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FOREWORD 

This manual of electrostatic precipitator technology was prepared 
under Contract CPA 22-69-73 for the National Air Pollution Control 
Administration, Division of Process Control Engineering, with 
Mr. Timothy W. Devitt serving as Project Officer. The manual is 
presented in two parts. Part I covers the fundamentals of electrostatic 
precipitation and Part II covers the application of electrostatic precipita
tors to control of emissions in various application areas. 

Part I of this manual was prepared on the basis of a comprehensive 
review of precipitator literature and discussions with those active in 
r<~search in the field of electrostatic precipitation. Part II of the manual 
was prepared on the basis of information prepared by Research-Cottrell, 
Inc., Bound Brook, New Jersey, based on records covering installations 
in the various application areas. These installations include some 
designed by other precipitator manufacturers, as well as those designed 
by Research-Cottrell. 

To supplement the data furnished by Research-Cottrell, Southern 
Research Institute conducted a survey of a numher of installations in 
various industries. In some instances, considerable data were available 
covering both design and performance of the precipitators. In other 
instances, data we.L·e not available. Consequently, the extent and quality 
of the information covering the application areas varies. 

Rust Engineering Company, Division of Litton Industries, 
Birmingham, Alabama, furnished data on the application of electrostatic 
precipitators in the pulp and paper industry. 

Dr. Harry J. White, Head of the Department of Applied Science, 
Portland State University, served as consultant on the program and con
tributed heavily in the review of precipitator fundamentals. 
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ABSTRACT 

This manual is a comprehensive report on the state of technology 
of electrostatic precipitation for particulate emission control. It is 
intended to serve as a basic handbook on the subject of electrostatic 
precipitation covering the entire system including ~undamental theory, 
design, operation, and application. 

The purpose of the manual is to provide a source of information 
that will be of benefit to the researcher, manufacturer, and user of 
electrostatic precipitators. The information and data are based on an 
electrostatic precipitator systems study performed under Contract No. 
CPA 22-69-73 for the National Air Pollution Control Administration. 

The systems study included a review of literature pertaining to 
electrostatic precipitation, a comprehensive review of precipitator 
fundamentals, a survey and review of the use of precipitators in each of 
eight major application areas, and a review of the potential for electro
static precipitators in ne~ applications. 

In order to provide information useful to a wide range of users, 
this manual is organized to present a general review of the precipitation 
process, with qualitative relationships between the various precipitator 
functions 7 and a rh~tailed quantitative analysis of each of the system 
functions. Particular emphasis is placed on the validity of the theoretical 
derivations in view of the assumptions made and the significance of the 
interaction of variables of importance in precipitator operation. 

Further discussions include mechanical design considerations, 
energization equipment, gas flow, operational problems, and the 
current utilization of precipitators in the major application areas. 
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DESCRIPTIVE SUMMARY OF PART II 

Part II of this manual is a review of the application of electrostatic 
precipitators in each of eight major application areas. In addition, an 
analysis is presented of the use of dust control equipment in a number of 
manufacturing operations and the factors influencing the use of electro
static precipitators in new dust control applications. 

, Within each application area, a review of the process is given with 
particular emphasis on the dust and gaseous emissions. This is followed 
by a tabulation of input and design parameters for precipitators operating 
on various types of dust control problems and an analysis of critical design 
parameters and test results. Cost data are also presented to show the 
ran,ge of FOB and erected precipitator costs for various efficiency levels 
and gas volumes. 

The information presented has been derived from a review of the 
literature pertaining to the particular application, a tabulation of informa
tion by Research-Cottrell, Inc., of design, cost, and input parameter data, 
and, finally, an analysis of design and test data obtained from a survey of 
operating installations. The following is a summary of the information 
presented in greater detail in the following chapters of the manual. 

ELECTRIC POWER GENERATION 

Electrostatic precipitators are used in the electric power generation 
industry principally for the control of emissions from coal-fired steam 
generating plants. Although there is a trend toward the use of nuclear 
power generation, the expected increase in the total power consumption and 
the upgrading of existing control equipment is expected to result in the 
expanded use of electrostatic precipitators in this application for a number 
of years. 

Fly ash is generated from both pulverized-coal-fired boilers and 
cyclone boilers. The character and amount of fly ash from these two types 
of boilers vary with the type and chemistry of the coal being burned and 
the particular operating conditions of the boiler. The ash content of the 
coals being burned varies from 5-25%, and, together with the ash-fusion 
temperature and boiler operation, determines the dust load that must be 
handled. Typical dust loads range from 2-7 gr/ cu ft of gas. 
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The particle size distribution of fly ash varies with the type of boiler 
and type of coal. For a pulverized fuel boiler, the mass median diameter 
of the fly ash is around 10-15 microns. For a cyclone furnace, the mass 
median diameter varies over a wider range and is generally smaller 
(5-15 microns). It is rather common practice to preced"' fly ash precipi
tators with mechanical collectors which remove mainly tl: e large size fraction 
of the dust. The mass median diameter of the fly ash to a precipitator pre
ceded by a mechanical collector is around 3 microns. 

The resistivity of the collected fly ash is perhaps the most important 
property influencing collection ~y electrostatic precipitators. If the resis
tivity is high (above about 2xl0

1 
ohm-cm), the voltage and current to the 

precipitator must be kept low to prevent excessive sparking and back corona. 
Under these conditions, the charge acquired by the dust will be low, the 
charging time will be long, and the collection field will be low. Consequently, 
the performance of the precipitator will be impaired. 

At the other extreme, too low a resistivity will permit reentrainment 
of the collected dust and result in low efficiency. There is an optimum 
resistivity therefore for maximum precipitator performance. 

Resistivity of fly ash is determined by the temperature of the flue gas 
and the chemistry of the coal. At temperatures of around 450...: 500° F or 
above, volume conductivity predominates and the resistivity is always below 
the critical 2xl010

. As the temperature decreases, resistivity increases. 
This trend would continue under bone-dry conditions. However, at tempera
tures in the range of 300°F, moisture in the flue gas is adsorbed on the fly 
ash surface and alters its resistivity by a mechanism called surface con
duction. The lower the temperature, the greater the rate of adsorption, so 
that resistivity continues to decrease with decreasing temperatures. 

In addition to temperature, the percentage of sulfur in the coal also 
influences fly ash resistivity. Studies of fly ash resistivity indicate that 
the S03 present in the flue gas acts to alter the rate of moisture adsorption 
and serves as a secondary conditioning agent. On the average, the amount 
of 803 present in the flue gas is directly related to the sulfur content of the 
coal. However, operating conditions in the boiler, and perhaps other 
constituents of the fly ash, govern the quantity of sulfur appearing as 803 • 

In addition to the temperature and the amount of 803 present in the 
gas, the chemistry of the fly ash appears to influence the adsorption rate. 
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A basic ash is reported to contribute to a higher rate of adsorption of 803 • 

Thus. even though there is a good statistical correlation between sulfur. 
content of the coal and fly ash resistivity, the variations for a single con
dition are too great to permit accurate prediction of resistivity based on 
sulfur content alone. 

Measurement of resistivity of fly ash should be made in situ, 
utilizing the techniques described in Chapter 12 of Part I. 

Fly ash precipitators are generally designed on the basis of the 
Deutsch-Anderson equation relating efficiency to gas volume and collecting 
surface area. Experience with large numbers of precipitators has shown, 
however, that the precipitation rate parameters can vary between around 
3 cm/ sec to 17 cm/ sec. The major problem in the design is therefore to 
narrow the range of uncertainty in selection of the precipitation rate 
parameter . 

. t 

The value of the precipitation rate parameter for most fly ash pre
cipitators is around 10 cm/ sec (0. 33 ft/ sec). Variations from this value 
can occur if the fly ash properties are either more favorable or more 
adverse than normal. 

, Low values of precipitation rate parameter are normally associated 
with excessive gas velocities, uneven gas flow distribution, high dust 
resistivity, low dust resistivity or improper rapping. Problems of gas 
flow distribution and gas velocity can be handled by proper design through 
the use of models, etc. These problems are perhaps made more severe 
in the case of fly ash precipitators by the large gas volumes that must be 
handled. 

High resistivity problems are usually associated with high ash, low 
sulfur coals. Low resistivity problems can occur if the gas temperature 
is low and high sulfur coal is being burned. 

Problems with high fly ash resistivity can be resolved by several 
approaches which include: (1) increasing precipitator size, (2) changing 
the flue gas temperature, or (3) adding chemical conditioning agents. 

The first of these alternatives is straightforward; however, about 
three times the normal collection surface area may be required and the 
costs of this alternative may be prohibitive.· 
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Precipitators are normally located downstream of the air heater 
and operate at temperatures in the range of 250-350° F. However, they 
can be located ahead of the air heater where gas temperatures are in the 
vicinity of 700° F. At these temperatures, the dust resistivity is deter
mined principally by volume conductivity and is independent of the sulfur 
content of the coal. Since gas volumes are about 1. 5 times those at 
300°F, additional precipitator capacity is required. However, this 
alternative may be attractive for many applications. 

Operation of precipi ta tors following the air heater can utilize the 
option of lowering the flue gas temperature to reduce dust resistivity. 
Reduction of temperatures from 300° F to 260-270° F can reduce fly ash 
resistivities by factors of 10 or more, and can minimize the high resis
tivity problem. Because resistivities can change so rapidly within this 
temperature range, control may become a problem. 

