of this kish is con
taineQ by the furr.ace vessel. '.:'he initiation of oxygen blowing is marked 
brje:ly by a heavy dark-brown smoke (caused by the direct burning of iron). 
':'11is sCToke persists u.-itil the n:ctallo:.ds begir. to oXiQiZe and refining 
begins. 

As nost of the ~etalloiis become ox:.dized, the oxidation of ca.rbc 
increases to cons".lL'.lc tte rest of the oxygen blown, and the volume of gas 
2.eaving the :Urnace·-:nouth increases noticeably. kr. excess of air often is 
per~itted to nix with the exhaust gases as they pass into the fume-exhaust 
system. Tnc use of excess air is a safety precaution to prevent the exist
ence of a high carbon monoxide content i~ the flue system, and eliminate a 
possible explosion hazard. 

During tte oxidation of carbon, the fu~ing a?pears to be limited 
t.o iro'.:1 d::.st either fror:: iron vaporized froa:. the bath or as iron droplets 
ejected by the carbon monoxide rising from the molten bath. Factors that 
dcter::nine the amount of f\J.~s generated during the blowing process include 
the type of oxygen lance '.lscd, the velocity of the oxygen, the carbon con
tent of the iron, and the temperature of the iron.1/ 

9.3.4.3 ~lectric-Arc Furnaces: Emissions generated during electri 
furnace steel-ma.king originate from the physical nature of scrap used, scr< 
cleanliness, the nature of the melting operation, and oxygen lancing. Fumt 
and particulate a.re emitted from the furnace during the charging and refin: 
operations. During the ~barging period, the top of the furnace is opened 
to charge cold meta:. E>..-posure of the cold charge to high temperatures wit 
the furnace results in the generation of large quantities of fume. Fume 
emissions can be affected by the seqt1ence of charge additions to the furnac 
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The method of refining also has a pronounced effect on fume emis
sion. An oxygen lance leads to higter fume release rates because of the 
breaking of the slag film and because of the high temperatures reached dur
ing the ~ancing stage. 

The nature of the material charged also has a marked influence on 
emission rates. Thin steel scrap will oxidize easily, and result in heavy 
fuming and a high metal loss during melting in electric-arc furnaces. Dirty 
scrap is a major source of emissions. Electric furnaces melting dirty scrap 
can generate as much dust as an electric furnace with oxygen lancing.1/ 

9.3.5 Scarfing Operations 

Before steel can be rolled, surface defects in the bloom, ingot, 
and billets ~ust be removed. The scarfing operation re~oves these defects. 
Jets of oxygen a.re directed at the surface of the stee:, which is maintained 
at high temperature, causing localized melting and subsequent oxidation of 
the steel. 

9.3.6 Swr.::nary of E~ission Rates Fro~ Iron and Steel Manufacture 

Table 9-2 summarizes the emission rates from the various operations 
that comprise the manufacturing cycle for iron and steel. Particulate emis
sions currently total about l.~ x 106 tons/year. Furnace operations, sinter 
machines, coke manufacture, and material handling operations are the dominant 
sources of particulate emissions. Emissions from the material handling oper
ations were calculated using engineering estimates of average efficiency of 
::::ontrol devices and degree of application of control. 

9 .4 CFARACTERISTICS OF Ef-'.:I:SSIONS F30M IRON AND STEEL MA:tf'JFACT'JRE 

Table 9-3 presents a summary of the chemical and physical properties 
cf the effluents from the various processes involved in vhe manufacture of 
iron and steel. The nature of the emissions is highly variable. ':'he pyro
metallurgical steps present distinct control problems because of the genera
tion of very fine particulate matter. Emissions from open-hearth, basic
oxygen, and electric-arc furnaces may consist entirely of submicron metallic 
f'uI:les and particulates. 

The variation in resistivity of open-hearth furnace fumes shown 
in Figures 9-2 to 9-5 gives an indication of the data spread for this type 
of data. 'i'his variation is to be expected because of the different com
positions of the heats, especially varying concentrations of limestone. 
T:lerefore, wherever the resistivity exceeds a value of about 2 x 1010 oh!ll-cm, 
in-situ measurements should be made. 

Data on particle shapes, which could not be readily presented in 
tabular form are detailed in the following :paragraphs. 
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I. 

111. 

,... !..oaJ.~;i;;-Un.::.oad.>ng, ~'rei;;t.t 

Ca:-s, Bc.1·ges, Ore Boats 
ere a.~l ore fi:\es 
c:..a:; (bento:li te) 

5. 
Coa: 

5. Scrap ~etal 
3. \;on·:-e~,rors 

~. Transfer p~:.~ts 
c. J:sc:iarge to bir.s 

£t.:>ck;: .:..::..~s 
·C. i:::e·,·ato:rs 

,... 
B. 
c. 

2. 
Boe.ts 
Eeai.s 

Jrat~ Feeder 
::-:.r'!:r 
K:..:..~ 

A. 3intering Process 
B. Cr~s~~:ig, $creenir.g, 

Coc:.ing 

v. C~ke Ma.~~fact~re 

;... evens 
3e~hi ,.e 

a.. Charging 
b. Cokir.g 
c. Pus!ling 

2. By•?rod.;ict 

a. Ct-.r.rg~'lg 

b. Cokir.g 
c. Pl:.s!'.ling 

3. ~encl:ir-i :ower 
c. Grind.er 

S:::een 
By-Prcd.1.i.Ct Recovery ?:ar.t 

PARTI:m.ATE ooss:::ONS 
:rno11 np S:EEL mt."STR'i 

~antity of Material 

E2,COO,OCC tonr. of 

iror. ore 

13.1.,00~,COC• tens 
o:"" stee: 

50,0.JO,OOJ to::s 
o! pelle~s 

;..;,) ,~~C,C.:Y.J ten:. ')f 

s:.nt!!' 

i75, :oc -:.ons of 
coke - l,3CO,OOO 
t~ns c."! co3.l 

~:7CO,OOC ~~~s of 
coke • 90,00C,OOO 
tens of ccal 

E:r-.issicn Factcr 

2 lb/tor. a:' ore 

:o :.;,/toll ct: steBl 

2C :o/tcn s:!.r.ter 
2Z'. :b/tcn sir.ter 

XO lb/ton cf coa.:. 

0.08 lt/':.on of cca.I. 
2 lb/ton of ~oal 

o.ca :b/tc:i :if "oa1!1 
0. 38 lb/ton of coa.J!Y 
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!:ff!.c!.· 
en~.v of 
Cc~-:rol 

_c_c __ 

o.o 

O.i>C 

0.30 
0.90 

0.00 

o.co 

Ai:;pl'ca-
":.ior. of 
Cc:i':.rol 

C-
~ 

C.0 

o.~s 

l.') 

l. '.) 

o.co 

o.co 

itet 
Co~iorol 

Cc·C~ 

~.c 

~.3!:: 

C.9~ 

C,90 

0.00 

0.00 

E'!"l is~ .. 

(tor.!~/:; 

82. ~{; 

H6,0C 

ao,or 

51,0( 

5G,OC 

13'J,0( 

9C,OC 

4,C:-
11,:c 



TAE::.£ 9-2 (Ccc.c::..~c.ed) 

E!'fic i- App::.ica-
er.cy of tic.In Of Net 
Contra:!. Control Control Emiss~or.s 

So11rce ~o.r.tity of !1.ater;a1 Emissi:m Factor _c_c __ c Cc•Ct ( tons/yce.r) 

VI. Ka,,;t F'.irnaces ss,soc,oo tono of 
pig ~ron 

A. Charge 
B. !!eat 
c. Tap 

130 lb/tc:t of p:g iron 0.99 :.oc 0.99 58,COO 

VII. 3teel F'.:.rnaces 
A. O;.ier. Heart~ ~.sco,ooc ":.;:ins of 

;teel 
1. No oxyg,.n lane tr.g 

a. Charge 
b. liee.t 

-· Tap 
e ::..b/ton cf steel 

2. Oxygen lancir.g 
a. Charge 
'b. lkat 
c. Te.p 

.?l lt/to!'l of S'":.P.C:_ 

Avero.p,o :-or open hcar7.f. 17 lt/ton :>f s:.e~1l/ C.9 7 0.41 o.~o 3:37 ,coo 
B. Bas'.c :)l(y g~n (BOF) 48,COC,OCO tor.s cf 

otecl 
Ct'-'!"ge 

2. !le'!-: 
3. Ta;:> 

4C lb/tor. o!' steel C.99 1.00 0.99 10,COO 
c. Ele:":ric Ar~ is,aoc,c:io tons of 

steel 
Charge 

2. Eeat 
3. :•ap 

::.o lb/ton o!' steel C.99 C.79 o. 78 ::..s,ooc 

VIII· Sce.rf'ing 131,C00,000 tons cf 3 lb/':;on sce.rfcd 0.90 0.75 0.69 63,000 
steel 

IX. Picl-.Lng 

Total for Iron a."ld Steel 
In:l·1strial .;o\.U"ce. 

1,442,0:::0 

Eol~sion factcr is assumed to be an averB"P fer the tr.tal ,, - h~at cycle. 
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A. Partie'Jl&~ (Part I) 

?ert~c:e Electrical Mcist'-l?'t 
Particle S!ze S.~11<1a :.O~ir.g Che:i:ieal C0199sit!on Oer.s!ty Pro"Oert!es ~ Tox!eit· 

Iron An<! Steel 
a, $1 r.~r Plar.t 

(l) ilindbox J..5-45 < 40 
9.30 < 20 
4-19 < 10 
1-:o < s 

A~so lff 
Fig-.ll'e 9-2 

(2) D!scharse er.<! ac < 100, 

b, C;,l<e OVen 
( :.) ~ench t.O>ier 

(:>) Oven ch&:'gil14! 

c. Blast F'.U-:ll!.Ce 

d, D;>er.-1'.earth furnsee 
(:I» oxygen lar.oe) 
•( l) Charge ~o l:ot 

*(~} Hot ~tel to 
li:oe IQ 

:,12 up to tRk" 
Tap to cl:arge 

10 < lO 
(cne sa:iple) 

95-n > 47 

:!ighly Vl:'iable 
15-9~ < H 

•(3) 
•(4) 

-(s) Co:pos1 t.e for SO < 5 
he at Elect:-or. 

m!eroseope 
o .01-0.s 

Mu • .., count 
siZ<>: 0,03; 

Mau mediar.: 
0.65 

• Data :rem one plant only. 
** Data frcm sever&: plants. 

C.2•3.2 

1-5 

c.cs-0.1 

' 'C ··-
4.3c 
7-:.c (•vs.) 

o.ss 

o.e: 

O.lA 
0.1: 
O.l-3.S (de· 

pendent upon 
stage of 
heat) a.vg, 
for heat, 
0.4 

Fe2o
3

: 45-SC 

Si<>,:: 3-J..5 
CaO: 7-25 
11€(): 1-10 
~o3 : 2-e 
Ci 0.5-5 
s: 0·2 .s 
Alkali: 0-2 
fl-.oride• 

cou be.l:.s, :cal 
dust, .FYTO::..Ytic 
oarbon 
Coal dust 

Fe: 36-SC 
FeO: :..2-4 7 
Si<l:?: 8· :50 
;.;203: 2-15 
MgC: 0.2-5 
c: 3.5-:.S 
Cl!C: :5,9-2S 
H:i: C.5-l.:J 
P: 0,0!-0,2 
S: 0,2-0.4 

Fe203 : 95-90 5 .c 
Sm.all amow: ts of other 
meta.::.l!c oxides re· 
fleeting ch8"ge co,,,_ 
poaition 

Si::l2 : 0,9-1.6 
~03: 0.5-0,7 
cao: o.es-i.o 
MnO: 0.6 
P2'Js' 0.5•l.:? 
S: 0.4-1.0 
Leu oc ignitioc: 1.1 
Fbor'.du 

See 
Fig'.ll'OS 

9-.3, ~-4 and 9.5 

for detai:ed 
data 

See 
T._tle 9-4 

Eee 
F!.g-..ires 
9·6 - 9.:0 
fa:' dcte:.led 
d&'UL 

+ See Cod!r.g Key, :'able s-:, Chapter 5, pa.ge 45, tor un1t4 tor !.r.d1vidual effluent properties. 
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TABLE 9-3 ~ Cont.ir.:ieC) 

A. Particulate (Part I) ( Contlm:cd) 

Par tide Size 

d. ~n-Hearth f\orr.ace 

e. 

( ~·gen :ance ) '. Cone luded) 
***(l) Charge to 

t.ot metal 
!lot metal to 

lime up 
Lime u:;i to 
~llp 

Tap to charge 
CoJlll'OS1te for 
teat 

Vari al: le, de· 
per.dent on 
stage of' heat 

a, Lire boil 
45 < 2 
75 < s, 
92 < lC 

1" C=pos i te 
2~ < 2 
45 < 5 
69 < 10 

,.ether co~t: 
~ lCO < 0.1 

C.25-0.7!1 

o.e-2. 1 

C.21-0.87 
c.2-1.0 
(~:;>er.:l.ent 
on sta,ge 
of hea-:.) 

klg. !or 
her.: l,5 

BP.3!C Oxygl!!':--. ?'.!!"~e.ce 

( l ) Cc"IJ'OS itc for 
hce.t 

SS-95 < 1 2-1:> 

f. 

{2) :r~.sfer nf 
hct ~etal fr:::n: 
bottle ~ar to 
chargir.g leCC.e 
(!C3H} 

:t:.:ectri.c•J\l'::; furr:ace 
( l) !lo ox:;gcn le.nee 

( :omi:o' i te for 
t.~et) 

*** Data troa. tr.re~ plar:ts, 

E:.e:trc:l 
m!crograp~: 

COU..'1:: r.iediar: 

diameter C .Cl2 
?l.F-...S3 media.'\ 
diameter, 0 .09~ 
Q!emet.ri~ t!I!!'\"! e:~ 

:icr., 2.3 
33 > 149 
5~ > 74 
64 > :c 
97 > l 

H!gl:ly ve.ria.b:e, 0.J-:>.2 
but generall,.v 
6C < 5 
l!AHC:l sr.!L.ysis 
se < s, 64 < lJ, 
3S < 20, 99 < 40 
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Cbe:nical t:O!!ll'osi tion 

Fe2o3 : 80·90 
FeO: 0.3•3.2 
Si~: 0,4-2.0 
IS:0:3: c .2-0. 7 
:ao: c.s-:.9 
~O: C.3•1,0 
P20s: 0 .5-l.5 
~0: 0.4-~.l 

S: C.4.•:3.J 

'lY!:tca:. oomro•i tior. 
Fe203: 9C 
FeC: l.S 
Mo: C.4-1.5 

s;c~:. l.3:2 .o 
A:!..2 ..... 3· C"': 
CaC: 3-5 
11!;0: 0.6-l.l 

f':?Os, C, S~O;? 

Fe2·':'!, CaG, ~o, 
~ 

Variable, dependent 
on nature ct' charge 
Fe2C!: :9 ... 4~ 
FeO: 4-10 

Cr20!: o ... :.2 
SiO-z: 2-9 
A:.:>O~: l·l3 
coo:~ 5-22 
MgO: 2·::.S 
rltlO: 3·:.2 
ZnO: C-4-4 
CUO: O·l 
N10: 0·3 
PbO: 0-4 
C: 2-~ 

.AlkL.ies: l·ll 
S: 0-1 
P: J-l 

Parti:le Elc:~r!:el 

:ier.si ti:: Proper:ies 

5.C-5.2 

3.44 

3.8-3.9 

Sea 
Figures 
9-6 - 9-10 

for de:e~let! 
dll'te. 

Soe 
:·:..g-.ll"es 
9.9, 9-10 
a..~d 9-ll 
for deta ~leC 
dote 

Apperor.t re
s!stivity 
6 x 105 -
6.6 x l0~3 
ohn:-om (de· 
pendent or. 
che:iic 11 com• 
posi :ion) 
.A:..so see 
Figure 9-9 

Mois :Ure 
~ :~xic!7 



A. Part:.culate (Par: !) (Concl:.lded) 

Par ti :le Ele.:'t:-1cal P-'.o:.s ture 
Socrcc p.,-:!cle s:ze Sclids We.dins Chc!r.icL Comfosit!or. ~r.s1 ty Properties Cc:iter.t ·:cxici ~;,: 

f, Elec:ric-Arc Fllrr.ace (Ccnclutled) 
(2) J)o/gen lance 

(co:;:osi~ 
for l>ee.t) 

g. ¥..!.s:el:aneous 
(" 1 S~or!ir.g meehine 

:-10 

0.4-4.4 
Co.me.only usr:d 
va..l.ues o .4·0 .s 

Si:nilar to no C,, 
lance compos!. t:!.cn 

3.S-4.C 

~· Figure 9-9 

l'.ygroscopic F:e::zr.ati:l •y er 

a. ~:r.ter p ... a..'\~ 

d. 3asio-cr._rger. 
f:.i:rr.s:e 

e. £...;.1-:ctri.:>•arc 
!\:.!"r.a:::.'e 

:ron ar.,l Steel 
A. S'!.r.te:- ;:la.r.t 

( l) liindoex 

Sc:abll.!.qr \\cttabi:.it.y Che.rec~rist.i~t; &xt:osh'l! Lim~ts lfor.d.:ins Chilr!lcte.:-ist::.:.:~ 

CaO • s. 820 
CaO, Si('"'G:, 

Fe~:.'.;, 

Al2.:·3 • s. 
:c;t. :!Cl 

Cl!O - s. l'.2o 
Ca:, SiC;::, 

:-;2 c~. - s . 
.- ~ :tCl 

Fc 2r·3 - "· Dif:'ic·;:t :0 
:c~ ;JC! wet 

F~::>:::·.o1 - s. r:.r!~e·J:t -:.~ 

:c·j HCl wet 

Fl:.w R•te 

(.) !0-45C 
(:, l Hs-230 

tif!ic'..:.: t ~o 

wet 

fu1star~ 

~-:o 
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Che?:iieal 

rlarC,ness: 3 ... 5 mohs. 
A'brA..£1vP 

f..'brasi ite, !'~uid ~0:1£?s~ve, 

wi:i arct. •mi b:':d,oe 

A~rusive, t:1r,r. &:".p,:c cf 
repcse (_ 9G d.~grees), 

c.:oheslv!? ar.1 ,,..!.U 1'-r!1ir~ 

&..""";d. arcr. 

/.:.-:-s.s",.·:.;, l:'!.g!: ar.g:e c:~ 

rc.poi;e (- 90 dC"g?"P.PS), 

c.:ohes .. ::.-e ar.:! w:ll c:-:Jt;e 
&."li sr =~ 

Abrasive, !'.iuid.·:or.esive, 
high ungl~ o"!' r~po~P., 

w1:1 tr:d.!;e ind arot. 

Cot:pos!.~ior. Toxicity Conosivity ~ 

°'<?: 
C°'<!: 
co: 

:c-20 
4-:o 

0-6 
sc.c: 0-0.4 

x": 64-8€ 
F:.nor1:1~s 

so..: - 5 
irr!.t.ar.t 

CC • lC:O 

:::rt1:a: 
Prq>e~~,,~ 

F:...,,•bl:ity 
er ZXp:csive 

L1.m!~s 



TAllLE i-3 (Continued) 

B. Carrier Gas (::On!im.;.ed) 

So'.1.r=e Flow A&te Tec:perature 

a. Sir.ter pl lilt ( :Cncluded) 
(2) Dis:barge end ( e) C.C3-0.<: lOC-300 

b. Coke !M!n 
(:) Q.iencb tover 

( :2) oven :l:a:rg:.ng 

c. Slast F\:rnfK'e 

d. ~n-Heartl: .furnace 
~No oxyg• n le."lc• ) 

Of the or:ler l'°-lSO 
90C M ft3 per 
Cf..lencb 
Of the order 
2.1 M ft3 per 
charge 

(a) 40-140 
(b) 60-15!! 

:i.90 at 
throat 
3000 1c 
furnace 

•(:) Ct.urge- to :•J 63.5 
not DM!':.al 

*(2) :lot me~al (a: 75.2 
l!.me '.lP 

*{:-.) L!.., '.lF to (e) 70.7 
tap 

*(4) Tei: to (a) 47,6 
charge 

Moisture 
Content 

9.S Dev 
pol.nt, 95-l22 

17 .2 

:A.5 

**( 5 J Coinpos i te 
for nea~ 

(a) 25-lX 460-l.J!CO 7-l5 
(depending 
on 'Jt1liza-
t1o:l of vaate 
heat boiler J 
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Ol•ioica:;, 
Compcs!tioo ::cxicity ::Orroaivity Cl<!cr 

Stea, air 

CC2 - ~.~ 

02 - C.B 
N2 - 8.l 
co - 6.3 
H2 - 46.~ 
~ - 32.: 
c.,r"' - 3.5 
Cslls - C.S 

co: 
avg. 
co,: 

21-42 
26 

7-l.9 

CO - lOC 
so2 - s 
!rr1tan9; 

evg. :s 
He: :.7-5.7 
avg. 3.l 
Cl'..i: C.2-3 
N2 : SC-€0 
Ira.:es: s, 
li.?S, S();:, ;;t.;: 

C~: 8-9 S();? - 5, 
°'2: 8-9 i:"ri ta."\t 

II..?' bS.:anc~ H!' -
se::: 2-5 pp:n 
S03: 100-200 

ppc 
:f°x : SOO-BOO 

WC: 
Fluorides mq 
by •ci ttd du• 
to t:.uxing 114!"nt 
er t"..uoride con
tent or ore 
(0-SOC flllC!) 

:"> 

l':lten~ially 

eorrosive 
:rue t.o S°'.z, 
S03 

Flam:ubi:i ty 
er t:xp:.osive 

L"in! ts 

E><p:cs1V'.! due 
bCOendli;> 
cor.tent 



TABLE 9-3 {Concluded) 

3. ·~arr ier Gas ( cor.c ~1"1ed) 

Mo!stur'! 
Cor.te:i": O!' 

Cor.dens able Chcmoc •l 
.SC:irce Flo" F.a~e Te?t.perat".1.!"e Vapors Co::ipos1tior. Toxioity ccrros1v1ty ~ 

C~:en- P.e art?': ~r?'l&C!' 

( c~r.:~u:ied ~ 
: OXyger. :ance) 
*4( :) CCl!l\pcSi t• 

for r.oet 

e. Basic Qxygen F\.:n\ace 

(.) 45-200 40C-20:lC> 
( Jepeadine 
on :.1t1:tze-

varh~s d:Jr• 
1"8 c;rcle 
13-19 

tic:i of waste avg. lS 
h•at boiler) 

(1) COlllj)osite for (a) 35-250 .SSC-30:>0 
he a~ ( de;mul.ng 

::ler"tric-Arc 
F'-1.rna.oc (in
:l::.:ies Oath 
•ir.lo.r.:i?~ and 
lanced furnaces) 

g. K:.scellaneous 
( l) S: lll"fing 

m~r .. 1:ie 

o~ utiliza
aon of waste 
heat boiler) 

( •) :c-1oc 215-30'.>G 
(~per.ien~ 
en \:.Se cf 
cooling 
techni:i_ues) 

( e) 2~-150 

C.C4S :t/lb 
dry g!IS 
( l sa:nple) 
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Similar to 
r.o o2 lance 
cocpost tior. 

Before com
bus'tion vi ";h 
a.cpirated 
air: 
a. BOF 

ClJ:?: 5-:6 
CO: 74-91 
~: 3-8 

so.:. - 5, 
irritant 
HF - 3 

b. Kaldc Proce"' 
:xi.;,: 1:>.s 
CO: 2:i 7 

11:?= 4,4 
After ccmbus
tbr. witr. 
a.spinted 
air: 
a. BOF 

co2 : C.7-
13.5 

:o: 0-0 .3 
ri.,,: 74.5-

7€.9 
~: ba.l.ance 

~·~6inly :-o2 , ZO, 

=>2• and N2 
~csit:.on var
ies with opere
t!.r,g pract!.e:e. 
Fer '):> la.'1ce 
.oompcs1 t!.on 
var:'..cs w! t.h time. 
:'y;,~c al 
vu:-ietion: 
co: e-ss 
cs: .5-15 
!1:?: 5-BS 

Pcter.t1ally 
:orrosi\"e 
due to ~' 
sc-5 

FlBD'l!D..::· 

or Ex~ 

~ 

:t:.ghly 
mab1.e : 
to cc:r.:. 
tion w: 
asp!ra·. 
Bir 

F:~al; 

dJ.e to 
cor.te:-.~ 
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Parameter @ ® 
Feed Anal~~!! 

1. Iron Fines from 90% 64% .... 
Various Sources 

2. Fluxing Material 9% 35% 
3. Coke Fines 1% 1% 

Gos Analysis .. 1. Sulfur Oxides 300 PPM 30 PPM 
2. Moisture 15% ?0% 
3. T emperotu re 250 F 200 F 

Dust Anol~sis 
1. Resistivity 

1.5 x 109 - @225 F & 6% 5 x 1013 

Moisture 
2. Particle Size 60 % - 10 ft 45 % - lOJ.L 

- @ 
--....;;;;:_ 

6 % Moisture 
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~BB 9-4 

IRON SINTER DU'ST RESIS'I'IVTI'Y* 
( ohr.J-c::r.) 

%H20 150°F 200°F 250°F 

l.4 2 x 1010 3 x 1010 1.6 x 1012 

3.0 1 x 1011 6.5 x 1011 1.6 x 1012 

9.0 9 x 101° l.6x 1012 

* Disc~.arge e::id. 

9.4.l Particle Shape 

9.4.l.l s:nter Plant: Sinter dust :nay cor:tab. particles of iron 
oxides, calcite, iror:-c<i.lcLirr. silicates, a::id q'..lartz. Iron oxide ca::i be 
opaque, black, rounded ?articles of rragr..etite (Fe30~) with grar.ular faces, 
and/or dense, rounded, elongated, a.r.d nearly spt.erical a.gglorr.erates of 
tc:natite (Fe203). Calci~e occurs as smoott, rounded particles, and quartz 
a.s a trans:pare::it, rounded particle. Tne iron-calciu.'T. silicates are trans
parent, vitreous, colorless to yellow to green. Particles are irregularly 
rou.r-ded with smoot~ surfaces.!z..§J 

9.4.1.2 Coke Ovens: Emissions from coke plants can be identi
fiei!i2/ as follows: 

9.4.1.2.1 Coal dust: Bituminous, or soft coal, is translucent 
in thin areas: it is reddish-brown by transmitted light, and brownish
black with dull to moderately high reflectivity in reflected light. The 
surfaces are slightly rough with occasional indications of the original 
fibrous structure. These irregular chips have sharp edges, and in places 
show conchoidal surface fractures . .§/ 

9.4.1.2.2 Coke balls: Oval in shape with an unusual network-
like internal structure. It has been suggested that coke balls are pro
duced during the thermal-drying stages of coal processing. Similar condi
tions occur during charging or by-product coke ovens, where some coal fines 
are carried through the hot zone and out adjaceut, open charging holes.l/ 
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9.4.1.2.3 Char: Partially devolatilized coal particles exhibit 
optical p~operties between those of coal and coke. The partial devolatili
zation of coal particles suggests that they have not been subjected to tem
peratures high eno~gh or for periods long cnoug.~ to col!ll;llete the coking 
process.]../ · 

9.4.1.2.4 Pyrolytic carbon: A tarry residue comes from the 
volatile organic portion of coal. Two forms of pyrolytic carbon have been 
identified. The first is an aggregate of minute oval grains; each grain 
is relatively uniform in size, extremely SllX)Oth in appearance, and exhibits 
extreme anisotropy in polarized light. The second normally occurs as a 
crenulated band of varying width and length, is smooth in appear~ce .• and 
is strongly anisotropic in polarized light. The size of these materials is 
extremely variable.J...7 

9.4.1.2.5 Bl-product coke: The optical characteristics of par
ticles o~ by-product coke are controlled by the rank (reflectance) of the 
coal •1hicl:: is carbonized. Because coals of different rank are usually 
blended to make an optimum mix, particles of coke produced from these mixes 
J::ave co:nplex and highly variable optical properties. Particulates of coke 
made from high-vola':.ile and medium-volatile coals may be granular in ap
pearance, have thick :oke walls, and have fow internal pores. Particulates 
from coke made with low-volatile coals have distinctive ribbon-17~~e tex
tures, thin coke walls, and comparatively large :'..nterna: pores .l 

9.4.1.3 B2..ast F'.lI'nace: Particulate emissions generated in the 
mak:.ng of iron in the blast f'~nace and in i:':.s imm:;diate alL"'<i.lie.ries have 
the following c::i.a.racteristics:l} 

9 .4 .1.3 .1 Iron-ore dust: .Parti·:les a:e rounded to elongated in 
shape and can be as small as 2 µ.. La'.!:"ger particles arc opaque and rcd
oran~e in top light. Individ~al small grains are transparent and blood
red.~/ 

9.4.1.3.2 Coke dust: 
quite porous and rough with some 
black in reflected lig.~t.§./ 

Particles are opaque, irregularly shaped, 
straight, sharp edges. They are gray-

9.4.1.3.3 Limestone dust: Calcite. It is colorless, with 
light-transmitting characteristics varying from transparent to translucent. 
Particles general~y occ'.lI' as rhombohedra because of their nerfect rhombo
hedral cleavage. Fragments may also occur as prisms.§./ • 

9.4.1.3.4 Flue dust: Blast f'urnace flue dust typically contains 
15% metallic iron, 4~ red iron oxide, 40% magnetic iron oxide, a.nd si 
limestor.e,£/ but many variations exist: 
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a. Iron--fragments are opaque, black, and sharp, magnetic 
with finely grani.:.::..ar su:rfaces.§./ 

b. Red iron oxide--particles are traiparent, rounded 
grains, usually less than 2 µ. in maximum dimension..£ 

c. Magnetic :.ron oxide--pa..~icles are opaque, black, rough 
fragments, partially or completely covered with red iron oxide.§./ 

d. Limestone dust--particles are transparent, colorless 
rhombohedra, and ro·i.lD.ded; many may also be covered ~ith red iron oxide.§./ 

9 .4 .1.3 .5 Kish: Carbon in the fo!'Ill of flaky ~aphite that is 
rejected by the molten i!'on as_ it cools during flow from the blast furnace 
to lad::.es. Other types of particles may be entrained with thls kis!l. The 
graphite particles are o~aq~e, bl.a.ck, sharply ang;llar flakes with smooth 
surfaces. Some are in layered agglomerates, occasionally showing rounded 
120-degree angles, and even forming roWlded hexagonal tablets. Other 
particles accompanying the kish may consist of opaq~e, black, rather coarse 
fragments of magnetic iron oxide, and transparent, deep-red, rotmded par
ticles of ~ematite. Traces o~ ~uartz 
the kish .!2/ Gr a.phi te typically makes 
the magnetic oxide at 5% and hematite 

and ca.:cite may also be found with 
~P about 9(}f, of the emission, with 
at 5'f,. 

9.4.l.4 Qpen-tearth Furr.ace: O:pen-hearth furnaces generate four 
major types of partic~ate emissions • .f/ 

9 .4 .1.4 .1 Open-hee=t:n dust: Chargiri.g :per:.od. Two components 
appear in the dust generated dur:.ng charging of the ft:rnace. One is a mag
netic iron oxide of black, opaque spheres, and elongated, rough pa.rtic:es 
w:.th sharp jagged edges, all generally coated with red iron oxide. 'Yne 
second component comprises transparent, ro-:.mded particles of red iron oxide, 
usually less than 2 µ in dimension. They occi..:r free or in simple agglome
rates.§/ 

9.4.1.4.2 Qpen-hee.rth dust: Eot metal to lime-up. Three com
ponents make up the dt<..$t from this period of open-hearth operation. (a) 
Loose agglo:nerates of t~y transparent grains are usually less than l µ in 
dimension. It is a hydrated iron oxide such as HFeo2 • Individual grains 
and agglomerates are yellow under top light. (b) Tiny, rounded, trans
parent, red grains of iron oxide are usually less than 1 µ in dimension. 
(c) Opaque, black spheres and rounded particles of magnetic iron oxide. 
Some parti::!::!..es are covered with hydrated iron oxide and/ or the red iron 
oxide.§_/ 
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9.4.1.4.3 Ooen-hearth dust: Tap to charge. This is the same as 
I~em 1 with the addition of b:ack, opaque, frothy, rounded particles of 
coke.§/ 

9.4.1.4.4 Particulates in combustion p:::-oduct: Abo:it 85'/o of the 
material is transparent, deep red, rou..~ded grains of iron oxide, usually 
less than l µ. in dimension. The remaining 15% is black, opaque spr.eres 
3 to 5 µ. in dimension, of magnetic iron oxide. The smaller grains are 
orange in top light and tend to form simple agglomerates or loose lumps. 

All lime dust does not occur as a visually a.ppa:-ent particul.ate; 
it is present in open-hearth dust in ve~ smal:!. quantities as shown by 
chemi:::a:!. a..~alysis. Stlfur in the form of stlphates also occurs in open
hea:::-th dust, but information in visual c..~aracteristics is not available in 
the published literature. 

9.4.l.5 Basic Oxygen F'..:.rnace: The major particulate emissions 
from basic oxygen f"..:rnaces are: 

9.4.1.5.: Kish: Carbon in the form of graphite is rejected by 
the molten iron as it cools ·during charging into a BOF steel-making vessel. 
':'he graphite particles are opaqae, black, sharply angcl.ar flakes with 
smooth s·J.:-faces. Some are in layered agglomerates, occasionally shcW:::.ng 
rounded 120-degree angles, and even forming rounded hexagonal tablets. 
Other particles may consist of opaq~e, black, rather coa=se frag:nents of 
magnetic iror- oxide and transparent, deep red, rounded pa=ticles qf hema
tite. Traces of quartz and calcite may also be found with kish.£1 

9.4.1.5.2 Si:ica ~e: Approximately 50 to almost 100'/o silica 
material often contains small quantities of iron, manganese, magnesii.;,m e.nd 
carbon. Cclor of the collected material ~s grey to off-white. 

9.4.1.5.3 Basic oxygen process dust: Tiny (1 µ. in dimension), 
rounded, transparent particles of red iron oxide tend to agglomerate. 
Shiny black spheres of magnetite are covered with red iron oxide. 

9.4.1.6 Electric-Arc Furnace: Emissions from electric-arc 
f::.rnaces incl~de: 

9.4.1.6.l Electric-furnace dust: Opaque, rounded grains are 
peach to redd~sh in color in top light. Small agglomerates are present, 
but a.re not common • .§/ . 
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The chemical compositior. of electric-f'urnace dusts will be in
fluenced by the composition of the steel being melted. Because of this, 
optical characteristics of the dust may also vary because of the different 
alloying-element oxides that may be present. Because electric f'trrnaces 
are ~sed for melting a wide range of alloy and stainless steels, the chemi
cal co::nposition of a."1.y particulate dust will reflect the composi tior: of 
the alloy melted.JJ 

9.4.1.6.2 Dust from scrap preheaters: Information on the physi
cal and optical characteristics of dust generated during tte preheating of 
scrap is not available. However, it can be assu:r.ed that the composition of 
the dust will be influenced mostly by the cleanliness of the scrap, its con
tent of volatile matter, and presence of surface coatir:gs on some of the 
steel.l/ 

9 .5 CON'.::'ROL TECHNIQUES :FDR TEE IRON AND STEEL TIDC'STRY 

9.5.1 Control Practices - General 

The operation and types of furnaces associated with the iron and 
steel industry vary widely. Tterefore, the criteria for the type of con
trol equipment are determined by the specific operation. A tabulation of 
the types of eq:1ipment used in the various processes is g:ven ir. Table 9-5.'J::/ 
The installation of fu:nc cor,trol systems in the iron and steel-making pro
cesses requires considerable instrumentation. This required control instru
mentation is discussed and graphically depicted in Reference 9. 

The cost of tte differer.t types of control equiprr.ent for these 
applications has l;een reported in a KAPCA docutr.ent "A Cost Ar.alysis of Air 
Pollution Controls in Integrated Iron and Steel Industry." Section V of 
that report presents the cost/effectiveness investigation and the cost models 
which were developed . .§/ 

T'ne applied control systems a.re more thoroughly discussed in a 
companion document, "A Systems Analysis Study of the Integrated Iron and 
Steel Ind'..lstry. "l/ Excerpts of Section VI of that report are included here
in, ar:d the estimated capital and operating costs are summarized in Figures 
9-12 - 9-20. 

9.5.2 Control Practices - Specific 

9.5.2.l Sinter Plants: Major sources of dust in sintering plants 
a.re the combustion gases drawn through the bed, discharge end gas, and the 
exhaust gases from si!lter grinding, screening and cooling operations.1Q/ 
Because dust generated in the sintering operation can be returned to the 
process, most plants are at least equipped with cyclones. 
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TABLE 9-5 

REPRESENTATIVE EMISSION-CONTROL APPLICATIONS IN THE INTEGRATED IRON AND STEEL INDUSTRY.!/ 

Ircn- or Steel- Making 'IYPe of Emission-Control Equipment 
Segment M=cha.nical Scrubbers Precipi tators Fabrics 

Sinter plant 17 2 9 3 

Blast furnace!!:/ 13Pi 51 108 0 

Open-hearth f'urnace 0 6 93 0 

Basic oxygen f'urnace 0 15 23 0 

Electric f'u.rnace 0 5 1 29 
I-' 
UI 
c.o 

Scarfing 4 4 3 2 

!!:/ Final control equipment. 
EJ Dust collectors followed by other equipment are not considered. 
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Dry-type cleaners are best suited for this cleaning becauce the 
sulfar content of the gas streams can lead to corrosion prob2.ems in wet 
systems. Cyclones, e:.ectrostatic precipitators, Ver.turi scrubbers, and 
baghouses have been used in various combinations at the various points of 
emission. However, there are some problems that limit the application of 
these devices • 

. Wet scrubbers, which have high maintenance cost because of lime 
buildup, add to wter-treatment problems. Baghouses suffer from the abra
siveness of the dust, as do the fans in the sintering machines. With sinter 
that contains flux (such as limestone), the efficiency of electrostatic 
precipitators decreases as basicity of the sinter increases . .!/ 

D;;.st created at the j"Jllction points of con;rors has beer. sup
pressed by water sprays containing a wetting agent.l= 

applied 
·~·eig.ht. 

9 .5 .2 .1.1 Cvclones: 3ecause of the large par:.icle size, cyclones 
to siI:tering plants i..:.sually operate at over 9of, efficiency by 
3owever, cyclone exit loadings ra..~ge from 0.2 - C.6 grain/ft3.10/ 

9.5.2.1.2 Electrostatic precipitators and baghouses: High
efficiency baghoi..;.ses and electrostatic precipita:.ors offer promise of much 
better collection than the cyclo~es normally used. 
applied to sintering ma.chines J!J.I 

However, few have been 

Electrostatic prec ipi ta tors have been lnstaL'..ed fr. series with 
cyclone~. One such installation is reported to operate at r efficiency of 
95%, and the final discharge contains only 0.05 grain/scf.5.. Another in
stallation handled 457,000 cfm with an inlet ~ca.ding of 2.5 grains/scf and 
yielded an outp;;t loadir:.g of 0.038 grain/scf, an efficiency of 98.5%. ::!ow
ever, the materials charged to the sintering machine have changed from 
strai~t ore fir.es to ore, flue dusts, and lime. The characteristics of 
the ore used have also changed. These changes in materials have resulted 
in an increased outp~t loading of 0.25 grain/scf, a decrease in collection 
efficiency to 90{o.'];.7 The use of self-fluxing sinter has also impaired the 
operation of electrostatic precipitators in this service at other plants. 

There are only three known applications of baghouses at sinter 
plants • .!,/ Data are given in Table 9-6.1,12/ 

9.5.2.1.3 Wet scrubbers: Only two known sinter plants have 
wet-scrubber installations. Operating problems occur due to erosion and 
imbalance of fan blades. Dust carri~d over to the exhaust fans is moist 
and has a tendency to ac~umulate on the blades. 

9.5.2.2 Coke Production and Coke Ovens: Gaseous and particulate 
matter relased in the by-product coking operation, except that which es
capes from ovens to the atmosphere, are conveyed ir:. ducts to a coal chemical 
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TABLE 9-6 

DESIGN AND OPERATI:U DATA FOR SINTER-PLANTlf 
FAB~IC FILTERS ON SINTER STRAND DISC!iARGE 

U. s. Steel Corp., 
Desigr. or Operating Variable Gary, Indiana 

Volume of Air, c~bic feet 
per min-.ite: 

Suction, inches of water: 

Press~re Drop Across Bags, 
inches of water 

Hoppers in Unit, number 

Bags per Hopper, number 

Total Bags, number 

Bag Size: 
Diameter, inches 
Length, feet 

Bag Type 

Bag Life, months 

Bag Penneability, cfm per ft2 

of cloth 

Air-to-C:loth Rat:.o Oiormal), 
c:!'m per ft2 of cloth 

Air-to-Cloth Ratio 
(One Compartment Cleaning), 
~:f'm per ft2 of cloth 

Air Temperature, F 

'I'heoretical Design Efficiency, 
percent 

n.a. - Not available. 

172,000 at 255 F 

12 

4 

10 

88 

880 

11.5 
32.2 

Fiberglass 

17 

12-20 

2.17 

2.41 

175 to 300 

99+ 

150 

Bethlehem Steel Corp., 
Bethlehem, Pa. 

240,000 at 350 F 

n.a. 

n.a. 

16 

72 

1,152 

12 
28 

Fiberglass 

36 

n.a. 

2.29 

2.44 

200 to 500 

99+ 



processing plant for recover/ of chemicals. The coke-oven gas remair.ing 
after these operations has a gross heating value of about 525 Bt~./:•t3 and 
is used as f'.lel throug:iout the steel plant. 

Emissions occ·zr:'..r..g from handl:.'..ng operations, primarily charging 
and pushing, and leakage from oven doors, etc., present d·.lS-1:. ;:onta:'..nment 
problems that are difficult to control.. Ho~"ever, a technique to control 
emissions during cha.rgiri..g is being developed at the Pi ttsburg:i Works of 
Jones and Laughlin Steel Corporation, ·.mder the sponsorship of tne National 
Air Poll~tion Control Ad:ninistration and the American Iron and Steel Insti
tute, to eliminate tC.is emission by minimizing the openings through which 
smol<:e can escape and, more :L"ll'portantly, b;y creating a slight vacuum inside 
the oven dll!'ing charging so that air flows into the openings instead of 
s~oke coming out. Engineering studies are also Wlder way to develop de
sie;ns for control of coke-ove~ emissions during pushing.~/ 

The q·.:enching of hot coke :'..n quer:ch towers produces a rising 
clo-..:.d of steam in the c:hirnney which lifts coke d'J.St into the atmosphe;-e. 
Most of this dust appears to fall out in the vicinity of the quench tower. 
Baffles installed in a q~ench tower can reduce the emission of particulates 
into the atmospccre by 75% or from 6 lb. down to l-1/2 :b. of dust per load 
of coke. This ijn amount to a capture of 900 lb. of partic"J.lates per day 
from or.e tower._ 

9.5.2.3 3last Furnace: Under nor:nal conditions the :.mtreatcd eases 
from a blast f·.zrna.ce con".;ain from 7 to 30 grains of dust per scf of gas. 
Most of the partic:es a.re larger ~ha.~ 50 µ. Blast-furnace gas-clear.ing 
systems normally red:;.ce particulate loading to less than 0.01 grain/scf 
to prevent fo1.:ling of the 2toves in which the gas is b'Jl'ned. '.l'hese systems 
are composed of settling chambers, cyclones, low-efficiency wet scr·.:bbers, 
and high-efficiency wet scr"J.bbers or electrostatic precipitators conr.ected 
ir. series.l2/ One of the main reasons for cleaning blast-furnace gas is 
to rer:der it sufficiently clee.."';. for use as fuel. Recovered d'.:st is rc
t~ned to the iron-making process. 

B:ast-fi..:rnace gas is cleaned in three stages; the first two, at 
least, are used almost universally throughout the industry. The majority 
of furnaces have secondary cleaning facilities as well. I'he three stages 
and the equipment used in each, a.long with average outlet dust loading :::'rorn 
these stages are: 

~· Preliminary Cleaning • sett:ing chambe~ or dry-~ype cy;:lone 
(3-6 gra:.ns/scf) 

2. Primary c::.eaning - gas washer or wet scrubbers (0.05-0.07 
gra:'..r:/scf) 

3. Secondary Cleaning - e::.ectrostat:.c precipitato:- or high-energy 
scrubbers (0.004-0.08 grain/scf}. 
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9.5.2.3.1 Electrostatic preci;p:.tators: The use of electro-
static prec:.pitators for clear.ing blast-ft:.rnace gas has come about because 
of the requiremer.ts for cleaner gas for the hot-blast stoves. Tr.e opera
tion of these units has been relatively trouble free because the blast f'ur
nace is an almost continuous prod:i.cer of gas and because of a high percentage 
of the pa.rt:.culate e:r:rlssions removed by the wet scrubbing systems that have 
previously been used to clean up the gases. T'ne wet scrubbers also serve 
to condition the gases, for both temperature and resistivity, prior to their 
entry into the electrostatic precipitator. 

9.5.2.3.2 Wet scr".Abbers: High performance of a Venturi scrubber 
can be achieved only if the blast furr.ace is operating at a high enough 
top pressure to provide the required pressure drop. Lack of sufficient top 
pressure has usually requ:.red use of an electrostatic precipitator as the 
final gas-clean:.ng ur.it. 

The effec0 of water rate at a constant throat velocity on the 
outlet dust loading of a Ver.t~i scr~bber handling blast-furnace gas is 
shown ir. Figc;re 9-21.!/ Other operating characteristics are sho-wn in 
Fig-J.res 9-22 and 9-23 • .!./ 

Great Lakes Steel Corporation (Detroit) has three blast furnaces 
equ:.pped with h~gh-energy scrubbers. These ur.its have made it possible 
to clean the gas at a low cost, although there have been t:roublesO!?le problems 
in design and operation of equipment. Some of the gas-cleaning results are 
given i~ Table 9-7.~ 

TABLE 9-7 

BIAST-FURNACE GAS-CLEANING RESULTsJ2f 

Dust Loadin~ 2 GrainsLFt3 
Before After After 

Date Orifice Orifice Precipitators 

March 30, 1966 6.0881 0.0208 0 .0010 
May 11, 1966 13.9233 0.0600 0.0104 
May 19' 1966 13.0181 0.0160 0.0141 
May 25, 1966 7.2084 0.0293 0 .0017 
June 1, 1966 10.1117 0.0219 0.0048 
Jnne 8, 1966 11.6293 0.0258 0.0047 
June 22, 1966 12.2045 0.0581 0.0040 
June 29, 1966 10.5555 0 .0299 0 .0206 
July 7, 1966 9.7877 0.0214 0.0099 
July 13, 1966 11.0075 0.0293 0.0140 
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9.5.2.4 Oper.-Hearth Furnace: The sir.a.11 size of the particles 
emitted from open-teartt furnaces requires high-efficiency collectior. equip
ment such as Venturi scrubbers and electrostatic precipitators. Because 
of the cost involved and the growing obsolescence of open-hearth furnaces, 
industry has been reluctant to invest mor.ey in the required control equip
ment. Often these furnaces have been replaced by co~trolled basic oxygen 
furnaces and electric furnaces. 

However, electrostatic precipitators, Vent"J.ri scrubbers and bag
houses are being used on open-hearth systems.~ ~xit gas loadi~g would 
have to be reduced to at least 0.03 graj:n/scf to be sure of a clear stack.1!/ 

The use of slag wool filters was investigated about 1958 by the 
Harvard School of Public Health. However, efficiencies were only of the 
order of 50% and the project was prior to the advent of oxygen la~cing . .!.§/ 

9.5.2.4.l Electrostatic precipitators: Two major problems that 
have faced the steel companies and equipment manufacturers in the ir:stalla
tion of electrostatic precipitators for open hearths have been (1) desigr. 
of the ducts used to ca:rry the gases from the open hearths to the precipita
tors, and (2) the design of the gas distribution systems at the entrance to 
the precipitators. 'Ihe use of transparent gas flow-distribution models is 
considered to ~e aln:ost a necessity in the practical design of ducting. 

The rr.ajor problem with respect to ac~ual efficiency of electro
static precipitators on ope'- hearths is the open-hearth process itself. 
The proble~ stems from the variation in the properties of emissions fro~ the 
open-hearth furnace durir.g a heat. During the period of a heat, the moisture 
content of the gases may drop from a normal value of iai to ';!fo, with a re
sultant increase in resistivity and drop in precipitator e~ficie~cy. The 
situation may be corrected by steam injection. 

'E~e relationsh:p between the collection efficiency and size of 
a precipitator is shown in Figure 9-24. Tr..is figure shows that removing 
the dust from 315,000 cfm of ope~-hearth waste gas req~ired 58,300 ft2 
of collecting surface for an efficiency of 95~. An increase in the collect
ing surface area to 96,500 ft2 resulted in an increase in efficiency to 99.3i. 

References 4 and 18 discuss using electrostatic precipitators to 
collect the fume from open-hearth furnaces. Another electrostatic precipita
tor system was put in service in 1965 by Weirton Steel Division, National 
Steel Corporation. This system is used for the control of fumes from 550-ton 
and 600-ton capacity oxygen-lanced furnaces. A flow-distribution model was 
used to facilitate designing a high efficiency u:lit. 
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Table 9-8 gives the gas flow and dust load:ngs for different phases of a 
beat and Table 9-9 shows the results of the performance test conducted 
during the part of the heat when the dust loadings were at the maxi!ll'.l!D . .!2./ 

TABLE 9-8 

OPEN-HEARTH STACK GAS DATtJ:l/ 

Scrap Hot 
Char~e Metal Lime boil Refine 

Dust concentration, grains/scf 0.78 1.9 2.70 0.21 

Waste gas flow, scf /min 60,000 64,000 66,0CO 64,000 

Gas temperature, OF 580 600 620 580 

~ABLE 9-9 

PERFORMANCE TESTS OF ELE~OSTATIC PRECIPTIATOR ON OPEM- '2EARTH GASES!:J_/ 

Stack Sample 
Test Volume Temp. VolUIDe, Discharge :::.Oad, Esti:nate 

No. cu. F-':./Min .L!l._ scf Grains/scf Effic:'..encv 

1 247,000 500 82 0.007 99.8 
2 223,000 460 85 0.019 99.4 
3 2~8,000 440 41 0.010 99.7 
4 248,000 440 113 0.016 99.4 

9.5.2.4.2 Wet scrubbers: O~tlet grain loadings of 0.01 to 0.05 
grain/scf have been reported for wet-scrubber installations. T:le relation
ship between outlet grain loading and pressure drop is illustrated in Fig..;.re 
9-25, although it is not necessarily representative of present-day practice 
using higher oxygen-blowing rates. 

A description of the application of Venturi scrubbers to control 
open-hearth stack emissions is given in Reference 19. Reference 3 describes 
the application of a Venturi scrubber on a 200-ton open hearth. Tables 9-10 
and 9-11~/ give the d~st loadings apd pressure drops during the oxygen and 
nonoxygen periods. It is pointed out that the investment and operating 
costs of a Venturi scrubber system would compete very favorably with those 
of a precipi~ator-waste-heat boiler system for cleaning the gas from open
hearth shops that have an anticipated operating l~fe of no more than a few 
years. 
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TABLE 9-10 

SCRUBBER- PRZSSUR8 DROP VS. CLEANING EFFICIENCY Al'ID OUTLET DUST 
LOAD::;:NG ( NONOXYGEN PERIODS YY * 

Press"J.re Dust Loading 2 GrainsLScfd Cleaning 
:Crop, Inches Scrubber Scrubber Efficiency 

Of H20 Inlet Outlet (%) 

26 0.35 0.06 8€ 
30 to 0.03 92 
35 0.01 96 
40 0.45 0,008 98 

TA3LE 9-11 

SCRUBBER-PRESSURE !)ROP VS. CLEANING EFFICIENCY Ai.'ID OUTLET DUST 
LOADING (OXYGEN PERIODS )i/ * 

Pressure Dust Loadins; 2 Grains/Scfd Cleaning 
Ir-op, Inches Scrubber Scrubber Efficiency 

of HzO Inlet Outlet; ( %) 

26 :) .82 0.10 89 
30 to 0.05 94 
35 0.02 97 
40 0.87 0.01 99 

* Gas flow rate was approximate:y 40,COO scfm. 
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Republic Steel Corporatior. of Buffalo, Xew York, installed a 
Venturi scrubber handlir.g 60,000 scfm of waste gases from a 300-tor. oxygen
lar.ced o~en hearth in 1964. This installation is disc~ssed in Reference 20. 
!he syst;~ was designed to reduce the dust cor.tent to 0.05 grain/scf of dry 
gas provided that the inlet loading did not exceed 5 grains/scf of dry gas. 
7he waste gases fro::i this open hea.rt".h contained sufficient sulfur from the 
fuels that the scrubbing slurry had a pH of 3 or less, thus requiring that 
all contacted materials be adequately protected against corrosion. The 
ma~or problems experienced were buildup or. fan blades, far. noise and fa:!.lure 
of redwood mist eliminator elements.£9J 

9.5.2.4.3 Baghouses: One glass-fabric baghouse has been applied 
to the collection of fume from an oxygen-lanced open-hearth fUrr.ace by 
Bethlehem Steel Corporation ir. Sparrows Point, ~.aryland. This unit is 
described in a 1966 article.£±/ The authors state that the capital cost 
estil'!lates favored the bag~ouses over an electrostatic precipitator and tte 
subsequent operating experience has shown the maintenance and operating 
cost to be approximately half that required on an electrostatic prec:..pita
tor. This baghouse serves a 380-ton/heat furnace having a waste heat boiler 
and economizer which cool the gas to below 500°F.£11 

One bagtouse installation was made or. an open-hearth system after 
several pilot studies. However, the actual system installed experienced 
problems of high pressure drop which had not been resolved when this open
tearth shop was shut down.1£/ 

9.5.2.5 Basic Oxygen Furnace: The basic oxygen furr.ace creates 
more emissions than the open-hearth furnace, and the particles are smaller. 
All basic oxygen furnaces in tte U. S. are equipped witt high-efficiency 
electrostatic precipitators or Venturi scrubbers. Final effluent from 
these control devices will conta:.n 0.03 to 0.12 grain/scf. Inlet loadings 
may vary from 2.0 to 5.0 grains/scf. Table 9-12 presents a list of basic 
oxygen f·.l.rnaces ar.d their control equipment. 

The major operation causing dust and fume generation is oxygen 
bl~~ing. The volume of waste gases produced is proportional to the blowing 
rate. Gau arrived at a design volume rating of 25 scfm of waste gases/cfm 
of oxygen blowing.,gg/ It is co:nmon practice to operate BOFs in pairs so 
that one is operating while the other is relined. Therefore, the two fur
naces are usually ducted to one control device. The hood over the BOFs 
gives rise to problems as the substantial variation in temperatures can 
cause the structure to warp and crack. 

The d'\lSt problem in BOFs can be minimized if the entire gas and 
dust-handling process is considered as o~e system. Specially designed 
equipment which supplies a controlled a.mount of excess air to the hood car. 
reduce the size of requisite waste gas-cooling and dust-collecting equipment. 
The effect of "controlled combustion" is shown in Table 9-13. 
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TARLE 9-1<. 

BASIC OXYGEN FURNACE INSTALLATIONS AND ASSOCIATED AIR-roLLUTION CONTROL ~UIOO:NT!f 

Annual Capacity, 
Net Tons (Net Tons) Electrostatic 

Number Per Heat March 1969 Future StartuE Date PreciEi ta tor Hii;h-Ener~ Wet 

Alan Wood Steel Co. Conshohocken, Pa. 2 140 1,250,000 1968 x 
Allegheny-Ludlum Steel Corp. Natrona, Pa. 2 80 500,000 1966 x 
Armco Steel Corp. Ashland, Ky. 2 160 1,400,000 1963 x 

Middletown, Ohio 2 200 2,000,000 1969 x 
Bethlehem Steel Corp. Bethlehem, Pa. 2 250 2,500,000 1968 x 

Burns Harbor, Ind. 2 250 1,800,000 1970 x 
Lackawanna, N. Y. 3 290 4,700,0JO 1964-GG x 
Sparrows I\:Jint, Md. 2 200 2,500,000 1966 x 

CF & I Steel Corp. Pueblo, Colo. 2 120 1,100,000 1961 x 
Crucible Steel Corp. Midland, Pa. 2 90 1,250,000 1968 x 
Ford K:>tor Co. Dearborn, Mich. 2 250 2,500,000 1964 x 
Granite City Steel Co. Granite City, Ill. 2 225 2,200,000 1967 x 
Inland Steel Co. East Chicago, Ind. 2 255 3,000,000 1966 x 

2 210 2,000,000 1973 x 
I-' Interlake Steel Corp. Chicago, Ill. 2 75 730,000 1959 x m 
I-' Jones & Laughlin Steel Corp. Aliquippa, Pa. 2 80 1,000,000 1957 x 

3 200 3,000,000 1968 x 
Cleveland, Ohio 2 225 2,250,000 1961 x 

Kaiser Steel Corp. Fontana, Calif. 3 110 1,440,000 1958 x 
McLouth Steel Corp. Trenton, Mich. 2 110 1958 x 

l 110 2,800,000 1960 x 
2 110 1969 x 

National Steel Corp. 
Great Lakes Steel Div. Ecourse, Mich. 2 300 3,500,000 1962 x 

2 200 2,000,000 1970 x 
Weirton Steel Div. Weirton, w. Va. 2 325 3,400,000 1967 x 

Republic Steel Corp. Buffalo, N. Y. 2 100 l,000,000 1970 x 
Cleveland, Ohio 2 240 2,400,000 1966 x 
Gadsden, Ala. 2 190 1,500,000 1965 x 
Warren, Ohio 2 180 1,600,000 1965 x 

United States Steel Corp. Braddock, Pa. 2 220 2,250,000 1972 x 
Duquesne, Pa. 2 215 2,400,000 1963 x 
Gary, Ind. 3 200 3, 100,000 1965 x 
Lorain, Ohio 2 220 2,250,000 1970 x 
South Chicago, Ill. 3 150 3,000,000 1969 x 

Wheeling-Pittsburgh Steel Corp. !ok>nessen, Pa. 2 200 1,500,000 1964 x 
Steubenville, Ohio 2 250 2,000,000 1965 x 

Wisconsin Steel Div. 
International Harvester Co. South Chicago, Ill. 2 140 1,200,000 1964 x 

Youngstown Sheet & Tube Co. East Chicago, Ill. 2 265 2 1400 1000 1969 x 

TOTAL 57,320,000 18, 700,000 23 15 



TABLE 9-13 

COMPARISON OF Eg.JTPME!~T REQ:JIREMENTS, EI."ERGY AND GAS FLOW FOR BO@ 

System Description 

~ar.tity of gas to be 
cleaned 

Note 

Size of filter 

Energy gain or loss to 
t:r.e system 

Energy comsumption for 
the exhaust fa::is with 
use of scrubbers (45-ir.. 
820 pressure drop) 

No. l 

lOOi Excess Air, 
Injection of Water 

and Water-Cooled Flue 

920,000 actual cfm 

High proportion of 
leak age air and 
vapor in the waste 
gas 

8 electric precipitators 
( 1 for spare) 

Approx. 35-kw-~r/ton of 
steel 
Loss 

9,5CO tp. 

No. 2 

25'.i Excess Air, 
Controlled Combustion 
and Waste-Eeat Boiler 

176,000 actual cfm 

Controlled combustion •. 
No vapor in the waste 
gas, after cooling 

3 electric precipitators 
( 1 for spare) 

Approx. 100-:-<.:w-hr/ton 
of steel 
Gain 

1, 710 hp. 

The gas emanating from the mouth of the furnace is essentially 
CO and is burned in the hood with induced air. It is desirable to burn all 
of the CO to C02 in the hood; therefore, the hood should be treated as a 
combustion chamber. A Japanese process has been introduced which does not 
burn the CO in the mouth of the furnace thereby taking advantage of lower 
temperature and less volume of gas. The gases are wet-scrubbed and the 
cleaned gas can be burned at the stack or the CO can be used as fuel. The 
cost of this system is estimated at $1.0 to $1.5 million for a typical 
150-ton BOF.W 

The fa~tors to be considered in the selection of a wet or d:ry clean
ing system a.nd the problems associated with each system a.re clearly presented 
in Reference 24. 
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Another source of emissions associated ~"ith the BOF is kish that 
is emit~ed during transfer of hot metal from bottle car to charging ladle. 
Emissions generated have been reported as 0.16 lb/ton of hot metal with 
grain loadings of 0. 42 grain/ scf. A ba.ghouse handling 100 ,000 acfm has 
been installed for control of t!J.ese emissions and is reported to operate at 
99.~ efficiency.~ Experimental studies of fabric filters in this appli
cation indicated that air-to-cloth ratio of 4.5 to 1 shcn.:.ld not be exceeded. 
A f'ull car.opy hood located just above the ladle, sized for approximately 
500 ft/min velocity througl: all oper. areas, will usually control the fume.~ 

9.5.2.5.1 Electrostatic precipitators: Problems associated with 
applications of electrostatic precipitators to basic oxygen furnaces a.re 
basically those of variability in gas flow, in the moisture content, a~d 
in te:nperature of the enteri.."'lg gases, as well as maintenance. Also, col
lection is lower during the initial phase of.oxygen lancing before the 
tel!lperature and water sprays produce a properly conditioned gas stream 
for efficient collection. 

The ~cods aver the BOF are a necessary part of tte collection 
system, and can result in operating problems. The gap between the B:JF and 
tte hood is usually dictated by the anticipated operating conditions and 
the build'.lp o:::. the ir.cnth of the f'urnace ("skull"). Excess buildup can 
restrict the flow of air required for combustior: of tte carbon monoxide, 
wi t:::-i the result tha:: a significant a.mour..t of ca.rbo::: monoxide may reach 
the electrostatic precipitator with possible disastrous results. 

Tl:.e hot gases leavi:::g the BOF are cooled by heat exchange and 
water sprays to a preferred temperature of 450° to 500°F. The moisture 
cor.tent of tte gas goi~g to the precipitators is quite important; it 
stould be kept between 20% and 30% to insure adeqt:ate conductivi't'/ of the 
d""J.st layer. 

9.5.2.5.2 Wet scrubbers: Problems associated with the use of 
wet scrubbers include inadequate water treatment facilities or lack of 
sufficient water and the abrasive a.r.d corrosive nature of the dust-la.den 
water. The dirty water from Venturi scrubbers is cleaned by a combination 
of liquid cyclones, cla.rifiers and vacuum filters. The recovered dust may 
be sintered if the coi:xposition is suitable; otherwise it is hauled to 
storage. 

References 25 and 26 discuss the use of wet scrubbers on B)F 
furnaces. With a wet scrubber system it is not essential to burn all the 
CO in the hood since a wet system can tolerate a considerable a.mount of 
CO without danger of explosion. 
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9.5.2.5.3 Fabric filters: No install~tions of fabric filter 
devices exist i~ the u. s. However, fabric filters have been applied in 
Europe. This system uses refractory surfaces in an accumulator to absorb 
1:eat from the gases a.r..d depends on the cyclic nat:.:.re of the 30F for its 
cpera~ion. The refractory accumulator absorbs the heat from the gases dur
ing the blowing cycle, cooliLg the gases to approxim~tely 250°F before the 
bagnouse. As soon as the blowing cycle is over, the accu::nulator is cooled 
by back-blowing atmospheric air tr.rough the acci..um;.la tor .£1./ 

9.5.~.6 Electric F\~nace: Electric furnaces are becon:ing more 
popular for many metal melting operations. Particulate emissions from 
electric furnaces a.re diffic~lt to collect because of their small size 
and ':iecause of a strong tendency to adhere to fabric si;rfaces, a high 
angle of repose, and high resistivity. :fovertheless, except for diffi
culties inherent in the chs.rging operation, over 95% effective collection 
can be achieved with appropriate hooding and high-efficiency collection 
equipmer:t.JQ/ 

Tte characteristically small particle size of electric-arc steel 
furnace fume precludes the use of dry centrifugal collec~ors, settling 
cha;nbers, etc. Eigh-efficiency scrubbing systems, electrostatic precipita
tors a.~d bagtouses a.!'e ~sed to control fumes from electric-arc steel furnaces. 

Higt-energy scrubbers installed on one oxygen-la..~ced electric 
fur::ace producing a dust concentration of 3.2 to 6.4 grains/s:::f reduced the 
dust output to the range of 0.256 to 0.0512 grain/scf. BaghO"~ses reduced 
it to the range of 0.004 to 0.0064 grain/scf. Electrostatic precipitators, 
not performing as well, reduced the dust loadings to a range of only 0.256 
to 0.512 grain/scf .1/ 

The high temperature ~f the fumes leaving the electric ~irnace 
may re~uire tte ~sc of te~per~ng air, evaporative coolers or radiation 
cham"oers prior to the collection equipment. 

Effective dust and f"JJne control during melting a.nd taPPing can be 
achieved. !Iowever, a techr.ologice.lly acceptable mettod has not been found 
for capturir.g the heavily polluted air escaping during the charging period. 
Complete shop evacuation can be used for control of all fumes, b'~t large 
volumes of air must be handled. 

9.5.2.6.1 Electrostatic precipitators: T'ne only k.~own installa
tion of ar.. electrostatic precipitator on 8.!'.l. electric fur::ace plant is at 
Jones and Laugtlin Steel Corporation in Cleveland. The precipitators a.re 
considered to be operating satisfactorily. Precipitators installed in 1955 
at Bethlehem Steel Corporation in Los Angeles were replaced by baghO"QSes in 
1967. 
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9.5.2.6.2 Wet scrubbers: High-energy scrubbers for electric 
steel-making furnaces are known to be used in only two plants. 

9.5.2.6.3 Baghouses: Fabric filters have been success:f'ully 
applied to the control of emissions from electric :f'urnaces ranging up to 
100 to 150 net-tons capacity, and for multiple-furr..ace shops as well as 
one-furnace shops. The application and operating problems for a baghouse 
installed on a 150-ton electric furnace are discussed in a recent article 
by w. w. Bintzer and D. R. Kleinton of Lukens Steel Compeny.W 

Wherever fluorspar is employed, the fluorides in its off-gas attack 
glass-filter media. Hence, fiberglass in any form is not recommer.ded on 
:'·znaces employing fluorspa.r as a fluxing agent. However, other syntl:etic 
fabrics work well. 

The approximate air volumes for various ~'1!'nace sizes a.re shown 
i!l 1able 9-14. TY,pical side-draft and roof-tap-load systems are illustrated 
in Figure 9-26.~ 

TABLE 9-14 

APPROXIMA.TE BUDGET srzr:m CHARTW 
(Air Volume at Standard Conditior.s (scf.:n) for Electric-Arc Furr.aces) 

Roof Ring 
Diameter 

(ft.) KVA Capacity Side Draft Roof Ta;p 

9 4,500 8 tons 18,000 12,000 

11 7,000 15 tons 30,000 22,000 

13 10,000 25 tons 65,000 50,000 

15 18,000 50 tons 80,000 68,000 

17 25,000 70 tons ll0,000 85,000 

19 40,000 100 tons 155,000 ll5,000 

22 60,000 150 tons 190,000 165,000 
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CHAFER 10 

CEMENT MANUFACTURE 

18.1 INTRODJCTIO~ 

Cement, a nonmetallic mineral product, is used as an inter
mediate product for many materials including concrete, mortar, concrete 
block and concrete pi?e. Raw materials for cement production include 
lime and si:ica as the principal constitue~ts, w~th aluoina and ~erric 
oxide as fluxing components. Limestone, cement roe~, chalk, mar:, shell 
residues, and blast furnace slag are sources of 11.rne. Five types of 
cement are produced, the classification determined by limitations en ccm
positions of raw materials and production metb.ods. 

Cement is a granular .:naterial and dust contra: is a problem in 
the industry. Dust emissions result from quarrying and crushing, grind
ing, kiln, a.nd finish grinding and packaging operations. The manufact~ing 
process, particulate emission sources, emission rates of individual sources, 
chemical and physical properties cf effluents, control practices, and con
trol equipment are discussed in the following sections. 

10. 2 CEME:IT MA.L"WFACTURIKG PROCESS 

Portland cement is made by either the wet or dry process. Fig
ure 10-1 presents a schematic of the two processes. There a.re four major 
steps in the production of pcrtland cement: quarrying and crushing, grind
ing and blending, clinker production, and finish grinding and packaging. 
Most deposits of ce~ent rock, limestone, clay, and shale are wcrked in 
open quarries. The rock is transported from ~he quarry to crushing plants. 
The types of :primary crushers used depend on the hardness, lamination, 
and size of rock produced at the quarry, a.nd include gyratcry crushers, 
jaw crushers, roll crushers and heavy hammer mills or impact mills. FrOI:l 

the primary crushers the rock is screened and conveyed to the secondary 
crusher, where crushing is completed. Typical crushers are hammer mi:ls 
that reduce the rock to a maximum of 3/4 in.l/ 

In the wet process, the wet, ground ~aterial is pumped in the 
form of a slurry containing about 4~ water into a series of large mixing 
tanks and from these it is pumped into the kiln. In the dry process, the 
dry, ground, raw material is carried by a conveyor to the storage bins, 
and from the bins it is fed into the kiln. 
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T".ne raw materials, either in the wet or dry for~, enter the kiln 
at the top end and contact the combustion gases which pass through the 
:..;.:'..ln counter-current to the material. As the kiln revo.::..ves, the raw 
materials fall down toward the clinkering zone, having been first dried 
by the hot gases, and then having the carbon dioxide driven off frC!ll the 
calcareous materials. The partially fused product or cement clinker 
passes from the lower end of the ki:n to the clinker cooler where some 
of its heat preheats air going to the ki:'..n. The clinker, with the addi
tion of a little gy-psUD er water to regu:ate the setting time, is then 
ground in ball and tube mi::s to the requisite fineness for a finished 
product. 

10. :"i EMISSION HATES FROM CEMENT MAi-.1.TFACTURIN:J PLANTS 

The major source of particulate emissions in cement plants is 
the calcining kiln. Dust is generated in kiln operations by the grinding 
a.nd tumbling action within the ki.::..n, by the liberation of gases during 
ca:cination which tends to expel particles into the gas streari, and by 
the condensation of material that is volatilized during passage through 
the k:'..ln. Volatilization and condensation generally produce sma:ler 
particles than the mechanical processes. 

The principa: secondary sources in the cement industry are 
dryers and crushers. Dust etr.issions from dryers result from abrasion of 
the material being processed and ca:rry over from the kiln. The magnitude 
cf the dus~ problem frorr.. crushing operations depends on the type and 
mcisture content of the raw materia:, a.nd the characteristics and type 
of crusher. 

10.3.l Cement Kilns 

Variations in kiln operation and design can contribute to the 
nature a.nd quantity of emissions. The types of kilns used in the dry and 
wet processes are discussed in the following sections. 

10.3.1.1 Dry-Process Kiln Systems: Dry-process kiL~ systems con
sist of (1) short rotary kiln with or without a waste-heat boiler, (2) 
rotary kiln with suspension preheater, (3) long rotary kiln with or with
out a built-in preheater, (4) "Lepol" kilns with double gas flow (semi-
dry process), (5) pit kiln, and (6) traveling sintering grate kiln. Rotary 
kilns are used in the United States, and almost all new plants utilize 
long kilns with chain or other preheating systems. 
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10.3.1.l.l Rcta.ry kiln: The rotary kiln used in most plants is 
a steel cylinder with a refractory lining. The kiln feed is introduced 
in~o the upper end of the revolvi~g sloped kiL~. During the passage through 
the kiln, the raw materials are dried, calcined, and heated to a point of 
incipient fusion. The combustion gases pass through the kiln counterflow 
to the material, and leave the kiln, along with carbon dioxide driven off 
during calcination, at temperatures of 300-1800°F, depending on kilr. length 
and the process used. 

10.3.1.1.2 Rotary kiln ~rith ascendi~g gas heat exchanger: In 
dry-process rotary kilns with suspension-gas heat exchanger the dry raw 
material powder is fed into the first and highest of four vertically 
arranged stages of a cyclone located ahead of the kiln. While passing 
through the four stages of the cyclone, the classifying action of the 
cyclone suspends the fines of the raw material in the waste gases and the 
dust beyond the heat exchanger is 9Cf{a < 10 u.. Collection 01· this dust is 
difficult. 

10.3.1.1.3 "Lepol" furnace with double gas flow: In the "Lepol'' 
kiln with double gas flow, the clinker formed in a drum or on a plate from 
raw material powder and water is dried initially on a traveling grate by 
the waste gases of the rotary kiln, then heated and partially calcined and 
subsequently transformed into clinker in tr.e rota..7 ki.L~.V 

The waste gases of the rotary kiln are first drawn upward into 
the "hot chamber" thr::>ugh the layer of clinker on the grate, prelimina.7 
dust removal being effected in an intermediate dust removal installation 
(cyclone). The waste gases are then transported by mea.~s of a blower into 
a drying chamber where these g.s.ses are ~ab drawn through the ::noist layer 
of clinker. During this process, the residual dust is alrr.cst completely 
retained in the still moist layer of clinker. The gases are discharged 
at a temperature of about 200°F through a stack of a second blower. 

High dust-e::nission levels from these units may have the following 
causes: 

a. Damaged grate units so that the gases are not filtered in 
passing through the grate. 

b. Too rapid heating of the granulate. Feed material which has 
been heated too quickly, or is too dense, has a tendency to burst. In order 
to obtain granulate as resistant to heat as possible, the raw-material pow
der and water distribution on the granulating plate should be uniform. Tem
peratures in the drying and in the hot chambers must be continuously con
trolled, and frequent inspection of the separation well between "hot" and 
drying chamber is also required. 
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c. Maladjusted suction fans. Fa~s must be adjusted so that 
vacuum in the hot cha.r.iber is always higher than the vacuum in the second 
chamber. All gases will then undergo intermediate dust separation in the 
moist layer of granulate of the drying chamber. 

10.3.1.2 Wet-Process Kiln Systems: Two basic types of wet
process kilns a.re in use in the U.S.; (a) short kilns with waste-heat 
boilers, and (b) long kilns with internal chain preheaters. 

10.3.1.2.1 Rotary kiln with built-in units: In kilns with chain 
baffles in the preheating a!'ea, the chains serve to distribute the raw 
paste over a large surface. 'l'he effect of the chains increases W:.th their 
number. Tneir position and length in the rotary kilns are arranged so that 
the clinker reaterial still contains about 10% moisture upon leaving the 
last chain. This percentage is necessary so as not to overheat the chains. 

In preheated kilns, chambers ahead. of the chain area are arranged 
crosswise and rotate wit!: the kiln. Through a suitable arrangement of the 
inlet and outlet apertures of the chambers, the paste flowing a.long the bo"'.:;
tom of the kiln enters the chambers and comes in close contact with waste 
gases flowing through the chambers. 

The dust e~ission from wet-process rotary kilns is highly dependent 
on var:'..ations in kiln operation. If the waste-gas tecperature becomes too 
high, which may be the case when there are variations of the calorific 
value of the fuel or through increase of the !dln output, the raw paste may 
lose its entire water content in the chain area. Any granulate formed is 
reduced to dust by the last of the chains, and this dust is tnen ca:r~ied 
out of the kiln by the waste gases. 

10.3.1.2.2 Rotary kilns with paste dryers: In wet-process rotary 
kilns with paste dryer (concentrator, calcinator), the raw material paste 
enters the slowly rotating grate drum through ducts. The drum contains 
baffles and is arranged ahead of the kiln. The hot waste gases of the 
rotary kiln enter the grate drum from below, heat the baffles and thereby 
dry the raw material paste into gra.~ulate. Additional drying, as well as 
calcination and sintering into clin.~er, takes place in the rotary kiln. 

Heat economizers (e.g., scoops) ir. the kiln and particularly at 
the inlet increase the production of dust. The kiln-inlet chute should 
extend very close to the lining of the kiln so that the high-velocity waste 
gases will not entrain the fines and return them to the paste dryer, which 
will inc~ease the dust content of the gas.'?J 
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10.3.2 Effect of Feed Composition on Dust Emission 

Jifferent types of feed composition also affect emission rates. 
One of the most il!J.portant causes of dust emissions is the way in which 
gases are liberated and expelled from the raw feed during calcination. 
Some raw materials remain relatively calm while the liberated gases escape; 
others appear to expand and explode, throwing the material into the gas 
stream. This may explain why some wet-process plants have a higher dast 
loss tha~ some dry-process plants.!/ 

10.3.3 Secondary Sources in Cement Manufacture 

Particulate er.ri.ssions also originate :rom dryers, coolers, grind
ing, and packing operations. ~eager data exist on emissions fro~ these 
sources. 

10.3.4 Summary of Ein:.ssion Rates 

Tl::e emission factors for individual so-.rrces and total particulate 
emissior.s are surr.;r.arized in Table 10-1. A statistical analysis of emission
factor data for wet- and dry-process kilns indicated that the differences 
between the average e::nissior. factors for each process are not statistically 
significant. A single emission factor was therefore used for kilns. The 
emission factor, 166 lb/ton, is the geometric mean of 31 items of data. 

~ssion-factor data are meager for the secondary sources (i.e., 
dryers, mills, elevators). Reference 3 indicates that in dry-process plants 
ein:.ssions from secondary sources are about 4~ of kiln emissions, while in 
wet-process plants they a.re abo~t 15% of kiln emissions. On this basis, 
emission ~actors of 67 and 25 lb/ton were selected for secondary sources 
in dry- and wet-process plants. Total emissions from these secondary sources 
were calculated with the assumption that the average operating efficiency 
of control equ:pment and the percentage of production capacity controlled 
were the same as for kilns. Information collected during a survey of the 
cement industry indicated that bag filters are used extensively on these 
sources. Therefore, the assumption of the same degree of net control as 
for kilns is not believed to be unreasonable. 

Total particulate emissions, as shown in Table 10-1, currently 
total 934,000 tons/year. 
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Source Production 

Kilns 74,600,000 

Grinders, Dryers, 
elevators, etc. 

Wet Process 43,600,000 
Dry Process 31,000 ,ooo 

I-' 
-.J 
-.J 

TABLE l0-1 

PARTICULATE EMISSIONS 
CEMENT INDUSTRY 

Emission 
Factor 
, (er) 

167 

25 
67 

Efficiency 
of Control 

(Cc) 

0.94 

0.94 
0.94 

Application 
of Control 

(c t) 

0.94 

0.94 
0.94 

Total 

0.88 

0.88 
0.88 

for Cement 

Emissions 
(tons/year) 

745,000 

65,000 

124zOOO 

934,000 



10.4 CrfA.t..-:AC7EEISTICS OF CEr<IENT PLA~IT EMISSIONS 

T'~e chemical and physical properties of cement plant effluents 
are sum."D.a.rized in Table 10-2. Mechanical, volatilization, and condensation 
processes produce the particulate emissions. Volatilization and condensa
tion generally produce smaller particles than the mechanical processes. 
'i'he mass median size of particulate emissions from kilns is 8.5 µ. a.nd the 
geometric deviation is 4.1. 

10.5 cm:TROL PRACTICES AND EQ.UHMEN'!' FOR CEMENT PLANTS 

10.5.l Control Practices 

D'J.St can be adequately arrested in the cement industry by proper 
selection of dust control eq:llpment. Dust emissions as low as 0.03 to 0.05 
grain/scf have been c>btained in newly designed well-controlled plants • .Y 
Table 10-3 gives ranges of dust emissions for various combinations of 
control devices . .Y An ex:rission level cf 0.1 grain/scf is probably the 
value needed to preclude nuisance complaints from nearby residents.~ 

The hot kiln gases are the main source of emission and they present 
a major problem beca·.:se gas volunes are large; they con':;ain acid gases such 
as H2S and. so2 , varying amounts of H2o, and a tenperature range us-..ally 
above 500 or 600°F.,!/ A kiln producing 20 tons/hr of cement clinker will 
prod:J.ce about 240,000 lb/hr of exit gases, or about 92,000 acfm.§' 

10.5.2 Control Equin~ent 

10.5.2.1 Multicyclones: Although a number of types of dust col
lectors are used in the cement industry, only the high-efficiency collectors 
such as the electrostatic precipitator and fabric filter, sometimes used in 
series with inertial collectors, effectively collect fine dust. The multi
cyclones alone are not an acceptable mea.~s of reducing dust emission from 
the kiln to the atmosphere. 

Multicyclones, when preceding other control equipment, can be 
expected to scalp off about 70 wt. % or all of the coarser particles. 

10.5.2.2 Electrostatic Precipitators: In a wet-process plant 
the perforI:la.nce of an electrostatic precipitator is greatly enhanced by the 
extra water vapor present in the exhaust gases from the slurry. Dry-process 
kilns do not have this water in the feed and often it is necessary to add 
it as an aid to precipitator operation.~ 
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Figure 10-3 - Resistivity of Cement Kiln Dust Under 
Varying Conditions of Temperature 

and Moisture in Gas~ 

* Figure shows percent water vapor by volume. 
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Curve 2 originated from a rotary cemen.t kiln 
of the older type, operated by a dry process. 

Curve 3 pertains to a rotary cement kiln with 
heat exchanger. 

Curve 4 cement dust rotary kiln with concen
trator. 

Curve 5 cement dust rotary kiln with sludge 
injection. 
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TABLE 10-3 

RA.i"{GES OF DUST EMISSIONS FROM CONTROL SYSTEMS SERVING 
DRY- A.1'.1) WET-TYPE CE:MEN'.I' KILNS±/ 

Source 

Kiln-dry type 

Kiln-wet ty:pe 

Type of Dust Collector 

Multicyclones 

Electrical 
precipitators 

Multicyclone a.nd 
electrical pre
cipi tators 

Multicyclone and 
cloth filter 

Electrical pre
cipi tators 

Multicyclone and 
electrical pre
cipi ta tors 

Cloth filter 

Range of Dust Emissions 
frcm Collector 

grain/scfE! lb/ton of Cement 

1.55 - 3.06 26.2 - 68.6 

0.04 - 0 .15 1.7 - 5.7 

0.03 - 1.3 0.6 - 29.4 

0.039 0.7 

0.03 - 0.73 0.52 - 9.9 

0.04 - 0.06 4.3 - 24.2 

0.015 0.35 

~ Grains/scf - Grains/standard cubic foot of gas corrected to 60°F 
a.nd 1 atm. pressure. 
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The operation of electrostatic precipitators has not been entirely 
satisfactory in the past because of decreasing efficiency over extended 
periods due to the effects of the cement dust on the high voltage compo
nents.!/ Also, when kilns have been shut down and then restarted, it may be 
necessary to by-pass the electrostatic precipitator for periods up to 24 hr. 
because of the danger of explosion from the presence of combustible gas or 
coal dust. 