Use of chemical additives to control dust resistivity is a third 
alternative. Small additions of S03 {up to 10-15 ppm) to the flue gas have 
altered dust resistivity by factors of 10 or more and resulted in substantial 
improvements on precipitators which are limited by sparking due to high 
dust resistivity. Other chemical additives, such as H2S04 , are being 
evaluated as conditioning agents. 

Problems with low dust resistivity have been encountered when 
burning high sulfur coal and operating at low flue gas temperatures. The 
difficulty has been identified as excessive scouring or reentrainment due 
to the reduction in force holding the dust to the collection plate. The prob
lem is associated with gas velocity and is apparent when relationships 
between gas velocity and precipitation rate parameter are plotted for vari
ous resistivities. This problem can be resolved .by increasing the flue' gas 
temperature, injection of ammonia, reduction in gas velocity, or a com
bination of these effects. 

In addition to determining the collection surface area, design of a 
fly ash precipitator also includes determining the power supply require
ments. It has been shown empirically that efficiency is related to the 
corona power delivered to the precipitator. Curves showing this relation
ship for fly ash precipitators show a good correlation and are useful in both 
design and troubleshooting of fly ash precipitators. 

The number of independently energized bus sections is another design 
variable. Since fly ash precipitators are generally designed to handle 
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large gas volumes, the degree of sectionalization is of greater importance 
than in some other applications. If very high collection efficiencies are 
desired, a higher degree of sectionalization should be used. The advantages 
are: (1) higher operating voltages in the spark-limited mode, (2) lower 
internal impedance with better spark quenching, and (3) less percentage of 
the precipitation would be disabled by the outage of a single section. 

' Since a number of factors influence precipitator performance, and 
since these vary between installations, a technique of regression analysis 
has been developed by several investigators exploring precipitator operation. 
A m~thod of relating the expected precipitation rate parameter with the sig
nificant parameters has been developed to serve as a guide to analysis of 
precipitator specifications. The technique gives a correlation coefficient of 
about 0. 85. A second regression analysis performed on data from a group 
of installations gave a correlation coefficient of around 0. 9 when using more 
fundamental precipitator and dust parameters. 

PULP AND PAPER 

Electrostatic precipitators are used in the pulp and paper industry to 
remove particulates carried by the effluent gases from black liquor recovery 
boilers. 

' The kraft or sulfate process constitutes approximately 55% of the total 
production in this country. Of these kraft mills, about 65% have electrostatic 
pr0cipitators installed on the recovery boiler. 

~ The economics of the kraft process requires the recovery and reuse 
of the spent chemicals used in the cooking process and recovery of the heat 
content of the concentrated spent liquor. This is accomplished by combustion 
in the recovery boiler which releases large volumes of flue gases. During 
combustion, a significant fraction of the recoverable chemicals is entrained 
as particulates with the flue gas. Recovery of these particulates constitutes 
a significant economic factor as well as a means for controlling air pollution. 

Particulate emissions from the recovery boiler are extremely 
fine hydroscopic particles, composed principally of sodium sulfate and 
sodium carbonate with small quantities of sodium chloride, sulfide, and 
sodium sulfite. Because of its hydroscopic nature, sampling to 
determine particle size distribution is difficult. A technique for pre-

SOUTHERN RESEARCH INSTITUTE 



-329-

cipitating a sample onto a copper mesh electron microscope target and 
subsequently counting the particles in various size ranges has been 
developed. The collected sample must be encapsulated in a protective 
atmosphere to prevent moisture pickup during transfer from the duct to 
the microscope. The mass median particle size for recovery furnace dust 
is around 1. 9 microns. By count, the median size is about 0. 4 micron. 

Electron photomicrographs of the dust i?amples from recovery boilers 
show a change in the character of the dust dependeing upon operating 
temperature. At temperatures in the range of 350-360° F,, the dust is pri
marily spherical particles. At a temperature of about 280-290°F, the dust 
contains large numbers of needle-like particles. These differences in par
ticulate structure are thought to be the cause of the variations in the trans
porting and rapping properties of the collected dust. 

Resistivity data for recovery furnace dust have not been reported 
extensively, primarily because high resistivity has not been identified as a 
problem. 

Electrostatic precipitators for recovery boilers are of a variety of 
types including vertical- and horizontal-flow types, wet and dry bottom types, 
and steel, tile or concrete shell types. 

Dry bottom precipitators have been used extensively in recovery 
boiler precipitators from 1930 to 1948. In the dry bottom precipitators, 
dust from the collection plates was collected in pyramidal-type hoppers. 
The wet bottom precipitator was introduced to minimize problems associated 
with the collection, transporting, and redissolving of the collected salt cake. 
In the wet bottom precipitator, a solution of 50% liquor is pumped into the 
collection hopper. The collected dust is rapped from the plates and falls 
into the liquor solution, where it is dissolved and subsequently removed. 

Current emphasis on odor control from kraft mills has resulted in a 
trend toward elimination of the contact between the flue gas and black liquor. 
Consequently. wet bottom precipitators may not be used on new kraft process 
mills. Also, elimination of the direct contact evaporators may influence 
the properties of both the gas and particulates to be handled by electrostatic 
precipi ta tors. 

Precipitators for recovery furnace boilers are designed for dust 
concentrations in the range of 1-9 gr/acf, with the bulk of the installations in 



-330-

the range of 2-5 gr/acf. Inlet temperatures range from 225-375°F, with 
the majority of installations operating at temperatures of 275-325° F. 
Gas velocities range from 2-8 ft/sec, with the largest number of precipi
tators operating in the 3-6 ft/sec range. 

Connected input power for the majority of installations is in the 
range of 100-200 watts/1000 cfm. Design field strengths range from 
around 7-16 kV/in., computed as the ratio of average design voltage to 

t 

pl~te spacing. 

Design precipitation rate parameters for recovery boiler p:recipi
tators range from around 0. 2 to 0. 35 ft/sec. 

IRON AND STEEL INDUSTRY 

The application of electrostatic precipitators in the iron and steel 
industry: has been in the cleaning of gaseous effluents from steelmaking 
furnaces, blast furnaces, foundry cupolas, sinter machines, and by
product coke ovens. 

Steelmaking processes have undergone a number of changes in pro
duction methods. One of the earliest steelmaking furnaces was the 
Bessemer converter. About 1868, the open hearth process was invented 
and was the primary method of steelmaking for a number of years. The 
basic oxygen furnace, introduced around 1950, has increased in impor
tance,· and in 1969 about 40% of the total steel made was produced in BOF 
furnaces. 

By-product coke gCl.s. Production of metallurgical coke is made by 
the beehive process and in by-product coke ovens. The latter accounts for 
about 98% of all the metallurgical coke produced in this country. 

Precipitators are used in the by-product coking process to remove 
the tars and particulate matter from the gases prior to recovery of the 
hydrocarbons. 

The precipitator most often used for detarring is a cylindrical type 
consisting of collection electrodes made from· 6-8 in. pipe, 6-9 ft long 
su~pended from a header plate in a round shell. Discharge electrodes are 
suspended axially through the cylinders. The precipitators are main-
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. 
tained at a temperature high enough so that the collected tar drains from 
the plates and no rapping is required. 

Three problems associated with the use of precipitators for cleaning 
coke oven gases are as follows: (1) Collection of the fluid tar makes elec
trical insulation difficult and requires that insulators be kept out of the gas 
stream. The insulators are also heated and cleaned on a regular scheduled 
basis. (2) The gases being cleaned are combustible when mixed with air, 
so that no inleakage of air must occur. Design often includes operation at 
positive pressure to insure no inleakage. {3) The gases can be corrosive. 
Protection against corrosion is provided by the film of tar on the interior 
surface of the collection electrodes. Spraying of tar on the exterior collec
tion electrode surface can minimize corrosion at that point. 

Coke oven gas precipitators are designed to handle gas volumes in the 
range of 5-15, 000 acfm with efficiencies in the range of 95-98%. Precipi
tation rate parameters are about 0. 2 - 0. 3 ft/ sec. Inlet loadings are in 
the vicinity of 0. 5 gr/acf. Gas velocities average around 8 ft/sec, which is 
higher than for some applications since reentrainment is not a problem. 
Power densities are 8-10 watts/ft2

• 

Sinter plants. Sintering is a process for agglomerating iron-bearing 
fines to prevent their loss during reduction in the blast furnace. 

The raw material is composed of iron-bearing fines, coke or coal 
dust, and a fluxing material such as limestone or dolomite. As the material 
moves through the sinter stand, it is ignited by surface burners and com
bustion is sustained by air drawn through the mixture by fans. The products 
of combustion are collected in a group of compartments called windboxes 
located beneath the grates of the sinter machine. 