The total installation cost of an electrostatic precipitator is 
shown to be as high as 400% of the purchase cost in the HEW publication 
AP-51.7./ It is reported that this figure should be somewhat higher based 
on costs frequently experienced in the cement industry.~ Recent cost data 
for electrostatic precipitators used in the cement industry indicate that 
the installed cost for precipitators having efficiencies of 99.0 - 99.9i 
ra."lgeS from $1.00 to $3.50/a~~ with an average of.$1.80/ac!"'m . .!2/ 

10.5.2.3 Fabric Filters: Fiberglass baghouse filters have had 
much success in controlling kiln emissions. Bag life averages 2 years or 
more.~ A big plus in baghouse installations is the fact that duct designs 
are simple and uncomplicated, requiring little study for the flew of gases 
wt.en compared with the frequently complicated model studies necessary for 
good gas-flow patterns in the electrostatic-type dust collector.!/ 

Moisture condensation in glass-fabric filters ca.~ present prob
lems. However, dew point temperat'.l!'es are normally avoided by proper appli
cation of insulation to ducting, etc., and by proper operation to avoid 
condensation. 

The simplicity of desig!'l and operation of the fiberglass filter 
system, which lowers the cost, is balanced to some extent by increased fan 
power needed to overcome pressure drop across the baghouse. Many baghouses 
operate with a pressure drop of 3 to 7 in. of water. Sample data for fiber
glass baghouses are given in Reference 9. 

The total installation cost of fabric filters is shown to be as 
much as 40of, of the purchase cost in HEW Publication AP-51.7./ This figure 
is claimed to be in line with cement industry experience.§/ 
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CHAPI'ER 11 

FOREST PROIJuCTS INOOS'l'RY 

11.l Ilfl'ROIYJC'I'ION 

The forest products industry as considered here er.compasses for
estyY, sa·wm.ill, plywood, particleboard, !:iardboa:d, and pulp u.ill operations. 
Emissions from this ind~stry are highly variable, and range froc dust re
sulting from logging operations to particulates emitted from li~e kilns in 
pi.D.p reills. Particulate em:'..ssion so'J.!'ces include wood-waste incinerators, 
:plyvood dryers, sav.~ill planers, sa;-.ders, recovery furnaces, and power 
boilers. Figc;_re 11-1 presents a composite flow diagra.n: for :.he .:'orest 
prod~cts ind~s:.ry. 

tifani..;facturing precesses, particulate ereission sources, par-vic~late 
e:nission r::.tes, ef::'.'L::.ent characteristics, and control practices and eqdp
!:le:-.t associated ;;i th this ind".,,;.stry s.re disc,..;ssed in the follo;1ine sections. 

11.2 FORESTRY OPERAI'IONS 

Forestry operatior.s center aro:md tin:ber cutting. Trees are har
vested by logging crews and tra:::spQrted to sa'lollllills, plywood plan-ts, ec.c., 
:'or subseq'-'e::.t processi::.g. Logs a!"e tra.r.sported by tr-.:.ck, floated. doW!'l a 
r:'..ver, or towed by tugs in the fonn of "loE,; ·oooms c1· raf"ts." 

11.2.1 Err.ission Sources and Rates 

Apart f!"o~ the d~st generation result:'..ng from loggi:r.g operaticns, 
a najor source of air pollution ir.. fores-try operations is the burr..:'..ng of 
vood residues. Common methods of dis:pcsal incL<.de o:;;.e::-. b:.:.r::-~ing and ir:.cin
e:ration in a "wigwan" burner. The d.ivcrsity of reasons for b1.:rning and t=:e 
large land areas i...~volved lead to significant pollatior:. from these prac
tices. 

Deter:nination of the e~ission potential of slash bur:::.ing is diffi
ccl t bee ause accurate estir:lates for total acreage or f·c..el loadir:.g for range 
O:.!!'ning are not available. Particulate emissions from slash burnir..g have 
"oeen estinated by tw'.) agenc :.es of the U. S. Departmer..t of .ll,g:::-ic·.11. t·-lre .Y 
The Forest Service reported an est:Ur.ate cf 17 million tons of part~culate 
matter produced by "Prescribed Fi!"es" in the United States ln .::..967. Six 
million tons of this total are attributed to slash burning. Slash bu:r~ing, 
prir.larily practlccd ir:. the western United States, is employed to reduce the 
flamr.iatili ty of heavy concentrations o::'.' slash left after t:'..ll:.ber cutting. 
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Prescribed burning in the eastern United States is used primarily to renove 
accu.~ulated litter on the forest floor and the 11 million tons emitted are 
not included in the slash-burning category. The Forest Service also esti
mates that the "fuel consumed in the west" is 21 x 106 tons per year. 

The Soil and Water Conservation Research Division estimates that 
25 millio~ tons of logging debris are burned each year and that 6.5 x 106 
tons of particulates are produced by prescribed burning in the forests.g/ 

As shown in Table 11-1, emissions from slash burning are ta.ken to be 
6 million tons in· accordance with the estimate of the Agriculture Department. 
Emissions ~rom vehicle traffic on logging roads were not estimated. 

ll. 2. 2 Efflue:-.t Characteristics 

Data on effluent characteristics from slash burning are meager. 
Research is being conducted on the subject at Oregon State University, 
Washington State University, and the University of Washington. 

Field tests on slash burning conducted by the University of Wash
ington investigators have resulted in the following observations:~ 

1. Ground-level particulate increased to nearly 10 times the back
groWld immediately dovtnwind from a broadcast burn. The particulate in the 
smoke plume in the fire vicinity reduced visibility to 0.5 km., but at a 
distance of 19 kl:J.. from the fire the visibility had increased to the level 
foWld ever Seattle. 

2. Similarly, high CO and co2 concentrations found at the fire 
site decreased rapidly to ambient conditions in horizontal and vertical 
directions. 

3. Hydrocarbon analyses of the gas samples revealed low concen
trations of 25 components, the most significant of which appeared to be the 
low molecular weight hydrocarbons and alcohols including ethylene, ethane, 
propene, propane, methanol, and ethanol. Several unsaturated components 
were found, but the quantities were relatively low. 

The results of the study of broadcast fires, plus those on pile 
and laboratory fires, suggest that broadcast fires can be modeled in the 
laboratory with respect to burning cha.rac~eristics, gaseous and particulate 
emissions from different fuel density, packing, quality, and method of igni
tion. Furthermore, that st~dy i~dicates that the air pollution aspects of 
slash burning can be minimized by establishing a high energy fire with a 
strong convection column under conditions favorable for rapid atnospheric 
dispersion. 
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Source 

I. Slash Burning 

II. Wigwam Burners 

III. Chemical Pulp Mills 

I-' 
tO 
!\) 

A. Kraft Process 
1. Recovery furnace 
2. Lime kiln 
3. Dissolving tanks 

B. Sulfite Process 
1. Recovery Furnace 

c. N.S.S.C. Process 
1. Recovery furnace 
2. Fluid bed reactor 

D. Bark Boilers 

IV. Plywood, Particleboard 
Hardboard 

A. Boilers 
B. Cyclones 

C. Veneer Dryers 

Quantity of 
Material 

23,000,000 tons/yr 

27,500,000 tons/yr 

24,300,000 tons pulp 

1/3 of 2,500,000 tons 

TABIB 11-1 

PAHTICITTA'l'E EMISSIONS 
FOHEST PHODUCTS INDUSTRY 

pulp 

Emission 
Factor 

10 lb/ton 

150 lb/ton 
45 lb/ton 

5 lb/ton 

268 lb/ton 

1/3 of 3,500,000 tons pulp 24 lb/ton 
15'1> of 3,500,000 tons 
32,000,000 tons pulp 

l,soo,000,000 sq. ft. 
plywood/yr 

pulp 533 lb/ton 

2.6 lb/ton burned 

45 dry tons 
MM sq. ft., plywood 

250 lb/MM sq. ft., plywood 

Efficiency 
of Control 

c 

0.92 
0.95 
0.90 

0.92 

0.92 
o. 70 

Total 

Application 
of Control 

c 

0.99 
0.99 
0.33 

0.99 

0.99 
1.00 

Net 
Control 
Cc·Ct 

0.91 
0.94 
0.30 

0.31 

0.91 
o. 70 

from Chemical Pulp Mills 

Total for Forest Products Industry 

Emission 
(tons/yr) 

6,000,000 

132,000 

164,000 
33,000 
42,000 

10,000 

1,000 
42,000 
821000 

374,000 

3,000 
67,000 

6,580,000 



Available data on the chemical and physical characteristics of 
effluents from forestry operations are sur.m:arized in Table 11-2. 

11.2.3 Control Practices and. 3quipment 

The various forestry operations that emit particulate matter, which 
include slash burning and incineration, do not lend themselves to the use 
of control equipnent. Although some considerations of burning methods and 
meteorological conditions would undoubtedly influence these emissions, these 
~actors do not fall in the category of control equipment. 

11.3 SA' ... 1MILL OPEPATIOt~S (LU>!B3R PRODJCTIO;J') 

The sa·..mi.ill or lumber industry includes production of lumber, 
shingles and shakes, posts and pilings, and sone lumber re::i2.nufacture and 
pl9.Ding mills. Operations include debark:.ng, sawing, and planing. 

11.3.l Emission Sources and Rates 

The basic lumber production processes create few pollutants. 
Sawing and plan:.ng equipment generate wood wastes--sawdust, shavings--i~ 

particulate fonr.. Planers usually have effective containment of this waste; 
but saws are seldon designed to contain and control fine particles, and wood 
dust emiss:.cns occi.i.r. 

Collecting, transferring, and processing wood wastes for by-product 
markets or incineration cause signi~icant particulate emissions because of 
the huge volume of the material. 

Kiln drying of lumber probab:y does not create hydrocarbon emiss~on, 
although this process has not been adequately studied. 

Incineration of sawmill wood and bark wastes is the main air con
taminant s::mrce. The "wigwam"- type burner is one common device used for 
this purpose. Reference 4 reports on a study of "wigwam" burners in the 
Pacific Northwest. Average temperature of the gases leaving the burner was 
485°~ which is considerably below the 600-900°F temperature range rec07Il!Dended 
for smoke-free operation. Improving the combustion efficiency would reduce 
emissions from these burners. 

Emissions from "wip;wam" burners associated with sa'W!11ills are in
cluded in the l.32 x 105 to::.s/year shown for these bur::iers in ?able 11-1. 
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A. Particuh.te (Part I) 

Forest Products 
Industry 
l. Forf!stry 
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Sh.sh burn
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2. Sawallls 

Planr.rs 
b. Wigwam burner 

3. Plyi«>od plant 

Incin<-ration 
(see vigwBm 
burner) 

b. Veneer dry1•r 
Sander 

d. Pressing 
lDRChinc 

4. f'B.rticlebonrd 
plfll'lt 

Incineration 
(sec wigvJO 
burner) 

b. Dryer 
Pressing 
anch1nc 

d. ~;~nrlt.-.· ( :we 
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A. Particulate (Pnrt I) (Concluded) 

for<'st Products Industry 
5. Pulp Mills 

n. Kraft & Sodn. 
{ l) Recovery furnace 

(2) Llllle kiln 

(3) Saelt dissolving 
t..rut 

( 4) Boilf'TS 
(a) bark-fired 

(b) oil-fired 
(c) coal-fired 

b. Sulflte. 

( l) Rr.covery furnace 
(megnesiU111 blsulfite) 

(?) Boilers 
( B) bark- fired 
( b) oil-fired 
( c) coal-fired 

H.s.s.c. 

( l) Recovery fum&Cl.' 

( 2) Sadt dlssolving tank 

( 3) Boilers 
(a) bark-fired 
( b) oil-fired 
( c) coal-fired 

50-65 < :-' 

ElrC'tron aucroscope 
r.:ount 

16.8 < 0.5 
53 .2 < l 
30 > l 

CascBdr imp11.ctor 
50 < 0.95-l.l 

90 < !) 

Bahco Analysis 
19-25 < 5 

Avera.gr. 22 < S 
34-48 < 10 

Averngl"? 4:) < 10 
60-66 < ?O 

Averngr. G~ < ?O 
"f0-19 < 40 
Avernp;r 74 < 40 

• High !iaCl cc:atent due to seawater ~rslon of logs. 

TABLF ll-? (Conlinui:-d) 

Solids Loading 

'·A (dry} 

3-20 

0.17-l .3 

1.3-2.4 (dry} 

0.04-0.4 (dry) 
3.1-3.~ (<lry) 

4 .94 

l.3? 
0.0( 

~. l-3 .s 

2.0S-2.4 
0.04 
3 .19-~ .~) 

Pn.rt.lcle 
Chaaical Compost tlon Deo:;ity 

H"2S04 : 14-90 
AvP.rllge - 80 
Ha2~: 2.6-73 

Averap,c - ll.2 
NaCl: 0.6-14• 

Aver11.ge - 2 .3 
NA?S: 3.3-5.f. 

Averagr. - 4. 4 
Carbon, Fly a.sh 

CaO. Ca"°3, Ma2CO:!,, 
H82S04, Mg~, 

Fr.?°'3• Al20:s• 
SI~ 

"":>~· H":>S, H":>S04 

Electrical 
Reslslivity 

See f'tgurP& 
11-2 and 11-3 
ror detailed 
data 

Moisture 

~ 

0.2-l.2 
Averagt! 0.45 H.T. 

H.T. 

N.T. 



A. Part1culate (Part II ) 

Forest Products Industry 

l. Forestry operatlons 

a. Slash burning 
b. WlfJV9 burner 

5. Plywood plant 

'. ~rtlcleboard plant 

5. Pulp aUla 

a. Kraft and soda 

( l ) Recovery 
furnace 

(2) Lime kiln 

(3) S11elt dlS1olv
lng tank 

WetlRbillty 

N~so, - s. 1'2£>, glc. 
Ha2C'O:s - s. lf20, s.s. d. 
NaCl - s. H?>, glyc. 

S.S. al. 

N":?~ - s. 11:>0, s.s.nl. 
Ca~ - s. H?J 
M""°3 - s. ll?'J 
H&.:>50, - s. ffeO, glyc. 

al. 

N"?.~ - s. HtJ, s.s. al. 

""-25 - •. ~o • ·•. •L 

TARU~ 11-2 (Cor.tlnu~d) 

Hygroscopic 
Characteri.st.lcs 

Hygroscopic 

F111m1ab1l l t.y or 
Explos 1 ve Lt..1 ts 

Handling 
Characterlatlca 

Agglomerates, 

corrosive 

Optical 
Properties 

Sodi• •al ta
lidli te1char, 
fly ash - black 



B. CR.Trier Gas 

Forest Products 
Industry 
L Forestry 

operation 

•. Slash burn
ing 

2. Sawills 

"· Planers 

b. Wigvaa burner Avg. veloc-

3. 

4. 

. 

Plyvood 
plants 

a. Incineration 
(see wigwam 
burner) 

b. Dryer 

c. Sander 

d. Pressing 
machine 

Particleboard 
plRnt 

Incineration 
(see wigvmn 
burner) 

b. Dryer 

c. Pressing 
anchine 

d. SRnder (see 
plyvood) 

ity at burner 
top, 600 ft/min 

a) 40-60• 

Actual cubic feet/min . 

Tempcr11tur(~ 

900-1550 

166-866 
Avv,. 40!1 

296-~34 

MolGt11re 
Cu11t.1!11t 

Dev Point 
lOA-133 

T/\Hl.i·' 11-:> (r.ontirnl"d) 

Ch~kol 

Compo!: it ion 

co2 , co, m4 , e;n6 
~114, ~14;, C;H5 

N2, 02 

CJ;>, 11;>, CO, co2 , and 
various gaseous 
products a f lk>Otl 
pyrolysis 

HydrocarbonG, air 

Air 

Phenol lr res ln ( g11s 
and vitpor) ~lr 

F'ormn.ldehyde- urPit 
rt>eln, nlr (gas 1rnd 
VRpor) 

Carros 1 v l ty 
Fl~billty or 
Explouivc Limits 



B. Carrier Gas (Continued) 

5. Pulp mil ls 
a. Kraft & Soda 

( l) Recovery 
f\Lrnace 

(2) Lime kiln 

(3) S..lt dissolvilll! 
tank 

(4) Boilers 
(a) bark-fired 

(b) oil-fired 

( c) coal-fired 

Flow Rate Tem:pcru.ture 

(a) ?0-568 ?70-6~,o 
( b) ?"18-!,68 avp,. 3fi0 

Avg. 43?** 

(a) 7-50 
(b) 31-53** 

Avg. 44 

(b) 45ff 

(b) 96-125 

Avg. 112 .. 

(b) 99-366*" 
Avg. ?16 

(b) 91.4-340H 
Avg. 20< 

400-900 

170-200 

Standard n.3/air-drled ton. 
Pound/air-dried ton. 
144 - Methyl Mercaptan. 
OS - Dime thy 1 Sul fide. 

'l"Afll.F: Jl-:-" {cont tmw,1) 

Moi~turc 

~ 

~:'0-40 

Ikw Puint 
U~i-JHO 

400-600*** 
Avg.~ 

670*** 

654-868 ... 
Avg. 774 

336-1, 24()*+* 
Avg. 739 

245-908** 
Avg. 539 

Flanmabil i t.y or 
Chemical Composit1on Toxi~ity Corroslvity Odor !:>plosive Limits 

Typkal Orsat analysis so2 - 5 Corrosive due Mal- H?>: upper 11..mit 
co2 - 1?.~ 

co - 0.1 

02 - 7.6 
N2 - 7~.8 

Minor components 
H2S - 130-930 Pl'D 

tMM - fi0-1, 400 pprn 

( 1-1~ PJD nr.w plants) 
tns - 0-1?.~ ppm 

so2 - 1-350 pJ'.ID 

C02 - 16.5-22 
co - 0-0. 7 

02 - 0.3-5.l 

N2 - 77.1-76.4 
Minor cc:m1ponents 

H2s: 0.06-0.23*"" 
so2 : 0-2.SH• 
r.t, DS: 0-0.6*** 

S02: 0-0.0!>*** 
~S: 0.01-0.04*"" 
MM, DS: O.Ol-O.O
N2 balA.nce 

to sulfur odor- in air, 45.~; 
c:c:aspounds ous lower limit in 

air, 4.31- Cl13SC"3; 
upper 11.mit in 
air, 9.1~; lower 
limit in air, 

2.2~ Cll3SH: 
upper limit in 
air, 21.~; later 
11.mit in air, 

3.~ 

so2 -5 Corrosive due Mal-
irritant to sulf'ur odor-

caapounds DUB 

so2 - 5 Corrosive due Mal-
irri tant to sulfur odor-

so2 - s 
irritant 

802 - 5 
irritant 

ccmpounds 9us 



tD 
w 

B. Carrier Gas (Condud1:>d) 

b. 

"· 

Source 

Sulfite 
(1) Recovery 

furnace 
(""W'esium 
bisulflte) 

(?) Boiler 
(o.) b&rl!.-flred 

(b) oil-fired 

(c) coal-fired 

N.s.s.c. 
(1) Recovery 

furnace 

(;•) 9nell dlo-
sol v lug tank 

(3) Boilers 
(a) bark-fired 

(c) coal-fired 

** M1:>tl1yi Mercaptw1 • 
...,. Dimethyl sulfld1~. 

FlUY Hate 

b) 4G3 •• 

.. 
b) 10."'>-l~>;! 

Average 113 

b) 148-4?0·· 

Averap;e 29!> 

b) 137-jB/t• 
Avcrar,e 25fl 

b) 107 - lA9 
.. 

Average 148 

b) 59-f,A** 
Ave rag~ 63 .!> 

b) ,,OG-310 
Average 3lu 

b) :>&1-311 
Averap,c 303 

Tem~rature 

509 

3?5-1100 

200 

'l'AHT.F. ll-2 (Conrlud,•d) 

Moisture Content 

3,ooo••• 

700-910 1 
... 

Aver~e A33 

50~-1,430··· 
Aver11ge l~ 000 

3G"l-l,040••• 

Average 730 

l,100-l,400 ... 
Avf~rugc 1,2!,0 

litu*** 

... 
454 

l,040-1,000*** 

AvC'ragc l, OGO 

751-Ro;:*'* 

Avernr.1• "118 

Chem. Canpos! ti on 

CCJ;>, N2, °"' SO;>, 
Jl.;?S, ""'· OS 

co2 , "2• °"' .s°", 
u2s 

Toxicity Corrosi vi ty Ckior 

SO;> - 5 Corrosive Mal-
irritant due to &ul- cx:lor-

fur CCIII.- ous 
pounds 

Fl1111111abllity 
or Explosi'le 

Limits 

See above 
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1 x 1013 

1 x 109 (Laboratory Measurement With 1-?% Moisture in Gas) 

1 x 108---------------------------------------------------..._------~__.,------------
o 100 200 300 400 500 600 

GAS TEMPERATURE °F 

Fig~re 11-2 - Electr:cal Resistivity of Salt Cak~/ 
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1o6 
0 5 

~...-::'ll'T"" East and West 

/)A 

Cascade Outlets 
(.-v85 % No2S0,4) 

""-- Commercial Grode 
Na2C03 

-0------0---.;;o 

NOTE 

RECOVERY FURNACE FLUE GAS 
TYPICALLY 20-40 % MOISTURE BY VOLUME 

10 15 20 25 

MOISTURE IN GAS (%BY VOLUME) 

Figure 11-3 - Electrical Resistivity c:~ So:ii: .. a:: S~lfate as a F~r.c:.:o:: o:' 
Y.o:s:;.:re in Gas a:, 300°F (Labcratory Meas--.:re:ne::ts)l8/ 
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11.3 .2 E:"f1·1e!1t Characteristics 

Limite:i data were ~cund for the effluent characteristics of 
emission sources in sa;.mills. Available data are summarized in ra·ole 11-2. 

11.3 .3 Control ?!"act lees and F.qo.;.ipment 

Co:nments on control practices for sawreill.s a.re included with those 
~or plywood plants in Sect:cr. 11.4.3. 

11.4 PLY1 • ..'0Cr, ?AR'1ICLE30ARD, A.\"J HAR:1BOARB FL.\:~TS 

?art of the w::iod wastes fron sawr:iills is 'cltilized in the r.ianu
:~acture o::' plywood, p<trticleboard, and hardtoard. ?ig-cire 11-1 p!"esen:s 
typical process flow cliagra"!ls for plywood vencc:::- ar.d layout plants an:i a 
particleboard pl'.Ult. 

In the plywcod r.ianu:"acturing cycle, the logs first go through de
barking, pccl:'..ng, and. clipping to pr·::d.uce a veneer material. Following 
drying, tl:e veneer proceeds ti::rougr. 19.yup and glue spreading, pressing, 
trirr.m:ng, and final sanding. 

In a particleboard plant, t.r.e waste .,.,.ooC. is screened., ground, aI1d 
dried :n the initial processi~g steps. After the •:L";jing step, the material 
is mixed with resin tc fonr. panels. The panels ?.:ce then pressed, trimrr.ed. 
and. sanded to pr·::>d.ucc the fin:'..shed. :product. 

11.4.l E'!nissior. Sou:::-ces and Rates 

Particulate poll.utar.ts in comparatively "'mall am•:mnts arc prcduced 
in these processes. In plywood veneer plants, the disposal of wood waste 
creates tte major emission problem. In plywood layout and finish~ng plants 
some err.ission sources also involve wood wastes. Incineration and boiler 
plants are the principal means o::'.:' disposal and "wigwam" b'.ll'ners are used 
quite extensively. 

Emission sources in a plywood layout and finishing plant, in 
addition to incinerators and power boilers, include veneer dryers, panel 
press:ng operations, and sanders. Green veneer panels (50% mcisture) a:::-c 
iried to less than l~ moisture in long enclosed teated chan:bers called 
ventilated veneer dryers. Twc dryers are rarely ever alike. They emit a 
visible blue plume w:iich is saturated ·with water vapor and loaded heavily 
with hydrocarbons. 
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Plywood pressing operations are another source of emissions. 
Phenolic resin loss to the atmosphere during pressing of panels may contrib
ute to local air :pollution problems. Overall emissions from this type of 
resin appear to be verj minor although detailed data are not avai:able. 

Plywood sanding operations produce a large volume of sa.nderdust. 
Plywood is either produced as unsanded sheathing or it is sanded on either 
one side or two sides. Volur.ie of sanderdust generated has been reported to 
vary from 33.3 to 99.5 tons/mill:on sq ft of sanded plyvood panels.~/ 

Emission sources at a particleboard plant include: (1) transfer 
operations, ( 2) dry:.ng operations, ( 3) pressing ope:rations, ( 4) sanding 
operations, and (5) incineration. 

The only waste material at particleboard-hardboard plants is 
sanderdust, as other wastes are recycled to the manufacturing process. 
Emissions from incineration of this material would be similar to those de
scribed for sa~'!llills. 

Particleboard plants purchase plywood trim, planer shavings, and 
sawdust. which includes small quantities of sanderdust~ as raw materials. 
As the loadei tr~cks du:np into receiving toppers, considerable quantities 
cf the !'ine particulate are carried. into the atmosphe:re. 

Particleboard and hardboard pla.."lts process "green" raw material 
through rotary k:ln-like dryers. No data were found for enissions from 
these dryers. 

Emissions of fol"l!lalde~yde-urea resin during pressing operations 
have produced air pollution problems near particleboard and hardboard plants. 
The !'ormaldehyde odor of the finished product is the main problem. The bulk 
o~ formaldehyde emission occurs during the high temperature (350°F) press 
which cures and sets the resin. It has been reported that at a press tempera
ture of 350°F, and vtith a l.8:1 molecular weight ratio of formaldehyde urea 
resin, 3~ of the total solids will be leached as free formaldehyde. One 
percent would be emitted at a 1.2:1 mole ratio. The resin binder itself 
consists of approximately lei of the total weight of particleboard a.nd Si 
in hardboard produced by the dry method. 

Pinissions from sa.~ding operations wculd be similar ~o those discussed 
under plywood manufacture. After being sized in the trim saws, particle
board is sanded on two sides and the hardboa!"d on one. The quantity of 
sanderdust generated depends on sanded depth and density of the board and 
has been reported to va:ry from 42.5 to 156 tons/million sq ft sanded.~/ 
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Emission rates from these plants are sumr.tarized in Table 11-1. 
Limited data are available as these plants have not been thoroughly studied 
as air pcllution sources. 

11.4.2 Efflue:1t Characteristics 

Data on c~fluent characteristics from plywood, particleboard, and 
hardboard plants are limited. Ta1:le 11-2 su:n!llarizes information currently 
available. Dust from a drum sander is about 20 wt. ~less than 10 ~· 

11.4 .3 Co:-.trol Practices S:1d Equip:ne:::t 

Er.lissions from these operations and from sa"Wt'lills result primarily 
fro~ steps producing sawdust or from incineration. Cyclones have wide appli
cation in the collection of sawdust but ve'T'/ little information is available 
on their design or operating efficiency. Eag~ouses can probably be used 
for the collection of this sawdust in many instances, but the pressure drop 
involved would be higher than for cyclones. Afterburners could be used on 
sources which emitted combustible vapors or mists. 

11.5 PL1,P IN'T::JSTRY 

Ctaracteristic air-pollution problems of the pulp industry are 
associated with the release of oalodorous sulfur compounds and particulate 
matter. Pulp is made by either the sul:ate (kraft), sul:ite, se~ichemical, 
soda, or by a mechanical process. Mcst of the pulp produced in the United 
States is nade by the kraft process. The sulfite process accounts for less 
than 10% of the pulp production. 

11.5.1 Kraft ?rocess 

The chemical pulping process kno'Wl'l as kraft pulpir.g, employs a 
cooking liquor whose main ingredients are sodium sulfide and sodium hy
droxide in solution. High-pressure digestion of wood chips d~ssolves the 
liquor in wood, and frees its cellulose fiber for use as pulp. A typical 
batch digester will reach temperatures of 350°F and pressures of 110 lb/ 
sq in., and take 3 hr. for a cook. The full cooking pressure is used to 
blow the digester contents into the blow pit, ending the cooking cycle. 

More recently, new mills have been utilizing continuous digestion 
because of improved control over the cooking cycle and hence a better quality 
of pulp. Wood chips, liquor and steam are supplied continuously at one end 
of the digestor, while the finished pulp and spent liquor are removed at the 
other end. Continuous digesters are also used to produce a low-grade pulp 
from sawdust. 
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As sr.own in Figure 11-1, di:'..lted pulp from the blow :pits is sepa
rated. from the spe!lt Equor by filtra.tior: and ,.,ashing. The spent cooking 
lig_uor at this poi:it is black frcrr. t'.1.e ligr:.in, waste fibers, a.r..d dissolved 
sul:'ide salts--and hence called "black liquor. 11 Vitally important to t:-.e 
economics of the kraft process is tr.e recovery an.:. recycle of inorga!lic 
cherr,icals in the black liquor. To accomplish chenical recovery, black ~:.quor 
is ccnce!ltrated by evaporation and burned in recovery furnaces. ~ost of the 
organic and inorganic sulf~r is reduced in the lower oxygen-poor region of 
the furnace to fonr. a.n ast or smelt of molten che~icals, primarily sodium 
sulfide and carbonate. Tr.e upper zone of the reco'iery f-.i.rnace, ideally an 
oxygen-rich zone, serves to oxidize the residual sulfur organics carried 
up from the reducing zone below. 

Recovery f~naces also produce valuable process stea~ from the 
heat of the burning black lia_uor. Hot gases fron:. the combustion zone rel:.n
q~ish most of their heat energy in passing over boiler tubes and heat econ
onizers. Steam may be used else~here in the pulp-making precess or sent to 
t\.i.l'bines fer elec~rical power generation. Ad1itional utilization of the 
:'urnace heat is accomplished by the use of a d.irect contact evsporator. Such 
ar: evaporator util::.zes the !:'.eat cf the flue gases to £'".J.Tther evaporate blac~ 
liq_uor just prior to its :'iring in the recovery .:'~nace. Dire::t contact 
evaporation has one serious drawback, however, froll'. an air-pollution stand
point--tce stripp:.ng of hydrogen sulfide whict occurs when aciiic :1ue gases 
contact tr.e blac~ li:r.ior. Following the direct contact evaporator, f·..u·na::e 
gases pass t~roug~ collectors (such as electrostatic precipitators and scrub
bers) to remoYe par~iculate matter consisting of sod::.um salts and carbon 
particles. Exha~st gases containing the remaining particulates, plus the 
~alodorous sulfur conpou..~ds, then pass to the atrr.osphere. 

T~e soa::.um sul:ide and sodium carbonate smelt, fonned at f'urnace
gratc :!..evel, falls into the smelt tan.V;.: ·where it dissolves in water, :orming 
the "green liquc!'." The sodiUII: carbonate is co::iverted tc sodium hydroxide 
by the add:.tion of lime. The reaction performed in the causticizer er 
shaker is stovm below. (1) Calcium carbonate precipitates as a lime mud, 
and a:ter washing is sent to the lime kiln where it is calcined to calcium 
oxide. ( 2) r:='t.is :'re sh lime is then slaked ( 3) and available for furt:i.er 
ca~sticizing. After conversion of soditun carbonate to the t.yd_..-oxide, the 
"green" liquQr bccoll'.cs "white" liquor and is ready for recycle as cookir..g 
liquor. 

( 1) Ca( OF-2) + ~~c~ 2NaOH + cac0:3 

(2) CaO + CO,., 
t::. 

(3) Cao + fi20 ~ Ca(O:t)2 
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11.5.1.l Srr.issicn Sources and Rates: The kraft pulp mill emits a 
wide range cf air pollutants, with the malodorous sul:'cir gases ·oeing the 
most objectionable beca·u.se of their low threshold of detectbn in the ar.ibient 
air. Other categories of kraft mill emissions include particulates, mists, 
a..~d less odorous gases which are emitted from numerous process points. 
Table 11-3 shows the atmospheric emission sources and the general category 
·-:>;: atnospheric emission which each source contributes .§.J ':'able 11-4 identi
fies the emission category by c~exr.ical compositior. . .§1 

TAELE 11-3 

AT.-10SF.1ERIC EMISSION so:JRCES rn A KRAFT Mir.r.§/ 

Source 

Digester relie:: a.n1 blow gases 

IC"1otter and brown stoc~ wasr.ers, 
was~er seal tan!{s 

Black liqucr storage 

Black liciucr oxidation tower 

M. E. e~1apc~::.tc~s 

Recovery ~urn~ce 

Snelt dissolver ta.."lk 

Lirr.e kiln 

Causticizer 

Bleach p:!..ant 

Power boilers (including oil-~ired 
and bark-~uel boilers) 

Paper incinerators 

Materials handling 

Etliss~on Categories 

Malodorous gases an:S. water vapor 

?-ta::..odorous gases~ nists and organic 
vapors 

~alodorous gases 

Malodorous gases and organic vapors 

Malodorous gases 

Particulates, n:.a.lodoro-..is gases, other 
gases (including sulfUY dioxide) 

Mists and odorous gases 

All categories 

Mists 

Mists and other gases 

Particulates and other gases 

Particulates and other gases 

Particulates 
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'TABLE 11-'t 

AT>!OSPHERIC EMISSIONS F:?.OM KRAFT YJLP >!ILLSV 

General Category 

Particulates 

::V!is';;s 

Malodorous '.sulfurous gases) 

Other gases (less odors and 
incluuir.g org~ic vapors) 

Wat·cr vapor 

Composition 

sodium carbonate, sodium sulfate (salt 
caAe), calc:'.:..:rr. oxide (lime), sodium 
oxi.de, ~arbo~. (char), fly ash 

scai:.tr.t carbonate, sodium sulfate, black 
liquor, caustic and hypcchlorite + sul
fc;.ro'..ls gases 

t-ydrogen sulfide, methyl mercaptan; 
dimethyl sul::'ide, di:nethyl disulfide, 
e~hyl mercaptan, isopropyl merca:ptan, 
n-prcpyl n:cr·capta:1, cttyl sul:'ide, 
and others 

carbon nonoxide, suL~cr dioxide, c!'J.lorine 
and ch:...orinc dioxide, carbcn ::licxide, 
!llett.anol ( wocd aicohol), ethancl (rubbing 
a2..cohol), al:pha-pine::e, acet::me 

T!'J.e largest source of potential particulate enissio~ is the re
cover-J furnace; other sources of particulate e~ission include the li:ne kilns, 
smelt tan.~s, er.d bark- and/er coal-fired power boilers. ~:-.e reco':ery fur
nace can also account :'or half o:' the total potential S'..:.lfur emissions, al
though ot:-.. cr sources such as the digcsters and multi-effect ev-aporators 
should not be ignored as malodorous err.ission sources. 

In the recovery furnace, heat is obtained from the combustion of 
the organic constituents of the black liquor, and the inorganic constituents 
a.re recovered as a molten smelt. T!'J.e cor.centra~ed black liqc;.or at 60 to 65% 
solids content is sprayed into the furnace where the water content is flashed 
off. 

Whe::: the black liquor is burned in the furna:::e, ar: appreciable 
quantity cf particulate is liberated. Chemical content of ~he solids en
trained ir. the recovery furnace fl~c gases is a :'Wlction of furnace oper
ating conditions and feed liquor composition. Usually N~S04, Na2C03, and 
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~~:iCl constit:itc 75 ~ 90% of the particulate weig-:it. '.::'te remabder is ccre
:posei o:~ I~ai-i:C0:3, unbL.<.rnci organic :rr.aterial, and WP~ter-soluble :1y ash. The 
relative mass fractions of ?\a2S04, Na2C~, and Na.C:l in the fu.11e can vary 
greatl;r fron rr.ill to rr.ill. For exa'llple, Na.Cl is present ir:: measure.::ile q_ua.n
titics wl:en logs have been stored in salt water before cl1:'..:p:;::ir.e;; :'..nland 
mills have less NaCl passing thro"Jgh the recove-r-y systerr.. 

The smelt recovered from combustbn of black liquor in t!-.e re
covery f\i.rnace is dissolved in water and wea"k: wast. in the C.issolvi:ig tar.k. 
As a result of violent reaction and flasting, a ccnsiierable q_uuntity of 
moisture containing C.issolveri sodiu.'ll compounds is discha!'ged fro::n the c.:s
solving tank to the atmosphere. 

Boilers w:~ich are wholly or partially fi:::-ed 'h·itt bark are a!:other 
source of particulate emissions. Fly ast is the dominant :particulate cn:.ittcd 
from this so;irce. 

E."!lission le·,rcls for the kraft p-i.J.~i:-.g process arc s-..;rriir.ar:zcd in 
':'ab:e 1:-1. ?a"·ticulate e:nissio!'ls frorr. ::Craft. n:ills c,_;rre!'ltly to~a:!.. about 
239,00C tons/year. 

11.5 .1.2 Ef:~luent Characteristics: The chcr.iica: e.ad :;::;hy;oica: prop
erties of effluents from kraft pulfi::-.g i:rocesses are detailed in ,...,::i.ble 11-2. 
Part::.culates er:ii ttcd. :'rcrr. t~e recover.{ f'.ll'na.ce range frcm. 50 to 85 wt. % 
less than 2 µ. :::.L-ne ki2..n partic'4lates are 95 ·wt. % less than 25 u, w!:'.ile 
those frcrr. tr.e srr:elt tan."::s are 90 ·wt. '1o less than 5 L.:.· 

11.5.1.3 Control ?~·acticcs and Ecuifme:l:: Elect:::"c.static precipita
tors arc norrr.a::'..ly ;.:scd to recover par'!;icles err.i tted from the recovery fur
naces. Electrostatic precipitators may remove 85 to 97% of tr.c particulate 
matter while Venturi scrubbers may ren::we 60 to 95'{o.Z/ 

The recoverf cf particulate matter from the flue gases :!..caving 
the recovery furnace, lime kilns, and dissolving tanks is described in 
Reference 8. Uncontrc:.led en:issions frorr. tl:.e s:oelt tan.l<:: n:ay be as high as 
20 lb/ton of pulp. Use of a simple water spray ~ay reduce t~is tc 5 lb/ton, 
while a mesh dcn:ister may fur~her reduce this to l or 2 ~b/ton.7_;1} The 
control e:iuipnent ·.;.sed to decrease smelt tank eriissions are nesh pads, packed 
towers, or~fice scrubbers, or cyclor.ic scrubbers. 7he pressure drop for an 
orifice scrubber is approxinately 8 in. cf water. 'r:."le press•.U'e drop across 
a rr.es::: pa:l is usually less than l in. of water, but sprays lcca';;el ~bove tte 
pads :may be req_uired periodically to remove collected chcnicals .!.:!:; The 
recovery of p?~ticulate matter fron the flue gases leaving tee recovery fur
nace (and fror:i the lime kilns and dissolving tanks) is described in Refer
ence 8. 

208 



To reduce fallout in the mill vicinity and/or conply ·..:i 'u!'. sb.ck 
err.ission s~andaris, some nills practice secondary wet scrubbing as an adjunct 
to tl:e use of prir.iary recovery devices on the recovery fur::ace flue gas·::s. 
Six types o:' secondary scrubbers for :particulate matter rere::ival i:1 flue 
gases are in use in the u. s. industry at t~e present tine.12/ 7c.esP- are 
usually low-pressure-drop devices of less than 2 in. of water. i':iey may be 
constructed of :iberglass or lined with acid resistant brick or concrete. 
The ~'ide variation in wa~er usage rate for these secondary scrubbing instal
lations is shown in Tacle 11-5.12/ It has been reported that the initial 
installa":;ion cost of various secondary scrubbing systems ranges from $35,000 

to $55,000/100 tons pulping capacity.~ 

'.::ABLE 11-5 

WA'L'E3. USAGE FOR SECOri'DARY SCRU3BING n;sTALLATIONS!.V 

Water Use S:icwer 
Rate Rate 

Vertical impingemen~ screen 0.4-2.3 1.0-2 .3 

~ultiple ·.,rent-.u-i impbgement 4.6-11.3 10.8-22 .6 

Chevr~n oa:flc plate 0.3 8.7 

Pease-Anthony cyclor.ic 0.5-4.l l.2-7 .6 

Vertical baffle plate 0.6 1.2 

The installation of scrubber ur.its downstreal!l of an electrostatic 
precip~tatcr is discussed i~ Reference 14. Table 11-6 sho~s averaEe per
formance data for tl:is type cf u::it and Figure 11-4 gives the pa!'ticle size 
efficiency curve. Tests showed conclusively that dust collection efficiency 
decreased when the flue gas entered the washer saturated with water vapor 
(at the de~ point temperature). It is su.."'I!lised that when flue gas enters 
the washer at a temperature considerably above t~e dew point, large qua.n-
ti ties of stean: or fog are produced at the first bank of spray nozzles, 
where the gas is cooled to the dew point. Solid particles carried in the 
gas act as condensation nuclei for the saturated steam, thereby resulting 
in tte ~igh collection_ efficiency for the 5 to 30 µrange po.rtic~es as 
sho-..m in Figure 11-4. 
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TA B:E 11-6 

AVERAGE PERFORV.fi:~CE DATA FOR FULL-SCALE TE WASHER*-1_!/ 

Gas flow, ft3/min 

Dust loading, grains/std ft3 
Inlet 
Outlet 
Efficiency, i 
Soda ash recovered, lb/min 

Liquid c~fluent from scrubber, gpm 
Concentration, g/liter as NaRC0:3 

Gas te:nperat·..ire, °F 
Inlet: 

dry-bulb 
wet-bulb 

O·Lltlet: 
dry-bulb 
..,._·et-bulb 

* Pressure drop less than 1 in. w.g. 

57,000 

0.2l. 
0.027 

88 
l.7 

25.3 
7.73 

272 
169 

166 
162 

Venturi scrubbers are used on stack gases frore recovery furnaces 
to serve as direct-contact evaporators by using black liquor as the sc:::-ub
bing mediur:i. Tt.c particulate collection efficiency of one such unit is re
ported to be 74.2</;.§./ The pressure across this unit was not given. It ·was 
stated that steam-atomizing nozzles were ~nstalled in an effort to Ur.prove 
collection efficiency. 

Wet scrubbers are also used on li:!ne kiln stack gases. Test data 
for one unit are given in Table 11-7,1&/ 

Pilot plant studies have been conducted making use of electro
static pre-agglomeration of black liquor boiler fume followed by a flooded 
disk or Venturi scrubber.1Z/ 

Large diameter cyclones of 48 in. tc 60 in. are comr.lonly used for 
collection of the emissions from bark boilers. Recovery effi~:encies are 
in tt.e range of 98% with a pressure drop o:· 3 to 4 in. w.r,. 10/ 
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TABLE 11-7 

IEST DATA, LD!E KI~; 'ffiITURI SCRUBBER.h§/ 

I::ilet gas temperatures, °F 
Exit gas temperatures, °F - sat'd 
Scrubbing slurry temperatures, °F 
I:i::.let gas voh:rr.e, cfm at S'.i:'P - 32° F, 29. 9 in. Eg 
I::ilet gas v:Jlllr.le cf':n at d'Jct ccndi ti::ms 
Outlet gas volume, cfr:l at STP - 32°F, 29.9 in. Hg 
0'.;tlet gas •1olumc, cfb at duct condi tfons 

Rur:. No. 
l 5 

?Yes sure drop across venturi 
and cyclone, in w.g. 11.25 6.75 lC.75 

309-344 

::.56-168 
155-166 
17) 400-24, 700 
27,800-40,000 
20,400-25,800 
26,200-32,800 

6 7 

6.75 5.5 

8 

5.5 

Scr:.:tbir~g liquid used Filtrate F:.ltnte Slurry Slurry Slurry Slurry 
Scr'.lbbing liquid. gpn 5l0 290 410 160 200 100 
Scr·;.bbing liquid, 'fo solids 3.3 4G.7 18 

Inlet iust load, tons/18.y 
Acid insolub:..e 0.08 0.16 0.06 

CaC~ 4.14 H.70 19.62 
~~r:i.2S04 0.30 0.03 0.06 
Na2C03 2.34 2.41 1.64 

-:r:;tal 6.86 17 .30 21.38 

Outlet dust load, tens/day 
Acid insoluble 0.01 0.05 C.02 0.01 0.09 C.03 
CaCO-::i: 0.03 0.10 C.15 o.~ o.ca 0.37 .., 
Na2S04 0.04 O.Ol 0.02 0.02 0.02 C.01 
N~c::o3 0.86 0.48 0.45 0. 75 0.30 0.31 

Total 0.94 0.64 0.64 0.93 0.49 0.72 

Dust loading, grains/:=-t3* 
Inlet 2.94 6.86 11.94 
Outlet 0.45 0.24 0.30 0.40 0.18 0.27 

Just rem:; val efficiency 1> 
For Caco3 99.3 99.4 99.5 
Fer XazS04 86.5 63.3 59.6 
For N82co3 63.0 80.0 72.5 
Overall 86 96 97 

* Wet gas at ST? 32°F, 29.9 in. Hg. 
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It has been reported that the large cyclones are preferred to 
the smaller diameter multicyclone systems. Part of the reason for this is 
the low density of the bark char which is easily re-entrained and does not 
flow well o~t of the co:lection hoppers.~ 

11.5.1.3.1 Control costs in kraft pulp mills: The cost of con
trol equip:nent for the wood pulping industry is a major part of a NAPCA study 
conducted by Environmental Engineering, Inc., and the J. E. Sirrine Company.11/ 
Detailed cost studies for many different control systems and combinations 
were developed for this study. A portion of this cost information has been 
extracted from the above report and is included in the follow"ing section. 
The reader is directed to the original report for more detailed information 
and for a complete set of ccst studies. 

11.5.1.3.2 Descriptions of capital cost items: 

Pi.:rchased equipi:ent: Cost of the enission control device 
and all accessories and auxiliaries required for its f...Ul operation. 

Equipment erectior.: The erection of purchased equip~ent 
only. The erectio~ cost of building and fou::ldations, pipi~g and wiring is 
included else'lt:ere. 

Equipn:ent foundations and building: T~e i~stalled cost of 
all eq~pment fcundatio~s, b;iilding and building foundations, floors, roo~, 

stairs, and walk.ways, ttat are required for support, access, a.:-.d er.clos·.a-e 
of the control device. 

Process and instru:ner.t pipin6: Cost of all pipe and pipe 
supports, erected, and incl~ding insulation and protective coating where 
required. 

Power wiring and lighting: The installed cost of all power 
wiring and lighting is included. Wherever required, any substation, trans
formers, or switchgear costs are included under "Purchased Equipment." 

Indirect capital cost: The summation of the above capital 
cost composes the total direct capital cost to which is added indirect 
cost as a percentage of direct cost. The following is a breakdown of 
this indirect cost: 
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l~ 

Contingency--Unforeseen co~ditions and items 
not practical to estimate 

Engineering--Prepara.tion of specifi·::ations ar:d 

working drawings, selection, and evaluation 
of equipnent 

General Construction Over~ead--Includes tempo
rary facilities, contractual supervision, 
timekeeping, etc. 

Start-up Cost--Loss of production not included 
Spare Parts 
Sales Tax 

'roTAL 

11.s .i.3 .3 Description of aIUlual cost ite~s: 

General: Any estimated annual cost may vary considerably 
from mill to mill. The following val;.ies me.y be considered ty'Pical and 
should provide reasonable comparisons of emission-control-device annual 
cost: 

Direct operating cost: Direct operating cost consists of 
charges for: 

(1) Operating labor, includ:!.ng overhead. A national average 
hourly rate of $4 .25 has been assumed. To this rate, an addition.al 29'1i is 
added for vacations, sick pay, holidays, payroll truces, ins"-.U.'a.nce, and 
fringe benefits. (Total $5.50/hr) 

(2) Power, electric, a:nd/or stee.m. An electric cost of 
$0.01 per KWH, and a steam cost of $0.65/1,000 lb C·f steam has been used. 

(3) Water. A water cost of $0.13/1,000 gal has been used. 

(4) Maintenance, including maintenance labor, replacement 
parts, and maintenance materials. 
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Taxes 8!"1d insura.'1ce: Local property taxes vary widely over 
t~e country. Generally, t~is is applied as a n:illage on tte assessed valua
tion. Assuming t~e property is assessed a~ 50% and 30 mills tax is applied, 
t~en the property tax would be l-l/2i of the construction cost. 

1.5% of Capital Cost 

An average insurance cost has beer: 
used for the entire pulp a.r.d paper mill. 

0.5% o~ Capital Cost 

Total Taxes and Insura:1ce 2.0% of Capital Cost 

Administrative costs: This is an average cost applied to 
the overall plant a.nd incl~des all salaried person:-.el (officers and super
visors), fringe benefits for salaried personnel, legal and other profes
sional services, public relations, contributions, and office supplies and 
expenses. Tl:is does not incl".<.de any oorketing costs. 

5.0% of Capital Cost 

Depreciation and interest (capital recovery): Depreciation 
pl·.is i::-.teres-: charges were calculated from t!::.e folloving fcrm:.:.la vhicr. is 
one of several commonly used for this purpose. An i~terest rate of 10% 
was assUD:ed. 

Equal e.r:nua.l payment = i(l + i)n x 100% 
(1 + 1) 11 - 1 

Item 

Taxes and Insurance 
Administration 

: = interest rate 
n = life in years 

SUMMARY OF CAPITAL CF.ARGE ITEMS 
{As % of Capital Cost) 

Estimated Life of Equipnent in Years 

8 10 

2'fo 2% 
5% 5% 

Depreciation and Interest 18.7% 16.3% 
(Capital Recovery) 

TOTAL 25.7% 23.3% 
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r;et. annual ccsts have been computed on basis of equipment 
life as follows: 

Elec~ros~atic Precipitators - 10 years 
Venturi Scr~bbers - 8 years 
Packed Towers - 10 years 
Cyclor.es - 16 years 

UTILITY com 

Iteo 
Fixed 

Charges 

Operat:.ng Costs 
Fuel, Labor, l"..air.t., 

Etc. 

Total 
(Bo"..l11ded to 

Nearest Cent) 

Stea.n:. $/1,00C lb. 
Based on l,OCC BTU/lb 

Electricity $/K"WH 

Water $/1,000 gal. 

Kraf~ Waste Treatner.t 
$/1, 000 gal. 
(primary a:.d seconda....---y 
treat::ner..t) 

$0.116 

0.0023 

0.104 

0.13 

$0.535 $0.55 

C.0077 0.01 

0.04:6 0.15 

0.03 0.16 

'Ihese are values ttat may be considered typical i:-. a general sense. All of 
these values vary considerably from ::nill to mill--any proper evaluatior.. of 
co:-.t!'ol cost should be specifically calculated for the ind:.-.1idc:al mill. 
However, tte above costs should provide reasor..able comparisons cf e~ission
cor..trol method for this st1idy. 

Salt Cake 

Lime (Cao) 
Sulfur 

Soda Ash 

Caustic Soda 

Ma.gr.esium Hydroxide 

Chlorine (Paper::nak.ers) 

CHEMICAL cosrs 
Per Ton Except as Noted 

$34.00 East 
24.50 West 
15.00 
39.00 to 
42. 00 /lor.g ton 
31.00 to 
32.00 
57.00/tor.. of NaOH 

in a 501' solution 
37.68/ton 100% solids--

Average: 
Average: 

Average: 

Average: 

tank car lots, FOB, Michigan 
3.35/100 lb. 

216 

$30.00 
15.00 

40.00 

31.00 



Case des:::~riptions: The follo'W'i:-,g cases have bee!'! considered 
~or application of con~rol methods to recovery systerr.s. (See Reference 11 
for cooplete sti.;.dy.) 

Case 1. Replacement of an existing 90% AOE* precipitator 
with a higher efficien~y precipitator. 

Case 2. Installatio!'l of additional control equipment :n 
series with a.?1 existing 90% AOE precipitator. 

Case 3. Installation of a cyclonic scrubber i!'l series 
with an existing 95% precipitator located on the roof. 

Case 4. Applicatio!'l of additional control methods ~o an 
existing recovery systerr. with a.n Bo% AOE black li;uor Venturi. 

Case 5. Installation of a b::..ack-::.iqucr ox:idati::ir. system 
to an existing recovery system. 

Case 6. Capital costs of new recovery sys'tens. 

11.5.1.3,4 Recovery furnace systerr.: 

Application: This case is based on the replacement of an 
existing 90% AOE precipita'tor with a higher efficiency precip:ta~or. Most 
of the existing older recovery precipitator insta.llat:ons are arranged 
with the precipitator on the gro:.md. Us~lly there is no additional space 
en the ground in the vic~nity of the recovery unit; therefore, an add~tional 
precip~tator would have to be installed above the existing precip:'..tator . 
.Further, the existing precipitator could not be removed and replaced with 
a new one since this would require a lengthy mill ~~~tdown resulting in a 
higt. dollar cost due to the loss of prod~ction. 

Costs; The capital costs are based or. a double chamber, 
co:mnon 'WB.11, tile construction precipitator. Auxiliaries included are: 
agitators, dampers, circulation pumps, instruments and controls for proper 
operation of t~e above, and revised ductwork to connect the addition o~ re
placement precipitator in the systeo. The cost also reflects the structure 
required to support this addition, and the demolition cost for removal of 
the existing precipitator. Capital costs and net annual costs are presen~ed 
in Figures 11-5 thrc~gh 11-7. 

Effectiveness: Particulate removal. Methods are considered 
for replacing a 90% AOE precipitator on an existing recovery boiler. Tnese 
methods and their particulate efficiencies are as follows: 

* Average operating efficiency. 
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Control ~ethcd 

Precipitator 
P.recipitator 
Precipitator 

Guaranteed Efficiency 

99.9 
99.5 
99.0 

11.5.l.3.5 Smelt-dissolving tan.Its: 

Annual Operating 
Efficiency 

99.5 
99.0 
98.5 

Application: The molten inorganic chemicals leave the fur
nace through smelt spouts to an agitated dissolving tank which contains 
weak wash liquor obtained from washing lime sludge in the succeeding causti
cizing operation. After being cooled and dissolved in tte weak washT the 
smelt solution is referred to as green liquor. Shatter nozzles a.re used to 

inject steam a..~d/or recirculated green liq~or into the solid smelt stream 
from the furnace to disperse the molten chemicals and ensure its safe 
dissolution. 

Large quantities of water vapor are released by the green 
liquor which cools the molten smelt and by the stew:: from the shatter jets. 
Particles of smelt and droplets of green liquor become entrained in these 
vapors and are exhausted through the snelt-dissolving-~a~k ver.t. 

The gas vented from the srr.elt-dissclving tank has a tecpera
tu.re of approxims.tely 200°F and contains traces of organic sulfur compounds 
and particulate matter with a concentration of 1 to 1.5 grains/ECFD. Tne 
particulate matter is mostly sodium sulfide and sodium carbonate. 

The majority of mills provide control equipment to minimize 
the emission of these chemicals and droplets to the atmosphere. Control 
equipment which is currently in use is as follows: 

(1) Mesh pads. Mesh pads are used extensively to collect 
chemicals in dissolving-tank vents. Sprays located above the mesh pads 
operate periodically to remove the collected chemicals which are returned 
to the smelt-dissolving tank. A fan is not normally required due to the 
low pressure drop. 

(2) Packed towers. Packed towers have been reported at two 
mills where they operate successfully. One concern with packed towers is 
the possibility of plugging; however, periodic use of condensate as scrub
bing liquid is reported to remove any solids buildup. 
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(3) Orifice scrubber. This scrubber has been installed at 
several mills and is reported to be successful where the sc:rubber is ade
quately sized. Due to the pressure drop {approximately 8 in. H20) of this 
scrubber, inadequate sizing or improper operation may have a significant 
effect on emissions (for example, higher than design flows may require by
passing the sc~ubber). 

Costs: 

Cyclonic scrubber. This control method is based on the in
stallation of a single cyclonic scrubber on a~ elevated floor within the 
confines of an existing recovery boiler building and adjacent to the existing 
vent stack. Since the capital cost and operating cost of the cyclonic scrub
ber is very similar to a packed tower, costs have.not bee~ calculated for 
the cyclonic scr~bber. Tne reader is referred to the costs on the packed 
tower. 

Packed tower. This control method is based on the installa
tion of a single packed tower on an eleva~ed floor v.ithin the confines of 
a.n existing recovery boiler building and adjacent to the existing vent stack. 
In addition, the follov.ing auxiliaries are included: an axial flow fan and 
motor located in the outlet of the tower, a circulation pump and motor, 
instruments and controls for proper operation of the above, pipir.g for 
make-up circ;.ilation and tower effl~ent to dissolvi.ng ta."lk, a~d revised duct
work in8l~ding a by-pass to connect the tower to ~~e e:C.s~ing vent stack 
(Figure 11-8). 

Orifice scrubber. This control method is based on the in
stallation of a single low-energy scrubber on a.r. elevated floor within the 
cor.:'ir.es of an existing recovery boiler building and adjacent to the exist
ing vent stack. In addition, the following auxiliaries are included: an 
ay~al flow fan and motor located in the outlet of the tower, a circulatior. 
pump and motor, inst:n;ments and controls for proper operation of the above, 
piping for make-up circulation and scrubber effluent to dissolving ~ank, 
and revised ductwork including a by-pass to connect the scrubber to the 
existing ver.t stack (Figure 11-9). 

Mesh pad. This control method is based on the installation 
of a mesh pad assembly in an existing recovery boiler vent stack. 

Allowances have been included for the following: alterations 
to existing vent stack, normal piping for spray wash, and instruments and 
controls for proper opera~ion. Cost curves are presented in Fie~re 11-10. 
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Effe:t:. ver.ess: 

Particulate removal. Efficiencies for the methods considered 
are as i'ollows: 

Control Method 

Cyclonic Scrt;.bber 
Packed Tower 
Orifice Scrubber 
Mesh Pad 

An:::ual Operating 
E:'ficiency 

80 
90 
9·1 

75 

Redt:.ced sulfur ar.d sulfar dioxide remcval. Jeper.ding on the 
scrubbing liquid ~sed, beth the packed tower and orifice scrubber woi.W.d 
have potential for removing sulfur compou.~ds. 

Operation. O~ the methods considered, the ori:'icc scrubber 
sho~d be the least subject to plugging. 

Sunn:iary. T~e orifice scrubber and the packed tower are the 
~ost effective control ~ethods for either particulate or gaseous po:lutant 
remcval. Tne orifice scrubber is less susceptible to pluggage and ~as the 
highest pa.rtic:ilate collection e~ficier.cy. 

11.5.1.3.6 Li~e kiln: 

Application: This control method is based upon the addition 
of a high-energy Venturi scrubber tc replace exist:.r.g 80% AOE cyclonic-type 
dust collectors. The system is to be arrar.ged such that change over to a 
new system may be made with a minim"Jlll of lost prodaction. 

As a ~atter of convenience ar.d water conservation, most 
kraft mills use contaminated condensate as a scrubbing liquid in the kiln 
scrubber. The condensate system is backed up with a fresh water supply. 
During time of chemical unbalance or lack of supply of condensate, fresh 
water is substituted as a scrubbing medium. 

Any mercaptans which are emitted froc the kilr. stack come 
from the contaminated condensate used as a scr.J.bbi!"lg liquid and ma.ke-up 
wash water in this system. Substitution of fresh water in ttese systems 
would elininate emission of mercaptans from the kiln stack. 

This substitution of fresh water as a scrubbing medi~ 
appears simple and relatively ir.expensive. However, it must be emphasized 
that the lime kil~ and causticizing areas are the prime users of contaminated 
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condc:-.sate gc!'leratcd i:r: ether areas of the ~11. If fresh ;;"'9.".:er is t:sed 
:i:: p:ace of co!:tarnina"ted conder.sa"'.;e, "'.;he load :,o U:e waste-t:!'.'eatn:en.t syste:i: 
w:ll be increased by tte a.!llot:nt cf water substituted. 

T..~e e::n.:'..ssio:r:s from incineration of no~condensible s'J.lfur
tearing compounds in the :in:e kil~ are not being cons:dered i!'l this particu
lar control method. 

Ccs-cs: T"~e capita: costs are based upo:r: purc~ase c:: equip
ment and installatio~ of the ~ew scrubbing syste~ while the existing systeTu 
is :n operation. Items inclt:dcd are as follows: 

(1) New ind.c:.ced draft far. with drive 
(2) New scrubber, u:ist eli:o:.i::lator and stack 
(3) New pumps with drives 
( 4) Modi::'icatior. -:;o eristing hot gas ductw:::-k 

Also included in ttc costs are new fc~ndatio~s and structures 
reo:;_uired :o support the e~pi:pt::"ient and denoliticn cos:, fer rerr.oval of "Che 
exis':,ir,g scr;1b"::ing systerr,, once the r.ew .systeJ:'.l is placed in operation. Ccst 
c:.:.r-.res a.re presented ii~ ?i~·.;.res 11-11 and 11-12. 

Effec:.iven%s: '.L'his study cor..siders a sinele :r.i.ethod of re
pla.ci:-.[.'. a lcw efficiency cycb::ic-type C.ust ccllec:cr ;;itt a hip:h-energy 
i.':::::turi scrubocr, Th·~ new nettod is to !:ave a. 99 .0 c·r 99 .9% l!.n:e sclids 
ccllectio~ efficiency. A~~ and design efficiencies are ccnsidered to te 
t".e sar..e. 

( 1) T'.".e ne"W system will replace an existi~g a::d operati::g 
ir..e~ficier..~ systen. 

(2) Tte efficiency cf .solids collection of hi5h-e::ergy scrubber 
is a direc;, factor of -:he ;ressure drop ~aken across the throat of tte scrub
ber. Because of this item t!:.e capital cost between a 99.CJ1, and 99.91> ef:-~i
ciency would be very similar. E~uip.nent sizing would be essentially duplicate 
in ei-::her case a::::d t;,e only variatle wculd be a higt:er :r.o::-se:pcwer xr.otcr for 
d:riving the irnLced draft far:. Varia":.::les in operating ccst are show:-, on 
the cost curves. 

( 3) High-efficiency scrubbers are irr.portant to the pulpi!':g 
industry for recovery of soda, Vela tile scda cc:npouncis in the kilr. exhaust 
gases arc more difficult to recover tr.an solids but are also more valuable. 
Eq,uip:ner:t nan-.:fact;.;rcrs presently esti:nate ";hat a scr:.;tber wit!"! 99 .9% line 
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solicis collection efficiency w:.11 recover 90 to 95+% cf the soda fume in 
t::e kiln ex!"'i.a:1s-: gases, Ni::..ety-nine percent lime solids ccllectior:. should 
be equivaler.t tc app~oximately 70% collectior. of scda fume. 

11.5.1.3,7 Po· .. :er boilers: 

Application: This case is based on the addition of an elec
trostatic precipitator following an existing dust collector for a coa~
fired power boiler. Two precipita~or sizes are considered. 

Costs: Cu...,....,es for capital costs and net an~ual operatir.g 
costs are prese::.ted in Fig~res :l-13 and 11-14. 

The equipoent costs are based on a double c~a.rr.ber) steel 
shell precipitator. All labor and material for a complete installatior. 
are inc:uded in the capital cost and tte r.e~ annual operating cost. Tl:e 
p:-e,::ipi ta".:.or size is based on firing coal co::tai::.ir.g 2'/o s:lifur. 

Effective"1ess: 

Par':icdate rer:icval. Gt<a!'anteed particulate efficiencies 
for the two precipi~ators co~sidcred are 99.C% and 90.0%. The resulting 
total anr.ua.l operati::.g efficiencies are: 

Precipitator Precipi-::ato!' Dust C!ollector Total 
G·..:.aranteed Efficiency AOE AOE AOE 

99.0% 98.0% 80.0% 99.0% 

90.0% 89.0% 80.0% 98.0% 

Reduced sulfur and sulfur dioxide re~oval. Precipitators 
are ineffective for re~oving s\.J.fur compo:ir.ds. 

Ope!'ation. The operating characteristics of the precipi
ta~ors should be identical. 

11.5.2 Sulfite P,ocess 

Little attention has been pa.id to the air pollution aspects of 
sc;lfite pulping. The pollution problem is not nearly as severe as in the 
kraft process. Some terpene-like odors, 802 leaks, and particulates from 
recovery furnace and steam powrer plants are t~e principal effluer.ts. 
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Little consideration is currently being given to calcium or sodiur.i 
as a futi.;.re case in u. s. sulfite mills. B1'..!"ni:-.g of calciu:n spent sulfi~e 
liquor yields coobustion products in a form precluding reuse of ~he base 
chemical or sulfur value. Incinera~ion of sodi'Wll liquor produces a mi.X-:ure 
of sodiuzr. conpo:.i.r.ds requiring processing i::. satellite ope::;atior.s to recon
stitute the base chenical for pulping. Al::lmonia and ~agr.esium liquor can be 
burned in a relatively si~ple system yielding the sulfur combus~ion product 
in the for:n of stJ.fur dioxide for recovery. Or.ly tte magnesia-base affords 
direct recovery of the base chemical. 

Figure 11-15 illustrates a flow ~iagram for an amn:onia-base pulping 
and recovery plant while Figure 11-16 presents the essential aspect3 cf the 
ma5nesia-base liquor recovery process. 

Meager data on eoissions from sulfite mills exist in the li-;:;era
tu::;e. Tal:le 11-8 sumDarizes sone da7-a fro:n a pilct :u:i-::. f'or am.onia-basc 
liq:1or b:;r:ang. Ot'.-.er e:!llissio::. data for sulfi"vc mills are presented in 
78.bles 11-1 and ll-2. 

':ABLE 11-5 

AMMONIA-BASE LIG,UOR Bi:..rm;wo 
(Pilot 'Jnh) 

D",~s-::. loadi::g: 1 - 2 lb /1, 000 lb. of gas 

Particle density: 1.5 - 2.0 g/co3 

Particle size (average): 100 µ 

FtL""?lace e.xit gas te~perat•..rre: 1,750 - 2,240°F 

ro2 at stack volurr.e: 10 - 350 ppm 

:1.5.3 Semi-Chemical Pulpir.g 

En:issions ~rom seoi-che~ical ptJ.pi:'.g plants are less intense than 
~hose from conventional pulping processes because of milder conditions. 
Emissions vary depending on process employed; e.g., ne~tral sulfite, or 
kraft. In the latter case, the air poll~tion problems will parallel those 
described under kraft pulping, but will be of a lower order of magnitude. 

Very little data on emissions from semi-chemical pulping have 
been reported. Available information is sumnarized in Tab:!.es 11-1 a::d 11-2. 
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CHAPTER 12 

LIME MA.N"JFACTURE 

12. l INTR8D'JCT: O!~ 

Line is one of the most widely used chemicals. It is used for 
rr.edicinal purposes, insecticides, p~an~ and animal food, gas absorption, 
precipitation, de~ydration, and causticizing. It is also employed as a 
reagent in tne sulfite process for papermaking, manu~acturing of high-grade 
steel and cer.ient, ma.~ufacturing of soap, rubber, varnish, refractories, and 
sand-lime brick.ii 

T::te :najor air ccntw,inant frorr. lime mar.ufacture is dust: lines tone 
dust from h~ndlil:g, crushing, a.nd screening operations; quicklime dust from 
kiL~ discharge, handling, shipping, and milling opera~ions; hydrate lirr.e 
dust from hydrator operations, mi:ling, and packing.Si 

The :r.a:.:..:.facturir:g process, particulate err:.issio:-, so·J.rces, pa.rt:'..cu
la-::.e emissio~ rates, effl:..:.ent chara.c-::.eristics, ar.d control practices s.r.d 

equ:'.prr.ent are discussed ir. -::.he following se.::tio::s. 

12. 2 Lni:E MAN'..7ACTUP.ING PRCX::ESS 

A sir.l.pli~ied flowsheet for lime ~an~facture is presented in 
Figure 12-1. Fellowing crushing and screening, tr.e limestone is fed to kilns 
~or calcination ::>r burning. Lir.te burning is conducted in vertical, r::>tary, 
grate, fluosolid, and calcireatic kilns. Rotary kilns are used by a majority 
of plants. 

Although the major tonnage of lime is sold as quicklime, tfiere is 
still a substantial production of hydrated liree. (This hydrated lime does 
net incL1de production by the many consumers of quicklime who slake their 
own lime into a putty, slurry, or nilk-of-lime preparatory to their use.) 
This pro~uct is made by the lime manufacturer in the form of a fluffy, 
~icron-sized, dry, white powder, and its use obviates the necessity o~ slaking 
by the consumer. A flow diagram of a commercial dry hydration plant is 
shown in Figure 12-2. 

This process consists of adding water slowly to a crus~ed or grcund 
quicklime in a premixing chamber or a vessel known as a hydrator which mixes 
and agitates the lime and water. The a.mount of water to be added is critical. 
If too much water is added, it will be impossible (or require costly drying) 
to produce the desired dry form; if too little is added, incomplete hydra
tion will cause degraded quality, namely, chemical instability and structural 
unsow;dness. 
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12 .3 EMISS:o:.\ S01J~C:::!:S AND RA.?2S 

The rr:ajor poten7.ial source of particu2..ates in lime manufact1.tre 
is the calcining k:'..ln. L'llissions va.ry w::. th kiln t;ype ani the c:>mposition 
o: li~cstone burned. 

Ver~:'..cal kilns do not produce as nuch dust as de rotary kilns 
b~:::ausc o:.' the larger size of tl:e limestone charged, the low gns velocities, 
and tne smaller amount of attrition. Nevertheless verti~al kilns are apt 
to be considered dusty by r.iodern air pollution standards. 

Rotary kilns constitute the largest single source of particulate 
rr:atter in tte lime industry. Abrasion of limestone in the kiL~ produces 
dust. ':'he stone becorr:es rr:ore friable as it approaches the dec'J!f.position 
temperature, and dusting increases. Si~ulta.neously with dusting from attri
~i~r., tte high-velocity gases fron direct-fire-fuel combustion blow the dust 
fron the !d.ln. This is a vexing dust to control a.~d collect. lt is hot, 
dry, diffic·.:lt to wet, and prone to oe electrostatically charged. It is of 
c1ixed c:inposi tion, varying all tne way from raw line stone to :f3..nal calcined 
prod:.tct. It ;."ill also be mixed with fly ash, tars, and unburned carbon if 
pulverized coal is used as the fuel. 

Dust blown :rom a kiln \"o.ries greatly ·witr. gas velocity. The 
literature reports doubling of the dust blown oi.:.t when a kiln product:.on 
rate was ir.creascd fror.i 180 to 135% o: design c:.i.pacity, while ili'op:ping ~ro
du:.:tion rate tc- 75% o:'.' capacity decreased t!.".e d"'s":; loading only oy 8'%.~ 

Da-:a on dust e::r.issions from new kiln pr·:Jcesses are largely lacking. 
Grate-type kilns are sta.te:i to produce less dust ~han rota.ry kilns.Y Fluo
solid kilr.s emit copious quantities o: dust in the exhaust gases and re~uire 
very ef'f'i:::.ent dust co:::.trol equipment. Plants using the Calci."!latic Process 
appear to be remarkably free of dust since the stone is stationary during 
calcination on a revolving hearth. The major sources of dust in this process 
are t~e eYJ:aust fro~ t~e stone pre~eater: the lime cooler, and the disc~arge 
lime conveyor. 

The h:ldration of line presents a potential dust prcblen:.. Steom 
a..~d noisture laden air sweep ~ine dust from the hydrating operation into 
t~e exhaust stack. Eigh ::::alciic.m hydra.tors operate at ambient pressure with 
''laz;y" exhaust gas velcci ty. Pressure dolorr.i t3..c hydl'a tors :iisc:r..arge stea."I'\, 
air, and prod~ct through small orifices to maintain the pressure created by 
the reaction, and thus inpa:!:'t a high velo::::ity to tr.e exit gases. 

Sc28ndary sources of particulate e:nissions include crushers, coolers~ 

.J.ryers, transfer points, and hyc'lrate baggi:r..g operations. 
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12.3.l Sun::nary of Emission Hates 

7able 12-1 presents a sU!:llllary of particulcte emissions from lime 
manufacture. Total emissions are about 573,000 tons/year. The enission 
factors f:::>r the lime kilns include emissions from coolers. Emission fac-::.ors 
and net control for prir:lary crus~ing operations are assumed to be the sa~e 
as those cr.iantities used for these operations in t'he crushed stone industry 
( C~:apter 7). &lissions from fugitive sources such as stockpiles, traffic 
a.nd wind action on read dust, leaky bins, and truck spillage have not been 
detennine::l. 

12. 4 CHA::<.AC':'ERISTICS OF EFFLUENTS FRCM LIME MA~fJFACTURE 

The chenica=.. and physical properties of e:'fluents ±:'rem lime plants 
are SU!llma.rized in Table 12-2. About 3'Y{o of the dust f!'om rota:rJ kilns is 
less than 10 µ., Tl:e mean size is 30 u and the geometric de·:iation is 7 .5. 
~otary ~iln dust is diffi~ult to wet and prone to be electrostatically 
charged. Partic:e shape data are summarized below: 

12 ~ .o 

(:) Lioestone DL:st - Mir.eral name: calcite. Col-0r:ess, with lig~t
:.rans-:nitti:::.g characte:::-istics varying from t:::-ar.sparent to t:rans-
1:..i.cent. Par~icles generally occ-..:.r as rhombohedra te2a·.1.Se of their 
per±:'e2t rhombo:iedral cleavage. Fragnents may also occur a.3 prisms. 

( 2) D:ilomi te Dust - Mineral na.r.ie: dolor.ti te. In the pure state, 
C.olonites are colorless and the fine particles are gene~ally 
transparent to transl•.icent. 

( 3) Lime ;:lust - Lbe is usually w~i te in color of varying s!iadcs 
tut so::ne may have a light cream, buff, or gray cast dependinc; 
on the nature of the impurities in the lime. 

CJ:IT:ctOL PRACTICES AND EQTJIIME:IT FOR LIME M.C\.!..1JFACTURE 

Many plants in isolated areas carry o"J.t materials prepara"!;ion 
operati~:qs with no control equipment or only the cr'.ldest kind o:' collectior. 
s:fstem.:?l Other plants collect the dust from exhaust systems witr. sinple 
cyclones, water spray chw.bers, or baghouses. 

Tte gases leaving a rotary kiln are usually ~irst passed ttrough 
a settling chB!llber to settle out the coarse particles. In some cases, 
dry cyclones may also be used for this primary collection. From 65-85% of 
the partic~late matter may be collected here.~ The major dust control 
problen: is the dust passing the primary collector. 
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Source 

I. Kilns and Coolers 
A. Rotary Kilns and Coolers 
B. Vertical Kilns 
C. Fluid-Bed Kilns 

II. Minor Sources 
A. Stone Crushing and Screening 

1. Primary Crusher 

B. 
c. 

2. Secondary Crusher 

3. Pulverizing, Quicklime 
4. Milling, Hydrated LiJlle 
Hydra tor 
Materials Handl.ing 
1. Conveyors 

a. Transfer R.>ints 
b. Discharge to Bins, 

Stockpiles 
2. Elevators 

a. Boots 
b. Heads 

3. Shipnent of Product 
~- Bagging Machines 
b . Bulk Loadin~ 

( 1) trucks 
(2) freight cars 

Assumed for hydrator plus 
mater lals handling 

TABLF. 12-1 

PARTTCULATE FJ4ISS TONS 
LIME MANUFACTURE 

Quantity of Material 

18,000,000 tons lime (cxcl. 
16,200,000 tons 

1,800,000 tons 

28,000,000 tons of rock 
crushed for liJlle 

l:inisdon Factor 

pulp & paper) 
180 lb/ton lime 

7 lb/ton lime 

22 lb/ton of 
rock crushed 

2.0 lb/ton of 
rock crushed 

24 lb/ton of 
rock crushed 

~ lb/ton of 
lime produceJ 

Efriciency of 
Control (Cc) 

0.93 
0.97 

0.80 
0.95 
0.95 

0.% 

Application of' 
Control (Ct) 

0.87 
0.40 

0.25 
0.80 
0.80 

0.80 

Net 
Cor.tro1 
(Cc ·ct) 

0.81 
0.39 

0.20 
0.76 

0. 76 

0.16 

Total !'or Lime ~nuf'acturt, 

Emi~:;ion:; 

( t cr.c/yea r· 

294,000 
4,000 

264,000 

11 ,000 

~.:·.-;.JOO 
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on Gas Temperature for Lime Shaft Kiln Dust?.) 
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Plants in sone areas have installed high-efficiency cyclonic 
secondary collectors on their kiln operations. Table 12-3 lists data on 
a number of installations with secondary collectors. However, to meet emis
sion requirements plants are increasingly turning to wet scrubbers and glass 
bag collectors. Electrostatic precipitators have also been found satisfac
tory. However, economics in the lime industry are such that precipitators 
are generally not installed as long as scrubbers and bag collectors give 
acceptable performance. Table 12-4 presents the estL~ated cost of three 
basic types of control equil'lllent for a rotary kiln . .§/ T'ne control equipment 
costs are listed for two different efficiencies. These costs conpa.re 
closely with general cost data given in Appendix A, except ttat the fabric
filter operati~g cost of $14,000 is about double the typical value computed 
from Appendix A. 

When making cost estirlates of a collector systen, ~te precoo:ing 
or preconditioning section that may be required nust be included. This can 
be very significant for bag~ouses and electrostatic precipitators. 

Lime-hydrating processes can also be an i!nportant source of dust 
emissions. The loss of hydrated-lime dust represents loss of valuable prod
uct since the dust is high purity. :t is easily wetted and can be scrubbed 
from the stack gases with a water scrubber. The recovered water slurry can 
be fed back to the hydrator as make-ap water. Venturi-type scrubbers or 
other commercial wet scrubbers a.re used for this service. Effluent loadings 
of 0.01-0.07 grain/cu ft are reported.3, 4/ Table 12-5 presents data and 
costs renorted for control equipment associated with various hydrate opera
tions.§.,{ Dryers also present a difficult dust control operation in a lime 
or limestone plant. Table 12-6 contains data and costs for control equip
ment associated with this operation • .§/ 

12.5.1 eyclone Collectors 

High-efficiency cyclones are suitable as primary collectors and 
precleaners fer removal of the +10 ~ size dust. One installation reports 
handling 80,000 a.cfm of kiln gas at 450-500°F and 30-35% moisti:;re content 
in 72 9-in. size cast iron cyclones with a pressure drop of 2-1/4 in. of 
water and 7~ collection efficiency.~ 

12.5.2 Bag Filters 

A number of installations a.re reported making use of glass fiber 
bag collectors handling gas flows as high as 150,000 a.cfm at temperatures 
in the range of 350-550°F, with average particle sizes of 25 µ after pre
clee.ning with dust settlers. For the larger gas volumes the baghouse is 
compartmented so that only one section at a time is cleaned. A 12-compart
ment baghouse for a 500 ton/day kiln has been reported. The cleaning cycle 
(shaking is not employed with glass bags) depends on dust loading but is 
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I\) 
p 
<.O 

Installation No.: 1 
Primary Collection Dust Chambers 

Type of Secondary Glass Bag 
Collector Collectors 

Inlet loading 
grains/scfm 10.0 

Outlet loading 
grains/scfm 0.001 

Collection efficiency 99.99'1> 

Pressure drop in 
secondary collector--
inches of water 4-5 

TABLE l?-3 

SECONDAHY COLLECTION OF ROTARY KIIJl LIME oos-r3..J 

2 
Dust Chwnbers 

4-·stage Cyclonic 
Dynamic Scrubber 

2 .8-2 .9 

0.071-0.080 

97.5'1> 

8 

3 
Dust Chamber:; 

4-Stuge Cyclonic 
Dynamic Scrubber 

9.5 

0.02 

99.7'1> 

8 

4 
9-In. Tube-Cyclone~/ 
Single Stage Electro-
stuti" Precipitator 

4.3 

0.22 

95'1> 

1-2 

5 6 
Dust Chambers Dust ChamLers 

Venturi Scrubber ~pray and 
and Cyclonic Impingement 

Scrubber Plate '.Jcrubter 

4-7 16 

0.12 0.3-0.4 

97-96.3'1> 97.5'1> 

15 5-6 

!!J Primary collector consists of' 9-in. tube cyclones. Inlet loadini; to cyclones, 14.5 grains/cu ft; outlet loading, 4.3 grains/cu ft; efficienc:y, 7Cf1,. 



Type of 
Collector 

Baghouse 

Electrostatic 
Precipitator 

Scrub be::-

Baghouse 

Electrostatic 
Precipitator 

Scrubber 

TABLE 12-4 

ESTLVi.ATE 0:5' ROTARY IG:!B CONTROL COST:: §} 

Capacity - 350 tons/day 
Exhaust Gas Volume - 100,COO c!'m 
Exhaust Gas Te~perature - 550°F 
Tuwer Cost - $0. Cl/kwh 

Insts.lle:'I 
Cost of Unit 

Operating 
Cost/Year 

For 99i E:'ficiency 

$1~0,co.J $14,000 

200,000 2,300 

60~000 65,00C 

For 97% Efficiency 

$150,000 $14,000 

100,000 2,3CO 

50,000 32,0CO 

250 

Maintenance 
Cost/Year 

$8,00() 

2,000 

6,000 

$8,000 

2,000 

6,000 



I\) 
(J1 

I-' 

Type of Air Flow 
System ( cfln) 

Bag Filter 13 '000 

Bag Filter 11,000 
(5 in. w.g.) 

Bag Filter 

Bag Filter 5,000 

Bag Filter 10,000 

Bag Filter 14,850 

Bag Filter 4,250 

Bag Filter 6,000 

Bag Filter 5,000 

Bag Filter 2,500 
( 150°F) 

Scrubber 

Cyclone 
Pre-cleaner 

Filter 
Area 

(sq. ft.) 

1, 750 

9,660 

1,668 

1,050 

576 

1,050 

344 

TABLE 12-5§/ 

HYDRATOR 

Air- No. 
Cloth of No. of 
Ratio Bags Compartments 

128 

112 

3.55:1 

3 

43 

Note: Bags used are cotton, dacron, and glass; dacron most connnon. 