The particulate material emitted from the sintering process is a 
result of the mechanical handling of the raw material and combustion of the 
coal or coke. Under normal conditions. 5-100 lb of dust is produced per 
ton of sinter produced. Gas volumes vary from 100, 000-450, 000 cfm, with 
dust loadings of 0. 5 - 6. 5 gr/ scf. About 80-90% of the particulate is greater 
than 20 microns. The dust contains fewer fines than metallurgical furnace 
operations. However, when preceded by a mechanical colle<?t~r, the dust 
can be relatively small. Typically, the mass median diameter of the par
ticles following a mechanical collector would be around 6 microns, whereas 
without a mechanical collector, the mass median diameter would be around 
50 microns. 
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, The electrical resistivity of sinter machine dust can vary radically 
depending upon the type and amount of fluxing material in the burden 
makeup. The amounts of fluxing material can vary from around 10-35o/o, 
and this variation can change the resistivity of the dust by several orders 
of magnitude. The very high resistivities associated with the higher per
centages of fluxing materials can result in excessive sparking, lower 
operating voltage and power, and generally poorer precipitator performance. 

; The effect of the addition of the flux has not been fully explored; 
ho.Wever, the condition is similar to that encountered in fly ash precipitators 
where limestone is added to the boiler for remov&l of sulfur oxides. It is 
postulated that the limestone reacts preferentially with the 803 present in 
the gases. Since the S03 is a secondary conditioning agent, surface con
ductivity would be decreased. 

I 

Studies of the mechanisms of conduction and possible corrective 
measures have not been explored for sinter machine precipitators to the 
same extent that they have for fly ash precipitators. 

( 

. Design of sinter machine precipitators has conventionally been based 
on conditions in which resistivity has not been a problem. Because of the 
relatively large particle size of the dust, the range of design precipitation 
rate parameters. has been from around 0. 25 to 0. 4 ft/ sec. However, test 
precipitation rate parameters as low as 0. 08 ft/ sec have been obtained 
when high dust resistivity has been encountered. 

Other design parameters for sinter machine precipitators are: 
gas velocity - 4-5 ft/ sec, temperature -"'250-300° F, electric field -
8-10 kV/in., average inlet dust loading- 1 gr/acf, and average precipi
tator power - 70 watts/1000 cfm. 

Blast furnace. The effluent gases from blast furnaces have heating 
values of about 100 Btu/ scf, which makes them valuable as a fuel for heating. 
The gas, however, contains particulate material carried over from the 
blast furnace and must be cleaned to prevent clogging of gas burners and 
gas mains. Electrostatic precipitators have typically been used for this 
service. 

Blast furnace gas is usually passed through a .dust catcher where the 
heavier particles are separated by inertial forces. From the dust catcher 
the gas is passed to a wet scrubber and an electrostatic precipitator. 

J 
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Precipitators for cleaning blast furnace gas are conventionally of 
the vertical-flow type employing cylindrical collection electrodes, although 
horizontal-flow, plate-type precipitators are also used. 

Since the gas delivered to a blast furnace precipitator is cooled to 
saturation by the preceding wet scrubber, a wet type precipitator is used. 
Particulate removal is through a slurry hopper. The slurry is normally 
piped from the hopper to a dust disposal system. 

The use of precipitators for cleaning blast furnace gases has 
generally followed the blast furnace production capacity. However, in 
recent years, the sales of blast furnace gas precipitators have been low 
compared with the peak periods during the 1940-1960 period. 

Inlet gas temperature for blast furnace gas precipitators is low as 
compared with other applications. Typical temperatures are in the range 
of 70-100° F. Inlet dust loadings are also low, of the order of 0. 05 - 0. 3 
grains/ scfd for most installations. 

Gas velocities are relatively high, around 6-15 ft/ sec, since re en
trainment is not a serious problem with wet precipitators. The average 
field strength (average voltage-to-electrode-spacing ratio) varies from 
around 9-15 kV/in. Input power ranges from 50-300 watts/1000 cfm. 

Design precipitation rate parameters for blast furnace gas precipi
tators are around 0. 2 - 0. 4 ft/ sec. Test data vary over a considerably 
wider range. 

Open hearth. Open hearth steelmaking furnaces consist of a large re
fractory lined disk into which metal from the blast furnace, steel scrap, iron 
ore, and limestone are charged. Heat is provided by furnace burners which 
burn oil, natural gas or tar with combustion air that is heated in regenera
tive heat exchangers called checkers. Open hearth furnaces are often 
equipped with oxygen lances to facilitate oxidation of the carbon and other 
elements to be removed. 

The particulate material carried out by the exhaust gases comes from 
a variety of sources, including dirt and other fines on the charge material, 
oil and grease, and volatile metal oxides from the scrap charge. During 
oxygen lancing, large amounts of iron oxide are evolved together with 
lesser amounts of nonmetallic oxides from the slag. The quantity of 
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exhaust gases, particulate loading, and particulate composition vary 
wi'dely during the period of the heat. Consequently. the precipitator input 
conditions vary depending upon operating conditions of the furnace. 

The sizes of the particulate matter from open hearth furnaces range 
from less than 0. 03 micron to several microns. Composite samples 
representing dust evolved during the entire heat indicate that 50% of the 
particulate is less than 5 microns. However, during the lime boil, the 
dust is considerably finer with as much as 77% less than 5 microns and 
20% less than 1 micron. Resistivity of open hearth furnace dust varies 
with moisture, temperature, and composition. 

Precipitators for cleaning open hearth gases are generally the 
horizontal-flow, duct-type. with a steel shell. In large steelmaking shops, 
a multiplicity of furnaces are serviced by a common air pollution control 
system, which may consist of mechanical collectors, washers, and electro
static precipitators singly or in combination. Open hearth precipitators 
are designed with precipitator rate parameters in the range of 0. 15 - O. 3 
ft/ sec. 

The total installed capacity of open hearth precipitators has steadily 
increased since 1950. In 1969, the total capacity reached approximately 
12 million acfm . 

.. Basic oxygen furnaces. The basic oxygen process of steelmaking 
utilizes high pressure oxygen introduced into the mouth of a basic, 
refractory lined converter to oxidize carbon and other elements from the 
charge. There is no external source of heat inthe converter, and molten 
pig iron from the blast furnace constitutes the major constituent of the 
furnace charge. After charging, oxygen is blown into the converter at high 
pressure through a water·-cooled lance. 

Gas and dust emissions from BOF converters vary greatly with the 
stage of heat. During charging, the gaseous and particulate emission 
levels are low. During the oxygen blow, which may last for 20 minutes, 
large amounts of fume and gas are evolved. Gas volumes range from 
200, 000 - 1, 200, 000 cfm at temperatures of 3000 - 32000F and may carry 
300 lb/min or more of dust. 
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Fume from the basic oxygen furnace is composed primarily of iron 
oxide in amounts of 20-60 lb/ton of steel. Fume concentrations of up to 
15 gr/scfm are produced under peak conditions. The fume is finely 
divided with most of the particles ranging from 0. 1 - 1 micron in size, 
although on a weight basis, a considerable portion of the burden exists 
as relatively large particles. 

Resistivity of BOF dust is a function of moisture content and tempera
ture. Moisture comes from the evaporation of water in the cooling tower 
located between the precipitator and the furnace. 

The cooling tower is an important part of the gas cleaning facility. 
It should be large enough to insure complete evaporation of the water to 
prevent carryover and subsequent clogging of the precipitator. Since the 
gas temperature varies, the rate of heat transfer varies, so that water 
quantities to the cooling tower must be controlled. 

Precipitators for BOF gas cleaning are generally the horizontal-flow, 
duct-type with steel shells. Design precipitation rate parameters vary from 
around 0.15 - 0. 25 ft/sec. The generally smaller particle size distribution 
accounts for the lower values of precipitation rate parameter. 

Gas temperatures for BOF precipitators range from around 250-550°F 
depending upon design philosophy. Design efficiencies are generally 99+% 
for newer installations. 

One problem associated with BOF precipitators is that the collection 
efficiency at the start of the oxygen blow is reduced. Cooling towers are 
generally set to operate the water sprays when the gas temperature reaches 
around 500° F. In the interim, dust resistivity is high and emissions from 
the stack can be relatively high during this period. The condition is called 
a lance puff and can be controlled by introduction of steam to condition the 
dust during the period before the cooling tower sprays come on. 

Electric arc furnace. The electric arc furnace as used in the steel
making process consists of a refractory lined structure with a dish-shaped 
bottom and a domed roof. Steel scrap, and perhaps hot metal from a blast 
furnace, are charged into the furnace and heated by an electric arc devel
oped between graphite electrodes which are lowered into the furnace charge. 
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After meltdown, oxygen is introduced to remove the carbon, and 
other elements. Oxygen sources can be from various sources including 
oxygen gas, oxides of alloying elements, iron ore, decomposition of 
limestone, etc. 

The flue gases from electric furnaces contain large concentrations 
of carbon monoxide which must be converted to C02 prior to entering the 
precipitator to minimize the explosion hazard. This is usually accom
plished by admitting air to the hot gas stream and allowing combustion to 
take place in the high temperature region. After combustion, the gases 
are passed through a cooling tower to reduce the temperature before 
entering the gas cleaning equipment. 

The particulate emissions from electric arc furnaces average 
around 5-30 lb/ton of steel produced. The size and composition of the 
dust emitted from electric furnaces vary with the type and cleanliness of 
scrap and the metal refining procedure. Nonferrous impurities in the 
~crap can lead to significant quantities of oxide furn.es. Also, presence of 
C?il and grease in the scrap can produce large amounts of carbonaceous 
particulate matter during early stages of meltdown. 

Dust from electric arc furnaces tends to be extremely fine. Data 
on particle size distribution vary. Some sources indicated that as much 
as 90-:;-95% of the fume is below 0. 5 micron. Other data would indicate a 
somewhat coarser dust. 

Electrostatic precipitators have been us.ed to clean electric furnace 
gases in the United States and Europe. However, the small size of the 
particles necessitates the use of a large precipitator to achieve ~high 
collection efficiencies, and other methods of cleaning electric furnace gases 
have been used to advantage in some instances. ·· 

Design precipitation rate parameters for electric ave furnace pre
cipitators range from around 0. 12 - 0. 16 ft/ sec. 

Scarfing machines. .Scarfing is the operation of removing the skin of 
the slab· in the production of steel. In the scarfing machine, the slab 
passes under cutting torches which burn through the slab. The process 
generates iron oxide particles and fume which constitute an emissions 
problem. The application of electrostatic precipitators to this service is 
limited; the total capacity installed being around 500, 000 cfm. 
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Cupolas. The iron cupola is used to provide a source of molten metal 
for cast iron foundries. The cupola is a refractory lined, cylindrical 
furnace which, when charged with pig iron, scrap, coke, and flue, pro
vides a self-sustaining exothermic reaction to melt the charge and maintain 
it at the proper temperature. 

Particulate emissions from iron cupolas consist primarily of oxides 
of iron, silicon, calcium, aluminum, magnesium, and manganese. The 
dust load in the effluent gases varies widely with ranges from 0. 9 - 6. 5 
and 1. 3 - 11 grains/ scfm reported for cold and hot blast cupolas, respec
tively. 

Particle size distribution of cupola dust varies between wide limits 
depending upon melt rate, type and cleanliness of scrap, and furnace 
operating conditions. Values range between 10% of the dust less than 10 
microns to 40% less than 1 micron. 

The gases from the cupola are high in carbon monoxide and must 
be burned prior to entering an electrostatic precipitator because of the 
potential explosion problem. Burning normally is accomplished by intro
duction of combustion air at the exit of the cupola. The combustion process 
can also burn carbonaceous particulates, and thus can have an influence on 
the particle size distribution as well as the composition. 

Use of electrostatic precipitators on iron cupolas in this country has 
been extremely limited. Poor experience with operation of precipitators on 
a few installations has influenced the choice of dust collection equipment to 
a considerable extent. Also, the extreme variability of cupola operation 
resulting in extremely wide ranges of particle size and composition has 
tended to limit use of precipitators for this application. 

ROCK PRODUCTS 

Electrostatic precipitators are used in the rock products industry in 
the collection of dust from cement kilns, gypsum kettles, and from 
auxiliary grinding, transporting, and handling operations. 

Portland cement. Portland cement is produced by a wet or dry process 
which defines the conditions under which the ingredients are ground and fed 
into the calcining kiln. There are variations of these two production 
methods which are often termed se:rni-wet or semi-dry processes. 



-338-

In the basic cement production process, the raw materials, con
sisting of lime, alumina, iron oxide, and a fluxing material are ground 
in a mill and introduced in a kiln. The material fed into the kiln is 
dried in the initial section, calcined as it passes down .the kiln, and 
finally fused into a clinker in the final section of the kiln. The clinker 
is then removed, cooled, and ground to produce the final product. 

The effluent gases from the kiln range from 40, 000-100, 000 cfm 
depending upon the type of kiln, method of gas cooling, and the method of 
preheating the raw materials. The gases are composed of nitrogen, 
water vapor, carbon dioxide, and small concentrations of oxygen and 
sulfur dioxide. 

Particulate carried by the kiln gases originates from the abrasion 
of the charge as it tumbles through the kiln, the release of particulate 
due to the gas release associated with calcination, the ash from the fuel 
if the kiln is coal fired, and the fume resulting from the vaporization and 
corldensation of alkali. The particles resulting from the mechanical 
abrasion are generally large in comparison with those produced by alkali 
condensation. 

Resistivity of cement-kiln dust is dependent upon moisture content 
and temperature. In the range of 500°F and above, resistivities are 
generally in the range suitable for collection by electrostatic precipitators 
regardless of moisture. However, from 300-400°F, resistivities are 
extremely dependent on moisture content. In the wet process kiln, 
I!loisture is provided by the evaporation of the water from the slurry feed to 
the kiln. In the dry process, moisture must be provided by evaporation of 
water in the cooling tower. 

Electrostatic precipitators used on cement kilns are of the horizontal
flow, duct-type with insulated steel shells. The application of precipitators 
to control of cement kiln dust has steadily increased over the past 50 years; 
the present installed capacity being around 40 million acfm. The trend in 
the application of precipitators is toward a higher collection efficiency; 
the average for the past five years being designed for around 99. 7%. 

Inlet dust loadings for cement kiln precipitators vary from a mini
mum of around 3 gr/scfd to around 50 gr/scfd. Gas velocities range from 
around 3-8 ft/sec. Moisture contents range from 4-14% for dry process 
kilns to 13-40% for wet process kilns. Inlet gas temperatures range from 
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350-650°F on wet process kilns to 500-700°F on dry process kilns. 
Precipitation rate parameters for cement kilns range from around 0. 25-
0. 45 ft/ sec. 

Precipi ta tor applications to cement kilns have been particularly 
favorable from the standpoint of recovery of cement as well as air 
pollution control. The effluent dust from the cement kiln has about the 
same composition as the kiln charge. Consequently, its recovery is of 
direct economic importance. However, alkali present in the dust cannot 
be recycled. A fundamental property of the electrostatic precipitator 
is that larger particles tend to be separated first, and the smaller, 
alkali-containing fraction of the dust tends to be removed in the last 
stages. This fractionating effect has been used to separate the dust that 
is relatively free from alkali and to recycle it through the kiln. 

There are several problems associated with the use of electrostatic 
precipitators in cement kiln applications. (1) In the dry process kilns, 
the moisture content is low. and consequently resistivity would tend to be 
high in the temperature range of 300-400°F. There is a trend toward the 
use of fabric filters on dry process kilns in this country. (2) Upsets in 
kiln operation can create conditions under which combustible gas can be 
introduced in the precipitator. Instances of fire in the precipitator have 
been reported which limit acceptance of precipitators, although this can 
also be a problem in other types of dust control equipment. (3) Operation 
at certain temperatures can result in a deposit on the electrodes that 
impairs precipitator performance. 

Gypsum. Gypsum is a hydrated calcium sulfate which, when heated, 
looses water to form plaster. Removal of the water occurs in a process 
called cooking. Electrostatic precipitators are used to control emissions 
from gypsum kettles. 

Particulate emissions from the cooking process result from the cal
cination process and the mechanical agitation of the charge. The size of 
the dust particles is relatively large compared with processes where the 
vaporization and condensation of material occur. 

The process of cooking increases moisture of the exit gases. The 
wet gas is mixed with ventilating air and flue gas to give a mixture of gas 
that ranges from 300-400°F with a moisture content of 30-35%. As a 
result of the moisture, resistivity of the dust is not usually a problem. 



-340-

However, at times, water sprays are used in the flue ahead of the pre
cipitator. 

The use of electrostatic precipitators in the production of gypsum 
has steadily increased from around 1935 to the present. The total 
in~talled capacity is approximately 1. 8 million acfm. The gas flow 
ranges from a minimum of around 3000 acfm to 14 acfm for kettles to 
a maximum of around 80, 000 acfm for rotary calciners. Efficiencies 
are generally in the range of 95-99+%. Gas velocities range from 1. 5-
8 ft/sec. Inlet dust loadings are from around 4-60 gr/scfd. Inlet gas 
temperatures are around 200-350°F for calciners and 125-250°F for 
rock dryers. Design precipitation rate parameters for precipitators 
used in the gypsum industry are around 0. 4 - 0. 5 ft/ sec. 

CHEMICAL INDUSTRY 
' 

Precipi tators are used in the chemical irrdustry in the production 
of sulfuric and phosphoric acids. 

·: 

Sulfuric acid. Sulfuric acid is made by the oxidation of sulfur dioxide 
to sulfur trioxide and subsequent absorption in a recirculating sulfuric 
acid solution to make acid of the desired concentration. About 95% of 
the sulfuric acid produced in this country is by the contact process in 
whfch S02 is catalytically oxidized by atmospheric oxygen in the presence 
of a vanadium pentoxide catalyst. Sources of 802 for the process are 
burning of elemental sulfur, roaster gases from metallurgical operations, 
and burning of hydrogen sulfide and spent acid from petroleum refineries. 

Electrostatic precipitators can be used in the manufacture of 
sulfuric acid in two ways. If the source of 802 is smelter gas from non
ferrous metallurgical operations, the gases contain approximately 
3-10% S02 and are contaminated with dust, which must be removed prior 
to being introduced to the converter to prevent fouling of the catalyst. 
Cleaning can be accomplished by electrostatic precipitators or wet 
scrubbers. 

In the converter, S02 present in the gases is converted to 80
3

• 

Gases from the converter exit at around 450°F and pass to the absorber 
where the 803 combines with water to produce 98-99% sulfuric acid. 
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Gases leaving the absorber contain unabsorbed 803 and H2S04 
mist. The mist is of very small size and will pass through the 
absorber without being collected and would be emitted from the process 
unless suitable collection equipment is provided. 