Capital 
and 

Installed 
Cost 

$19,000 

30,000 

9,500 

30,000 

10,000 

16,000 

9,500 

10,000 

TyJ;ie of Application 

Bagging 

Fines from cyclone 

Fines from pre-cleaner 

Bagging 

Bagging 

Bagging 

Quicklime grinding 

Raymond Mill 



TABLE 12-6Y 

STONE DRYERS 

Cloth- No. 
Area of No. of Air Flow Capital and 

Plant Collecting System ( sq. ft.) Bags Compartments (cfm) Efficiency Installed Cost 

1 Cyclone and Baghouse 2,550 360 15,000 at $10,000 Cyclone 
220°F 36,000 Baghouse 

2 Baghouse 6,250 112 4 4,500-7 ,500 20,000 
at 12 in. 

I\) Primary, Secondary 
tn 
I\) Cyclone and 

Baghouse 3,120 312 8 18,100 at 99-t'f, 50,000 
230°F 

4 Cyclone (only) 8,800 (508 lb/hr) 12,000 

5 2-Stage Cyclone and ( 400 gpn 50,000 at 
Hi-Energy Scrubber l~O) 30 in. 99.9'{o 215,000 



us~ally a 10-15 min. cycle. Design air-to-c!oth ratio with one co~partment 
out for clear.ing is in the rar.ge of 1.95:1 to 2.2:1. Since kiln gases are 
freque!'ltly disct.arged hotter than can be :1.an.dled directly by the bags_ it 
is usual practice to ecol the gases by water spray, air dilution, or a com
bi!'lation. Insulation of the baghouse is not usually required unless tte 
~oisture content of the gases is quite high, as might be the case with wet 
feed. Bag life ~p to 2 years is reported. Collection efficiency is alinost 
100% betweer: bag cleanings because a thin layer cf dust on the bag forms an 
additional filtering media. Particles 5 µ and less in size are apt to be 
lost through the bag immediately after cleaning. Capital cost is reported 
to be $1.80/.cfm handled, ~~th annual operating plus maintenance costs runni~ 
$0.20/cfm.g 

'l'!'le capital cost of $1.80/cf'm agrees reasonably well with the 
higher cost curves of installed cost for fabric filters given in Appendix A. 
Ann-.i.al operating and :maintenance cost of $0.20/cfm corresponds to the "high" 
values given in Appendix A but this cost is largely a f:inction of po~~r cost. 

12.5.3 Electrostatic Precipitators 

While the use of electrostatic precipitators tends to be costly 
for t~e lime indust:rJ, one installation has been reported using a single 
stage precipitator as a secondary collector a:. a capital cost of $1.25/cfm. 
It han:iles 160,000 c:i::l at 450-500°F inlet conditions in which 90-95% of the 
inlet dust is -10 µ. It is designed with a gas velocity of 3.3 ft/sec and 
a resident ti~e of 5.2 sec. and has an on-strea~ efficiency of 95%."§J 

~.5.4 Wet Scrubbers 

One of the adva..~tages of a wet scrubber is that it ca.~ include a 
pre-h'.11Tlidification section and eliminate the need for pre-cooling the gases. 
A typical installation for a 180-200 ton/day kil..~ with 40-50,000 acf~ at 
900-1400°F and a 5-10 grains/cu ft dust loading, would require a 9-10 ft. 
diameter scrubber 32 ft. tall. Scrubbing water require~e~t is 4 gal/l,000 cu. 
ft. of gas processed. Pressure drop is 8 ir... of water. For the 200 ton/day 
kiln installation, fan brake horsepower would be 150. Collection efficiency 
is stated to be 99.7~. Scrubber cost is reported to be S0.50/c:-m of cooled 
saturated exhaust_&as for 304 stainless steel construction and $0.25/cfm 
for carbon steel.~ ':'he cost for carbon steel construction compares closely 
with purchase cost in Appendix A. 

A dust removal efficiency of 96-97% has been reported for a 335 
ton/day kiln using a combination Venturi scrubber a.nd. cyclonic separator. 
A pressure drop of 7-11 in. water was used. Inlet gas volume was 60-62,000 
cf'm at 350°F. Water supplied to the Venturi throat was 1,500 gpm at 50 psig 
pressure. Cleaned exhaust gases were discharged at 160-165°F nearly satu
rated with water vapor.~ 
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1A:'1ile wet scr-'1bbing m~y frequently be cheaper, problems can occur 
1,;hich are not present with dry collection. Exa."Oples are disc!large of a. hot 
hu:r.r:.u gas, scale bu:ldup, and corrosion. The presence of sulfur oxides may 
ui~tate the use of corrosion resistant alloys for wett€d parts includi~g 
the exhaust fan. Some producers report operating costs for a wet scrubber 
three times a.s great as for a. bag filter eve~ "'.;hough initial cost is con
siderably less. The scrubber slurry is also a potential ~ater pollutant if 
not properly co~fined or consumed.~ 
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CHAPTER 13 

PRIMARY NONFERROUS METALLUR:JY 

1:3.1 INl'RODJCTIO~ 

Primary nonferrous metallurgy, as used here, will include smelt
ing and refining of copper, lead, zinc, and aluminum. The air pollution 
problems of the nonferrous metallurgical industry are extremely varied. 
However, one typical characteristic exists--in almost all the processes 
in the production of nonferrous metals, the particulates en:itted are 
metallic :t'umes generally submicron in size. ~able 13-1 swmna.rizes particu
late emissions from the primary nonferrous metals industry. 

The production processes, particulate emission sources, particu
late emission rates, effluent characteristics, and control practices a.nd 
eq~ipEer.t for copper, lead, zinc and alu.'Dinum smelting ar.d refining are 
discussed in the following sections. 

13.2 PRIMARY COPPER SMELTING AND REF:NI:m 

Copper is obtained from copper ores by smelting. The teI'r:l "smelt
i.r.g" can be used, ir. a wide sense, to cover the successive operations of 
roasting, reverberatory smelting, coverting, and fire refi:iing. Although 
there are considerable variatioLs in practice from smelter to smelter, the 
basic principles are essentially the same. A simplified flow diagram of 
a typical smelter operatior. is showr. in Fig'J.re 13-1. 

The ores are smelted down either as they come from the mine or are 
subjec";ed (in particularly the sulfur-containing copper ores) to a prepara
tory process of grinding and flotation. This transforms the low-percer.tage 
ores into a high-percentage copper/sulfUr concentrate. The latter is sub
sequently smelted down either directly or after partial roasting. Roast
ing removes part of the sulfur giving a favorable balance of copper, iron, 
and sulfUr for the reverberatory feed. In the reverberatory furnace the 
iron prese~t as oxide combines with siliceous flux to form a slag, leaving 
a material known as matte, which contains copper, iron, and some sulfUr, 
preferably combined with the copper. The matte is reduced to copper in 
the converter in two stages of blowing with air. The first stage eliminates 
sulfur, and forms the iron oxide which is slagged off by the addition of 
siliceous flux. The copper sulfide remaining in the converter is reduced 
to metal and the sulfur is eliminated as S02 in th~ "finish" blowing stage. 
The copper at this stage is called blister copper. This crude copper under
goes further refinement by fire refining to reduce the sulfur and oxygen, 
and then is cast into a.nodes for electrolytic refining. 
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l~.2.1 E::lissior. Sources anj ~ates 

Just is err.i.tted fro.:n all pyrometallurgical cpc!'ations. The vari
cus phases of the process and their particulate e~ission poter.tial are 
disc:lssed briefly in the following sections. 

13.2.1.l Roastl~:g: Coppe!' roasting at smelters in the 'J. S. i::; 
slowly being phased out. The older .:nultiple-hearth roasters have been 
abandoned in some plar.ts in favor of oore modern ea_uipment. 

Recent insta:lations are generally fluid-bed roasters. These 
have beer. ir. use in copper smelters for about 10 years. ~he feed I:laterial 
may be sprayed into the top of tte roaster as a water slurry or charged 
as a solid. 

M~ltiple-hearth roasters usually operate at a temperature of 
about 1200°F. Sulfur dioxide concentration ir. the wet off gas is usually 
or.ly 5 to lO'i(, because of lcw efficiencies in the fur:.ace ar.d dilution by 
air. The dust load in the off gas is around. 3 tc 6% of the weight of the 
feed, and a large portion of the dust is reccvered i;. the flues. 

Fluid-bed roasters operate in the same te~perat~re range as 
r.11.:.ltiple-l:eartt roasters. However, aboi.;.t 85% of the feed is carried 
ir. the gas strea.~, and most of it is ir.ir.iediately recovered ir. cyclone 
collectors. The wet off gas rur.s 12 tc 14 vol. % sulfur dioxi::le. 

After preliminary solids 
:caster ~s c~oled to 6~0°F1~ air 
oefore t~e f~r.al clear.ing.-

collec~ion, tne gas from either tY'Pe of 
dil~tion, water sprays, or heat exchangers 

The dust co;.tent of tte waste gases depends on the characteristics 
of the copper cor..centrates as well as on tne volume of air aspirated by 
the roasting f~rr.ace. Ar.other factor of importance in hearth furnaces is 
the exter.t to which the concer.trates remain continuously in suspension when 
descending from the upper to the lower hearths. The size and r.umber of 
the apertures in the hearths has an infl~ence on the creation of dust in 
the furnace, and consequently also on the dust content of the waste gases. 

13.2.1.2 ReverberatorJ Furna~es: The reverberatory furnace oelts 
the ~etal-bearir.g charge and forms the matte and slag. The charge is 
introduced through oper.ings in the side wall or in the roof.l/ 
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Collectio:-. and recovery of dust :'ram the f'-.rrnace gas is a s·.:tbsta.n
tial prcblem. The heavier particles settle below the waste ~eat boilers, 
and into t~e hoppers o~ the balloon flues or settling chambers. Practically 
all copper smelters have a main collector syster:i that :i.::cluO..es drag or screw 
conveyors that remove the dust from the various places where it accumulates. 
The dust is then moved to locations where it can be worked back into the 
system. The amount of dust will depend upon variables such as the fineness 
cf the charge, the degree of agitation in charging and working, and specific 
gravity. 

13.2.1.3 Co:ppcr - Matte Cor:ve::;ter: Molten nat-:e urod'.~ceC. in the 
reverberatory f~rnace is transferred in ladles to the converters by over
head cranes. The ~~nction of the cor.verters is to oxidize and separate 
the iron and sulfur froo ~he matte. Air is blowc. into the liquid matte 
through openings called "tuyeres." The oxidatio:i. reactior.s supply enough 
heat to oaintair. the cor.verter at a te:nperature cf about 2250 °F a::d no 
fuel is required. The sulfl;.r dioxide is carried out wit~ the otter flue 
gases. Silica flux is added to combine with the iron oxide to form a 
flu:.d iron silicate slag. The slag is skimmed fro:n the converter and 
returned to the reverberatory furnace. Additional matte is added to the 
converter and the process repeated until a suitable charge of copper sulfide 
has been accumulated. Blowing is t~en cont:.r.ued without further n:atte 
additions until the remaining S'..:lfur has beer. elin:inated. T·:;e resulting 
tlister copper is usually more than 99% pure. It is re!l!Oved. fror.i the con
ve~ter to be cast or further refined. 

Dust leads in converter gases may amount to 10 to 20 tons/day/ 
unit. About 75 to 85% of these solids settle in the flue system. 'I'he 
re:nainir.g 15 to 2~, cooposed of the smaller particles, is largely ren:oved 
in dust collectors.Y 

The dust content of the gases depends to a large extent on the 
chemical composition of the copper matte. An increase in the operating tem
perature of the converter causes higher volatilization of the metals and 
consequently higher dust content in the raw gas. 

13.2.l.4 Fire Re:'ir.ing: Blister copper, the ena prod<.<ct or tl:e 
converter, contains about 0.04% sulfur ar.d requires further refining in 
order to meet most purity specifications for fa1::ricated copper prod·-'.cts. 
Of the 16 copper smelters in the U.S., five produce clister copper or.ly. 
The others fi:~-refine part or all of the blister copper for anodes or 
other shapes .Y 
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Furnaces 
cylir.drical type. 
contir.uity at the 

colll!OC·nly used are either of the reverberatory or tilting 
The type of furnace used depends on the operatior.al 

particular plant. 

13. 2 .1. 5 Summary of mission Rates: Table 13-1 ;;;-..;mmarizes the 
emission rates from the various processes involved in the production of 
primary copper. Limited data on cor.trol efficiency and degree of appli
cation of control were four.d. The emission totals in Table 13-1 are cor.
sidered as conservative estimates. 

13.2.2 Characteristics. of Effluents from Primary Copr-er Production 

The chel!lical and physical p!'Operties of effluents from pri~ary 
copper s~elters are su::nmarized in Table 13-2. Particulate emissions from 
the ~~rnaces are predo:nir.antly metallic fwnes of submicron size. The 
fun:es are difficult to wet and readily agglomerate. In addition, they 
are cohesive and will bridge and arch in hoppers and other collection 
bins. 

13.2.3 Control Practices anu E~uiP!?.en~ for Copper S:nelting an~ Re:in~ng 

Copper s~lfide concentra~es received at the soelter are nor~.ally 
roasted in multiple-hearth roasters to re~ove moisture, to burn off part 
of the ccr.tained sulfur, and to preheat the material before smelting. 

One copper smelter is using a fluidized roaster, and the gases 
are cleaned ir. a Peabody scrubber prior to entering tl:e s;.;.lfur:.c acid. 
man1.;.facturing process .'!:J I::-1 recent years the roasting step has been 
eliminated at JD.B.!",y smelters . .!/ 

The val~e of volatilized elemer.ts, as well as air pollution 
considerations, dictates efficient collection of fumes and dusts from 
process off gases. :Balloor. flues may serve as gravity collectors, and 
cyclones may be used also. For collection of the finer particulates, 
electrostatic precipitators are most o~en used. Collection efficiencies 
up to 99.7i for copper dust and fume are attained by careful conditioning 
of flue gases . .!/ 

Or.e installation which used an electrostatic precipitator to 
clean the gases from a copper smelter has been described. This system 
was revised to separately clean the roaster, reverberatory and converter 
gas streams in the electrostatic precipitator system. A baghouse was 
added for further cleanir.g of the combined r~~~rberatory and converter 
gas streams at the exit of the precipitator.~ 
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I\) 
(J) 
I\) 

I. Aluminum 
A. Preparation of Alumina 

1. Grinding of Bauxite 
2. Calcining of Hydroxide 

B. Aluminum Mills 
1. Soderberg Cells 

a. Horizontal stud 
b. Vertical stud 

2. Pre-Bake Cells 
C. Materials Hancll i ng 

II. Copper 
A. Ore Crushing 
B. Roasting 
C. Reverberatory Furnace 
D. Converter 
E. Fire Refining 
F. Slag Furnaces 
G. Materials Handling: Ore, Limestone 

~:aag, etc. 

III. Zinc 
A. Ore Crushing 
B. Roasting 

1. Fluidized-Bed, Suspension 
2. Ropp, "'1ltiple-Hearth 

c. Sintering and Sinter Crushing 
D. Distillation 
E. Materials Handling 

IV. Lead 
A. ore Crushing 
B. Slntering 
C. Blast Furnace 
D. Dressing Kettle 
E. Softening F\trnace 
F. De-Silvering Kettles 
G. CUpeling Furnr·ces 
H· Refining Kettles 
I. Dross Revcrberatory Furnace 
J. Materials !land line 

l'/IH'l' lC:l ll.11'.l'I·: EM l~;::ION:; 
1'H fM/\llY :101ll·ll11!0l.1:: Ml·~l'/\L:: DllNJ::"m fl·::: 

quu1t.ity of Material 

13,000,000 tons of bauxite 
5,040,000 tons of alumina 

800,000 tom~ of aluminum 
700,000 tun~ of aluminum 

l, 7!.)5,000 ton:; of aluminum 
3,300,000 tons of aluminum 

b'mi :.>s ion F:1c tor 

6 lb/ton of baux i to 
200 lb/ton of alumina 

144 lb/ton of aluminum 
84 lb/ton of aluminum 
63 lb/ton of nluminum 
10 lb/ton of aluminum 

Total from primary aluminum industry 

170,000,000 ton~ of ore 
40j; of 1,437 ,000 tons of copper 

1,437 ,000 tons of copper 
l,437.000 tons of copp~r 

l ,437 ,000 ton~ of copper 

? lb/ton of ore 
168 lb/ton coppH 
~'()6 lb/ton copper 
~5 lb/ton copper 

10 I b/ton copper 
Total from primary copp(•r inductry 

10,000 1 000 tone of ore 

75'f, of 1,0;.() ,ODO tons of zinc 
J5j; of 1,020.000 tons of zinc 
60,: of l ,O~,DOO tons of dnc 
60j; of 1,020.000 tons of zinc 

l,0?0,000 tons of zinc 

2 lb/ton of ore 

2,000 lb/ton zinc 
333 lb/ton zinc 
180 lb/ton zinc 

lb/ton zinc 
Total from primary zinc industry 

4 ,500 ,000 tons of ore 
467 , ODO tons of load 
46"/ ,000 tons of lead 

467,0DO tons of lerul 
467 ,000 ton:; of lead 

2 lb/ton ore 
520 I b/ton I end 
250 lb/ton lead 

~ lb/ton I end 
5 lb/ton ! "ad 

Tott1l !'ram primary ]~ad indu:>try 

'l'ot.al rn.xn rionf1:rrou:; mettlJ :: i ndu::tr i 1·:, 

Effi c :
•:nr.y of 
Control 

~ 

0.40 
0.64 

0.64 

0.90 

o.o 
0.85 
0.95 
0.95 

0.90 

0.0 

0.90 
0.85 

0.95 
o.o 
0.90 

0.0 
0.95 

0.85 

0. ~JO 

App 1 icn

t :on uf 
Control 

(ctl 

LO 

I.0 
1..0 

o.3o 

0.0 
1.0 
0.85 
0.05 

0.35 

0.0 

J.O 
1.0 

LO 
0.0 

0.35 

0.0 

0.90 
0.98 

0.35 

Net 
Control 
(Cc·Ctl 

0.80 
0.90 

0.40 
0.64 

0.64 
0.3? 

0.0 
0.85 
0.81 
0.81 

0.32 

0.0 

0.98 
0.05 
0.95 
o.o 
0.32 

0.0 

0.86 
0.83 

0.50 
0.32 

Bm1:.~ion.:; 

( tono/yr) 

8,0DO 
58,000 

35,000 
10,000 

~.ooo 

11 ,000 
142,000 

170 ,DOD 
7 ,DOO 

26,DOO 

33,000 

5,000 

243,0DO 

18 ,ODO 

15 ,DOD 
4,DOO 
3,000 
l~,000 

2,000 

5"1,000 

4,000 
17 ,ODO 
10,000 

:',ODO 

~ 
34 ,ODO 
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Cu: t.4, Zn: 1L5. St 
;,'I• 
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n1pasd.1nc tQ eampou. 
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C.'-1.: ', s l.~· 

Pt· 4Q..t,s, Zn. ;.o-?c, 
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Figure 13-2 - Typical Resistivity Graph of 
Lead Fume~ 
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Figure 13-3 - Apparent Resistivity of Lead Fume 
from Sintering Plantl7 I 
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Figure 13-4 - Resitivity of Lead Dross Fume Under 
Varying Conditions of Temoerature 
and .Moisture in Gas Y}J 
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Figure 13-5 - Apparent Resistivity of Lead Fume 
from Lead Blast Furnace~ 
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T.l\BLE 13-3 

CCMF<YJ~ms -:<DUWD IK ALUMII'fJM REDUCTION CELL EXHAL~ST S'l'HEA.'480 

1. Fluorides 
Particulate form 

Gaseous form 

2. C~her particulates 
( t~onfluoride) 

3. ot::-.Ler gases 

Cherr.ical Cor.rooun:J. 

Sodium fluoride 
Alu:nir.um fluoride 
Calci·.;.m fluoride 
Fluoroalwninate (Cryolite) 
Carbon tetrafluoride 
Hydrogen fluoride 
Silicon tetrafluoride 
Hexafluorcethane 

Carbon 
ALuninum oxiC.e 

Carbon r.ionoxide 
Hyd.rogen sulfide 
Hydrocarbons 

'§./ Especially during periods o~ anode e~fects. 

Chemical 
Formula 

NaF 
Al~ .., 
CaF2 
Na-z,AlF6 
CF~ 
HF 
SiF4 
C2F6 

coY 

~s 

'E.J '.:'oo n'..JJllero 11s to mention; type ar.d quantity ;;ill depend upon cell e:nplcyed. 
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TABLE 13-4 

A'IMOSPHERIC POLLUTANTS FROM SECONDARY SOURCES.'.:/ 'JN ALUMINUM PLANT~/ 

Source 

Rew materials handling 
Alumina unloading and transfer 
Cryolite unloading and transfer, grinding 

Pot lining operation 
Anthracite coal grinding and transfer 
Coal and pitch mixing 

Anode preparation (prebake plants, only) 
Coke unloading, transfer and grinding 
Pitch unloading and transfer 
Mixing of coke and pitch 
Anode baking furnaces 
Cleaning of baked anodes 
Cleaning of copper rods and steel stubs 
Electric arc cast iron furnace 

Paste making (Soderberg plants, only) 

Aluminum refining 
Ingot casting furnaces 
Chlorine fluxing 

Atmospheric Pollutants 
Gaseous 

hydrocarbons 

hydrocarbons 
so2 , CO, hydrocarbons, AF 

hydrocarbons 

Particulate 

Coal dust 

Coke dust 
Pitch dust 

Carbon dust, particulate 
Coke dust 

Copper and iron 
Iron oxide 

Carbon dust 

!/ i.e., excluding the pot line and monitor emissions. 



The application of control methods for copper sme~~er operations 
has been described in a translation of a 1960 German study.St Significant 
parts of this study are included in the following paragraphs. However, 
it should be noted that GErmar. practice does not necessarily correspond 
to present-day practice in U.S. soelters. Table 13-5 summarizes operating 
data for dust control equipment reported in Reference 2. 

13.2.3.1 Cloth Filters: Cloth filters are utilized for secondary 
dust collection from converter gases. Depending on the purpose of utiliza
tion, the following types of fabrics are employed: 

Cloth woven from natural fibers {wood, cotton); 
Cloth woven from synthetic fibers (Redon, Par., etc.) 

The dust content of the exhausted air is strongly influenced by 
the a~r-to-cloth ratio (~3 cf raw gas per ft2 0-f filter surface) as well 
as by the structure and density of the filter weave. In order to maintain 
the f\:.11 nominal rating of the filter in continuous operation, cleaning of 
the filter cloth is of the greatest importance. 

The disadvantage of all cloth filters is the high wear and expen
sive replacement, the high cost of maintenance and the high consumption 
of energy due to the pressure drop of 2-5 in. w.g. However, with filters 
properly maintained, efficiencies up to 99.~ can be attained. 

13.2.3.2 Centrifugal Separators: Centrifugal separators installed 
on furnaces generally have maximum efficiencies of 8Q785% and are therefore 
usually employed for primary removal of coarse dust.g; 

13.2.3.3 Electrostatic Precinitators: Electrostatic precipitators, 
usually preceded by mechanical collectors, are near-universally applied to 
the control of particulates from copper smelting. The equipment is normally 
more massive and rugged than counterparts in the power or other industries, 
and dust-handling techniques are far more positive. In the 50,000 to 
2,000,000 cfm flow ra..~ges under consideration, installed costs for combined 
mechanical collector-electrostatic precipitators would be $6.00 to $3.00, 
respectively. Mechanical collectors are typically of the large-diameter 
(24 in. or more) multicyclone type. 

Mild-steel construction is accommodated by maintaining sufficient 
gas temperatures to preclude corrosion, with temperatures ranging from 300 
to 650aF on converters and from 600 to 900°F on roasters. Actual collection 
efficiency usually is reported in the 98.5 to 99.~ range.'§21 
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TABLE 13-5 

OPERATION DATA FOR DUST co11gcroRS APPLIE:) TO 
PRIMA.RY COPPER SMELTING Al:D REFIIf.:NGgf 

Type of 
Separator 

1. Dust 
chambers 

2. Cyc:ones 
~ 16 in. 
in diameter 

3. Electrostatic 
precipitators · 

4. Cloth fi:ters 

Maxilr.um 
EfficiencY* 

(%) 

30-60 

85-95 

96-99 

99%+ 

Draft 
Required 
in. water 

< 0.2 
3-6 

3-4 

0.2-0.6 

2-6 

Utilization 

Beyond sintering machine 
and staft furnace 

For secondary purification 
beyond reverberatory 
fur:::aces 

For higher demands and fine 
dust beyond roasting, 
sintering and shaft fur
naces 

For dry air beyond coo~ers 
for converter gas. Effi
ciency depends on weave 

~ Largely dependent on type of dust, content of dust, particle-~ize dis
tribution, gas and operating factors. 
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1:5 .3 PRDIARY IEAD SMELTING A11l R!.""'F'INI!~G 

All prL'llB.ry lead snelters ir. this cour.try use esser.tially the 
sar.ie processing steps, although the!'e are differences ir. the equ::.:prr.ent 
use:i ar:d the details of operation. Tl:e princ::.pal process steps are s::.r.tcr
ir.g, reduction in a blast furr.ace, and refining. Refining includes opera
tion of the dross reverberatory fu!'nace. Smelter operations usually include 
cad:nium recovery and slag fuming for zinc recovery. 

Lead sulfides are converted to oxides of lead and sulfur in the 
sintering step at a relatively low terr:perature. '.i:'he oxidized solid rete
rial is then reduced with ccke in the blast furnace at a high terr.perature 
to fcrm impure metal ar.d slag. A preli.?:lir.ary refir.ing operation is per
foriued on the ::.mpure lead from the blast furnace. Lead bullion, 95 to 99% 
pure, is the principal product of lead smeltir.g operations. 

There are a ::i.u.tr.ber of secondary products. Son:e, such as zinc 
oxide products and cad..."l.ium dusts, :::i.ay be ready for marketii:.g as they 
leave the plar.t, ani some, such as slag, n:atte, or dusts, oay be stipped to 
other plants for extractior:. of val~es, primarily zinc, cadmiuri, silver, and 
copper. These other products vary fro::n plant to plant, as one plant may 
put out several f::.nished products, while another rr.ay ship only lead and 
unrefined materials. 

F::.gure 13-7 shows the overall process cf the operat::.on. 

13. 3 .1 E:nission Sm;.rces and ?ates from Prirr.ary Lead S::ne:..ting and 
Refinir.g 

13 .3 .1.1 Sintering !·~Chines: S:'..ntering is a universal practice 
in the lead-smelting industry. Its purpose is to re~Dve sulfur by roast
ing and at the same time sinter to :i;:roduce a ca:i..cine that is consolidated 
in a strong and porous nass suitable for reduction in a blast furr:ace. 
The main chemical reactions taking place on the sintering ;nactine are the 
oxidation of lead and other metal sulfides with oxygen. 

Sintering machines are contir.uo~s conveyors made of grate-bar 
pallets joined together. They are kr.cwn as Dwight-Lloyd machines. Most 
of the older ar.d smaller machines are of the downdraft type. A sectionalized 
windbox installed beneath the pallet line is used to regulate the burning 
rates in the machine. Kewer installations usually have a single large 
updraft machine with the windbox located above the pallets. Emissior. points 
ir:.cl·.:.de the wir.dbox and discharge points. 

Sulfur dioxide concentration ir. the sinter machine off gas m&y 
be O.e to 1.8% by volume. Gas volumes run 100 to 220 scfm/sq f't of bed 
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area. When the off gas is to be fed to a sulfuric acid un~t, the mactine 
is operated to produce a s:r.ialler volun:e of gas with 4 to 6% or I!lDre of 
sul~~r dioxide. The dust and fume l~~d carried by the gas is ~sually from 
5 to 20'fo of the feed to the machine.!/ . 

13.3.1.2 Blast Furnace: The purpose of the blast furnace is to 
reduce the lead oxide in the sir.ter to metallic lead. The reducing agent 
is carbon mar.oxide derived fron coke fed into the furr.ace. Dilution of 
the flue gas at the top of the furnace is necessary, since without it the 
gas would have a temperature near 1100° to 1300°F and contain 25 to 50% 
carbon monoxide. The dil~tion air burns the carbon ~onoxide to carbon 
dioxide, but the volume is large enough to also cool the gas.~ 

13.3.l.3 Lead Refining: The lead-refinir.g process in a prirr.ary 
smelter consists of the dross reverberatory furr.ace and lead refining 
kettles. The product is lead bullion. 7he dross reverberatory produces 
also matte ar.d speiss, w~ich are shipped to a copper smelter for recovery 
of the large percentage of copper they contain. 

The dross furnace usually operates only 50 to 70% of the time the 
refinery operates. A very small amount of sulfur oxide is emitted. ~latte 

and speiss both :ontain ~~lfur, but most of this re!:lains in the material that 
is shipped from the lead plant. A layer of dross on the hot material in the 
furnace per~its oxidation of only a small portion of the sulfur. ?articulates 
emitted f!'om these operations would be p!'incipally oetallic fumes . .!/ 

13.3.1.4 Other Smelte!' Onerations: Some lead smelters operate such 
other eq~ip~e~t as cadmil.L~ roasters, slag fuming furnaces, and deleading 
kilns. The slag furnace recovers zinc oxide fron blast furnace slag. 

13.3.1.5 Sl;ll"J!!'.ary of Err~ssion Rates: Table 13-1 sumnarizes the 
err.ission rates from the various processes involved in the production of 
primary lead. Limited emission data were found for various processes in 
primary lead production, and the totals in Table 13-1 are considered as 
conservative estimates. 

13.3.2 Characteristics of Effluents from Pri~ary Lead Production 

The chemical and physical properties of effluents from primary 
lead smelters are summarized in Table 13-2. Particulate emissiocs from 
primary lead production are si:nilar in character to those from copper 
processing. The metallic fumes are submicron size, difficult to wet, 
readily agglomerate, cohesive, and will bridge and arch in hoppers. 

A typical sample of lead blast furnace dust contains many differ
ent kinds of particles, including a range of lead oxides, quartz, limestone, 
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iron pyrites, iron-lime-silicate slag, arsenic compounds and a host of 
other co~pour.ds containi".g metals associated with lead ores. The major 
cor.stituents are (1) light red-orange to red fragments of litharge; (2) 
yellow, rounded particles of massicot; (3) red birefringent, fragments of 
Pb304. Also present are a variety of vitreous iron-lime-silicate slag 
particles; ttese car. have almost any color (yellow, green to brown). 

13.3.3 Cor.trol Practices and E~uipment for Lead Smelting and Refir.ing 

The sulf'ur content of lead concentrates is reduced by sintering 
them on Dwight-Lloyd sir..tering machines. Dust and fume are recovered from 
the sinter machine gas stream by settling in lerge flues and electrostatic 
precipitators or baghouses.§./ Collectior. efficiencies are up to 96% for 
precipitators and 99.5% for baghouses.§./ 

Blast furnace gases, after coolir.g, may be clear.ed in baghouses 
using wool or fiberglass bags. The collected dust fro~ the blast-furnace 
operation contains up to 65'f. lead and us~ally appreciable quantities of 
cad.::du:n and arse~ic. Therefore, it is recycled back to the sir.terir.g 
machir.e. Lead refineries also have bagho~~es for recovery cf fun::.e from 
softening furnaces and cupeling furnaces.~ 

The processes and control methods for lead sm~~ter ope~ations have 
been described in a trans:aticr. of a 1961 German study.§/ Table 13-6 
sununa.rizes some of the more pertinent data fro~ this study. However, German 
practice rw.y not correspor.d to current practice in U.S. smelters. 

Process 

Sinter Machi:-.1.e 

Blast Fu...."!lace 

Rcver"'.:>eratory 
F\u-:::ace 

TA3:.E 13-6 

LEAD SMELTER CO'NTROL E~U IPMEilT~ 

Cor.trol Device 
Pr:i!:lary Secondary 

Centrifugal 

Centrifugal 

Waste heat 
boilers, 
tubular 
coolers 

Electrostatic pre
c ipi tator, bag 
filter 

Electrostatic 
precipita.tor 

Electrostatic 
prec ipi ta tor, 
bag filter 
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Efficiency 
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80-90 95-99 

70-80 95-99 



13.4 PRI!-¥.RY zmc SMEL'.:'IN:J 

Since practically all zinc ores as mined are too low in zinc 
content for direct reduction processes, they must first be concentrated. 
After concentration, the first step in the extractive metallurgy of zinc 
is virtually always roasting the concentrate. If the roasted concentrate, 
or calcine, is to be subjected to high-temperature reduction with carbon, 
it is usually first sintered in order to minimize dusting loss, volatilize 
impurities, a.nd permit better circulation of reducing gases aroti?d the 
sintered particles. If the calcine is to be reduced electrolytically, 
it is dissolved directly in the spent electrolyte, consisting primarily 
of dilute su:'-furic acid, just returned from the electrolytic cells. 

Figtrre 13-8 illustrates a simplified flow diagram for a zinc 
s::nelter. 

13.~.1 E:nissio~ So~rces and Rates ~rorr. Pritr.ary Zinc Smelting 

13.4.1.1 Zinc Ore Roas~ing: Zinc sulfide co~centrates are "..l.Su
ally converted to zinc oxide calcines by a roasting process. There are 12 
plants in the ~nited States roasting sulfide concentrates.!/ 'i'wo of 
these use the old Ropp roasters, which produce a roaster gas too low in 
sulfur dioxide fer recover-~ by an acid plant. One plant uses ~ultiple
hearth roasters that prduce a much-diluted waste gas with< l% sulfur 
dioxide, also too low for recovery by an acid plant. Nine plants recO"rer 
a large part of the sulfur with acid plants. One of these uses multiple
hearth furnaces only for the first stage of a two-stage roasting process. 
Roasting capacity in the remaining plants is about equally divided between 
fluid bed and suspension roasters. 

Operating conditions for zinc-sulfide concentrates vary from 
pla..~t to plar.t according to the cOl:l.position of the raw t:iaterial and the 
specific use of the roaster calcine. Higher roasting temperatures (1800°F 
and over) eliminate more cadmium, and increase the formation of ferrites. 
Excess oxidizing air results in lower temperatures and good sulfur elim
inatt9n, but also lowers the sulfur dioxide concentration in the roaster 
gas.=.! 

Depending on the ty:;ie of furnace, the gases escaping from the 
furnace contain greater or lesser amounts of dust of different composition 
and grain size. Table 13-7 lists several types of roasters a.nd some 
operating conditions. 
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TABLE 13-7 

TYPICAL ZINC ROASTING OP:::RATION~·y 

Feed 
Operating Cape.city 

'l'ype of Roaster Temp. (°F) (tons/day) 

Multihearth 1,200-1,350 50-120 
Mul ~eartb1' 1,600-1,650 250 
Rop c 1,200 4,0-50 
Fluid-be~ 

Dorr-Oliver 1,640 140-225 
Fluid-bed.£/ 

Dorr-Oliver 1,650 240-350 
Fluid-bed 

Lurgi 1,700 240 
Sus:pension 1,800 120-350 
Fluid-column 1,900 225 

2:) Dead roast except where noted otherwise. 

Dust in Off Gas 
Percent of Feed 

5-15 
5-15 

5 

70-80 

75-85 

50 
50 

17-18 

E) First stage is '" partial roast in Ililll tihearth, second s"'.:.age. 
is a dry-feeQ dead roast :~ Dorr-Oliver fluid bed. 

£./ Part:al roast. 
9) Slurry feed. 

13.4.l.2 Sintering: S:n~ering ::.n tte zinc industry is used :nainly 
to agglomerate the roaster calcine for subsequent processing. The process 
is sometimes used with only raw sulfide concentrates or a mixture of cal
cine and raw concentrates as feed. 

Sintering ma.chines have continuous conveyors ma.de of grate-bar 
pallets, upon which the feed material is placed and processed. Dawndra:rt 
machines are universally used in the zinc industry. The downdra:rt is 
produced by sectionalized wind boxes installed beneath the line of travel 
of the pallets. This construction permits draft regulation in separate 
areas of the grate. The gases may be recirculated from one end of the 
machine to the other • .!/ 

With air at three to five times tbe theoretical a.mount to burn 
the coke a.nd residual sulfur, the temperature of the combined exit gas 
ranges from 500°to 700°F. Sinter exit gas is further cooled by air dilu
tion and water sprays to condition it for cleaning in dust collectors. 
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13.4.1.3 Calcining: Calcining is a heat-treati~g process that is 
used for oxidized materials, e.g., oxide ore concentrates; material from 
roasting of sulfide ore concentrates. It may be called nodulizing, since 
hard nodules of random sizes are produced when the calcining is done in 
a rotary kiln. The nodulized kiln product is subsequently treated for 
zinc extraction. Sulfur oxides are evolved only when roaster calcine 
that contains small amounts of sulfur is being processed, and in such 
cases the waste gas f:rom the kiln may have f:rom 0.1 to O.'C!fo sulfur dioxide. 
The waste gas also contains some :fume, which is removed in bag filters 
and ~reated for recovery of lead and cadmium.!/ 

13.4.l.4 Metal Ex.tractio~: Roasting, sin"teri~.g, 6Jld calcining 
are preliminary steps to one of the extraction methods: pyroreduction 
or leaching and electrolysis. Pyroreduction distillation or retorting 
of the sinter or calcine is perfor~ed in horizontal or vertical retorts, 
electrothermal open or submerged arc furnaces, or blast furnaces. Hori
zontal retorts are so.all ceramic cylinders that are mounted horizor.tally 
in racks that hold several rows of retorts mounted one aver the other. 
They a.re fed with coal and sinter and prod.u~e liquid zinc metal, as do 
the larger and more modern vertical retorts. Vertical retorts make a 
by-product carbon mer.oxide gas that is used as fuel in other parts of 
the pla..~t. Particulate eici.tted is zinc-oxide fume. 

Zinc :fuming can be either an extraction or a pre-extraction 
operation. In this step, zinc is reduced to metal by carbon or carbor. 
monoxide, vaporized, and reoxidized to form a zinc-oxide :fume which is 
collected in bag filters. The zinc oxide collected may be fairly pure, 
in which case it is a final product. If it contains appreciable quanti
ties of lead and cadmium it is usually treated further.ii 

13.4.1.5 Surnnary o~ Er.lissicn Ra~es: Table 13-1 sunnnarizes tte 
emission rates from the various processes involved in the production of 
primary zinc. The roasting operations produce about 40% of the particu
late emissions, while ore crushing and materials handling account for 
nearly 45~ of the total. 

13.4.2 Characteristics of' Effluents fr:::JJ::i P:rinary Zinc Produc":.ion 

The chemical and physical properties of effluents f:ram primary 
zinc smelters are summarized in Table 13-2. Particulate emissions com
prise metallic fumes from furnace and coarse dust from mechanical proc
esses. The metallic fumes are difficult to wet, readily agglomerate, and 
will bridge and arch in collector bins. 
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13.4.3 Control Practices and Equipment for Zinc S~elting and Refin:ng 

For efficient recovery of zinc, the sulfur content of the con
centrate is reduced to 'cfo by roasting. Multiple-hearth or Ropp roasting 
::na.y be followed by sintering, or double-pass sintering may be used alone. 
Si::tering in zinc smelters produces S02 which is converted into sulfuric 
acid by the contact process. The sinter plant gases can be precleaned 
by electrostatic precipitator, baghouses, or wet scrubbers.l/ The collection 
of sintering fume ir.volves a large volu:n::.e of gases in the range of l,300,000 
scf/ton of zinc product. Zinc smelter sintering f'ume is difficult to collect 
efficiently by electrical means because of its inherently high electrical 
resistivity. This requires close control of gas temperature and moisture 
content to maint3.in efficient collection • .§/ P.:orizontal-flow, plate-type 
precipi~ators cave been installed on most of the newer zinc sintering rr;.achines. 
:.1oisture Md/or steaxr. is normally added to improve dust resistivity for op
ti:rr,.mi precipitation. Mild-steel construction is com:non, ar.d installed costs 
fer base collectors of 50,000 cfm would be $3.50/cfir...EQJ 

Fluid-bed roas~ers have been used to process agg:omerated feed. 
Exhaust gases were cleaned in a waste-heat boiler, cyclones, and ar. electro
static precipitator ir. series. The ~etallic comuosition of the dust is a 
functio~ cf roasting temperat'W'e, Figure 13-9.~ 

Tl:e fume-recovery facilities a.t a Cana.dia."'l smelter operation have 
been descri"::>ed.JQ/ Da-:a for the facilities a.re sho;.T. in Tables 13-8 and 
13-9. These facilities used electrostatic precipitators for controllir.g 
t~e emissions from zinc-roasting and lead-sintering operations. The zinc 
roaster gases entered the precipitator at 420°F without pretreatment. The 
lead sintering gases required conditioning in a spray tower.11/ The pre
cipitators were very versatile, but the paramo·'1!lt problem was corrosion 
caused by condensed vapors. The Doyle scrubber (Table 13-8) operates on 
the principle of high velocity impingement of the dirty gas into water. 
Recovery efficiencies were in the rar:ge of 98 to 99-ti. The installed costs 
(I'able 13-9), are 1957 year costs, but are two to three times higher than 
general cost figures given in Appendix A. However, the costs in Table 13-9 
include gas pretreatment, inlet and outlet flues, and all accessories such 
as rectifiers, dust conveyors, pumps, liquid cyclones, and instrumentation. 

13. 5 PR JM.ARY ALUMDl.JM PROD"JCTIQr~ 

Aluminum is produced by the electrolysis of alumina (Al2C3) in 
fused cryoli te (AlF3 - 3 NaF) • Essentially all the alumina used is 
extracted from bauxite. Alumina recovery from bauxite consists of sep
aratir.g the alumina froo the various impurities of bauxite, a process 
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TABLE 13-9 

COSTS FOR CLEANING METALLURGICAL GA.SES ( 1957 DATAlQ/) 

Operating and Cost Items Included 
Installed Maintenance Tons of 

Inlet Cost ¢/1,000 No. of Dust/ 
Plant CFM OF $/ACFM Cu. Ft. Fans Pretreatment Building Day 

1. Blast furnace 262,000 225 4.35 0.19 4 Cooling Yes 70 
baghouse 

2. Slag fuming 193,000 250 4.80 0.26 3 Cooling Yes 250 
baghouse 

I\) 3. Sintering electro- 160,000 150 5.10 0.22 l Humidifying Yes 15 
O> static precipitator CJ1 

4. Zinc roaster electro- 147,000 420 4.65 0.13 1 Nil Yes 50 
static precipitator 

5. Four tadanac 38,800 300 1.93 2 Nil No 
dryer cyclones 

6. Sinter dryer 106,000 275 1.90 3 Nil No 
scrubbers 

7. Sinter ventila- 3,000 100 2.23 1 Nil No 
tion scrubber 

8. All sinter 292,000 0.07 20 Nil No 20 
scrubbers 



acconplished by chemical means. 
the amphoteric properties of the 
be solubilized in the form cf an 
of sodium aluminate. 

For this :purpose, advantage is taken of 
alu:minu::n ion, which per~it the meta: to 
alkaline alUI:1inate, particularly the form 

The Bayer precess, shown in F~gure 13-10, is used in most cases to 
recover the alumina. As shown in Figure 13-10,'following separation and wash
ing hydrated alumina is fed to large rotary furnaces, similar to cement 
kilns, wherein the alumina is ca:cined at about 1200°C. This operation is 
necessary not only for the purpose of eliminating the 45% of water (L~cluding 
the 30% combined water present in the hydrated material), but a:so for 
giving some of the a:umina the crysta:line a (or corundum) form, which is 
most advantageous for electrolysis. These furnaces er ki:Os are significant 
sources of particulate emissions. l'he calcined alumina for aluminum pro
duction obtained from these kilns is in the form of a white powder consist
ing of aggregates which range in size up to about 100 ~' and which are made 
up of monocrystals of anhydrous alumina at various stages of crystallization. 

The alumina is next sent to a primary aluminum processing plant 
where the a:umina is converted to the metal by electrolysis. The heart of 
the operation is the electro:ytic cell where direct current dissociates 
alUI:lina into oxygen and molten aluminum :r:ieta:. These cells are called 
''pots" and are arranged to for:n potlines having several hundred ce.ils per 
potline. Each cell requires 40,000 to 100,000 amp. of current under norms.: 
operating conditions. As shown in Figure 13-11 (prebaked anode ce:l), the 
molten aluminum collects at the bottom of the bath above a carbon lin~ng 
which acts as the cathode. Oxygen migrates to the carbon anode, forming 
carbcn dioxide or carbon monoxide at high cell temperatures which usua:ly 
reach 940°C. 

Periodically aluminum metal is withdrawn, and fresh alumina feed 
and bath chemicals added by piercing the frozen crust of the bath. Crust
break.ing agitates the bath and is a time of increased particulate and gaseous 
emissions. Thermal buoyancy of heated air plays a large part in sweeping 
finely divided alumina and bath fumes out of the cell. Ducts over the ce:ls 
capture some of the escaping fumes, but some elude capture and are emitted 
into the building atmosphere and find their way to the atmosphere through 
roof ventilators or "monitors,'' also shown in Figure 13-11. 

While all aluminum production employs the basic Hall-Heroult 
process, several variations in cell construction have evolved, based upon 
the method of anode ma."luf'acture. It is important to understand the dif
ferences in cell construction because the type of cell employed will affect 
the types and quantities of pollution generated. The types of cells are: 
(l) the prebake cell; (2) the horizontal stud Soderberg cell; (3) the 
vertical stud Soderberg cell. Figures 14-12, 13 and 14 illustrate the 
vario'.ls cells. 
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In a. preba.ke a.node plant, pitch a.nd. coke a.re mixed, pressed and 
baked before use in the cell. The carbon a.nodes a.re rectangular in cross 
section and supported 'by copper or aluminum har.gers to the electrics.: bus
bars overhead. 

The other types of cells bake a.nodes at the cell itself by intro
ducing a carbon paste directly and using the heat of the melt to form the 
carbon a.node. Preba.king of the a.node is therefore avoided, and continuous 
operation of the cell is possible. Known as the Soderberg cell, one type, 
the vertical stud Soderberg cell, is show"'Il. in ?igure 13-14. Paste is added 
to the top of the ce:.i and slowly carbo~ized as it moves toward the bath. 
Metal studs carr-y electric current to the carbonized portion through the 
top, and are positioned vertically with respect to the anode: hence, its 
name. Cell construction allows gases liberated by the cell to be easily 
collected and burned. Both vertical s~ud and horizontal stud Soderberg 
exhausts are rich in hydrocarbons from the baking operation. 

Hooding re~uirezr.ents for the horizontal stud Soderberg, shown 
in F:gure 13-13, are much more difficult because of the stud positions 
along the side of the electrode rather than at the tcp. Contin:.:ous ccn
sumptior. of the anode forces repositioning of the studs and necessitates 
easy access to the anode. Requirements for easy anode access complicate 
:fU!ne collection and do net allo~ burning cf gas and tar at the cell 
itse:f, as is practiced with the vertical stud Soderberg cell. 

13.5.1 En:issicn So·..:rces and Ra:.es fron: Prin:ary Al:..<n:inwn Production 

Little in:f'ormation is available about a.mounts of particulate 
emissions from aluminum production plants. The major source of particu
late emissions '!.s the reduction cells, as discussed below. Seconda...7 
sources are sumoa.rized in Table 13-4.~ Secondary sources include raw 
materials handling, pot lining operations, a.node preparation (preba.ke 
plants), cleanir.g operations, and aluminum refining. 

13.5.1.1 Reduction Cells: Red-..:ction cell emissions car. be divided 
into roof monitor eI!lissions and the potli.~e control system emissions • .!..51 
The roof monitor emissions a.re emitted at the bui:ding height along the 
entire length of the building and may be considered a line source. Pot-
line control system e:Dissions are emitted from stacks.!§/ 

Actual emissions va:ry widely from plant to plant, depending upon 
age, cell type, operating procedure, and efficiency of the hoods (ll!er the 
cells. 
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13.5.1.2 Ar.ode Furnace: The anode ~urnace is a source of fl~oride, 
sulfu::- d:'..oxi:ie, and par-:ic'.llates in pre bake plants. Sulfar dioxide emis
sions will depe~d upo~ the sulfur content in the pitch and the coke of the 
a.node. 

13.5.1.3 Castir..g F-~niace: Aluminum casti'-g furnaces also emit 
partic·.Uate polli..:.tants. In the casting furnace aluminum from the primary 
cells is refined by heating and by chlorination. Products of the reaction 
are a.lwninum chlo!'ide, alumin"Jill oxide and heavy metal chlorides liberated 
from in::.purities. Free chlorine and hydrochloric acid are likely to be 
present in the off gas. 

13.5.1.4 Su:mnary of Emission Rates: Table 13-1 sumn:a.rizes the 
err.ission rates froo the various stages in the production of primary al"JI!li
nu:n. E::nission~ frorr. t~e red'.lctior. cells currently total about 65,000 tons/ 
year. 

13.5.2 Characteristics o~ Ef~luents frorr. Prin::.ary Aluminum Prodaction 

The chemical and physical properties of effl'.1ents from prin::.ary 
aluminum prod~ctior. are sur.irr.arized in Table 13-2. Particulates emitted from 
the refining and casting f·:anaces range in size down to submicron levels. 
The particulates a!'e abrasive and corrosive. Flucrijes, both gaseous ar.d 
particulate, are a componer.t of emissions fro~ the redaction cells. 

13.5.3 Co~trol P!'actices and Equipment for PriJ:la!'y Aluminum Production 

T'~e control o~ emiss:ons from the on-site operations o~ bauxite 
drying and alumina calcinir.g involve high dust concentrations which fre
quently dictate the -:.i.se of multicyclones for prelimina.-y particulate col
lectio::, usually followed. by electrostatic precipitators. Fabric filtra
tion can be used if close temperature control is pra.cticed. __ Gollection 
efficiencies of 99.7+'{o have been reported for such systens.~ 

Reported process flows o: from 25,000 to 250,000 acfm result in 
small-to-moderate sized installations. Installed costs for ccmbined m-c.lti
cyclone/electrostatic precipitators would range fron: $4.60/cfm for the lower 
volumes, through $2.30/cfm for the higher, at 99~ overall collection effic
iencies. These costs exclude auxiliaries.gs/ 

Control of fl-:.i.oride and particulates froo: aluminum cell rooms can 
be classed as: 

(1) Capture o~ cell effluents by potline hooding, 

(2) Subsequent collection of captured pollutants in scrubbers, etc. 

(3) Scrubbing of roof "monitor" emissions. 
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Because the choice of electrolytic cell determines the design of hooding 
and collectors, controls will be discussed separately for the preoake and 
Soderoerg cells. Most of the following discussion and information is ~ 
:'rom the report 11Air Pollution from the P!-~;:17ry Aluminum Industry'' by 
the Washington State Department of Health.~ 

13.5.3.1 Vertical St"J.d Soderberg Cell: The vertical stud 
Soderberg cell capt·..rres cell e~fluents most effectively because placement 
of the anode st·..i.ds :in a vertical posi tio!l allows a metal skirt to be fixed 
to the lower e~d of the steel a~ode jacket. The skirt reaches dovm to the 
encrusted bath and effectively encloses the fuming bath. Gases are, there
fore, drawn off with litt:e dilution by air and are concentrated enough 
to allow combustion of the tarry hydrocarbons. During burning, hydro
carbons are reportedly reduced from 3 to O.li by vo:ume, and most fluori
dated carbon compolUlds converted to hydrofluoric acid. The effective 
oxidation of tar is a great aid to subsequent collection because tar cc:n
ta.mination and plugging of ducts are avoided. After burning, exhaust 
fumes from each pot are sent to a central header fan and control e~uip
ment. One piece of control equipment will colIII!lOnly treat exhaust fumes 
from 15 pots. 

Control devices used for vertical stud Soderberg cells have 
included multiclones and spray-type scrubbers. The scrubbers use high 
pressure sprays to contact countercurrently the gases and particulate. 
Such a system can remove 95~ of the fluorides entering the control sys
te~, but no fig'1!'es for total particu:ate collection efficiencies are 
reported. Exhausts may be treated by bag filters coated with :i~e er 
alUillina, or by electrostatic precipitators, but the residual tar creates 
a fouling problem in the collection system. 

A recent addition to the family of collectors is the sieve plate 
scrubber shown in Figure 13-15. The device has been put into operation 
in Norway. A three-plate tower has removed 97% of the hydrogen fluoride, 
80% of the solid fluoride particles and 70~ of the total particulate in 
incoming gas streams. Higher absorption efficiencies are possible with 
the addition of a fourth plate. The design allows self-clea..~ing of the 
plates by the use of sprays directed at the underside of each plate where 
heavy tar and particle deposition occur. High-velocity droplets, impelled 
by the air flowing through the restriction, are blown against the plate 
and are forced to the top by the air stream, thereby preventing plugging 
of the sieves. Particulate collection is by impingement on the plates and 
the water drop~e~s. The tower produces hydrofluoric acid used as recircu
lation liquor for the first plate. 

Another collection syste~ is shown in Figure 13-16. The system 
incor?orates d.>-y cyclones, an e~ectrostatic precipitator and two scrubbers . . 
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The system achieves 99. 9fo gaseous fl·.lorid.e collect:.on, but particulate ef
~ic iencies were not give~. When a scrubber is used for both gaseous and 
:particulate fluorides, the particulates are frequently more difficult to 
collect, a.~d dictate the power requirements of the scrubber. 

13.5.3.2 Horizontal Stud Soderberg Cell: Effective capture of 
all effl'.lents for a horizontal stud Soderberg cell is much nore of a prob
lem, because open channels are required for replacement and readjustment of 
the studs. As a result, hooding is less complete; therefore, larger volumes 
of air are entrained. Large volumes of exhaust air create a dilute mixture 
of hydrocarbons. Because burning is not possible, a tar-fouling problem 
occurs in ducts and control equipment. Cyclones or multiclones and bag 
houses have fouled too easily to be an effective answer to control with 
horizontal stud Soderberg ce:ls. Where electrostatic precipita~ors are 
attempted, the plates require water flushing to prevent fouling by tars. 
Existing con~rols have consisted of scrubbers, either grid packings in a 
vertical scrubber or the high-velocity spray tY.Pe. The lack of primary 
collectors makes these scrubbers especially sus::eptible to p:!.uggine; by 
particulate :a:.a.tter. 

~o so:ve this problem, the Alcan Company developed the floating 
bed scrubbers whose princip:e is shown in Figure 13-17. A bed of light 
po:yet~ylene spheres is shown at rest with no air-liquor flow. The bed 
beccr.nes fluidized upon operation and the spheres are free to rotate and 
agitate. Liquor f:ows down through the interstices, contacting the gases 
in the air stream, while at the sa.me time washing the spheres. Most 
importantly, the constant motion of the spheres prevents accumulation of 
tars on the spheres. Collection efficiencies for the f:oating bed scrubber 
are detailed in Tab:e 13-10 for a single bed installation having pressure 
drops 4 to 6 in. 

TABLE 13-10 

COLLECTION EFFICBNCIES FOR THE FLOATiliG BED SCRUBBER 
USED ON HORIZONTAL STUD SODERBERG CELL 

Substance 

Total fluorides 
Hydrogen fluorides 
Particulates 

Collect:'..o::i. E:ficie~cy (%) 

90+ 
98+ 

80-90~ 

~ Anti~ipated efficiency at higher pot ventilation rates of 3,600 scfm 
and when doors are closed. 
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A seccnd floating bed can be added, ir.creas:ng the collectio~ ef
ficier:cies ar.d. the pressure irop another 4 in. o:f: water. However, a.'1 add.i
t:onal bed will require use of a la:ger horsepower fan to overcome i..~creased 

press·..i.re drops. 

In s'JIIIllJB.ry, control problems of the horizontal stud Soderberg cell 
t.aYe lesser.ed i";;s economic advantage over the prebake cells. Add:!.tional 
research to overccme t~e hydrocarbon fouling problem will be needed. 

13.5.3.3 Prebak.e Cells: The prebake potline operation requires 
an or:-site carbon-anode baking pla.r:t. Particula";;e emissions from these 
ovens include tars and i~orga.nic ash. Detarring by electrostatic precipi
tation has been reported at over 99.9% abroad. Close temperature control 
is reg_uired ·:::ioth to fractionally condense the volatile tars, as \.."ell as to 
maintain free-flowing properties of the precipitate. Detarri."lg gas temper
atures of frorc. 115°F to 160°F have beer. reported.~ 

Hooding :f:or prebake cells is s:ioilar to the vertical stud 
Sodercerg, but ventilation rates are ouch greater. One exception to this 
generalization is the Pechiney process which employs no local exhaust ven
tilatior. over cells at all, but instead relies upon roof-monitor emissions 
control to collect pollutants. 

Particulate emissions from prebake pots contain none o:f: the tar 
fou:-.. d i:-i the borizo:::tal stu::i Soderberg; instead, "dusting" of the carbon 
anode produces carbo::: particles in addition to alumina, etc. Current con
trols ~ave consisted of dry-type cyclones or electrostatic precipitators fol
lowed by wet scrubbers. Scr-~bbers are 12 to 15 ft. in diameter and 40 to 
60 ft. high with internally mounted spray headers. 

The newest controls being developed have relied ~po::: a dry ab
sorptior. of fluoride gases (and perhaps particulates) upo:-i fir.ely divided 
alumina powders. The alumina dust and ar:y other particulate are then col
lected in a baghouse, and the catch is sent to the cell as the feed. A 
solid particle coating of al-...imina on the inside bags also aids in fluoride 
co~lection. Dry collection avoids all the plugging and tigh "Water costs of 
scrubbi:::g towers, while allowing the dust to be returned directly to cells 
in a dry form. Perfcr:nance data are extremely scarce on this unit as it is 
still ir. the development stages, but total particulate collection of 99% a..~d 
gaseous fluoride efficiencies of 95% have been estimated. 

13.5.3.4 Efficiency of Current Potline Cor.trols: Ef:f:iciency data 
for current and prototype control devices are SUill?llarized in Table 13.11. 
Existing pa:!'ticulate control efficiencies vary from 40 to 6C/fc, except 'Where 
an electrostatic precipitator is used in conjm:ction witb other devices. 

296 



I\) 
(!) 
-....) 

TABLE 13-11 

CURRENT AND NEWEST AIR POLLUTION CONTROLS FOR PRIMARY ALUMINUM POTLINE AIR POLLUTION CONTRO~ 

Type of Existing Est. Removal 
Cell Collectors Fluoridesa 

H.S.E/ Soderberg 80-90 
Spray scrubbers 

Pre bake Multiclones ·o 

Dry electrostatic 
precipitators 

Spray scrubbers 80-90 

v.s.!l Soderberg multi- 0 
clones 
Spray scrubbers 80-90 

~ Gaseous and particulate fluorides. 
E/ H.S. = horizontal stud. 
.sf One section of bed employed. 

Efficiencies Latest Est. Removal Efficiencies, 
Particulates Collectors Fluoridesa 

40-50 1. Floating bed 
scrubber.sf 

2. Wetted plate 
electrostatic 
(with condi-
tioning of 
flue gases) 

< 60 1. Fluidized 
alumina con-

90 tacts cell 
exhausts, fol-
lowed by collec-
tion in alumina 

4o-5oV 
coated baghouse 

2. Counterflow 

< l~ packed scrubber 

< 60 Sieve plate 
scrubber 

40-50 

V When used after multiclones, 
~ When used after e.s.p. 
!} V.S. =vertical stud . 

90 

90 

99 

90 

95 

Particulates 

80-90 

99 

96-98 

95 

70 

• 



13.5.3.5 Ro:if M.c:-,itor Controls: Pot fumes that escape collec
tior. by tbe hooding are emitted through roof vents, called monitors. The 
sources o~ building ventilation air are usually adjustable louvers located 
in the building wall along the s:'..de to cool the b·.lilding and sweep contam
inants away from worker's breathing zones. Air may also enter through grat
ings in the floor. The volume of mon:'..tor discharges will depend upon the 
louver adjustment as well as wind speed and temperature difference. Air 
turnover in the building approacces 30 to ~O changes per hour. 

Most aluminum plants presently have no monitor controls. Where 
co~trols have been applie~ filament mats or screens are placed in the path 
of monitor fumes and wetted by sprays. Figure 13-18 shows a roof monitor 
scrubber--!'.:o fans are er.iployed. Efficier.cy of gaseous fL1oride collection 
is reported at 60-70%. Kc effic:'..encies for particulate collection have 
been reported. However, it .is doubtful that muc~, if any, total partic
ulate collection occurs, given the low pressure drop o~ the scrubber. 

ELECTROSTATIC 
FILTERS 

EXHAUST FAN 

\_WATER COLLECTING TROUGH 

FigU!'e 13-18 - Roof Scrubbersig/ 
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A ~ore advar.ced version of the spray chamber scrubber has been 
reported i::. the Gerr.ian literature. The spray mats are preceded by electro
static filters to remove particulate and sp:::-ay scr . .lobers dispensi.:'1g water 
over wire mes~. Nozzles are positioned so as to clean the mesh of particu
late matter and prevent clogging. Nir.ety percent removal of gaseous fluor
ide is reported, but no figG.res a!'e given for particulate matter. Exhaust 
fans are mounted at the outlet of the spray chamber. 

For the plant practicing no hoodi!:g ventilation (Pec~iney process) 
and instead emitting all fumes from the monitor, washers appear to oe sim
ilar to the Ge::nar. roof monitors. However, no electrostatic prefilter is 
present, and the sprays are horizontal rather tl:an vertical. No collec
tion efficiencies have been supplied for the Pechiney p:::-ocess controls. 

13.5.3.6 Other Sources: In addition to roof monitors and pot
lines, aluminum plants also emit particulates and gases from auxiliary op
eratio~s. Data on emissions and possible control systems for other so~rces 
are even scarcer tha..'1 for the red-..iction cell exhaust. In pretake plants, the 
anode furnace is a source of fluoride, sulfur dioxide, ar.d partic~ate emis
sions. In the pre bake f'·irnac·e, carbon anodes are baked fc:::- periods of two 
or t°!lree ••eeks p-:1.or to their use in the reductior. cell. 1\atural gas is 
us~ally enployed to take the anodes. Existing controls consist of the spray 
scrubber, which is efficient in removing fluorides and fairly efficient for 
control of sulfur dioxide, b~t the controls are, -...mfortunately, very poor 
for par':.iculate emissions control. In fact, one plar..t in Washington State 
"C.Sing Pease Ar:thony scr".J.bbers on the bake ovens emitted a.'1 effluent plune 
w-itt a :~o. 3 anC. i;'c. 4 Ringelma.nn rati:-.g because the relatively i:::efficient 
scr~bbers cannot touct the fine smoke ~'.lille. Incineratior., followed by 
medium pressize d:::'op scrubbing, 1:.as been S"..lggested, but natural-gas costs 
t'or incineration are regarded by aluminum companies as ·oei.'1g pro!l.ibitively 
high. Particulate emissions for an u.'1controlled anode fu._--nace are reported 
at un~er 5 lb/ton of altnninurn. produced. Sulfur dioxide emissions will de
pend upon the s....Uf'ur co~tent in the pitch and the coke cf the anode. 

Ali..:.m:i.nun casting furnaces also emit partic~late and gas. In the 
casting furnace aluminum from the primary cells is refined by heating and 
by chlorination. Products of the reaction are aluminum chloride, aluminum 
oxide and heavy metal chlorides which are given off as fume. Free chlorine 
and hydrochloric-acid may also be present in the gases from the casting 
furnaces. Control of emissions from the casting furnaces present many of 
~he same problems that are present with reduction cell exhausts. One 
potential control device is a multistage floating bed scrubber.~ In 
this syste~, caustic is used as the scrubbing medium, not only to effect 
particulate matter removal, but also to react with the acid gases. 
Reportedly, the particulate car. be lowered to 0.04 grain/scf.~ 
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One piece cf data or. uncontrolled units estimates emissions at 
4 lb/ton of aluminum, expressed as chloride. Uncor.trolled i.;.nits would emit 
a characteristic white plume. 

Other miscellaneous sources in aluminum reduction plants are raw 
materials ur.J.oading in transfer operations which have been controlled by 
baghouse collectors. One Washington plant has also calculated that coke 
dust emissior.s from a coke calciner have been controlled to a 0.8 lb/tor. 
when cyclones are used. 

'13.5 .3. 7 Control Costs: Literature data. on the ~ost of control 
devices for the all.<lil.inum industry are sparse. One pla~t manager in Washington 
State prod1.:.ced. infonnation that a recent installation of a new potline re
sulted in an expenditure of 14% of the capital cost for cor:trol devices. 
However, these devices do not meet regulations currently being i~pcsed or 
contemplated by reeulatory agencies in Washington State. 
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CHAPrER 14 

CLAY PRODOOTS 

14 .1 ::J.lTRODUCTION 

The clay product, or cera.ir.ic, industr:es have as their finis~ed 
materials a variety of articles ttat are essentially silicates. These 
products may be classified as: (1) wtitewares; (2) heavy clay products; 
(3) refractories; (4) enamels and enameled metal; a.nd (5) glass. The 
three I!l!l.in raw l:l.S.terials used in c:.akir.g commo~ ceramic products are: 
(1) c:ay, (2) feldspar, and (3) sand. Ir. add~tion, a wide variety of other 
m:nerals, salts, a~d oxides {borax, soda ash, cryolite, alumina, chro~i~e, 

and '!Ilagnesite) are used as fluxing agents and special refractory ingredients. 

Clay or cerao:c products are manufactured by a series cf processes 
involving grinding, screening, calcir.ir.g, bl.endi::-.g of the raw materials, 
fc:::'!Il~ng, drying or curing, firing, and final cutting and shapir.g. Pa~t:cu

late e'!Ilissior.s occur during handling of raw materials, grinding, calcining, 
screening and blending, a..~d during cutting and shapi~g operations. Meager 
data were found for emission rates from these sources. The particulate air 
pollution potential of this ir,dustry group :s not well defined. 

Manufacturing processes, partic\.J.a~e e~ission sources, particulate 
e'!Il:ssion rates, effL1en-c characteristics, and control practices and eqd:p
me::t for c,he ma,jor portions of the clay products i:idustr.1 a.re discussed ir. 
t~e ~ollowing sections. 

14.2 MA:WFAL'"?l.JRWG PROCESSES 

14.2.l Ceramic Clay 

The ma..~ufacture of cerwr.ic clay involves the conditioning of t~e 
basic ores by several methods. These include the separation and cor.centra
tion of the minerals by screening, floating, wet and dry grinding and blend
ing of the desired ore varieties (Figure 14-1). The basic raw materials 
in ceramic clay manufacture are kaolinite (AJ_203 °2Si02•2H20) and montmoril
lonite (Mg, Ca) O'Al~3·5Si02·;:tt~) clays. These clays are refined by 
separation and blea~~ing, blended, kiln dried, and formed into such items 
as "Whiteware, heavy clay products (brick, etc.) and various stoneware and 
oc,her products, e.g., diato:naceous earth used as a filter aid.§./ 
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Ealide tleaching for preparation of kaolinite ·.itilizes the re
activity of the halide t.o remove the chemically active ar..d u..'1wanted con
st.i tue~ts of the clay ore leaving behind a purified white prod~ct suitable 
for ceramics mar.~actu.re. Figure 14-1 includes a schematic diagram of this 
process.'£:./ 

T~e manufacture of filter and activated clays includes grinding 
a.'1d wet or acid treating, followed by drying and regrinding. The drying is 
accomplished in rotary kilns, which reduce moisture car.tent; from 15-20% 
to 10%. 

Ceramic clay is mar.ufactured from a. mixture of wet ta.le, wt:.i-cing, 
silica. clay, and other cers.oic caterials. T~is ::nixture is dried in a 
spray dryer. 

14.2.2 Heavy Clay Produc:s 

The manufact;,.;,re of brick and related products such as clay pipe, 
pottery, and some types of refractory brick involves the grinding, screen
ing, blending of raw materials, faming, drying or curing, firing, and final 
cutting or shaping.~/ Bricks are manufactured by one of three processes: 
the so~t-mud, the stiff-m~d, or t;he dry process. The soft-mud process con
sists in molding the clay Dixt·J.re containing 20-30% water in molds coated with 
a thin layer of either sax:d or water to prevent s~icking. Tl':e :nolded brick 
is t~en bu::-r:ed. This soft-ffiud process is used for firebrick .. !./ 

Ir, ":.he s-ciff-;n·..:.d process, t!-.e clay is just wet enough (12-15%) to 
stick togette~ when wcrked. The clay is forced out through a die in a 
screw or a:.iger ma.chine.]) T.r.e extruded day bar passes alor.g a short belt 
conveyor o~to a cutting table, on which a frame with a r.i.anber of wires 
automatically c~ts the bar into appropriate lengths. The bricks are then 
burned.]) 

The stiff-mud process is employed for the manufacture of prac
tically every clay product, including all types of brick, sewer pipe, drain 
tile, hollow tile~ fireproofing, and terra cotta. The greater percentage of 
clay ware is ma.de by the stiff-mud process.!/ 

In the dry-press process the 
makes the clay relatively nonplastic. 
around 5 tons/sq in. and then dried. 

water content is from 4-7%, which 
The brick t:.nit is molded at pressures 

The drying and :firing of bricks, both CO!Illllon ar.d re:fractory, is 
accomplished in many tY]?es of ovens. The most popular type is the long 
tun.~el oven in which the bricks, loaded on steel carts, pass counter
currently against the heat flow. Total heating time varies, but is usually 
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50-lOJ hr. for 9 in. refractory bricks. Normally gas or oil fuel is used 
for heati:::g, but coal may be used. Temperatures up to about 2C00°F are 
used in firing COlill:lOn brick. 

14.2.3 Refractories 

Refractories are those materials which are used to withstand the 
thernal, chemical, a.nd physical effects that occur in f\trnaces. Refrac
tories are sold in the form of firebrick, silica brick, magnesite brick, 
chromite brick, magnesite-chromite brick, zirconia refractories, and others. 
In making a refractory, the main material is selected on the basis of the 
thermal, chemical, and mechanical conditions to be encountered in service 
applications .Y 

T'r.e usual operatior.s ir. manufacturing refractories include grind
ing ar.d screening, calcini~g, Id..xing, pressing or moldi::g and repressing, 
drying, and b~rning. Usually tte most important single property required 
is tigh-buJ..k density, which affects i::a.ny of the other important properties. 

The m~tiplicity of refractory products results in a highly 
variable process flows:ieet. Depending upon the desired product, raw ma
terials may be calcined or dried prior to :nixing and bler:dir.g. Figure 14-2 
illustrates an overall flowsheet for a typical plant producing a kiln-fired 
rei:ractory.'§../ The decision to calcine or dry the raw material depends upon 
its end use. T..~e type of clay, refractory brick, a.~d ultimate density are 
among the factors tha~ influence tr.e decisio'1.~ 

Castable or ft:.sed-cast refractories are manufactured by care:'ully 
blending such components as alumina, zirconia, silica, chrome, and magnesia, 
melting the mixture in an electric-arc furnace at temperatures of 3200-4500°F, 
pouring into molds, and slowly cooling to tr.e solid state. Fused refrac
tories are less porous, and more dense than kiln-fired refractories,_g/ 

Castable refractories are employed in glass furnaces, as linings 
of hot zones of rotary kilns, in boiler furnaces exposed to severe duty, 
a.~d in metallurgical equipment such as forgir.g furnaces.1/ 

14.3 EMI3SIOK SOURCES AND RATES 

14.3.l Cera~ic Clay 

Particulate emissions occu.r from raw materials handling, grinding, 
drying, and firing kilns. Fluorides and acid gases may also be emitted in 
the drying process. Factors affecting emissions include type and qua.~tity 
of material processed, the type of grinding {wet and dry), the teoperature 
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of -:he drying kilns, gas velocities in the dryir.g k:.::.ns, the flow direction 
in drying kilns, and the amount of fluorine in the ores.g/ Insufficier.t data 
exist to deter~ine if there is a correlation be~ween dryer types a::d er-issions. 

14.3.2 Eeavy Clay ?rod~cts 

Particulate emissions occur du.ri:.-i.g handling of raw materials, 
grindir.g,screening, and blending, and during cuttir.g and shaping operations. 
Fluorides, largely in a gaseous form, are also en:.i.tted from brick manufac
t:zing operations.Y 

The extent of raw material handling and processing greatly affec~s 
the dust emissio~s from this phase of the manufacturing process. Emissions 
w~en firing a.~d/or curing the fort:led bricks are affected by the temperature 
in the ovens and the type and quantity of trace components in the brick. 
Ttus, s~lfur and/or fl~oride compounds may be emitted when the bricks are 
sub2ected to ~igh temperatures. T!:le type of fuel used to heat the ovens 
also has a direct bearing on t~e combustion emissior.s. 

14.3.3 Refr~c:ories 

Particulate emissions in kiln-fired refractory plants occur from 
raw :::ia.terials handlir.g, crt;.shing, calcining, drying, mixing, and burning 
operations. Emissior..s from the calcir.ing and d.ryir.g operations depend l4pon 
the type and quar,tity o~ na.terial charged, kiln and dryer types, and final 
ooistUX'e content. 

Particulate emissions from the manui'acture of castable refrac
tories are created by the drying, crushing, handling, and blendir.g phases 
of this process, the act~al melti~g process, and in the molding phase. 
Fluoride emissio~s, largely 1~ the gaseous fonn, may also occur during the 
oelting operatior.s. Particulate emissions are affected by the a.mour.t of 
oa.terial handlir.g and pre-treat~ent required before melting, a~d by the 
co~pone~ts in the melt. Generally, increasing concentrations of silicon will 
cause increased particulate emissions. 

14.3.4 summary of E~ission Rates 

Table 1~-1 presents a summary of emission rates from the manu
facture of clay products. Current emissions are estimated at 467,000 tons. 
Data available on emission rates, processing variations, and control equip
ment practices and utilization are meager, and emission figures in Table 
14-1 are cor.sidered to be engineering estil!la.tes. 
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(JI 
0 
w 

Source 

I. Ceramic Clay 
A. Grinding 
B. Drying 

II. Refractories 
A. Kiln-Fired 

1. Calcining 
2. Drying 
3. Grinding 

B. Castable Refracts. 
c. Dead-Burned Magnesite 
D. Mortars 

1. Grinding 
2. Drying 

E. Gwming Mixes 

m. Heavy Clay Products 
A. Grinding 
B. Drying 

Quantity 

7,870,000 tons 
6Cfj, of ceramic:> 

lOOi of ceramics 

3,440,000 tons 

20'1> of kiln-fired 
30'1> of kiln-fired 

100'1> of kiln-fired 
550,000 tons 
125,000 tons 
120,000 !.ons 

250, 000 tons 

23, 700, 000 tom; 
20'1> of heavy clay 
30i of heavy clay 

Total for Clay 

Note: Values reported for net control are assumed numbers. 

TABLE 14-1 

PAHTlCUI.ATE l·l.USSIONS 

CLAY PRODUCTS 

Emission Factor 

76 lb/ton prod. 
70 lb/ton prod. 

200 lb/ton prod. 
70 lb/ton prod. 
76 lb/ton prod. 

225 lb/ton prod. 
250 lb/ton prod. 

76 lb/ton prod. 
70 lb/ton prod. 
76 lb/ton prod. 

76 lb/ton prod. 
70 lb/ton prod. 

Products 

Efficiency 
of Control 

Cc 

Application Net 
of Control Control Dnissions 

Ct Cc ·Ct tons/yr 

0.60 72,000 
0.60 110,000 

0.64 25,000 
0.64 13,000 
0.6·1 47,000 
0.77 14,000 
o.56 7,000 

0.60 2,000 
0.60 2,000 
0.60 4,000 

0.60 72,000 
0.60 99,000 

467,000 



14.4 ~-PLUEN? CHARACTERIST~CS 

Lit:ited data we~e found on the chetli.cal and physical properties 
of ef~luents ~rom clay products manuf'acti.;re. Available data are preser.ted 
in Table 14-2. 

Emissions from t~e e:ectric-arc furnace are co~densed f'10e a.r.d 
consist of very ~ine particles, largely 2 µ or smaller.~/ Kaolin and bauxite 
particulates eo.itted fro~ rotary calcining kilns rar.ge from 25-40 vt. % 
less t:r..a.n 10 µ., while parc:iculates from a n:agnesite kiln may be 50 wt. % 
< 10 µ.. 

14.5 CONTROL PRA...,"".;:'ICES AND EQUI:=ME~rT 

Comn:.or. cor.trol tecr..ni~ues for the ceramic clay canuf'acturing 
processes include sett:ing chambers, cyclones, wet scrubbers, electrostatic 
precipitators a.::d bag filters. Cyclones for the coarser material followed 
by wet scrubbers, bag ~ilters or electrostatic precipitators for dry dust 
are tte most effective control tech!"J.~ues. 

A variety o~ control syste~s ':!Jay be used to reduce both particulate 
and gaseous emissions froII: heavy clay products m.ar.uf'acturing. Almost any 
type of partic:ilate cor.trol system will red~ce enissions from the materials 
ha.~dlir.g process. However, good design and tootling are required to capt:.rre 
the e~~ssions. Fluoride emission car. be reduced to very low levels by using 
a water scrubber.g/ 

Tl:e general types of particulate controls may be used on the ma
terials handling aspect of refractory mar.u.!'acturing. However, emissions 
~ro~ tte electric-arc fu.rnace are largely conde~sed fume and consist of very 
~ine particles, largely 2 µ. or smaller. ,Ba.g..~ouses may be used to control 
particulate emissions from the furnace.!/ 

Mllticyclones, baghouses, and electrostatic precipitators have 
been used on rotary and vertical kilns in kiln-fired refractory plants.~ 
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A. Particulate 

Source 

Refractories 
a. Bawdte calcine 

kiln 
b. Magnesite cal

cine kiln 
c. Electric arc 

furnace 

~ B. Carrier Gas 
I-' 

Ceramic ClBi' 
a. Rotary dryer 

b. Kiln and 
cooler 

c. Spray dryer 

a) 

a) 

-a} 

TABLE 14-2 

EFFLUENT CHARACTERISTICS - MANUFACTURE OF CLAY PRODUCTS* 

Particle Electrical Moisture 
Particle Size Solids Loading Chemical Composition Density Resistivity Content Toxicity 

25-40 < 10 

50 < 10 

100 < 2 

Flowrate 

23.8 (one 
dryer} 

23.9-27.3 

(two units) 

10.5 (one 
unit} 

Tempera
ture 

66 

159-160 

244 

Moisture 
Content 

Chemical 
Composition 

Flanmability 
Corro- or Ellplosive Optical 

Toxicity si vi ty Odor Lim.its Properties 

* See Coding Key, Table 5-1, Chapter 5, page 45, for units for individual effluent properties. 
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Cf.APrER 15 

FERTILIZER ¥.A:NUFACTLlIB 

15 .1 IN?RODUCI'IO:l~ 

Fertilizer consuriptior. has increased so rapidly in the past 
quarter century that ~anufactured fertilizer has beco~e the major product 
of the chemical industry throughout the world. The primary mar.ufactured 
fertilizers are phosphates, nitrates, ureas, and sulfates. 

The pollution potential of a fertilizer plant can be divided 
intc separate types: coarse d~st, wet solids, odorous or corrosive gases, 
and vapcrs. Emissions result from roasting, acidulation processes, dry
ing, granulation, and blending operaticns. 

}1ar.ufacturing processes, particulate eo:ission sources, particulate 
emission rates, effluent characteristics, and control practices and equip
ment for each major fertilizer category are discussed in the follow'ing 
sections. 

15.2 PHOSPF.ATE FERTILIZERS 

15.2.l Phosphate Rock Preparation 

Phosphate rock preparation involves beneficiatior. to re:nove 
impurities, drying to remove moisture, and grinding to i~prove reactivity, 
Phosphate rock deposits have widely varying compositions and properties. 
The presence cf a high content of organic matter is ur.desirable. Organic 
matter tends to stabilize a foa~ blanket on the sur~ace of the acid reactors, 
and it produces a slimy gypsum filter cake which is slow filtering and 
difficult to wash. Organics are removed by roasting the rock between 
1200 and 1600°F. The roasting is done in a variety of fUrnaces. 

Usually, direct-fired rotary kilns, 25-100 ft. long, 8-10 ~. 
in diar:ieter, are used to dry phosphate rock (Figure 15-1), These dryers 
use natural gas or fuel oil as fUel and are fired countercurrently. Frcm 
the dryers, the ir.aterial may be ground before storage and is fir.ally con
veyed to large storage silos. Emissior.s from these processes consist 
primarily of fir.e rock dust, but some sulf'ur dioxide may be present in 
the dryer exhaust from the co~bustion of sulfur in tte fuel. 
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Other points of emission in a phosphate rock grinding ar.d prep
aration plan~ are transfer points on conveying systems and discharge points 
at storage hoppers and silos. 

l5.2.2 Wet Process Phosphoric Acid 

Wet-process acid is produced by treating fluorapatite 
[ca10 (P04)6F2] or phosphate rock, with sulfuric acid. Phosphoric acid is 
formed, calcium sulfate is precipitated and filtered off, and the acid is 
concentrated from about 32<'j, ~CS to about 54i P2~. Virtually all the wet
process acid produced in this country is used in the manufacture of various 
phosphate fertilizers.~ · 

~~st c~rrent process variations for producir.g wet-process phos
phoric acid depend on decomposition of phosphate rock by sulfuric acid 
under conditions where gypsum (CaS04 · 2H20) is precipitated. Several 
variants of this p~ocess are offered by various contractors. The Dorr
Oliver, St. Gobain, Prayon, and Chemico processes are among the better 
known.~ In spite of the number of contractors in the field, new plants 
do not see~ to differ funda:nentally among themselves. In addition, several 
general tret.ds are evident, such as the use of single-tar:k instead of ~ul
tiple-tank reactors, one or two large horizontal tilting-pan filters, large 
plants of 1,000 ~on/day capacity and mere, and clcsed systems where 
atmospheric emissior.s are minimized. Figure 15-2 is a flow diagra.~ of a 
modern, wet-process phosphoric acid plant.§/ 

Finely ground phosphate rock is ~etered accurately and co~tinu
ously into the reactor, and sulfuric acid is added. The sir.gle-ta:i.k reac
tor illustrated in Figure 15-2 is a circular, two-compartment system wherein 
reactants are added to the annular volume and the central volume is used 
for growing gypsUI:l crystals. Some years ago, plants were built with severa: 
separate reaction tanks connected by launders, which are channels for slurry 
flow. The tendency now is to use a single tank with several co~partments. 
In some of these designs, the slurry flows over and under a series of baffles. 