The type of collection equipment needed to remove the acid mist 
depends upon the size of the particles. Wire mesh eliminators have 
collection efficiencies of over 90% when most of the particles are 
greater than 3 microns, which is the case when 98% acid is being pro
duced. V/hen oleum is also produced, 85-95% of the particles leaving 
the oleum tower is less than 2 microns and wire mesh pads may not 
effectively remove these· fine particles. Electrostatic precipitators have 
been extensively used for acid mist removal and are effective for the 
small er sizes. 

Precipitators for acid mist collection have historically been of the 
vertical up-flow type with cylindrical shells constructed of sheet lead 
supported by steel banding. Discharge electrodes are of lead with a star 
cross section. Acid mist precipitators with all-steel construction have 
been installed in recent years without apparent difficulty. 

Between 1945-1969, about 120 sulfuric acid mist precipitators 
were installed with a total capacity of 2, 230, 000 cfm. The average 
precipitator size has increased from 10, 000 acfm in 1945 to around 
30, 000 acfm in the 1964-1968 period. Design efficiencies are in the range 
of 97. 5 - 98. 5%. 

Gas velocities for acid mist precipi ta tors range from 2-8 ft/ sec, 
with the majority falling in the 3-5 ft/ sec range. Inlet loadings range 
from about 0. 2 - 2. 5 gr/scf. Operating temperatures range from 80-
1800 F. Input power varies from around 150-700 watts/1000 cfm for the 
majority of installations. Design field strengths are from 8. 5 - 13 kV/in. 
Design precipitation rate parameters are around 0. 2 - 0. 3 ft/ sec. 

Phosphorus. Precipitators are used in the production of phosphorus 
and phosphoric acid. In the production of phosphorus, phosphate rock, 
silica and coke are charged in an electric furnace and heated to around 
2300-2700°F to liberate P 20 5, which is reduced to elemental phosphorus 
by the carbon. The effluent from the furnace is cleaned by an electro
static precipitator operating above the condensation temperature of the 
phosphorus (525-620°F) to prevent dust contamination of the phosphorus 
as it is condensed. P:recipitators typically remove 90-99% of the dust. 
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Precipitators for use in cleaning phosphorus furnace gas are 
typically vertical gas flow, single-stage types with cylindrical collec
tion electrodes. The collection electrodes are heated to avoid phos
phorus condensation and special rappers are often used to avoid damage 
during rapping. 

Special types of hoppers are used for dust removal since the 
collected dust contains some absorbed elemental phosphorus which 
ignites on exposure to air. 

, During 1938-1969, about 20 precipitators have been installed for 
hot phosphorus applications. The total gas volume handled is around 
16~, 000 acfm. Gas velocities for phosphorus precipitators range from 
1-·6 ft/sec, with the average around 2-3 ft/sec. Average gas tempera
tures range from 500-600°F, with some as high as 800°F. Dust loadings 
range from 4-15 gr/scf, with the majority in the range of 12-14 gr/scf. 

1 

Predictions for phosphorus furnace applications are for continued 
growth, although the total volume is small in comparison with other 

I 

areas. 

'( 

Precipitators for use in the production of phosphoric acid are for 
I 

mist elimination. During 1930-1960, the cumulative installed capacity 
was around 150, 000 acfm. 

The corrosive nature of the gas creates some problems in the 
choice of materials. Stainless steel pipes of 5-15 inch diameter are used 
as collection electrodes. The collected mist drains from the plates so 
that no rapping is required. 

Inlet gas velocities for phosphoric acid mist precipitatorS' range. 
from 2-8 ft/sec. Inlet gas temperatures vary from 150-300° F, and 
inl

1
et concentrations range from around 5-35 gr/scfd. 

Carbon black. Precipitators used in the collection of carbon black 
are for the purpose of agglomeration of the particles so they can be col
lected in a mechanical collector. About 18% of the carbon black is 
collected in the precipitator and 72% in the mechanical collectqr. Bag 
filt~rs are often used following the mechanical collectors to reduce the 
emissions to the atmosphere. 
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Carbon black particles are extremely fine, ranging from 0. 02 -
0. 4 micron. The conductivity is also very high, so that the particles 
would tend to be discharged upon contact with the collection electrode. 
However, the carbon black particles cling tenaciously ~o both the dis
charge and collection electrodes and cleaning is a problem 

It is estimated that about one hundred sets of electrostatic preci
pitator - mechanical collector units have been built since 1926. No 
information was found on installations made since 1958. 

MUNICIPAL INCINERATORS 

Use of electrostatic precipitators for control of municipal incin
erator emissions is a relatively new application in this country, although 
the practice is rather widespread in Europe. 

There are two principal types of furnaces in general use for in
cineration of municipal wastes-these are water-cooled and refractory 
lined furnaces. The type of refuse handled is highly variable. between 
countries and between different sections of the same country. This leads 
to large variations in the properties and composition of the particulate. 

Particle size of the fiy ash from municipal incinerators ranges 
from a mass median diameter of 15 to 30µ. Resistivity of the ash varies 
with temperature and moisture content and with particle size. 

Gases from municipal incinerators are at temperatures in the 
neighborhood of 1200-1800°F and must be cooled before entering the pre
cipitator. Cooling can be provided by evaporation of water in a water 
cooling tower or by heat exchangers in a system utilizing heat recovery. 

Design precipitation rate parameters for a group of precipitators 
installed on European incinerators range from around 0. 2 - 0. 4 ft/sec. 
Gas velocities range from 2-4 ft/sec. Power densities range from 50-200 
watts/1000 cfm. ' 

Precipitation rate parameters for European precipitators vary with 
precipitator inlet gas temperature. Data from the U.S. installation, for 
which information was availabl~, agree well with those data from the 
European installations. 

No test data are available on the municipal incinerators in this 
country since they have been installed so recently. 
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:PETROLEUM INDUSTRY 

The principal uses of electrostatic precipitators in the petroleum 
industry are in the collection of particulate emissions from fluidized 
bed catalytic cracking units and the removal of tar from various gas 
streams, such as fuel gases, acetylene, and shale oil distillation gases. 
The first of these areas, recovery of catalyst dust, originated with the 
production of high octane gasoline during World War II. Electrostatic 
precipitators were used to recover catalyst from the discharge stream 
of the catalyst regenerators as a part of the process. Improvements in 
mechanical collectors inside the regenerators have eliminated the process 
requirements. However, precipitators are presently used for control of 
dust emissions from the process. 

Gases from the catalyst regenerator are exhausted from the top 
through a series of mechanical collectors which return all but the fine 
particles to the process. The regenerator may be followed by waste 
heat boilers that recover some of the energy and reduce the temperature 
of the gases to the precipitator to around 600-700°F. 

The inlet dust concentration varies with the type of mechanical 
co~lector. A typical range is 0. 2 - 1. 0 gr I scfd. Mass median particle 
size is around 10-12 microns. Resistivity varies with temperature and 
moisture content. Conditioning of the catalyst dust by additions of 
ammonia to the effluent has been reported to reduce resistivity and 
improve performance in instances where high resistivity dust has been a 

< ' 

pr<?blem. 

, Detarring. Precipitators used for detarring of gases are commonly 
of the single-stage, vertical wire and pipe type, with collection electrodes 
s~spended from a top heater. The collected oils and tars are usually 
free flowing and no rapping is required for removal. 

During the period 1940-1963, approximately 55 precipitators were 
installed for detarring of carburetted water gas, 3 for detarring oil gas, 
3 for reformed gas, 2 for shale oil, and 1 for acetylene. The total gas 
volume for all of these applications is around 400, 000 acfm. Gas temp
eratures for detarring precipitators range from around 70-120°F and 
collection efficiencies are around 95%. 

The total market for detarring precipitators is small since very 
little manufactured gas is sold in this country and the requirements for 
sh,ale oil processing and acetylene manufacturing are relatively small. 

SOUTHERN RESEARCH INSTITUTE 
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NONFERROUS METALS 

The commercial use of electrostatic precipitators has been 
standard practice by copper, lead, and zinc smelters in cleaning the 
off-gases from the extraction process. Precipitators are also used 
in cleaning gases from .electrolytic cells in the reduction of bauxite 
to produce aluminum. 

Extraction of nonferrous metals from their or'es is carried out 
in a number of types of processing equipment, many of which are 
common to all nonferrous operations. 

Sinter machines are used to convert metallic ores, fines, and 
plant process dust into larger material that can be handled in the reduc
tion process. Pellets to be sintered are spread on grates that move the 
material through the sinter machine. Gas-fired burners ignite the 
material and air is supplied by fans to maintain combustion. Exit gases 
are collected in windboxes and passed to the electrostatic precipitator 
for cleaning. 

Ore roasting can be accomplished in a variety of types of fur
naces including multiple hearth, flash roasters, and fluid bed roasters. 
Smelting and refining operations are carried out in reverberatory fur
naces and blast furnaces. Converters are used to convert matte to · 
metallic copper. Cupolas are used in the nonferrous metals industry 
to melt and reduce copper brasses, bronzes, and lead. 

Aluminum is produced by the electrolytic reduction of alumina 
{Al20 3) dissolved in a molten cryolite bath. During reduction, electro-. 
lytic, thermal, and chemical action in the cell results in the evolution 
of carbon and alumina dust, other particulates, and gaseous fluorides. 
Hoods over and around the cells collect the effluent which is sent to 
mechanical collectors followed by an electrostatic precipitator and then 
to a scrubber for removal of the remaining gaseous fluorides. 