Proper crystal growth depends on maintainir:g sulfate ion concen
tration within narrow limits at all points in the reaction slurry. The 
proper sulfate ion concentration appears to be slightly more than 1.5%. 
lower levels give poor crystals that are difficult to filter; higher con
centrations interfere with the reaction by causing deposition of calcium 
sulfate on unreacted rock. Good reactor design will prevent sudden changes 
of sulfate ion concentration, will maintain this concentration and tempera
ture near optimum, and will provide sufficiently lor.g holdup time to allow 
growth of large, easily filterable crystals without the formation of ex
cessive crystal nuclei. 
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Concentrated sulft;.ric acid is usually fed to the reactor. If 
dilute acid is used, its water content must be evaporated later. The only 
other water entering the reactor comes fro:n the filter-wash water. To 
miniJ:lize evaporation costs, it is important to use as little wash water as 
is consistent with practical H3P04 recoveries. 

Considerable heat of reaction is generated in the reactor and 
must be removed. This is done by blowing air over the hot slurry surface 
or by vacuum flash cooling part of the slurry ar.d ser.ding it back into the 
reactor. M::>dern plants use vacuum flash cooling. Figure 15-2 illustrates 
this method of cooling. 

The reaction slurry is held in the reactor for periods up to 
8 hours, depending on the rock and on reactor design, ar.d is then sent to 
be filtered. The circular, horizontal, tilting-pan vacuum filter is illus
trated in Figure 15-2. Older and srr.a.ller plants may use other types of 
filters. 

In washing the resultant gypsum cake on the tiltir.g-par. filter, 
wash water flow is countercurrent to the rotation of the cake, and heated 
fresh water is used to wash the "clear,est" cake. These filters can be 
built in very large sizes, and designs are now approaching 1,000 ton/ 
day P2o5 capacity. 

The 32% acid from the filter generally needs concentrating for 
further use. Current practice is to cor.centrate it to 54% by eyaporation 
ir. two or three vacuu:n evaporators. 

15.2.2.1 Emissions from Wet-Process Phosphoric Acid ~iant:.facture: 
~ssions froc wet-process phosphoric acid manufacture cor.sist of rock 
dust, fluoride gases, particulate fluoride, and phosphoric acid mist, depend
ing or. the design and condition of the plant. Fluorine exists as various 
compounds in the collection equipment; as fluorides, silica-fluorides, sili
con tetrafluoride, and mixtures of the latter and hydrogen fluoride, the 
rr;ole ratio of which changes in the vapor with the concentration of fluorosili
cate in the liquid and with temperature. Because of the complex chemistry, 
the composition of emissions is variable. 

The reactor, where phosphate rock is decomposed by sulfuric acid, 
is the main source of atDOspheric contaminants. Acid concentration by 
evaporation provides another source of fluoride emissions. The filter is 
a third source of fluoride emissions. For circular filters, and for filters 
of the Georgini pan-filter type, most of the emissions are at feed and wash 
points. Emissions from filters are not large and can be controlled by the 
use of hoods, vents, and scrubbers. 
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In addition to t:-~ese three main sources of emissions, ttere a:re 
r:iany rniscellar.eous minor sources. These include ver.ts frcm such sources 
as acid splitter boxes, s~mps, and phosphoric acid tanks. Collectively, 
ttese s01.:;rces of fluoride emissions are sie;nificant, and they are cften 
c~closed and vented to a suitable scrubber. 

15.2.3 Ncr:rr;al Su;perphcsp'.::.ate ~eduction 

"Normal superphosphate" is the term applied to the fertilizer 
produced by reacting sulfuric acid with phosphate rock. Normal super
phosphate contains :f'rOI:l 16 to 21% phosphoric anhydride (P205). 

While there have been developments and refiner:ients, tr.e three 
basic steps in the production of norma: superphosphate have remained the 
sarc.e over the years (Figure 15-3). Sulfuric acid and rock are intimate:y 
mixed, dropped into a den, held for sufficient ti.me to allow the slurry 
mixture to set into a solid porous fcrm, and stored to pernit the acidu:a
tion to go to completion. Plants are described as batch or continuous, 
depending upon the type of den used. Over 75% of U.S. plants use the 
batch process. 

Fellowing the curing period, three alternates are avai:able: 
(:) the product can be ground and bagged for sa:e; (2) the cured super
phcsphate can be sold directly as run-of-pile product; or (3) the mate
rial can be granU:ated for sale as granulated superphcsphate or used as 
a CO!Jl?onent of granular mixed ferti:izer. 

For the latter alternative, normal superphosphate is blended 
with some or all of the following ingredients--a.IDmonia, su:furic acid, 
ptosphoric acid, triple superphosphate, potash. Steam or water is added, 
if needed, to aid in granU.::..ation. The mixture is then passed through a 
rotary dryer, which re~oves sufficient moisture to eliminate the cha.nee 
of the pellets binding together. Fro~ the dryer the material passes 
through a rotary cooler and is conveyed to storage bins for sale as a 
bagged or bulk product. 

The gases released from the acidulation of phosphate rock con
tain silicon tetrafluoride, carbon dioxide, steam, and sulfur oxides. 
From 20 to 28% of the tota: fluoride in the phosphate rock is evolved in 
the acidulation and cu.ring operation. Curing building emissions are not 
usually controlled in norI!lal superphosphate plants. 

Vent gases :f'rom a granulator-a.rm:ioniator may contain ammonia, 
silicon tetrafluoride, hydrofluoric acid, ammonium chloride, and fertilizer 
dust. Emissions from the dryer will include gaseous and particulate 
fluorides, ammonia, and fertilizer dust. Some emissions will also con
tain sulfur oxide, especially if hig~-sulfur oil is used as fuel to the 
dryer. Emissions from the cooler will contain primarily fertilizer dust, 
and may also include traces of the aforementioned pollutants. 
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15, 2.1: Triple S·.:pe:::-phosphate P:roductio.:: 

"Triple superphosphate ., is the popular na.me for the product 
resulting from the reaction between phosphate rock and phosphoric acid. 
Unlike normal superphosphate, the production of triple superphosphate 
is usually a continuous operation in large plants located near phosphate 
rock deposits. The phosphate rock is ground to a fineness ranging from 
80% through a 100-mesh screen to 95i through a 200-I?lesh Tyler screen. 
A~though either furnace or wet process phosphoric acid may be used as 
the acidU.:.ant, at the present time wet-process acid is used almost exclu
sively. Concentrated acid with a P205 content of 50-55% is used. F~uoride 
content of wet-process acid may be as high as 1-2%. 

Two major processes are used in the production of triple super
phosphate (Figure 15-4). The first uses a l!lixing cone to achieve inti.m~te 
contact between the acid and rock. The resulting mix falls tc a conveyor 
belt which moves the I:lB.terial to the curing bui~ding. On its way to the 
curir.g building the mix is passed through several :cixers or blungers (pug 
:cills) to aid in the contact of the rock and acid as we~l as to release 
fluorine vapors. Fluoride-containing fume is collected along the entire 
length of the belt by a tight heed over the be~t, the blungers, and the 
mixer. After curing for 30-60 days, the product can be sold as run-of
pi1c (ROP), or it can be granulated in separate equipment. 

With the increased demand for gra.~ulated products, a second 
process has been introduced to produce granulated fertilizer directly. 
In one comn:ercial :process, the acid and phosphate rock are placed in mix
ing tanks, fed through a blunger for intimate mixing and release of some 
of tbe effluent gases, and then dried in a rotary dryer using oi~ or gas 
as fuel. The product is a directly granulated material which is rather 
hard and dense and normally not amenable to a.mmoniating. 

Most triple superphosphate is of the nongranular type. The exit 
gases from a plant producing the nongranular product will contain con
siderable quantities of silicon tetrafluoride, some hydrogen fluoride, 
and a small amount of particulates. In cases where HOP triple super
phospha.te is granulated or mixed as a granulated-mixed fertilizer, one 
of the greatest problems is the emission of dust a.nd fumes from the dryer 
and cooler. Screening stations and bagging stations are a source of 
fertilizer dust emissions in this type of process. 
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15.2.5 Dia:n.":'lor:i..:r.i Priosnhate Prc:d:..:ction 

In the na.nufacture of diammoniun phosphate the initial reaction 
between amrr.onia and phosphoric acid takes place in a reactor tank lined 
with acid brick (Fig.ire 15-5). Both acid from the gas scrubbers and fresh 
acid are used as feedstock, In rna.ny plants some 93~ sul:f\i.ric acid is used 
to control t~e composition of the final product. The relative amounts of 
phosphoric and sulfuric acid usually depend on the purity of the incoming 
phosphoric acid. The product of the reactor is pumped as a slurry to a 
rotary ammor.iator. In the amr::oniator additior.al aI!ll!lonia is sparged under
neath the mixing bed to achieve a final mole ratio of 1.8 to 2.0. While 
the equipment 
is completed. 
amrnoniator tc 

is rotating, agglomeration takes place and the a.mmoniation 
Dia!lllnCnium phosphate granules are discharged from the 

a rotary dryer, thence tr.rough a screening station a.~d a 
rotary cooler to storage. Fines and oversize particles from the scree!1ing 
station are recycled back to the amrnor.iator for product control. 

The major po:lutants from diammonium phosphate production are 
f:uoride, particulates, and ammonia. Dust-producing areas are the cage 
mills, where oversized product from the screens is ground before being 
recycled to the a.mmoniator. Dust from these points is usually vented 
through cyclone collectors, a.nd then to either an impingement or a venturi 
scrubber. Vent gases from the reactor and 8Jllllloniator tanks, which contain 
high quantities of a.:m:ionia, are usually scrubbed with acid to recover the 
residual ammonia. 

15.2.6 GYanulaticn 

Granulation is a method of processing that has been widely 
adopted as a means of improving the storage and handling properties of 
fertilizer materials and mixtures by increasing their normal particle 
size to material that will largely be retained on a 16-mesh sieve, and 
which includes particles in the range of 1 to 4 I!liil in diameter. 

In the granulation of arr.:r.onium phosphate fertilizer, a g:ypsu.~

acid slurry is obtained by by-passing the filter in a phosphoric acid 
plant (Figure 15-6). Amlr.onia is introduced into this slurry and into 
acidulated phosphate from the acidulation tank. The mixture then flows 
to the dryer. 

After the dryer, the product is screened. Large lumps are 
crushed and recycled to the granulator along with the fines passing the 
screens. 
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Water scrubbers of various types are used for recovery of 
ammonia and ar:imonium salts, which a.re then recycled to the process. The 
greater portion of the ammonia is recovered. However, ammonium salts 
are not easily recovered because of their very fine size. 

In nonslurry granulation, part or all of the neutralization 
reaction is carried out in the granulation vessel. The number of sources 
cf air pollution is reduced by elimination of the reaction tanks. This 
method of granulation is widely used for mixed fertilizers based on super
phos:phates. 

Dust from granulation is mainly frOlll dryers and coolers. Dust 
fron: screens, ha.mmermills, and materials handling also is important since 
the gra~ulation process L".!Vclves recirculation of material to build up 
the size of granules. The manufacture of salt grades (fertilizers con
taining potash) produces a fume of NH4Cl which is composed of particles 
< 5 u. and is difficu:t to collect. The a::nount of chloride :f'u.lle produced 
depends en the raw materials used; a.mmoniating solutions and sul:f'u!'ic 
acid tend to increase the amount of fume. 

15.2.7 Enission Rates from Phosphate Fertilizer Mar.u~acture 

?art:c~late em~ssion rates from the various processes comprising 
phosphate fertEizer n:.a.nu.facture are summarized in Table 15-1. Both 
r:uoride particulate and fertilizer dust are included in the emissions. 
Dust losses from materials handling operations are estimated at 2 lb/ton 
of gra~ulated material. 

15 • 3 A>lMOr;IUM :XI'r:''\A TE FERTILIZER 

CC!llillercia~ processes for the manufacture of ammonium nitrate 
depend almost entirely on the neutralization of nitric acid with ammonia 
in liquid or gaseous form (Fig~re 15-7). Synthetic ammonia, as the 
anhydrous liquid, and nitric acid produced from the oxidation of ammonia 
are 'J.Sed. 

Essentially three steps are involved in producing ammonium 
r.itrate: neutralization, evaporation of the neutralized solution, a.nd 
control of the particle size and characteristics of the dry product. 
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15.3.i l'leut:.calizaticn 

Direct neut~alization is pracviced when pure reactants a.re used 
in an aqueous medium. T'ne reaction of ammonia with nitri: acid is strongly 
exothen:tic; both reactants are volatile at the resulting elevated tempera
~ures. This condition nu.st be controlled to prevent loss of materials. 
Us".la.lly a s~ight excess of nitric acid, the less volatile of the two 
reacta::.ts, is maintained during neutralization. 

15.3.2 Eva~oration 

P!'ocedures va:ry depending on the water content of the reactants 
and the control of te~peratures. In methods formerly in wide use, the 
neutral ammonii;;m nitrate solu"';;ion was evaporated to a high degree of con
centration, wi~t subsequent cooling and granulation of the product. Other 
processes carry the evaporation to a lesser degree of concentration and 
co~plete the separat~on of the solid ammonium nitrate by crystallization 
or, EOre frequently, by continuous evaporation in specially desig!led 
ap:paratuz. 

15.3.3 Central of Particle Size a~d Prr,perties 

Various procedures, such as graining, flaking, and spraying, 
have been practiced aver the years to obtain nitrate particles or grains 
for the final product. The method that has been adopted by the great 
maj0rity of plants is prilling. Frilling is spray drying cf a concen
trated solution. 

The pril~ing step is followed by rotary or fluicizec-bed drying 
and cooling. The product prills may then be coated with a c:ay I:!lB.terial, 
to prevent caking, in a rotary coating d..""U!ll. These drying and cooling 
operations use large quantities of heated air which entrains the dust 
and fines. However, the emissions from these operations are usually 
controlled with low pressure drop wet scrubbers using dilute salt solu
tions to collect the material and recycle it back to the process. 

The prilling operation may be as large an emissior.. source as 
the drying and cooling operations. In the prilling process losses are 
depe~dent upon the velocity of the air in the pril:ing tower. Total 
fines lost from the process can be kept to< :.% of the product. 
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15.3.4 Emissicn ::\a.':.es from An:moniur.'l ~•itrate Fertilizer Ma.nufact·..:re 

Particulate e:nission rates from the manufacture of anJitcnium 
nitrate fertilizer are surmiarized in Table 15-1. Limited data were found 
for parti~ulate emissions fran nitrate fertilizer manufacture, and the 
emission totals in Table 15-1 are considered as conservat~ve estimates. 

15.4 UREA FERTILIZER 

The commercial production of urea is based on the exothermic 
synthesis of a.mm.onium carbamate with its subsequent dehydration to urea. 
Ammonia and carbon dioxide are reacted together in a high-press".:.re reactor 
to form a melt containing urea, Wl'.llllOnium carba.mate, and water, along with 
some WU'eacted ammonia. Depending upon the particulate process used, the 
temperature of the melt in the reactor is maintained between 175°C and 
210°C and the pressure between 170 atm. and 400 atm. 

Eight processes are currently used in the manu!acture o! urea. 
T~e method o! treating the off gas {a.mxr.onia and carbon dioxide) from the 
carbamate-urea reactor represents the major differences among the variety 
of competing processes for the manufact~re of urea. Figures 15-8 and 15-9 
illustrate two methods of final preparation. 

The aqueous sollltion of urea from any of the processes must be 
concentrated to re~cve the excess synthesis water as well as traces of 
dissolved synthesis gases and tr.en filtered to re~cve any solid impurities. 

15.4,l En:ission Rates from Urea Fertilizer ~.an~facture 

Emission rates for urea fertilizer manufacture are summarized 
in Table 15-1. No detailed data were found on emission rates, and an 
emission factor of l'.J'.. of the end product was used to estimate the particu
late emissions. 

15.5 AMMOl'IIlli SULFATE 

Most ammonium sulfate produced is a by-product of coke-oven 
operations. SulfUric acid is used to scrub the ammonia out of the coke
oven gas and the scrubbing produces an a.mmonium sulfate solution. The 
solution is further concentrated, and crystals of ammonium sulfate are 
extracted in a centrifUge. The crystals are then dried. Since all other 
operations are carried out in the wet state the only potential source cf 
particulate emission is the dryer. The dryer is usually controlled by 
cyclones or wet scrubbers. 
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15. 6 CHARACTERISTICS OF EF:'LUEICS FROr.~ FERTILIZER MA:P.1JFACTURE 

The chenical and physical characteristics of effluer.ts frcm fer
tilizer manufacture are SUI:I!:'.arized in Table 15-2. Particulates emitted 
:ro~ phosptate fertilizer productior. equipment are hot, moist, :partially 
water-soluble, corrcsive, hydroscopic, disagreeable to the sense of smell, 
and have a tendency to stick to and build up on almost any surface. Dusts 
e~itted froE superphosphate dryers are about 12 ~~. i < 10 µ. 

15. 7 C011?ROL PRACTICES AND EQUIP?l.ENT IN FERTILIZER MANUFACTURE 

Control equip~ent which bas been used in various phases of fer
til~zer manu:acture include cloth filters, electrostatic precipitatcrs, 
and ~echanical SY.Ste~s fer dust; wet collectors for dust, gases, and 
flue ride mists .1} Wet scrc:bbers are probably the most coI:llllon piece of 
dust a::d fume ccllectio!l eq_uip~ent being utilized in fertilizer plants .E./ 

15.7.1 Cor:trol Equimer:t 

15. 7 .1.1 Wet-Process Phosphoric Acid: Beca:.ise the princi:pa.l 
at~csp~eric contan:ir:ants ger.erated in the precess are gasec:.is fluorides, 
vapor scrubbing is universally employed tc control eI:lissicns. Specific 
devices used ±'or co::trol include Ven tu ~i scr:;bbers, impingement scrubbers, 
and various kinds of spray towers. Fluoride removal efficiency of these 
dev~ces varies widely, and staging may be required for satisfactory con
trol. Plugging, or difficulty in removing precipitates and dust, may also 
be experienced • .§./ 

Table 15-3 sur:xc:arizes the results of Public Health Service tests 
co:::ducted on 10 wet-process phosphoric acid plants in various :parts of tte 
country.§./ For nine of these plants, the range of gaseous fluoride enis
sions frcm various types of collectors was 0.006 to 0.17 lb. of fluoride 
per tor. of P205 produced, The concentration range of gaseous fluorides in 
~he gases from collectors was 3 tc 40 ppn., and 0.0011 to 0.0147 grain/scf 
for eight of tte 10 plants. Public Health Service stack-test data agree 
reasonably well with results from plant question._'1aires ar.d infott:lB.tionc/ 
from miscellaneous sources, both of which are tabulated in Table 15-4.§J 

Scrubber efficiency is affected substantially by the loading of 
t~e gas stream. Heavy loading enhances scrubber efficiency, and lig~t 
loading reduces scrubber efficiency. Therefore, scrubber-exit-gas concen
tration is a better indicator of overall plant emission control than is 
scrubber efficiency. The bes~ criterion of plant performance is the weight 
of e~issior. per ton cf P205 produced.§/ 
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(JI 

UI 
tn 

Plant Number l 

Collector lype RP.c.:lanp,ular 
spray 
chaJDbcr 

Gaseous fluo- 1. 265-2.16 
ride entering 
collector per 

ton of P2CJs 
produced, 
pound 

Gaseous fluo- 0.52-0.63 
ride emitted 
from collec-
tor per ton 
P2CJs produced, 
pound 

Collection ef- 57-72 

flciency, " 

~ 

Square h{)ri-
zontal spray 
duct 

Not deter-
mined 

0.072-0.101 

SllMMAHY Of' t:M!Sf.10N DA'CT\ ON PEl!t'O!lMANCF. Of' cnrrrnm9 
EQllTPMEm' 11• WET-Pl<Ocr:;s Pll!EPHORTC ACID P!Arrrs.'!I 

~ 1 ~ Q 2 

Venturi :;crub- Venturi :;crub- Spray cro;,s- 'l'wu !mpi1*'c- Spray cross-
bcr, watc r- her, water- flow packed menl scrub- flow packed 
actuated actuat~d scrubber be rs in scrubber 

series 
0.21-0.31 0.49-0.61 0.078-0.087 O.OL1-0.0l6 l. 20-1.48 

0.027-0.047 0.028-0.038 0.006-0.018 0.006-0.011 0.10-0.17 

84 .2-87 .o 92-96 80-92.4 15-62 86-93 

Q 2 lQ 

Spray cross- Cyclone spray Spray crc.•ss-
flo\11 packed tower fhlW packed 
scrubber scruhber 

0.05-0.06 0.85-1.00 Not deter-
mined 

0.0110-0.022 0.04 7-0.082 0.13~i-0.157 

56. 7-68.4 90.4-95.3 

Concentration 0.075-0.090 0.0026-0.0035 0.0104-0.0147 0.018-0.023 0.0011-0.0032 0.0020-0.0037 0.0054-0.0088 0.0022-0.0029 0.0016-0.0029 0.0120-0.01' 
of gaseous 
fluoride 
emitted from 
collector, 
grain/scf 

Parts per 202-243 7 .0-9 .4 
111lllon 

Partlcula te 
emitted 
fran col-
lector per 
ton P20s 
produced, 
pound 

Total par- 0.20-0.so 0.36-0.47 
ticulates 

Efficiency, " Insolube par- 0.0006-0.008 0-0.0013 
ticulate 
fluorides 

Efficiency, " 

28-40 

0-0.029 

98.5-100 

None found 

100 

Soluble par- 0.050-0.094 0.0075-0.036 0.0023-0.0029 
ticulate 
fluorides 

Efficiency, " 94 .Q-97 .o 

49-62 3.0-8.6 

!/ Plants 1-10 were tested by National Air Pollution Control Administration. 

5.4-10.0 15-24 5.9-7 .8 4.3-7.8 32-38 

0.29-0.36 

0.006-0.09 

0.070-0.14 



Plant Number 

Collector type 

Gaseous and water-soluble 
particulate fluoride 
entering collector per 

TARlE 15-4 

SUMMARY OF EMISSION DA'rA ON PERFORMANCE OF CONTROL .EQUIPMENT§./ 

IN WET-PROCESS PHOOPHORIC ACID PIAN~/ 

11 

Venturi scrubber, 
water-actuated 

2.0 

12 13 14 15 16 

Cyclonic Spray cross-flow Spray cross-flow Impingement Packed tower, two-
spray packed scrubber packed scrubber stage cyclonic 

scrubber, in paral
lel 

7.6 0.53 77 0.037 0.0073 

ton of P2~ produced, pound 

Gaseous and water-soluble 
particulate fluoride 
emitted from collector 

~ per ton of P205 produced, 
m pound 

Efficiency, '1' 

Concentration of gaseous 
and water-soluble par
ticulate fluoride 
emitted from collector 

Grain/scf 

Parts per million 

0.26 1.23 

87 84 

0.058 0.031 

167 87 

0.044 0.038 0.0087 

92 99.9 24 1 

0.0032 0.0019 

9 5 

~/ Information on plants 11 through 13 acquired throu~h private communication; information on plants 15 and 16 
acquired through questionnaire. 
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15.7.1.2 Acidulation Precess - Superphosphate: Acidt:.lation c~ 
ground phosphate rock with H2S04 to prcd:ice superphcsphate results in en:is
sior.s ccnsistin~/of siliccn tetrafluoride, dilute fluosilicic acid, C°'2, 
steam, and S~.- An injector-type gas scrubber was reported to be only 
BOi efficient for controlling these emissions, allowing ij~iF5 ar.d traces 
of S02 and S~ as a n:ist to be discharged into the air.ii This unit sub
sequently was replaced by a low-velocity cell type, wet scrubber which was 
reported to achieve 100% re~cval of silica fluoride,!/ 

Current practice is to scrub gases witt eitter ccpious quanti
t~es of water or with dilute fluosilicic acid. Spray towers, grid-packed 
towers, and high-veloci:.y jet scrt:.bbers have been used.'§./ 

15. 7 .1.3 Triple Superphosphate: Water scrubbers are t!'le prin:ary 
method for controlling enissions of gaseous fluorides from triple s~per
phos:;ihate production. l?acked towers, venturi scrubcers, wet-pad aI'lq in:
:;::ingeme.::t scrubbers and cyclo:::.ic scr:bbers have beer. investigated • .§./ A 
cyclonic scrubber system was reporteC. to eliminate 97j; of the total fluorides 
liberated by all sources in or.e plant producing triple superphosphate.~/ 

15. 7 .1.4 Granulaticn: Cor.trol of emissions from fertilizer 
gran.;.lation invclves collection cf dry d;,ist frcn; rc"cary dryers, rotary 
coolers, ar:d gas ar.d dt:st from liquid-solid reactor t:nits. Various r.ieh
C.uty cyclo:::.es tave teen used for re::::ioval of dust in exist gases. Effi
ciencies of 94-96~ have been reported in British plants.'§./ It is also 
customary to supplement cyclcnes by a wet scrubber to fu::.-t~er red:.::ce d;.;.st 
conter:.t a::d to yenove acid cons ti ~uents .2/ A n:'.1lti:ple-t~~be collector, 
operating witt 5 in41w.g. pressuye drop, has beer. reported to remove 100% 
of all C.us-::. > 14 µ..-
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CHAPTER 16 

ASPHALT 

16.1 INTRODUCTION 

Asphalt is a raw material for several industries. '!Wo of the 
~ore iopcrtar..t with regard to air pollution are hot-mix asphalt paving 
plants and asphalt-roofL~g manufacturing facilities. 

Tte preparation of hot-mix asphalt paving involves proportional 
feedi:::'lg of cold aggregates, heating and drying of aggregates to predeter
oined :evels of Eoisture content and teEperature, and uniform mixing and 
coatir.g with hot asphalt tc produce a specific paving mix. After mixing, 
tte hot paving mixture is discharged into trucks which transport it to 
t!:c paving si"!:.e. J"J.St sources are the rotary dryer, hot-aggregate elevator, 
vibrating screens, hot-aggregate storage bins, weigh hopper, mixer, and 
transfer points. 7he major dust source is the rotary d:ryer.J:/ 

The ~anufacture of asphalt roofing felts and shingles involves 
sat.urating a. fiber media with asphalt by means of dipping a:nd/or spraying. 
Whi}e not always done at the Sar.le site, an integral part of the operation 
is the preparation of the asphalt saturant. This preparation consists of 
oxidizing the asphalt and is acccmp:ished by bubb:ing air tr.rough liquid 
asphalt fer 8-16 hr. '.:.'his operatior. is ~ow::. as "blowing." The principal 
partic~~ate err.issicn sources are the sat:rrator and blowing bperations . 

.Manufacturir.g processes, particulate emission sources, particu
late eoissior. rates, effl~ent characteristics, ar.d control practices and 
eq~ipment for tte hot-~ix asphalt paving a..~d the asphalt roofing indus0ries 
are discussed ir. ~he fcl:~wing sections. 

16. 2 AIRBLOWN AS!F.ALT 

Asphalt is a dark brown to black, solid or semi-solid material 
found in naturally occurring deposits or as a colloidal suspension in cr·.ule 
oil. Analytical oethods have been used to separate asphalt into three com
ponent groups--asphaltenes, resins, and oils. A particular grade of asphalt 
nay be ctaracterized by the amounts of each group it contains. The asphal
tene particle provides a nucleus about which the resin forms a protective 
coating. The particles are suspended in an oil that is usual~ paraffinic 
but can be naphthenic or naphtheno-aromatic. 
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Over 9~ of all asptalt used in the Jnited States is recovered 
from. C!"J.de oil (Kirk and othmer). The method of recovery depends upon the 
type o: crude oil being processed. Practically all types of crudes are first 
distilled at atmospheric pressure to remove the lower boiling materials such 
as gasoline, kerosene, diesel oil, and others. Recovery of nondistillable 
asphalt from selected topped crudes may then be accomplished by vacuum dis
tillation, solvent extraction, or a combination of both • .!/ Economical remcval 
of the gas-oil :raction from topped crude, leaving an asphaltic product, is 
occasionally feasible only by airblowing the crude residue at elevated tem
peratures. Excellent paving-grade asphalts are produced by this method. 
Another important application of eirblowing is in the production of high
q:.;.ali ty specialty asphalts for roofing, pipe coating, and similar uses. 
?'hese asphalts require certain plastic properties imparted by reacting with 
air.Y 

Airblowing is mainly a dehydrogenation process. OXygen in the air 
comb~nes with hydrogen in the oil molecules to form water vapor. The pro
gressive loss of hydrogen results in polyI:lerization or condensation of the 
asphalt to the desired consistency. Blowing is usually carried out batct
wise in horizontal or vertical stills equipped to blanket the charge with 
stean, but it may also be done continuously. Vertical stills are more effi
cient because of longer air-asphalt contact time. The asphalt is heated 
by an internal fire-tube heater or by circulating the charge material through 
a separate tubestill. A temperature of 300° to 400°F is reached before the 
airblowing cycle begins. Air quantities used range froo 5 to 20 cu ft/r:iin/ton 
of charge. Little additional heat is then needed since the reaction becorr~s 
exct~e:::inic. Figure 499 in Reference l depicts the flow through a typical 
batch-type l.l!lit. 

16.2.l Effluents and Control Methods 

Effl"-lents frorr. the asphalt airblowing stills include oxygen, nitro
ge::: and its corrpounds, water vapor, sulfur co:npo..mds, and hyC.rocarbons as 
gases, odors, and aerosols. An estimate of particulate errissions for asphalt 
blowi:::g a. s soc ia te d with a spt.al t roofing manufact u!'e is given in Tat le 16-1. 

Control of effluent vapors from asphalt airblowing stills has 
been accomplished by scrubbing and incineration, singly or in combination. 
Most installations use the combination. Essential to effective incineration 
is direct-flame contact with the vapors, a minimum retention time of 0.3 sec. 
in the combustion zone, end maintenance of a minimum combustion-chamber 
te~perat:ire of 1200°F. Other desirable features include turbulent mixing 
of vapors in the combustion chamber, tangential flame entry, and adequate 
instr-.unentation. Primary condensation of any steam or water vapor allows 
'.<.Se of scaller incinerators and results in fuel savings. Some of the heat 
released by incineration of the waste gases may be recovered and used for 
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TABLE 16-1 

PARTICUIA'l'E EMISSIONS - ASPHALT 

Efficiency Application Net 
Quantity of Emission of Control o:f Control Control Emission 

Source Material Factor (Cc) (Ct) (Cc·Ct) (tons/yr) 

I. Asphalt Roofing 6,264,000 tons/year 
A.Blowing (asphalt used in 4 lb/ton 0.50 3,000 
B.Saturator roofing manufacturer) 4 (controlled) 14,000 

II. Hot-Mix Paving 251,000,000 tons/year 
Plants (hot-mix asphalt) 
A. Dryer 32* 
B. Bins, weigh 8 

(.Jl hopper, etc. 40 0.97 0.99 0.96 201 2000 ti'-
f-' 

Total for Primary Users o:f Asphalt 218,000 

* Prior to any control equipment. 



generation of steam. Catalytic fume burners a.re not recommended for the 
disposal of vapors from the airblowing of asphalt because the matter entrained 
in the vapors would quickly clog the catalyst bed . .!/ 

16.3 HOT-MIX ASPF.ALT PAVI~G PLA~"l'S 

Generally, a hot-mix asphalt plant consists of a rotary dryer, 
screening and c:assif'ying equipment, an aggregate weighing system, a mixer, 
storage bins and conveying equipment. Hot-mix plants can be classified 
according to permanence of location or according to the method of measuring 
a.r.d mixing the hot aggregate and asphalt. Portable plants are designed to 
be readily dismantled a.r.d transported on trailers from one job site to 
another, whereas permanent (or stationary) plar..ts are set up for efficient 
operation in a relatively pern:a.nent location, usually ir. a metropolitan 
a:rea.'!!J 

With regard to the final mixing process, plants are either of 
the batch or continuous-m:.x type. Both types of plar.ts have the same 
pattern of material flow up to the poir.t of measuring the aggregate fro~ 
tte hot bins into the mixer. In the batch-type plant, the operator weighs 
out the correct quantity of aggregate from each hot bin in succession into 
the mixer. The tota: batch of aggregate is then dry mixed in the pug
mill for a prescribed time, during which time the operator proceeds to 
accur:iulate another batch in the weigh hopper. wr...en the dry-mix cycle is 
complete, hot asphalt is added to the mixer by either metering or weigh
ing tte correc~ a.mou.~t. The bot asphalt may be sprayed or dumped into 
the p~g:nill, and upon completion of the proper mixing cycle, the hot-mix 
asphalt is delivered thro-..igh a hopper into trucks hauling to the job site. 
Figure 16-1 shows a typical batch plant and identifies potential sources 
of air pollutants.~ 

The continuous-mix plant transfers a preblended mixture of the 
dried and graded aggregate from the gradation unit by means of a bucket 
elevator to the mixer. Dry mixing in the mixer is not required, as it is 
in the batch plant. The hot asphalt is sprayed on the aggregate as it 
falls from the top of the elevator into the mixer. The length of the 
mixing cycle in a continuous-mix plant is governed by an adjustable dam 
at the discharge end of the pugm.ill; the hot-nix asphalt flows over the 
dam into the discharge hoppers. Mixing time can be varied without changing 
the hourly tonnage output by varying the height of the ad~ustable dam. 
In Figure 16-2 a ty:pical continuous plant is shown with potential sources 
of polluta.~ts iden:ified.~/ 
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Figure 16-1 - Asphalt Batch I~ix Plan~ 
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Figure 16-2 - Asphalt Continuous Mix Plant2/ 
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16.3.l Emission Sources and Rates 

Pollutants released to the atmosphere during the operation of a 
hot-mix asphalt paving plant are both particulate and gaseous in nature. 
The :naj or source of dust is the rotary dryer. However, while dust from 
the rotary dryer is the greatest source, dust collected from the vibrating 
scree~s, the bucket elevator, storage bins, and weigh hopper is also 
significant. In some plants, the dryer dust problem is handled separately 
from the other sources. However, the trend is to combine both the dryer 
ar.d ventline or f'ug~tive sources together with a single collector fan 
system. 

Dust loadings and particle-size distribution vary widely from 
plant to plant. 71-..e dryer design and operation, pa~ticle-size distrib~
tion of feed materials, and the specific grade of asphalt ~ix will have 
a very marked effect on emissions. 

Studies in the Los Angeles area indicated that stack emissions 
increase l~nearly with an increase in the 8.!:lount of -200 ~es~ material 
processed and that emissions were higher when the dryer was oil-fired 
rather than gas-fired.!/ 

A study conducted in Germany provided extensive test data on 
the influence of feed conposition, plant size, and control techr.iques on 
emissior.s.l:2./ ~e quantity and particle size of d~st in the waste gases 
from t-he dr-.:n: dryer was found to extend through a wide ra::.ge and to depend 
largely on whether the starting material was washed, unwashed, or proc
essed in ~ixed cc~ponents. Completely washed raw material caused the 
lowes~ dust load. Values rar..ged between 9.7-17.2 grains/scf. V.ean value 
was 13.2 gra~ns/scf. 

In processing partly washed and partly U.'lWashed raw material, 
dust contents measured during production of fine concrete were about 30.8 
grains/scf. 

Processing unwashed raw material resulted in maximum dust levels 
in waste gases. Dust content rose sharply with increasing proportion of 
fine particles in the materials for base, binder, and fine concrete manu
facture. Measured values ranged from 19-72 grains/scf .12./ 

Table 16-1 summarizes e~ission levels from hot-mix asphalt 
paving pla..~ts. Currently paving plants emit about 200,000 tons/vear of 
particulate matter. 
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16.3.2 Character.i.stics of Hot-Mix Asphalt Plant Effluents 

The chemical and physica::.. properties of hot-m::..x asp:t.alt plant 
effluents are s'..ll:llr.arized ::..n Ta.Dle 16-2. Par";;ic·.;.late pollu:-.a:::its ir.•:olved 
in ~sphal: plant opera~io:::is includ~ stone dus:, fly a.st, soot, a:::id u.~

burned d.rop::..ets of f·.::.el oil. Stone dust is caused hy tl':e re.:.ease o~ 
dust from the surface c:' the :Larger aggregate particles due to the heat 
and vibratior. of the dryer and other compor.ents c:' the plant and to sorr.e 
extent to t:t.e fract~e of aggregate during the drying ar.d s~reening 
processes. 

Par:iculates e~itted fro~ the dryer have a highly variable 
parti~le size and :nay range frcm l0-90 wt. % < 10 ~ . 

16.3.3 Control Practice and Equipnent fer Ect-Mix Asphalt Plants 

Tc:al ventilatior. requireoents for the rotary dryer and the sec
ondary dust so·;.rces vary according to the size of plant. For a 6 ,000 lb/ 
batch plant, 22,COO scfm is typical, of which- 3,000 scfm is required for 
tte secondary sources. Table 16-3 and FigCU'e 16-3 ill~strate test data on 
air pollution equipment serving two hot-mix asphalt paving plants.!/ 

A typical asphalt plant dryer e~fluent W:.11 contain 20-30 grains/ 
cu ft.Sf However, the loading can var-~ widely as shcwr. in the table c~ 
effluent characteristics. Test data ~or some Florida asphalt plants are 
given in ?able 16-4.§./ 

The dust carried cut cf the dryer into tne du.st collection system 
increases rapidly witl::. a rise in dru..11 gas vebcity. F:.gure 16-4 shows the 
effect of increasing ::l.r-..un gas velocity on the dust carry-out for a typ:cal 
aggregate.~ 

16.3.3.l Cyclones: The collection of asphalt plant dusts is 
us·.ially by means of cyclones for the prii::la.ry dust collection followed by a 
higher efficiency type of secondary collector. One recently installed con
trol system consist:.ng of cyclones followed by low-pressure drop wet scrub
bers is reported to attain 99.8~ overall collection efficiency.I.} Measure
ments of cyclone-scrubber systems on 14 asphalt plant dryers showed> 98.~ 
efficiency.g/ Comparative cost data are presented in Table 16-5.~ The 
ranges shown for installed cost and power consumption are in good agreement 
with general cost curves and equations presented in Appendix A. Therefore, 
these CU-""Ves could be used for a more accurate estimate of costs if the 
total gas flow is known. 

16.3.3.2 Electrostatic Precipitators: Electrostatic precipita
tion units do not find much application to asphalt plants sir.ce they have a 
rather high first cost.~ 
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TABLE lG-2 

EFFLUENT CllARACTF.RISTICf> - ASPHALT+ 

A. Particulate 

Source Particle Size Solids Loading Chemical Composition 
Particle Electricul 
Density Resistivity Moisture Content Toxicity 

I. Hot-Mix Asphalt Batch 
Plants 

1. Rotary Dryer 

2. Vent Line (FUgitive 
Sources) 

II. Asphalt Roofing Manu
facture 

1. Saturator 

B. Carrier Gas 

Highly variable, extreme 
range: 13-91 < 10, 32-
99 < 20, 55-100 < 44 
Bahco Analysis: (2 samples) 
19-24 < 5; avg. 22 < 5 
30-44 < 10; avg. 36 < 10 
45-60 < 20; avg. 53 < 20 
64-75 < 40; avg. 69 < 40 

39-46 < 10, 61-87 < 20, 
86-99 < u 

Extreme range: 
11-200 

Typical range: 
20-70 

Avg.: 30 

23-82; avg.: 53 

0.42-0. 77 

Stone dust, fly ash, 
soot, and unburned 
droplets of oil 

Hydrocarbon or oil 
mist 

2.6 (avg. 
value) 

Source Flow Rate Temperature 
Moisture 
Content Chemical Composition 

Flammability or 
Toxicity Corrosivity Odor Explosive Limits 

I. Hot-Mix Asphalt 
Batch Plants 

1. Rotary Dryer (a) 7.7-46 
Avg.: 20 

(b) 3.9-24 .6 
Avg.: 9 

2. Vent Line (a) 2.8-3.7 

II. Asphalt Roofing 
Manufacture 

l. Saturator (a) 10-20 

85-525 
Avg.: 240 

200-215 

135-217 

Dew point C02 , NOx, ff:?, o2 , CO 
140-160 

2.7-6.4 

See Codine Key, Table ~-1, Chapter 5, page 45, for units for individual effluent properties. 

co - 100 

N.T. 

Optical 
Properties 

501. opacity 
.Jver saturat.~r 
tank 



TABLE 16-3 

DUS'l' AND FUME DISCHARGE FRO~ 
ASP?..A:T BA ICE PLANTS Y 

Test No. 

Batch P~an~ Data 

~~ix er capacity, lb. 
Process weight, lb/hr** 
Dryer Fuel 

C-426 

6,000 
364,000 

Oil, PS 300 

C-537 

6,000 
346,COO 

Oil, PS 300 
':'ype of mix City street, surface Highway, surface 
Aggregate feed to drier 

+ 10 mesh, wt. ~ 
- 10 to + 100 nesh 

- 100 to + 2CO mesh 
- 200 :nesh 

Di.:.st. and ?wr.e Jata 

Gas volwr.e, scfr.i 
Gas ~e:nperature, °F 
rust loading, lb/hr 
rust loading, grain/scf 
Sieve ar.alysis of dust 

+ l·JO mesh, wt. % 
- 100 to + 200 ~esh 
- 200 mesh 

Particle size of - 200 mesh 
C - 5 microns, wt. % 
5 - 10 microns, wt. % 

10 - 20 nicrons, wt. % 
2C - SC microns, ~~. % 
> 50 microns, wt. % 

70.8 
24.7 

1. 7 
2.8 

Vent Line* 

2,80C 
215 

2,ooc 
81.8 

4.3 
6.5 

89.2 

19.3 
2C.4 
21.0 
25.1 
14.2 

68.1 
28.9 
l.4 
1.6 

Dryer Vent Line* 

21,000 3, 715 
180 200 

6,70C 742 
37.2 23.3 

17.0 0.5 
25.2 4.6 
57.8 94.9 

10.1 l8.8 
2.1. 0 27.6 
ll. 0 40.4 
21.4 12.1 
46.5 1.1 

* Vent line serves hot elevator, screens, bin, weigt hopper and rrdxer. 
** "Process weight''--a process weight definition is given in Rule 2 j, 

Dryer 

22,050 
430 

4, 721 
24.98 

18.9 
3'"' ,.., c.. c. 

48.9 

9.2 
12.3 
22.7 
49.3 
6.5 

of the Ru:es and Regulations of the Los Angeles County Air Pollu~ion 
Control District. 
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TABLE 16-4 

F1NDINGS OF FLORIDA ASPHALT PLANT TESTING PROGRAM §} 

Before C;z'.:clone After C;y:clone Scrubber Outlet 
Production (gr/cu (gr/cu (gr/cu 

Name of Asphalt Plant (tph) ft) (lb/hr) ft) (lb/hr) ft) (lb/hr) .. 

1. Houdaille Duval 
Asphalt Plant 96 0.51 240 

2. Basic Asphalt 90 2.30 509 

3. (a) Jaxon Const. Co. 120 21.2 6,830 5.42 1,883 0.765 205 

01 
(b) Jaxon Const. Co. 0.433 116 

IP-w 
4. Florida Four Const. Co. 33.7 12 ,ooo 15.2 3,120 

14.3 2,930 
5. Dunn Const. Co. 99 0.370 54.0 

0.301 43.9 
0.283 41.4 

6. Mac Asphalt 200 0.229 26.8 
0.349 40.6 

7. Florida Hot Mix 120 9.4 7 1,020 0.135 25.7 
5. 73 620 0.227 43.2 

8. Rubin Const. 140 0.279 8.34 
0.297 8.15 
0.311 8.55 
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Figure 16-4 - Effect of Drum Gas Velocity on 
Dust Emissi~ 
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TABLE 16-5 

COMPARATIVE COSTS OF DUST COLLEC'roRS ~ 

Power Pressure 
Installed Cost Consumption Drop 

Type ($/c:'m) {kw/l,COO cf:'I!) ( ir.. water) 

Primary 

Settling chamber O.i 0.1 0.1 - 0.5 

Cyclone, large dia. C.l - 0.2 C.l - 0.5 0.5 - 3.0 

Cyclone, mediu..'ll dia. 0.2 - 0.3 C.3 - 0.8 LO - 4.0 

Secondary 

Cyclone, multiple 0.3 - 0.6 0.5 - 2.C 2.0 - 10.0 

Filter, cloth tubular 0.3 - 2.0 0.5 - 1.5 2.0 - 6.C 

Precipitator, e:..ectric 0.6 - 3.C 0.2 - 0.6 " 1 u,_ - 0.5 

Scrubber, spray tower 0 .:. - 0.2 0.1 - 0.2 0.1 - 0.5 

Scrubber, wet cyclor.e 0.3 - LO 0.6 - 2.0 2.0 - 8.C 

Scrubber, packed tower 0.3 - 0.6 0.6 - 2.0 0.5 - :..o.o 
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16.3.3.3 Fabric Filters: Fabric filters prcvide excellent collec
tion of fine par-.:.icles v:'..tn little or no visible emissio::s. .Al:.ho-...gh fabric 
fil~ers ~requently are ~ore expensive t!:lan wet scrubbers, they collect dry 
"fines·· which may be usable in higl:-grade asphaltic concrete mixes. Ir: ad
dition, they obviate the need for holding ponds and preclude vater probleos.g/ 

Filters are subject to operating difficulties ~"hen installed in 
a.r.. interoitte~t process such as asphalt dryers.~ Precautions must be 
taken to prever.t overheating and to prevent condensation during shutdowns. 

The air-to-cloth ratios for fabric filters will vary from 3.5:1 to 
6.25 :1. Reverse air supply is norm~µy heated, and the collector ho-.1Eing 
insulated, to prevent condensation.~ 

16.3.3.4 Wet Collectors: Wet collectors are in wide ~se in t~e 
aspha:t paving industry and ge~erally give good results wittout serious 
maintenance problems. The scrubbing liquid from these collectors requires 
a settling pond of adequate size. This pond should be at least 6 ft. 
deep and hold at least 2 hr. discl:.arge of the scrubber. The sbd.ge col
lec~ed in the pond must be pumped or dredged out and removed to an appro
priate disposal a.rea avoidir.g any chances for stream pollution.~ 

The effect of scrubber water/gas ratio on stac~ emissions is a 
very important factor as shown in Figure 16-5.!/ 'E~e best utilization of 
water is achieved ~p to a ratio of 6 gal/1,000 scf of gas. Above this 
ra~io, efficiency still increases but at a lesser rate as i:lustrated in 
Figure 16-5. 

16. 4 .ASP:tALT P.OOF:L~J MANUFACTUP.E 

Asphalt-saturated felt is manufactured in high-speed, cor.tinuously 
operating ~achines, referred to as asphalt saturators. An integral part 
of the operation is the preparation of the asphalt satu.rant. This prep
aration consists of oxidizing the asphalt and is accomplished by bubb:ing 
air through liquid (450-500°F) asphalt for 8 to 16 hr. The industry refers 
to this operation as ''blowing." The ti.me required for blowing depends en 
the desired properties of the saturant. It had bee~ the practice to blow 
the_~~phalt in horizontal stills where the material loss ranges from 3 to 
5%.::lf Most of this material is recovered by venting the exhaust gases 
through oil knock-out tanks which are an integral part of the process. 
The recaptured mist is not reintroduced into the satura.nt but is used for 
other products such as cut-back asphalt. Thus, in horizonta: stills, it 
req".lires - 1.05 tons of aspha:i.t to produce 1.00 ton of saturant. However, 
most roofing manufacturing firms are currently using vertical stills from 
which the material loss is 1 to ';:$ over a l-1/2 to 5 hr. cycle.l1:/ 
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After blowing, the saturant is transported to the saturation 
ta::k or spray area. Figure 16-6 is a schematic drawing of an asphalt 
roofing saturater. The asphalt saturater consists of a dry looper, an 
asphalt spray section, a saturating tank, and a wet looper. The felt is 
continuously fed from rolls into the dry looper where it is arranged over 
rollers into a series of vertical loops used as live storage in the process 
to permit maintena...~ce of feed at a ur.iform rate to the saturating process 
during roll changes. The :iquid asphalt at 400°F to 450°F may then be 
sprayed on one side of the felt. T'nis spray of hot asphalt drives moisture 
in the felt out the unsprayed side and prevents the moisture from forming 
blisters when the felt is saturated. After being sprayed, the felt passes 
through a tank of molten asphalt that saturates the felt. The saturated 
fe:t then enters the wet looper where the material is arranged over another 
set of rollers into long, vertical loops to permit cooling of the asphalt. 
The web of saturated felt is then rolled up from the discharge end of the 
wet looper fer use as roofing felt or bui:ding paper, or a SI:Ja.11 quantity 
of bituminous material a.~d mica schist or rock granules is applied to the 
surface to make composition roofing paper and shingles.1} 

16.4.l EJ:Jission Sources and Rates 

The main sources of particu:'..at,e emissions are the saturater a.r.d 
"blowing" stills. The relatively higt applicatior: temperature results in 
the vaporization of the ~ower boiling compone~ts of the asphalt. Vapor
izatio~ of moisture in tr.e felt also occurs. These vaporization processes 
produce a highly opaque mist. Additional vapors and mists are emitted 
from the saturated felt in the wet looper. The mass emission rate is a 
f\u:ction of felt feed rate, felt moisture content, number of sprays used, 
and asphalt temperature .l/ Table 16-1 presents the emission rates for 
asphalt roofing manufacture. Limited test data are available on eoission 
rates, and emission to~als for roofing ma.~ufacture in Table 16-1 are con
servative estimates. 

16.4.2 Characteristics of Asphalt ~oofing Manufacture Eir..issions 

The chemical and pbysical properties of asphalt roofing manu
facture effluents are presented ir. Table 16-2. Limited data were found 
or. the properties of effluents from asphalt roofing manufacture. Although 
no quantitative data were found on particle size for particulates emitted 
from the saturators, the particles are formed by conder.sation processes, 
and, therefore, are likely to be of the order of 1 ~· 
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16. 4. 3 Control Practices and Eq'.llpment for Asphalt Roofing tl.an·~acture 

Common methods of air pollution control at asphalt saturating 
plants include co~plete enclosure of the spray area a.~d satu.rator followed 
by good ventilation through one or more collection devices including coCT
binations of wet scrubbers, and two-stage low-voltage electrical precipi
tators, or cyclones and fabric filters. 

Hoods for collecting the emissions should be installed so that 
there is a single continuous enclosure a.round the points of emission, 
extending down to the floor. Since operating personnel must have access 
to the satU1'ator for operatir.g adjustments, doorways or other provisions 
for er.trance in the hood must usually be supplied. These should be kept 
as small as poss:ble. In addi~ion, openings in the hoods mus~ be provided 
for ~he entrance of felt and exit of the saturated material. These oper.
ings should be as close to the f~oor as possible. EXperience ~ndicates 
~hat a ~ini.r::um indraft velocity of 200 fpm is required at all toed open
ings. Air volU!lles hand..:.ed by the exl:.aust system vaxy with hood design 
a~d satu.rator size but are about 10,000 to 20,000 scfm. ~he large volume 
of air required in controlling the saturator equipment ger.erally ma:.~es 
inc~neratior. impractica:. 

16.4.3.1 Electrostatic Precipitators: 'Ihe low-voltage, or two
stage, electrical precipitator preceded by a spray scrubber as a pre-
cleaner gives relatively high co~lection efficiency as well as substantial 
reduction in the opacity cf the sa~u.rator effluent. Tatle 16-6 shows the 
test results on a scrubber precleaner followed by a two-stage precipitator.1:./ 

16.4.3.2 Fabric Filters: Ea.ghouse filters are occasionally used 
as air pollution control devices for asphalt saturators, but the~r use is 
limited as a result of maintenance problems associated with filter bag 
up~ep and the~r high power requirement. Oil collected by the filter fabric 
is oxidized and polymerized by the air stream, causing plugging of the 
fabric and increasing the pressure drop across the fi:ter unit. The air 
volume handled by the exhaust system then decreases because of increased 
pressure dxop and results in loss of mist capture at the saturater's 
hood openings. 

16.4.3.3 Scrubbers: Spray-type scrubbers have ~et with limited 
success as air pollution control devices for saturators. Some spray 
scrubbers may have a.n efficiency, based on weight removed, as high as 
90%, but the scrubber's effluent may be from 50 to 100% opaque. This 
opaque discharge is due to the extremely low collection efficiency of 
spray scrubbers for particles< l µ. in diameter. These small-diameter 
particles, whe:c emitted :f'ro:m the scrubber discharge, cause maxin:um light 
scattering and, therefore, high opacities. Table 16-7 shows the results 
of tests ma.de on a scrubbing system venting an asphalt satu.rator.l/ 
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TABLE 16-6.Y' 

EMISSIONS FROM A WATER SCRUBBER AND LOW-VOLTAGE 
TWO-STAGE EIECTRIC.4.L PRECIPIT.~OR 

VENTING AN ASPHALT SATURATOR.Y 

Scrubber Inlet Precipitator In:.et Precipitator outlet 

Volume, scfm 20,000 20,234 

Temperature, °F 139 85 

Emission rate, 
grains/scf 0.416 0.115 
lb/hr 71.4 20 

Water vapor, 
percent 3.7 4.9 

Collection 
efficiency Scrubber, 72-cf:, Precipitator, 5~ 

TABLE 1E-7°Y 

EMISSIONS FROM A WATER SCR~:!/R VENTING 
AN ASPHALT S..11.TlJRATO. a 

Volume, sctm 

Temperature, °F 

Emission rate, 
grains/scf 
lb/hr 

water' percent 

Collection efficiency, percent 

Scrubber Inlet 

12,000 

138 

0.535 
55 

2.7 

20,1:6 

82 

0.058 
10 

4.8 

overall, 86rf 

Scrubber Discharge 

12,196 

82 

0.0737 
7.7 

4.~ 

86 

~At 3.7 volume~ of water, vapor is saturated air. other qualitative 
tests run simultaneously showed no particulate water. 
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T!J.eoretical evidence ir.dicates that Vent".1.~·i-tYJ?e scrubbers :r-e
move cor.taminants with particle sizes of< 1 µ in diameter, but the initial 
equ:.pment cost ar.d high energy requirements of the Vent;.;.ri scr..ibber make 
its '..lSe economically unattractive compared with other forms o~ air pollu
tion control equipment • .!/ However, such devices may be necezsary if high 
efficiency collection is required to comply with ai:r- pollution reg-..ilations. 
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CliA .. urER 17 

FERROALLOY MA1'UFACTJRE 

17.1 INTRODUCTION 

Ferroalloys are used for deoxidation, alloying, and grapcitization 
of steel. In the nonferrous metal industry, silicon is used prirearily as 
an alloying agent for copper, aluminum, magnesium, and nickel. Ferrosilicon, 
in the form of 75% ferrosilicon, is used as a reducing agent in the produc
tion of magnesium by the Pidgeon process . .s/ Manganese is the most widely 
used ele~ent in ferroalloys, followed by silicon, chromium, and phosphorus. 
Others include molybdenUI:>., tungsten, titanium, zirconium, vanadium, boron, 
and columbium. 

steps. 
coarse 

The production of ferroalloys has many dust or fume producing 
Materials-handling operations and crushing and grinding generate 

dust, w~ile the pyrometallurgical steps release metallic fumes. 
The manufacturing process, particulate emission sources, emission rates of 
individual sources, chemical and physical properties of effluents, control 
practices, and control equipment are discussed in the following sec~ions. 

17. 2 FERRO.ALLOY PROJUC'I'ION 

There are four major methods used to produce ferroalloy a..~d high
purity metallic additives for steel.making. These are (1) blast furnace, 
(2) electric smelting furnace, (3) alumina silico-thermic process a..~d 
(4) electrolytic deposition. The choice of process is dependent upon the 
alloy produced and the availability of fu...""?1aces. Ferroma.~ganese is the 
principal metallurgical form of manganese. This product contains Safe or 
mere of manganese, the balance being mainly iron. It is produced in the 
blast furnace or electric-arc furnace and is available in several grades. 
A few steel companies produce ferromanganese for their own use since they 
have their own ore sources and suitable blast furnaces available. 

The coke-burning blast furnace, even with high blast temperature 
(1800 to 2000°F), is not a completely efficient smelter for ferroalloys of 
manganese, chrome and silicon since the waste slags are relatively high in 
unreduced Mn and Cr oxides, and not much more than 2<::1% silicon can be 
reduced economically. T'nis is due to the limitation of temperature genera
tion at the tuyere plane. 
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The submerged arc, or the roofed-in open bath electric smelter 
with btense heat zones ( 4000 to 5000c F) near the arc can more effectively 
complete the reduction of the oxides; hence, higher overall yields of the 
var:.cus ir.etallic components and with more general flexibility and contrcl 
over the operation than is possible in the coke blast furnace. For tr.ese 
reasons the electric furnace is more often used for the production of ferro
allo~·s. 

Metallic silicon and al'.llllin:.rm are intense deoxidizers and are 
cften used as reducing agents in the so-called metallothermic reduction 
processes for ferromo~bdenum, ferrcvanad.i~, ferrotitanium, a combination 
of carbon a.~d aluminum as reductant for ferrozirconium, and the alu.'Uino
thermic red·.iction of ferrocolu:nbium. 

Since the reduction cf oxides by silicon, and particularly alumi
nur.t metal, i'.:: excthermic, quite often en:iugh heat is given off by the reac
tion, so tt.at the ferroalloys ca..'l'l scmeti:oes be smelted oatside the f:;.rnace. 

The pure metals of manganese, nickel, copper a.rd chromium, etc., 
are m:ist often produced by electrofinn:.:-ig via the electrolytic bath. In 
the case of manganese, for example, the ores are calcined and leached, 
usually to fcro ~1nS04 , mixed with amrnoniur.i. salts and delivered in soluti:in 
to bath. '.i.'he pu.re mansanese collects as a film about 1/8 in. thick or. the 
cathode, is reooved, melted and cast to ingots of 99.7-99.9% ¥..rL 

The blast furnace and electric smelt::ng f':rrnace production method 
are t:'le major sources of air polluti:m, and these methods are discussed in 
~ore detail in the fcllowi.ng paragraphs. 

17.2.1 Ferromanganese Blast Furnaces 

Ferroalloys are produced in the blast furnace by carbon red~ction 
of manganese ore and iron ore in the presence of coke and limestone. Ferro
mang9.nese blast furnaces are usually smaller than pig-iron furnaces and the 
hot-blast temperat-....res are lower, approximately 1100-1200°F. The ferro
manganese furnaces are blown at a much slower rate and therefore operate 
without hanging or slipping. Because of the freedom from these mechanical 
troubles, the shape of ferromanganese furnaces has not been given the same 
consideration as that of a pig-iron furnace. Oxygen enrichment of the 
blast has been tried on a commercial scale with a marked increase in furnace 
capacity.1/ 

There are no rigid specifications for ores used for producing 
ferroma..~ganese. The use of a particular ore depends on its cost and grade 
in comparison with other ores available at a specific pcint. A mixture of 
a number of different ores is generally charged to the blast furnace, and 
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they are so proportioned as to meet definite specifications for tte final 
alloy co~position. Blending a number of ores improves the physical char
acter of the charge. Low-silica ores are preferred since the volume of 
slag increases with increased silica in the charge, causing losses in man
ganese, increased fuel consumption, and loss of tonnage. 

The ph;rsical structure of the ore is important to economical blast 
furnace operation. Dust losses are curtailed by mixing hard, coarse ores 
W:.th fine ores. Although some of the dust is recovered from the flue gases 
and recharged into the furnace as briquets, there is always a loss of man
ganese due to the deposition of dust in stoves and boilers. 

The physical character of the ore is important with relation to 
resistance to gas flow. Although large amounts of coarse coke tend to fom. 
porous columns offering little resistance to gas flew, fine ore particles 
do no~, which makes it difficult to get a uniform distribution of gas 
throughout the charge. Nonuniform gas distribution interferes with furnace 
efficiency as it affects the heat exchange between solid and gas. In pig
iron furnaces, the limit of capacity is reached when the air press:;re is so 
high that it interferes with the settling of the charge, but in ferromanga
nese furnaces, the loss of manganese by volatilization is what limits the 
capacity. 

Low blast pressure characterizes the operation of a ferromanganese 
blast furnace. The silicon is easily controlled and no problem is presented 
by sulfur. Low fuel consumption and the maximum manganese recovery in the 
metal are the chief operating goals. High manganese re:::cvery is fa·Jo'red 
oy (1) small slag volume, (2) a basic slag, (3) high blast te~peratlll'es, and 
(4) coarse ores. 

Although a large amount of fuel is used, the temperatures of ferro
I:langanese fur.i.eces are lower than those of pig-iron furnaces. Se·veral :'ac
tors are influential in causing this lower temperature. The reducing reac
tion between M.~O and solid carbon or CO is highly endothermic, a."ld. since the 
slag is formed at a comparatively low temperature and is fluid just above 
its melting point, it carries a relatively soall amount of heat down into 
the furnace crucible. A chilling effect is caused by the large thermal head 
between the relatively cold slag and the tuyeres in this zone. The result 
is that the slag reaches the combustion zone at a low temperature. Since 
the region below the tuyeres depends chiefly on the slag and metal for its 
supply of heat, this means comparatively low temperatures in the crucible. 
The low free-running temperature of the ferroma.."lganese slag is not conducive 
to the high-temperature needs for the reduction of manganese oxide, and a 
longer time is required. The requisite time interval is accomplished by 
bringing fresh slag into the crucible at a lower rate; the low blast 
pressure effects this. 

363 



17.2.2 Electric-Arc Furn&ces 

The majority of ferroalloy furnaces are termed submerged arc, 
although the mode of energy release in many cases is resistive ~eating.Sf 
Raw ore, coke, a..~d limestone or dolo:::i.ite mixed in proper proportions con
stitute the charge for the electric-arc furnace process. A large supply 
cf electric power is necessary for economical operation. Important operat
ing considerations include power and electrode requirements, size and type 
of furnace, amount and size of coke, and the nature of slag losses. 

Submerged-arc furnaces generally operate with continuous power 
except for periods of power interruption or mechanical break.down of coi::J.
ponent s. Operating times average 90 to 98%. The electrodes operate 3 to 
6 ft. above the hearth, and are submerged 3 to 5 ft. below the mix level 
so that some heat exchange and mass transfer can occur between the reaction 
gas and the rrJ.x. T'ne products produced in this type furnace are chiefly:sf 

1. Silicon Alloys - Ferrosilicon (50 to 981> Si) and CaSi 

2. Chro:ni ·..un Alloys - H:..gh carbon FeCr in various grad.es and FeCrSi 

3. Manganese Alloys - Standard Fe~ and SiMn 

There are a sr:ialler number of furnaces which do not opera-;e w1 th 
deep submergence of the electrodes and produce a batch melt which is usually 
removed by tilting the furnace. tvlix additions and power input woul::l usually 
be cyclic. Exanples of products prod~ced in this type of furnace are: 

1. Manganese Ore - Lime ~elt for subsequent ladle reaction Witn 
siliconanganese to produce medium carbon and low carbon ferromanganese 

2. Chrome Ore - Lime melt for subsequent lad.le reaction with 
ferrochror.i-silicon to produce low carbon ferrochrome 

3. Spec:'...al Alloys, such as Al•..uninum - Vanad.iun, Ferrocolumbium 

17.3 EMISSION SOURCES AND RATES 

'.!.'he production of ferroalloys has many dust or fume producing 
steps. Particulates are emitted from raw material handling, mix delivery, 
crushing, grinding, and sizing, and furnace operations. The dust resulting 
from the solids-handling steps does not present a difficult control problem. 
Emissions from furnaces vary widely in type and quantity, depending upon 
the particular ferroalloy being produced, type of furnace used, and the 
am.otrnt of carbon in the alloy. 

364 



In the operation of a blast fornace, a large quant:. ty of dense 
f'u."lle ll'.ay be emitted to the atm:isphere. The an:our.t and types of particles 
~hich make up this fune are different from those com:nonly found in the gases 
from blast f'.:.rnaces producing basic pig iron .Y One type, comprisbg 
abo:it 2C/fo of the dust present, consists of particles above 20 µ, in size, 
which appear to originate in the disintegration of coke a.'1.d ore in the fur
nace burden. The ct~er type, which accounts for 8<::1% of the solids present 
in the gas, is a typical fu:ne varying in size from 0.1 t:> 1. 0 µ.. ':'his mate
rial is formed by a process of vaporization and condensation. Particulate 
er.tlssions can be reduced by raw ::naterials choice a.'1.d sou.'1.d operating prac
tices. 

'.!.'he conventional submerged-arc furnace utilizes carbon reduction 
of ::netallic oxides and continuously produces large qua.'ltities of carbon 
::noncxide.Y other sources of gas are mc;.sture in the cl:arge materials, 
re:iucing agent yclatile matter, themal decomposition products of the raw 
o:::-e, and intern:ed:'..ate products of reaction. 
acco·;r::s for about 70 vol. cfo of the gases. 

Tl:.e :::arbon n:cn:::>xide nomally 
T"~e gases rising cut the top 

of t:ie farnace carry furr~e or fume precursors and. also entrain the finer size 
constituents of the mix or charge. S~br.i.j1'ged-arc furnaces operate in steady
state and gas generation is continuous.~ 

In an open furnace, all tte 80 burns with induced air at the top 
of the charge, resulting in a large volume of gas. :n a closed furnace 
rr.cst er all of the CO is withdrawn from the furnace without cool:::usticn with 
air. 

Lune emission alsc occurs a:. furnace tap holes. Because most 
furnaces are tapped intero:.ittently, tap hole fumes occur only about 10 to 
20% of the furnace operating time. Another source of :'une occurs in handling 
the metal after the tapping step. Conveying the ladle, pouring, and casting 
give rise tc fumes on an inter:nittent basis.g/ 

Some processes conduct additional reactions in the ladle, such as 
chlorination, oxidation, and slag-metal reactions. In these cases, theye 
may be actual gas generation in addition to the treatment gas, a...'1.d possibly 
grcss ejection of a portion of the ladle contents. These are batch processes 
with inte:nr.ittent fume generation.~ 

Melting operations may be conducted in an open arc furnace in some 
plants. While no major quantities of gas are generated in this operation, 
theI'I:lally induced air flow lil80' result in fume el:lission.S/ 

A minor source of particulate pollution on furnaces with self
baking electrodes is the fume resulting from the electrode paste during 
heating and baking. This fu:ne is ~sually directly vented.g? 
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E:nissions and emission rates will vary wit:-. ( 1) type of alloy pro
duced, (2) process (i.e., continuous or batch), (3) _choice of raw materials, 
(4) operating tec:-...niques, and (5) ~aintenance practices. 

With silicon alloys, as the percentage cf silicon i~ tne alley 
increases, the loss cf SiC2 increases, so that a silicon metal furnace pro
duces substa..~tially more fume than a 5~ FeSi furnace at the sa.~e load . .s/ 
In addition, the higher ferrcsilicon operations (751' Si and a.bcve) are klwwn 
as ''hot" operations; i.e. , the gas exiting fror:i the mix is at a high te:npera
ture and the furnace is subject to blows (frequen"":;ly jets cf gas issue at 
n:'..gh velocity directly from the high temperature reaction zone). Higher 
silicon ::>per at ions are also subject to hearth 0'.lild-·.:.ps of silicon carbide. 
Under these conditions, electrodes operate in a higher position and more 
.::~'..,;llle can result .V 

Because manganese ores contain a significant arr.cunt of water, as 
well as higher :nanga.nese ox:'..des which release oxygen upon heating at tempera
t'..<res below l::::l00° C, a manganese furnace can be subject to "rough" operation. 
S~dien release of gas can result in substantial mix ejection from t.t:e fur
nace. In furnaces wit.t: self-baking electrodes, the relatively oxidizing 
atmosphere car. result in "flut:.ng" o: the electrodes~ furnishing a direct 
gas passage from t~e h:.gh temperature zone of the f::rnace, with increased 
f:;.rr.e emission.~/ Silicomar.ganese furnaces are subject to "slag boils," 
where slag rises ·.lp to cover the top s·..:.r:ace of the charge, impeding rr.ix 
delivery and uniform gas asce~t. 

Emissi-:>!ls from batch-operated f:.;.rnaces are period:'..c. As a resc;.l".: 
of S'.l.dd.en addition of mix containing volatile constituents (coal volatiles, 
moisture, aluminw::i) to a hot furnace container, substantial vi:>lent gas 
eruptions ca.~ occur. This is best exemplified by the manga.~ese ore-lime 
melt furnace where mooentary gas flow following mix add:;. ti on can be five 
ti:nes the average flow (as contrasted ~'ith variation of 2Cfl/o or less in a 
well-running submerged-arc furnace). Temperat'..u-e and dust loading peaks 
also correspond to t~e gas flow peak. 

In contrast, chromium ore-lime melt furnaces, to which little or 
no gas releasing constituents are fed, a.re not subject to this violent 
be~avior. In some circumstances, solids or ~olten material ejected from 
the furnace continue to burn in the air, giving rise to collection problems. 

Some of the special alloys are also produced by aluminot.t:ermic 
reactions without the addition of electrical energy. These reactions, if 
unconfined, give rise to momentary peaks of gas flow . .s/ 
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Volatile materials in the furnace charge give rise to rough opera
tion. Another significant contributor to rough operation is the presence 
of fines or dense material in the feed. These materials promote bridging 
and nonuniform descent of the charge, resulting in gas channeling a....~d by
passing. Sudden collapse of a bridge then gives rise to a momentary gas 
burst. A porous charge will give good gas distributions and use of good 
quality scrap will also reduce emissions. On sane products, economics dic
tate the use of raw materials with more fines, or with more volatile matter. 
Each of these has an adverse effect on the s~ooth operation of the furnace, 
and consequently pollution may increase. 

Differences in operating techniques can have a significant effect 
on fume generation. The average rate of furnace gas production is roughly 
proportional to electrical input, so that a higher load on a given furnace 
generally results in at least a proportional increase in fume emission. 
In same circumstances, fume emission increases at a rate greater than the 
load increase, as a result of rougher operation and inadequate gas with
drawal capacity. 

At a fixed load, even though the gas generation is alnost constant, 
~..;.me concentration and, hence, the weight per hour emitted can vary by a 
factor of 5 to 1. Operation with insufficient electrode submergence pro
motes increased fume er.rission. There is also some evidence that higher 
voltage operation, in addition to pro~oting a higher electrode position, 
alters the mode of energy release beneath the electrodes, increasing locally 
the energy supplied per unit volume, prfo oting higher local teoperatures, 
and increasing the fume concentration.~ 

On some operations, silicon metal production in particular, where 
stoking of the charge is necessary to break up crusts and part~ally agglomerated 
material and to cover up areas of blows, fume emission can be a function of 
how well and how often the furnace is stoked. 

On other operations, where a mix seal and cover are used to allow 
collection of most or all of the furnace gas, direct venting and increased 
fume emission can occur if lack of mix prevents making a seal either be
cause of poor mix placement or insufficient mix delivery. Direct venting 
can also take place during startup, shutdown, and ''burndown" to remove 
undercover accumulations.~ 

Loads on existing furnaces have been progressively increased as 
operating techniques improved and as more knowledge of transformer capacity 
became available. This tendency has taxed the furnace ga.s collection sys
tems and, in the case of open furnaces, has certainly presented a more con
centrated source of fume.~ 
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Maintenance practices significantly affect fu.~e emission on covered 
furnaces, where accumulation of material under the cover and in gas off
takes and ducts reduces gas withdrawal capacity. Pl~ging of gas or water 
passages in cleaning apparatus results in reduced e~ficiency of gas cleaning. 

Water leaks from electrode suspension equipment and other compo
nents above the f'..rrnace can result in some increase in gas flow (as steam or 
hydrogen). 

17.3.1 SUl!ll:lary of Emiss:on ~ates 

Table :7-1 presents a summary of emiss:on rates from ferroalloy 
production. Particulate eI!lissions currently total 160,300 tons/year. Electric
arc furnaces account for over 9oof, of this total (150,000 tons), and electric
arc furnaces producing ferrosil~con emit over 40% of the particulates 
(71,000 tons). 

17.4 EFFLC"ENT CHARACTERIS':'ICS 

The chemical and phys:cal properties of effluents fr01ll ferroalloy 
production processes are presented in Table 17-2. P!"operties of the emitted 
particulates depend upon the alloy ·oeing pr::xluced a.'1d :'.:'urnace type. Par
ticle size of the metallic fume emitted from ~he furna~e ranges from 0.1-
1.0 µwit~ a geometric ~ea.'1 o~ 0.3 µ. Grain loaiings and ~lowrates are 
dependent upon furnace type. Open electric furnaces have high flcwrates 
and moderate grain loadings while clcsed furnaces have moderate flowTates 
a.'1d generally high grain loadings . 

With silicon alloys the fume produced is gray and contains a high 
percentage of Si02 . Some ta:?:'s and ca:?:'bon are also present a.rising ~rom the 
coal, coke, or wood chips used in the charge. Chromium furnaces pr::xluce a 
Si°'2 fume similar to a ferrosilicon operation with some additional chro~ium 
oxides. Manganese operations produce a brown ::\ur.e. Analyses indicate the 
fume to be largely a mixture of Si::>2 and manganese oxides. 

17.5 CONTROL PRACTICES 

Limited sources of information have been found which describe con
trol practices for ferroalloys. However, one very complete writeup by .R. A. 
Perso~ has been reviewed and excerpts used in the following description 
of control techniques and practices. 
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VI 
CJ) 
U) 

Source 

I. Furnaces 

A. Blast Furnaces 

B. Electric-Arc Furnaces 

II. Materials HaMling 

TABLE 17-1 

PARTICULATE Il4ISSIONS 
PROIUCTION OF FERRO.ALIDYS 

Quantity of Material 

591,000 tons, ferromanganese 

317,000 tons, ferrananganese 
285 ,ooo tons, silicananganese 
665,000 tons, ferrosillcon 
96,000 tons, silicon metal 

166,000 tons, silvery iron 
590,000 tons, ferrochrome, 

ferrophosphorus 

2,710,000 tons of metal pro
duced 

Emission Factor 

410 lb/ton product* 

44 lb/ton 
195 lb/ton 
357 lb/ton 
583 lb/ton 
120 lb/ton 

200 lb/ton 

10 lb/ton of metal 
produced 

Total from Ferroalloys 

* All emissicm factors are "per ton of product." 

Efficiency Application Net 
of Control 

Cc 

0.99 

0.80 
0.80 
0.80 
0.80 
0.80 

0.80 

0.90 

of Control 
Ct 

1.0 

0.50 
0.50 
0.50 
0.50 
0.50 

0.50 

0.35 

Control 
Cc·Ct 

0.99 

0.40 
0.40 
0.40 
0.40 
0.40 

0.40 

0.32 

Emissions 
(tons/yr} 

1,200 

4,200 
16,500 
71,200 
16,800 
6,000 

35,400 

9,000 

160,300 



A. Particulate 

Source 

I. Blast 
FUrnace 

II. Electric 
FUrnace 

(a) Ferrosili
con (5CJ<1,) 
(open fur
nace) 

(b) Miscellane-
ous alloys 

A. Particulates 

Source 

I. Blast FUrnace 

Particle Size 

(a) Dust (2CJ1, of emitted 
particulate) 
100 > 20 

(b) Fume (8<J1, of emitted 
particulate) 
Range: 0.1-1 
Avg. 0.3 

Optical Count 
Range: 0.01-4 
Geometric mean: 0.3 
Standard deviation: 
2-4 

See Table 17-4 for 
detailed data 

(Concluded) 

Solubility 

II. Electric FUr
nace 

(a) Ferrosilicon 
(5CJ<1,) 

1.5-4'1> in. 820 

TABLE 17-2 

F:FFLUErrr CllAllACTJ;[m;TICS - FEHROALLOY MANUFACTURE* 

Solids Loading 

4.5-17 

Range during 
cycle 0.2-
2. 7 
~an: 1.5 

0.4-30 

Wettability 

Chemical 
Composition 

Particle Moisture 
Density Electrical Hesistivity Content 

Mn: 15-?5 
~·e: 0.3-0.5 

N~O + tS>O: 8-15 
Si02: 9-19 
Al203 : 3-11 
cao: 8-15 
MgO: 4-G 

S: 5-7 
C: 1-2 

Hydrated silica: 
92.8 

X-Ray diffraction 
showed presence 
of: Si, Fe, Al, 
Ca, Mg, Mn, Cu 
and Ti 

See '!'able 17-4 for 
detailed data 

See Table l 7 -3 for 
detailed data 

See Table 17-3 for 
detailed data 

See Table 17-3 for 
detailed data 

Toxicity 

Manganese compounds 
are poisonous 

Hygroscopic Flammability or 
Characteristics Explosive Limits 

Optical 
Handling Characteristics Properties Odor 

Fume is pyro
phoric 

Light, floury (fume com
ponent) ferromanganese 
fume forms a hard, 
cement-like deposit 
when wetted 

Gray (ferro
manganese) 

* See Coding Key, Table 5-1, Chapter 5, par,e 45, for units for individual effluent properties. 



ll. rarrier Gas 

Source Flowrate 

I. lllast Furnace (a) 1;';5 (one 
furnace) 

(b) 270* (one 
furnace) 

II. Electric 
~'urnace 

(a) Ferrosilicon 
( ;,CJ1,, open 
furnace) 

(b) Ferroman- (a) 
ganese 
(closed fur-(b) 25.6-30.4 
nace) 

VI 
-.J 

(c) (a) ...... FeCr Alloy 
(closed 
furnace) (b) 26.6-33.6 

(d) FeSi(75'1i Si, (a) 
closed fur-
nace) (b) 54.4-57.6 

(e) Miscellane-
ous alloys 

(1) Open (a) 160-630* 
furnace 

(b) 

(2) Semi- (a) 100• 
closed 
furnace (b) 

( :s) Closed (a) 11-56 
furnace 

Act~al condition3. 

Temperature 

662 

1632 

250-550 

400-1?00 

TAl\LE l /-:' (Cuncluded) 

Moisture 
Content 

Vari alJ Le over 

<'ycle: 
~)-:';0 

Chemical 
Composition 'l'oxicity 

ru, r·{1?, N:.: 
II~,, ~'-'2 

C';: !'..: 

Cll2 :ll 

II~,: G 
N;,: 10 

Cll4: l 

CO: 7? 

CO;:>: 11 
H0: l) 

N;: 10 
Cll4 : l 

Corrosivity 'xbr 

: hr::.J.t,i l ! ·.,; 
::.>r J.plc..:: i 1r:. 

Limits 

Expl'.)sive ue
cause :if C. 
<:::intent 

'.p 1.i'.:al 
Pr:iperties 



Product 

SMZ* 

5o:f, FeSi 

Fe Mn 

Fe Cr 

* 3:_ - 60-65% 

Mr.. - S-7% 
Zr - 5-7% 

TABLE 17-3 

FERROALLOY FUME RESISTIVITYl} 
{ohm-cm, 200-300°F Temperature Range) 

Without 
Conditioning 

8. 7 x io13 

1.2 x 1013 

4.7 x io11 

9 .4 x 1010 

1.3 x 1010 
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With Conditioning 
of Gas to 2(Jfo 

Moisture 

9.3 x 1011 

3.2 x 108 

2 1 -
1010 . x 

2.4 x 108 



TABLE 17-4 

TYPICAL FERROALLOY FURNACE FUME CHARACTERIZATIONS 

Chrome Ore- Mn Ore**-
Furnace Product: 5Cft, FeSi SMZ* SiMn** Si Mn** FeMn H.C.FeCr Lime Melt Lime Melt 

Furnace Type Open Open Covered Covered Open Covered Open Open 

Fume Shape Spherical, Spherical, Spherical Spherical Spherical Spherical Spherical Spherical 
sometimes sometimes and irreg- and irreg-
in chains in chains ular ular 

Fume Size Char-
acteristics (i.i.) 

Maximum o. 75 0.8 0.75 o. 75 0.75 1.0 0.50 2.0 
Most Particles 0.05-0.3 0.05-0.3 0.2-0.4 0.2-0.4 0.05-0.4 0.1-0.4 0.05-0.2 0.2-0.5 

X-Ray Diffraction 
Primary All fumes were primarily amorphous 
Trace Con-

VI stituents Fe Si Fe3o4 Mn304 Quartz Mn304 Spine! Spine! cao -J 
(Jl FeSi2 Fe203 MnO SiMn MnO Quartz 

Quartz Quartz Spine! Quartz 
SiC 

Chemical Analysis -
;, 
Si~ G3-88 61.12 15.68 24.60 25.48 20.96 10.86 3.28 
FeO 14.0B 6.75 4.60 5.96 ll.l.92 7.48 1.22 
MgO LOB 1.12 3.78 1.03 15.41 7.43 0.96 
Cao 1.01 1.58 2.24 15.06 34.24 
MnO 6.12 31.35 31.92 33.60 2.84 12.34 
Al2~ 2.10 5.55 4.48 B.38 7 .12 4.BB l.36 
LOI 23.25 12.04 13.86 11.92 
TCr as Cr2~ 29.27 14.69 
SiC 1.82 
Zr~ 1.26 
RIO 0.47 -- 0.98 
N~O 2.12 1. 70 2.05 
Bao 1.13 
~o 13.0B 

* Si - 60-65~; Mn - 5-7~; Zr - 5-7'1>. 
** Manganese fume analyses in particular are subject to wide variations, depending on the ores used. 



The controls used are affected by the two types of electric fur
naces. In the open furnace, all the CO prod~ced burns with induced air at 
the top of the charge, resulting in a large volume of high temperature gas. 
:n a closed fi.;.rnace most or all of the CO is withdrawn from the furnace 
without combustion with air. When the furnace gas burns with air, as with 
an open furnace, a significant volume increase occurs. Depending on the 
amount of induced air, the volume to be treated for dust collection may 
increase by a factor of 50. Table 17-5 shows furnace gas generated without 
cOir.bustion while !able 17-6 gives a comparison of gas flows for open and 
closed furnaces.~ 

Semicovered furnaces have also been used. The gas is usually 
cleaned in a multistage centrifugal fan with water spray nozzles. However, 
ex:sting units are restricted to a capacity of abo'.lt 2,000 acfm a~d are 
higher power and water consumers than a Vent'.lri scrubber. 

17.5.1 Control Equipme~t 

17.5.1.l Onen Furnaces: Modern open furr.aces require a hood to 
protect the superst:ri.::.cture and the electrode colum..~ co~ponents. A hood at 
least the diameter of the furnace shell, with t~e minim:.u:. opening between 
the hood a.~d operating or ctarging floor, and an air inlet velocity of at 
lea.st 3 ft/sec have been the criteria for recent installations. Suf'ficient 
hood depth must also be provided to assure that combustion is substantially 
complete ·within the hood. 

Installed cost of fume collectors depends on the particular instal
lation a.nd the degree to which utility services are available. Estimated 
costs for units recently installed or planned on open furnaces, excluding 
furnace hood and interior ductwork and liquid waste disposal systems, are 
shown in Table 17 - 7 .Y These installed costs are 200-300% 'higher than would 
be estimated on the basis of general cost curves given in Appe~dix A. 

17.5.1.1.1 Wet scrubbers: The only currently feasible tY];le of 
wet collector for cleanir.g the large gas volumes from open furnaces is the 
Venturi type scrubber. With required pressure drops on the order cf 60 in. 
w.g. the power consumption approaches l~ of the furnace rating (for a low 
hood design).2:/ M::ist Venturi designs allow recirculation of scrubbing 
liquor so that water consumption is reduced to that evaporated into the gas 
plus that exiting with the concentrated solids stream. The Venturi has the 
advantage of being able to absorb gas temperature peaks by evaporating more 
water. For a ferro silicon or ferrochrome-silicon operation substantially 
all of the sulfur in the reducing agent appears in the gas phase, and a 
corrosion problem occurs in any liquid recycle system. unless neutralizing 
agents or special materials of construction a.re used. 
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TA:OLE 17-5 

APPROXIMATE FURNACE GAS GENERATION!/ 
(Without Combustion) 

Prcd'-lct 

Silicon Metal 
5C/fo Ferrosilicon 
Standard Ferromanganese 
Silicomanganese 
Ferrochrome-Silicon 
H.C. ?errochro~e 

Calcium Carbide 

(SCEM/MW) 

140-150 
130-140 
160-170 
120-130 
110-120 

80- 90 
70- 80 

(Based on gas saturated at 100°F, scf at 30 in. Hg, 60°F) 

FeCrSi, 25 MW 
ACFM at Ter.ip. 
sc:~c 

50% Fe Si, 50 !{W 
AC.FM at Temp. 
scfrr. 

Venturi Scrubber 
Bag Filter 

TABLE 17-6 

COMPARISON OF FURNACE GAS VOLUMES.!/ 

Closed F"irnace 

8700 at 1100°F 
2900 

20,000 at ll00°F 
6,600 

TABLE 17-7 

Cpen Furnace 
(Low Hoed) 

230,000 at 430°F 
135,000 

410,000 at 760°F 
175,000 

ESTIM1\TED COST OF FURNACE CONTROLS.!/ 

Estimated Installed Cost 
( 1969) $L ACF'M at Furnace Hood 

Electrostatic Precipitatdr (with conditioning) 

2.40 - 3.60 
2.90 - 3.60 
3.80 - 4.20 
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17.e.Y 
?.ecer.t wet scrubber installations are surnmarized in Table 

17.5.~.1.2 Baghouses: Cloth-type filters do an effective job 
of cleaning the conbustion gases f:ron open ft;.rnaces sc long as the filter 
media rema.ir. intact. Baghouse installations often utilize the pressure-type 
baghouse, with the fan on the dirty-gas side, to simplify the collector 
r.cusing construction and to allow access into the collector during operatior.. 
To prevent carryover of burni~ mix paYticles, e. nechar ... ical collector ahead 
of the baghouse is desirable.!/ 

Because of tenperature limitations on the cloth (500°F for 
~~eated fiberglass), the gas must often be cooled by passing through heat 
transfer surfaces or by dilution. Cooling by water spray injection is pos
sible, but can lead to cc:c:trol complications ar..d possible blinding cf the 
bags. 

':'te anount of gas a clott filter can handle when operating on 
silica fwr.e without bag blindir.g is a ~aximum of about 2 ac:r:t/sq ft of 
filter area. ':'his Err.it results i:::. a large nuober of bags, up ir.to the 
thousa!lds, in order to treat the combustior. gas froffi an oper. furnace. 

A sig~ificaat proble~ associa:ed witt the use of fiberglass 
bags on silica :tl.ur.e collec";;ion is the buildup of electrostatic charge, which 
ir. turn leads to a high residual pressure drop across the bags. 

17.5.1.1.3 Electrostatic precipitatcrs: Electrostatic precipi
tatcrs have been installed on open furnaces produ·~ing sili~on, ferrosilico::-., 
ferrochrome-silicon, and silico::nar.ganese. 

Unfortunately, most ferroalloy fumes at teir.peratures below 
500°F have too h:'..gh ar_ electrical resistivity, i.e., greater thar. 1 x 1010 

ohm-cm. The resistivity is in an acceptable range only if the gas te::npera
ture is maintained above 500-600°F. Water condi tior.i.ing would lower the re
sistivity, but a. large spray tower is req_uired for proper hurrddifica.tion. 
Stair.less steel construction would be a necessity for ferrosilican or fer
rochrome-silicon operations. The alternate use of steam is feasible only 
if low-cost steam is available. 

The resistivity problem could be overcome by using a wet precipi
";;ator, but water_qsage appears to be greater than that for a wet scrubber 
without recycle.!/ Wet electrostatic precipitators have been used at one 
installation in Europe. However, all parts of the precipitators exposed 
to the dirty water and to the wet gas were reconstructed of stainless 
steel.§/ An electrostatic precipitator is being installed on a ferroalloy 
furnace by AIRCO at Charleston, South Carolina. 
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TABLE 17-8 

EXAMPLES OF FURNACE WET SCRUBBERS.!/ 

Open Furnace - Low Hood 
Collector I 

Original Completion Date 1967 

Furnace Rating for Collector Design 
Furnace Product 

25 MW 
Fe Cr Si 

Measured Collection Efficiency, Avg. 92.6% 

Inlet Loading, grains/scf 
Outlet Loading, grains/scf 

Design Volume at Furnace Hood 
Design Temperature 

1.43 
0.106 

230,000 ACFM 
430°F 

Actual Duct or Offtake Temperature 
Design Volume Handled by Fans or 

500 to 570°F 

Blowers 

Operating Pressure Drop across 
Collector, inches water 

Installed H.P. - Fans 
- Auxiliaries 

Tons/Day Collected Dust 
Tons/Day Uncollected Emission 
Water Circulation 
Water Usage 

Problems: ( 1) 

194,000 ACFM 

55 
2,600 
50 
11 to 13 
0.75tol 
1,800 gpm 
310 gpm 

System falls 25'{o 
short of design 
flow. 

(2) High fan outage. 
(3) Necessity to add 

lime to neutra
lize scrubbing 
liquid. 

II III 

1968 1968 

30 MW 30 MW 
SiMn H.c. FeCr 
98.6% 98.2% 

1.31 1.07 
0.017 0.019 

255,000 ACFM 210,000 ACFM 
620°F 590°F 
490 to 550°F 480°F 

196,000 ACFM 196,000 ACFM 

57 57 
2,800 2,800 
50 50 
14 to 17 11 to 17 
0.20 0.26 
1,800 gpm 1,800 gpm 
350 gpm 350 gpm 

(1) High fan (1) High fan 
outage. outage. 

Semi-Closed Furnace 
IV 

1965 

45 MW 
5o'{o FeSi 
98.4% (particulates) 
79'{o (organics) 
4.93 
0.08 

1100 to 1200°F 

6,500 scfm 

72 to 80 
600 

5 to 8 
None 
75-100 gpm 
75-100 gpm 

(1) Continuous kerosene 
injection necessary 
for blowers. 



17.5.1.2 Covered Furnaces: Semicovered furnaces, whi~e collecting 
a majority of the fUDe, may not in ma.."l.y .cases be satisfactory for current 
or pending regulation. 

The sealed furnace, which has a cover including sliding seals 
aro'.ll'ld the electrodes and mix spouts, is pri~arily a European development. 
It has thus far been applied only to calcium carbide, pig iron, standard 
ferromanganese and silicomanganese. Sealed covers are difficult to adapt 
to an existing furnace because of the extensive revisions that are usually 
required. 

A modified cover, incorporating electrode seals, but covering 
only the ''reaction zones" around the electrodes and leaving the outer rim 
of the furnace open, has been developed. This approact., called gas collec
tion sleeves or smoke rings, has the advantages of collecting the gas in the 
observed region of maximun generation, of allowing partial stoking of the 
mix, and of being cheaper than a complete cover. Initial installations 
were made on ferromanga.nese furnaces and subseque!ltly on calcLim carbide 
and silicomanganese furnaces.~ 

17.5.1.2.l Wet scrubbers: The disintegrator type of scruocer 
does a good cleaning job when properly maintained and has the additional 
advar.tage of producing a slight pressure head (about 2 in. w.g.). However, 
the capaci-:y :..imitation and high water and power consU!llption IL!:l.ke it uneco
nomical for most new furnace installations. 

The Venturi tJrpe scri;.bber has been installed or. CO gas cleaning 
installations but the re~uired pressure drops are hig~' The characteristics 
of a typical installation are included in Table 17-8 • .!J 

17.5.l.2.2 Electrostatic precipitator: The electrostatic prc
cipitator is a possible CO gas cleaning device, but has found limited 
ferroalloy application. 

17.5.1.2.3 B:i.gho~ses: It would be possible to use a bag col
lector to clean CO gas, but no applications on ferroalloy furnaces are 
known. 

17.5.1.3 Blast Furnaces: Blast furnaces are also used for ferro
alloy production including ferroma.nga.nese. Wet scrubbers are used in clean
ing the emitted gases. High maintenance costs may attend such an operation 
because of the cementing properties of the fume. It also requires a large
scale water-treating plant to avoid stream pollution. 

For these reasons, one producer conducted pilot testing of an 
electrostatic precipitator preceded by a spray cocler. The collected dust 
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froir. tte precipita~or, be:ng pyrophcric, was burned in a rotarJ ki~r. and 
t.he product was then b:::-iquetted.~ 

One Venturi scrubber installation in England reportedly cleaned 
the gases from a ferromanganese blast furnace to less than 0.02 grain/cf. 
This unit reauired a nressure drop of 24 in. w.g. end a water flow of 5 gal/ 
1,000 cf of ~as.10/ • 

Sonic agglomeration of fume from a ferromanganese b~~st furnace 
was investigated in 1950 but was not economically attractive.~ 
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CEAPIER 18 

BO~ FOUXDRIES 

18 .1 INTRODUCTION 

Gra~' iron foundries range from primitive, unmechanized hand oper
ations to highly mechanized plants in which operators are assisted by elec
trical, ~echanical, and hydraulic equi?IDent. Cupola, electric-arc, electric
induction, and reverberatory air furnaces are used to obtain molten metal 
for production of castings. 

The iron ffielting process in foundries is the principal source of 
err.issions. Secondary sources include materials handling, casting shekeout 
systerr.s, buffing and grindir.g operat~ons, and core ove~s. The productio~ 
process, particulate emission sources, particulate emission rates, effluent 
characteristics, and control practices and e~uipnent are discussed in the 
follo~ing sections. 

18 • 2 E"DC!rnR'::' PROCESSES 

The gray iron cupola in its simplest form is a vertical, holloh 
shaft having a steel shell either lined with refractory or backed ·oy a 
·.-a~er C'.lrtain for temperature control. A charging door located above tl:.e 
bottom of the cupola admits t~e charge whic~ consists of alternate layers 
o:' coke, iron r.iaterials, and flux. Tuyeres, located near the botto:n of 
the cupola, ad~it air for combustion. Provision is made for removing slag 
and molten iron fron openings below t~e tuyeres, ~~e iron being tappej fron 
the bettor.; level and slag tapped or skinm1ed fron: above t:t-.e iron. 

Electric-arc and induction furnaces are mostly used to produce 
specially alloyed irons. Fuels are not used in the heatinb process in these 
furnaces. 

18 .3 DUSSION RATES FROM IRON FOUNDRIES 

Physical processes, cr.eir.ical reactions, and the quality of scrap 
affect the emissions of dust and f'umes from cupolas. Physical processes in
cluie entrainment of coke, lime and oil or grease particles. Non-uniform 
combustion results in variations in emissions. An oily charge can evolve 
huge volumes of black sreoke and fine chips can significantly increase metal 
fmning rates. Because of the wide divergence of ratios of charge materials 
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utilized, e.nd. the varying q_ue.lity of the scrap, no sitr.ple accurate estimate 
can be me.de of the nat~re and q_...:.e.ntity of pollutants emitted from foundry 
cupolas. 

Q.uality and composition of er.iissior..s vary between ci.:.p::ilas and 
even at ir..tervals in the same cupola. This variation is caused by changes 
in iron-to-coke ratios, air volume/ton melted, a.r.d ~uality of scrap. A 
charge containing limestone with a low degree of hardness and a large portion 
of fines will produce a relatively high dust content in the waste gases. 
Tl:e abrasion resistance and ash content of the coke also has an effect on 
the dust emission level. :Einissions from hot-blast cupolas are generally 
higher than from cold-blast cupolas. This is probably ::l:.ie to larger q_uan-
t i ties of small steel scrap being charged into the ~ct-blast cupolas, a.nd 
is not a direct function of the combustion air tempera~ure, blast volun:e, 
or other operating parrur.eters. 

Emissions of sulfur compounds are usually low -oecause sulf:ir con
tent of coke is generally 0.6% or less. so2 concentrations Lave been ob
served to vary between 25 and 250 pp:r .. ~ TJ:"_ese concentrations, when co:nbined 
with moisture, ca..~ fo:rr.1 enough sulfi.;.ric acid to corrode surroundir..g eq_uip
ment. fluorine and/or HF fro~ fluorspar may be e:nitted, probably in small 
q_uanti ti tes .!/ 

Electric-arc furnace e:i:issions are less of a prcblerr, t~an cupola 
e~issions. Since these furnaces a.re mostly usei to produce special alloy 
irons, the quality of material charged is better and freer from dirt a.nd 
oils. Emissions are primarily me:allic f\lr:les; the quantity err.i tted varies 
frcm 5 to lG lb/ton of rcetal charged.g/ 

Emissions fro~ electric-induction furnaces are even less of a 
problem than those from the electric-arc furnaces. Use of clean scrap, 
rr.inimum exposure of the metal to air wl::ile in the furnace, and ·.;ni:'orm 
operation of the furnace usually result in negligible ~uantities of e~is
sions. The quant~11Y of eir,issions, primarily metal oxides, is abcut 2 lb/ton 
of netal charged.St 

Apart from the cupola, other sources of iron :'oundry emissions 
are cast~~g shakeout systems, buffing and grinding, a.nd core ovens. The 
magnitude of these emissions is low compared to cupolas. 

Table 18-1 summarizes emissions from operations associated with 
gray iron foundries. Cupola emissions are dominant, and currently total abo~t 
105,000 tons/yr. No estimate of emissions from casting shakeout syst~s, 
buffing and griniing operations, and core ovens was ffiade due to la.ck of 
emission de.ta from these secondary sources. 

382 



Source 

Furnaces 
A. Cupola 

l. Hot blast 
a. extenially fired 
b. recuperative 

2. Cold blast 
B. Electric 

l. Arc 
2. Induction 

C. Reverberatory 

II. Materials Handling 
A. Freight Unloading --Coke 

and Limestone 
B. Conveyors 

1. Transfer points 
2. Discharge to storage 

a. bins, silos 
b. stockpiles 

C. Elevators 
1. Boote 
2. Heade 

D. Sand Handling 

III. Core Ovens 

IV. Shell Core Machines 

v. Casting Slake-out f:\Ystem 

VI. Grinding and Buffing 

* Asallllled. 

TABLE 10-1 

PAHTICULATE F>W>~>ION:J 

IllON FIJUNDH I lli 

Quantity of Material FDlssion Factor 

18,000,000 tons of hot. metal lf> lb/ton of hot metal 

15 lb/ton of hot metal 

23 lb/ton of hot metal 

5-10 lb/ton 

"5 lb/ton of hot metal 

10,500,000 tone of oond 0.3 lb/ton of sand 

0.3 lb/gal of core oil 

0.35 lb/ton of cores 

Efficiency 
of Control 

cc 

0.80 

•o.ao 

Application 
of Control 

Ct 

o.33 

•0.25 

Net 
Control 

Cc·Ct 

0.27 

*0.20 

Emissions 
tons/yr 

105, 000 

37,000 

1,000 

143,000 



~e.4 C:~4EAC~ERIS~ICS O? EF?UJENTS FROM IRON FOu"NilRIES 

The chenical and physical properties cf effluents from iron 
:'cundries are smmnarized in Table 18-2. Cupola dust is a very heterogeneous 
m:xt·.lre. Particulates cor.tain coke and flux particles, various metals, 
t~eir oxides, and some su~fates. Silica content is high, particularly in 
the 0-10 ~ fraction. Of the netals portion, 6C!f, are oxides of Si and Fe. 
S:'..gnificant zinc and lead oxides are also found. Other elements four..d in 
the particulates include ~anga.nese, chromium, tin, titanium, molybdenum, 
zirconiU,~, nickel, copper, cobalt, and silver.3,4/ About 25-30 wt. ~of 
the particulates are less than 10 µ. The particle size distribution ranges 
between wide lL~its, depending on melt rate, coke usage, scrap formulation, 
and :'urnace operating variables. Under some conditions, over 5C!f, of the 
dust ttay be less than 1 µ in diameter, Whereas in other cases less than 5~ 
by weight of the total :r:;articulate may be under 2 u. :'..n diameter. Older data 
ir.dicate no more tnan 10% of the particles by weight are in the size range 
below 10 µ. ~owever, .:..ater st·.ldies indicate that particle sizes under 1 µ 
may constitute 40% and more of the total weight. Some of the scatter oe
twee::. the various investigations !lla.Y be a result of differences in sa.mplir..g 
equipnent and techni~~es a..~d of sa.opling at different locat1ons ~n ~he 
d:J.ctwork. 

18. 5 COl'!TROL PRACTICES AND ~UTEMENT FOR IRON FOUNDRIES 

18.5.1 Electric Melting Furnaces 

:rhe extr~ely fine particle size and large surface area of electric
f~rnace f--.une result in discharge to the atmosphere of a plume that may not 
neet the visibility restrictions in some air pollution codes, even when 
weight requirerr.ents are met. The concentration of particulate in the ef
fluent air from a.~ electric-furnace f'.ll:le control system may have to be less 
than 0.05 grain/cu ft of air if an emission is to satisfy an equivalent 
opacity restriction.~ 

There have been several electrostatic precipitator installations 
to control particulates from larger furnaces and there are about 50 instal
lations irr.ploying fabric filter collectors. Fabric filter collectors gen
erally result in an effluent nearly free from visible particulates.!2/ 

The collection of furr.es frOJ:l the electric furnace has been done 
by using canopy hoods to gather the expending, rising gas column, by local 
exhe:J.st around electrodes and charging doors, and by direct evacuation of 
the furnace ~tself .!f 
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(JJ 
co 
U1 

ParLi.·ulale 

~ 

Iron Foundry 

Gray Iron Cupola: 

1. Light-off 
period 

2. Melting 
period 

3. Complete 
heal 

Parlidc Size Sol i.tL Lo:i<l inc 

0.001-0.')G 

0.'l-l .i~ 

2-30 < 5, ?-35 < 10, Extreme rarwc: 
10-40 < 20, 20-60 < 50 0.3-l~> 

Average distribution: Usual range: 
10 < 5, 22 < 10, 25 1-3 
< 20, 35 < 50 Average: 1.2 

Bahco analysis: (two tests) 
20-54 < 5, 37-63 < 10, 
5<'-72 < ?O, 66-77 < 40 

Also see Figure 18-1 

Cht~mi<:Hl Compu:..:iLi1m 

Mean range: 
Si~: 20-40 
CaO: 3-G 
Al2Q:s: 2-4 
~o: 1-3 
FcO(Fc2Q:s,Fe): 12-lG 
MnO: 1-2 

Ignition lo3s 
(C, S): 20-50 

other componcn ts may be 
present depending on 
charge composition 

Source Solubility Wettability 
Hygroscopic 

Charar.teristics 
Flenmability or 
Explosive Limits 

Foundry 

Gray Iron 
Cupola Difficult to vet 

Mean value: 2 .~.>-
3. l 

F.>···.r:·:'.'. 
RL. i:~.i ·.Ji ~.J 

See Figures 
18-2 and 
18-3 for 
detailed data 

Cont.ent~ 

Handling Characteristics Optical Properties 

Abrasive, cohesive, cor
rosive 

Variable, depen
dent on charge 
composition 

+ See Coding Key, Table 5-1, Chapter 5, page 15, for units for individual effluent properties. 

Odor 



&)urce ;.'J0w Hate 

Ir0n Fr>undry 

Gray Iron 
Cupe' I a 

l. Light-off (a) 3-16 
period 

2. Mel ting (a) 5-21.5 
point 

3. Complete (a) 3-30.5 
heat Avg. 10.8 

(b) 60-135 
Avg. 92 

T~mEeraturP. 

210-1410 

M<1 ist.uri:o 
Ct 1nte11t ----

Top gas 
dew point, 
60 

l..!hemic:~J 

Ct •mfXJ!'i it ion 

C02: 0.3-10.3 
02: 10.1-20.5 
N2: balance 

C~: 2-13.4 
02: 6.5-19.2 
S~: 0.002-0.013 

C02: 2.8-12.3 
02: l l. 8- 12 . ., 
CO: 0-0.l 
S02: 0.002-0.013 
Fluorides may 

also be emitted 
depending on flux 
material 

·~nm'• t I '. c 
.: 1.:.: ~im:t:: 

S~ - 5, !':>tent i ally 
irritant corrosive 
C0-100 due to s~ 
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Figure 18-1. 

Cupolas 
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Particle Size, Microns 

Particle Size Ranges for Dusts from Cold
and Hot-Blast Cupolas.~ 
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18.5.2 Cupola Furnace 

Only electrostatic precipitators, high-energy scrubbers, and 
fabric filters are capable of removing the fine particles from cupola gases. 
Regardless of whether electrostatic precipitators or baghouses are used as 
the means of gas cleaning, it is necessary to maintain efficient secondary 
combustion in the cupola stacks (recuperative preheater). Otherwise, the 
operation of the gas-cleaning equipment is adversely affected. Maintaining 
a reducing atmosphere in the cupola stack will allow unburned oil vapor 
and tarry matter, as well as coke fines and other combustibles, to be car
ried over into the gas-cleaning equipment. The secondary combustion process 
does, however, cause an increase in the volume of the gases to be treated • .§/ 

General collector selections and efficiency for the various 
foundry operations are shown in Tables 18-3, -4, and -5 taken from· "Four.dry 
Polktion Control Manual. 111/ 

Relative cost comparisons of the various types of dust collectors 
applied to hot-blast cupola waste gases are presented in Table 18-6. This 
table gives costs with respect to a Venturi type collector wtich has been 
assigned an index value of l. 00 and does not show absolute dollar costs.'§./ 
Another cost comparison for differer,t types of collectors for a 12 ton/hr 
cupola is given ir. Table 18-7.!/ Collector characteristics for a 15 ton/b:r 
cold-blast cupola are shown in Table 18-8.~ The approximate cost of cupola 
collector systems is shO'w:r. in Table 18-9.§/ 
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UI 
lD 
0 

Typical 
InJP.t 

Particle Loading 
Application Size (gr(;cf) 

Shakeout Fine to 
medilBD 1/2-1 

Sand cooler Med ii.DD 1-20 

Airless abrasive 
cleaning Fine to 

coarse 1/2-5 

Grinders Coarse to 
medilBD 1/2-2 

Dry sand Coarse to 
reclaimer fine 10-40 

Screens and 
transfer points Medi I.DD 1/2-3 

Electric-arc 
furnace Fine 1/2-2 

Gray Iron Coarse to 
Cupola fine 1/2-10 

Notes: Coarse +20 µ; Medium 2.20 µ; Fine -2 µ. 
* Or equivalent energy input. 

1'1\ELE lfl-'; 

IBON FOUNDHY DUST COLLEX:TOR EFFICU:NCY~/ 

Typical Outlet Landing (cr/::cf') 
Wet 6 in. ti,P 30-70 in. ti.P* Low Eff. 

~ Scrubbers Scrubbers Cyclone 

x 0.01 x x 

0.01-0.05 x x 

x 0.01-0.05 x x 

x 0.01 x 0.1 

x 0.1 0.02-0.05 x 

x 0.005-0.01 x x 

x 0.2 0.02 x 

0.4 0.3 0.05 0.4 

X Not applicable or rarely used on this application. 

Fabric 
Arrester 

x 

x 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

CoD111ents 

Wet scrubbers are used because 
of moisture. 

Wet scrubbers are used because 
of moisture. 

Fabric filters and wet scrubbers 
most canmon. 

Cyclones used when fines are 
not present. 

Disposal problems generally 
influence choice of equi!Jllent. 

Fabric filters more frequently 
used than others. 

All types in use. 



:All:.E :a-• 
U.~'.:A!.. CO:.!.!X.."'IOR S!"J:'!':O:;s ro?. rorn;:;!'l' CPERA::c:isl/ 

Collec:t::-r ~· tlsed !.D !'Q'J.Dd:-.r'. 
Dli•t nt.iss~or. c.,..,,, l!ig~ Erf. 

C;~r&"":.l"-"1 Coneer.tra~!.on• PartiCC,e S1t;eK C-Jc:o5• Cyclc~e ~ ~ 

Sha1<e ..... :t 

:Me-:::~a:'\1r-a 1) 
:::'\c E·:'l·"'d Moderate ~.ne to ir.edi\E !\are O::::asion•l Usl.i.al Occasion&: 
Side :-.c-od Light Fice lie ~lt.J'f! Us-.,al Occa•lona: 

Sa~.::l Ha:-.~l!.:-.p 

M,:'l:d.o.r.; a1cj f!'Oa 
3!'\&ke<'".lt Moderate I"-n• t~ l::t".:1jum Rare Ce:o&.!iena: Usuol Ra.re 

~-"' i&nd No<le,ate P'!ne to ""'dl11> Rar"' Ce:&sion&: Us1.:al Ccc&eionl\l 
C"'re ;and :1g1>t Medii:a Rare Cc :aS'!.C"Ml Usual OceS..!ll~oe.al 

Cast!.nir; :'lear.1~ 

Atr·.ess abrll!ive H!avy Fine t~ coa.rae Ne Rare Occasional U5-.:.a: 
Et as: ~'."loel9 MrldeTate Fine t::> m•Cl\JZll Ne Har• 'Jsual Us-..;.a!. 
~.:i:nh: ir..g mill! Hea''Y :'ioe to ~oarse No Rar• lisual Us..a: 
Sp:r-u! aH~s Mot'\ent~ Fine to cearse !lo Cccuicr..&l 'Jsual 1..'~a&: 

Gri "'l::h.ng 
~:'!!y!:"'.g ~·::!!'rate M!-d.:..um t.J co&rse Freqaent F:-e:tuent Freq~ent Frvqaer.t 
sv~ r.;- frue :ignt fi:-.e Rare Frec;aer..t P"req~ent Frequer.t 
Prrt.a~le Ligr.t ?in.a to ~di-.z:a Ra:• FTtGJ.tn~ 'Ji'J.&l Us•..i&l 
CC"r~ Hea-..-y Med:.1.11t t.J coarse Rart Oc.:as!.or.al TJouel Usu&l 

Mel tir,/1 
C~;:>!.a ~ hr:-c:.os: ~:iera~e ?in• tc ;:oarce Rare Occasional frequeot Occasionel 
Et ectr 1-: (;fe!'?"J~S) • !.ig:-.·~ Fir.e Cb No c~::asicnal t're<;,,ent 
Eran =•l tins Light Fine llo !'!o o~cas!ona: Fr~t;uent 

Pa"°'" S~.op 
Wee chi-..> r It ~!'16 Mclerate Me1i11t to ccarse :J~rna1 RA!'f! F:ll.rf" Oc::&!i!')DAl 

S.::nler F".'j !1Sh 

Chain 8!ate ugot l'!e:lium !l<> Oecas1on&l No :io 
Sp!'~8.de::- !\!A"'))ce!" Medl'.131 Mtdilm to ecierse- "" 'Jsual Kc !'lo 

Pu:.·1er!:e• Heavy Mt!1.iu:ci. !'!o 'Jsual f;(' Ne 
~..t":!"~ e.ve~!l :oc1:. f\Jces eo.io. !\:mtS !'!o N~ Rare: lio 
Pai:-:t 0•1e::!I Comt-. t-.:.es c=. !'\:Iles ?>:> !fa So 

•)! ~ t:·.:.rn-ofr 
}i.r:":'lllC'l!S :oa1:. fl.-s COl1~. :'\:t$ So :;_. Ran~ !lo 

Cc:i:en:ra«:.;..or.: L.gf.t • u~ to l er/ex. ft, M.J.!t!rate • l to:'.! gr/c..:. tt: H~<l'-'Y ~ over ;, 5r/c:i rt 
?&?'t:.cl-: 3!.:.e: Fiae • u.nder 2 ~; Med.·.1.0 ... :::: to CJ ,..~ C:>a.rs.t ~ OJer ";!; i-'• 

Neas: 

Indust!:l'. 
Cata:ytic 

Eleetroatat!.c ~ ~ 

lie llo 

Ne So 

Ile lie 
lie lie 
Ne !lo 

Rare So 
!lo lio 5 
fl<. fl<. 6 
No Ne 

No No 
!lo Ile 
!lo No 
No !lo 

Occasional No e 
Rare :le 9 
Rare :lo :c 

No :lo 

Mo No 12 

No No 12 

F:e~u.r.t Ne 12 
lie J'r•q,ue:i"; 
Ne Frequer:.t 

No Frequent 

<:} kadir-4a ir.cresae vi th m~al to •&~ ra":.lo ar.t! v;..•.n l:.1Wer moi:1t·....re ccnten~ of aa.nd a-: t.:.Oe cf shaliteout. Smoke !ro: bW"Tiiag •ell::oal e.nd core bindero 
o!'·~e:i involved as vetl &a eteam. 

(2 l Cc'n<:t:r.tra":.icn 1Jf ~Jet ie & !t.i.:.::t;.cn of' Jtoistu.:re ren:.aln!.ng 1n san:l !'ol.l:;n.r.ir.g the a':-:.akec'.lt o;;er•t:.on. ~&p6 or dry ce:itrit'.,;,,ga.: col:.ect.::>rG sometimes: 
use:! t\J return coaraer partl::::.ea to SL"!.:1 systc.. W1:te:r trar. ._.et collectcrs &Cllletimes used e.t e.ixer to permit salvage ct aeacoa.:. L"ld bc::d. as ve:: 
as :~tard .slurry t'::>naat!ons in recirculated ""ter. 

(:S) C.>!~e~tbo e<;ulJD•nt. tor s:>:..d.lag s:-.."ld h•n:lling sya~• car. ortec be uaed tor dust :::ollei;.t!.or. d:urle& the ihorte:- pericd ot new &&.."ld ha.cdl.:.r.g. 
(t.) J.1.sl prob:a1 very &:i.m11&r to tnos• tor mold!.ng SIU'.Jc! 11ya~e. 
(5J :T,.11l ;r ...... b:a rroa. abrasive c!.ea.."\!.A& operations YU cne or the e&rl:..est !.n t.':-:.e '!'c•J.n.dry 111du1try fer vhict. n:sh ett!.ciency collect~rs "ere ur.iversal!y 

appl. i•d. Airleaa blaatina i:rod:uces heaviest loada :!ue to sbradicg li;>eed. B:.aat rooms vher• ahot or aril ia earlcyed eJ'.nauat INC:t larger a!.r 
V:'>':.\ilffs :or the d:.lat. released; 

(6 ·, Tr.e tur.':lliag actioD aplcyed haa ter.dency to srind or pu~verize 11M1d and. scale particles, produciaa a rJ.bat&Dtial fract!oa· of d•.1.et lcad!.11€ in lcv 
:s!.crcr. s!.zes. 

( 7 '. Cr~ lec:cn are indicated ~erever pro:iuc:";ion core grinders &re used. 
(8' \let pri.U.ry collectors on t<>p ot cupola auok used vllere d&aage to roe! or exceu1ve coat or r"""'v&l of cinder acCUl!rul&Hon ~· ita~n con1~derat1or.. 

Fa.bric s.rreater111 or electroat11t!.c preci;itators selected in D:!St critical air pcl!.ution areu whe!"~ visU:t:e etf".uent must be ain~mhed. 
(9) While wet collectora have 'oeec •.iaual aelecti:>n 1::. paat, the rabr!.c ar'!"'t'stel" appea:ra the 11are .\0!:1.l&l ae:ecttoo for" futul"e !nstallations due to !ts 

a'::li, ~";y to provtde a clf!ar discha:rce. P.elatively lov temperat~res make coat of auch 1natallations reasonable. 
(lO) Cc! \ec·~1c:\ ':Jf z.inc oxide i1 rece1v!nc iocreas!.ns: attentloa •here higb ?inc b!"&ea alloys are melted. Fabric arresters pl"OVide h1Sh e:!rtcier.ey at 

reuor.abie cost vbere 1a1 tempera'"!u.rea &:rt!' modera.te a.a trc::a cructb:e, electric, and lnduc'tion meltla.g f"'.irnace1. Mig.'i. ata..ck tm.pe?'atures of 
reve:"l:er&tory turuce1 Mke Jl?"Ol>le :.)re complex and co!lection equiJWlent expe:nalve. 

(11 ~ Cycl?ne er dry cant!'1fugal u1ual aelflction. ::!al! be ~ell!Wed 'oy ta'?:t!"!c collectora vheff roec:!rc~l&t1or. or cleaned. a.1r ta !.t:.dicate~. 
(l2) F:y as?'l tr~ boiler etac:ka 111 ott.en ove!"loo:.ted by the 1'0'..ll'ld...7 industry but C&!'l. be aource of' Q\!i!Mce a.ttrt'huted to otter :r..ac:k d:i!ch&rges. High 

efficie!'l:y 4ry centrituc:ala Jl!'OVidll! devee of colleetton gen~Hlly aee~ptab1e by pre111ent·day star.dA!'d1. H!gh 'temperature and corrosive gu:l!:S Uk~ 
b~tt~r collect1~n very expen.ttve. 
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Melting 
Rate 

(ton/hr) 

14.4 
21.6 
15.5 
22.5 
14.7 

TABLE 18-SY 

EFFICIENGY TESTS OF DRY MULTIPLE CYCLONES 
FOR FIVE DIFFERENT INSTALLATIONS 

Dust Loa.ding 
Collector 

Inlet 
(lb/l,000 lb)* 

1.053 
1.324 
1.040 
0.855 
l.061 

Collector 
Outlet 

(lb/l,000 lb)* 

0.335 
0.515 
0.300 
0.288 
0.262 

* Pounds of particulate matter per 1,000 lb. of flue gas. 
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Overall 
Efficiency 

(%) 

69 
61 
71 
66 
75 



COST CCMPARISO!i' FOR VAP.IOUS DUS: COLLB:TORS FCR CLE'Affl!ll 
WASTE~ OF A HO:-BLAST ClfroLA 

(Index value l for Venturi tube dust separation) 
Was~e gas quan~ity ta be cleaned: 7,350 scfln Depreciation: 20J1, per annum 

Wet De.st 
Venturi ':'.ibe Collec-:or, l2::::z: Electro-?reci2itator 

E!.!!l ll"Jst Col:i.ector SimEle !>esie;n 2!!!L.!. Off er 2 

3uara..'lt.~~a clean 
dust content: l'b.'hr 7 .70 7. 70 3.85 5. 70 

sr/scr o. "!.22 0.122 0.051 0.09 

Ini ti Ill inves'-ll:er.t costs 
(:.ndex va:·~e) 1.00* l.O<l* 3.24 1.58 

lJeprecia•.ion and ir.terest 
(index value I l.CO* 1.04* 3.21. 1. 68 

Pcw~r consumption 
(index value) LOO 0.€2 0.23 0.36 

Main~enance, servicir.g, 
water c::rn£um~ti:-Jn t neu-
tralization (:ndex ·;atue) 1.00 l.05 (l,52 0.53C 

Casts per operation hour 
(:.nd!!'.X \ta~ue) i .. Jo• J.89* l.67 J.Cl 

• Witr.out !'acO.lities for vater supp:y and set~.l ir.g ta.nil. 
"ab~e does r.o: i~olude erection costs. 

~:SLE 18-7!} 

APPROXUfA.TE COST OF cm;TROL EQUIPl>ZK'::.' 
(12 ton/hr cupola) 

Weather Cap 
Dry CentrifUgal 
Medium Pressure Wet 
High-Tec.perature Fabric 
High-Energy Wet 
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$ 30,000 
60,000 
90,000 

150,000 
170,000 

ilet :::1ectro- Fatric 
.12reci,i:itator ~ 

3.85 5.26 
0.061 0. O.St. 

:.59* l.-15 

1.59* l.45 

0.24 0.55 

0.83 0.55 

C.96* t.H 

Just cc:lectcr 
Cffer 2 

3.:'10 
0.052 

2.3~ 

2.38 

0.43 

:;.!:;-4: 

1.5:1 
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TAllLI: Hl-cB/ 

COLLECTOH CllAHACT!illl!3TIC3 !'OH 15 TONS/HH (;01..lJ-B!A~T curoLA 
OPF.HATE!l ON ALTEHNATE 1.111.Y::> 

Assume Blast Volume B,000 efm at 70°F Assume Emissions 15 hr. ton mdt 
Charging Door 4:1 sq. ft. at 300 fpm 12 ,ooo cfm at 70°F Consisting of Cinders 8 hr. ton melt 
Total Gas Volume 20,000 cfln at 10·~· Dust 4 - hr. ton mdt 

62,500 cfm at l,200°F Fumes 3 hr. ton mdt 

H2o Vapor Probable Approx. 
Discharec at Exit Tomp. Lower Co 1 lector H.P. Probable Emiss:on Instal. 

Gas Added for Effect i vc Pressure Note l Water Note 2 Cost on 
Collector Temperature Cooling Total Vol. Collect •on Drop W.G. Exit Required (grains/ Grains/cfm Existing 

Type ( "F) (cfm) ut Exit Temp. RanF,c (µ) (in.) TC!!!J1· 70 ~SEm} scf} at 500 CuEolas 

Wet cap 400-700 9,BSO 41,850 cfln 44 0.25 200 0.45 0.25 $ 35,000 
at 550°F 

I.ow pressure drop 
centrifugal with 
cooling tower 350-500 10,200 43,600 cfln 30 1.5 24 40 34.3 o.~6 0.20 50,000 

at 425° F 

With heat exchanger 600-700 None 41,800 cfln 30 1.5 34. 71 0 0.45 0.25 150,000 
at 650°F 

High eff. dry 
centrifugal 350-500 10,200 43,600 cfln 7 3.0 34.3 57 34.3 0.27 0.15 55,000 

at 425°F 

Wet collectors 125-190 9, 750 33, 750 cfln 5.0 52.5 63 48-100 0.11 0.062 75,000 
at J75°F 

Electric precipitator 25r:l-300 10,200 38,000 cfln 0.1 0.5 18 25 41.2 0.039 0.021 100,000 
at 275°F 

Fabric arresters 
Synthetic f'ac1ric 250-275 9,600 36,800 cfln 0.1 4.0 42.5 57 .5 41.8 0.0096 0.0053 75,000 

at 260°F 

Glass fabric 400-50Q 10,200 44,200 crm 0.1 4.0 40.5 69.5 33.2 0.0206 0.0114. 75,000 
at 450° F 

Note 1: Horsepower calculations assume pressure loss through ducts and cooling tower of 2 in. added to stated collector loss except for wet cap (5 in. with 
heat exchanger). 

Note 2: Lover than the usual boiler stack acceptable emission regulations of 0.257 grain/cu~ at 500°F (0.465 grnin/scf). 
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TABLE 18-9 

COMPARISON OF CUPOLA DUffi' CONTROL SYSTEMS§/ 

(Two No. 8 Cupolas--7,800 cfm blast air alternate usage--1 grain/scf dust load) 

Initial Cost Outlet 
Installed M & 0 Cost/Year Emission, Connected 

Equipment In $1,ooo•s!Y In $1,ooo•;E./ Grain/sc~Y HorsepowerEf 

Wet cap 50 3 0.5 20 

Multi tube cyclone 150 10 0.3 100 

6 in. AP scrubber 150 10 0.2 100 

70 in. AP scrubber 225 25 0.05 325 

Fabric filter 250 Wide variations < 0.02 100 

a/ With water clarification system and ductwork, electrical, etc. 
~ Maintenance and operating cost per year, including power costs for 16 hr/day operation, but not 

depreciation. 
E_f Outlet emission also dependent on particle size distribution, which in turn is dependent on scrap 

quality, etc. 
EJ Connected horsepower, including pump for wet units. 



18.5.3 Electrostatic Precipitators 

Elec~rostatic precipitators have failed to atta~n consistently 
high collection efficiencies due to wide variation of gas stream conditions. 
To satisfactorily apply electrostatic precipitation to fo'..l!ldry-cupola-fume 
collection, it is essential to determine the temperature at which the peak 
resistivity of the fume occurs, and to desi~ the gas conditioning system 
to provide a gas temperature well away from that at which the resistivity 
reaches its maximum. Electrostatic precipitators have been employed in 
Europe to a greater degree for cupola operations and utilize both wet and 
dry electrode cleaning techniques. Data on some of these units are given 
in Table 18-10.~ 

18.5.4 Faoric Filters 

~here are several installations employing completely automatic, 
tubular dust collectors usir.g synthetic filter bags in car.junction with 
cooling of the hot gases prior to filtration. The primary difficulty in 
their use arises from poor control of inlet gas temperature. When it is 
too high, the bags burn out; when it is too low, the fabric blinds fro~ 
cor.densation of water vapor.§.J ?he fabric collector temperature is gen
erally limited to the capability of the fabric media e.nd, at present, glass 
is operable up to 550°F. 

Fabric filters are beir.g ~sed increasir.gly for clear.ing cupola 
gases whenever high collection efficiencies a.re desired. Cperating charac
teristics for three installations are given in Table 18-11.~ 

The te:qierat'.lre of ~he gas strea::n from the top of a cupola may 
be as hig~ as 2200°F. Therefore, tte gases must be cooled, prior to enter
ing the baghouse. Cooling can be effected by evaporative water or other 
means of heat exchange or by dilution with ambient air. 

It should be remembered that if fluorspar is used as a fluxing 
agent in the cupola, this can be d.a.ma.ging to glass-fiber bags. 

General cost data for fabric filters given in Appendix A indicate 
that an installed cost of $3.50/acfm would apply to a u.r:.it handling about 
10,000 acfm. This decreases to less than $2.00/acfm for 50,000 - 100,000 
acfin.1./ 

Installed cost of baghouses ranges from $0.93 to $3.50/acfm. 
Installation expense ra..~ges from 12-43% of the FOB price with the average 
being 25%. Ann'..lal operating and maintena...~ce exrJnse ranges from 5-16~ 
of the installed cost with a..~ average of 11.6%.1/ 

396 



TABLE 18-10 

GUroLA PLANI'S WITH ELEX:TRO-PRU:IPITATOR~/ 
(European Installations) 

Water 
Clean Dust Content Dust Requirement 

Gas Tem~rature Gas Raw Clean imission Pressure (Circulation 
Melting Type Before Before After Volume Gas Gas Collection in the Loss of and Make-Up 

Furnace Rate Filter of Cooler Filter Filter scfm Grain/scf Grain/scf Efficiency Atmosphere the Unit Water) 
J!l. ~ .CTL!:!:.L ~ ~ --'..:.E.L --'..:.E.L -D:L __!1!:L_ Dry Drl (~l (LbLHr l (In. W.G.) (sl!!l 

Hot 13.2 Dry Top Up to App. 6,500 7-9.2 0.05-0.07 98.5- 3.26 
Blast 750 570 99.7 

2 Hot 16.5 Dry Top 930- S70 * 6,800 Up to 4.3 0.065 98.5 3.79 * 
Blast 1,110 

3 Hot 6.6 Dry Waste * 149 * 8,200 * * 97.6 * * 
Blast 

4 Hot 6.6 Wet Top * 140 * 4,800 1.2;> 0.021 98.3 0.845 * * 
VI Blast Plus 
<.O Waste 
-.J 

5 Hc>t 8.8 Wet Waste 390 * 104 19,000 0. 70 0.033 95.0 5.30 6.3** 264 

Blast 

6 2 Hot 20.0 Wet Waste 750-840 * * 29,000 2.2 0.043 98.0 ll.00 * * 
Blast 
Units 

7 Hot lq.o Wet Top 680 * 122 7 ,200 3.09 0.037 98.8~) 2.26 6.5 200 
Blast 
Exter· 
nally 
heated 

8 Hot 13.4 Wet Top 500 * 131 9,200 4.65 0.062 97.0 6.17 3.5 138 
Blast Plus 

Waste 

* No data available. 

** Pressure loss inclusive connecting pipelines. 



TABLE 18-11 . 

curoLA DUST IID40VAL INSTALLATIONS WITH FABRIC FILTfl81 

Dust Content 
Before After 

Gas Tem11erature Gas Qµantity After Fabric Fabric Dust 
Mel ting Dust Pressure Cupola ~·n ter Filter Before Filter Cupola Filter Filter Collection Discharge 

Furnace Rate Removal Drop Exit Inlet Exit scfln Grain/scf Grain/scf Grain/scf Efficiency in Atmospher• 
No. -~ i'!L!!!:L Plant In. W.G. -1.:..EL -1.:..EL -1.:..EL sc1"' ~ !!!l'. !!!l'. D~ (~) (lblhr) 

Cold 5.0 Waste gas 4 1,380 446 230n 8,400 4,500 * 1.19 0.0015 99.83 0.073** 
Blast cleaning 

closed glass 
fabric filter 

2 Hot 33.0 Top gas About 14 930 390 248 Approx. 7,300 3.52 2.84 0.041 99. 75 0.530 
Blast cleaning in. W.G. 13,000 

{part of filter 
gas quanti- plus 
ty) closed pipeline 
glass fabric 

VI filter 
w 3 Hot 17.6 Waste gas 3-6 1,830 480 * CS,000 38,000 * 0.35 * 99.0 
a> Blast cleaning, 

open glass 
fabric filter 

* No data available. 

** Before cleaned gas measuring point after fabric cleaner, approxim~tely 1,200 ocl)o false air was drawn in. 



18.5.5 Wet Scr~bbers 

. Various types of wet scruboers are widely used for co~trol of 
c~pola emissions.§/ The so2 content of t~e cupola waste ~ases must be con
sidered in designing a vet scrubber system. It is often overlooked that it 
is not sufficient to ne~tralize the scrubbing wa.ter to a pH value of 7 so 
that it enters the scrJbber in a neutral state. ~ acidic reaction occurs 
after it contacts the cupola waste gases and a serious corrosion dar.ger 
exists. The wash ~ter thus should be adjusted to a p~ of 9 so that in 
the gas -washer itsel~ the acidic range is not reached. 

Although the wet-scruoter systems absorb some of the so2 from the 
waste gases, the oder of S02 may be more perceptible than with ot.~er collec
tion systems beca~se wet scr~bbing lowers the temperature of the gases 
which caw;es a decrease in plume rise.~ The carbon content of tne d~st makes 
wetting more difficult and th~s puts higher requirer.ients on wet scrubbers. 

Wet scrubbers pose the proble~ o~ sludge removal a.r:d potential 
water pollution which must be taken into accour..t in computing the cost of 
this type of collector. 

Wet caps have been in con:r.on ~e on c~-pola gases but these only 
remove tbe coarser :particles and are ~sually not adequate ~or co~pliance 
with local codes. 

18.5.6 Dry eyclones 

Centrifugal d--.ist collectors are used in many ways in the fo:mdry 
industry. They ca~ function satisfactorily up to temperatures over 800°F. 
They 8-!'e used for cupola waste gases provided the fine gra:in proportion in 
tbe cupola dust is not too hig~. The collection efficiency may run 80-9Cf/c. 
However, the raw gas dust content and its particle size distribution should 
be determined by measurement to asce~~a:in tbe efficiency that can be ex
pected for ar.y specific application.~ The results of five tests on d~~fer
ent installations using dry multiple cyclones are given in Table 18-5 • .!/ 
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CF.A.Pl'E:R 19 

SE:'.:ON'DARY NONFER.."qOUS ME'fALS INDUSTRY 

19.1 INTRODUC7ION 

The secondary nonferrous smelti!lg and refining industry comprises 
establishr:lents primarily engaged in recovering nonferrous metals and alloys 
from scrap and dross. The secondary nonferrous industry, as used here, will 
include copper, lead, zinc, and alu.~inu.~ recovery. Copper, incli..;.ding brass 
and bronze alloys, and lead production from secondary smelters account for 
about 50% of the yearly total production of these metals in the Jnited 
States.Y 

The nature of furnace operations in this industry is such that 
e:nissions vary widely during the cycle from charging the scrap to pouring the 
~elt. Peak emission surges occur in nearly all the furnace operations. 'lbe 
principal emission from the secondary copper, lead, zinc, and aluminum indus
tries is particulates--smoke, dust, and metallic fumes. &tall a.!ll.Ounts of 
sulfur oxide may also be evolved. Table 19-1 summarizes particulate emis
sions from the secondary nonferrous ~etals industry. 

The production processes, particulate e:nission sources, particu
late emission rates, effluent characteristics, and control practices and 
equipnent for the secondary copper, lead, zinc, and. alUl!linum indc:.stries are 
~iscussed in the following sections. 

19. 2 SEcor."DAF.Y COPPER SMELTING AKD ?.EFINING 

Obsolete domestic and industrial copper-bearing scrap are the ba£ic 
raw materials for the secondary copper industry. The overall industry is com
posed of many groups, including dealers, collectors, foundries, ingot makers, 
and smelters. Scrap as received is frequently not clean and may contain any 
number of metallic and nonI!letallic impurities. These impurities can be re
moved by mechanical methods, heat methods, or gravity ~eparation.!/ 

A number of types of furnaces are used for the melting, smelting, 
refining, and alloying of the processed scrap metal. Reverberatory, rotary, 
or crucible furnaces are used, depending on the size of the melt and the 
desired alloy. Processing is essentially the same in any furnace except 
for the differences in the types of alloy being handled. Crucible furnaces 
are usually much smaller, whether electric or nonelectric, and are used 
principally for small quantities of special-purpose alloys.!/ 
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19.2.l EX.ssion So·.:rces and Rates 

Err.issions that may contribute to atmospheric pollutior. are re
leased from various operations in seconda!'y copper smelting and refining. 
Included are the handling ar.d concentrating of raw materials (i.e., scoop 
processing); the burning of oil, grease and insulating materials; the re
fining and concentrating of low-grade scrap ar.d metallurgical wastes in a 
blas: furnace; plus the firing up, charging, alloying, and pouring opera
tions con.~ected with the furnace. 'Il:.e types and ranges of emissions depend 
on factors such as fuel, composition, and melting temperature of the alloys, 
types of' furnaces, and operating factors such as methods of charging, melt
i:i.g, refining, re~oving slag, adding alloy metals, and pouring. 

Individual eniss~on sources in the various operations mentioned 
in the prcced~ng paragraph are discussed in more detail in the following 
sections. 

19.2.l.l Scrap Processing: The ~echanical methods of processing 
scrap ca::;.se few or no pollutant problems, while pyrometallurgical processes 
all crea~e air pollutants to some degree. 

Sweating is carried out at med:!.um ten:.peratures to remove low
mel ti~g-po:!.nt me~als such as lead, solder, a.~d babbit J'lli:!tal from radiato~s 
and other scra;. Metal ~c10e losses are very low, but fume and combustion 
prod~cts of a!ltifreeze residues, soldering salts, and hose conr:ections may 
be relea.sed.g/ 

3urning also removes insulation t~at was not mechan~cally 
stripped from wire or cable. Source tests indicate tha~ uncontrolled emis
sions can be a dense black smoke containing pa.rtic~late matter in concen
trations as large as 29 grains/scf at 121> co2 .U 

A heated rotary kiln is often used to vaporize excess cutting 
fluids from machine shop chips or borings. This drying operation creates 
considerable amounts of hydrocarbons. The nature of the combustion process 
that eliminates these hydrocarbons will determine whether fumes and soot 
escape or whether emissions are clean and fully oxidized. The vaporized 
fumes must be burned in afterburners to oxidize the hydrocarbons and pre
vent air pollution. 

The blast furnace (or cupola) produces a concentrated product 
called ''black copper" or "cupola melt'' from low-grade materials such as slag 
and skimmings. The product actually has variable proportions of copper, 
tin, lead, zinc, nic~el, and other metals. 'l'he charge is introduced.at 
the top of a vertical furnace, along with coke for fuel and a reducing agent, 
plus linestone or other materials for fluxing. Slag and concentrated alloy 
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a!'e tapped near the bottom of the furnace. Slag is often tapped continu
ously while metal is obtair.ei at intervals. A large volume of air is in
troduced through tuyeres spaced around tte periphe!'y of the ~J.rnace. ?em
peratures in the smelting zone are sufficient to reduce oxides to molten 
metal. ':'hese temperatures drop rapidly while the gas rises through the 
charge material to the top of the furnace. The particulate matter a.r..d 

gases emitted from the blast furnace are likely to be rather variable be
cause of the large variety of scrap, slag, skinnnings, and spills tl:at are 
processed • .!/ 

19.2.1.2 Smelting and Refining: Direct-fired (or open-flane) f·..:.r
naces such as reverberatory and rotary types will produce larger concentra
tions of zinc oxide fume than will indirect-fired furnaces such as crucibles 
ar:d e:ectric-induction furnaces. 

Since the hot, high-velocity combustion gases co:ne into direct 
contact with the metals in the charge, metal losses are high when there 
is an appreciable proportion of zinc in the alloy. 'Ibo direct-fired type 
of furnace is often more difficult to hood effectively. Except for t!:le 
physical arrar~ements, however, the actual s~lting and refir.ing that 
produce tigh-quality ingots are sireilar in both direct-fired and indirect
fired f".rrnaces. 

A number of fa~tors in ~u.rnace operation can affect tte type and 
quantity of emissions. P.mong these a.re the type of fuel used, control of 
air-fuel rat:os, control of tempera~ures, the order of adding metals to 
the fur~ace, provision of proper slag cover, and good housc~eeping in the 
fur:: ace fil'e a .1/ 

19.2.1.2.1 Heatins: Fuel used in the various furnaces can have 
i..mportant effects on the types of emissions from the plants. Electric 
~~maces do not add any objectionable emissions and, what is more important, 
they do not have the effects of hot gases sweeping across the surface of the 
melt. Indirectly heated fu:rnaces also avoid this sweeping effect. 

The choice of oil or gas as a fuel is usually made on the basis 
of lowest cost for a given heat content, but gas is often more trouble-free, 
both in minimizing pollution and in maintaining proper conbustion conditions. 
When oil is used, very careful control of the air-fuel ratio is necessary 
to reduce pollutants such as soot, smoke, and unburned fuel particles to a 
mini.Ir.um. 

19.2.1.2.2 Charging: The type and condition of the scrap raw 
material are factors that ir,ay affect the rur.ount and character of each emis
sion. Scrap that is oily, greasy, or dirty rr:ay have these contaminants re
moved by preliminary treatment, or the openitions rray be done directly in 
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the main furnaces. In either case considerable Sffioke e:n.issions are apt to 
occur. With combustion there will be emissions of the normal products of 
co~bustion plus unburned hydrocarbons, fly ash, and dust in the stack gases. 
When the scrap material being used has relatively large proportions of low
volatility constituents such as zinc, metallic oxide fume will be in the 
stack gases of the furnaces. 

During the charging cycle, e~issions are also dependent upon factors 
such as location of the charging doors, the percentage of volatile alloy con
stituents (principally zinc), a.~d upon whether the entire charge is made at 
the beginning of the heat or at intervals during the melting stage. Over
head charging doors in reverberatory furnaces will permit large losses of 
hot gases, fly ast, and fume into the plant when charges are loaded at 
intervals during the heat. Effective hooding of overhead charge doors 
poses difficult problems because of the necessity of providing access for 
loading equipment into the space between the charge door and the hood. End 
and side doors are not as vulnerable to the loss of furnace gases, especially 
end doors that load the charge in the direction of the induced flow of the 
furnace gases. 

Some of the greatest air pollution problems occur during charging. 
It is physically difficult to place the entire charge into the furnace at 
one time. Later charges are, therefore, added to molten metal, and the 
co~bustible mate~ials (and plain dirt) are emitted in tre~endous bursts 
that are almost impossible to burn completely or even to contain within tte 
capacity of the collection system.~ 

19.2.1.2.3 Melting: Afte~ material is charged, all doors and 
openings of the furnace are closed. Burners are set to maximum efficiency 
for fastest melt-down and superheating of the molten metal. Supplemental 
oxygen may be used at this time. Excessive fuming may occur whenever zinc 
is present or combustible contaminants are present in the charge. The lat
ter may include items such as grease, oils, and rubber. Much of the combust
ible emissions may be controlled by proper draft regulation and burner set
ting. The lack of uniformity in scrap, however, makes this control diffi
cult. 

19.2.1.2.4 Refining: Refining, a chemical process of purifica
tion, is that cycle of the heat in which impurities a.~d other constituents 
of the charge, present in excess of specifications, are reduced or removed. 
Many different processes are employed to bring the composition of the melted 
scrap within permissible limits. Refining methods vary with the type of 
furnace, the type of alloy being produced, the condition or availability of 
different types of scrap in the charge, and the experience and opinions of 
the personnel involved. 



The chemicals used in refining, commonly termed fluxes, may be 
gaseous, liquid, or solid. By far the most extensively used gas for refin
ing is compressed air (oxygen). Blowing air into the molten bath of metal 
causes a selective oxidation of metals in accordance with their position 
in the electromotive series. Iron, manganese, silicon, and aluminum a.re 
high in the series and a.re, therefore, oxidized in preference to copper, 
tin, and other metals. Part of the zinc is oxidized, but this is an unavoid
able loss. Below certain concentrations, the undesirable metals are oxidized 
simultaneously. Solid fluxes as a whole do not contrib~te to air pollution, 
except in releasing impurities that must be removed from the alloy in one 
way or another. Flux covers, which a.re eventually skimmed off, have a gen
erally beneficial effect on the quality of stack emissions by preventing 
excessive volatilization losses. Some of the more common flmces a.re broken 
glass, charcoal, borax, sand, limestone, iron scale, soda ash, and caustic 
soda.Y 

19.2.1.2.5 Alloying: Mod:'._fication of the alloy during the heat 
by addition of virgin metal or specialized scrap may lead to an increase in 
fume emission. Excessive formation of fume becomes greater as the percent
age of volatile const~tuents increases. Owing to its very low boiling point, 
zinc is the most serious problem. 

19.2.1.2.6 Pouring: Physical methods of pouri!lg the molten alloy 
into molds vary. The furnaces may be tapped directly to a moving, automat
ically controlled mold line, the alloy sometimes ~illing one or more molds 
at once and then being shut off while a new set of molds moves into position 
on the endless conveyor. In other variat~ons, the metal is tapped from the 
furnace into a ladle, which should have a slag cover, especially for high
zinc alloys. Tl:e molten alloy is then moved to a mold line, which may be 
movable or stationary. 

Metal-oxide fumes are produced as the hot molten metal is poured 
through the air, even over these short distances. Other dusts may be pro
duced, depending upon the type of linings or coverings associated with the 
mold as it is filled with hot molten metal. 

19.2.1.3 Summary of Emission Rates: Table 19-1 sun:unarizes emission 
rate data for the various sources in the secondary copper-production cycle. 
Materials-preparation processes account for about 7CJ1, of the particulate 
emissions. The wire-burning step of the materials preparation emits about 
41,000 tons/year. Emissions from smelting and refining furnaces total 
about 17,000 tons/yea:r. 
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19.2.2 Characteristics of Effluents 

The chemical and physical properties of effluents from secondary 
copper producti::m are summarized in Table 19-2. The metallic fumes emitted 
from the smelting and refining furnace are submicron in size. T:~e fumes 
also readily agglomerate, and the ex..~aust plume is usually opaque. 

19.2.3 Control Practices and Eq;,;ipment 

19.2.3.1 General Control Practice: Air pollution control practices 
for the secondary nonferrous metals industry were investigated in a 1969 
study done by the U. S. Department of Commerce.§/ 'Wh~le the study did not 
pertain solely to secondary copper, the results will be summarized in this 
section for convenience. 

19.2.3.1.1 Ba.ghouses: Most smelters observed had completely dry 
collection systems. Water quenching was not used; instead, outside air was 
mixed with the hot flue gases.Sf T"nis latter procedure has the drawback of 
requiring a design to accoI:lID.odate not only the furnace flue gas, b11t also 
the volume of o.:.tsid.e air injected into the system. In addition, there is 
considerable fire hazard. The hot flue gases are o~en deficient in free 
oxygen, and if the furnace charges contain oily scrap or other combustible 
materials, ad!nission of OX'/gen-rich outside air can cause low-order explo
sions ani fire.§/ 

Of t~e 23 plants considered in the Con:merce Department study, 
e~ght had efficiently functioning dry baghcuse systems. Cne had an equiva
lent system b:J.t used some water as a gas cooling spray before the baghouse. 
Most of t!'iese plants were brass or bronze ingot producers and lead sm.elters. 
~n addition to baghouse systems, and at other plants, small modular bag
houses of simple desig!1 are used to filter gases and in-plant air from ducted 
hoods over kettles, furnace charging doors, open hearths, and slag melt draw 
points .§.I 

19.2.3.1.2 Electrostatic precipitators: Electrostatic precipi
tators are used to clean f·.irnace flue ga.ses. This system of gas cleaning 
is effic~ent when properly designed and engineered for the individual plant. 
Collection efficiency drops 'When residence time is insufficient. Surges in 
furnace flue gas volume cen easily cause too short a residence time unless 
equipment is designed for capacity to accanmodate peak volumes and peak 
loading of flue gases. Efficiency is also temperature sensitive owing to 
the relation of temperature to resistivity.~ 
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TABI3 19-3 

ELECTRICAL RESISTIVITY OF COLLECTED BRmZE Y~ 

Water Content 
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6 
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(Laboratory Measurements) 
Tempera tu.re · 

(OF) 

280 

330 

380 

430 

480 

411 

Resistivity 
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5 x 10 



~ 
I-' 
I\) 

1013 

~ 
1012 

u 

r""\ 
\ 

I IW 

~ 
:J: 
0 

>-
1011 

I-

,.~ 

\ 
> 
..... 
Vl 

Vl 
I \ 

w 1010 0:: 

z "' '\ 
w 
0:: 
<( 
a.. 
a.. 

109 < " "' "'- ... 
............. 

0 200 400 600 

TEMPERATURE °F 

* Figure shows percent water vapor by volume. 

Figure 19-1 - Apparent Resistivity of Zinc F\lme.!.Y 
from Slag fuming Plant 

As function of temperature at 1.3% moisture 
content by volume 
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As function of temperature at 1.3% moisture 
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19.2.3.1.3 Wet scn.4bbers: Five of the 23 plants considered in 
the Commerce D?partn:er..t study !lad a wet scrubber as the rna~ or component of 
their flue gas cleaning system. Three were alta:linUlll alloy ingot producers, 
one a zinc renelt alloy shop, and one a producer cf brass ar.d bronze ingots. 
The wet scr~bbers are best applicable to cleaning furnace gases with low 
:Pa:::-ticula~e grain loading but nigh lrding of soluble gases and mists such 
as hydrochloric and sulfuric acids.~ 

The packed tcwer is a popular wet-scrubber design in use in tl:e 
secondary nonferrous metals industry, particularly in aluminum plants where 
chlorir.e is used to purge rr.agnesium from the furnace melt. The scn.i.bber 
towers may be constructed by using a steel shell suitably lined with rubber 
or acid-resistant brick to isolate the shell from the highly corrosive gases. 

19.2.3.1.4 Incinerators and a~terburners: Most grades of scrap 
rr.etal req~ire incineration of attached foreign nonnetallic constituer..ts 
before smelting and refining. Insulation on wire is a i:ajor conta:ninant 
which is usually removed by incineration. Generally, the inci...~erator oper
ating terr.perat~re n:us~ be :maintained high enoueh to either bun: or volat~l
ize t!le contan;ir.ant and low enough to prevent excessive oxidation of the 
rie~a1.§/ 

Copper wire scrap, with its various ki!lds of i:1sulation, sometimes 
nresents incineratior: problems. =·~echanical stripping of fine gauge wire is 
being done at sorie plants, thereby obviating the need for incineration. 

3u~ing of copper wire to free the copper from insulation sheaths 
of Flastic, r~bber or paper is most efficiently done in a two-stage incin
erator. In the prirrery chamber the temperature is maintained hot eno~gh to 
support co1nbustion of the insulation but low enough to prevent excessive 
oxida~ion of copper. The only partly burned hydrocarbons escape in a sooty 
gas strea:rr. ir.to a secondary chamber equipped with an afterbu::ner. Very 
tot temperatures and an excess of oxygen convert the hydrocarbons to C0:2 
and ~c. 

Polyvinyl chloride-coated wire presents an incineration problem. 
The PJC is fire resistant and it resists ro rma1 incineration methods. 
Furthe:n:iore, combustion of ?VC liberates chlorine which ccanbines either 
with water vapor to forn:. hydrochloric acid or with metallic elements in the 
scrap to form ~armful metal chlorides. Phthalic anhydride is also generated 
by burr.ing polyvinyl chloride. To prevent the escape of noxious components 
through the flue, combustion gases must be passed f:rom the afterb:irner cham
ber through an additional packed wet scrubber. The resulting effluent is 
neutralized with sodium hydroxide or other chemical base. Obviously, dispo
s:tion of the scrubber effluent could cause water pollution problems • .§/ 
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Scme otter coatings on scrap oetal have conposi~ions that require 
special caution during incineration. Teflon contai~s fluorine, and unreg
~lated bun:ing of Teflon-coated scrap releases toxic gaseous fluorides. A

71 
source of white s.~oke is silicon rubber, which bu!Tls ~1th release cf Si02 .2t 

One of the deficiencies of air pollution control equipment in 
secondary nonferrous metals plants is in the afterburner :inits on inciner
ators. Mar:y do n'.:lt have tte precise temperatare control needed for complete 
coob~stion, and it seems doubtful that the design features insure adequate 
iliixine of the tot gases with proper quantities of oxygen from the air. 
A:-"other possible fault in :many afterb~rner designs is the failure to pro
vide sufficient retention tilr.e of the hot gases for~ <;oI:Jbustion in the area 
of appropriate temperature and oxygen availability • .§/ 

:2xpcrimental testing of a Peabody scrubber operat~ng at a total 
gas pressure drop of 43 ir.. w.g. showed dust collection efficiency of 94.5% 
for an incinerator b'..1.rni.."1g insulated copper -wire ( eq:.i.ipped with an after
burner) .1/ 

19.2 .3.2 Specific Control Practices for Secondary Cop;per: 'I'he 
princiFal so'..1.rce of a~mospheric eoissions in tte b:ro.ss- ar.d bronze-ingot 
ind'..1.stry is the refining furnace. The exit gas from the furnace -:ray con
tain the r.o:::r:ial con:.bustion products s-....ch as fly ash, etc. 3ecause zi::c is 
a rr~jor low-~oilir..g-point constituent, appreciable amounts of zinc oxide 
are ncr:::nally present in the exit gases also. 

?..u::les and dust from the blast furnace or cupola are similar tc 
tr.osc ~rom ingot furnaces. A common practice is to direct these fu.;r.es to 
tr.e san:e collection device used for ingot :'urnace emissions. A dry inertial 
col1ec"'.:or frequently precedes a bagtouse in order to re!:love the large abra
sive :particles, but high-efficiency parti~·-;late collection equip!:lent is 
r:ec·2ssa.ry to remove '!:.he fine paxticulate .11 

Hoodi::lg a rotary-tilting-type rew:rberatory furnace for complete 
capt::re of f'.l:::lcs is difficu~t, and complete collection is seldo~ achieved. 
r~esc furnaces are undoubtedly the most difficult type of brass furnace to 
con::rol. 

Capturing the a.i~st-laden gases generated during charging and pour
ir.g o~erations is particularly difficult. One reverberatory furnace i~

stal:atior., using top charging, is covered by a 12 ft. x 24 ft. hooa with 
ar.. air intake capacity of nearly 40,000 c:f':n. This size is still sometimes 
ir..s:ifficier.t to capture all the emissions.!/ 
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The only air pollution control equipment to receive general accep
tance in the brass- and bronze-ingot industry is the baghouse collector. 
Recent NAPCA data indicate that the concentration of part:culate matter 
escaping bagtouses ranges from 0.006 to 0.036 grain/scf, and operating 
efficiencies were generally between 95 and 99.6%. Filter ratios of 2.0 to 
2.7 cfm./sq ft and pressU!'e drops of 2 to 6 in. of water are usually enco'J!l
tered.l/ 

'Ibe cooling of gases prior to filtration is a major engineering 
design consi1eration to prevent burning of the bags and to maintain the 
gas above the condensation temperature .Y The gases leaving a reverbera
tory furnace may be 100° to 200°F hotter than the molten metal and must 
be cooled before reaching the filter cloth. Direct cooling, by spraying 
water into tte hot combustion gases, is not generally practiced because 
(1) corrosion of ductwork and equipment increases; (2) vaporized water in
creases exhaust gas volumes; and (3) temperature of the gases in the bag
house must be kept above the dewpoint. Water-jacketed coolers and radia
tion convection coolers a:re used to cool tte gases without water-injected 
sprays,§./ 

l'be baghouse designs must take into account the variations in 
:emperature, gas volume and emissions during the entire refining cycle so 
that plant operations may be continued at full capacity under any conditions. 
The baghouse stould have a sufficient number of compartments so that one 
compartment can be bypassed while the others continue to operate and thus 
permit replacement of broken bags or allow for unusual cleaning require
:nents. The use of four compartments norttally satisfies this requirement.±/ 
~aintainir.g duct velocities of 2,500 - 3~000 ft/min is desirable to m~nimize 
buildup of dusts in t~e duct. 

Table 19-4 shows the results of tests performed on bagt.ouses vent
ing brass furnaces. Larger baghouses are necessary for crucible gas-fired 
furnaces because of the heat end volume of the products of combustion from 
the gas burners.§./ A summary of information on baghouses f'or brass and 
bronze furnaces is given in Table 19-5.Y 

While baghouses have been found to be the most successful device 
for collecting large quantities of zinc oxide, there has been no universal 
acceptw:ce of a particular filter fabric. These fabrics must be able to· 
wittstand f'airly high temperatures in spite of the dilution and precooling 
of gases. 'Ibey must also withstand considerable physical abuse and vibra
tion. The use of glass fabric in bagbouses allows higher temperature opera
tion (550°F continuous) than the use of synthetic organic fabrics. However, 
the inherently low mechanical strength of glass fabric requires cleaning 
methods of a lower intensity than the mechanical shaking methcds used with 
the synthetics.!/ 
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TABLE 19-4 

BRASS-MELTING FURNACE AND BAGHOUSE COLLECTOR DATp§} 

Case 

Furnace data 
'fype of furnace 
Fuel used 
Metal melted 
Composition of metal melted, 
Copper 
Zinc 
Tin 
Lead 
Other 

Melting rate, lb/hr 
Pouring temperature, OF 

Slag cover thickness, 
Slag cover material 

Baghouse collector data 
Volume of gases,cfm 
'fype of baghouse 

Filter material 

in. 

Filter area, sq. ft. 
Filter velocity, ft/min 

'f., 

Inlet fume emission rate, lb/hr 
Outlet fume emission rate, lb/hr 
Collection efficiency, 'f., 

A 

Crucible 
Gas 
Yellow brass 

70.6 
24.8 
0.5 
3.3 
0.8 

388 
2,160 

1/2 
Glass 

9,500 
Sectional 
tubular 

Orlon 
3,836 

2.47 
2.55 
0.16 

93. 7 

~/ Includes pouring and charging operations. 

B 

Crucible 
Gas 
Red brass 

85.9 
3.8 
4.6 
4.4 
1.3 

343 
2,350 

1/2 
Glass 

9,700 
Sectional 
tubular 

Orlon 
3,836 

2.53 
1.08 
0.04 

96.2 

c 

Low-frequency 
Electric 
Red brass 

82.9 
3.5 
4.6 
8.4 
0.6 

1,600 
2,300 

3/4 
Charcoal 

1,140 
Sectional 
tubular 

Orlon 
400 

2.85 
2.~ 
0.086 

96.0 

induction 



TAB!.£ !~-'.. 

BAGHOU'.iE !Nf'OllMJ\TION :;UMMAHY BH.A!i:3 Al/IJ BHONZJ.: l!IGOT rn:;nru·1~ 

1yP<• :lfld ...i1J:I' al Muterinl Collected in Bae;hou51!s f'requcnc·y 

No. of Aaf;S - Boe F'l!r08t•\:J V··11l<!J U1(lon 1.0/'ion or 111>1'. 
st'ze of Beghouse 1 cl'lll Di amc ter 1 Jn, MntR.rial to the D<i~house Charged Pr<..iduc:ed i ZrtO ~ PbO Replaceme..!!.!: 

2 units - ?4 ,ooo each (design) 1,944 - 6 Orlon on<l ? Rc-v-GO tons/ht each :,a 67 G3 8 18 months 

18,000 (actual) dru.:ro11 ~' Hot-2 tons/ht each 
4 ~;lec-1 nt 4 tono/ht 

3 nt 1/2 ton/ht 

3 units - 13,ooo each (<lesien) 2,260 - n:n·ron 2 HPV-&J tons/ht eu~h f,O f.ll 18 7 .5 10 to 15 
Hot-4 tons/ht each months 

Cupoln 

10,000 <"fm ( de"ign) JOO l!..i Glas:> RndiuLor swentcr 

27 ,50Cl (<leoicn) '·:-'4 A Orlon nnd 4 Bev-GO tons/ht each 4 months 
18,0UO ( ncluaJ) d"J<'ron 

.~,ooo (<l<>oign 520 A Or Ion and :I f{t1t-1 tons/ht each r.o!d eu!Y 1~·21 o'.!/ 6 i:nonltt~ 

1'9,000 (actual) .J:1ero11 

?i~O - ~ Orlon N(1 !'low diur,rn.m pro- 12 months 
vich~d; equipment 
1 uyou t not 
B.!;ccrlf1innbl~ ,,. ..... 9()() Or Ion 

-.J 
~. Ht•v-:.o- 1:, 

t.'DCh 

tons/ht !;s NR 58 12 month:; 

l Rot-lU tono/ht 

Squere-fil ter type 400 10 Orlon Cu pol n NR NR 65 ~' to 6 6 months 
2G,000 (deSi(lll) 2 Ht•v-AO tons/ht each 

Hot- 1-1 /2-:'s 
tons/ht r.rtch 

ltlltiple-bog typ<, 1,::-00 - 01·!1.m No flow Ji <'Cr om pro-
vidt>d; layout or 
.·quipr.x'n 1 nut 
a~cert.oina\.11.• 

cu s lom-dC' s i gnetl 4 lG - w Wool Ht•V-2- 7~i Lons/ht each NH NH !..i!i NII 51 months 
l.c ,500 c rm/ d11vnbt• r :' Hot-:'. I ton::./hl carh 

(No. or chHmlJers not 3 Cruc i Ul1!-0 ,;):> 
reported) tons/ht en1·h 

ElPc-3 t.on,;/ht 
Gu pol ti-no Lonnugc 
repor l<•d 

30,000 (design and actual) 1,200 ~ Orlon 3 HP.v-?-30 tons/ht each 

- J.:> lori.:;/ht each 

so,ooo (design !llld nelunl) 800 - e u~· 1011 ritug- lS-£.•~, tons/ht NH rm rrn NII 12 months 
each 



Electrostatic prccipitators and wet scr-~bbers have not proved 
entirely satisfactory on lead and zinc ful:'les from brass and. bro:ize furnaces. 
:c~d oxide ir. particular is difficult to collect by electrostatic precipi
tatcrs because of its relatively hig~ resistivity. In addition, high-voltage 
precipi ta":ors have not been available in small uni ts suitable for small non
ferro-:Js fo:mdry use and the first cost may, :noreover, be prohibitive.§/ 

A number of dynanic and static scrubbers have been tested on brass 
fu:rnaces a.'1.d all have been found. unsatisfactory. The scrubbers failed to 
reduce the pa.rticu:ate matters su:t'f:'..ciently and opacity was excessive. 
7"ese scrubbers were replaced by baghouses.§/ 

'.L'he Co::n.~erce Depa:rtment study also reported. cost data for air 
pollution control ir. the secondary nonferrous :netals industry. TI:e average 
operating cost, for ~r..ree dissimilar syste~s, was about $0.60/yea::: per c~ 
of capacity a.~d rar.ged from $0.36 to $l.07/year per cfm. Si~ce some lar8er 
plants have afr-cleanir.g equipoent wi<;t a capacity to tree:"!; 150,000 cfm, 
their associated costs of servicing and ~air.tai~ing this equ~p~ent could 
be as rue!: as $120, 000 /year .Y 

~r.e cost of air pollution control as computed in tho Con:n:.erce 
:!:lepartment study of baghouse systems, shown in Table 19-6, averaged. abo'\.lt 
3/4% of the value of ar.nual ship:nents. T.~e study indicated. that these ir.
stalla~ions and operating costs may have the effect o~ rcd~cing net a.fter
tax profits by 8 to lC%. A breakdown of cost find.i::gs is stow:: in Tables 
19-7, 19-8 and 19-9 . .§/ 

The costs repo:rted in the Commerce Department study§/ a.re much 
higher tha.~ the general cost figures presented in Appendix A. For example, 
tte installed cost fer a baghouse ranges from $2.66 to $8.33/acfm as given 
in Table 19-8. However, Appendix A indicates that the average installed 
cost of a bagl:ouse should be about $2.00/acf~ and the highest expected 
cost shou.ld not exceed $3.00/acfre. Also, the operating (and maintenance) 
costs shown in !able 19-9 range from $0.36 to $1.07/acfm which is t!J.ree 
to ten times higher tha.n would be expected on the basis of cost equations 
in Appendix A. 

Other data available on air pollution costs at brass and bronze 
smelters indicate a broad range for installed costs. It is reported that 
a cost of $.5 .00 per cfm might be 11tYJ)ical 11 for an ir.stalleq system, the 
bagtouse its~lf representing about 40% of the total cost.l/ 'lhis installed 
cost agrees with cost data shown in Table 19-8 but, as previously discussed, 
this is considerably tigter than the genera;. cost fig..ires in Appendix A. 
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TABLE 19-5 

Al·P.-JU.AL CCSI OF AIR POLLUTION CON:GOL SY.S'iE>rs§/ 
(Secondary Konferrous Metals Industry) 

Ann'.lal cost as percentage of annual Val';.e 
of shipments 

Mean 
Installed eq~iprr.ent 
Operating and CTaintenance 

!·!edian 
Ins~alled equipffient 
Operating and rr.ai~tenar:ce 

TO'.:::'.AL 

TOT.AL 

Annual per cubic-foot-per-min~te (cf':r.) 
of gas-clean:'..ng capacity (dolle.Ys) 

Mean 

Installed equipment 
Operati~g and ~a:'..ntenance 

Yedi~ 

Installed equipment 
Operat:ng and ma:n~nancc 

TOT.AL 

TOTAL 

5-Year 7-Year 
Depreciation Deprecia~ion 

Bas:'..s is 

0.46 
0 .4.4 

0.90 

0.52 
0.43 
0.95 

0.86 
0.76 
1.62 

0.80 
0.88 
1.68 

0.33 
o,..;4 

0.77 

0.37 
0.43 
G.80 

$ 

0.61 
o. 76 
1.37 

0.60 
C.88 
1.48 

Source: 1968 BDSA survey interview of six plar.ts wit~ installed dry 
bag~ouse systems. 
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TABLE 19-7 

INSTALLED cos·rs OF GAS-CLEANING E~IPMENT SYSTEMS, BY TYPE OF SMELTEI&I 

All nonferrous smelters: 
11 plants 

9 plants 
8 plants.!Y 

Brass and bronze ingot makers: 
5 plants 
4 plants 

Copper producers: 
2 plants 

Aluminum ingot producer 
1 plant 

Lead smelters: 
2 plants 

Zinc alloy producer: 
1 plant 

Cents/Pound of Annual 
Metal Production 

High Low Average 

2.03 0.30 0.97 

1.53 0.50 0.95 

1.35 

0.72 0.30 0.51 

Not available, not compiled separately, or not applicable. 
~ Excludes 2 highest and 1 lowest of 11 plants. 

Cents/Dollar of Annual 
Metal Shipments 

High Low Average 

6.60 0.58 2.67 

3.16 1.25 2.14 

3.06 1.25 2.07 

2.83 

2.00 1.64 1.82 

Dollars/Cubic-Foot-Per
Minute of Capacity to 

Treat Smelter Flue Gases 
High Low Average 

8.33 2.50 4.66 

8.33 4.09 6.23 

4,00 3.04 3.52 

2.50 



TABLE 19-8 

INSTALLED COSTS OF GAS-CLEANING EClJIFMENT SYSTEMS, BY TYPE OF EQUIPMEN.§ 

Baghouses: 
8 plants 
7 plants 
6 plants 

Wet scrubbers: 
2 plants 
1 plant 

Combined baghouse and wet 
packed scrubber : 

1 plant 

Electrostatic precipitators: 
2 plants 
1 plant 

Cents/Pound of Annual 
Metal Production 

High Low Average 

2.03 0.50 1.07 

1.35 0.67 1.01 

0.75 0.33 0.54 

Cents/Dollar of Annual 
Metal Shipments 

High Low Average 

5.08 1.25 2.68 

1.29 

Not available, not compiled separately, or not applicable. 

Dollars/Cubic-Foot-Per
Minute of Capacity to 

Treat Smelter Flue Gases 
High Low Average 

8.33 2.66 5.09 

2.50 

4.84 

4.09 
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TABLE 19-9 

ANNUAL OPERATING COSTS OF GAS-CLEANING EQJI™ENT SYSTEMS, BY TYPE OF SMELTE~/ 

All nonferrous smelters: 
4 plants 
3 plants 

Brass and bronze ingot maker: 
1 plant 

Le ad sme 1 te r : 
1 plant 

M.J.lti-product smelters: 
2 plants 

Cents/Pound of 
~tal Production 

High Low Average 

0.28 0.05 0.12 

0.06 

0.08 

0.28 0.05 0.16 

Not available, not compiled separately, or not applicable. 