In copper production, the copper-bearing ores are roasted to 
eliminate some of the sulfur from the concentrate and to volatilize 
zinc, arsenic, and antimony present in the ores. The roasted ores are 
then smelted to produce a molten sulfide of iron and copper. The copper 
matte from the smelter is then converted to copper by blowing it with air 
in a converter. The blister copper from the converter is then refined by 
either fire or electrolytic methods. 
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~ead production begins with either oxide or sulfide ores. Oxide 
ores can be directly reduced in a blast furnace, whereas sulfide ores 
must be first converted to oxides. This is accomplished by roasting 
or sintering in an oxidizing atmosphere. After converting to the oxide, 
the lead ore is reduced in a blast furnace by reaction with carbon 
supplied by coke charged in the furnace. Refining of the lead is 
accomplished by electrolytic refining or by a kettle or reverberatory 
furnace. 

, Zinc. Zinc is generally extracted from ores containing both zinc 
and lead sulfides, although some zinc and copper-zinc ores are processed. 
The zinc ores are concentrated by flotation and processed in a roaster to 
convert the zinc sulfides to zinc oxide. Metallic zinc is produced from 
the roasted ore by retorting, electrolysis or fractional distillation. 

_ Most of the electrostatic precipitators used in the nonferrous 
rn·etals production have been designed by the large western smelters, 
and hence information on the applications in the nonferrous metals industry 
iS limited. Information that is available indicates that design precipitation 
r.ate parameters vary from 0. 05 - 0. 07 ft/sec for precipitators operating 
on converter gas, 0.12 - 0.14 ft/sec for precipitators used on copper 
r.oasters and reverberatory furnaces, and around 0. 25 ft/ sec for sinter 
machine precipitators. 

HIGH TEMPERATURE, HIGH PRESSURE GAS CLEANING 

A unique application of precipitators would be in the cleaning of 
high temperature, high pressure gases. One of the early applications of 
p,recipitators was in the removal of ash from the products of high tempera
ture gasification of coal. This work was a pilot-scale research operation 
conducted in conjunction with the development of the coal-fired, gas
turbine locomotive. Temperatures of l500°F and pressures up to 600 
lb/in. 2 were used in this study. 

Current interest in high temperature, high pressure gas cleaning 
is for the use of the gases produced from waste incineration to produce 
electric power from gas-turbine-driven generators. 

Research··has been conducted on corona generation at temperatures 
up to 1700°F and pressures of 100 psig. Precipitation rate parameters of 
Q! 23 - 0. 26 ft/ sec were obtained on pilot-scale units and extrapolations 
made to full-scale precipitators. 

SOUTHERN RESEARCH INSTITUTE 
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NEW APPLICATION AREAS 

New applications for electrostatic precipitators can take the form 
of replacement of other types of dust control systems, or the control of 
particulate emissions from sources where no particulate control devices 
are now used. 

The major advantages of electrostatic precipitators are that high 
collection efficiencies can be achieved even with small particles and the 
pressure drop across the precipitator is low. The latter characteristic 
makes precipitators especially attractive when large gas volumes are 
to be handled. 

The high initial cost of electrostatic precipitators is a disadvantage. 
However, when determining air pollution control costs, total costs over 
a period of years should be determined. 

Two factors that limit application of electrostatic precipitators are: 
(1) high resistivity dust results in limitatiori of the operating voltage and 
current so that the resulting precipitation rate parameter is low. This 
necessitates the use of an excessively large precipitator, alterations in 
inlet gas temperature, or additions of chemical conditioning agents to 
alter dust resistivity. These constitute additional costs and can make 
other dust control methods more attractive. (2) Very fine particles do 
not acquire a charge sufficient for good precipitation. This ,again results 
~n low precipitation rate parameters requiring larger precipitators with 
higher costs. 

Two primary areas for increased precipitator applications are in 
the control of emissipns from municipal incinerators and in control of 
foundry cupola emissions. The use of precipitators on municipal incin
erators is relatively common practice in Europe. Within the past year, 
several installations have been made in this country. 

The control of cupola emissions by electrostatic precipitators is 
potentially a promising area. However, details of accommodating the 
highly variable emission rates and character of the emissions must be . 
resolved. 

A summary of the use of the various types of dust control equipment 
in each of the areas identified by SIC classification is given for the 1966-
1967 period. These represent potential use areas for electrostatic 
precipi ta tors. 
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CHAPTER 15 
ELECTROSTATIC PRECIPITATORS IN THE ELECTRIC UTILITY INDUSTRY 

Electrostatic. precipitators are used in the electric utility industry for 
the collection of fly ash from fossil fuel fired boilers. This application con
stitutes the largest single use of electrostatic precipitators in this country. 

· · Sources of energy for electric power generation are coal, oil, natural 
gas, hydroelectric, and nuclear. In 1937, approximately 55% of the energy 
for electric power generation was supplied by combustion of coal. 1 Over the 
past 30 years, the percentage of the total energy supplied by coal combus
tion has steadily declined. Estimates of the percentage of energy sources 
for power generation given in Table 15. 1 show that coal will supply approxi
mad~ly 18-22% of the total energy by 1980. However, during the period 
from 1937 to 1980, the total energy used for electric power generation will 
have increased by a factor of approximately 3. 9. Thus, the total energy 
supfilied by coal is expected to increase. 

The decrease in the per~entage of energy supplied by coal has been 
largely due to increases in the use of oil and natural gas. Nuclear power 
is estimated to supply about 5-9% of the energy by 1980. However, delays 
have been experienced in nuclear plant construction due to site location con
troversy, delays in development of breeder reactors, and other factors, so 
that _there is some uncertainty in the schedule for nuclear plants. 

Of the known reserves of recoverable energy in this country, about 
83% is estimated to be in the form of coal. Much of this coal reserve is 
in the large Western coal regions and contains less than 1% sulfur. Because 
of these large reserves, the use of coal as an energy source for electric 
power generation is expected to continue for the foreseeable future with 
some new coal burning plants being added to supply the increased energy 
requirements. 

The total quantity of fly ash emitted from heat and-.electric power gen
eration before collection is given in Table 15. 2. 

2 

The modern coal fired electric. genera.ting plant is comprised of a 
boiler, generator, condenser, coal handling ~quipment, dust collection and 

1Refer to the bibliography for this chapter. 
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Table 15.1 

Energy Sources for Electric Power Generatinr Plants 
l 

1937 1947 1957 1965 -·- 1980 

Total Energy 1937 = 100% 100 144 184 237 389 

Coal 55 48 27 23 18-22 

Oil 30 34 44 43 41 

Natural Gas 11 14 25 30 28 

Hydroelectric 4 4 4 4 4 

Nuclear 0.1 5-9 
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Table 15. 2 

Particulate Emission from Heat and Power Generation before Collection 
(Millions of Tons per Year) 

Particulate Emission 
Source Type Firing 1940 1960 1980 2000 

Utilities Pulverized coal 4.9 12.34 24.20 27.1 
Stoker coal 
Cyclone coal 0.25 0.49 0.55 
Oil 0.005 0.018 0.022 0.024 

Industrial Pulverized coal 1. 43 1. 87 2.12 2.61 
Stoker coal 3.80 i3.60 4.09 5.05 
Cyclone coal . 0. 05 0.06 0. 07 
Oil 0.038 0.054 0.083 0.157 

·Residential and Pulverized coal 
Commercial Stoker coal 3.85 1. 98 0.91 0. 35 

Cyclone coal 
Oil 0.150 0.159 0.169 0.197 

Total 14.173 20.331 32.144 36. 108 
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disposal equipment, water handling and treatment facilities, anti heat re
covery systems such as economizers and air heaters. Boilers in present 
day usage are of the cyclone and pulverized fuel types, with pulverized fuel 
boilers comprising approximately 90% of the total. StokP.r fired boilers 
were used in earlier plants, but have been largely outmoded. 

Pulverized fuel boilers utilize coal ground to a size such that about 
70% passes a 200- mesh screen. The coal and preheated combustion air 
are direct-fired into the boiler as determined by the steam requirements. 
The coal-air ratio is automatically regulated to give optimum combustion 
for all load conditions. Boilers are classified as horizontal, vertical, or 
tangential, depending upon the firing position of the burners. Primary, 
secondary, and in some cases tertiary air is introduced in a variety of 
ways, depending upon the design of the particular boiler manufacturer. 

Pulverized coal fired boilers are also classified as either wet bot
tom or dry bottom, depending on the operating temperature and ash fusion 
temperature. In wet bottom boilers, the temperature is maintained above 
the ash fusion temperature so that the slag is molten and can be removed 
from the bottom as a liquid. :pry bottom boilers operate at temperatures 
below the ash fusion point, and the ash is removed in a solid state. 

Cyclone boilers operate with much coarser fuel, typically 95% minus 
4 mesh. The heater is a water cooled cylinder with combustion air intro
duced tangentially. Combustion occurs at high heat release rates (500, 000 
to 900, 000 Btu/ cu ft-hr) at temperatures sufficient to melt a high percent
age (85 to 95%)3 of the ash which is discharged through slag tap openings. 