Dollars/ Cubic-Foot- Per
Minute Cleaning Capacity 
High Low Average 

1.07 0.36 0.82 

1.07 

1.03 0.36 0.69 



'.Ille costs of maintenance and operation of an air pollution con
trol system have been reported by four smelters at $2.oo, $0.90, $1.50, 
$1.73/ton of ingots produced. These costs include credits for value of 
byproduct material but the amortization of the capital cost of the system 
is not incl~ded . .!/ These operating and maintenance costs are consistent 
with data in Table 19-8.§/ .Again, this is much higher tha.~ would be ex
pected based on general cost equations in Appendix A. 

19.3 SECONDARY LEAD SMELTING AND REFINING 

Reverberatory, blast, and pot furnaces are the three f'urne..ce types 
most commonly used in secondary lead smelting and refining. In addition to 
refining lead, most of the secondary refineries also produce lead oxide by 
the Barton process, 

Various grades of lead metal along with the oxides are produced 
by the lead industry. Ille grade of product desired determines the type 
of equipment selected for its manufacture. '.Ille most common grades of lead 
produced are soft, semisoft, and hard. Ey starting with one of these grades 
and using accepted refining and alloying techniques, any special grade of 
le ad or le ad alloy can be made • 

Soft lead may be designated as corroding, chemical, acid copper, 
or common desilverized lead. These four types are high-purity leads and 
are the products of the pot furnace a~er a considerable amount of refining 
has been done • 

Semiso~t lead is the product of the reverberatory-type furnace 
and usually contains from 0.3 to 0.4% antimony and up to 0.05% copper. 

Hard lead i:; made in the blast furnace. A typical conposition 
for hard lead is 5 to 12% antimony, 0.2 to 0.6t/> arsenic, 0.5 to 1.2\i tin, 
0.05 to 0.15% copper, and 0,001 to 0,01~ nickel.~ 

19.3.l Emission Sources end Rates 

'Il:.e emission sources in secondary lead processing are similar to 
those discussed for secondary copper in Section 19.2.1. The main emission 
sources are the furnaces. The types and ranges of emissions from the 
furnaces will depend upon factors such as fuel, composition and melting 
temperature of the alloys, furnace type and operating factors. Individual 
emission sources in the various operations comprising the production cycle 
for secondary lead are discussed in more detail in the following sections. 
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19.3.1.1 Scrap Pr~cessing: The sweating cf lead fro~ scrap and 
dross is widely practiced. Junk automobile storage batteries supply most 
of the lead. In addition, lead-sheathed cable and wire, aircraft tooling 
dies, type-metal d.rcsses, and lead dross and skims are also sweated. The 
rotary fur:r:.ace, or sweating tube, is usually used when the material processed 
has a low percent of metal. to be recovered. The reverberatory box-type 
furnace is usually used when the percent of metal recovered is high. 

The discharge from a lead-sweating ~.irnace mSiY contain dust, 
fllll:es, snake, sulfur compounds, and fly ash. 7..'lis is particularly true 
when junk batteries are sweated. Il:c battery groups and plates removed 
from the cases cor.tain bit.s of asp:taltic case, oil and grease around the 
terminals, sulfuric acid, lead sulfate, lead oxide, and wooden or glass
fiber plate separators. TI:e organic conta::iina"1ts burn poorly and the sul
fur compounds release S°'2 and S03. ':'he sulfur trioxide is particularly 
troub~esome; whe::'l hydrolized to s~lfuric acid, the acid ~.ist is difficult 
to collect and is extremely corrosive. 

Uncontrolled rota_"'Y lead-sweat ~u.rnaces emit excessively high 
~ua."1ti ties of air contami::'lants. A: though the other types of scrap lead 
and drosses sweated in a reverberatory furnace ere normally muct less 
conte..n:.inated with organic ~atter and acid, higt eoission rates occur 
periodically. 

Blast furnaces a.re used quite extensively in secondary smelting 
of lead storage batteries. Tue lead blast furr..ace or cupola is constructed 
simil~..rly to those used in the ferrous industry. The materials forming 
the usual charge for the blast furnace, and a typical percentage conposi
tion, arc 4.5% rerun.slag, 4.5% scrap cast iron, 3% lir:1estone, 5.5% ccke, 
ana 82.5% drosses, oxides, and reverberatory slags. Ha.?"d lead is cta.rged 
into the c~pola at the start of the operation to provide ~olten metal to 
fill the cruci::,le. !for::ial charges are then added as the nateri.al r:1elts 
dow'T... '::'he limestone and iron flux that floats on top of the molten lead 
retard its oxidation.~ 

19.3.1.2 Rel:lelting, Alloying, and Refining Processes: Pot-type 
~~naces are used for remelting, alloying and refining processes. Remelt
ing is usually done in small pot furnaces, and the materials charged are 
usually alloys in the ingot form, which do not require any further process
ing. The quantity of air contaminants discharged from pot furnaces as a 
result of remelting, alloying, and refining is nr~ch less than that from 
reverberatory or blast furnaces. 

A rather specialized phase of the industry is the production of 
lead oxide. Battery lead oxide, containing about 2C% finely divided free 
lead, is usually produced by the Barton process. Molten lead is run by 
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gravity !'rom a melting pot into a kettle equipped wi "'.:h paddles. 'Ille pad
c.:es are rotated at abo~t 150 rpm, rapidly agitating the molten :ead, which 
is at a temperature of 700° to 900°F. Air is drawn through the kettles by 
fans located on the air outlet side of a baghouse. ~e lead oxide thus 
for~ed is conveyed pneumatically to the baghouse where it is collected and 
delivered by screw conveyor to storage. 

Other lead oxides requiring additional processing but corr.monly 
made are red lead oxide (mi;.i:nurr:, Pb3o4 ), used in the pain: industry, and 
yellow lead oxide (lithe.rage or massicot, PbO), used in the paint and in.~ 
indl,.;.stries. 

Since the process requires the use of a baghouse to collect the 
product, and no other contaminants are discharged, no air pollution control 
sys terr. as such is r.eeded .~ 

19.3.1.3 StL'll:na.ry of E:nission Rates: Table 19-1 sunn:a.rizes 
emission rate data for t!:i.e various so:irces in tl::e secondary lead production 
cycle. Reverberatory :'urnaces account for nearly 75o/o (3,000 tens/year) of 
the particulate e.:nissions in secondary lead production. 

19.3.2 Effluent Characteristics 

'Il:e chemica.':!. and physical properties of eff:ucnts from secondary 
l'.:: ad production are sun::narized in Table 19-2. !·i:tallic fumes etr.i tted from 
:.he f\:.rr.aces are subm.icron in size. Me an diameter is about O .3 µ for "J.r.

ae;c:omerated ~ateria.2_. 

19.3.3 Control Practices and Equipment 

Ir. ger.eral, plants which are engaged in secondary lead smelting 
with either a blast furnace or a reverberatory furnace require an extensive 
systeo for air pollution control. The baghouse has long been considered 
as ~he most acceptable device for collecting lead fumes. The gas stream 
from the smelting furnaces is first passed through a series of water- or 
air-cooled tubes and then sent to a baghouse. The temperature of the bag
house must be kept fairly high to prevent the tar volatiles from condensing 
and blinding the bags. Lime is also added as the gas stream enters the bag
house to help prevent this blinding action. On leaving the baghouse the gas 
stream is discharged to the stack or in some instances f'urther treated in 
an electrostatic precipitator in order to meet local ordinance requirements . .§/ 

Reverberatory furnaces are used in lead-smelting operation. All 
the smoke and fume produced by this type of furnace must be collected and, 
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since they are combined with the products of combustior., the er.tire volume 
enitted from the furnace nr~st pass through the collector. Baghouses have 
been found to operate satisfactorily in this service. Provisions should be 
made to prevent sparks from contactir.g the filter cloth and temperature 
~ust be controlled by preceding the baghouse with radiant cooling duc~s, 
water-jacketed cooling ducts or other suitable devices. Dacron bags are 
being used successfully in this service. Test results of secondary lead
smelting furnaces venting to a baghouse are shown in Table 19-10.§/ 

One of the largest secondary lead smelters in the U, S. uses 
fiberglass bags for f'ur.1.e collection, at higher than 400°F, of conbined 
effluent from a reverberatory fu:::-nace and a lead blast furnace. The 400°F 
filtering temperature was desired to eliminate deposition of organic tars 
on t:'1c bags .V 

:he control system for a lead blast furnace is simile.:!' to that 
er.iployed for e-,rey-:'..ron cupola furnaces. Electrostatic precipi ta tors are 
:::.o:~ use'.'.: for economic reasons. Moreover, difficul "!:ies can be er:ccuc,tered in 
conditioning the par:.icles to give them resistivity charE>Cteristics in the 
r'.3.Ilge that wi:l al:ow efficient col:ection.§/ 

In the refining and alloying of seccnda.'j'" lead the air poll:ltion 
prob:cn:s are not as complex as those arising from the s:nelting of lead 
scrap. The fUJI:.es produced can be effectively treated by collecting them 
from the kettle hoods with a flow of around 200 cf~ and passing ~hem 
through a bagho:ise .1Q/ 

Available de.ta on control equipme!'lt costs are presented alor.g 
wi~t the data for secondary copper in Section 19.2.3.2. 
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DUS : MT FU!·:L :;m~s:cNS FROM p SECO:l:lARY IZAD- SME::r:r:G FUFH:AC~ 

:est :ll:.ml:er 

:y-;:c cf :~~rnact: 
l·1· . ..: l '..lSej 

''.:· . .:?rial =haree:i 
P:-::~ess ,;e'...o;h-:., lb/ti' 

:yF~ o!' :-ontro. equ:p~nt 
?i: ter !"!".ateria: 
Fi:.te~ Rr•:-e, s'.l. :"t. 
FLter veloc:..t;·, :·t/mir. at :'127"F 

:;-..;.$: and fume Jet.a 

Ga.; :-:o~ rc:te, s-:fm 
Furr.ace ~:1tlet 

E ~g::ou.s~ c·l tle: 

.E\:.rnsce c·.ltlet 
Bagho:;.se ou:let 

Concant~at:.on, g~t:.ins./sc:" 

F\.irr:ace out~t 
3sghoi.:.se ou:let. 

LU.Et 9:1C f·.i:r..e eT.i.s.s:.::;1, lb/:-1r

Furnece ou.tlet 
3ag!'101:se o-:..r:: et 

E~ghouse efficiency, ,, 
Bsghouse :gtcr., w:. ~ 

?ar~icle size 0 
1 

1 

to l 
to " 
to :s 
to 4 

to lt 

!J. 

::b:f:..lr corr.r.:o·~l:H1s e:; s0:2, vo:. ,; 
Eagt:o·.ise o·..itlet 

Reverberetory 
tir•tu.re.:. gos 
llattery groups 

2,500 

Sectioned tubul11r beghOllse~ 
I:acron 

l6,000 
0.98 

3,C6U 
io,"oo~./ 

951 
327 

4.98 
0.::3 

130.5 
1.2 

99.: 

U.3 
45.2 
.:.9 .l 
:•>.G 
o.·1 

0.1()'1 

Blast 
Coke 
3attel"'J groups, dross, slag 

2,678 

Sectioned tublar beghouse!I' 
Dacron 

16,c;oo 
0.98 

2,170 
::.3,ooc1/ 

5r,c --
175 

1.2 .3 
·).035 

2?9 

3.9 
98.3 

:3.3 
4!:i.2 
1?. .: 

14 .C· 
8.4 

C.03 

~' ~e same bagho·J.se e.:te!"nately serv·es t:"le re•.rerbera'tory fur:iece a~d the blast f'.ir:isce. 
E) :il~tior. air e;imi-:.~~d to ~ool gas stre!llll. 
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19. 4 SECONDA?.Y ZIKC SME::.':'ING A'.'ID REFINI:VG 

Zinc is nclted in crucible, pot, kettle, reverberatory, or elec
tric-ir.duction furnaces for use in alloying, casting, and galvanizing and 
is reclaimed from higher melting point meta.ls in sweat ~.irnaces. Secondary 
refining of zinc is conducted in retort furnaces, which can also be used 
to rr.anufacture zinc oxide by vaporizing and burning z:nc in a~r. 

19.4.l Emission Sources and Rates 

The emission so~ces in zinc recovery parallel those in the pre
vious secondary processes, and the emissions are influenced by the fuel, 
corr.position and melting tenperature of the alloys, ~nace ~ype, and opera
ting fac~ors. Individual emission sources :r. the various operat:ons com
prising the production c~rcle for secondary zinc ai:e discussed in more de";a:.l 
in the following sections. 

19.4.l.l Scrap Processing: Zinc can be recovered by sweating in 
a ro~!i!'y, reverberator3, or muffle furnace. Zinc-bearing ~aterials fed to 
a sweating furnace us~ally consis~ of scrap die-cast products s~ch as auto
mobile grilles, license plate f'ra'Iles, a':d zinc ski:ns and drosses. 

Air contan:inants released from a zinc-sweating furnace consist 
~ainly of smoke and fumes. The smoke is generated by t.~c inco~plete com
bus~ion of ~he grease, rubber, plastics, and so forth co!'ltained in the 
material. Zinc fumes are negligible at low furnace te~peratures, because 
zi!'lc has a low vapor pressure even at 900°,F. Wit!: elevated furnace -cer.ipera
turcs, however, hea'JY ::'UI'.1.ing ca.n resul::. .2/ 

19. 4.1. 2 Zinc !·felting: 'i.'he melting operatio::J. is essentially tte 
sa:ne in all the different types of furnaces. Zinc to be ~elted may be in 
the form of ingots, castines, flashing, or scrap. Ingots, rejects, and 
heavy scrap are generally melted first to provide a molten bath to which 
ligtt scrap and flashing are added. After sufficient netal has been melted, 
the bath is heated to the desired pouring temperature, which may vary from 
800° to 1100°F. Before pouring, a flux is added and the batch agitated to 
separate the dross accumulated during the melting operation. 

Tue discharge of air contBilinants from mel 'ting furnaces is gen
erally caused by excess:ve temperatures and by the melting of metal con
tar.:iinated with organic material. Fluxing can also create excessive e~is
sior.s, but fluxes that clean the metal without f'..uning are available.~ 

'Ihe firs~ visible discharge noted from a fur~ace is from organic 
I:'laterial. Before the :nelt is hot enough to vapor:.ze any zinc, accon:pa.'1Ying 
organic material is either partially oxidized or vaporized, causing s~oke 
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or oily mists to be discharged. Ihis portion of the emissions car.. be con
trolled either by removing tbe organic material before the ctargir.g to the 
f·..!rnace or by completely burning the effluent in a suitable incinerator or 
afterburner. 

Normally, zinc is sufficiently fluid for pouring at temperatures 
below 1100°F. At that temperature, its vapor pressure is 15.2 mm. of mer
cury, low enough ttat tbe amount of fumes formed cannot be seen. If the 
metal is heated above 1100°F, excessive vaporization can occur. Zinc can 
vaporize and condense as metallic zinc if existing temperatures and atmo
spher~c conditions do r.ct promote oxida:ion. Finely divided zinc so formed 
is a definite fire hazard, and fires have occurred in baghouses collecting 
this material.~ 

19.4.l.3 Zinc Vaporization: Retort furnaces are used for operations 
involving the vaporization of zinc including (1) reclaiming zinc fron: alloys, 
(2) refining by distillation, (3) recovering zinc from its oxide, (4) manu
facturing zinc oxide, and (5) manufacturing powdered zinc. 

Belgian retorts, distillation retorts, and muffle furnaces a.re 
used as retort furnaces.~ Belgian retorts are used to reduce zinc oxide 
to oetallic zinc. Distillation retorts, used for batch distillations, re
claim zinc from alloys, refine zinc, make powdered zinc, and zinc oxide. 
M.lff:e furnaces, used for continuous distillation, reclaim zinc from alloys, 
refine zinc, and ~ake zinc oxide. 

The Belgian retort furnace is one of several horizontal retor~ 
furnaces that ~~r ma..~y years have been the ~ost colllffion device for tte re
duction of zinc. 'Ille horizontal retort process is now being replaced by 
other methods capable of handling larger vol'Jllles of metal per retort and 
by the electrolytic process for the redaction of z:nc ore.~/ 

Fig~re 19-3 illustrates a 'tytiical Belgian retort. One end is closed 
and a conical-shaped clay condenser from 18 to 24 in. long is attached to the 
open end. 'Ihe retorts a.re arranged in banks with rows four to seven high and 
as many retorts in a row as are needed to obtain the desired production. The 
retorts are generally gas-fired. The air contaminants emitted vary in com
position and concentration during the operating cycle. During charging oper
ation very low concentrations are emitted. The feed is moist, and, therefore, 
not dusty. P~ the retorts are heated, steam is emitted. P.fter zinc begins 
to form, both carbon monoxide and zinc vapors are discharged. 7hese emissions 
burn to form gaseous carbon dioxide and solid zinc oxide. During the heating 
cycle, zinc is poured from the condensers about three times at 6- to 7-hr. 
intervals. 'Ihe amount of zinc vapors discharged increases during the tapping 
operation. Before the spent charge is removed from the retorts, the tempera
ture of the retorts is lowered, but zinc fumes and dust from the spent charge 
are discharged to the atmosphere.~ In addition, the retorts sometimes break 
and tte zinc charge is emitted to the atmosptere in tte corr.bustion gases. 
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Figure 19-3 - Diagra.::n Stowing One Bank of a Be~gian Retort Furnac~ 

430 



The dis tLlat:.on retort f\irnace (shown in Figure 19-4) consists 
of a pear-shaped, graph:.te retort, which nay be 5 ft. long by 2 ft. in 
diameter at the open end and 3 ft. in diameter at its widest cross-section. 
~ormally, the re":,ort is encased in a brick furnace with only the open end 
~rotruding and it is heated externally with gas- or oil-fired burners. The 
retorts are charged with molten, impure zinc through the open end, and a 
condenser is attached to tte opening to rece:.ve and condense the zinc vapors. 
1-£":,er the distillation has been completed, the condenser is moved a.way, the 
residue is removed fro~ the retort, and a new batch is started. 

During the 24-hr. cycle of the distillation retorts, zinc vapors 
escape from the retort (1) when the residue from the preceding batch is 
removed from the retort and a new batch is charged and (2) when the second 
cha:!"ge is added to the retort. JIB the zinc vapors mix with air, they oxi
dize and form a dense c~oud of zir.c -oxide f'wr.es. Air contaminants are dis
charged for about 1 hr. each time the charging hole is open. When the 
zinc is actually being C.istilled, no fumes escape from the retort; however, 
a small amount of zinc oxide escapes from the speise hole in the co~denser. 
Although tl::e emission rate is low, air contaminants a.re discharged for 
about 20 ~r. per day. 

Mlff::!..e furnaces ( si:niler to that shown in Figure 19-5) are con
tinuously fed retort fU!'naces. They generally have a much greater vaporizing 
capacity than eit~er Beleia:: retorts or bottle retorts, and they are opera
ted continuously for several days at a time. Heat for vaporization is sup
plied by gas- or oil-fired burners by conduction and radiation through a 
silicon carbide arch that separates the zinc vapors and the products of 
combustion. ~~lten zinc fro~ either a melting pot or sweat furnace is 
charged. through a feed well tl::at also acts as an air lock. The zinc vapors 
are conducted to a condenser wtere purified liq~id zinc is collected, or 
the condenser is bypassed and the vapors are discharged through an orifice 
into a stream of air where zinc oxide :.s formed. 

kny discharge of zir.c vapor from the condenser forms zinc oxide 
of product purity; therefore, the condenser vents into the intake hood of 
a product-collecting exhaust systere. Since sone zinc oxide is alwa;ys pro
duced, even when the condenser is set to produce a maxir:rum of liquid zinc, 
the product-collecting exhaust system is alwa;ys in operation to prev~~t 
air contaminants from escaping from the condenser to the atmosphere.2/ 

19.4.1.4 St.rmr.lary of Er.lission Rates: Table 19-1 sum:narizes emission
rate data for the various sources in secondary zinc processing. Zinc sweat
ing furnaces account for about 60i of the total quantity of particulates 
emitted in secondary zinc production. 
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19.4.2 Effl~ent Characteristics 

:'he chemical and physical proper~ies of effluents from secondary 
zin::: nroduction are sunur.arized. in Table 19-2. 1~tallic fu~es emitted from 
the furnaces are submicron in size, and range fro~ 0.03 to 1 µ (ur.aeglomer
ated n;.ateria.::). 

19.4.3 Control Practices ani Equipment 

An afterburner should be provided to incinerate the combustible 
~atter dischsrged from a low-temperature sweating furnace. A baghousc 
sho'..lld be used with the afterburner to capture the dust and fumes. Table 
19-11 snows test results for a zinc die-cast sweating oneration controlled 
by a baghouse .~ -

Air pollution control for retort furnaces is ac!.'.lieved with a 
baghouse. Glass bags have been found adequa-:e when gas tel:lperatures ex
ceed the limits of cotter. or orlon. Filtering velocities of 3 ft/min are 
generally employed.§./ 

Available data on control equipment costs are ?resented along 
witt the data for secondary copper in Section 19.2.3.2. 

19. 5 SECO~IDARY AUJ.fINUM SMELTDG AID REFIN:i:N:> 

Secondary aluminu:n smelting is essentially the process of remelt
ing al'Jl!limm, but encompasses the f'ol.low:.ng ad.di tional practices: ( 1) flux
ing, (2) alloying, (3) degassing, and (4) demagging. 

Aluminum for secondary smeltir.g comes from three main so-;.rces: 

1. Alu."tlinum pigs. These may be prirr.ary metal but may also be 
seccndB-"'J" a:.umi:::um produced by a large seconC.ary sn:.elter to reeet standard 
al:cy specifications. 

2. Foundry returns. These include gates, risers, runners, S?rues, 
and rejected castings. In foundries producing sand-mold ~asting, foundry 
returns may amount to 40 to 60% of ~he metal poured. 

3. Scrap. It.is category includes aluminum contaminated with oil, 
grease, paint, rubber, plastics, and other metals such as iron, magnesium, 
zinc, end brass. 

'Ihe me 1 ting of clean aluminu::n pigs and foundry re turns without the 
use of fluxes does not result in the discharge of significant quantities of 
air cor.taminants. 'Ihe nelting of aluminwr. scrap, however, frequently re
quires air po~lution control equipment to prevent the discharge of excessive 
air contaminants. 
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TABLE 19-11 

DUST .AND FUME EMISSIONS FROM AN ALUMINUM-
.AND A ZINC- SWEATilW FURNACE CONTROLLED BY A BAGHOUS~ 

Test Number 

Furnace data 
Type of furnace 
Size of furnace 

Process weight, lb/hr 
Material sweated 

Baghouse data 
Type of baghouse 
Filter material 
Filter area, sq. ft. 
Filter velocity, ft/min 
Precleaner 

Dust and fume data 
Gas flow rate, sc:fm 

Baghouse inlet 
Baghouse outlet 

Average gas temperature, °F 
Baghouse inlet 
Baghouse outlet 

Concentration, grains/scf 
Baghouse inlet 
Baghouse outlet 

Dust and fume emission, lb/hr 
Baghouse inlet 
Baghouse outlet 

Control efficiency, ~ 

1 

Reverberatory 
5 ft. 9 in. wide x 6 ft. 
4 in. long x 4 ft. high 

760 
Aluminum skims 

Sectioned tubular 
Orlon 

None 

5,184 
1.9 

8,620 
9,580 

137 
104 

0.124 
0.0138 

9.16 
l.13!Y 

81.1!!:1 

2 

Reverberatory 
5 ft. 9 in. wide x 6 ft, 
4 in. long x 4 ft. high 

2,080 
Zinc castings 

Sectioned tubular 
Orlon 

None 

5,184 
1.85 

7 ,680 
7,420 

190 
173 

0.205 
0.0078 

13.5 
0.5 

96.3 

~ Visible emissions released from the baghouse indicated that a bag had broken during the latter 
part of the test. 



Crucib:e and reverberatory furnaces are coll!!llonly used for r::iel:,
ing aJ.:.ininum. Both gas- and. ?il-f'ired units are common. Elec':-ric-induC'
tion f":irnaces are becoming cot:m:on. Kost electric furnaces are relatively 

, ' 3 I srea..c.i...~ 

19.5.l Er.iission Sources and Rates from Second.a.ry Al'..ll!.in~ Smeltir.g 

A:: the pyrometallurgical processes associated with aluminum 
s~clting create air :pollutants to some degree. I~divid~al emission sources 
in the various operations comprising the production cycle for seccndC-""Y 
al~~in~m :u-e discussed in ~ore detail in the following sections. 

19.5.1.1 Scrap Processina: Open-fla.rr.e, reverberatory-type fur
naces are used by secondary sn:elters to produce alu:rin'.l:ll pies for re:r.elting. 
':'hese furnaces a:e co::1s7.ructed with tte hear'.:hs sloping dowr.ward toward. 
the rear o:' the furnace. JU: types of scrap alu:ninum are ctarged into or.e 
of t!:ese furnaces, wh:ch operate at temperatures of 1250° to 1400°F. In 
this tc~perature range, the alu~inum ~elts, trickles down the hearth, ar.d 
flows frorr. tte furnace into a :r.o::..d. The tigher mel ti::g :r.aterials such as 
iro::-", brass, and ~oss oxidation :procluc"':s forme::l during !ne2..ting r·~nain 
wit~in the furnace. ':his residua: ~aterial is periodically raked from the 
f'J.r~ace hearth. Some large secondary alumincu:i smelters separate tte alumi
n:;.::i s:i.spend.ed ir. the dross by processir.g tb: tot d!'oss immediately after 
i "::s re!':loval fro1"1. "!:he :r.etaJ in the refinine furnace. The S:tL"llinum glob'..lles 
S"'l.Sfended in "'.:;~e dross can al.so be separated a."'ld reclain:ed by a cold, dry
:r.illing process. ~nis process is used primarily to process drosses having 
a low a::.u:r.:r..u:r. con~en':. 

In ~hcory, an al:u:iinu:n-sweating ~..:.rnace can be operated with minor 
e~:ssions of air conta"!linants if clean, ca.re:Ully hand-pic~ed metal free of 
organic ~ateri~ is processed. In practice, this selective operation does 
not occur and excessive emissions periodically result from uncontrolled 
:'·.u-naces. Stray :nagnesium pieces scattered ttro;igtout the aluminum scrap 
are not readily identified, and charging a snall amo~"'lt of magnesium into 
a sweating furnace causes large quantities of fumes to be emitted. Emis
sior..s also result from the other materials charged, such as skims, drosses, 
scrap aluminum sheet, pots and pBLS, aircral~t engines, and wrecked airplanes. 

Smoke is caused by the incomplete combustion of the organic con
sti t'..lents of rubber, oil and grease, plastics, pa~nt, cardboard, and paper. 
TI:e sweating of dross a.nd skims is responsible for the high rates of em~s-
s ~on of dust and ~l.lllles. Residual aluminum chloride flux in the dross is 
especially troublesome because it sub::..imes at 352 °F and is very hygroscopic. 
L~ addition, it hydrolyzes and forms very corrosive hydrogen chloride. 
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In the dry-milling process, dust is genera:ed at the crusher, 
in tte mill, at tte shaker screens, and at points of transfer. '.::'hese loca
tions must be hooded to prever.t ~he escape of fine dust to the a~mosphere. 

When altL~i~lL~ is reclaimed by the ho~ dross process, some fumes 
are emitted from the flux action; however, the main air pollution problem 
is the collec:ion of the mechanically generated d~st created by the rotation 
of the dross barrel. 

19.5.1.2 Aluir.i!" .. '..:re Mel-cing: For mel".:ing small q"..:.antities of alumi
num, up to 1,000 lb., crucible or pot-type ~naces are used extensively. 
PJ.most all crucibles are made of silicon carbide or similar refractory 
material. Small crucibles are lifted out of the furnace and used as ladles 
to pour into molds. ·Tue larger cruc;ibles are us-;.ally used with tilting-
type furnaces. For die-casting, molten metal is lad.led out with a small 
ha..'1d ladle, or it can be fed automatically to .-:;he die-casting machine. 

TI:e reverberatory furnace is comI!lonly used for medium- and ~a.rge-
c apacity hc::.ts. Sr:lall rever".::>eravory furnaces of up to approxin:ately 3,000 lb. 
capacity may be of the tilting type. Sometimes a double-hearth construction 
:s employed in furnaces of l,COO to 3,000 lb. holding. 

Sn:.a.l::. crucible :\i.rnaces a.re usually charged by hand with pigs 
and foundry returns. Many reverberatory f'u.::maces are a.2.so charged wi tt 
the same type o:' materials, 'but mechanical me ar..s are used beca'..l.se of the 
large::- quantity of materials involved. 

F'reque:::i.tly, a large part of '!:ht: n:.ate::-ial charged. to a reverbera-
tory :'urnace is 2.ow-grade scrap and chips. Pain:., dirt, oil, grease, and 
ot:1e!" contaJ:J.inants from this scrap c a:use large quan:i ties of smoke and fumes 
to be dis~hargcd. Even if the scrap is clear., large sur:'ace-to-volume ratios 
require the use of more fluxes, which can cause serious air pollution problems. 

'Ihe extent of v:sib2.e em:.ssions discharged from degassing aluminum 
with chlorine gas depends on metal temperature, chlorine flow rate, and mag
nesium content of the al2.oy. O~her factors ai'fecti~g ~he emissions to a 
lesser degree are the depth at which the chlorine is released and the thick
ness and composition of the dross on the metal surface.~ 

When chlorine is used for demagging, it is added so rapidly that 
large quantities of both alun:.inum chloride and magnesium chloride are formed, 
the molten bath is vigorously agitated, and not all of the chlorine reacvs 
with the metals. As a result, a large quantity of alur.i:..num chloride is 
discharged along with the chlorine gas and some entrained magnesiu.:n chloride. 
The al-..uninum chloride is extremely hyeroscopic and absorbs moisture from the 
air, with which it reacts to form hydrogen chloride. TI:ese air contaminants 
are toxic, corrosive, and irritating. 
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19.5.1.3 Summary of Emission Rates: Table 19-1 SUI:Jmarizes 
emission-rate data for the various sources in secondary aluminum processing. 
Chlorine fluxing operations for degassing and demagging steps account for 
51,000 tons/year out of a total of appr:iximately 58,000 tons/year of en.'..tted 
partic~ates. 

19.5.2 Characteristics of Effluents 

The chemical and physical properties of effluents frore secondary 
alurr.inum production are sur.unarized in Table 19-2. Err..itted particulates 
are less than 2 µ in size. The particulates may be toxic because of the 
flaorides and chlorides that are emitted. 

19.5.3 Control Practices and Equipment 

In aluninwn-sweating operatior.s, rak:.ng the residual metal and 
dross fron the furr.acc is a critica2. operation froI:l an air pollution stand
point, a::d hoods sho~ld be installed to capture e~issior.s at these 2.ocations. 

hi &.f;;,crb-..:rr..cr fellowed by a ba.gLouse is recommended as cor.tro::. 
equipment for an alun:.r.um-sweating ~.irnace. Baghouse filtering velocities 
s:r.o-.:.2.d not. exceed 3 ft/:nin. '.::'he afterburne:!'.' must ·::ie so designed that the 
carto:-caccous material :..s :'..ntir:-1ately rr.ixed w:!.th the exlrnust air a::d !'leld 
at 12C0° to l~C0°F for a retention tine cf about 0.3 sec. Secondary air 
!:lay have t.o be ad.mi tted to the ~terb·.:.rner to ens:.<.re con:plete comb-..:stion. 

'.::'he hot gases must be cooled before e!1tering a bat!;ho~se, and 
ra.d.ia.~t coolir.g or d:..lution with cold air is recc::unended in preference to 
evapora".:ive cooli::.g w:..th water .. If hot furr.ace gases are cooled witt wo.ter, 
tte a::..u:ninu:n chloride hydrolyzes, producing hydroc:iloric acid that attacks 
the ductwork and bags. Even the conde!1sa"'.:ion fro:n night air during shu> 
down provides s·..;.fficien".: moisture to corrode :,;--,e equipI:lent :..n the presence 
of :~ese cheoicals. Tables 19-11 8!'1.d 19-12 show test results on control 
s;orsc:ems for alumir.um-sweating furnaces}_/ 

':he wet scrubber is particularly suitable for the aluminum smelter. 
Spray qienchir~ of the hot furnace gases creates steam which reacts with 
aluminum chloride gas to form soluble hydrated alumirian oxide ar.d hydro
chloric acid; both of these are re:atively easy to remove in an appropriately 
designed and operated scrubber. In order to obtain ad.equate collect:!.on ef
ficiency, the use of high-efficiency wet scrubbers, with a caustic solution 
as the scrubbing medium, has been found necessary. Table 19-13 shows typi
cal test data on collection efficiency for various wet scrubbers.§/ 

To adequately control e::nissions from chlorinating aluminum, the 
wet scrubber m8'Y" be followed by a baghouse or electrical precipitator. At 
present the trend in control e~iip~nt for a.luminw:i-fluxing emissions appears 
to be awf!Y fro::n electrical precipitators and toward the scrubber-bagnouse 
corncination.§/ 
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TABLE 19-12 

m:s r AliD FL~ EM:SS:ONS FROM Ml ALU!m·:U~!.- s;..'EATrng_, 
Fu'TCIJl.::S CCI/TROLLED BY A:I AF7ERB:-"R:;ER Jilm EAGEoc:sE).-

Jurnacc data 
:ype of fur:i ace 
F\.:.rnacc hearth area 
Process weight, lb/hr 
Material sweated 

Baghouse da-:Ca 
lyPe of bags 
Filter material 
Fil :.Cr area, sq. ft. 
Filter velocity, ft/min 
Pre.:2.ee.ner 

D..1st ar.j f\i:r.e :late 

Gas flow rc.te, s~fr. 

AverBf!,e gas temperature, °F 
Co:icentration, grai:is/ scf 
DJ.st and ru~e c~ission, lb/hr 
Particulate co:itrol efficiency, 'f, 

Orsat analysis at settling 
ch ember inlet, ·.-olume 'f, 

co2 6.8 
o~ a.s 

<. 

co 
N2 
F"20 

0.02 
77.33 

Par:icle size analysis at baghouse 
ou:le-:, wt. '1> 

+6C ::nesh 85.9 
-6C ~est. 14.l 

Psrti::e s~ze ar.alysis of -60 
:r.esr. FOrtion, w •• ~ 

0 to 2 µ E.9 
2 to 5 µ 32.4 
5 to :..o u 30.9 

:..o to 2c u :..7.7 
20 to 40 u 7,7 
< 40 µ 4 .4 

Combustible carbon in pert::.cu:..e.te 
discharge, dry wt, 'f, 

Settling chamber 
inlet 83.7 
Furnace chamber 
door hood ex~t 67.3 

Reverberatocy with :'..ntegrel s.fterburr.er 
4 ft, 7 in. w:dc x 8 ft. lG ir.. :..or.g 

2,870 
Scrap aluminum 

Tubular 
:i)acror. 

Se:tlir.g ct.e.mter 

Set:Eng 
Ct. a:nbe r Ir.le : 

350 
0.505 
5.89 

4,800 
2.16 

.furr.ace Ct.arge 
Door Hood. 

5,~8G 

204 
C.C81 
3.88 

Baghouse 
OL. :let 

s,sso!/ 

c.:C77 
0 • .58 

!/ Volume is greater at the be.ghouse exit the..-i at t:Je inlet because cf le!4<e.ge. 
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Contariinants 

HCL 

c~ 

Particulates 

TABLE 19-1::. 

SCR1J:3BER COLLECTION EFFICIENCY FOR E~HSSIOXS 
FROM CHLORINATING .AillMINtJi~/ 

(Scrubber Collection Efficiencies, %)~ 

Slot Scrubber Packed-Colll.llm Scrubber 
10% Ca-..i.stic 10% Caustic 

Water Solution water Sob.ti on 

. 90 to 95 95 to 99 95 to 98 99 to 100 

30 to 50 50 to 60 75 to 85 90 to 95 

30 to 50 50 to 6C 70 to 80 80 to 90 

~ co.:;.lection efficiency depends ma:.nly upon scrubbing ratio (ga.l/1,000 c~. ft.), 
velocity of gas ir.. scrubber, a...>i.d contact time ar.d., to a lesser exte:J.t, 
on other aspects of the design. These values are typical efficiencies 
obtained by actual tests but do not reflect the entire range of results. 

More precise controls need to be developed. end methods need to 
be found to edapt the wet scrubber to the peak chlor:.ne "burn-off" cycle 
wher. the temperature of the al'.llllinum furnace is raised to ·volatilize al.l 
residua.2. chl~rine from the system.§/ 

Available data on control equipment costs are presented alcng 
with ~te data for secondary copper in Section 19.2.3.2. 
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CHAPTER 20 

COAL PREPARATION PLA.1"'IS 

20 .1 INTRODUCTION 

An expanding market den:and for hig!1-q0.:ality fine-n:es!J. coal has 
~ecessitated improvement and enlargement of fine-coal preparation facili
ties. The primary purpose of a preparation pl.ant is to crush the coal, 
remove impurities, and classify the product into standard sizes. The 
equipu.ent and processes involved in coal preparation are similar to those 
used in the beneficiation of most mineral ores. T'~ese are generally wet 
:processes which de not, in themselves, cause air pollution problems. How
ever, when the wet product must be dried to prevent freezing due to cold 
weather er tc satisfy customer specifications, signi~icar.t air pollution 
problems ca~ occur. 

The major air pollution problems associated with coal-preparation 
procedures are gaseous emissions from ignited coal-refuse disposal areas, 
dust ~rem re~use and coal-storage ~iles, and particulate matter from coal 
dryers and de-dusting operations.1/ The coal-cleaning process, partic~late 
emission sources, particulate emission rates, effluent characteristics, 
and control practices and equipment are reviewed in the following paragraphs. 

20. 2 COAL-CLEAlli'TNG PROCESS 

The great increase in u.ectanization and full seam mining has re
sulted in s~bstantial increases in the ilr.purity content of the raw coal as 
well as in a finer size content. As a result, the percer.tage of coal 
cleaned by mechanical methods has increased from only 24% of the total pro
duction of bituminous and lignite coal in 1942 to 65% in 1965. The amount 
of re~use discarded during preparation for the same period increased from 
13 to 21%. Changes in the equipment used in the cleaning process were as 
follows: 
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t·:ECHA.NICAL CLEA:-;·n;G BY PROCESS, PERCEXT15/ 

Process 

Jig 
Dense-medium 
Table 
Pnec;matic 
Classi:'ier 
La.under 
Flotatio::-. 

194~ 

47 
9 
2 

14 
7 

13 

< 1 

1965 

46 
29 
13 

8 
2 
l 
2 

~ Ur::.classi:'ied nearly s'f,. Data or. the anount clea:r.ed by flotation was 
not collected -..:r.til 1960 wher::. 1.8 n:illio.:-, net tons was so treated. 
In 1965 this figure increased to 6.9 n:illion tons. 

~he prir::.cipal mechanical cleaning processes are disc-..:ssed in 
more detail in the :'ollowing paragraphs. 

20.2.l Eyd.raulic Sepa.ration and Concentration 

20.2.1.1 Hydra~lic Se;pa.ration - Jigging: Jigging is a process 
of particle stratification in ~hich the particle rearrar.gemer.t results from 
an alternate expansion and compaction of a bed of particles by a pulsating 
~luid flow. The pa~ticle rearraneement results in layers of particles 
w!:ich are arrar..ged by increasing density fron: top to bottom of the bed. 
This response, developed fron: the oany and continuously varying forces acting 
upon the particles, is a solid-fl~id separatior. more related to particle 
density ar.d less to particle size than any other "hydra:ilic type" precess. 
T"r::.e stratification is usually carried out ir. a rectangular, open-top con
tainer, called a jig, in wl::ich the mass of particles (termed a "bed") is sup
ported on a perforated base through which the water flows in alternating 
directions. Fellowing the particle stratification, the particle bed is 
physically "cut" at any desired particle density plane thlls creating the 
desired q~ality products. The jig includes means for contir.uously introducing 
the raw ccal, for moving the water through the coal bed in a controllable 
manner as well as for sep;i.rating and removing the stratified particles from 
the system as two or more product streams. In coal preparation, this highly 
versatile unit operation is more preferably applied to a wide size-ran~~ 1of 
particles with top sizes up to 8 in. than to a closely sized fraction.~ 

Single jig washers have capacities from 5 to > 700 tons/hr of 
feed coal. The separation results attainable by jigging have favored this 
unit operation as optimun: for creating a clean coal product as required by 
steam coal specifications. Although the jig is used ir. preparing coals which 
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are difficult to separate, its lirlitations to achieve both quality products 
and high recovery are being recognized in comparison with heavy ~edia-based 
processes which n:ake sharper separations from feeds having tigh "near
gravity'' contents. Thus the accuracy of the densimetric stratificaticn ir. 
the upper portions of the jig bed is less precise. In jigging, as in most 
mineral-preparation unit operations, higt recovery and product quality are 
i~terdependent and inverse process characteristics.1&/ 

20.2.1.2 Hydraulic Concentration: Hydraulic concentrating de
vices depend on the physical characteristics, size, shape, and density of 
particles suspended in a liquid medium to effect a concentration of desired 
quality. 

The principal fine-coal washers utilized in the United States 
tcday are wet concentrating tables, cyclones, launders, feldspar jigs ar.d 
hydrotators. Of ttese the concentrating table is the ffiost popular, espe
cially in the cleaning of bituminous coal. Cyclone types are becoir.ing in
creasingly important in :washing both anthracite and bituminous coal. The 
lai..:nders and feldspar jigs are utilized en a li.J:lited scale for c leanir.g 
bitUIT.inous coal and the hydrotator is used extensively for cleaning ar.thra
cite, 

Fir.e-coal hydraulic concentratir..g devices generally incli..:dc those 
devices which clean 3/8 in. tcp-size coal. This is an arbitrary size which 
seen:s t1ost consistent with actual practice, although certair.ly these de
vices can effecti·1ely clean coarser or fir.er coal.1§/ 

20.2.2 Dense Mediu.u. Seuaration 

Dense medium separations ir.cl•.:de those coal-preparation precesses 
w~:ich clean ::aw coal by immersing it in a fluid having a der.sity inter
t1ediate between clean ccal and reject. As there is a general correlation 
between ast cor.tent and specific gravity, it is possible to achieve the re
quired degree of removal of ash-forI:ling impurities fro~ a raw coal by 
regulating the specific gravity cf the separating fluid. 

Dense medium processes offer the following advar.tages over otter 
coal cleaning processes: 

1. Ability to make sharp seplrations at any specific gravity 
within the range normally required even in the presence of high percentages 
of the feed in the range of t 0.1 specific gravity units. 

2. Ability to maintain a separating gravity that can be con
t~olled with ! 0.005 specific gravity units, 
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3. Atility to handle a wide range cf sizes (up to ::1.4 in.). 

4. Relatively low capital and operating costs when considerci -" 
r,e~'T.:s cf !"ligh capacity and small space requirerner:ts. 

5. Ability tc c::ange specific eravity cf separatio:: to rr.eet 
varyi:-cg !llaricet reqt:i:!"etlents. 

6. A'biEty tc ::-:andle fluctuations in feed bott in terrr.s o:f' 
q~antity a~d quality.15/ 

Co:n!!lercial applica ":.ion of the dense tledi..:ti process is a I'~·ac::L:::?.:.. 

ex:ensinn rf the fa.rr.il:..ar labcra-cory :'::1.oat-and-sink test, which is ·.:c::e'.': 3<: 

a sta:-.dard ( 100% efficiency) gravLrnetric se:paration. Ccmn::ercial plar.ts jc 
net exact:.y du:plica":.e :.aoura~ory :~loe.t-and-sink separaticns for t!';e :~cll1_~.:.:.:·_<: 

re"1.sD:-.s: snspensicns, ra t:'.ler than true liquids, usually are used as s<)a-
ra '.;.ing media; the in~rod::ction o~~ feed and re:noval of t!:e float and sir:'..; 
i::::roduce distur'bar.ces 111 tl:e separati:::g ::nedi'.:l:l; agitaticn, C!' '.::;::Ma!·tl c-.,~·

re:Jts in the vessel, n0mally are required tc keep tte separatine; mediu:r: :.;-, 
3:.<spe:::sior.; a::d the practical :::eeC. for higl: :,1·1rcughput dces r:ot al lo·,.: 5:; ~·

ficic::::t retcnt ion time :'or perfectly se:para ting r.ear-gra \'i ty n;a tc.::ia::.. 

Theoretically, arJ.y size pe.Y-ticle can l:e treated by de::se :·!e·:::i :.!. 

r-~·ccesses; practically, the sizes treated range froo a1:·out 0.5 r:u;:, (32 
r::es:-1) to abc;;t 6 in., althoue;'.1 sizes rangin.g :.:.p to 14 in. occasicna::ly e.:·2 
'::ashec. Sizes coa!'ser ~::;an at:out 1/4 ir:. nor:nally are treated i:l sta~.:i::: 
der.se :r.edium separators, ...:::ile the size rar.ge 0.5 nm:. to about ::_/4 L .. 
nc:'.7.ally is ·A·ashed in separators ez::ploying centrifu['.al force; i'c:· e7.E.:::T~"', 

ti:e dense :nediU!!l cyclor.e >:asher .E/ 

20.2.3 Froth Flotation 

Flotation :.s a chenical :process that depends on tl:e selecti\·e 
ad:C.esior: to air of so1Y:e solids a::::d the simultar.eous ad!",esior. to v.-atel' of 
c-:her solids. A :wparaticn of coal from coal waste t~er. occurs as fiLely 
disse:ni:::ateC. air bubbles are :passed through a feed coal sl:.:.rry. P.i:c-ad:-,.;;~"i:.g 

;-articles ( 1.:sually the ccal) are separated from nor.adhering pa.!'ticles, 
~loa~ed tc the sur~ace of t~e sl~rry and then removed as a ccncentraLe, 
This process involves the ..:se of suitable reagents to establish a hydl"cp:.di.c 
or air-adhering surface or. the solids to be floated, ar:d to re:::der the other 
solids ~yd.rophilic. As shown in Section 20.2, the flotac;ic,r. precess ac
csun-:ed :..~or about 2$ c::.~ the coal cleaned by oechanical methods in 1965 .±'§./ 

20.2.4 Dry C~eanir.g ar.d Co::centraticn 

'!'!:e particular field of applicatio:::. o::~ :i:achines ·u'.:.iEzing aic
c;.:rre::"ts as c:he primary se:paratic-,g medi'11n is in the cleaning of c.:::.e :~fre 
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sizes of tit'..minm;.s coal. Approximately 25,400,000 tor:s of bitumir:.ous 
ccal were cleaned by air machines during 1965. Ne application has been 
found ~or clear.ing anttracite. 

Seven successful pneumatic coal-cleanir:.g machines have been de
veloped and introduced to the A~erican coal-mining ir.dustry: 

1. Peale Davis: "Pneumo-Gravity" machine 

2. Arms "Ccncentrator,1' oscillating table 

3. Heyl a:r..d Patterson oscillating table 

4. ''St:rnp Air-Flow," pulsating air jig 

5. "S:iper Airflow," ;Pulsating air jig 

6, Ridge air jig 

7. Phillip air jig 

While not all coals can be ber.eficiated by air washing, the air 
washing of coals that are easy to clean can be readily proved advantageous. 
Of all the preparatio:r.. reettcds, pneuJrAtic cleaning is the most acceptable 
from the standpoint of delivered Btu cost. T~is is based on the premise 
that a percent of moisture is just as detrimental as a percent of as~. 

Historically most air-cleaning devices used a vertical upward 
current of air thrm:.gh the bed of material. They di:'fered by the method 
cf :iJI:parting reobility to the ted and the method of removing the refuse. 
In general terms, the air ma.chines were divided intc three types: 

1. Pneumatic jigs where the air current was pulsated. 

2. Pneu:natic tables where the re:-Use was diverted from the 
direction of flow of the clean coal by a system of riffles fixed to the 
deck. 

3. Pneumatic launders where the products flowed in the same 
direction, and the clear: coal was skimmed off the top of the bed ar..d/or 
the refuse was extracted from the bottom in successive stages. 

In recent years, however, the latter two types of units have 
declined in popularity. In fact, a survey of the industry revealed that 
all of the air-cleaning ma.chines in use in 1966 depended on pulsating air 
as the medium of concentration. 
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Dry co:r:centra tion of coal has coI:le a long way in recer.t years. 
Tcday, there are numerous examples of successful plants ~reating 3/8 in. 
by O and 1/4 in. by O coal and coal as large as 2-1/2 in. in capacities 
up to 350 tens/hr. Alt:-.oui;h the rate of ir.stallations has tapered off, 
there were over 200 full-size units of airflow eq~ipme~t in operation ~ 
1965 processir.g over 20 million tons of coal annually.15/ 

These are ir.dications that the down-ward trend in r.ew air-clea~ing 
installations may be reversed in the not toe dista:r:t future. Gcvernu.ental 
reg~lations are placir.g greater and 6reater emphasis or. control cf beth 
stream and air pollution originating from preparation plants. Pneumatic 
clear.ing has the inherent advantage in this regard in that it does net con
tribute to stream pollution at all, as may water cleanir.g techrdques. 
Similarly, although air cleaning plants admittedly can be dusty, the major
ity of tte dust is co~fined within the plant and particulate emission to 
the at:nosphere away fro::n the plant is minor if cloth filters are used. Also, 
dry concentration obvim::sly will net cause thermal or c1:emical pollution 
of tl:.e air. These cor:.siderations may therefore weigh heavily in favor cf 
air clea::::ing as regulatior.s inevitably become ncre strinE;e:?:lt ttroi.:.gh in
creased gcver::unental action. 

A seco~d factor which may contribute heavily to increased use cf 
dry clear:ing tec'.'111iq_ues is the fact that recent evidence indicates that 
less extensive cleaning of some coals may tend to minimize corrosion of 
fire-side boiler tubes in power plants. With some coals, extensive clean
ing to minimize tte ash content i!: the washed coal contributes to bciler 
tube corrosion by removir.g ash constituents such as alkaline earth mate
rials (e.g., Cao and KgO) which are corrosion inhibitors while rencving 
lesser amounts of corrosion-promoting constituents sucl:. as alkalies (e.g., 
Na20 and K20). 7h'.1s, by cleaning at lower speci:'ic gravities to reduce 
ash, the ratio of corrosion promoters to corrosion inhibitors in the ash 
increases when preparing some coals for market. Exter.sive cleaning and 
the resultant lower yield may therefore, in some instances, contribute to 
corrosior. rather than reducing it as is desired. In fact, it has been 
show.:: t:iat, some run-of-mine coals are more desirable from both a corro
sion and a yield standpoint tr.an they are after cleaning. 

In addition to these factors, several other major advantages 
a:?'.'e inherent to dry concentration techniques. The largest advantage is 
the sirlple fact that dry concentration requires the lowest initial capital 
investment and tas the lowest maintenance costs of all c~r:?'.'ently used 
methods of upgrading fine coal. There is also continuing realization on 
the part of operators and consumers of the necessity fer providing a dry 
coal for freeze-free shipments. Air-washed coal is also more amenable to 
oil treatment for dust control and it flows freely and does not arch in 
bins and hoppers. In transit, dry-cleaned coal will shed rai~ and arrive 
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with o:r.ly tl:e sur:'ace of the car "etted w!:.ereas wet-was!:.ed, theru.ally dried 
coal may act as a sponge and soak up water. The rigid enforcement of stream 
poll~tion laws gives a perr:iament advantage to dry concentration as discussed 
above. Admittedly, wet fine coal cannot be cleaned with air and Federal 
regulations cause mere and mere coal to be wetted at the face. However, it 
is more eccno~ical to pre-dry the coal for dry concentration than to dry 
the washed coal after it is recovered from the water. A furtl:er factor 
ir.~luencing the choice of pneut:1atic equipment is the lack of sufficient 
water in arid regions, localities of high altitude or cold cli!rates.15/ 

20.2.5 Thenral Dryi~g 

The continuing increase in tl:e percentage of minus 1/4 in. coal 
produced as a result of the increased use of oecha:r.ical mining oethods 
has, over the years, tended to shift considerable portions of tte work of 
producing salable coal to tte fine-coal clea:r.ing section of the prepara
tion plant. Because a given weight of fine coal ~~11 contain substantia!ly 
greateY surface area than an eq_uiV"alent weig!':t of coarse coal, it :follows 
t~a~, when subjected to wet-cleaning processes, the fines will absorb ar.d 
retain considerable more moisture ttan coarser fractions. Increased mois
ture pickup in the fir.er size co~plicates fine coal clear.ing since beneficia
ticn n:ay net be limited to the removal o:f as:-, and s·.:lfur but ofte!:. n::.ist be 
expanded to include t!':e additional step o: thernal drying to remove exces
sive rr.oisture. Thus, water which provides the medium for c:eani:::g fine 
coal is in itself detri:ner.tal and, like ash and sulfur, red~ces ccal quality. 

Re~oval of surface moisture by drying is done for one or ~ore of 
~he following reasons: (1) to avoid freezing dif:'iculties and tc :acilitate 
handling d~ring shipment, storage and transfer to the points o: use; (2) to 
n:air.tain high pulverizer capacity; (3) to reduce heat loss due to evapora
tion of st:rface n:oisture from the coal in the burning process, thus increas
ir:g heating efficiency; (4) to improve the quality cf coal used for special 
p~rposes, such as in the production of coke, briquettes, ar.d chen:icals; 
(5) to decrease transportation ccsts; and (6) to facilitate dry coal clean
ing processes.15/ 

Coal dryers can be grouped into six basic types. The six basic 
dryer types are: (1) fluidized bed; (2) suspension or flash; (3) multi
louvre; (4) vertical tray and cascade; (5) continuous carrier; and (6) drum 
or rotary type.15/ Figures 20-1 to 20-4 illustrate various types of tter.na.l 
dryers. 

Recent coal industry trer.ds in the application cf the preceding 
~y·pes of drying facilities are indicated in Table 20-1. The expanding 
general application of coal drying (frcrr. 31.5 to 58.7 million tons between 
1958 and 1964) and the expanding specific application of fluidized-bed coal 
drying (from 10.6 to 38.3~ of all coal dryers between 1958 and 1964) are 

note"orthy. 
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TABLE 20-1 

THERMALLY DRIED COAL BY TYPES OF DRYING EQUIPMENT, 1958-1964
15

/ 

Vertical 
Continuous Tray and Suspension Fluidized 

Year Rotary Carrier Cascade Multi-Louvre or Flash Bed Total 

Number of Plants 

1958 6 64 58 50 44 6 228 
1959 9 66 57 55 48 12 247 
1960 11 63 58 57 47 16 252 
1961 11 66 64 56 40 23 260 
1962 11 60 59 49 58 29 266 
1963 11 57 54 44 49 38 253 
1964 9 56 50 42 49 49 255 

Net Tons Dried 

II>- 1958 405,057 7 '774,090 5 '775 ,34 7 9,416,368 4,834,324 3,336,929 31,542,125 
~ 

1959 717,948 8,381,332 5,682,861 9,734,894 6,625,409 4,622,292 35,764,736 
1960 771,014 8,099,827 5,023,497 11,469,532 6,479,501 6,025,026 37,868,397 
1961 1,007 ,814 8,989,457 5,574,594 10,611,069 5,681,477 7,768,609 39,633,040 
1962 1,998,254 8,931,633 5,856,812 9,631,349 8,105,551 12,432,991 46,956,590 
1963 2,549,294 9,499,674 6,048,360 9,469,847 8,131,081 14,857,074 50,555,330 
1964 1,959 ,496 9,658,965 5,507,522 9,943,032 9,154,519 22,478,004 58,701,538 

Percent of Total 

1958 1.3 24.7 18.3 29.8 15.3 10.6 100.0 
1959 2.0 23.5 15.9 27.2 18.5 12.9 100.0 
1960 2.0 21.4 13.3 30.3 17 .1 15.9 100.0 
1961 2.5 22.7 14.1 26.8 14.3 19 .6 100.0 
1962 4.2 19.0 12.5 20.5 17 .3 26.5 100.0 
1963 5.0 18.8 12.0 18.7 16.1 29.4 100.0 
1964 3.3 16 .5 9.4 16.9 15.6 38.3 100.0 



20.3 EMISSION RATES FROY. COAL PREPARATION PLA1"TS 

Because coal is relatively friable, the mining and subsequent 
handling operations break part of the coal into dust ttat can be readily 
carried by currents of air. In a coal preparation plant mechanical handling 
operations s~ch as unloading, transferring from one belt to ar.other, screen
ing, clear.ing, a.nd crushing in a dry state result in the generation and 
release of varying a.mounts of additional dust. The dust problem, of course, 
is much less serious in plants employing entirely wet processing. In addi
tior. to dust from har.dling operations, thermal drying of the fine coal 
product frequently presen~s another dust collection problem. 

All industrial coal dryers now in use are the continuous direct 
contact type which employ convection as the major principle of heat trans
~er. Thus, hot gases and wet coal are brought into intimate contact with 
each other on a continuous gas flow-coal feed basis. To achieve drying, 
hot gases are generated in a combustion chan:ber and brought into co~tact 
with wet coal by a fan or blower. T"~e size consistency of the coal being 
dried and the velocity of tte gases through the bed are major factors in 
de~ermining the air pollution potential of the plant. Emissions include 
products of combustion and entrained coal fines. 

The calculation of emissions from thert:1al dryers based or. the use 
of an emission factor is not accurate since the eoissions from eact type of 
dryer vary over a wide range depending or. operating methods. The flash 
dryer carries all of the prod~ct into a product sepa.ratior. cyclone, while 
the fluid-bed type may carry over from 5~ to 50~ of the product into the 
cyclone collection system. For these reasons, the emissions are test 
calculated or. "the basis of average outlet grain loadir.gs from control equip
u:ent, as was done in a recent internal NAPCA study • .§./ 

eight 
total 
these 

The NAPCA study included a survey of thermal dryers operated at 
of the largest coal companies. The survey covered about 60~ of the 
coal dried yearly in the U. S. ~t determined a total air flew from 
dryers of 1.16 x 1012 scf/year.'§1 

This survey also indicated that 50~ of the dryers were equipped 
wit~ cyclones, while the rema.ining 50~ were equipped with cyclones plus 
some type of wet scrubber. Total emissions were then calculated to be in 
the order of 300,000 tons/year assuming an outlet grain loading of 4.0 grains/ 
scf from cyclones, 0.15 grain/scf from low-energy scrubbers, and 0.04 grain/ 
scf from high-er.ergy scrubbers. 

The assUI!led grain loadings have been found to correspcnd with 
data in the literature and data from the West Virginia Air Pollutior. Control 
Commission. However, the fact that 50~ of the dryers are equipped with only 
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cyclones seeoed low in view of a 1967 West Virginia Air Pollu~ion Co~trol 
Comtlission survey w~.ich indicated that less than 15% of the dryers in that 
state had cyclones only.§./ 

Further analysis of the KAPCA survey showed that 50% o~ the 
dryers did have cyclones only, but these represented only 13.8% of the 
total air flow. On this basis, tte emissions are calculated in the fol
lowing manner: 

(1.16 x iol2 scf/year)(l3.8%) (4 grains) 
scf 

( 1 ton ) 
14 x 106 grains 

45,700 tons/year 

(l.16 x 1012 scf/year)(86.2%)( 0.15 grains) 
scf 

( 1 ton ~ = 10, 700 tons/year 
14 x 106 grains 

Tctal 56,400 tons/year 

If t~is represents about 60% cf the coal dried, the total ann~al particulate 
emissions frcrr. therna.l dryers are 94,000 tens/year. 

A second method of calculatir.g e~issicns, :'or comparison purposes, 
can be dor.e on tte basis of emission factors for the dryers. Data in 
Re:'erence 17 show t:-"8.t tl::e err.issicn factor for t1:e outlet of tl:e dryer 
cyclone is 12 lb/tor. for flash dryers and 13 lb/ton for fluid bed dryers. 
The err.ission :'actor fer the other types of dryers is prcbatl:t so:r..ew!'1a: 
lower since their mode of operation should not carry out as m~ch dust to 
the cyclone. T'~is includes the rotary, cor.tinuo~s carrier, cascade, ar.d 
rm..ilti-louvre dryers,15/ However, it might be assuu:ed that the average 
overall emission factor is 12 lb/ton, although this may be sooewhat high. 
The calculation of the ei:::issicns also involves the question of what per
cent of the coal is dried in units t'.'lat are equip~ed with wet scr~bbers. 
The two calculations given below show the quantities emitted on the basis 
of two different assumptions. The efficiency of the wet scr-.:.bbers has 
beer. estimated at 95~ for both cases, 

a. It is assumed that 50~ of the coal is dried in units 
equipped with wet scrubbers. This is similar to the NAPCA study which 
ass'-lllled that 50~ cf the total air flow for all dryers is cleaned in wet 
scrubbers. The NAPCA survey actually showed that 50~ of the number of 
dryers were equipped with wet scrubbers and it was presumed that this also 
represents 5~ of the total air flow. The emissions for this ass-.:.~p0ior. 
are calculated as: 
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( 73,000,000 tons/year) (2,000 lb/ton)(l - (0.50)(0.95)) = 230,000 tons/year 
12 lb/ton 

b. It is assumed that 85% cf tte coal is dried ir: ~nits 
equipped w:.th wet scrubbers. This assumption is based en our analysis of 
t::e data in the KO.PCA survey and is supported by ir:forr::ation frcm t:ie West 
Virginia Air Pollution Control Corr.mission. The emissions fer this assump
tion are calculated as: 

(73,000,000 tons/year)( 12 lb/ton ~ (1 - (0.85)(0.95)) "'83,ooo tons/year 
2,000 lb/ton 

T~ese res:.:lts support tte previously discussed emissior. calcula
tions bu':. do not resc·lve the question of t!'le extent to wtich :.he:nna.l dryers 
are equipped wit!'"! wet scrubbers. Eased on the present information and cal
ct:lations described in this section it is felt that the emissior. quar:tity 
of 94,000 tons/year is the ncre accurate figure. 

Insi.::ficient data were ava:.lab}e to calculate partic:.:::_ate en:is
sicn rates fro1:1 :.he secondary sources. Also, data co:.:ld not be fc:.:r:d O:'."l 

par"..iculate em:.ssions from burnir.g coal refuse bar:'r::s. Reference ' reports 
a:::-. emissio:r.. level cf 400,000 tor.s/year of partic;.;late fz·o:::: coal refuse. 
Tr.is fig:,;re was calculated assuming that the emissic'1 factcr fer refuse 
piles correspor:::is to ttat fer open burning. This is a q_i.;estior:able assun:p
tion, and the number of 400,000 tons/year is considered a gross estiltate. 

28.4 CHARACTER::S':'ICS OF COAL-PREPARATim;-PLM\T Ev.ISSIOi'S 

The cherr:ical and physical properties of coal-preparation-pla:r..t 
emissions are s·.lmI:larized in ':'able 28-2. Particulates ge1:erated during 
thermal drying present fire and explosion hazards both within drying cham
bers and cyclones, fans, and duct work beyo:r..d the drying charr:ber. 

20.5 C01'TROL P~CT:CES AKD E~UIPME1'.r FOR COAL-PREPARATION PLANTS 

20.5.1 T:.e::i:ial Dr~ing Pla~t 

In most thermal drying plants a system of cor.trol units is 
utilized with dry ccllectors serving as primary dust separators and wet 
collectors serving as seco.:::dary dust separators.§/ 
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A recent KAPCA surveyE./ indicated that all thern::al coal dryers 
are equipped at least with dry cyclones, and about 50~ also have low-energy 
wet scrubbers while about 4~ have ~igh-energy scrubbers. 

The cyclones used as primary collectors can prodi..:ce an exit 
solids loading of 3 to 3.5 grains/cu ~t.~/ However, this loading can exceed 
12 grains/cu ft in some cases.10/ The cutlet grain loading from a low
energy wet scrubber (preceded by a cyclone) is usually about 0.15 grain/scf, 
although it may va:ry trom 0.05 to 0.42 grain/scr.§/ 

One coal company described the use of impingement-screen liquid 
scrubbing units but they have never operated satisfactorily because the 
impingement screens were easily blocked. These units had to be bypassed 
because of uncontrollable fires in them apd tr.e danger of explosion. They 
were later replaced with a different type of wet scrubber with a water 
usage rate of 3 gal/1,000 ct.: f: giving an exit g:rain loading of 0.035 to 
0.048 grain/cu ft. 

Tte installation of Venturi-type scrubbers at another coal com
pany for cleanir.g t!'le exhaust from a fbid-bed dryer is described in Ref
erence 2. Installation was preceded by investigation of a 1,000 cfm test 
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unit. Grain loading cf the gases leaving the dry collectors was 3 graiLs/ 
scf (see Figure 20-6). The outlet grain concentration loading froc a 
Venturi scrubber as a function of pressure drop is shown in Figure 20-7. 
As a result of the tests, a commercial-size unit was installed for the 
175 ton/r.r dryer handling 95,000 cfm with a specified cutlet loading of 0,05 
grain/scf. This loading required 1,200 hp. for the corr.bined pressure drcp 
of 42 tc 44 in. of H20 of which about 20 in. is required fer the Venturi. 
The installed cost was about $1.00/cfn: of gases, although much existi~g 
equipment was utilized. If existing equi:pment had not been available, it 
was estimated that the cost would probably have been $1.50/cu ft,g/ These 
costs compire closely with general cost figures given in Appendix A. 

Anotter recent Vent-..:ri scrubber installation is reported to have 
been i~stalled at a cost of $0.90/acfm. This 35-in. w.g. Venturi scrubber 
was installec downstream of the cyclones, which served a 400 ton/day fluid
bed dryer, and r.andled approximately 200,000 acf:m of gas. T"~is installed 
cost of $0.90/ac:f'm also compares very closely with the ccst fig".J.res ir.:. 
Appendix A. However, this actual cost figure includes stair.less steel co::::
structicn for all surfaces in contact with water,14/ 

CarefUl consideration should always be eiven tcward eliminatio~ 
or Yeductior. of dust at its source. In connection with thermal dryer in
stallations, it has often been found necessary tc evaporate all water to 
attain successful operation of the dryer itself. T'nis requirement leads 
to very high dust leadings to the collectors. It may be found possible tc 
redesign or modify the thenr.al dryer to permit successful operation a.t a 
level cf evaporation whereby 0.5 to 1.0~ surface moist~re reme.ir.s or. eac~ 
coal par0icle. The dust loading to secondary collection equipment can some
times be substantially reduced, providing increased collector efficiency 
and more satisfactory final emission to the atmosphere as well as reduced 
recirculation cf ultra-fine coal i:::: a plant water circuit • .§./ 

20.5.2 Coal Refuse 

Coal refuse, which is discarded as a part of the ccal preparation, 
fo::-ms large piles which often catch on fire. A survey in 1962 identified 
488 burning mine waste piles.11/ These are a source of particulate and 
gaseous pollution but no information has been located that would allow an 
assessment of the quantity of particulate emitted. 

One of the methods used to control these coal refuse bank fires 
involves the use of high-pressure water nozzles followed by compaction. 
Overall cost has been estimated at $0.65/cu yard of material.]:g/ 
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CHA?I'ER 21 

21.1 :rnTRODUCTION 

Carbon black is ultra~i~e soot I:lanufactured by the burning of 
nydrocarbor.s ir.. a limited si..:.pply of air. This finely divided material 
(10 to 400 µ in diameter) is of industrial importance as a reinforcing 
agent for rubber and as a coloraat ~or printing i;:k, paint, paper, and 
plastics. 

Three basic processes currently ex:'..st in t!le United States for 
prod:icing this compou:id. They are: the furnace process, accounting for 
about 83% of prod:ic~io~; the older chanr.el process, ..r.:i.ict accoants for about 
6% of production; and the thermal process (1970 figures). Atmospheric pol
lutants from the thermal process are negligible since the exit gases whic!1 
are rich in tydrogen a.r·e used as ~ucl i~ ~he process. In contrast, the pol
luta.~ts e~itted from the chan:-.el process are excessive a:;.d characterized by 
copious amounts of highly visible "olack S!lloke. ~issions from the furr.ace 
process cons~st of carbo~ dioxide, nitrcge~, carbon monoxide, hydrogen, 
hydrocarbons, particulate matter, and some sulfi..:.r compounds. For the fu=
n'l.ce process, collect.ion ec.i.uipme~t is an integral pa:-t of the process for 
collection of the product. 

The I:lanufacturing processes, partic...Uate emission sources, par
ticulate emission rates, efflue~t characteristics, and control practices 
a~d eqt:..ipment a..--e discussed in the following sections. 

21.2 MA..'>f"JFACTL"RING PROCESSES 

The fundamental steps in carbon black (frequently referred to as 
black) manufacturing, regardless of the process used are: 

1. Production of black from feej stock, 

2. Separation of black from the gas stream, and 

3. Final conversior. of the black to a marketable product. 

In the channel and f"cU'nace process, the black is produced by 
burning the feed stock. In the thermal process, the feed/stock is thermally 
decomposed into black and hydrogen; there is no burning.! 
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21. 2 .1 ?u~::ace ?::"ocess 

The fu..YT.ace process is 3ubdiviied ir.to either the gas or oil pro
cess depending on the prbary f:iel used to prod1;.ce the carbo:: blo.ck. In 
bo~h cases, gas (gas process) or gas and oil (oil process) is injected i~to 
a ~~actor with a l:'. .. !nited supply o~ com~ustion air. 

21.2.1.1 GP.s-Fur~ace Process: Figure 21-2 s~ows o. sc~effiatic ~low 
diagra:n of the ga:s-furr..ace process. Tl:e furnace O!' reactor is refractory 
:ined and is designed with special inlets or ports for natural gas and for 
air. An ar.nular nixing orifice formed of refractory material is located 
wi-:hir. the cor.verter. The flue gases, largely carbon monoxide, hydrogen, 
ni trcgen, and water vc:.:;>or, carry the hot carton frol'.:l the furr"ace th~ugh a 
:...or..g horizontal brick-lined flue, to a cool::..ng tower where water sprn.ys 
reduce te~peratures from 1800 to 500°F. Agglooeration of the fine black 
pal·ticles occurs either ir. an electrostatic fi·~ld provided by an elect:::-ical 
prcci?itator or by centrifugal force in cyclone collectors. When the elec
trical precipitatcr is used, about 301', depending on the grade of black 
prod:;,ced, is shaken off the electrodes intc the collecting bopper attached 
to the bottom of the prcci~itator. The remainder of the flocculated black 
is caught, to a very large exter.t, in the cyclone collectors and bag filters 
w~ict ge~erally follow the precipitator. The gases including the carbon 
nonoxidc and conder.sable vapors (steam) are discharged thro"..lBh the stack cf 
the final collector d:.rectly to the atmosphere. ~he black is carried to the 
finishing area by screw or pneun:atic conveyors.-;;) 

21.2.1.2 Oil-Furnace Process: ~e oil-~~rnace process is s~~llar 
to the gas-furnace pr.;:>cess except t!".:.a~ the raw material -.lsed is oil instead 
of natt:.ral gas and the fur:-.a.ce design is also different. Each producer r.as 
developed and patented f"..:.ri::ace designs. The design of the furnaces ar.d 
burners ccnsti t.ltes an i...":lportant part of carbon black technology. A flow 
diagra.:r. of the oil furnace process used at a large modernized plar.t is 
shown in Figure 21-1. 

21.2.2 Chan:-.el Process 

A schematic flow diagraI:l of the channel process is shown in 
Fig'...<re 21-3. A tY];lical channel plant ~..ay cover ~.any acres and may be corr.
posed of several hundred steel b"'ildings (called ''burner houses" or "hot 
:t.ouses") housing some 2,000 to 4,000 flames and the appropriate number of 
char~~el irons, upon which the flanes impinge and deposit carbon black. 
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A:..r is s~pplied t~rough openi;.gs at the base of each b~ilding. 
'Ihc spc;.t gases a.::i produ·:ts of combustion pass out of the hot house ';,hrough 
-:pe::. i!'lc;s and stacks 
,._ lr:.,:. "r d~y/burner .v/C---- 0. 

~n the roof. Gas rates are on the order of 45 to 80 cu 
tip, and may range fran 150,000 to as high as 260,COO 

c.:u ft/24-hr day/hot house. Co~1i::iusticn is co:-:trolle:l ·oy natural draft ope!".
inc;s in the top and. "Cottom of ea.ch :!louse. Draft control is visual a;.d de
:pe:.de!"lt i.;.po::. the skill of "':-~e operatoc::-s. A lac::-ee excess of a:.r !:olds the 
"'..enpcrature of the house below 1000°?. However, this large excess of air 
does not completeJ...v turn the nat~al gas because the com·o·Js"tion time from 
the gas tip to the cha.n!'lel is very short, and complete mixing of air ani 
5as in this interval does not occur.1,2/ 

Screw conveyors pick the black up from the various houses and. 
convey it to the processing area where an air separator removes particles 
of grit (hard calcined carbon). The fluffy black is then further processed 
throug..~ a high-speed hairJller mill (u:.icropulver~zer) to break up lumps tha~ 
form ir. the co~veyors, and also to render any rerrbir.ing grit particles 
extremely fine. It also plAlverizes oversize product pellets that recycle 
frorr. downstream. screenir:g. The black then passes to the pelletizing step 
a~d s~bsequent packagi~.g. 

21.2.3 Thermal ?rocess 

Thermal blacks are produced by the thermal decomposition of natural 
gas in the absence of air or flame. (l) The thermal process, Figure 21-4, 
comprises: (l) the cracking units (termed generators) consisting of 
cbeckerwork furnaces; (2) coolers; (3) carbon collectors; and (4) packing. 
The ~~rnaces are 12 to 14 ft. in diameter and 25 to 35 ~. high, and cor.sist 
of a riveted. steel shell, insclated and lined with refractory brick and 
filled with checker brick similar to that of a blast-furnace sto'le.3,4./ 
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H, H1 scrubber 

Figure 21-4 - Flow Diagram of Thermal Process1/ 



The::.-:nal black C.:!.ffers f'ron ot!'ler car1:::o!1 black operations in tr;at 
it is cyclic rather tha:'. continuous-~ The process is i~tcr.nittent, the 
cr.eckerwo:::-k bei::-;g .:'irst :::.eated to 2400 to 2800°F by t:::.c conplete combustion 
of a blast of natu:-al gas and air introduced at the bottom. W:.:en the br~cks 
are broueht ~p to the req~ired ter.iperature, the stack (vent to the atmos
phere) is closed and natural gas is adlt.itted from the top of the furnace 
for the decorn.posir.5 pa.::-t of the cycle. Tl:ermal black is produced when the 
heat fror.: the brickwork deco~oses the gas into a sr.iokc cf ttermal carbon 
plus que.r:tities of hydrogen.~ When tl::e ·::ir:icks become ecol, the natural 
gas flow is sl:.ut off and tte re~air:ing carbon smoke is flushed out ir..to the 
cyclone separators. The complete cycle for a Sil'J6le generator requires ap
proxin:a"tcly 10 mi::. Of tl:in \~;tfe, about !:alf is req:.;.ired for heatup and 
half for the cracking ?recess.~ 

The effluent gas fro~ the generator, whicl:. is on tte production 
cycle, consisting o~ about 8cPp l:.yd.roger., 6% met~ane, and a re~ain~ryg co~
plex mixture of higher l:.yG.rocarbons, carries the suspended black. 2J The 
smoke from the fu..'"!lace is passed by cour.tercurrent flow t~.rough a water
sprayed cooling tower to cool the smoke to about l25°C. This temperature 
allovs it to be safely filterei througl:. t:..e cloth bags in tbe collectors 
and yet no-: wet either the bags or the carbon. Recovery is about 40 to 5o<fo 
of the carbon in tte fuels. 

The collected black is tra.r.sported by screw conveyors to the 
processing area where it is passed through a Eagr:.etic separator, screen, 
and hai:imer mill. It may ther: be pa::ked through an auger p;i.cker as fl:,;,ffy 
black in 25 or 50 lb. pa.per bags, or passed through pelletizing equipment, 
which transforms the :':::..:.i:~f'y black ir:to a free-flowing produc:t. 

21.3 EMISSION SOURCES A."ID RATES 

The most in;:portant factor affecting emissions is the basic oanu
facturing process and its inherent efficiency. Thus, emissions from the 
channel black process are excessive, while these fro~ the thermal process 
are negligible. Particulate emissions from the ftL'l"!lace process are affected 
by the type of collection eqtlipment u.sed. Gaseous emissions are largely 
determined by the overall yield, type of fuel (that is, liquid or gas), 
the reaction time and temperature, the ratio of gas to oil in the feed, and 
the amount of combus-:ior: air.~/ 

Additional emissions may result from the conveying, grinding, 
screening, drying, and packaging operations at a carbon-black pla..~t. Poorly 
designed or maintained equipment can result in leaks and spills. Spillages 
of the flu.ffy black before pelleting are the source of pollution. 
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After pellets have ceased to :'onn ir. the dry pelleting :p!·occs::i 
"'.:.r.c drtar. is emptied, and reloaded with fresh loose black, and reseeded, 
a."'ld then pelleting rest.ll!le::i. The effiptying of the drum will r.aturally result 
i~ black spillage. 

Maintenance operations will often result in carbon-black spillage. 
The cleaning of clogged screens, located either at the top cf the storage 
tank into which tte fi:lished black is screened or at the pelleting section 
where oversized pellets are screened out, causes black to be discharged into 
the atmosphere. Whenever a production line is plugged, the remediaJ. mea
sures are either to pound the line or use a vibrator. If this proves ir:
ef:'ective, high-pressure air is used to dislodge the black. Carbor. black 
is generally elLitted to the atmosp11ere in :.his operation. 

c.s.rbon black is so finely divided that 'Whenever a leak develops 
in plane; equipmer.t, s:Jch as in the conveyor system, or ir. the bins, or at 
the tagging equipment, black will seep out into the atmosphere. 

~able 21-1 sUJm:larizes ez:ri.ss~on rates fer carbon black :manufacture. 
Etnissior: :'actors :'or :.he cha,.r..el blac~ process 13.re qucstionc.ble becs;..ise o.f 
a complete absence of emissior. data.~/ Emissions due to cor.veying, grind
ing, etc., were not estit:laved because of the variability of these emissions.~/ 
Partic·..;J.ate err.issio:::.s currently total about 93, 000 tons. Trie channel process, 
'Which accounts for only about 6% of the total prodi.;.ction, emits nearly 90% 
(82,225 to:J.s) of the pa.rtic·..;lates. 

2.::.. ,1 C1L-IBA8TERISTICS OF EFFWEK'IS FROM CARBON-ELACK MANUFACTURE 

Limited data were found or. the chcz:ri.cal and physical propervies 
of effluents frc:n carbor..-black pla."1ts. Availa.ble data are SUI:lllarized in 
'.i'able 2:::..-2. The particle size of the em tted carbon black is extremely 
fine (i.e., of the order O.l-0.5 ~). T'~e carbon monoxide car.tent o:' tLe 
offgas may be as bigh as 20% by vol:m:e. 

21. !.': CONTROL PRACTICES ~ID EQUIFMENT 

'I'l:e channel process emits large quantities of carbon because no 
way has yet been developed to separate the escaping black ar.d avoid up
setting the burning conditions, which in turn 'W'Ould drastically affect yield 
and quality._!/ Production by the channel process has declined over the 
years, and at preser.t o~y 3 plar.ts are kr.own to be in operation.~ 
These tl":ee plants produce a total of approxil:lately 71,500 tons/yr repre
senti~g about 6.0<fo of the total carbon black produced in the U. s. 

471 



Source 

I. Channel process 

II. Furnace process 
A. Gas 

B. Oil 

TABLE 21-1 

PARTICULATE EMI:SSIONS FROM THE 
MANUFAC'IURE OF CARBON BLACK 

Quantity of 
M;i.terial 

71,500 tons, 
carbon black 

156,000 tons, 
carbon black 

1,180,000 tons, 
carbon black 

Th!ission 
Factor 

2,300 lb/ton 
product 

60 lb/ton 
product* 

10 lb/ton 
product* 

Application 
of Control 

Cc 

o.o 

Efficiency 
of Control 

Ct 

o.o 

Total 

* Controlled emission factor. 
** Controlled emission factor. 

Cyclone followed by scrubber; 97% efficiency. 
Fabric filter; 99.5% efficiency. 

Net 
Control Tu!issions 
Cc·Ct (tons/yr) 

o.o 82,000 

5,000 

6,000 

93,000 



A. Particulate 

I. Thermal. 
Process 

II. Furnace 
Process 
(oil) 

B. Carrier Gas 

I. Furnace 
Process 
a. Oil 

b. Gas 

Particle 
Size 

0.1-0.5 

0.02-0.4 

Flovrate 

a) 3-5 
b) 120-150 

a) 3 
b) 360 

Solids 
Loading 

10-50 
(Reactor 
Outlet) 

Temperature 

TABLE 21-2 

EFFLUENT CHARACTERISTICS - CAR!ION BLACK+ 

Chemical 
Composition 

Carbon 

Carbon 

Particle 
Density 

1-5 lb/rt3 
(Bulk Density) 

!obi sture 
Content 

Chemical 
Composition Toxicity 

Typical Composition 
C02: 3.0 
02: 
CO: 

0.3 
6.0 

H
2

: 8.0 

c2H2 : 0.5 

CH4, C2ffs 
etc.: 0.2 

~: 41 
l~O: 40 

Electrical 
Resistivity 

Corrosivity 

+ See Coding Key, Table 5-1, Chapter 5, page 45, for units for individual effluent properties. 

1-k:> i stiJre 
Cont<?nt To>:ic ~ tJ 

Odor 
Flwrmabili ty o,. 
Explos iv'? Limits 

Optical 
Prope!"t.ies 



F0r the f rr.ace :p:::-ocess, collect:on eq,_~ipnent is a::: intet3:::-a:. ps.rt 
o.' t!1e process for collect::.on of the product. The t:;'Pes of equipr.ier:t co:n
r.icnly used. :'.'or e;:':'ectively separ'.lting ar:d collectir:e; fi:-.ely divided (:,la.ck 
'ror.c a gas stream are agglo:nerators, elec:.rostatic p:::-ec::'.pitators, cyc:.one 

separators, scru·:ioers, and bag!':ouses .Y 

I::: ol:i pla~:ts, the black-lar:e!'l. gases arc fi:::-st cooled to a·::,out 450 

to S~·0°F, an:i ther.. passe:l thro,..;gh a dry electroctat:c precipit.s.tor w::-i:ch ae
e:lonerates t::-ie black. The increased C.iameter and density of the agglomer
ate:'! clack pennits it t::i be removed effect:'..vely .::'rom the gas s-:;rea."Yl "o;y us:'..ng 

several c;rclo:".e separators. Together these have a recovery ef:'ic ie:-.cy o: 
e~ to ?0-,~, leaving a2out 10% of t~e in:'..~ial carbon ::.n the off-gases. Col
lection or ren:oYal o:· nearly all the re!ta.i::i!'1g 10% is accomplished w'.':e!'1 
the ot"'.'-gases are passe:i triro·.~gh either a bag filter to give '?'.)% recovc::---1 
o:::- a wct-scr;.;t:ber systc:n w:'..th ']7 to 98% collcct:.:.on overall. The scr.:'::>ber 
syste~ n~y :err.prise water scrubbi:::g ar:C. wet electrostatic precip:'..tat:.cn or 
was:-.ing :'..n a slot scr_:_bber followed by a wet cyclone scrubbe:::-. In or:ier 
to recover the l>lack, the slurry is circulate:l back to the reactors ·~·here 

"t is :.ised :'or q·.tenc::.. The bl.a.ck is tl:us re-entra:'..ned in the sncke a:-.d re
covere:l. 