15. 1 FLY ASH CHARACTERISTICS 

Concentration. Both pulverized coal and cyclone boilers generate con
siderable quantities of ash, part of which is carried out with the combustion 
gases. The amount of fly ash depends on several factors, the more signifi
cant ones being composition of the coal, boiler design, and boiler steam 
rate. Other conditions remaining fixed, fly ash emission will be approxi
mately proportional to the ash content of the coal. Boiler design and opera
tion determine the percentages of ash retained in the furnace and emitted in 
the flue gas. Boilers for high-fusion ash are usually of the dry bottom types 
which retain approximately 20% of the ash, while wet bottom boilers used 

' l 
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for low-fusion ash may retain as much as 40% of the ash. As previously 
mentioned, cyclone boilers may retain 85 to 95% of the ash initially con...: 
tained in the coal. Coals encountered in practice have ash contents rang
ing between 5 and 2"5%, with an average value of around 8 to 15%. The 
range of ash content for coals burned in a group of 48 power plant, boilers 
is shown in Figure 15. 1. The fly ash concentration in the flue gas ranges 
from about 1 to 7 gr/ cu ft, with an average value of about 3 gr/ cu ft. 

Particle size. Due primarily to the direct relationship between parti-:
cle size and particle charge, size distribution is an importB.11t factor in 
ele'ctrostatic precipitation. In addition to its effect on particle charge, 
particle size may be a significant factor in reentrainment and in the elec-. 
trical properties of the collected dust layer. 

" 
Reported particle size distribution measurements from several 

installations indicate that boiler furnace design and operating conditioning 
are the most important factors in determining fly ash particle size~ Fly 
ash ·particles from pulverized coal furnaces are typically larger than 
those from cyclone type furnaces. In cyclone boilers, it is common 
practice to recycle the fly ash to the boiler, which results in a greater 
percentage of fines due to attrition of the fly ash particles. There is 
also a rather large variation in particle size for each type of furnace, 
which may be partially attributed to variations in coal grinding and boiler 
operation conditions, but is probably also influenced by coal composition. 
While no quantitative relationships have been established, it has been 
empirically observed that the coarser ash tends to be associated with coal 
having a high combustible content, and the finer ash with low combustible 
content coal. 

In some power plant fly ash collection systems, mechanical col
lectors precede the electrostatic precipitators and serve to reduce the 
particulate load to the precipitator. In addition to reducing the fly ash 
concentration, these mechanical collectors {generally of the multiple 
cyclone type) remove a significant portion of the size fraction larger 
than 10 to 20µ diameter. Typical collection efficiencies for mechanical 
collectors are in the range of 65-75%. 

As seen in Figure 15. 2, the size distribution for pulverized fuel 
furnaces is typically shifted toward a predominantly smaller size when 
the electrostatic precipitator is preceded by mechanical collectors. The 
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fly ash particles are approximately log-normally distributed, with a geo
metric mean of approximately 15 µ. without mechanical collectors, and a 
geometric mean of approximately 4 µ. diameter with mechanical collectors 
installed. Figure 15. 3 shows a typical particle size distribution range for fly 
ash from cyclone furnaces. 

Some consideration should be given to the method of particle size 
determination in evaluating size distribution of fly ash. One method com
monly ernployed5 consists of wet screening the > 325 mesh fraction through 
a series of standard screens, and separating the < 325 mesh in a centrif
ugal particle classifier. Another method consists of suspending the ash in 
an electrically conductive liquid and determining the size-number distri
bution electronically. In a comparison of these two methods, a significant 
difference in size distribution has been noted for the same fly ash. The 
wet screen-classifier method showed fewer large particles than the other 
method. 5 The centrifugal classifier method is specified by ASME Power 
Test Code No. 28 for the evaluation of dust separating apparatus, and is 
widely used in analysis of size distributions. It should be noted, however, 
that the method is dependent upon particle shape and density factors, and 
hence is a secondary standard which must be calibrated. Other methods 
utilized include the use of light and electron microscopy, sedimentation, 
and elutriation methods for size-distribution determinations. 

Physical appearance. Individual fly ash particles range in size from 
very fine to very coarse, depending upon the sample source. Particle 
colors range from a light 0 tan or gray to black. The tan shades are usually 
due to the presence of iron oxide; whereas, the dark shades are usually 
indicative of unburned carbon or magnetic iron oxide. 

Microscopic examination of fly ash shows it to be composed of a 
variety of shapes. There is a predominance of hollow spherical trans
lucent particles, often referred to as cenospheres. 6 They cover a wide 
range of sizes from less than lu to over 300u. Unburned carbon parti
cles are found in a variety of shapes, with some having a characteristic 
coke-like microstructure which is commonly referred to as grit. Some 
fly ashes also contain relatively large white particles that may originate 
from mineral matter in the coal or, in some cases, from agglomeration 
of finer ash particles while still in a fused state. The percentages of 
these constituents present in fly ash can vary widely from sample to 
sample, depending upon such factors as the composition of the coal 
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burned and furnace operation. Because fly ash is such a heterogeneous 
and highly variable material, it may have widely different physical and 
chemical properties from plant to plant, and sometimes even from day 
to day in the same plant. 

The presence of carbon in fly ash indicates incomplete combustion 
in the furnace and a loss of fuel. It is therefore desirable to reduce the 
carbon lost with the ash to the lowest practicable amount consistent with 
a favorable air-fuel ratio. 

Density. The bulk density of a typical fly ash ranges from 30 to 50 lb/ 
cu ft (0. 5 to 0. 8 g/ crn3), although much higher densities can be found. The 
density of each size fraction will vary considerably, with the relatively 
large coarse particles having the lower density, typically of the 'order of 
0. 6 to 1. 0 g / c m 3 . 

The finer particles tend to be lower in carbon content and have a much 
higher density, usually in the range of 1. 5 to 3. 0 g/ cm3

. The large dif
ference in density and structure of the fine and gritty particles frequently 
tends to produce a stratification or separation of the particles in the gas. 
The large, gritty particles have very low adhesive and cohesive charac
teristics, and are, therefore, easily redispersed into the gas stream. 

The physical state of the fly ash is variable, depending on its relative 
age and temperature. Freshly precipitated hot, dry ash flows somewhat 
as a liquid. Cold, damp ash, on the other hand, has a tendency to cling 
tenaciously to electrode and hopper surfaces, and can form a mass in the 
hopper which is difficult to remove (concreting). 

Chemical composition. Fly ash is composed chiefly of silicates, oxides, 
sulfates, and carbon. In addition to these main constituents, a large num
ber of elements may be present in minute quantities. The composition, or 
relative percentages, of these constituents covers a wide range for different 
ashes. 

A comprehensive source of information on the composition of fly ash 
is a U. S. Bureau of Mines summary of the chemical analyses of over 300 
samples of fly ash. Included in the report is information on the coal from 
which the ash was produced. 

7 
Information on the fundamental character

istics of fly ash from combustion of pulverized coal was also determined 
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by the ASTM. 
8 

This report, which includes data on 39 fly ash samples, 
indicates large variances in the chemical and physical properties of the 
fly ash samples. X-ray diffraction tests show the presence of some 
crystalline material, magnetite, and possibly mullite. The mean ranges 
of the major constituents of the low-and medium-carbon fly ashes are as 
follows: 

Constituent Weight~ % 

Si02 42-50 
A..1203 20-30 
Fe20 3 12-23 
.cao 2-7 
MgO 0.5-1.5 
S03 0.1-2 

Available alkali 0.4-1.5 
Carbon 2-20 

Ash-softening temperature. The ash-softening or fusion temperature 
is important to the character of the fly ash. Fly ash having a low fusion 
temperature will tend to form glassy spherical particles that are differ
ent from other fly ash particles in density and surface properties. These 
properties can materially affect the resistivity of the fly ash. A coal 
high in pyrite sulfur (Fe2S) gives fly ash that is high in iron content, which 
tends to lower the fusion temperature of the ash. For example, coals 
having sulfur contents of 3 to 10% have ash fusion' temperatures of about 
2000 to 2400° F, but coals having about 1% sulfur have ash fusion tempera
tures of 2600 to 3000° F. The ratio of acidic components (Si02) to basic 
components (Al20 3 , MgO, CaO) of the fly ash :affects the fusion tempera
ture as well as the resistivity of the fly ash. 

Resistivity. The heterogeneous nature of the coal burned in electric 
power generating plants and the variations in operating' conditions result 
in fly ashes that have electrical re,sistivities that vary typically from 
about 1Cf to 1012 ohm-cm. Such variations in resistivity result in widely 
different requirements for electrostatic precipitators to meet given per
formance demands. ·This variation in resistivity, more than any other 
single property, accounts for the widely vanying performance of fly ash 
precipi ta tors. 

aoUTHERN RE8EARCH INSTITUTE 
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The values of resistivity reported in the literature are often given 
without regard to the method of measurement. Laboratory values are 
generally higher than those measured in the field, often by several orders 
of magnitude. Since resistivity of fly ash is dependent on the ambient 
gas composition and temperature, the only meaningful measurements 
are those taken in-situ under typical operating conditions. 

Since fly ash is composed primarily of silicates and metallic oxides, 
its inherent bulk resistivity will be high in the range of operating tempera
tures of most fly ash precipitators. In this temperature range, where sur
face conduction predominates, the moisture content of the flue gas is ap
parently too low (5 to 15% by volume) to provide adequate surface conduc
tion in the absence of additional conditioning agents. 