T::e electrostatic precipitatcr is rapidly disappearing fron use 
i::: the carbon-black industry. ·Even at son:e elder plants they are no longer 
:.r: operation, since tr_ey ::.ave been sh-1t off to save opera:.ine; and :nai.::'te.::ance 
E:x:i?·Znses. They are not energized, and nc carbor:. black is removed ::::-or:i then-.. 
T'::e cu:::-re:it trend is to do wittout electrostatic precipitators i!", ne"' L;r
:::ace-tlack plants. T!'ie trend is to a mec!1anical age;lomeraticn C.evice (i.e., 
cyclones) placed a!":ead cf bag filte:::-s. When tl:e older plants were built, 
suitable filters had r.ct ye't been developed, and t::.e use of cyclones by 

thenselves ·was inadequate. 

In recent years, the ca:::-bon-black industry t;,,;,yncd :.o agglo~era
tion apparatus of lower first cost ar.d of equivalent or s~perior pcrf::irrr.ance 
2orr.pared with the electrostatic precipitator. Accoro:S.ingly, in :nost plants, 
the black-lade:: gaaes, cooled to abo·...:.t 550°F, e::i.ter a ser:.es of large diam-· 
eter cyclor:es (usually four) which separate abo·Ltt 7oc/o o:' the carbon. The 
gases wit~ the remaining black may be cooled further to about 350°F. They 
are then passed to a bag filter which se:pa.rates the remainine black from 
com·:iL.tstion gases for an overall recovery of 99~. 

In some ple.nts, cyclo::i.es (as well as electrical precipitators) 
l:ave bee:-. eliminated a!'l.d t!-.. e design for carbon-black separatio:'l calls for 
a sys ten wi :.h an agglorrie::.·at:'..ng device and a si:;,gle bag filter co:;_::i.ected i::1 
-e~i· """' 1 I .::.: ..... _.....,.::I 
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21.5.1 Control Equipment 

21.5.1.1 Wet Scrubbers: Wet scrubbers, despite their high re
covery efficiency, have very limited use in the United States for separat
ing carbon black from a gas stream. Nor are wet electrostatic precipitators 
currently in use by the carbon black industry in this co-....~try. 

21.5.1.2 Cyclone Separators: Two main types of cyclone separat
ors are utilized in carbon-black collection: (1) medium-ef!'iciency or 
high-capacity cyclones, generally of fairly large diameter and used singly; 
(2) modern high-efficiency, high-velocity cyclones, usually nested in 
groups of two, four, eight, or more. Primary cyclones are of various 
sizes. A typical cyclone used (old design) is 11 ft. in diameter a..~d 
35 ft. high. The cyclone based on the new design (high efficiency) is 
6 ft. in diameter and 15 ft. high. Secondary cyclones are only 54 i.:1. in 
~ian.eter and 10 to 12 ft. high. Cyclones have an agglomerating effect on 
the black because of the centrifugal motion created within the equipment. 

21.5.1.3 Ba.ghouses: In bag filters, the black-laae~ gas strea.:n 
en::.ers the open bags at the bottom and passes througr. the cloth, depos:'..ting 
sol:'..ds or. the cloth, ar.d the clean gas discharges to atmosphere. The bags 
are cleanea ·'Jy reve:::-sing tl:e flow of the gas and repressuring. Tl::.e ten:.pera
tures involvea r"..lle out the use of cheap reliable filte:- me::tia, S'..lCh as 
cotton, wool, a:".d "orlon." The :naxim:im working teeyerature of these ma::e
rials is about 275°F. These filters faced a considerable corrosion prcblerr. 
until ba~s of woven glass fabric made froo staple yarn were introduced. 
Filtration can thus be carried O"..lt at temperatures -;.:p to 550° F. However, 
the brittle fibers cannot stand up to the shaking req:iired to :'ree t:':le black 
collected on the cloth, and the cloth wears out quickly. To solve this prob
lc:n, cloth man-.ifacturers coat the fibe:rs ;;iti:J. rc::.ii:-.s and si:Licor:.e oil::.> to 
:::.clp ffoers slip over each other more easily. 

:n carbon-black manufacture, bag filters are eliminating the need 
of electrostatic precipitators, scrubber units, and even cyclone separators. 

Filter-bag life varies greatly depending on several factors, such 
as eas-to-cloth ratio (or how heavily the cloth is loaded), the grade of 
black being prod~ced, and the type of cloth used. T°,fpical bag li~e is abo~t 
12 months. 
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CHAPI'E2 22 

PETROL8U14 3.EFHING 

22.: I:'{TRCDUC7IO~ 

?he petroleum industry can logically be div::.ded. ir.to three :najor 
divis:'..ons: productfon, refi.::ing, and marketi::lg. Proci.uctior: includes tbe 
operations invo~ved in locating and drilling oil fields, removing oil fro~ 
the ground, pretreatment at the well site, a::id transporting the crude to 
the refinery. Refining is limited to operations ::iecessary to convert tte 
crude into salsble products. Marketing involves th·3 dis:.ribution and sale 
of finished petroleum products. Only t:te refining operat::.cns will be con
sidered in this discussion. 

·Tue emission of particula:.e matter from re:'ine.:-ies may or::.ginate 
fro:n catalyst regenera:ion, decoking operations, air'blown !ip:::alt stil::..s, 
sL:.dge burner, boilers, process heaters and incinerators. Flare syster.is 
may also produce particulate emissions because of fo.:-:naticn of carbon par
tl.~les but this is a resu::_t of the combustion process at the flare. 

Product::.on precesses, particulate emission sources, particulate 
emission rates, effluent characteristics, end control pra~t::.ces end eq~ip
ment for petroleum re~ining are dis~ussed in the fellowing sections. 

22.2 EMISSION SOURCES 

Refineries vary greatly in both tte quant::.ty and type of emissions. 
'Ihe most ::.mporten: factors affecting refinery emissions are crude oil ca
pacity, air pollution control measures in effect, general leYel of mai:::.te
ne.nce and good housekeeping in the refinery, and the processing scheme 
e~ployed. '.:'he e~issions wtich may contrib~te to air pollution are sulfur 
oxides, nitrogen oxides, hydrocarbons, carbon monoxide, and malodorous 
materials. Other emissions of lesser importance include part::.culates, al
dehydes, ammonia, and organic acids. 'Iable 22-1 indicates potential sources 
of the various contaninants from refineries and emphasizes the variety of 
equipment and operations which must be considered in a complete survey cf 
refinery emissions • .!§/ 

Many processes and operations in oil refineries necessitate tte 
use of high-pressure steam, or require feedstock at an elevated temperature. 
A wide variety of boilers and process heaters are used tc ~::.:1 ttese needs. 
Heaters may be of unique design, although most units are the box, or cy
lindrical, vertical type. Boilers are generally of conventional design. 
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TA.13LE 22- ::_ 

P01KJTIA1 SOlBCES OF SPECIFIC EMISSIONS FROM OIL 3.EFr\'.ERIE~ 

Emission 

Oxides of sul~~r 

Hydrocarbons 

Oxides of nitrogen 

Particulate matter 

JJ.dehydes 

knr.1.onia 

Odors 

Carbon monoxide 

Potential Sources 

Boilers, process heater, catalytic cracking 
unit regenerators, treating units, H2S 
flares, decoking operations 

Loadir..g facilities, turnarounds, sampling, 
storage tanks, waste-water separators, 
blow-dowr. syster.:1s, catalyst regenerators, 
pumps, valves, blind changing, coo:ing 
towers, vacuu:n jets, barometric condensers, 
air-blowing, higt.-pressure equipr.ient 
handling vo:atile hydrocarbons, precess 
heaters, boi~ers, co~fressor engines 

Process heaters, boilers, compressor engines, 
catalyst regenerators, flares 

Catalyst regenerators, boi::.ers, process 
heaters, decoking opera~ions, incinerators 

Catalyst regenerators 

Cata::.ys~ rege~erators 

Treating units (air-blowing, stee:m-blowing), 
drains, tank vents, barometric co~denser 
sumps, waste-water separators 

Catalyst regeneration, decoking, compressor 
engines, incinerators 
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The fuel may be refinery gas, na~~ral gas, hea1.ry fUel oil, coke, er combi· 
nations, dependi:ig on econo~ics and operati:ig conditions. Particulate 
emissions from boilers and process heaters are incl:.;.ded in the stationary 
coobustion sources discussed in Chapter 6. 

D;ring catalytic cracking, reforn:ing, and hydrogenation, coi-~e 

formed on tt:e s·.:..rface of the catalyst is burned off in regenerating vessels 
by controlled combustion. The fb.e gases from the catalyst regenerator 
~ay contain fine catalyst d~st, and the products of combustion of the coke 
m1y include some of the ilnp~rities contained in the charging stock. Crack
ing tL"lit regenerat.ors are us·;ally large, operate cor.tinuously, and are 
potential sources of dust, carbon monoxide, hydrocarbon (nearly all methane), 
and s·c:.lf'ur-oxid.e emissions. Reformi:r.g a.."ld hydrogen treating un:.. ts usually 
regenerate catalysts intel.'l:l.:..ttently and are a less ilnporta."lt so~rce cf 
emissions.£/ 

The catalyst reger.erator is a major particulate emission source, 
and it is discussed in reore detail in the following sections. 

22.2.l Catalyst Regenerator 

Catalytic cracking is the backbone o~ the ~odern refinery. The 
capacity of these units am.cunts to abo~t 4 million ~arrels per day, equiv
ale~t to abo~t 40% of total refinery crude capacity. Crack:'..ng over a cat
alyst, usually an al·z..ina-silicate, is accomplished at slig::i.tly greater than 
atmospheric pressures and about 900°F. It gives a higher gasolir.e y:..eld 
and better quality gasolir.e than thermal crack:'..ng. The charge stock is 
us-..:ally gas oil, a distillate intermediate between kerosene and fUel cil. 
Catalytic cracking yields a "synthetic crude" which is separated into 
gaseous hydrocarbons, gasoline, gas oil, a...'ld fuel oil. 

During tr.e cracking process, which is usually continuous, coke 
deposits on the catalyst and is burned off in separate regenerating vessels. 

Catalytic cracking units may be classified according to the 
nethod used for catalyst transfer. There are four main methods: (1) ~ixed
bed, utilizing a n-..:mber of reaction-regeneration chambers in a batch-tyye 
operation, (2) moving-bed, (3) fluidized-bed, and (4) a once-through 
catalyst system. which does not attempt catalyst regeneration. Fixed-bed 
and once ·through systems are no longe!" used to any great extent. The 
moving-bed system, typified by the Thermofor Catalytic Cracki::ig Units (TCC) 
and the Houdriflow U:J.its, and the fluidized-bed or Fluid Catalytic Crack
ir.g Units (FCC), are now almost universally used in refinery operatio!l.s. 
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A typical ~low d:agrarr, of a flui1 crac~1ng unit is shown in 
F'.cire 22-l. In the production of high-octane gasoline, o::.l and powdered 
cEta1yst are CT:xed in a reactor. Sper.t catalyst, containing residual carbon 
(or coke) from the catalytic cracking process taking place in a reactor, 
:: s :n"'...x.ed with corrfoustion air and fed to the re17-ene:?:"ator in ord.er to re ac-- . 
tivate the catalyst by burning off tb.e coke or residual carbon formed on the 
catalys: during the cracking process. After regeneration, the hot-incinerated 
catalyst is :n~xed with cr-..idc oi: and is transported back to the reactor 
1-;here the oil is distEled off ("cracked") ar.d "the cycle repeated. 

The gaseous products of conbust:.on fro:n tte top of the regen
era:or are exhausted thro~gh a series of mectanical collectors which return 
their catch a:rectly to the flu:d bed. The finer fractions of the ca~alyst 
escape a::.ong witl: the discharged gas. The ext.aust gases !:lay be further 
clea:::e:: w: th addition a::_ cyclones or an electrostatl.c preci:;:i tator. 

L~ order to protect the collectors aLd other down-stream e~uip
m.en: aga:'.:is: tigh-te:nperature darr.age, terr.perature control water sprays are 
used in tbe con:bustion zone over tte fluid bed. The reger..erator is followed 
ty w2ste-hcat s"':ean: boilers 
red:..:.ce tbe gas temperature. 
electrostatic precipitators 

in ord.cr "':o recover so:ne of tte heat er.ergy and 
Furthe:!" gas cleanir..g is ther. accomplished by 

in many plants. 

Large a~ounts cf carbo~ :nor.oxide gases are a:scharged with the 
re~er.eration flue gases of an FCC unit. Tne ce.rbon monoxide waste-heat 
boi:er :s a means of using the heat of combustion of carbon monoxide and 
other comb'J.stibles, a::d the sensible heat of tl'1e regeneration gases. Re
gene:re':ion gases frol:l an FCC ur.i ': are ncr:nf;!l.ly delivered to the ir.let of 
the CO boiler at about HOC °F and 2 psig.Y 

22 .3 CK . ."ALYS,.. REGENERATOR EM!SSION RATES 

~~e to the b:gh extent of ccntro~emission rates from catalytic 
cracking -..m::. ts could not be calculated. using the :nethods of emission factors . 
.A.v1d.lat:le data indicate that one 6,000 BPSD (barrel/stream day) FCC unit 
er:i.its 0.135 ton o~ dus: ~er day based on 0.016~ d-..:.st in the air stre!llil out 
of the final separator . ..!../ The total capacity of FCC uni ts is 3,609 ,000 
3PS~. By direct ratio: 

Emissior: fro!I. FCC= 3,609,000 (0.135 ten/day} 
6,000 

• 81 tor..s/day = 24,00C tons/year 
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CYCLONES 

REGENERATOR 
STANDPIPE 

FCC PRODUCT TO 

FRACTIONATOR 

FLUE GAS WASTE 
HEAT BOILER 

COTTRELL 
PRECIPITATOR t 

F~ gure 22-1 - F:'..ow D:'. agran: of Fluid Cr&.ct\.ir:g U::-,i :.!21 
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':'he cmissio~s may be calculated by another met~od. :nforffiat:on 
frcrr. ;{e::'erer.ce 14 ir.dicates cata::.yst "losses" range fror.. O.O!'i-0.2- lb/bbl 
fresh feed. Usir.g the average of 0.075 lb/bb2.., the emissions would be: 

(O.C75 lb. )(3.603 x 106 bbl. )(330 ~)( Ton ) = 44, 7CO :ons/year 
hbl. day yr 2,coo lb. 

TI:e latter figare of 44, 7CO ton.;;/:,,ear is p!·obal::ly r.:cre repre
sentative tecause the for:r.er figure is based or. data fro~ only one ?2-~nt. 

22 .1 . EFFLtJEX:' CHARACERIS'IICS 

Available data on tte che:r.ical and p:tysica::_ properties of 
cffl~ents from catalytic cracking ~nits a.re sum.~arized in 'Iable 22-2. Par
ticle s' ze of partic-..:.lates at the inlet of seco:J.dary col::_ec"'.:ors ranges from 
lC-45 wt. % :ess than 2 µ. 

22 .5. COX'='ROL PRAC':'ICES P.SJ E~vIPM~!'~T FOR FCC lf.E'::'S 

22.5.1 Cyclones 

Ille ~se of cyc:ones, in enc, two or three s~ages is con::i;.or. prac
tice for control of ·ius-: from FCC uni'.:.s. !:'.typical installations, :m::.lti
st.age cycler.es are located in the regenerator vess•3!1 :'or cata:yzt recovery 
ani re-utilizatior.. ln sorr.e cases externa::_ cyclones are installed to re
duce -:~1e particu:.ate content of tLe !'lue gases. Catalyst dcist losses frcr.. 
the regenerator eq:;.ip:Fcd. wi"'.:h internal cyc:.ones and, in so:r.e cases, su.:;::ple
mented by exter'.1.a.:C cyclone equipr.ie:it can range ir: t'.::e order of lOC to 350 
lb/hr. 

'.:'he maximu:n effic:ency wh:ch can be obtained with external 
cyclones would depend on the efficiency of the preceding cyclones, but i':: 
may rar.ge as high as 90% recovery of tte so~ids leaving the preceding vessel. 
':'he installed cost for a set of external cyclones designed fer maxinurr. 
efficiency will r-~n between $1.25 and $1.75/acfrr. of gas leav:ng the vessel 
(before the pressure regulating valve) :'or units discharging between 40,000-
60,CJOO acfm of gas. The cos':: of a system designed to recover ap?rox:mate::Ly 
60~ cf the solids leaving the vessel wo~~d be about half as muc~ as the 
system designed for rr.axinu~ ef~iciency.Z/ ':'b.ese costs are two to three 
times higher tha.r. the ger.eral cost figures in Apper.dix A b~t installation 
in & refinery FCC unit is a Sf·ecial application involving d:..fferent r::::a"!:erials 
of co:nstr-~ction, higher pressures and n:.ore diffic·~lt installation problerr..s. 

482 



EFF'LUEllT CllJ\HJ\CTI·:1n:·'1'1c:; - n~rHOIF.UM J;EFHJJ;J!; 

A. Particulate 

Source Particle Size Solidc. Loadinc 

Petroleum 
Refining 

Catalytic 
cracking 
unit. 

Cyclone Inlet: 
21-45 < 2 
avg. 27 < 2 
33-72 < 5 
avg. 49 < 5 
47-89 < 10 
avg. 64 < 10 

Preeipitator 
Inlet (Bahco) 

.,. 10 < 2' 20 < 4 
~ 35 < 8' 40 < 10 

62 < 25 

B. Carrier Gas 

Source 

Catalytic 
cracking 
unit 

Flowratc 

(a) 70.5 

( l plant) 

'I"lomperature 

Outlet 'l'emp. 

10!,0-1150 

S-2S 

Moisture 
Content 

10-30 

Chemical 
Cumposj ti.on 

Dependent on cataly~t 
type. Varies from 
natural earth clays 
to the synthetic 
varieties which arc 
mostly oxides of 
silica and alumina. 

Chemical 
c~ ~mp{),S i ti ~m 'J\)Xicity 

Particle 
Density 

2.2-3.1 

Corrosi vi tv 

Dry: Flue Gae. Cc1n tai ns CO 

C02: 6-9 
CO: 6-7 

0-2: 1-3 
N;>: 81-07 

SO?: t raec 
llylirocarlions: 

trace 

Electrical 
Res is ti ·1i i:'t 

See F'igure 
22-2 

Odor 
FlammRbilit:

Li'lli ts 
Optical 
Froper .. :es 
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Figure 22-2 - Elec~rical ~esistivity of Dust from Catalytic Cracking 
Unitl2/ (Dust at Precipi~ator Ir.let) 
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'The applica:ion of a specie.:'.. th:.rd-stage, hig~-eff:.ciency, r.ml :iple
tube, swirl-vane t~ s7ntrifugal separator to FCC uni:s is described in 
two !':::cer..t artic2.es ,=.J..::.J This third-stage separator allows the main body of 
the gas strea~ to be utilized in a turboexpander without serious problems. 

22.5.2 Electrostatic Precipitators 

A thir·i n:.ec:::anic al cyclone external to the regenerator improves 
d-.ist removal but generaLy it is no:. sufficient to co::iply with stringent 
c~issions standards. Electrostatic precipitators bave beer. used for this 
ser·1ice with good success and some refiners have reported cata:::.yst dust 
losses as ::..ow as 40-6C\1,'.;)/hr) althougt typical curren: installat:.ons have 
higher emission rates.~ '.[~e precipitator may be preceded by a power re
covery txbine or a CO boiler. Schematic flow diagrams are shown in 
F:gurcs 22-3 and 22-4.~/ 

The f::..uid-bed catalytic cracking units may e:::i.it 0.0009~ of the 
cata:.yst circulated wten equipped with electrica:. precipitators, or 0.005% 
when not so equipped. '.Ibis :nay be ccnt.rasted wi'th :noving-bed cata2..ytic 
crackers tha: e:n:'.. t 0 .OC2% of the catalyst circulated when eqclipped wi tr: 
cen:r1fugaJ sepa.rators.g/ 

Ref'erence 2..2 repo::-ts en a st';dy of stack losses frorr. a FCC un.i.t 
equipped with cyclones and an electrcstatic precipitator. The catalyst 
carryover an1 the weight perce::tage of 0-20 µ :naterial in the carryover are 
show'-. in Figures 22-5 to 22-7 for the operating conditions given in Table 
22-3. Figure 22-5 s::ows t:iat catalys: carryover fror:: the cyclone increases 
rapidly as the quantity of fines in the air strea..~ increases. It was there
fcre concluded that carryover cf r:i.aterial to the precipitator, and hence 
stack loss, may be controlled ·-:,y regulatio:: of the ar.:ou."'lt of fines in the 
i.:nit. Figure 22-6 is a calculated curve of stack loss as a function of 
particle size distribution o:~ catalyst carried over fror.:. the cyclones for 
farce different precipitator collection efficier..cies (computed from Figure 
22-5 and a fractional efficiency curve). Figure 22-7 is a calculated curve 
of size distribution of the stack loss, derived in the same manner as Fig'..lre 
22-6.0 

'i'.ABLE 22-3 

TYPICAL PL.ANT OPERA'.:'ING CONDITIONS 

Fresh feed rate to reactor, bbl/day 
Air rate, lb/hr 
Coke burning ratio, lb/hr 
Fresh catalyst-addition rat.e, 

tons/day 
Fresh catalyst type 
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25,000 
235,000 
2c,ooc 

6.1 
1"..SA-2 



70, 500 - SCFM 
750 - F 

0.01 - GRAIN/SCF 

r-----e~ PRODUCTS TO 
~EC OVERY 

91 % EFFICIENCY 

0 - PSIG 
750 - F 

70, 500 - SCFM 
1200 - F 
25 - PSIG 
0.28 - GRAIN/SCF 

BIN TO CATCH 
CATALYST 

POWER 
RECOVERY TURBINE 

I 

0.06 - GRAIN/SCF "' 62,900 SCFM 
AIR 

Figure 22-3 - Schematic Flow for Precipitator Installed After 
Power-Recovery Turbine§/ 
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82,eDO SCFM 
0.0~ GRAIN/SCF 

82,800 SCFM 
650 - F 
0 - PSIG 
0.05 - GRAIN/SCF 
PRECIPIT ATOR 
98.2 % EFFICIENCY CO BOILER 
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650 - F 
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0. 28 - GRAI N/SCF 

70,500 - SCFM 
1200 - F 
25 - PSIG 
0.28 - GRAIN/SCF 

" 62,900 SCFM 
AIR 

Figure 22-4 - Schematic Flow for Prec~pitator Installed 
After CO Boiler~/ 
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'fypical cos-:s for a precip: tater followir.g an eXpB!',sio:i turbine 
at 9C:1°F are $2/scf'm, wh:::_e :te cost at 700°? follow:!.r.g a CO boiler is only 
about $::_ .50/sc:'r.i. Water in~ection into the effluent strea"'ll to further re
duce tte ~emperature to about 550°F w:.11 reduce the cost st:~l more.§/ 
Tnese cos:s coopare well with the general fig~re for p~rchase costs of 
electrostat:c precipitators given in Appendix A. 

Electrostatic precipitators can continucus::_y ac~ieve 99% ef
ficiencies, but in order to ob:ain these high efficiencies in precipitators 
following regenerators, it is so~etimes ~ecessary to add a s~all amount o! 
ammon:a to the gases entering the precip:tator to lower the resistivity of 
the material hand:ed by the precipitator. In designing these units, tte 
following items are taken into consideration.2/ 

l. With periods of continuous operation for FCC units and 
fluid ::::o~ing units extendi:::g to three years or more, one shou:d select a 
preci:;;i :a tor wi tt a:ore than one chamber so that part of the unit can be 
isolated from the gas stream for maintenance while all of t~e gases pass 
through the rest o~ the units. 

2. The pre·~i;i tater shou:d have a large n"..ll::ber of bus sections 
which a:re ir.dividua:ly er.ergized to achieve the highest power inp~t and to 
mir.i~ize ac;y decrease in e~ficiency if any one section is shor:ing out. 

The d'.lst cor.centration er.ter::r..g the precipitator depends on the 
:ype of catalyst '.lsed, the par";icula:r process and the kind of mechanical 
collectors used. The normal d~st co~centration va:ries between 5 and 25 
grains/scf dry. It has been reported that no new catalyst recovery pre
cipitators have been sold ir. recent years in this co~ntry.11/ 

Changes in fuel demands have reduced the number of catalytic 
crac~ing units and conseq.lently the nunber of new electrostatic precipitators 
needed for this service has declined. However, electrostatic precipitators 
are still being ased on some ex:sting catalytic crackers and at least three 
~nits were so:d for this purpose during the 1966-1967 per:oa.:6/ A sun:mary 
of performance data for precipitators in fluid catalytic cracking app:ica
tions during the period 1951-1962 is shown in Table 22-4 . .!2/ 
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TABLE 22-·± 

A SUMMARY OF PERFORMANCE DATA* OF PR3CIFITATORS rn FLUID 
C.A!lAL~IC CRACKIKG AFPL:CATION (1951-1962)!..!.J 

Parameter Maximum Minir:mm 

Gas Vol·.;ne, lCOO's acfu/Pptr. 254 6 

Gas Tempera'!:urc, oF. 850 4SC 

Average 

152.6 

610 

Inlet I,oading, l~/hr 2,800 77 1,444 

Coll. Effic:'..ency, % 99.7 80 95 

* These data based on seven installations. 
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CHAPP~ 23 

ACID MANUFACTURE 

23.l INTRODUCTION 

Acid manufacturing processes include those for sulfuric, phosptoric, 
nitric, and l:.;drochlor::c. Only sulfuric and phosphoric acid manufacture dis
charges significant particulate emissionc. 

More sulf'i..ttic acid is produced in tte United States than any other 
chemical. The chamber process for the production of sulfuric acid tas been 
largely displaced by the contact process. About 97% of current output is 
from contact plants. Elemental sulfUr accounts for about 75% of all raw 
materials consumed in sulfuric acid production. Most of the remaining new 
acid comes from pyrites or other iron sulfides, sxr.elter gas, hydrogen sulfide, 
crude sulfur, and copper, zinc, and lead ores. Increasing e:r.iounts of used 
sulfuric acid are recovered for reuse. Primary sources are petrolei.nn refining, 
alcocol manufacture, nitric acid and chlorine drying, and detergent and otl:er 
sulfonations. 

The principal en:.issions fr0t1 sulfuric acid plants a.re acid mists 
and sulfur dioxide. 

Phosphoric acid is produced in two distinct processes. T~e wet
process acid is produced and consumed primarily in the fertilizer industry. 
The wet process for producing phosphoric acid is discussed in ctapter 12. 
The otter commercial process for manufacturing phosphoric acid is the thermal 
process, also referred to as the furnace or phosphorus burning process. The 
ther:nal process acid is used in plast:cizers, detergents, pharnaceuticals, 
and food grade acid. 

The principal emission from the thermal process is acid mist. 

Manufacturing processes, particulate emission sources, particulate 
en:ission rates, effluent characteristics, and control practices and equip
nent for sulf·.rri:: and phosphoric acid production are discussed in the 
following sections. 
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23. 2 Sl.1.F'JTIC ACID Mll..NlJFACTURE 

23.2.l New Acid 

All sulfuric acid is made by either the chamber or the contact 
process. Elemental sul~J.r, or any sulfur-bearing material, is a potential 
raw material for both these processes. The 215 contact-process establish
ments accou..~t for about 97% of the U. S. production. The 35 chamber
process establishments account for the balance of U. S. production. 

23.2.1.l C~a.mber Process: Originally the che.n~cr process employed 
sulLir dioxide gas produced :f'rorr. s-..ilfur, but :::oaster gas or sz:i.el"':.er gas was 
subctituted later. T::.e process employs the following principal tE.its i" ad
d:'..tio~ to the combi.::.stion cha.n:ber or 802 source (see F~gurc 23-1): 

1. The Glover tower which receives the hot b·.;.rner gas. It is fed 
at the top with the nitrous vitriol fro:n the Gay-Li.::.ssac to'\\"er, and w:'..th 52° 
Be (65i) acid from the chambers. The fundions of the Glover Tower are tc 
denitrify the Gay-lussac acid, th'.ls reduci:::ig niter req_uirements to a small 
makeup for process loss; to evaporate water from the chamber acid, thus con
centrating it to about 60° Be (78%); cooling the gas to the point at which 
it can be safely introduced i:::ito the lead chai::1::iers; and supplyir>.g water 
vapor, equivalent to about one-third of the water require:!lle:::it of the set 
(when producing acid of 52° Be). 

2. A series of large lead cha:nbers, '..;.sually comprising fron:. t:iree 
to as many as ten, i::l which tl:".e reactions bet·,.,reen S"-llfur dioxide, ox-,ygen 
from the air, ox:des of nitrogen, and water are carried cut with res~ltant 
production of chamber acid. 

3. Us~ally two Gay-~ussac towers in series, in wh:ch the oxides 
o~ nitrogen leaving the final chanber are absorbed in sulfuric acid of about 
60° Be, and :'om: nitrous vitriol. 

4. .An eject:::>r or fan to provide the necessary flow of air through 
the system. The ejector ma,y be located in the exit stack from the Gay
Lussac tower; a fan is usually placed between the final chamber and Gay
Lussac tower. Occasionally the fan is placed between the Glover tower and 
first chamber, although this location is not preferred because o~ its high 
temperature. 

23.2.1.2 Contact Process: The contact process was first dis
covered in 1631 by Phillips, a.n Englishman, whose patent included the 
essential features of the modern contact process, namely, the passing of a 
mixture of sul:f'~r d.:.oxide over a catalyst followed by absorption of the sulfur 
trioxide in water. 

Figure 23-2 illustrates a typical flow diagram for this process. 
The flow diagram ca..~ be divided into the following sequences:£/ 

496 



AMMONIA 

AMMONIA 
OXIDATION 

UNIT 

SECONDARY AIR 

MOLTEN 

5UlflJR 

SUlfUR 
BURNER 

OXIDES OF 

NITROGEN 

COMBUSTION 
CHAMBER 

GLOVER 

TOWER 

711% ACID 
(60"BE) 

SUPPLY 
TANK 

NITROUS VITRIOL 

EXR GAS: AIR, S02, 

ACID MIST, 

NO, AND N07 

711% TO ACID STORAGE-------------· 

CHAMBER ACID 

WATER ATOMIZERS-....---------------. 

GAS 
FAN 

LEAD CHAMBER 

(One lo 20 of 5, 000 to 
500, 000 cu • ft . copac i ty 
eoch in plonh of various 
capacities) 

ACID COLLECTING PAN 

COOLING WATER 

PUMP 

60-7<1ll> 
CHAMBER 

ACID 

SUPPLY 
TANK 

LEAD CHAMBER 

ACID COLLECTING PAN 

PUMP 

GAY 

WSSAC 

TOWEi 

(USU.ALLY 

TWOJ 

111"- NIUOUS 
VITllOL 

Sd'PLY 
TANK 

Figure 23-l - Simplified Flow Diagram of' Typ.ical Lead-Chamber Process for Sulfuric Acid 
Manufacture (Based on Use of Elemental Sulfur as the Raw Material)Y 

TO 
STACK 



KEY 

-- PltOCESS MATERIALS 
----AIR 

SUlfUt 

t 
STEAM_ ..... __ _ 

MELTING~ 
TANK 

AIR-DRYING IOWU 
USING 98 '!lo ACID 

AIR 

(UW GAS - BRIMSTONE PLANT, VANADIUM CATALYST) 

r--1 

"' z 
~ 
I 
I 
L-

I 
1 I 
I A 
I I 
I I 
I I 

L..t:l ~ 
~'AIR 

r-------r-----------------------H01AIR10 BOILERS 

' ' I I 
'- - L T 0 ATMOSPHERE 

NO. I 
CONVERIER 

SULFUR 
WAIER 
EUCTRICITY 
DIRECT LABOR 
SIEAM' 

AIR 
COOLER 

688 LI. } 4,000 GAL 
S KW.HR. 

0.64 MAN-HR 
200 LI. 

AIR 
COOlfR 

OUUM 

SAU 

PER ION 100 % ACID IN A 

OUUM 
ABSORBER 

SAU 

PLAN! Of 50 IONS PER DAY CAPACITY 

' WASIE HEAT BOIUR Will FlAtNISH LP TO 2,000 LI. SIEAM 

99• 
ABSORBER 

CIRC. 
TANK 

ACID COOLERS 

SAU 

Figure 23-2 - Sulfuric Acid Manufacture by the Contact Process'?./ 



1. Transportatio:: of sulft.<r or sulfides to pla.11t 

2. Melting of sulfur 

3. Pumping ar.d atomizing of melted sulft.<r 

4. Burning of sulfur 

5. Dryir.g of combustion air 

6. Recovery of :heat from or cooling of hot 802 gas 

7. Purification of 3J2 gas 

8. O.xidatio:: of 802 to 803 in co!::.verters 

9. Temperature control to secure good yields of ro3 

10. Absorption of 803 in strong acid 

11. Cooling of acid from absorbers 

12. Pumping acid over absorption towers 

23.2.2 Rege~e~ated Acid 

Substar.tial quantities of "fresh clean acid" are made by regenera
tion or dec0I:1positiou of spent acid from petroleun: refineries or other chen
ical processes. Sulft:ric acid n:ay be concen~rated to around 66° Be by heat. 
Ar.y furtter fortification is ~sually done by t~e addition of olet:m or sulfur 
trioxide. Two types of eq~ipoent for concentrating dil~te acid operate 
under a vacuum while the third operates at atmospheric pressure using 
air-blown combustion gases. 

A typical air-blown concentrator is shown in Figure 23-3. The 
burner supplies the hot gases at abo~t 1100°F by the combustion of oil or 
fuel gas. These hot comb~stion gases are blown countercurrent to the sul
furic acid in two compartments in the concentrating drum and remove water 
as they bubble ~p through the acid. The off-gases at 440 to 475°F from the 
first compartment of the drum pass to the second compartment along with a 
portion of the hot gases from the combustion furnace. They leave at 340 
to 360°F to enter a gas-cooling drum where they a.re cooled to 230 to 260°F 
in raising the dilute acid to its boiling point. Since some sulfuric acid 
is entrained as a mist, the hot gases then pass through a Cottrell-type 
precipitator for the acid mist before discharge to the atmosphere. A 
Ve~turi scrubber with cyclone separator is also giving coopetitive results 
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:'..n removing acid misr, by washing W:.th feed acid. This proced'r"e W:.11 give 
an acid with a fir.al concer.tration of 93% or slightly higt.er. The hot gases 
also burn out any in:p:rrities that rnay be in a spent acid being conce::trar,ed.E_/ 

There are five types of va.cuwz: concentrators which will peri:ll~ 
concen0ration of practically any acid, though clean acid is preferred to 
avoid fo'Jling of interfaces. The necessary heat is supplied by tigh-~res
sure steam or Dow-therm. The Type E concentrator is the largest a.nd desir
able for high cor.ce~trations. For the latter reason, this type of concen
trator is employed on relatively clear: acids such as sooe nitration acids. 
It is a vertical steel stell lined first witt lead followed by acid-proof 
brick. The metallic tub;.Uar heaters inserted through the vertical wall of 
the vessel are constructed of Duriron or Hastelloy D. Usually there are 
two or more units i~ series. 'rne Type D concentrator is a small batch u:-~it 

with vertical tubes in a vertical cylindrical tank, suitable for acid con
cer:trations up to 93~. The Type C ur.it consists of many small compartments 
W:.th individual heaters in series through which the acid to be concentrated 
flows continuously. Tne Type B concentrator, a batch unit, is a vertical 
tank with lead heating coils used mainly for acid cor:centration up to 80%. 
Tne Type A unit ca.~ be operated co~tinuously or oatchwise. This specia.l 
corrosion-resista.r_t, high-ci~c~at~on evaporator is used quite often fo~ 
tte removal of sodium sulfate from the waste acid liquor being discharged 
fro~ the viscose spinr..ing bath, as well as reco~centrating the reaa.i.~ing 
acid ~8j-"Jes. Types C and E have a practical co~centration li~it of 95% 
acid._ 

23.3 EMISSIOr; RA...'""SS 

23.3.1 New Acid 

23.2.1.1 Cha.~ber Pla::ts: T~e primary source of enissions i~ the 
chai:iber process is tte final Gay-Lussac tower. Emissions inclilde nitro5en 
oxides, sulfur dioxide, and suLfuric-acid mist and spray. 

Concentrations of total nitrogen oxides in these exit gases 
range from about 0.1 to 0.2 vol. %. Sulfur dioxide concentrations occ'tlr 
in the same range. About 50 to 60% of the total nitrogen oxides is nitrogen 
dioxide, which characterizes tte exit gas by a reddish-brown color. 

Combined sulfuric acid mist ar:d spray in tte exit gas varies froo 
5 to 50 mg/scf. The suli'uric acid mist contains about 10% dissolved 
nitrogen oxides. 
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23.3.1.2 Contact Plants: The major source of enissions from ccn
tact sul~.lric acid plants is the exit gas from the absorber. This gas con
tains unreacted sulfur dioxide, sulfU.ric acid spray and mist, and unabsorbed 
s·~L'.lr trioxide. Trace B.!Iloc:nts of nitrogen ox:'..des may also be p:::-esent u::i.der 
some conditions, e.g., use of a raw material feed containing nitrogen com
p::)l.i.::cls. Ac ::.d m:'. st err. iss -:.ons p::-ior to any contro:. e:i·.li:p:r.e;;.t average ·oe:.ween 
5-10 mg/scf for su~fur-burning plants producing no oleum and about 15-30 
r:ig/scf for those plants producing oleum. 

Unconverted sulfur dioxide gas, which is colorless, passes through 
tte absorption system and is discharged tc t~e atmcsptere. The quantity o~ 
this gas emitted is a direct function of the degree of conversion of sulfur 
dioxide to sulfur trioxide and may vary from 0.1 to 0.5% by volune cf the 
stack gases. During startup or during scme emergency shutdowns, higher con
centrations w~ll occur. 

Unabsorbed s·.ilfur tr::. oxide usually constitutes a small part of 
tr.e absorber exit gas. ·When discharged to the atmosphere it is hydrated 
and fo;ms a visible white ?lume of acid mist. Although the concentration 
of unabsorbea sulf'.lr trioxide can vary appreciably, fro~ 0.5 to 48 m.g/scf 
of gas, it is usually closer to the lower figure and is a small part of the 
total acid mist emission.1/ Otter emission sources for ttis type of s~lfuric 
acid plant include: 

1. acid conce~trators 
2. tar:k car and jr~-loading 
3. storae:e :.a::~"'- ver.ts 
4. stcrage piles 

Tat1e 2:i-l sUl!JnaYizes par-ciculate et:lission rates for chamber and 
co:::itact plants. Chan:ber plants currently emit about. 2,000 tons/y:-, whi2.e 
co:::.act plants exit about 4,000 to'-s/year, 

23.3.2 Regenerated Acid 

The concentration of sulfuric acid in vac~uu.-type concentrators 
does not produce atmospheric pollution problems. 

The effluent gases from air-blo~ concentrators contair. sulfuric 
acid mist and s~lf~r dioxide resulting from the decon:position of sulfuric 
acid by carbonaceous rr.aterials in spent acid.~ Spent gases go to a 
scrubbir.g tower, er oore generally to an electrostatic precipitator, for the 
removal cf sul:'uric acid mist. Limited data in the cper: literature indi
cate that fun:e emission ra:.es are a function of plar.t operatine and Eain
tenance practices.~4/ 

Emission rates for acid regenerators are swm:na.rized in !ab:e 23-:. 
Emissior.s are estimated at a,ooo tons/year. 
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The chem:'..cal and physical propert:.es of sulfuric ac::.d. plan":. efflu
ents are summarized in Tab:e 23-2. Acld mists emitted from ctamber plants 
contain particles which are 10 wt. % less than 3 U· Contact plants emit 
particulates which range from 7-95 wt. ~ less than 3 µ with an ar:thnetic 
mean of 64 ilt. % less than 3 µ. A large percentage of smaller particles 
:s emitted when produc:'..ng oleum. Approximately 85-95 wt. % of the par
ticles are less than 2 u when prod·.;.cing ole·..:m as compa?"ed to 30% less than 
2 µ when producing 98% acid. 

23. 5 COTu"TROL PRACTICES A:N:l munMENT FOR SULFURIC ACID r.LiANTS 

Recovery eq_"..:.ipment is rarely emp:..oyed in ·:hanber p:..ants .l/ Elec
trostatic precip:'..ta:.ors, packed-bed se:;::·arators, :nesh-ty?e mist e::..i:ninators, 
ceramic filters and sonic agglomerators have been used to reduce the en:.is
sion of acid spray and :m::. st from contact acid plants .l/ Most ::nodern ,;;lants 
are eq·.;.ipped with higt.-efficiency electrostatic precipitators or mesi:.-type 
el:.rr.inators in which 99% of the m:'..st is recovered . .:2/ 

Tb.e electrostatic prec:pi tater ar,d mesh-type elirl~.nator can pro
viC.e removal efficiency of up to 99. 9°f,. However, when oleUI:l is prod:..tced, 
t~e portio!'l cf acid mist particles sma~ler than 3 µ in diameter is higher. 
This size seriously af::"ects the lcw-press".l!'e drop oesh-type elimina:.ors; 
efficiency decreases sharply, and may be :..~ss than 40%.Y 

Also, 3"1'.lall a.noun ts o:: !'li trogen oxides i!'l the inlet gas ".;o the 
absor·oer i::-.terfere with the absor::tio!1 of sulfur tri:::ix:'..de, and hence cause 
visible ac:d ~ist in the absorber. exit gases.;/ 

The visibility of acid n:ist depends more on particle size than 
on mist loading. Thus, a high percentage of part:cles 3 µ or less in the 
acid mist ~sually causes a heavy plume from tte absorber stack. High
efficiency control devices do not necessarily result ::.n an invisible pLllile 
U.'1less there are few particles less than 3 µ and inlet mist-loading is not 
excessive .l/ 

Acid mist composed of particles o:: less tha.'1 10 u. in size is 
visible in the absorber tail gas if present in anounts greater than 1 mg/ 
ft3 . Larger particles deposit readily on dust and stack walls and con
trib·.;.te little to the opacity of the pl-.:m.e .!/ Internal spray catchers 
are installed in the top section of many absorbers to aid in t~e ren:.oval 
of large acid particles entrained in the exit gas.l/ From a plume visi
bility standpoint, plants producing a maximum of 99% acid (i.e., no oleu.~) 
cften have clean stacks if bright, or uncontaminated, sulfur is used and 
the absorber is operating properly. However, plants :producing oleum 
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generally need either h:gh-efficiency electrostat:lc precipitators or high
efficiency :mist collectors. Table 23-3 presents a su:rnI:lary cf "feasib::..e 
systems" for acid mist contrcl.1:§/ 

The concentrat:'..ng of sulfuric acid in a:'..r-blowr. concentrators 
can also result in emissions of sulfuric acid mist and spray. These 
e:nissions can be car.trolled by the use of electrostat:'..c precipitators, 
Ven~;;.ri scrub~ers or fiber-mesh eliminators . .!/ 

TABLE 23-3 

FEASIBL3 SYS~E:-IS FOR ACID MIS~ CON?~orl§/ 

1. Dual Mist Pads 

2. 'Iub".1:!.ar-Type 
Mist Eliminator 

3. Pa.'1el-Type Mist 
Eli.m:'..nator 

4. :Slectrostatic 
Precipitator 

5. Venturi Scr-..;.bber 

:Sf:':'..c:'..ency 
> 3 µ. 

(%) 

99+ 

100 

100 

99 

98 

Efficiency 
< 3 µ. 

(%) 

J...5-30 

95-99+ 

90-98 

Near ::.oo 

Low 

Emission 
Level 

99'% Acid 
Plant~ 
(mg/scf) 

2 

0.1 

0.5 

0.1 

3 

~ Based upon manufacturers' generally expected results. 
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One co:rpa.ny st·.::died the ren:oval of sulfUric acid mist, on pilct 
plant scale, ty low-pressure water sprays, tigh-:pressure water sprays, and. 
ta.g filters, and by decomposition wi~h teat. T"~is study led to ir.stalla
tioc; o:' a high-press...:re wa:.er spra~r system en a facility concen:.rating 
700 tens/day of acid from 70% to 95~ in air-blown concentrators. The unit 
wa.s designed to spray 500 gpm of water at 540 psi spray nozzle pressure. 
Fuel gas burr.ers were installed in the base o:' the acid fume stack to raise 
the temperature of t~e effluent gases fro~ 140°F to 212°F • .§./ 

23.5.1 Control .t;auipnent 

23.5.1.1 Wire-Mesh Mist Eli:ninators: This control device has 
the lowest first cost for effective re:noval of particles larger than about 
3 µ in diameter. However, corrosion possibilities may require frequent 
replacement of th:s type of control device; therefore costs will rise and 
these increased costs must be considered.~ 

The wire JI.esh elin:inator is conm:o!lly construc:.ed witt two beds 
ir: series and cperates wit:-. pressi.lre drops of 1-3 ir.:. of wa'!jer.1/ Typical 
gas velocities for these units range fro~ 11 to :e ft/sec.!/ 

23.5.1.2 Glass-Fiber Mist El:iJ::linators: The high-efficiency 
glass-fiber ~ist eliminator :s capable of operating with collection effi
ciencies of over 99%. Pressure ·c.rop is usua~:y 5-10 in. w.g. The glass
fiber mist eliminator is also capable of maintaining high efficiency at 
va:ry::ig tail-gas flow rates.1:/ 

A recent developme~t in this area involves tte use of a teflo~ 
fiber mist pad. This device is reported to be 98'ti efficie::;t even when 
inlet leading is as low as 10 rng/ft3.~/ 

23.5.1.3 Electrostatic Precipitators: Electrostatic precipitators 
are highly efficier.t regardless cf size of the acid-::iist particles. T!·.ey 
operate with pressure drops less than 1 in. w.g. 

Electrostatic precipitators may be either wet or dry type. The 
dry type, which is suitable only for concentrated acid, is ouch less expen
sive but more susceJ:ticle to corrosion. Wet-type precipita.tors are suit
able for use only witc dilute acid, and this necessitates prier hu:n:idifi
cation of stack gases. This also permits removal of s0:5 by converting it 
to acid mist. However, the hun:i~~fication step appreciably increases ~he 
cost of a wet-type ins:.allation.11 
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The lead constF.::.cted electrostatic precipitator, for low-strength 
acid ~ist emissions, is used throughout the industry as the primary means 
of emiss:on control. The use of mild steel electrostatic precipitators 
for ole-.mi stack cleanup has been reported as success!'-..il with considerable 
sav:ngs in cost.2/ 

23.5.1.4 Cer~:c Filters: This German device is_ reported to operate 
wit'.1 f:ig!: efficier.cy at constar.t tail-gas flew rates. It has not been 
accepted in t~e U, S. because of ~igh maintenance costs and inflexibility in 
handling varying gas vclumes.l/ 

23. 5 .1. 5 Ve!lturi Scr-..:.bbers: Vent·.::.ri scrubbers are capable of high 
efficiency but at the expense of high pressure drop. They have not been 
used en contact acid plants, but have been used on sulfuric-acid concen
trators to give outlet (i.e.,grair. loading) r:ist loadings cf 0.5-3.0 mg/ft3.1/ 

23.5.1.6 Packed Bed Separators: 'i'hese low-efficiency devices were 
used in tt~ past, but none are known to be operating today.l/ 

23. 6 ?HOSPHORIC ACD W\.:Kl.JFACT'L'RE 

Phosphoric acid is :manufact..;red by two processes: 1) the thermal 
process and (2) tte wet process. T'.::e t'.le!'"IDS.l process proceeds by burnir.g 
eleriental phosphorous to U.e pentoxide, followed by a hydration step. The 
wet-acid process involves treatment of ptospha.te rock with su:furic acid, 
About 75% of the ptosphcric acid produced coffies frcm the wet acid precess, 
and about 92% c:~ tl:e ... ,et-precess pt.cspnoric acid gees into fertilizer pro
duction. About 19% of the theru:al process phospnoric acid goes into fer
tilizer procuctior., witr. tte rest of the acid from both processes going into 
the production of c~her ir.dustrial chenicals. 

23.6.l Thermal Process 

In tt.e rnanufact:..:re of phosphoric acid from elemental phosphorus, 
three steps are involved: (1) burning of the phosphorus, {2) hydration of 
tt.e resulting phosphorus pentoxide, and (3) collection of the ~ists formed. 
A schell'.B.tic diagra.rr. of the thermal process is shown in Figure 23-4. In 
most plants tte elemental phosphorus is burned as a liquid, The prcble~ of 
building a burner for liquid phospho~~s is cc~plicated by the fact that red 
phosphorus ter.ds to forn: at elevated temperatures and can plug the burner 
co~pletely or give rise to color in the resulting acid. The build-up of 
red phospt.crus is usually avoided by a design in which rapid atomization of 
the phosphorus takes place. 
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Phosphorus is transferred from the liquid-phosphorus feed tank tc 
t'.'.le burner tower by a pun:p or by liquid displacement at feed rates tr.at 
range from 1 to 5 gal/cin. At the burner the ph~sph~rLls is mixed with air 
and is cxidized at temperatures of 3000° to 5000°F in the ccmb~stion chamber.~/ 
The resulting mixture of phosphorus pentoxide vapor and excess air passes 
from the combustion tower ar.d into the hydrator. 

Although many plants have refractory or graphite-lined combustion 
towers, a few new burning towers are constructed of water-jacketed stair.less 
steel. In stainless steel towers weak phosptcric acid introd-.;ced into the 
combustion tower flows dow.i the walls to remove excess heat. The phosphori.;,s 
pentoxide vapors from the combustion tower are contacted with weak and pro
duct acid to hydrate the oxide to phosphoric acid and to absorb acid mist. 
These steps may be accomplished in one unit, but mar.y pla~ts use separate 
absorbing towers. In some new designs the acid sprayed into the hydrator 
is cooled prior to recycle. Tnis spraying pe=mits use of a smaller quantity 
of acid a.~d allows the production of higher strc~gth acid. 

Some p~oduct acid is drained fro~ t~e bot~on cf tte ~ydratcr
absor'cer. Gases containing acid mist leave t::-~e hydratcr-absorber and enter 
air pollution abate~ent equipme~t. 

The yields from the:n:ial production o: pl:csp~1cric acid are excep
tionally high. In efficient plants abo~t 99.9% of the phosphorus burned is 
recovered as acid. The loss of acid through leaks ar.d discharges to sewers 
is usually negligible. Losses of phcsphoric acid to the atmosphere repre
sen~ direct product loss; therefore, efficier.t colle~tion devices are nor
mally installed in the gas stream before the gas is discharged from the 
plant. 

23.6.2 The Wet Process 

The eldest and still the most ecor.cmical method for n:aking crude 
phcsphoric acid is to treat phosphate rock with sulfuric acid, thereby 
precipitating calcium sulfate and releasing phosphoric acid. However, to 
make phosphoric acid for any application otter tr..an fertilizers, it is 
necessary to purify the crude material obtained by the wet precess. This 
purification may range from the re~cval cf coloring ce.terials such as iron 
and vanadium to the preparation of a food-grade acid. The wet-acid process 
for the manufacture of phosphoric acid is described in the chapter on 
Fertilizer ~1a.nufacturing. 

23.6.3 Dniss~on Rates 

The principal atmospheric emission fron: the ma.nu:'acture of phos
phoric acid by the thermal process is acid mist in the absorber discharge 
gas. In the normal operation of the plants the hydration of phosphorus 
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pe:.toxide (?4010) creates phosphoric acid mist. Acid mist loadings within 
:.:ne process ca:: be quite high. Loadings as high as 6, 000 mg/dry sci' of 

Gtack gas have been reported. It is not uncorrimor. for as much as !"lalf c:: 
the total phosphorus pentox1de to be present as liquid phosphoric acid par
t~cles suspended ir. the gas stream. Economical operation of the process 
aepends on agglomeration of the acid mist particles and subsequent se~ara
tion from the gas stream. For this reason all plants are equipped with 
some type of emission control equipment. 

Tl':e~al-process acid :na.nufacture employs hig'.1-te'Clperature co"!'ll

bustion that is norr.ia.lly co::d~cive to the for'Clation of nitrogen oxides. 
V.s.ny factors such as fla.r.ie temperature, residence time, a~d ~uantity of 
excess air affect the a.rtcunt of nitrogen oxides formed. 

!fo serio~s probleI:'.ls are encountered in t'!le startup or sh:.;tdc·x:: of 
a t::::ermal p::::osptcric acid ::nanufacturing unit that affect losses fro:rr. the 
fi'-al ccllector, Maintenance of proper liquid flows and pressure di~fer
entials on "'.::.he absorbers and collectors allows little er no increase ir: 
acid mist discharged to -:he atmosphere during eit~er startup or stutdown. 

Maintenance is not usually cor:sidered tc be a r.ia.jor proble~. 
2pyays, .:ans, n:ist eliminators, and ether eq_uipment obviously rr.~st be main
tained in good operatir:g condition. If a cor:tinucus-emissior. mor.itor is 
~;sed on the collector exhaust, protlems with the abatemer:;t equipment ;:ill 
·oe a.pparer.t to the operator q::;ickly. Operators are normally concerned wit!: 
keepinr, losses at a min:i!llum because any loss is a direct loss of product. 

Table 23-1 su:::m::ia.rizes particulate emissio~ rates for pl::osp!':cric 
1:19.ff..:;facture by t:t~e tb.erma.l process. Eois.sions currently total a'tout 2 ,000 
-:o':'.s/yea-::. 

23.6.4 Effluent Characteristics 

The chemical and physical pro~erties of thermal phosphoric acid 
plant effluents are S'Jlllmarized in Table 23-2. The mass median diameter 
of the emitted particulates is 1.6 µ. 

Data on the wet process are presented in the chapter o~ Fertilizer 
Manufacturine. 

23.E.5 Control Practices a..~d Equipment 

Venturi scrubbers, packed scrubbers, glass-fiber mist eliminators, 
wire-mesh mist eliminators, and electrostatic precipitators are used as 
abate:nent equipment at phosphoric ac:d plants.~ 
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Operatin~ practices have little effect on emissions of acid mist. 
I'he acL! mists escapir.g collection are extremely hygroscopic so that visible 
e:niss ! or:s are pronou:'lced -.;.nless high collection efficiencies are achieved,;} 
J:he stack gases leaving p:i.osphoric acid plar..ts can be ::nade completely :r:
'lis.:.ble when the mist loading is reduced to 0.02 mg. of P2o5/scf of stack 
gas, the co~centrution of the mist in the collector is at least 75i phos
phoric acid, and the stack gas ter:iperature is above 176°F.Y 

23.6.::5.1 Scrubbers: Packed and open tower scrubbers have been used 
wiC.ely to collect p~1osphoric acid n:ist. An irrporta.nt factor ir. e:f'ficie:it 
collection is gas velocity. 'l'he ef:f'ect of gas velocity on efficiency fo a 
:pilc·t plan".:: packed tower is give!'l in Figure 23-5.~ 

Scrub'bine:: is ir.expensive ar.d simple, but hig:i. co:!..lecticn effi
c1e:-,cy is ::ot ~sually obtabed. Son:e pla!'lts :ia.'1e in:proved ef:'icie::cy by 
in;:;tallir.g wir·~-rr.esh n:ist eliminators after the scrubber. 

23. 6. 5. 2 Vent~:1·i Scrubbers: Venturi scrubbers a.re capable cf or.e:
a. -:i::c: at hic:t collection efficie::icies en phosp!:.oric acid mist.QI Tl:e ex-
trei:1ely s:r.al:i. size of -::he n:ist 
cnt:'..als in excess of 40 in. of 
of particle size O!'l ccllcction 
::;r-rutbers car. rednce em~ssio::is 

particles usually requires press:.i:re di:~:"e:

water. Figure 23-r}].) ill~s~rates tl:e effect 
efficiency. It is reported tr.at Ve::ti,;..::·:::. 
to 0.10 mg/scr.10/ 

ven~'C.ri scrub~crs are not used sclely for abatemer.t as they can 
actuaEy hydrate part of the phosphorus pentoxide.vapor, agelorn.erate the 
n:ist particles and eccl t:i.e stack gases; they r.ay ther: te follcwe:! 'ty 
cyc:'..cn:..c separators. T!:is con:bination car: recover up to 99.9% cf tl:e acid 
rrist at pressure drops of 35-60 in. w.g. 

23.6.3.3 Cyclonic Separators: Cyclonic-type collectors are used in 
s::,me :plam~s but tecause cf t:::e sria.11 particle size of the emitted. acid r::ist, 
ot,:,er devices usually s-c.pplernent these collectors. Supplemental collectors 
are typically wire-mesh r::ist eliminator pads cf low pressure C.if.':'erential. 

23.6.5.4 Glass-Fiber Mist Eliminators: Glass-fiber mist elin:ina
tors are capable of high colle~t:'..on efficiency in removing phosphor:..c acid 
mist from absorber effluent gas streams. When the mist eliminators are 
operat:'..ng at a superficial vapor velocity of less than 1 fps a.'ld at pressure 
differentials of about 20 in. of water, collection efficier.cies of 99.9% 
are attainable .. !!/ It :'..s reported that these units can reduce emissions 
to as low as 0.10 mg/scf.121 

23.6.5.5 High-Energy Wire-Mesh Contactors: This is a recent~y de
veloped c~vice which is reported to give collection efficiencies that exceed 
99.9~ at ~rcssure differentials ranging froit 35 to 41 in. of water,];g/ - ' 
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'!'::c ~nit has t'.'1e advantage of ope.rating a'::: relatively l:igh super
ficial vapor velocities of 20 to 30 fps wl-iich rcsc;2.:.s in low ca:pi0al cost .'E./ 
Installed cost is reported to be ai:;prcxima-:ely $1.50 :per ac:fu of stack ga.s,12/ 

23.6 .. 5.6 Electrostat:.c Precipitators: Rlosphor..:s pentoxide losses 
frorr. electrostatic precipi~ators are af~ected only slightly by rate of gas 
flm: or by terr:perat,:.:r·e, as long as design cor:ditions are not exceeded. 
Acid mist losses are a~~ected by clear.liness of the e~uipment and the elec
trical ccnditior.s employed. Precipitators operate at a press~re drop of 
about 0.5 in. of water. Table 23-4 shews electrostatic precipita.tor data. 
for six installa~ions.'E./ 

TABLE 23-4 

OPERATT~:G CEARACTERISTICS OF PHOOPHOJ.UC ACID MIST 
ELECSCS !A TIC PRECIPITA WP£ii/ 

Gas In:!..c'" I::::let O.<tlet 
Flow ~e:Tipe~"- ~~ist Mist Collector 

Instal- Rate2:.I a:t:~re Cone. CO:-!C. Efficiency 
laticn (sc:'rn) {o?} As r-;oted As Noted 

.l. 3'160 227 7.4~ o.o~I 98.9 

2 :!..4' '100 292 14.21.12/ 0.415.!U 97.1 

3 3,540 173 345e::) o.1o£/ 99.9+ 

4 3,900 192 '!J65o£/ o.i..sEl 99.9+ 

5 3,570 195 4060'=./ 0.24£/ 99.9+ 

6 7,300 234 21pji_/ 10.4#/ 96.3 

~I 29.92 ir.. He ar.d 32°F. 

E.I Grains/sc~ dry gas as P2CJs· 

£1 Millig~s soi H3P04/cf dry gas at t en::pe ra. t'..< re • 
£1 ;.'.illigra.'r.s mist/ scf d!"y gas at 60°F as P205. 
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CF.AFTER 24 

me INER.A. TION 

24 .1 INTRODUC'.i'ION 

Incineration is not strictly an industrial process. However, 
incineration is used in many industries for waste disposal, and this cOI?l
bustion process is a significant source of particulate pollution on a 
natior.wide basis. This chapter on incineration is included for the sake 
of completeness. 

Incineration is a col:lbustion precess, a:r:.d lit.e all ccrr.b~stion 
processes incineration will cause air poll~ticn ur.less carefully controlled. 
Ir. comparison wit~ the potential air pollution emissions from electric 
generating plants and chemical/manufacturing industries, incir.eration ap
pears as a relatively unimportant source. This perspective is deceivi~g, 
tcwever, since ir.cinerators are often located in residep~ial areas and are 
cfte"- e~~ipped with inadequate er no control equip~er.t.1:1 

Tne air pollutants aris~ng from incineration of solid wastes 
fall into tli..ree categories: (1) mineral pa.rticulate; (2) combustible 
solids and gases; a~d (3) noncombustible gases. Emissions are dependent 
upon incinerator design and operating factors, refuse co~positicn, refuse
chargi!:g rate, and combustion efficiency. 

Tc facilitate discussion, incinerators will be grouped into three 
types: (l) n:r.ir..ic:pal; (2) ccmr:lercial; and (3) apartment house. Emission 
sources, emission rates, che~ical and physical properties of effl~ents, 
control practices, and control equipment are discussed for each incinerator 
group in the following sections. 

24. 2 MUNICIPAL wcm::::RATION 

Municipal incineration is a useful, effective n:.ethod of solid 
waste disposal. However, poor design, ma.nage!llE!nt, or operator judgnent, 
may culminate in ineffective, costly operations that in turn result in 
air pollution, odor, and other problems. 
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The basic ele~er.ts of a municipal incinerator are the sto,age 
pit, where refuse is deposited from collection trucks; the furr.ace, where 
the refuse is ignited and most of the combustion takes place; the secor.dary 
combustion chamber where additional combustion of volatile gases and par
ticulate zr.atter occurs; a settling cha.!:lber; a.nd the stack or chimr..ey. In 
addition, a plant will usually have sca:es to weigh incoming vehicles, a 
means of transferring refuse from the storage pit to the furnace and a 
residue removal system.3/ 

The general types of incinerators for municipal use can be 
divided into two classes: (1) batch, or inter~ittant feed incinerators, 
where refuse is admitted into the furnace at intervals; and (2) continuous
fecd furnaces, wherein refuse is fed into the furnace in a steady flow. 
'.Ihe for!ler furnaces genera2ly burn down each charge on the grates before 
aQ~ittir.g a.r.other charge. To sa:ne extent batch feed f':lrnaces :nay operate 
in an approximately continuous fashion by admitting incre~ents of refuse 
at clcse intervals. Continuous-feed furnaces utilize one or ~ore forms 
of mechan:'..cal grates. Residue is usually dun::ped ar.d removed contir..uously. 
So::oe types of grates ccnvcy a tumbling action to t!le refuse to provide 
n:ore rap:.d and complete burnL"'l.g a."l.d to promote ash re::r:ovai.3/ Jesign 
details of various u::its are preser.ted in Referen~es 2-4. 

24.2.l E:nission Sources s.nd Rates 

Particulates from refuse incineration originate from d~s~ raised 
in the refuse dt:r.!ping and ha.r..dling processes, sr::.oke discharged through 
semiporous furnace walls and stokir.g doors, and entrained dust ir.. ~he 
gases discharged from the furr..aces. The first two are m~nor sotl.!'ces and 
are extraneous to the burning process. 

The mass emission rate for particulates from the combustion process 
is a f\2r.ction of many variab~es: (1) Wldergrate air velocity; (2) refuse 
ash content; (3) burning r~te or combustion quality; (4) grate agitation in 
a continuous feed incinerator; (5) size, J:lethod, and frequency o~ feedine 
for batch u::i -.:s; and ( 6) combus<:icn c!-.a.:nbe:r desig:-i. Iterr.s 1 a:-id 2 are t!:e 
major factors. 

A syste.l'.llatic study by the Public Health Service of the effects of 
underfire air, secondary air, excess air, charging rate, stoking interva:, 
and fuel moisture content on particulate en:.ission rates from an experimental 
incinerator led to the conclusion that the velocity of the underfire air 
was the domina.Lt factor influencing the emission rate.~ Subsequent 
f:.eld evaluation of emission rates from municipal units indicated that the 
effect of underfire air rate was less pronounced than that observed in the 
experirr.e~tal unit. For the two municipa~ incinerators tested, the effect 
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was small for undergrate velocities below 35 to 40 scfm/sq fL of grate 
area; but sig~ificant above that rate.~ Test results reported~~ other 
investigators parallel the effects noted in the experime~tal unit.2t 
Ficure 2~-1 illustrates a comparison of the data en the experimental in
cinerator and the field tests. The spread in the data is not surprising 
in view of probable differences in refuse composition, furnace size, and 
other factors ."J:./ 

The influence of refuse ash c9~tent on emission rates was also 
studied in an experimental incinerator.~ In one series of laboratory 
tests the level of underfire combustion air was varied from 3 to 60 scfm/ 
sq ft of grate area, and the resulting particulate emissions ranged from 
1.6 to 8.6 lb/ton of combustible material burned. The fuel was a mixture 
of newspaper, cardboard, and wood chips. When a high ash content paper 
was substituted for the newspaper portion, a simi:ar series of tests pro
duced even higher particulate emissions, ranging from 3.2 to 35 lb/ton 
of combustible materia: for the same range of underfire air flow rates. 

In a second laboratory study which was ma.de to evaluate emissions 
produced by burning a high volatile material composed of asphalt felt roof
ing and newspaper, tests were made under conditions in which tl:e level of 
underfire air was varied while all other variables were he:d constant. The 
resu:ting particu:ate emissions increased from 5.3 to 13.8 lb/ton of fue~ 
burned. In tt:.s case, the level of underfire air ra.r..ged from 6 to 34 scfin/ 
sq ft of grate area on tests made at 100% excess combustion air. With 200% 
excess air, particulate emissions increased froo 11.2 to 47.2 lb/ton of 
material burned when underfire air was varied f'rom 8.5 to 50 scfm/sq ft 
of grate area. 

l':!:le dedendence of particulate e~ission rate on ash content of 
the refuse has also been noted by German investigators.;/ T'~ese findings 
show that the ash content of the refuse is a major facto~ in determining 
emission rates. 

Reference 1 contains a discussion of the influence of secondary 
variables on emission rates. 

24.2.1.1 Summary of Emission Rates: Particulate emissions from 
municipal incineration bave been estimated at 100,000 tons/year.l/ Table 
24-1 gives the distribution of the various types of emissions f'rom municipal 
incinerators. 
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TABLE 24-1 

ESTIYATED .MJNICI?AL INGINERATOR EI-t::SSIONS.!/ 
(ttousands of tons/year) 

1968 ElLissions Estima-:e 
Pcllutant Furnace Stack 

Mineral particulate 90 56 

Combustible particulate 38 32 

Carbon monoxide 280 280 

Hydrocarbons 22 22 

Sulfur dioxide 32 32 

Nitrogen oxides 26 22 

Hydrogen chloride 8 6 

Volatile metals (lead) 0.3 0.3 

Polynuclear hydrocarbo~s 0.01 0.005 

Total 496. 450. 
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24.2.2 Effluent Charac:.eris"':.ics 

The physical and chemical characteristics of effluents frOJL 
nur.icipal incinerators are presented in Table 24-2. The particle size, 
particulate grain loading, and particulate chemical corr.position a.re highly 
variable and depend upon car.bustion efficiency, underfire airflow, incin
erator desig:::, and character of refuse. Furnaces operated in excess of 
des:'..gn capacity generally emit a low percentage of particles smaller than 
10 µ in size, while furnaces operated at less than capacity and low U!lder
fire air rates emit larger percentages of particles smaller than 10 µ in 
size. Electron micrographs (30-80,000 magnification) of particulate mate
rial froI:l stacks shaw· a very heterogeneous material. No characteris~ic 
shapes predominate. Occasional shapes could be identified such as the 
round spheres indicative of carbon particles, or cubes indicating magnesium 
oxide or the needle shape for!llS of zir..c oxide.1/ 

Tne toxic a~d corrosive properties of the e~fluents from ~ur.ici
pal incineratcrs are dependent upon the co~position cf t~e refuse burr.ed 
in the ur.it. In addition to the fly ash and norrrAl gaseous products of 
combustion (i.e., C();2, co, etc.), pclynuclear hydrocarbor.s, organic acids, 
and aldehydes are liberated during incineration. 7te combustion of halo
genated '!:lydrocarbons can res:llt in the formation of decor.rposition products 
whic~ are corrosive ar.d toxic, e.g., fluorides and chlorides can be eoitted 
when aerosol cans er Pl!C contair.ing materials are included in the refuse. 
The thern:al decooposition o~ polyurethane-type plastics could constitute 
a toxic hazard because cf the liberation of phosgene and/or tcluene diiso
cya"ia.te. The quantity and nature of these emissions are also dependent 
upon operating ~actors and incir.erator design. 

24.2.3 Control Practices a.r..d Equipment 

A I'lfl.PCA report on municipal incineratior. presents average effi
ciency data for air pollution control systems used on municipal inc~nerators. 
7able 24-3 su:mnarizes the efficiency data.1J' The actual application of 
these devices, together with investment and operating cost, is show:i. in 
~able 24-4.1/ Table 24-5 indicates the maximum efficiency of ir.cinerator 
control e~uip~ent.g/ 

Data for installed cost and operating cost are shown in Figures 
24-2 to 24-6. It should be noted that Figures 24-4 through 24-6 show 
annual operating costs based on operating periods of one, two and tbree 
shi~s per day, respectively. An explanation of the basis for these costs 
is given in Section VII of Reference 1. The installed costs shown in Figure 
24-3 are higher, by as 1CT1Ch as 200% in some cases, than the ger.eral cost 
data given ir. Appendix A. 
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TABLE 24-3 

AIR POLLUTION CON'lllOL SYSTl'M AVIBAGE CON'IWL EFFICIENCY!/ 

AJ'C System Removal Efficiency (vt. i> 
Mineral Combustible Carbon Nitrogen Hydro- Sul.f'ur 

~ Particulate Particulat~/ Monoxide Oxides carbons ~ 

Hydrogen Polynuclear / Volat117 
Chloride l(ydrocarbons£ Metals!:. 

Mone (Flue Settling Only) 20 2 0 0 0 0 0 l.O 2 
Dry Eltpansion Chamber 20 2 0 0 0 0 0 10 0 
Wet Bottom Elcpansion Chamber :33 4 0 7 0 0 10 22 4 
Bpra;y Chamber 40 5 0 25 0 0.1 40 40 5 
Wetted Wall Chamber 35 7 0 25 0 0.1 40 40 7 
Wetted, Cl.ose-Spaced Baffles 50 10 0 30 0 0.5 50 85 10 
Mechanical. Cyclone (Dry) 70 30 0 0 0 0 0 35 0 
Medium Energy Wet Scrubber 90 80 0 65 0 1.5 95 95 80 
Electrostatic Precipitator 99 90 0 0 0 0 0 60 90 

U1 
I\) 
~ 

ii Assumed primaril.y < 5 µ, 

"!!/ Assumed two-thirds condensed on particulate, one-third as vapor. 

~ Assumed primarily a fUme < 5 µ. 



".'f\II.S 24-4 

DISl'R::EUTIOI\ A~C TYPICAL ECG~~ICS A."i0:\3 

INCIKEP.P.TORS A~·m APC COfiCE?Tsl/ 
Average 

1968 Capacity.:/ 
Incineration Svstecs Inventorv TI'D 

l. Ccnt:.r.uo:.is, Refractory, Ro:::king Grate 7.3~ 

- . Cont.: r~L~Oi.;.s > Refractor~·, Reciprocating 4.20 
G:::-ate 

3. C..;:it :.r..t.:.OUS, Refractory, 'Ira ve li. ng Grate 20.87 
.; . Co:1t~n.:o·.•s, Refractory, Gr3.:e & i<:ib 7 .05 
5. Ea.;.,c:J, Refrac"t.:ry, C~rct:lar 24.30 
o. ?atc:1, Refractory, 'Re~tangt;.la~ Cell 23 .13 

'. Bal\.!h, Refractcry, Hear:i~ i3 .15 
~. Co::t~n-_c·.;.s, >·:at er Wall, Ro::: king Grate 0.00 
9. Co:1t.:c· . .:.cus, Water Wall, Reciprocating 0.00 

G::-a.te 
i;;. Co:-it'..nuo1s, -..~ater Wa!.l, Traveling Grate 0.00 
ll. C.::r.t_:1;0>.<s, \·iater '.·:ail, S.isrer.s'.on 0.00 

'C· . .,...,....t ..... -
--- ·-·•e> 

l~. Cent~~ !1:.40:"4s, 

13. Ccn::n~c~s, 
l,t. Cc:::::y10·.1s, 

..a_/ Slaggi:lg T:r:e .1.-

Slagging ~y:;.oe II~/ 
FL'..:i 3ed 

15. Co:i·.:.:::;.c:..s, Pyrol~1s~s 

l. :Ione (FLe se-: ::.:ng c:::!.y) 
"". rr:: Expansion C:1a::-:oer 
3. ·.:e-: Eotcan Ex:;iansion C":iamber 
4. Sp:-e.~· C'r.?¥r.i·~er 

5. i!e"'.:"ted <·."all Cha.:n"'cer 
:o. ::e-:ted, Close-Spaced :Baff:es 
7. i·!echa:::.cal Cyc lc:ie (dry) 
€,. l~edi;.:i::i Energy, ·..:et Scrubber 
9. Electros-:~"t:c ~reci~itator 

:;.;) . Fat.ric Filter 

J.00 
'.).00 
o.oo 
8.00 

100.00% 

17.40% 
21.55 
2.89 

12.:5 
16.57 
15.84 

9.22 
4. 78 
0.00 
0.00 

100.00'1i 

225 
225 

225 
300 
130 
150 

75 
350 
350 

350 
30C 

175 
225 

60 
100 

Investment / 
$/~p~ 

$ 5,400 
6,400 

6,400 
5,900 
5,350 
5,100 
5,100 
i:,750 
e,1so 

8,750 
9,350 

ll,800 
6,400 

18,400 
7 z250 

llC 
l4Q 

l?J 
175 
175 
21-~o 
340 
1e:· 
900 
900 

Cperatir.i;;JJsts 
c:: ,,.., - d 
"i .o 

$ 6.16 
s.1i; 

G.lG 
5. 75 
i:.5? 
7. :.6 
?, .56 
5.4~ 

5.45 

5.4:' 
8.QG 

8.S3 
G.:.5 

21.2.3 
ll.:l4 

O.C5 

0.05 
0.14 
0.3J 
0.30 
0.32 
o. 77 

0.99 
0.95 
i.:.o 

..:.· Sl:;.g.;'..r.;; Type I :::::>"1prises systen:s where 3. major po.r-:. of the syster. is T.'laintair.ed at 
:c1rer11.-:.11res > 2800°F. 

• I • 
!";_/ S~c~gg.:.::g I'~rpe II c::::iprises sys-:err.s where res::.:iue fusion take:: place alu:cst or entirel~· 

, I 
:.: . .' 
2:_/ 

as a separace operatior.. 
Cap3.~ity expressed in c;.:::its cf tons per 24-:Jr. day (TP:). 
19~:; C.ol:.a:::-s, 2 s:-.if:/day operat,ion. 
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:ABLE 24-5 

MAXJMUM DEM01'STMTED CQLLEC'i'ION EU~CY 
OF INCINERATOR CO.NTROL EQUJJME 

Collection Device 

Settling Chamber 

Wetted Baffles 

Cyclones 

Irr.pa.ction Scrubters (w~th 
pressure drop less than 
ten inches of water) 

Electrostatic P~ecipita.tors 

Collection Efficiency (%) 

35 

53 

75 to 80 

94 to 96 

99+ 
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Figures 24-7 and 24-8 indicate the relatior.ship between collec
tion e~ficiency and total annual cost (including capital charges). Table 
24-6 sunmiarizes the relative in-plant space needs for the air pollution 
cont~·ol systen:.s ( disreeardir.g auxiliary facilities such as settling. ponds, 
clarifiers, etc.).l/ 

Reference 10 describes a study of a proposed 800 ton/day ir.cin
erator plant for the District of Columbia. Estimated capital and operating 
costs for an electrostatic precipitator preceded by a cyclone and for a 
wet-scrubber system are shown in Table 24-7,10/ The costs shown are as 
much as 200-300~ higher thar. costs computed from data in Table 24-4. Tl:e 
advantages and disadvantages of both systems were discussed in Reference 
10. It is pointed out that the wet scrubber requires a rather extensive 
water conditioning system and also produces a large vapor plume which rray 
be objectionable. The electrostatic precipitator system tad not previously 
been used in the U. S. and may have potential operatir.g problens such as 
corrosion, fouling, and inefficient collection of large, flaky particulate 
matter. Mention was nade of the installatior. of a pilot baghouse or. the 
municipal incinerator of the city of Pasadena, Califor::ia. However, it was 
ccncluded that a baghouse filter should not be considered due to lack of 
sufficient satisfactory eX?erience.10/ . 

The cost of applying various types of control equipme~t to two 
our.icipa.l ir.cinerator desigr.s has also beer. calculated as shown in Tables 
24-8 and 24-9.11,12/ These data are for a 250 ten/day furr.ace and contrcl 
equipment efficiencies are typical for that generally attributed to these 
devices, except that electrostatic precipitators and high-energy wet scrub
bers can exceed 99% efficiency but, of course, their cost is higher. Con
str~ction costs include cost of cooling chan:ber, ash separating cyclones, 
strainers, pumps, baf~les, collector, and ind~ced-draft fans as applicable 
to each alternate. Breechings and stacks are not included. Cooling water 
and power costs are conp~ted on a 5-1/2 day week, 24 hr/day, 52 weeks/year, 
at $0.30/1,000 gal and $0.02/kw-hr.ll/ These cost data indicate higher 
control costs (by as ~uch as 2ooi) than Table 24-4. However, the operating 
costs are in closer agree::ient. 

Although not a control device, it should be pointed out that the 
present excess air and the quar.tity of underfire air can have a very sig
nificant effect or. the particulates discharged from an incinerator. This 
will be reflected in the emission and the operation of any associated con
trol devices.12./ 
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l'ABLE 24-6 

:RELA':'I'!E r:i-PLA:N'I' SPACE REQl"IREM~:~TS ?OR 
1\VERAGE AIR POLLUTION CONTROL SY3TEMS1/ 

EquipI:lent Type 

Eagho~se :'ilter 

Electrostatic precipitator 

Scrubber - spray type 
flooded plate 
Venturi 

Mechanical cyclone -
n:ultickne 
60 in. diameter tangential inlet 
wetted wall 

Settling chamber with sprays 

TABLE 24-7 

~elative Space Require
mer.t ( %) 

100 

90 

50 
30 
25 

25 
30 
25 

60 

ESTD1ATED CAPITAL A~ OPERA'!'Ir;G COS'IS FCR T'..10 CCKTROL SYS1SMS 
FOR AK 800 TOX/DAY INCH:E~.ATCl\lQ/ 

Electrostatic precipitatcr 
with mechanical collector 

High energy scrubber 

Capital 
Cost 
( $) 

2,409,200 

1,838,600 

5:35 

Annual Operating 
Cost 
($) 

512,500 

401,000 



TABLE 24-8 

REFRACTORY FURNACE ( 250 TONSLDAY} 
{1966 Costs}ll,12/ 

Annual Annual Annual Annual 
Water Power r-Bint. Amort. · Cost/'Ibn 

Efficiency Stack Construction Cost Cost Cost Cost Burned 
F.quipment <i> Out le~/ Cost ( $) .J!L J!L ....ilL. _j!L ($) 

Baffled Spray Chamber 50 1.75 188,200 32,700 6,450 23,700 13, 900 0.11 
Spray Chamber/Cyclone 78 0.77 237,650 32,700 51,600 10,300 17,550 1.12 
Wet Scrubber 96 0.14 400,900 58,400 105,300 16,800 29,400 2.10 
Spray Chamber/Precipitator 95 0.175 434,910 1,700 32,700 35,300 10,300 32,100 1.10 
Spray Chamber/Fabric 

Collector 99+ < 0.035 622,310 36,600 47,200 33,100 46,100 1.63 

~ Pounds of particulate/1,000 lb gas at 50~ excess air. 

~ 
m 

TABLE 24-9 

WATER COOLED FURNACE 250 TONS DAY 
( 1966 Costs} 11, 12 

Annual Annual Annual Annual 
Water Power r-Bint. .Amort. Cost/Ton 

Efficiency Stack Construction Cost Cost Cost Cost· Burned 
F.quipment ci> Outle~/ Cost ( $) .J!L .J!L .J!L {$) {$) 

Cyclone 78 0.77 91,300 29,600 2,000 6,800 0.38 
Precipitator 96 0.175 210,300 14,600 9,000 15,600 0.39 
Fabric Collector 99+ < 0.085 243,000 34,400 12,100 18,000 0.65 

~1 Pounds of pe.rticulate/1,000 lb gas at 50'1> excess air. 



24.2.3.l Snra.v Chanters and Wetted Baffles: 'The nost effective 
3pray cha.Inbers are those utilizing continuously wetted baffles. The ocre 
ef:~ecti ve of these i:::ivolve tortuous gas passages and atte::dant larger pres
sure drops, Sprayed-taffle systens with flue-gas pressure drops lower 
thaL 0.5 in. are necessary if the use of ar. induced draft fan is to be 
avoided. E"le chan:ber in which the baffles are installed is normally de
signed fer a baffle slot velocity not exceedir.g 3,000 f~/mir.. Tte water ccn
S'.Al!l:ptior. for sprayed baffle systen:s is norn:ally about 0. 5 gpm/ton of re
fuse burned per day. Natural draft sprayed-baffle systems are capable of 
meeting a criterion of 0.83 lb. o~ particulate/1,000 lb of flue gas (at 5oi 
excess air) but may not be suitable for mere stri:-.gent criteria • .!!/ T":1e 
efficiency o~ wetted baffle collectors on two municipal incinerators has 
been reported as 53% and 10%. 7 ,15/ 

Conversion of a wetted-baffle municipal incinerator to employ 
~eutralization of the water with soda ash to pen::iit recirculation ha.s showr: 
that the savir.gs ir. water usage will a.i::tcrtize the cost of the additior.al 
facilities in less than two yea"!'s.15/ 

24.2.3.2 Wet Sc"!'u8te"!'s: Wet scrubbers have "been used in a :'ew 
rr.'1nicipa.l incinerator applications. Water circulation rates required in 
scrubbers are higt, and this ~ay ir.troduce a disposal proble~ or requi"!'e 
t"!'eat~ent equipnent tc permit recircula:.io~. The pcwer requirements for 
the pumps tl:at provide tte s:;iray wa:.er and for the ind'..:lced-dra:'t fan sys
teri are signi:'icant and should be considered ir. any evaluation.14/ The 
scrubbers are capable of remc.vine gasecu~ air pollutants but, in so doing, 
the acidic sch:tions t~a~ result will req_ui"!'e special selection cf mate
"!'ials of cor.structicn • ..::11 

tne East 
sic:ns to 

It is :repo:rted that a Chemico Venturi scrubber 
73rd Street i~cinerator in 7·ew York City and is 

. 2~ 
less than 0.05 grain/scf,-=::; 

is operating or. 
controllir..g emis-

24.2.3.3 Electrostatic Precinitatcrs: Several electrostatic 
precipitatcrs have been installed and successfully operated in Eurcpe. 
Some have also been installed in the U. S., as shown in Table 24-10.W 
Several devices with collect~on efficiencies of over 95i are scheduled 
fer new and existir.g units.21 The 1,200 tons/day Des Carrieres Plant in 
Montreal was to be built with an electrostatic precipitator.14/ 

The electros:.atic precipitator is capable of high collection 
e:'ficie:::cies at low J?"!'essure drop. Gas cooling is required for protection 
cf the precipitator from excessive te~peratures. Al~hough precipitators 
do not require the use of an induced-draft fan, such use is normal, pri
marily tc produce a steadier rate of co::nbustion and car.sequent rate c:' gas 
:'low, thus ~akir.g perforn:ance more reliable and core predictable. 14/ 
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'.!.'ABLE 24-10 

ELEC'IBOSTATIC PRECIPITATORS I.!';SJ'ALI..ED 0ri Ml;'::ITCIPAl 
U:CINERATORS IX NORTH A1'-'.ERICJI~/ 

Locatior. 

?.efrac"::.ory Uni ts 

Collector 
Manu:'a::turer 

City of Stamford, Cor.nectic::t 
~"YC Soutl:: Shore Erooklyn 

Ur.iv. Oil. Pr-od. (Aerctech) 
Research-Cottrell 

~~lC Southwest Brooklyn 
Dade Cou:-::y, Flori:la 

~ater-Wall Units 
City o:' Montreal, :./,c:etec (Von Roll) 
City o:' 3raintree, Massachuset~s 

( De~roi t Staker) 
City o:' Hamilt.on, Onta::::-io 

( C&E Beiler) 
City of Chicago, Illir.cis 

W:t-,ee lab rate!' /I.urgi 

Kteelabrator/Lurgi 

Research - Cottrell 

V;";:ee la bra tor /Lu rgi 

Wheelatratcr/Lurgi 
Wade /?.cthenuh:!.e 

Majer characteristics of European electrostatic precipitatcr 
units are shown in ?able 24-11.16/ ':'l:.e success of "heiY u:::its is att!'ibuteC. 
to di~ferences in the design c:' furnaces, grates and auxiliary eq~ipment. 

TA3I.E 24-11 

BASIC DESIGI\ ELEI•'.ENTS OF EUROPEAr~ ELECTROS:rA':'IC PRECIPITA':'ORS16/ 

27 Incinerator Plants 
52 Precipitatcr Units 

Range 

Size of F~rnaces (tens/day) 42 to 1,060 
Raw Gas Volume 1 cfs) :350 to 7,200 
Dust Lead ir. Raw Gas 

( lb/l, 000 lb gas) 2. 7 tc 12.3 
Gas Entry Temperature (OF) 285 to 520 
Overall Particulate Cleansir.g 

Efficiency (peYcent) 92.0 tc 99. 5 
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270 

1,450 

5.43 
490 

98.0 



A Swedish article describes the use of multicyclone a~ter collec
tors ~ollowing an electrostatic precipitator to reduce emission of paper 
flakes wr.ich are difficult to collect in the precipitator due to their 
large area, low specific gravity and low resistivity . .!.?./ 

24.3 COMME::iCIAL INCIKERATCRS 

Commercial and industrial incinerators fer burning general refuse 
may be either single- or multiple-chan:ber types, The multiple-chamber units 
are usually associated with large institutional or industrial facilities, 
while the smaller single-chamber furnaces are used by markets and restaurants. 

24.3.l Emission Sources and Rates 

While t~ere are many factors involved in controlling the gaseous 
and other combustible emissions from commercial types of incinerators, 
the most important sir.gle factor is to maintain a sufficiently hi~h tem
perature for good co~bustion. Temperatures above l000°F can be maintair.ed 
whe~ burning refuse of low moisture content (after the initial warmup) by 
maintaining a relatively uniform release of heat from the refuse. This 
procedure requires frequer.t chargir.g and stoking by a well-trained operator, 
In the ma~ority of cases, it is not economically feasible to provide a 
full-time operator; most incinerators are operated l::y a janitor or custodian 
who has n:.a.ny other duties, Therefore, auxiliary fuel has been found to be 
necessary in almost all cases to maintain ten:perat'J.res atove l000°F. High 
temperatures (plus excess air, turb~lence,anc residence time) effectively 
oxidize unburned gases and combustible particles and droplets. 

Small-sized coI!llllercial incinerators with relatively poor com
bustior. produce larger emission rates for polynuclear hydrocarbons than 
the intermediate and large-sized municipal units. The hig~er te~peratures 
and longer residence times characteristic of the municipal incinerators 
account for the lower rates of polynuclear hydrocarbon emission in these 
units . .!§/ 

Pathological waste incinerators differ from the standard multiple
chamber unit in several respects. Major differences are the use of large 
l::urners in the primary chamber, side loading rather than front loading, 
a solid hearth rather than a grate, and a somewhat different arrangement 
of the chambers. 

No data were found on tonnage of material burned in these units, 
and estimates of the current level of particulate emissions from com:lercial 
and industrial incinerators were not attempted. 
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24.3.2 Effluent Characteristics 

The physical and chemical properties of effluents frorr. industrial 
and commercial incinerators are outlined in Table 24-2. Limited data are 
available for these ~nits. Particulate matter eoitted is probably larger 
in size than that discharged fron: municipal incinerators because of lower 
quality con:bustion. 

Grain loadings given in Table 24-2 are for units in which good 
combustior. was attained. If these conditior.s are not met and poor com
bustion res·"lts, clouds of dense smoke are etnitted and particulate load
ings will be much higher t:ia.n those shown in Table 24-2. 

24.3.3 Control Practices and Eg,c:i;prr.ent 

Sfr,gle-cham'l::er u:::its have generally proven inadequate to n:eet 
most e::nission regulations. Mul tiple-chan:ber units produce ::ninimu:i emis
sions b~t n:ay require a good gas wapher to meet more stringent regulations. 
::-iAPCA has tentatively fcund that scrubb€rs ha.Ying at lea.st 1/2 in. H20 
pressure drop and a water rate cf 4 gal/l,000 cfrn are required on incin
erators tc meet emissicn standards for Federal facilities.g/ 

Design factors fer nultiple-cha:nber incinerators are presented 
ar.d discussed in Re:~erence 3. Initial incinerator cost depends ma.inly on 
the capacit:'i' of t:i.e '..init ar:d the degree o:' air poll:ltion control desired. 
In a 1966 article, cor..cer::::ing ind'..:.strial and hoi.;sehold incinerators, E. M. 
'loelker of the Incinerator Tnsti tute of America presented the cost of 
incir.eratcrs with varying degrees of cor..trol, as sho..,,'!l in Figure 24-9 .19/ 

24.4 APAR'.IJ'1E~IT HOUS3 rncn:ERATORS 

Apartment house incinerators have historically been the single 
chamber flue-fed type. Refuse is charged by tenants through service.,doors 
conr.ecting into the flue at each floor. The n:aterial accumulates in the 
furnace and is usually ignited by the janitor or attendant early in the 
morr.ing. The products of cu::nbustion pass up the same fl~e and are dis
charged to the atmcsptere. A screer:ed enclosure or spark arrestor is com
monly mounted on top cf t!le flue. Emissions are usually high because of 
low combustion temperatures and improper air regulation. 

24.4.l Emission Sources and Rates 

The incinerator is the only particulate source in this type of 
installation. Enission rates from these units are cighly variable and 
range from 0.8 to 10 lb/ton of refuse burnea,3,20/ No estimates of national 
emissior.s were made fer tr.ese units. 
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24.4.2 Eff::..uent Characteristics 

The chen:ical and physical characteristics of effluer::ts fron: 
apartment house inci:::eratcrs are summarized in Table 24-2. Lin:ited data 
are ava:lable :~or these ur.its. Poor quality coritusticn is probable for 
these units an::l particulate matter en:itted is larger in size U:an that 
discharged from municipa] units. 

24 .4 .3 Control P!'actices and E::n~im.ent 

Preventing the discharge cf air pollutants from this type of in
cinerator involves tte use of afterburners or co:::version to multiple-charr.ber 
incineratio.:::.~/ Test data, ir.cbding costs, for various seco::::.ds.ry coml:us-
tior. devices and a Peabody gas scrubber are shown in Tables 24-12 and 24-13.~ 

Scrubbers which increase the velocity cf the gases and contact 
them with low-velccity water appear to l:e preferable to s:r;ray nozzle ur.its 
because plugged nozzles reduce collection efficiency. Evaluation cf irl
pingerr.e:::t-type scrubters operating s.t pressure drops in the range of 4 t;O 

8 i:::. w.g. o::: flue-fed incinerators in~icates efficie~cies in the ra~ge cf 
78 tc 94%.22/ 

A preliminary test cf a dry cyclor.e or. a flue-fed apartment in
cineratcr s~owed depcsiticn of fats on the cyclone su~face ir.dicating 
e':entual clogging in service. 21/ 
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TABLE 24-12 

PEABODY SCRU3BER PERFORJ.:ANCE ON FLUE-FEJ 
AFAR TI-IE:IT :rncu:s:-r<.A TO?.S23 / 

RefUse charge, lb/test 
Scrubber ope:?"ating time, min. 
Scrubber exha~st, avg. cfm 

(corrected tc 70°F, 29.22 in. Hg) 
Gas terr.perature, °F 

Scrubber inlet, range 
AveJ:age 
Scrubber outlet, range 
Average 

Scr1.;.bber trays, number in use 
Pressure across fan, in. w.g. 
Electric consU!llption, fan kw. 

Scrubber water 
Input, gal/hr 
Evaporated, gal/hr 
To drain, gal/hr 

E!:lissicns 

PUI:ll' kw. 

Particulate matter, lb. for test 
Collected by scru·ooer water, avg. 
~~ ex~aust, avg. 

Scrubber collection efficiency, % 
l'\oxio-..:s gases, lb. for test, avg. 

In flue gas before scrubber 
In scrubber extau.st 
Removed by scrubber, di~ference 
Removal efficiency for noxious gases, ~ 
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275 
96 

2,670 

153-250 
196 

94-108 
102 

2 
7.6 
5.35 
0.4 

60 
24 
36 

1.88 
0.12 

94 

8.83 
6.92 
1.91 lb. 

21.6 



U1 
If'> 
If'> 

TABLE 24-13 

PERFORMANCE AND COS!' OF DEVICES lNSI'ALLED ON APARTMENT INCINERATo~/ 

Basic Werner 
Incinerator Device 

Daily Operation, minutes 
Burning only (no. of burns) 183(2) 38(2) 
Residue removal 15 15 
Total min., hoppers locked 198 53 

Furnace Capacity, lb 275 240 
Emissions, lb/100 lb of charge 

Particulates 1.31 1.29 
Noxious gases 2.48 3.01 

Cost 
Investment $1,200 $2,700 
Annual, total 166 426 
Annual, per room $0.30 $0.83 

a/ Adjusted for equal burn-out of residue. 
b/ Based on 90~ collection of particulate matter. 
~/ Based on 22~ removal of noxious gases. 

Gas 
Burner 

One Pipe and 
Overfire Hartmann Overfire Peabody 

Jets Device Jets Scrubber 

141(2) 24re/(3) 125.~/( 2) 183(2) 
15 15 15 15 

156 255 140 198 

275 200 275 275 

0.79 o. 72 0.51 0.1~/ 
1.61 1. 75 o. 73 1.948_/ 

$1,600 $3,150 $2,200 $5,200 
250 1,292 1,117 1,072 

$0.49 $2.52 $2.18 $2.09 

Peabody 
Scrubber 

and 
Overfire 

Jets 

141(2) 
15 

156 

275 

o.09E_/ 
i.2EC/ 

$5,600 
1,151 
$2.25 
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APPENDIX A 

ECONOMIC CONSIDERATIONS IN AIR FOLLUTION CONTROL 

This appendix, illustrating cost relationships for the various 
types of collectors, has been taken from Chapter 6 of "Control Techniques 
;for Particulate Air Pollutants," U. S. D. H. E. W., Washington, D. C., 1969. 
It contains three curves for each type of collector showing purchase cost, 
installed cost, ?.~d annualized cost of operation, as a function of gas 
vo1._1.:llle handled :'..r, acf.:n. It also contains cost data and eq-...ations for the 
determinati•n of operating and maintenance cost for each type of collector. 

T'nis cost information contains an explanation of all assumptions 
and cost bases used. It is included as a basis for cost comparisons with 
data presented in the industry chapters and as a source of data for the 
reader's own use in estimating the cost of colle~tior.. eq::..ipment. 

A. l S3LECTION OF CONTROL SYSTEM 

Most air pollution emission control problems can be solved in 
several ways. In order to select the best nethod of reducing pollutant 
enissions, each solution should be thoroughly evaluated prior to imple
mentation. Steps such as substitution of fuels and raw materials and modi
fication or repla~ement of processes should not be overlooked as possible 
solutions. Such emission reduction procedures often can improve more than 
one pcll1.ition problem. For exareple, particulate matter and sulfur oxides 
emissions both may be reduced by switching from high-sulfur coal to natural 
gas or low-sulfur oil. Such steps also may have the benefit of reducing 
er eli:ninating solid waste disposal and water pollution problems. Often 
it is cheaper to attack two air pYoblems together than to approach each 
problem individually. If steps such as process alterations and substitution 
of :r-~els are not feasible, it may be necessary to use gas-cleaning equipment. 

Figure A-1 shows the factors to be considered in selection of 
gas-clea.~ing system. The first consideration is the degree of reduction of 
emissions which may be required to meet emission standards. The degree of 
emission reduction or the collection efficiency required is dependent upon 
the relationship between emissions and emission standards as shown at the 
top of the figure. This is an important factor in making the choice among 
control equipment alternatives. Although a control system may include two 
or more pieces of control equipment, collection efficiency, 
chapter, applies to individual pieces of control equipment. 
of collection efficiency for various equipment alternatives 
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Table A-1. The important factors to be considered next are the gas stream 
and particle characteristics of the process itself, as shown in the center 
of Figure A-1. High gas temperatures without cooling, for example, preclude 
the use of fabric filters; explosive gas streams prohibit the use of electro
static precipitators; and submicron particles cannot generally be efficiently 
collected with mechanical collectors. A number of factors that relate to 
the plant facility should also be considered, some of which a.re listed in 
Figure A-1. Each alternative will have a specific cost associated with it, 
and the components of this cost should be carefully examined. Those alter
natives which meet the requirements of both the process and the plant facility 
can then be evaluated in terms of cost; on this basis, the gas-cleaning 
system may be selected. 

TABLE A-1 

AIR FDL:,'CJTION CONTROL :E)';lUIFMENT 
COLLECTION EFFIC!ENCIE3~ 

Eq'-'.ipment Type 

Electrostatic precipitator~ 
Fabric filters.!:/ 
Mechanical collector 
Wet collector 
After burner: 

Catalytic.£/ 
Direct flame 

Efficiency Range 
(on a total weight basis) 

(%) 

80 to 99.5+ 
95 to 99.9 
50 to 95 
75 to 99+ 

50 to 80 
95 to 99 

!_/ Most electrostatic precipitators sold today are designed for 98 to 99.5'f, 
collection efficiency. 

b/ Fabric filter collection efficiency is normally above 99.5~. 
-;1 Not normally applied in particulate control; has limited use because 

most particulates poison or desensitize. the catalyst. 

A.2 COST-EFFECTIVENESS RELATIONSHIPS 

Meaningful ~uantitative relationships between control costs and 
pollutant reductior-s are useful in assessing the impact of control on product 
prices, profits, investments, and value added to the product.* With such 

* Value added is generally considered to be the economic wortq added to a 
product by a particular process, operation, or function.!! 
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relationships at hand the alternates for solution of an air pollution problem 
can be evaluated for more effective program implementation by the user of 
the control equipment and by the enforcement agency. These cost-effectiveness 
relati0ns~ips sometimes are applied ~ollectively to a meteorological or air 
quality control region, where they describe the total cost impact on pol
luters as a result of controlling sources; the discussion here, however, 
centers around cost-effectiveness as applied to an individual source. Cost
effectiveness is a measure of all costs to the firm associated with a given 
red·..l.ction in pollutant emissions. For computing the costs for a given system, 
one should consider (1) raw materials a.nd ~uels used in the process, (2) 
alterations in process equipment, (3) control hardware and auxiliary equip
ment, and (4) disposal of collected emissions. 

Figure A-2 s~ows an example of a theoretical cost-effectiveness 
relationship.~/ T'ne actual total costs of control may depart from this 
curve because some cost elements, such as research and development expendi
tures and fixed charges (taxes, insurance, depreciation) are not directly 
related to the operation of the equipment and to the level of emissions in 
a given year. The cost of control is represented on the vertical axis and 
the quantity of pollutants enitted on the horizontal axis. Point P indicates 
the u.~controlled state, in which there are no control costs. As contra~ 
efficiency improves, the qua.~tity of emissions is reduced and the cost of 
co~trol increases. In most cases, the marginal cost of control is smaller 
at the lower levels of efficiency, near ?oint P of the curve. The curve 
also illustrates that as the cost of control increases, greater increments 
of cost usually are required for corresponding increments of emission re
d'..lction. Process changes sometioes may result in emission reduction with
out increased costs. Research ar..d development expenditures resulting in 
new or i:nproved equipment design, improved process operations, or more 
efficient equipment operations will improve the economics of control. All 
ttese factors may substantially reduce control costs at most emission levels 
ar.d shift the cost of the control curve (CC) as illustrated by CC1 in Figure 
A-3. Note that as control technology develops, the cost of attaining a 
desired emission level will be reduced from Ca to Cb. 

cc 

t 

-.... 
QUANTITY OF POLLUTANTS 

QUANTITY OF POLLUTANTS 

Figure A-2 - Cost of CGntrcl 
Figure A-3 - Expected New Cost of Control 
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Cost-effectiveness information is useful in emiss:on control 
decision-making. Several feasible systems usually are available for con
trolling each source of emissions. In most cases, the least-cost solution 
for each source can be calculated at various levels of control. After 
evaluating each alternative and after considering future process expansions 
and more rigid control restrictior.s, sufficient information should be avail
able on which to base an intelligent control decision. 

Cost-effectiveness relationships vary from industry to industry 
and from plant to plant wittin an industry. The cost for a given control 
sys~em is significantly dependent on the complexity ~f the installation and 
the characteristics of the gas stream and pollutant. Geographical location 
is another significant factor that influences the total annual cost; for 
example, the components of anm;.al cost, such as utilities, labor, and the 
availability of desired sites for waste materia~, vary from place to place. 

A.3 COST DATA 

It is the purpose of this Appendix to develop basic inforn:.ation 
and techniq-.:.es for estimating the costs of installing and operating control 
equipment. Suet information can be useful in developing cost-effectiveness 
relationships for applicatior. of various control systems. 

A. 4 UNCERTAINTIES IN DEVELOPIID COST RELAT'IO~SHIPS 

Cost info:nr.ation for control devices is giver. in Section A.7 
wtere, for varbus types of equipment, operating capacity is plotted against 
cost. The upper and lower curves indicate the expected range of costs, with 
the expected average cost falling approximately in tte middle. A~thollgh 

quantitative values for collection efficiency and gas volume capacity are 
not listed, higher collection efficiency, w~ich involves more intricate 
engineering design, results in higher costs. Control equipment is designed 
for a nominal gas volume capacity, but under actual operating conditions the 
volume may vary. Sir:lilarly, the efficiency of control equipment will vary 
from application to application as particle characteristics, such as wetta
bility, density, shape, and size distribution, differ. For example, a con
trol device designed to operate on 50,000 acfm of gas with a nominal collection 
of 95~ may have an effective operating range of from 45,000 to 55,000 acfrr., 
and its collection efficiency may range from 90 to 97~. 

The effect of these independent variations is to make single point 
estimates of cost versus size and efficiency difficult to determine. Based 
on the data available, all estimates must be constructed over an interval of 
uncertainty for each of the three variables. To make the cost estimation 
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problem manageable in this report, nominal high, medium, and low co~lection 
effic:enc:es have been selected for each type of control eq~ipnent, except 
fabric filters. For fabric filters, the nominal high, medium, and low curves 
reflect construction variat:ons. The purchase, installation, end tctal anr.u
alized costs of operation are plotted for each of the three efficiency levels 
over the gas volume range indicated. Purchase, installation, and ~otal anr.tL~
alized costs for fabric filters are plotted for variations in filter construc
tion and cleaning nethods. 

Generalized categories of control equipment are discussed rather 
than specific designs ~ecause of uncertainties in size, efficiency, and 
cost. If req~ired, more detailed info:n:iation on the cost of var:ous engi
neering in.~ovations (e.g., packed tcwers of specific design to acco::mnodate 
a corrcsive gas stream) should be requested from the nanufact-..irers of the 
specific equipner.t. Cost variations associated with wet collectors are 
reported in Table A-2.~/ 

Other diffic~lties exist in developing cost info!'lllation for 
existing control devices, especially cost estimates on the ma:ntenance and 
operation of control equipment. Individ~al firms may remenber what a con
trol device cost originally, but they may forget what it costs to install 
and operate. In addition, interr.al bookkeeping and auditing systems often 
bury these expenditures in total plant operating costs. For exa:nple, water 
and electricity used by a control operation are not always separately metered 
and accountable as a specific air pollution control cost item. Some of these 
costs can be identified and assessed on the basis of industrial experience 
or engineering estimates. 

552 



TABLE A-2 

APPROXIMATE COST OF WET COLLECTORS IN 1965§./ 

Cost, dollars/ c:f'm 

me of Collector~/ 
CaEacitlz cfm. 

1,000 5,000 20 2000 40 2000 

Cyclonic:.£.:..£.! 

Small diameter mi.;J.tiples 0.50 0.30 0.20 0.20 

Single chamber, constant 
water level 1.40 0.45 0.35 0.25 

Sir.gle chamber, multiple 
stage, overhead line 
pressure water feed 0.95 0.40 0.25 0.20 

Single chamber, internal 
nozzle spray 3.00 1.50 1.00 0.75 

Self-induced sprayb-d/ 0.80 0.40 0.25 0.25 

Wet impir.gemen~ 1.00 0.50 0.25 0.25 

Ventur::. c ,d./ 3.00 1.50 1.20 0.50 

Variable pressure drop 
ir.ertia~ 1.00 0.30 

!<!echanical c ,d/ 1. 75 0.75 0.35 

a/ Basic designs, mild steel construction. 
b/ Add 30 to 40~ to base price for fan, drive, and motor {standard con

struction materials). 
c/ Special materials construction costs for 1,000- to 40,000-c:f'm range 

units are approximately as follows: 

Rubber lining - base increase of 65 to 115~. 
Type 304 stainless steel - base increase of 30 to 6~. 
Type 316 stainless steel - base increase of 4r5 to 10~. 

d/ Add from 10 to 40~ to base price per additional stage as in some cyclonic 
and wet impingement designs 
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A. 5 DESCRIPl'IO~~ OF CONTS.OL COST ELEM3NTS 

A.5.1 Ge::era1 

The actual cost of installing e.nd operating air poll~tion control 
equipment is a function of many direct and indirect cost factors. An analysis 
of the control costs for a specific source should include an evaluation of 
all relevant factors, as outlined in Figure A-4. The control system must 
be designed and operated as an integral part of the process; this will 
minimize the cost of control for a given emission level. The definable con
trol costs are those that are directly associated with the installation and 
operatior. of control systems. These eX?enditure items from the view-
point of the control equip~ent user have a breakdown for acco~nting pur-
poses as follo~s: 

Capital Investment 
Engineering studies 
I.. and 
Control hardware* 
Aux~liary equipment* 
Operating supply inventory 
Installation* 
Startup 
Str~cture modification 

~intenance a,:-,d Operation 
Utilities* 
1abor* 
Supplies and materials* 
Treatment and disposal of collected material 

Capital Charges 
Taxes* 
Insurance* 
Interest* 

* Denotes cos~ items considered in this report. 

Of the expenditure items shown above, only those denoted by an 
asterisk were considered in developing the cost estimates used in this 
Ap?endiY~ Other factors, such as engineering studies, land acquisition, 
operating supply inventor/, and structural modification, vary in cost from 
place to place and therefore were not included. Costs for the treatment 
and disposal of collected material, while also not included, are discussed 
in some detail in Section A.8. 
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A.5.2 Capital Investmer.t 

The "installed cost" quoted by a manufacturer of air :polli;.tion 
equipment usually is based on his engineering study of the actual emission 
source. This cost incl~des three of the eight capital investment items-
control hardware crsts, auxiliar.1 equipment costs, and costs for field instal

·1at:.on. 

The purchase cost curves that are shown in Section A.7 illustrate 
the co~trol ,hardware costs for various types of control equipment. These 
purchase costs are the amounts charged by marr~facturer for equipment of 
standard constr~ction materials. Basic control hardware includes built-in 
instrumentation and pumps. ?~rchase cost usually varies with the size and 
collection efficiency of the control device. The purchase costs plotted on 
the curves are typical for the efficiencies indicated, but these costs may 
vary ! 2)% from the value2 sh~wn. Of coU!'se, eq~ipment ~abricated wit~ special 
materials (e.g., stair.less steel or ceramic coatings) for extremely hi~h 
tenperatures or corrosive gas streams may cost much more. 

T'r.e remaining capital investment items, auxiliary equipment and 
installation costs, are aggrega"ted together and referred to as ''total 
installation costs." These costs are shown in Table A-3, expressed as 
percentages of the p::rc~ase costs. These costs include a reasonable incre
ment for the followi~g items: (1) erection, (2) insulation material, 
(3) ~ransportat:o~ of equipme~t, (4) site preparation, (5) clarifiers and 
liquid treatment systems (for wet collectors), and (6) auxiliary equipment 
such as fans, ductwork, motors, and control instrumentation. The low values 
listed in the table are for minimal transportation and simple layout and 
installation of control devices. High values are for higher transportation 
cost and for difficult layout and installation problems. The extreme high 
values are for unus~ally complex installations on existing process equip
ment. Table A-4 lists t~e major cost categories and related conditions 
that establish the installation cost range from low to high. The "installed 
cost" estimates reported in Section A-7 are the sum of the purchase costs 
and the total installation costs. 

A.5.3 Maintenance and Operation 

The following sections describe the working equations for the 
operation and maintenance costs of various control devices. Numerical values 
for the variables expressed in these equations are found in Tabl~s A-5 and 
A-6. 
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TABLE A-3 

TOTAL INSTALLATION COST FOR VARIOUS TYPES OF CONTROL DEVICES 
EXPRESSED AS A PERCENT.AGE OF PURCHASE COSTS 

Cost Percent 
Equipment Type Low Typical High Extreme High 

Gravitational 33 67 100 

Dry centrif"ugal 35 50 100 400 

Wet collector: 
Low, medium energy 50 100 200 400 
High energy.~/ 100 200 400 500 

Electrostatic 
precipitators 40 70 100 400 

Fabric filters 50 75 100 400 

Afterburners 10 25 100 400 

a/ High-energy wet collectors usually require more expensive fans and motors. 
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Coat Category 

Equipr.ent tru111portation 

Pl.ant 1&• 

Available apace 

Corrosiveness of gas 

C01Dplexity ot startup 

Instr-.mentat1on 

GuarL~tee on perf~rmance 

::legree of as aei:il>ly 

Degree ot er.gineering 
design 

UtiHt~ea 

Collecte~ vaste material 
hanll~ir.g 

COllD:::TIONS AFFECTr.U INSTALLED COST CF ::ONTRCL DEVICES 

tow Cost 

Mir.illllllll diata.nee; 1!.lllpl• 
lo&di1J8 and un1011.d11J8 
procedures 

Har<tliare designed as 11.n 
integral part or nt!OI 
plant 

Vacant ar""' for location 
of cor.trol systt!!r. 

Noncorrosive 1as 

Simple startup, no exten-
a ~ ve 11.dji.:strr.ent required 

Little required 

None needed 

Control hardvare shipped 
compcetely assembled 

Autonomous "package" con .. 
trol system 

Electricity, water, waste 
disposal tacil~ties 
readily available 

No special treatment 
facilities or hanllli:ig 
required 

Low wages in geographical 
area 
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Bish Coit 

Lolli diat&nce; complex procedure tor loadiiig 
and unloading 

Hardv11.re installed into confine• or old plant 
requiring structural or proceaa modification 
or alter11.tion 

Litt:e v11.cant space requires extensive steel 
support construction and site preparation 

Acidic emissions requiring high alloy e.cceasory 
equi p:ner.t using special han:lling and con-
1truct 1on techniques 

Requires ext1nsi\"9 adjustment•; te1ting; con
siderable down ti.Ille 

Complex instM.llllentation required to assure 
reliability of control or constant mocitor!ng 
or ga.a stream 

Required to assure designed control ert'iciency 

Control hardllare to be assembled &."ld erected 
in the f!eld 

Control system requiring eirt.ensi>"e integration 
i~to process, insu:a~ion to correct tem
perature problem, noise abatement 

Electrical ar.d waste trea':ment facilities 
must be expanded, water s~p~ly i:r~st be 
developed or expanded 

Special treatment facilities and/or hanc!ling 
required 

Overtime and/or high wages in geographical 
area 



U1 
U1 
{!) 

TABLE A-5 

ANNUAL MAINTENANCE COSTS FOR ALL GENERIC TYPES OF CONTROL· DEVICES 

Generic Type 

Gravitational and dry 
centrif'ugal collectors 

Wet collectors 

Electrostatic precipitators: 

High voltage 
Low voltage 

Fabric filters 

Afterburners: 

Direct flame 
Catalytic 

a/ Metal liner with outside insulation. 
~ Refractory lined. 

Low 

0.005 

0.02 

0.01 
0.005 

0.02 

o. o-S:.I 
0.07 

Dollars Per ACFM 
Typical 

0.015 

0.04 

0.02 
0.014 

0.05 

o.oiEJ 
0.20 

0.025 

0.06 

0.03 
0.02 

0.08 

O.lc}:./ 
0.35 



TAB:..E A-6 

M!SCELLA:lEOUS COS! AND ~lGI!;EERI!l: :FAC!ORS 

Fa:1 Efficiency . 60'(, Pw.:p E!"!'icier.cy -50% 

?J<1er Cost, Dollars/Ki :.owe. t-::.-'ir!/ 

Low "ryp:.ce.l E'..@): 

All devicea 0.005 O.Cll 0.020 

Hour a ot ~en.-:;1on 

8,760 hr/yr - 24 hr/day x 3€5 days/r- -8, 760 

Fbwer reqi.;iremen"..s 'IS. efi'ic~ency for high-vol-:age electrosta-:;c pre~ipitators, io-3 kw/acfm 

Low Med:. um High 

0.19 0.26 0.40 

:::l:>wer requiremen~s vs. effic:.ency for low-volt8€e electrostatic prec:pite.tors :.o-3 kw/acfll: 

tov High 

0.015 C.040 

:.iquor cost in io-3 dollars/gal (fer wet SJt:::tem) 

Low Typical High 

i-.'et scru':>ber 0.35 0.5C :...oo 

Mai<eup liquor req·.lirement.s, o.o:ios ga~/C.r-acrm 

J2c;.t·""?r Reqai ~eree!'lts 

Low Effie l e:ic:1 Me:lium Effic:.e:icy liigh Efficie:icy 

"'S:rJtb:.:l{!' ( .:;i:ite.ct) p~Her, t"::; :sep-::;u~-:'/ ac fir. 0.0013 O.OG3:5 o. ::ns 

Scru':>ber Liquor De.ta 

Low '.:'ypical r.:.gh 

Liq'JOr :ircu:ati~r. rate, ge.l/acfm O.:JOl o.oca 0.020 

Mi n imui:. :ieae req•.;.iremer.t s, feet water 
b/ 

1- 30 60 

Pressure drop thro·.igh equipmen-:, :.ncl:es of water 

3eneric T-ne Low Typical High 

Drv cer.trif·.;.gal collector - 2-3 4 

F9.'or:c fil "..er 2-3 4r·5 6-8 

Afterburners 0.5 l.O 2 

E:ectrcstat:.c precipitators and gravi tatior.al 
c0llect.o:-s O.l 0.5 l 

!/ Based :ir. :lational average ot large consumers. 
)al l psig . 2.3 ft. water . 
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A.5.3.1 General: The costs of operation and maintenance will 
vary widely because of different policies of control equipment users. This 
variance will depend on such factors as the quality and suitability of the 
control eq~ipment, the ~ser's understanding of its operation, and his vigilance 
in maintaining it. Maintenance and operation usually are very difficult to 
define and assess, but often may be a significant portion of the overall 
cost of controlling air pollutant emissions. Although the combined operating 
and maintenance costs may be as low as 10% of the annualized total cost for 
a gravitational settling chamber, for example, they may be as high as 90i 
of the total annualized cost for a high-efficiency wet collector. 

Maintenance cost is the expenditure required to sustain the operation 
of a control device at its designed efficiency with a scheduled maintenance 
program and necessary replacement of any defective parts. On an annual 
basis, maintenance cost in the following equations is assumed proportional 
to the capacity of :he device ir: acflr.. Table A-5 shows annual maintena."1.Ce 
cost factors for all types of particulate control devices. Simple, low
efficiency control devices have low maintenance cos~s; complex, hig~-ef~iciency 
devices have high maintenance costs. 

Annual operating cost is the expense of operating a control device 
at its designed collection efficiency. This cost depends on the following 
factors: (1) the gas volume cleaned, (2) the pressure drop across the 
system, (3) the operating time, (4) the consumption and cost of electricity, 
(5) the mechanical efficiency of the fan, and (6) the scrubbing-liquor con
sumption and costs (where applicable). 

A.5.3.2 Gravitational and Centri:fugal Mechanical Collectors: In 
general, the only significant cost for operating mechanical collectors is 
the electric power cost, which varies with the unit size and the pressure 
d!'op. Since pressure drop in gravitational collectors is low, operational 
costs associated with these units are considered to be insignificant. 
Maintenance cost includes the costs of servicing the fan motor, replacing 
any lining worn by abrasion, and, for multicyclone collectors, fl~shing the 
clogged small diameter tubes. 

Cost eq'.la".:.ion - The theoretical annual cost (G) of operation and 
maintenance for centrifugal collectors can be expressed as follows: 

G = S [O. 7457 PHK + M] 
6356:3 
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where: 

S design capacity of the collector, acfrr. 

? = pressure drop, inches of water (see Table A-6) 

E = fan efficier.cy, assumed to be 6orf, (ex:?ressed as 0.6) 

0.7457: a constant (1 horsepower= 0.7457 kilowatt) 

H ann~al operating time (assumed 8,760 hr.) 

K : power cost, dollars/kilowatt-hr (see Table A-6) 

M = maintenance cost, ic:lars/acfm (see Table A-5) 

For computational purposes the cost formula can be simplified as follows: 

G S [ 195. 5 x 10-6 PHK + M J (2) 

A.5.3.3. Wet Collectors: The operating costs for a wet collector 
include power and scrubbing-liquor costs. ?awer cos'ts vary with equipmer.t 
size, liquor circulation rate, and pressure drop. Liquor consumption varies 
with equipment size and stack gas temperature. Haintena.nce includes servicing 
the fan or compressor n:.otor, servicing the pump, replacing worn li..~ings, 
cleaning piping, and any necessary chemica: treatment of the liquor in the 
circulation systen:.. 

Cost eq~atior. - The theoretical annual cost (G) of operation and 
maintenance for wet collectors can be expressed as follows: 

G "' S ro. 7457 E<(_L_ + __sa__ + _S!!....) + WHL + MJ L 63563 1722F 3960F 
(3) 

where: 

S = design capacity of the wet collector, acfm 

0.7457 2 a constant (1 horsepower= 0.7457 kilowatts) 

H annual operating ti:J:le (assumed 8,760 hr.) 
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K = power costs, dol1a::-s/kilowatt-hr 

P = pressure drop across fan, inches of water (see ?able A-6) 

Q, .. liquor circulation, gal/acfr.i (see Table A-6) 

g = liquor pressure at the collector, psig (see Table A-6) 

h = physical height liq'.lor is p".:lil!.ped in c:.rculation system, 
feet (see Table A-6) 

W = make-up liquor consumption, gal/hr/acfm (see Table A-6) 

L liq"..lor cost, dollars/gal (see 'i.'able A-6) 

M = maintenar.ce cost, dcllars/acfn: (see Table A-5) 

E = fan efficiency, assumed to be 60% (expressed as 0.60) 

F pw::rp e::!:'ficiency, assumed to be 50% (expressed as 0.50) 

The aboye equation can be simplified a.:~cording to Semrau' s total 
"cor.tacting power'' concept .. ~/ Se!!lrau shows that efficiency is proportional 
to the total energy input to meet fan a~d nozzle power requirements. The 
scrubbing (contact) power factors in Table A-6 we=e calculated from typical 
perfonnance data listed in manufacturers' broch~:res. Tb.ese factors are in 
general. agreement with data reported by Senrau. Usi:.ig Semrau's concept the 
eq'.lation for operating cost can be simplified as follows: 

where Z 

G = s [o. 7457 HK (z + Qh \+ WHL + MJ 1980). 

contact power (i.e., total power input required for collection 
efficiency), horsepcwer/acfro' (see Table A-6). It is a combina
tion of: 

1. 

2. 

Fan borsepower/acfn: ( _P_), and 
,~ 6356E 

Pump horsepower/acfm (= __.9:s_ the power to atomize water) 
1722F through a nozzle 

The pump horsepower, Qh/1980, required to provide pressure head 
is not incl~ded in the cor.tact power requirements. 
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A 5.3.4 Electrostatic Precipitators: The only operating cost 
c~nsidered in the operatio~ of electrostatic precipitators is the power 
cost for ionizing the gas and operating the fan. As the pressure drop 
across the equipment is usually less than 1/2 in. of water, the cost of 
operating the fan is assumed to be negligible. The power cost varies with 
the efficiency and the size of the equipment. 

Maintenance usually requires the services of an engineer or highly 
t!'ained operator, in addition to regular maintenance personnel. Maintenance 
incl~des servicing fans and rep"acing damaged wires and rectifiers. 

Cost ecuation - The theoretical annual cost (G) for operation and 
maintenance of electrostatic precipitators is as follows: 

G S [ JllK + MJ 

where 

S design c:apaci ty of the electrostatic precipi -:a tor, acf:n 

J power requirements, kilowatts/acfo (See Table A-6) 

H =annual operating ti.me (assumed 8,760 hr.) 

K = power cost, dolla!'s,lkilowatt-r..r (see Table A-6) 

M = ~aintenance cost, dollars/acfm (see Table A-5) 

A.5.3.5 Fa~ric Filters: Operating costs for fabric filters 
:.nch:de power costs for operating the fan and the bag clea.11ing device. 

(4) 

These costs vary directly with size of equipment and the pressure drop. 
Maintenance costs include costs for servicing the fan and shaking mechanism, 
emptying the hoppers, and replacing the worn bags. 

Cost eq~ation - The theoret:.cal annual cost (G) for operation and 
maintena~ce of fabric filters is as follows: 

G = S r:o. 7457 PHK + MJ 
L6356E 
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where: 

S • design capacity of the fabric filter, acfm. 

P = pressure drop, inches of water (see Table A-6) 

E == fan efficiency, which is assumed to be 60'f, (expressed 
as 0.60) 

0.7457 ~a constant (1 horsepower~ 0.7457 kilowatt) 

H •annual operating time (assumed 8,760 hr.) 

K = power cost, dollars per kilowatt-hr. (see Table A-6) 

M • maintenance cost, dollars/acfm (see Table A-5) 

For computational purposes, the cost formula can be simplified as follows: 

G • S (195.5 x 10-6 PHK + M] (6) 

A.5.3.6 Afterburners: The major operating cost item for after
burners is fuel. Fuel requirements are a direct function of the gas volume, 
the enthalpy of the gas, and the difference between inlet and outlet gas 
temperatures. For most applications, the inlet gas temperature at the source 
ranges from 300° to 400°F. Outlet temperatures may vary from 1200° to 1500°F 
for direc~ flame afterburners and from 730° to 1200°F for catalytic after
burners .gt '.lhe use of heat exchangers may bring about a 5~ re~~ction in 
the temperature difference. 7,8/ Table A-7 lists hourly fuel costs based on 
& natural-gas cost of $0. 60/million Btu. No credit was given for heat of 
combustion of particulate or other matter. These costs were developed :f'rom 
enthalpies (heat content) of the process gas at given temperatures.2/ Main
tenance includes servicing the fan, repairing the refractoz:y lining, washing 
and rinsing the catalyst, and rejuvenating the catalyst.12/ 
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TABLE A-7 

HOURLY FUEL COSTS 

6 
Fuel Cost,Y Tem.Eerature 2 {°Fi Temperature, 

Device Inlet Outlet (oF) Dollars/acfm-Hr 

Direct flame (DF) 380 1400 
. 1020 0.00057 

DF with heat exchanger 1000 1400 400 0.00023 

Catalytic afterburner {CAB) 380 900 520 0.00028 

CAB with heat exchanger 650 900 250 0.00014 

al These figures include the cost of heating an additional SO~ excess air. 
It is assumed there is no heat content in the material or pollutant 
being cons~..:med. 

The equation for calculating the operation and maintenance costs 
(G) is as follows: 

G • S [O. 7457 PHK + HF + M] 
6356 E 

(7) 

where: 

S = design capacity of the a~erburner, acfm 

P = pressure drop, inches of water (see Table A-6) 

E = fan efficiency, assumed to be 6~ (expressed as 0.60) 

0.7457 =a constant {l horsepower= 0.7457 kilowatt) 

H =annual operating time {assumed 8,760 hr.) 

K : power cost, dollars per kilowatt-hour (see Table A-6) 

F a fuel cost, dollars per acfm/hr (see Table A-7) 

M = maintenance cost, dolla.rs/acfm (see Table A-5) 
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For comp~tational purposes, the cost fonnula is simplified as fellows: 

G = s G9s.s x lo-6 PHK + HF + M J (8) 

A.S.4 Capital Charges 

Capital charge includes overhead expenses such as taxes, ins'.l!'ance, 
and interest incurred in the operation of a control device. Such costs 
frequently lose specific identity because of internal accounting practices. 
It is possible, however, by reasonable assumptions, to include capital 
charges in the annualized cost of control. 

A.5.5 An.~ualization of Costs 

Ann~alized capital costs are estimated by depreciating the capital 
investment (to~al installed cos~) over the expected life of t~e control 
equipment and adding the capital charges (taxes, interest, and insurance). 
Adding the recurring naintenance and operation costs to this figure gives a 
total annualized cost of control. Total annualized cost estimates are 
shown in Section A.7. 

A.5.6 Assumptions in Annualized Control Cost Elements 

Annualized control costs will differ from installat:on to installation 
and from region to region, and certain simplifying assumptions h~ve been 
necessary to develop the cost figures of t~is section. If more information 
for a given location is available, it is desirable to substitute this for 
the assumptions used here. 

A.5.6.1 Annualized Capital Cost Assumptions: The simplifying 
assumptions for computing the total annualized capital cost are as follows: 

1. Purchase and installation costs are depreciated over 15 years, 
a period assumed to be a feasible economic life for control devices. 

2. The straight-line method of depreciation (6-2/3'f,/year) is used 
because it is the most common method used in accounting practices. This 
method has the simplicity of a constant ann~al writeoff. 

3. Other costs called capital charges--which include interest, 
taxes, insurance, and other miscellaneous costs--are assumed to be equal 
to the amount of depreciation, or 6-2/3% of the initial capital cost of the 
control equipment installed. Therefore, depreciation plus these other 
annual charges amounts to 13-1/3% of the initial capital cost of ":.he equip:ner.t. 
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A.5.6.2 Operating Cost Assumptions: The following assumptions 
were taker. into account for computing operation and maintenance costs. 

1. R:>wer costs included in annual operat:.ng expense reflect 
electricity used by all systems directly associated with the control equip
ment. Electrical power requirements are computed on a constant usage basis 
at a specified gas volume. 

2. ?or wet collectors, it is assumed that the liquor is recircu-
1 ated in a closed system. Liquor consumption consists of the makeup liquor 
which must be added fro:n tillle to ti.me. Stack gas temperature influences 
the rate of liquor loss: this influence is partially accounted for by assum
ing a constant loss per cubic foot of stack gas volume. This assumption 
is necessary because of the extremely wide ra.'lge of stack gas temperatures. 

3. The costs for electricity and water are computed on the marginal 
rate classes for each size user, which assumes that any additional consump
tion will be priced at the lowest rate-highest volume class available. Except 
where specifically indicated, the typical values for the pressure drop and 
cost of electric:.ty (see Table A-7) were assumed in all control cost cal
culations and illustrations. 

4. The disposal cost arJ.d/or recovered value of collected effluents 
are not included in the operating cost calculations because of cost differ
ences from process to process. Disposal cost figures for several major 
industrial categories are repor~ed in Sect:.on A.8. 

A.5.6.3 Maintenance Cost Assi.imption: It is assumed that a user 
of control equipoent establishes a preventive (scheduled) maintenance program 
a.nd carries it out to maintain equipment at its designed collection efficiency. 
Further, it is asstl!lled that unscheduled maintenance, such as replacement of 
defective parts, is undertaken as required. The cost incurred for equip-
ment modification or repair due to an operational accident is not included. 

A.6 MET:~OD FOR E3TIMATIJ:{.1 ANNUAL COST OF CO~'TROL FOR A SPECIFIC SOURCE 

A. 6.1 General 

As previously indicated, it is beyond the scope of this Appendix to 
identify and assess the cost of control for a specific source. Such assess
ments can, however, be calculated by applying the steps outlined below. 

A.6.2 Procedure 

The following procedure can be used to determine the expected cost 
of control for any so~rce. 
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Step l. Describe the source (including characteristics of tne 
process), the characteristics and consumption of f'~el for combust~on, and 
the total number of hours in operation ann~ally. Emissions can be determined 
by making stack gas tests or can be estimated by making calculations using 
tte emission factors. 

Step 2. Select the applicable types of control equipment. 
Figure A-1 illustrates what must be considered in selecting the optimum 
type of control equipment. 

Step 3. Specify pressure drops, efficiencies, construction material, 
energy and fuel requirements, and size limitations for the selected control 
equipment, taking into account any existing equipment. 

Step 4. Determine the gas flow in ~cfm at the point of collector 
location. For wet collectors, this would be the water saturated gas volume. 
This sho~ld be done by taking measure~ents at maximum operating conditions. 

Step 5. Determine the estimated total purchase cost for the 
specific selected device (curves found in Section A. 7) at the required gas 
volume and control efficiency. For fabric filters, select the proper filter 
medium for the process. 

Step 6. Multiply the cost found in Step 5 by the low, typical, 
and high instal~ation cost factors (Table A-3), and add the resu:t to the 
estimated tctal purctase cost to obta~n t~e correspondir.g low, typical, 
and higt total installed costs. Conditions affecting tbe cost of instal:ation 
are listed in Table A-4. 

Step 7. Calc~late the total annual capital cost as follows: 

Armualized capital cost = depreciation + capital charges 
0.133 x total inves~ent cost* 

Step 8. Compute the cost of electricity, maintenance, and liquor 
consumption. 

Step 9. Compute low, medi".lill, and high operating and maintenance 
costs from the appropriate formulas: 

Dry centrifugal collectors 

G = S [195.5 x lD-6 PHK + M] 

* 3ased on the assumptions in Section A.5.6.1. 
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where: 

Wet scrubbers 

G :::: s [o. 7457 HK fz + Qh .\ + WHL + M J 
\ 1980) 

Electrostatic precipitator 

G = S (JHK + M] 

Fabric filters 

G • S [195.5 x io-6 ?HK + M] 

Afterburners 

G = S (195.5 x io-6 ?HK + M + E?] 

G = theoretical value for operating and maintenance costs 

S = the design capacity of the collecticn device, ac:·:n 

F = pressure drop cf the gas, inches of water 

H s e=inual operating time 

K power costs, dollars per kilowatt-hour 

Q = liquor circulation, gal/acfm 

h physical height that liquor is pumped in circulation system, 
feet 

Z total power ir.put required for scrubbing efficiency, horsepower/ 
aci':n 

M = maintenance cost, dolla.rs/acfm 

W = liquor consumption, gal/hr/acfm 

L = cost of liquor, dollars/gal 

J = power requirement, k1lowatts/acf~ based on efficiency 

F = f'~el cost, dollars/hr/acfm 
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Step 10. Add the typical annualized capital cost to the typical 
operating and maintenance cost to yield the estimated total annualized cost 
of control. 

Step 11. Because the above calculation is a point estimate, the 
range of costs should be investigated. For this, a variance is calculated 
and applied to the total estimated annual cost. The low cost variance (v1) 
and high cost variance (Vh) of an equipment combination can be computed by 
using the square root of the sum of the squares. The formulas for these 
variances are as follows: 

where: 

C1, Cm, and Cri are the low, typical, and high annual capital cost estimates, 
respectively, and GJ., Gm, and ~are the low, typical, and high operation 
and maintenance cost estimates. These formulas are taken from the usual 
definition of the standard error of a linear combination of statistically 
independent variables. They permit computation of the most probable, rather 
tha.n the extreme, range of costs. 

Step 12. The high cost variance (Vh) is added to the total esti
mated annual cost to yield the high cost limit. 

Step 13. The low cost variance (V1) is subtracted from this 
total estimated annual cost to yield the low cost limit. 

A.6.3 Sample Calculations 

The following calculations illustrate the method used to determine 
the total estimated annual cost of control. The following example shows 
the estimation of annualized cost for a 60,000 cf'm., 9~ (medium efficiency} 
wet collector. 

Step l. Annual operating tilll.e = 8, 760 hr. (H) 

Step 2. Wet collector (given) 

Step 3. 90~ efficiency (given) 

Scrubbing power required - 0.0035 horsepower/acfm (Z) 
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Step 4. Actual gas flow = 60,000 acfm (given) 

Step 5. Purchase cost= $17,000 (f'rom Section A.7.4 for wet 
collectors) 

200~ 
Step 6. Installation factors f'rom Table A-3 are 5~, lOO'f,, and 

Installation factor 
Installation cost 
Purchase cost 
Total capital cost 

50% 
8,500 

17,000 
$25,500 

10~ 
17,000 
17,000 

$34,000 

20~ 
~4,000 

17 ,ooo 
$51,000 

Step 7. 0.133 x [Total capital cost] =annual capital cost (C) 

c1 = 0.133 x $25,500 = $3,400 

cm= 0.133 x $34,000 = $4,530 

ch= 0.133 x $51,000 = $6,eoo 

Step 8. Power cost, dollars/kilowatt-hr (K) 

Low Typical 

0.0::>5 0.011 0.020 

Maintenance cost, dollars/acfm (M) 

Low Typical High 

0.02 0.04 0.06 

Liquor cost, 10-3 dollars/gal (L) 

Low Typical High 

0.35 0.50 1.00 

Heat required for circulation in system, feet (h) 

Low Typical 

1 30 60 

Liquor circulation, gallons/acfm (Q.) 
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cost (G) 

Low Typical 

0.001 0.008 0.020 

Makeup liquor rate, lo-3 gal/:rr/ac~m, (W) = 0.5 

Step 9. Using the following form~la to determine annual operating 

G • S [~ + i:o) (0. 7457 HK) + WHL + MJ 

':'he low, typical, ar.d high operating and maintenance costs 
are as follows: 

G1 = $8,200 G::n = $18,100 Gh = $35,900 

Step 10. From the steps 7 a.nd 9, 

Cm = $4,530 Gm "' $18,100 

Then, the total estimated annual cost is as fol:ows: 

Cm + Gm = $22,600 

Step 11. Using the square root of the sum of the squares of the 
differences, the high and low cost variances are as follows: 

V1 = 1(4,530 - 3,400)2 
+ (18,100 - 8,200)2 

v'J.. .. $10,000 

vh = J,...c-cb ___ c_m_)_2_+_(_Gh ___ Gm_)_2_ 

vh • ~ (6,800 - 4,530)
2 

+ (35,900 - 18,100)2 

V:i = $17,900 
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Step 12. From Step 10, the total estimated an..~ual cost $22,600 

From Step 11, v1 ~ $10,000 

Low cost limit= $22,600 - $10,000 = $12,600 

Step 13. Total estimated annual cost = $22,600 

From Step 11, Vh ~ $17,900 

High cost limit= $22,600 + $17,900 = $40,500 

Step 14. The amount of particulate matter emitted may be cal
culated if the inlet conditions are known. 

A.6.4 Annualized Cost Variation 

The previous section illustrated the probable high and low cost 
limits for a single installation, taking into account the variation in costs 
for installation, ma~ntenance, a.~d operation. To compute the annualized 
cost for a given emission reduction system, one must take into accou..~t four 
variables: (1) collect~on efficiency of the system, (2) cost of installing 
the system, (3) cost of operatio~, and (4) maintenance cost. A more com
plete S1.llll!llB.ry of the ra::lge of total annualized costs is shown in Table A-~ 
for a 60,000 ac:m wet collector. This table illustrates cost fig.ires for 
81 possible combinations of each of the four variables, with each variable 
taking on three independent values--low, typical, and high. It is constructed 
by the procedure outlined in Steps 1 through 10 in the previous section. 
The constants for computing these values are taken from Tables A-5 and A-6. 
Table A-8 shows that a low-efficiency 60,000 acfowet collector with low 
installation, maintenance, and operation costs will cost approximately $6,100/ 
year to operate (extreoe upper left-hand corner). The most efficient (99% 
efficiency) wet collector, according to the table, will cost as high as 
$137,400/yr to operate. The most li~ely costs for effic:encies of 75%, 
90%, and 99% are $11,3CO_, $22, 700, and $74,500, respectively. The type of 
data shown in Table A-8 is useful in developing cost-effectiveness relation
snips. Note that this table does not show the variances, v1 and Vh; these 
should be used only when the probable cost limits are desired. 
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TABLE A-8 

ILLUSTRATIVE PRESENTATION OF ANNUAL COSTS OF CONTROL 
FDR 60 1 000 ACFM WET SCRUBBER ~DOLLARS} 

El 75~ Em = 90'1> 

el E_/ rf 1m Ih I1 1m Ih 

M1 6,100 6,800 8,100 11,800 13,000 15,200 

Mm 7,300 8,000 9,300 13,000 14,200 16,400 

Mti 8,500 9,200 10,500 14,200 15,400 17,600 

M1 9,500 10,100 11,500 20,300 21,500 23,700 

~ 10,700 11,300 12,700 21,500 22,700 24,900 

Mti 11,900 12,500 13,900 22,700 23,900 26,100 

M1 18,300 18,900 20,300 36,900 38,100 40,300 

Min 19,500 20,100 21,500 38,100 39,300 41,500 

Mti 20, 700 21,300 22,700 39,300 40,500 42,700 

a/ E ~ efficiency factor. 
b/ Subscripts 1, m, and h indicate low, medium, and high ranges, respectively. 
£/ I = installation factor. 
d/ M = maintenance factor. 
~/ 0 = operating factor. 

~ = 991> 

I1 1m Ih 

35,500 37,800 42,300 
36,700 39,000 43,500 
37,900 40,200 44,700 

71,100 73,300 77,900 
72,300 74,500 79,100 
73,500 75,700 80,300 

128,200 130,500 135,000 
129,400 131, 700 136,200 
130,600 132,900 137,400 

Note: A similar table can be generated to show the various control costs for any type of control equipment by specifying 
operating conditions and calculating each entry. This procedure provides complete infonnation to aid in the 
assessment of existing controls or other control alternatives. 



A. 7 COSI' CURVES BY EQUIPMENI TYPE 

A. 7 .1 General 

The following sections contain a series of control cost curves 
(see Figures A-5 through A-24). For each type of control equipment, a 
series of curv~s is presented: (1) purchase ccst curves, (2) ins-talled 
cost c"J.rves, and (3) an::ualized cost cur.res. 

The estimated purchase cost curves show the dollar amour.ts 
charged by manufacturers for basic control equipment, exclusive of trans
portation charges to the installation site. This basic control equipment 
includes built-in auxiliary parts of the control unit, such as instrumen
tation and solution Jl'.::mps. The installed cost curves include the purchase 
costs, additional auxiliary equipment costs, and installation costs, as 
described in Section A.5.2. The annualized cost curves include eleme~ts 
discussed in Sections A.5.3 tnrough A.5.6. The ass:.:mptions, sources of 
data, and the limitations used to develop this information are discussed 
in Sectior..s A.3 and A.4. 

A.7.2 Gravitational Collectors 

In computing the cost of gravity collectors, three collection 
efficiencies were considered. These efficiencies were based on the assump
tion of essentially complete removal of 87-µ, 50-µ, and 25-µ particles, a...~d 

are designated as low, medium, and high efficiencies, respectively. The low 
ar.d medium efficiency collectors are simple expansion chambers, and the high 
efficiency collector is a multiple-tray settling chamber, connnonly called a 
Howard separator. 

In actual operation, the collection efficiency for a gravitational 
collector depends on the particle size distribution. In cleaning the flue 
gas from a stoker-fired coal furnace, for example, low-, medium-, and high
efficiency collectors would have particle removal efficiencies of approxi
mately 64%, 75%, and 88%, respectively. In cleaning the flue gas from a 
pulverized-coal furnace, these same collectors,. because of the smaller sized 
particles emitted by the combustion unit, would have approximate efficiencies 
of 21%, 34~, and 56%, respectively. 

The purchase costs of gravitational collectors are shown for three 
different efficiencies in Figure A-5. These are approximate costs for 
typical installations. If it were necessary to include insulation or a 
corrosion-resistant lining, the costs would be higher. The total installed 
cost was also calculated for each efficiency e.nd is shown in Figure A-6. 
The total installed cost is the sum of the purchase and installation costs. 
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The installation costs were assumed to range from 33% to 100% of the pU!'chase 
cost (see Table A-3), and this range re~~lts in a cost band for each efficiency, 
as shown ir. t!le figtcre. No annualized cost curves are presented for these 
collectors because operation and maintenance costs, other t~an for removal 
and disposal of collected ~aterial, usually are negligible, except where 
corrosion may be a problem. Section A.8 provides spec:fic informat:on on 
the disposal of collected material. 

A.7.3 Dry Centrifugal Collectors 

The costs of purchasing, installing, and operating mechanical 
centrif~al collectors are given in Figures A-7, A-8, and A-9, respectively. 
7he curves in these figures show costs for collectors that operate at nominal 
efficiencies of 50%, 70%, and 95% (see Section A.4). Costs are plotted for 
equipment sizes ranging from 10,000 to 1,000,000 acfm. The assumptions used 
in calculating annual operation and maintenance costs for dry centrifugal 
collectors are as follows: 

1. Annual operating time= 8,760 hr. 

2. Collector pressure drop = 3 in. of water 

3. Power cost~ $0.011/kilowatt-hr 

4. Maintenance cost = $0.0lli/acfm 

A.7.4 Wet Collectors 

The costs of purctasir.g, installing, and operating wet collectors 
are given in Figures A-10, A-11, and A-12, respectively, as a function of 
equipment size. The curves in these figures show costs for collectors that 
operate at nominal efficiencies of 75i, 90%, a.nd 99% (see Section A.4). 
The basic hardware costs for medium a.nd high collection-efficiency equipment 
are reported by nanufacturers to lie in the sane cost ra..TJge and both appear 
on the same curve in Figure A-10. The higher installed cost of a high 
collection-efficiency system in Figure A-11 results from the need for larger, 
more expensive auxiliary equipment (based on Table A-3). The assumptions 
used in calculating annual operating and maintenance costs for wet collectors 
are as follows: 

1. Annual operating time = a, 760 hr. 

2. Contact power requirements: 

0.0013 horsepower/acfm for 75% efficiency 

0.0035 horsepower/acfm for 9oi efficiency 

0.015 horsepower/acfm for 99% efficiency 
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3. Power cost "' $0.011/kilowatt-hr 

4. Maintenance cost ~ $0.04/acfm 

5. Head required for liquor circulation in collection system = 30 ft. 

6. Liquor circulation = 0.008 gal/acfm 

7. Liquor consumption= 0.0005 gal/hr-acfm 

8. Liquor cost "' $0.0005/e:al 

A.7.5 High-Voltage Electrostatic Precipitators 

The costs of purchasing, installing, and operating high-voltage 
electrostatic precipitators are given in Figures A-13, A-14, and A-15, 
respectively. Ille curves in these figures show costs for collectors that 
operate at nom:nal efficiencies of 90%, 95%, and 99.5%. These costs are 
plotted for equipment sizes ranging from 20,000 to l,000,000 acfm. The 
assumptions used in calculating annual operation and maintenance costs for 
high-voltage electrostatic precipitators are as follows: 

l. Annual operating time= 8,760 hr. 

2. Electrical power requ~rements: 

0.00013 kilowatt/acfm for low efficiency 

0.00026 kilowatt/acf:n for medium efficiency 

0.00034 kilowatt/acfm for high efficiency 

3. Power cost • $0.011/kilowatt-hr 

4. Maintenance cost = $0.02/acf'm 

A.7.6 Low-Voltage Electrostatic Precipitators 

The curves in Figures A-16, A-17, and A-18 indicate purchase 
cost, installed cost, and operation cost of low-voltage electrostatic pre
cipitators for low and high collection efficiencies based on design gas 
velocities of 150 and 125 ft/min, respectively. Packaged modular low-voltage 
precipitators with flow rates of. less than 1,500 acfm are used to collect 
oil mist from machining operations. Purchase cost of such a unit usually 
is less than $1,200. The assumptions used in calculating annual operation 
and maintenance costs for low-voltage electrostatic precipitators are as 
follows: 
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1. Annual operating time "' 8, 760 hr. 

2. Electrical power requirements: 

0.000015 kilowatt/acfm for low efficiency 

0.000040 kilowatt/acfm for high efficiency 

3. Power cost = $0.011/kilowatt-hr 

4. Maintenance cost = $0.02/acfm 

A.7.7 Fabric Filters 

Figures A-19, A-20, and A-21 show purchase cost, installed cost, 
and annualized cost of control for three different types of filters. Ea.ch 
of the three filters is designed with about the same efficiency--99.9i. Costs 
are plotted for equipment sizes ranging from 10,000 to 1,000,000 acfm. 

The control costs curves represent the following different types 
of filter installations: 

1. Curve A represents a fabric filter installation with high
temperature synthetic woven fibers (including fiberglass) and felted fibers 
cleaned continuously and automatically. 

2. Curve B represents a.n installation using medium-temperature 
synthetic woven and felted fibers, such as Orlon or Dacron, cleaned contin
uously and automatically. 

3. Curve C is the least expensive installation. Woven natural 
fibers are used in a single compartJnent. Filters are intermittently cleaned. 
This equipment is re.rely designed for processes handling over 150,000 acfm. 

These control cost curves do not include data for furnace hoods, ventilation 
ductwork and precoolers that may appear only in certain installations. The 
assumptions for calculating operating and m.a.intena.nce costs are as follows: 

1. Annual operating time = 8, 760 hr. 

2. Pressure drop of the gas through the three types of fa.bric 
filters = 4 in. of water 

3. Power cost"' $0.os/acfm 

4. Maintenance cost • $0.05/acfm 
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A.7.8 Afterburners 

Afterburners are separated into four categories: (1) direct flame, 
(2) catalytic, {3) direct flame with heat recovery, and (4) catalytic with 
heat recovery. F.quipment and installation costs were obtained from both the 
literature and manufacturers of afterburners. Sufficient data were received 
on catalytic a~erburners to define the narrow p~rchase cost range shown in 
Figure A-22. The figure shows that purchase costs of direct flame after
burners have a wider range than those of catalytic afterburners. 

Figure A-23 shows the installation costs for afterburners. Heat 
exchangers are considered accessory equipment and appear as part of the 
installation cost. Installation costs may range from lOi to lOOi of the 
pi.::.rchase costs, although in some situations they may be as high as 400~. 
Differences in installation costs are due to the differences in burner 
locations relative to the emission source, and differences in structural 
supports, ductwork, and foundations. Installation costs for the addition 
of equipment to existing plant facilities will be higher than similar costs 
for new plants. other factors accounting for different installation fees 
are the degree of instrumentation required, engineering fees in manufacturers' 
bids, startup tests and adjustments, heat exchangers, auxiliary fans, and 
utilities. lhe assumptions for calculating operation and maintenance costs 
are as follows: 

1. Annual opera.ting time • 8, 760 hr. 

2. Fuel cost: 

$0.57/1,000 acfm•br for direct flame afterburner with no 
heat recovery 

$0.23/1,000 acfm-hr for direct flame afterburner with heat 
recovery 

$0.28/1,000 acfm-hr for catalytic afterburner with no heat 
recovery 

$0.14/1,000 acfm-hr for catalytic afterburner with heat 
recovery 

3. Maintenance cost: 

$0.06/acfm for direct flame afterburner 

$0.20/acfm for catalytic ~erburner 
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4. Pressure drop through all afterburner types = 1 in. of water 

5. Power co st = $0. 011/k:.lowat -:-br 

Cost comparisons presented in Figure A-24 show that the direct 
flame afterburner without a heat exchanger is the most expensive. The 
lower curve in Figure A-24 shows that the annualized cost of a direct flame 
afterburner with heat recovery is lower than the cost of a catalytic after
burner without heat recovery. 

A.8 DISPOSAL OF COLLEX':T~ PARTICULATE EMISSIONS 

A.8.1 General 

The installation of any pollution control system designed to 
collect particulate matter demands a decis:on regarding the disposal of 
the collected particulate materia~. This section discusses the relevant 
factors and illustrates the economic consequences of disposal of the collected 
material. 

In the past, pollution control equipment often was installed e:.ther 
to red~ce a severe nuisance or to recover val~able material. Such equipment 
not only prevented valuable material from escaping to the atmosphere, but also 
reduced costly clea..~ing of the plant grounds and facilities. 

As industrial plants become more crowded together and as the public 
desires a higher quality of air, more emphasis will be placed on intensive 
control activities. This emphasis will increase the demand for more effective 
a:.r pollution control. Generally, most air pollution control systems collect 
material that has little economic worth. 

Basically, the alternatives for handling collected particulate 
material are as follows: 

1. Return the material to the process. 

2. Sell the material directly as collected. 

3. Convert the material to a salable product. 

4. Discard the material in the most economical manner. 

The process of selecting an alternative should take into account the following 
questior.s: 
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1. Can the material be used within the company? 

2. Is there a profitable market for the material? 

3. What is the most economical method of disposal? 

4. Is there land available for a landfill? 

5. Is there a source of water available for: 

a. A wet pipel~ne system 

b. Jisposal at sea 

c. Tra.~sportation by barge 

6. Is there space available for a settling basin or filtering 
system? 

7 Is there process-related equipment preser.tly available for 
tra~sporting or treating the collected material? 

8. Is there access to a municipal waste treatment system? 

9. Can technology and/or markets be developed fo'!" utilizat:'...on 
of the waste material? 

A.8.2 Elements of Disposal. Systems 

After ex8J:lining feasible solutions to the disposal problem, the 
least costly alternative that is most compatible with other operating factors 
in the plant should be chosen. The decision should result from consideration 
of each of the four functional elements of the disposal system described 
below and their relationships to the m.an-..facturing process. 

1. Temporary storage, which allows gathering sufficient quantities 
of the collected material to make final disposal more economical. The unit 
cost of disposal us~ally is lower for greater quantities. Temporary storage 
may be convenient at many points in the overall disposal scheme, such as in 
the hopper or settling chamber of a :pollution control device, or in a silo 
some distar..ce:f'rom the plant. 

2. ':'ransportation that moves the collected material from the 
pafticulate control device to some location wtere disposal is relatively 
economical. In most cases, transportation displaces the material to a 
location where accum::clation minimizes any potential interference with plant 
activities. Any single disposal system may require more than one method of 
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transporting the material. For example, a ccnveyor system may be used at 
the control device, a truck may be used to transport the material to a 
landfill area, and a bulldozer may be used to p~sh it to its final disposal 
loca";ior.. 

3. Treatment that changes physical and/or chemical characteristics 
~or easier disoosal. Such treatment may simplify operations and reduce costs 
fer handling and disposal of wastes. Frequently, for easier transport, 
particulate matter is made into a slurry by adding water to it. This permits 
the use of a pipeline, which is often the most economical method for trans
porting wastes over long distances. siurries from wet-scrubbing pollution 
control systems frequently are treated in an opposite manner: the water is 
removed and the particulate matter is concentrated by filtration or sed.illlen
tation. This permits the ultimate disposal of a solid waste, rather than a 
sludge or a slurry. The method of treatment should be selected with a view 
to ninimizing contamination of the environment. Examples of such treatment 
~ethcds are the wetting of fine dust to prevent air pollution, the neu
tralization a.nd filtration of slurries to prevent contamination of receiving 
waters, and the proper burial of solid material in a sanitary land:~ill. 

4. Final disposition, which nertains to discarding the unusable 
materie.:!... Material which cannot be sold, converted, or re-.:sed ultimately 
can be discarded in landfills; or someti:nes it can be disposed of in la.goons 
or the sea. 

'l'he following list shows some examples of the four f'.lllctional 
elements for both wet and dry disposal systems. 

A. Storage 

(1) Slurry of suspended particulate matter in water 

(a) Settling basin 

(b) Lagoon 

( c) Tank 

(2) Dry collected particc.lates 

(a) Mound 

(b) Rail car 

(c) Bin 

(d) Silo 
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B. Transporta~ion 

(1) Sl:;.rry of suspended particulates in water 

(a) Barge 

(b) Pipeline 

(c) Truck 

(d) Rail 

(2) Dry collected particulates 

(a) ?ruck 

(b) Rail 

(c) Front-end loader 

( d) Conveying system 

(e) Barge 

C. Trea~ent 

(1) Slurry of suspended partic~late in waterl.!/ 

(a) Sedimentation 

(b) Fil tra"';ion 

(c) Flotation 

(d) Thickening; wet comb~stion 

(e) Lagoons and drying beds 

(f) Vacuum filtration 

(g) Centrifugation; incineration 

(h) Neutralization 
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(2) Dry collected material 

(a) Compressing 

(b) Wetting 

D. Final Disposition 

(1) Landfill 

(a) Public or private disposal sites 

(b) Q'..larry 

(c) Evacuated coal mine 

(2) Lagoor. 

(3) Dun:.p at sea 

The arrangement of these elements in an overall disposal scheme 
is showr.. in Figure A-25. This flow diagran shows the movement of the collected 
material throug!:'l various stages toward final disposal. 

Environmental factors s-..;.ch as space, util:.ties, disposal facilities, 
and the desired form of collected waste material usually have a.n important 
bearing on the selection of a disposal system compatible with a specific 
type of particula.te pollution control eq·.:<ipment. Therefore, a specific type 
of particulate pollution control equipment may not always call for the same 
waste disposal system. 

A.8.3 Disnosal Cost for Discarded Material 

Table A-9 describes various disposal systems and the related costs 
within specific industries. Each system listed is specifically designed to 
cope with the disposal problem and available facilities of the individua: 
plant shown. Therefore, drawing general conclusions about the relative costs 
of systems listed in the table would be erroneous. The disposal costs shown 
include capital charges and costs for labor and material. The disposal 
cost/ton will be higher the smaller the quantity of material, because capital 
charges for investment in facilities will remain the same regardless of 
quantity. 

Fly ash, a res~due from the combustion of coal and residual oil, 
probab'_y is the l!ICJSt cnlllIIIOrr material collected in emission control systems. 
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Figure A-25 - Flow Diagram for Disposal of Collected Particulate Material 
f~om A~r Pollution Control Equipment 
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An estin:.ated 20 million tons of fly ash was produ:::ed in the United States 
in 1965. Only 3% of th:s total was sold as a ~.arketable product . .!Sf If the 
cost for discarding the re:nair.ing 97% of the fly ash as un·.:..sable waste were 
$1.00/ton or more, this would represent a total cost of $20 million or more. 
Based on the data in Table A-9, a cost of $1.00/ton is a typical unit cost. 

In certain situations, the disposal cost of fly ash can be a major 
portion of the total anm1alized cost for a conplete pollution control system 
(including disposal facilities). For example, the disposal costs can be 
as high as 80% of the total annualized cost for an emission control system 
with older electrostatic precipitators which are no longer depreciated. The 
disposal cost still can be as high as 50% for s:Unilar systems with newly 
installed electrostatic precipi ta tors, which ·.isually have high depreciation 
charges. 

Table A-10 shows a s~ry of fly ash disposal costs for material 
collected from electrostatic precipitators and mechanical ~ollectors installed 
in electric utilities and is taken from a recent s-.irvey. 131 This s;;.rvey 
analyzed the costs of disposal, the sales, and the uses of fly ash collected 
by 54 electric utilities and reported an a·.rerage a:.sposal cost of $0. 74/ton. 
Analysis of the da~a for individual utilities revealed that disposal cost 
is partly a function of geographical location. The average disposal cost/ton 
in the heavily-populated East is higher than that reported elsewhere. 

TABLE A-10 

COS:' OF ASH JISFOSAL BY E:EC'BIC UTILITIES 

D:.sposal Costs, Dollars/?on 
Type and Collect:.on M:e~hod Low Medium High 

Fly ash (mechanical collector) $0.15 $0.59 $1.67 

Fly ash (electrostatic precipitator) 0.12 0.77 1. 74 

Bottom ash 0.15 1.04 4.76 

A.8.4 Return of Collected Material to the Process 

In some process operations, collected material is sufficiently 
valuable to warrant its return to the process. In these situations, the value 
of the recovered material can partially or wholly pay for the collection 
eq·.;.ipment. In many applications, however, the cost for the high efficiency 
control systems necessary to achieve desired ambient air quality will be 
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greater than the revenue returned for recovery of the mater~al collected. 
This is illustrated by the hypothe~ical example in Figure A-26. 

The figure s~ows a linear relationship between collection efficiency 
and value of material recovered. It also shows a curvilinear relationship 
between collection efficiency and related equipment costs. Up to the break
even point D (which corresponds to an efficiency of about 97%), the recovery 
value of material collected is greater than the cost to achieve the recovery. 
Equipment designed for efficiencies greater than 97%, according to the cc:.rve, 
would have a higher cost than the potential recovery value. 

If profit were the only control incentive, 85% collection efficiency 
would achieve the maximum profit, as illustrated by the profit line AB. If, 
however, emission standards made 97% collection efficiency necessary, no 
profit would be achieved at the break-even point D. For collection efficiency 
greater than 97%, equipment costs would exceed recovery costs. At 99% effi
ciency, for example, control equip~ent would cost the amount shown by FH, 
and the value recovered would be the amount GH. The difference FG would 
represent an expense and can be considered as the net control cost. 

A survey conducted in 1956 shows t~a~, out of 383 kilns, a total 
of 349 return collected dust to the process . .!!/ Not only does recovered 
dust, in such situations, have value as a raw material, but its recovery 
also reduces disposal costs and decreases other related costs for the prepa
ration of raw materials used in the process. 

A.8.5 Recovery of Ma~erial for Sale 

Although material collected by air pollution control equipment 
may be unsuitable for return to a process within the plant, it may be suit
acle for another manufacturing activity. Hence, it may be treated and sold 
to a.,cther firm that can use the material. Untreated pulverized fly ash, 
for exa.~ple, which can.,ot be re~sed in a f'urnace, can be sold as a raw material 
to a cemer.t manufacturer. It also can be used as a soil conditioner, or as 
an asphalt filler, or as landfill material. For such uses, pulverized fly 
ash requires no treatment and can be sold for as much as $1.00/ton. Pul
verized fly ash which is treated can yield an even more valuable product. 
A limited number of utilities, for example, sinter pulverized fly ash to 
produce a lightweight aggregate which can be used to manufacture bricks 
and lightweight building blocks. 

At the present time, however, the sale of raw or treated collected 
process material usually does not offer an opportunity to offset control 
costs to a significant extent. 
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APPENDIX B 

MINOR SOURCES 

In addition to the data compiled or. major industrial particulate 
pollutant sources discussed in Chapters S-23, information of various types 
has been accumulated on several minor sources. Table B-1 presents emission 
factors and other assorted facts for these sources. 

TABLE B-1 

EMISSION F.AC'IORS FOR MINOR SOURCES 

Source of Particulate 

CHEMICAL PROCESS INDUS TRY 

Rlenolic resin hand.lingi/ 
Pigment process.!/ 

Grinder 

Blender 

'PVC Manufactu.ring2./ 
Polypropylene 

manufac turing'?J 
Rubber process.!/ 

Mixer 
Grinder 

FOOD INDUSTRY 

Coffee roasting 
Roaster~ 

Direct fired 

Indirect fired 

Production 
( to:::s/yr) 

1.1 x 106 

3.2 x ios 
2.7 x 106 

1.5 x 106 

603 

Control 
Device 

r••r} spray 
and oil 
filters 
FF 

baghouse 
cyclones 

cyclone 

cyclone 

Emission 
Factor 
Range 

(lb/ton) 

Average 
Emission 
Factor 

(lb/ton) 

48 

0.33* 

1.9* 

0.35* 

3.0 

0.13* 
- 20 

1.4* 

7.6 
2.2* 
4.2 
1.2* 
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TABLE B-1 (Continued) 

Source of Particulate 

Coffee roasting (concluded) 
Stoner and cooler 

Instant Coff'ee 
Spray dryer 

RoasterV 
Coffee/tea processing~ 

Roaster 
Citrus plantsY 

Peel dryer 
Orange pulp dryer 

MINERAL PROOOCTS INDUSTRY 

Abrasive grit 
manufacturing!/ 

Blast grit and roofing.!/ 
Granule manufacturing 

Dryer 
Screens 

Calcium carbide 
manuf ac turinij./ 
Coke dryer 

Electric furnace hood 
FUrnace room vents 
Me.in stack 

Concrete batchingbt' 
Fiberglas manufacturin~ 

M:lting furnace 
Regenerative 
Recuperative 

Forming line 
CUring oven 

Frit manufactur~qg 
Rotary melte~ , 
Reverberatory furnace~ 

Production 
(tons/yr) 

7. x 204 t 

Control 
Device 

cyclone 

cyclone + 
wet scrubber 

cyclone 

cyclone 

Emission 
Factor 
Range 

(lb/ton) 

1.8 - 9.6 

baffle sedimentation 
chamber 

9.2 x 105 
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cyclone 
cyclone 

cyclone + 
spray dryer 

impingement 
scrubber 

1 -
o.s -

23.5 -
3.4 -

4 

1 
100 
14 

5.9 - 45.5 

.Average 
Emission 

Factor 
(lb/ton) 

1.4 
0.4* 

1.4* 
1.9* 

3.1* 

5.0* 
75.3 

0.11* 

0.42* 
4.1* 

0.2* 
l. 7 

2.6 

2.0* 
5.2 

3 
1 

62 
6.9 

17 
16.5 



So~rce of Particulate 

MINERAL PRODUCTS Th"DUSTRY 
( Co:::cLded) 

Glass ~a:-.ufacturing 
Fu!'nace~/ 
Re·:er-::>er<J"'.:O!'Y f'urnacel/ 
Furnace.b' 
Furnace s.1/ 

:.:round brick plar.tl/ 
Gyps-...un board manufacturing 

Grinderl/ 
Trim sawi/ 

Gypsum ~anufacturinfl) 
Dryer 

Gr:.r:der 

ca:..ciner 

Conveyor 

~agnesi te planty' 
Perli te ma.nufacturin~ 

Furnace 
Plaster of Paris 

me.nuf ac tur :ng1/ 
QJ.artz plantl./ 
Rock wool manufacturin~ 

Cupola 
Reverberatory furnace 
Blow cha:nber 
Curing oven 
Cooler 
Cupola#' 

':'.ABLE B-1 (Continued) 

Production 
(tons/yr) 

4.1 x 105 
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Control 
Device 

ESP 

FF 
cy:::..one + 
ESP 

FF 

FF 

FF 

ESP 
(3) 

&n:.ssion 
Factor 
Range 

(lb/ton) 

1.5 - 7 .9 
0.02 - l.:i. 

0.14 - 0.24 
lb/350 ft2 

4 - ~o (2) 

7.8 - 9.5 

16 - 28 

4 - 56 
1.5 - 5.9 
0.4 - 5.5 

Average 
ar.ission 
Factor 

(lb/ton) 

2 
3 
3 

0.31 
120 

0.13* 

22 

C* ' 
0.2* 

l 
riee.* 
9() 

C.l* 
0.7 

n"'~ * ~i:;· 

.;30 

21 

0.9* 
8.6* 

21.6 
4.8 

21.6 
3.6 
2.4 

32.4 



Scll!'cc of Particulate 

MISCELLA!IBOUS 

Electric a.re welding.!/ 

Soldcringll 

P:::..ywood oanufacturing5./ 
JJ:yer 

~itercury sr:iel ting§/ 

':'.ABIE B-l (Concluded) 

Production 
(tons/yr) 

Control 
Device 

Emission 
Factor 
Range 

(lb/ton) 

* Contro:led e~issior. ~actor based on indicated control device. 
f Te a prod'..l.c t ion only. 
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Average 
Emission 
Factor 

(lb/to::.} 

0.01 - 0.02 
lb/lb 

electrode 
0,005 
lb/lb 

solder 

0.52-

40.0 
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