It is generally accepted that the surface conduction properties of 
the fly ash are related to the sulfur content of the· coal. The sulfur trioxide 
formed acts as a secondary conditioning agent which reduces the resistiv
ity of the ash to the range where it can be effectively collected-by electro
static precipitators. 

The fraction of sul,fur which is converted to S03 (1 to 3% of the S02 
formed) is apparently the most important single factor in determining fly 
ash resistivity. It is theorized that either the 803 combines with mois
ture in the flue gas and condenses as an aqueous phase with a resultant 
increase in surface conductivity, or that 803 is adsorbed on the surface 
of the fly ash and tends to promote the adsorption of water and thereby 
increase surface conductivity. There is evidence to support each of the 
theories, and further evidence that in some cases, the formation of sul
fate salts on the surface may result in increasing resistivity values with 
time as the reaction progresses. Consequently, one would expect that 
regardless of the mechanism involved, the acid-base character of the 
ash is also quite influential in the conditioning phenomenon .. · Although 
there is good correlation on a statistical basis between sulfur content 
of the coal and resistivity of the fly ash, the variations are _so large that 
the resistivity of a given fly ash cannot be predicted with any degree of 
confidence on the basis of the composition of the coal. The rnost relia
ble method of determining resistivity is to measure it in-situ in the spe
cific plant or in plants· using similar boilers burning the coal in question. 
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One problem in the design of precipitators for electric power gen
erating plants is that the source of coal is often not available at the time 
the specifications are prepared. In many instances, core samples are 
tqe only quantities of the fuel on hand, so that field tests are not practi
cal. In these cases, one has to rely on the coal analysis and make an 
"educated" guess as to the resistivity values. Graphs of the form shown 
in Figure 15. 4 are useful when sufficient data have been collected. How
ever, it should be recognized that these curves represent average resis
tiyity values and that the resistivity can vary over a wide range for a 
gtven sulfur content and temperature. 

15. 2 FLUE GAS CHARACTERISTICS 

The chemical composition of flue gas from power plant boilers will 
vary according to the composition of the coal. The moisture content of 
th,e combustion gases will depend somewhat on. the moisture content of 
th·e coal and air; usually, however, the volatile hydrocarbon content of 
the coal is of greater significance· due to the formation of the combustion 
products C02 and H 20. Typical moisture contents of flue gas range 
from 5 to 15%. 

'· The S02 content of the flue gas is a function of the sulfur content of 
the coal. The average sulfur content of coals used for electric power pro
duction in the United States is about 2. 5%, as shown in Figure 15. 5. A 
typical concentration of S02 in flue gas from the combustion of coals with 
2. 5% sulfur is around 1500 ppm. The amount of S02 in the gas, however, 
may depend upon the form of the sulfur in the coal. Sulfur can appear in 
combined form as iron pyrite, organic sulfur, or sulfate compounds. 

The portion of 802 that is converted to S03 depends upon many fac
tors including the type of boiler, the amount of excess air used, and the 
composition of the coal. It is difficult to accurately analyze for 803 in a 
full scale power plant so that information on the 803 content is not too 
well established; however, it is generally accepted that about 1 to 3% 
of the 802 is converted to 803 • On this basis, the S03 content of the flue 
gas from a power plant burning 2. 5% sulfur- coal might range from 15 to 
45 ppm. 

SOUTHERN RESEARCH INSTITUTE 
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Typical concentrations of moisture, C02, 0 2, and excess air used 
are given in Table 15. 3 . 

Oxides of nitrogen are formed by combination of nitrogen and oxygen 
during combustion. The main factors in NO production are: the flame 
and furnace temperature, the length of time that combustion gases are 
maintained at flame temperatures, the cooling rate of the gases, and the 
amount of excess air. The reported concentration of oxides of nitrogen 
ranges quite widely--100 to 1460 ppm. Since the oxides of nitrogen con
stitute a potential pollution problem, there is interest in keeping the con
centration at a minimum. 

15. 3 HISTORICAL DEVELOPMENT OF FLY ASH PRECIPITATORS 

Historically, the use of electrostatic precipitators for the collection 
of fly ash from coal fired power plants dates to the early development of 
modern power generation techniques at the turn of the century. Prior to 
this time, power plants burned coal in relatively inefficient stoker fired 
boilers; however, with the development of high capacity, high efficiency 
pulverized coal fired boilers, fly ash entrainment in the effluent gases 
became a problem. The increased use of electrostatic precipitators in 
power plants has paralleled the rapid increase in power production, with 
the result that over half of the total precipitators installed are for fly 
ash collection. 

The first commercial fly ash precipitators were relatively small 
units, designed for 90% removal efficiency. These precipitators were of 
the horizontal flow type, with reinforced concrete collecting electrodes. 
Dust removal from the collecting electrode was by a pneumatically oper
ated scraping device, which caused considerable reentrainment during 
the cleaning period. In order to reduce these .losses, the cleaning cycle 
was arranged to coincide with low velocity flow at reduced boiler loads. 

The problem of collecting fly ash is becoming increasingly complex 
due to the increasing boiler sizes and the increasing use of higher ash 
and low sulfur content coals. In addition, changes in the general prac
tice of base loading newer boiler units, and more stringent air pollution 
control regulations have resulted in changes in the requirements for 
collector efficiency. Most precipitators installed today on power plant 
boilers are designed for efficiencies of > 99%. 
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Table 15. 3 

Typical Flue Gas Compositions of Selected Components Measured 
at Moist.ure Electrostatic Precipi ta tor Inlet9 

Flue-Gas Average 
Test Coal Rate Volume Flue-Gas Moisture co 2 02 Excess Air 
No. (ton/hr) scfm Temp °F % ~ __'.'&__ % 

1 64.5 394,600 290 6.8 12. 6 6. 1 39.9 

2 65.2 395,800 280 6.1 12.5 6.35 42.2 

3 67.0 401,900 365 6.2 12. 8 6.2 40. 9 

4 48.0 287,800 230 5.6 12.9 6.2 41 1 

5 46.2 306. 700 260 7.2 12.1 7.0 48.9 

SOUTHERN RESEARCH INSTITUTE 
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15. 4 DESIGN OF FLY ASH PRECIPITATORS 

Two approaches to the specification of fly ash precipi.tators for a 
given application are followed. One approach is to specify the type fuel 
burned, the gas volume to be handled, and the other factors such as are 
given on the IGCI bid specification form, and to specify a performance 
either in terms of the maximum outlet dust loading or precipitator effi
ciency. The manufacturers then determine the area of collecting surface 
and all precipitator parameters required to meet the specifications. In 
some instances, however, the user will specify key design parameters 
based on his own experience. Typically, the specific surface area (ratio 
of area of collecting plate to gas volume), current per length of discharge 
electrode, total number of transformer rectifier sets, and the number 
of rappers per sq ft of collecting surface and per ft of discharge electrode 
will be specified in the invitation to bid. These parameters are based 
on the user's experience with particular types of fuel and operating con
ditions and design on this basis is practical only in the case of large elec
tric utility systems with considerable experience in precipitator opera
tion. In such instances, very little in the way of size is left as an option 
of the manufacturer. 

In the former case, there is often a wide variation in the size pre
cipitator, degree of electrical sectionalization, size of power supply, 
and other parameters that are bid for a gi,ven installation. Hence the user 
is faced with a considerable problem in evaluating the bids. 

Techniques for arriving at the size and electrical requirements 
for fly ash precipitators are those outlined in the chapter on design meth
odology in Part I. However, because of the variations in dust properties, 
the methods of selecting a precipitation rate parameter are less precise 
for fly ash precipitators than for most other applications. 

Precipitator size. The precipitator size required to achieve a given 
efficiency is determined by the gas flow and the precipitation ra;r param
eter as given by the Deutsch-Anderson equation 77 = 1 - exp (- v w), fol
lowing method 1 as given in the chapter on design methodology. Gas vol
ume, efficiency, type of fuel, and gas temperature are specified opera
ting conditions. The collecting surface area. A, depends upon the value 
of the precipitation rate parameter selected. 

Figure 15. 6 shows the range of precipitation rate parameters for 
a group of fly ash precipitators. Both design and test values are shown. 
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As indicated in the histogram, test values of w can vary from around 
3 cm/ sec (0. 1 ft/ sec) to around 17 cm/ sec (0. 56 ft/ sec). 

Particle resistivity, particle size, gas flow quality, electrical 
energization, mechanical design, and the state of repair of the preci
pitator are the principal factors influencing the value of the precipita
tion rate parameter. 

In the design process, there are several methods of arriving at 
the value of w, and each manufacturer will perhaps use different pro
cedures. In general, the following methods can be used to arrive at 
design values or to determine the adequacy of a particular design: 

Design by analogy 

Precipitator manufacturers maintain data on a number of instal
lations and selection of the value of w can be made on the basis of an 
equivalent operating installation. The accuracy with which w can be 
selected can be quite good if data are available from a plant burning 
the same coal in the same type boiler. 

The value of w selected on the basis of analogy with an assumed 
equivalent installation can be adversely influenced by conditions within 
the precipitator to which the comparison is being made. Alignment of 
the electrode structure, variations in gas distribution, etc. must be 
similar for the analogy to be valid. 

Design by fuel composition 

For new installations, where no equivalent operating installation 
is available for comparison, selection of the value of w must be made 
on the basis of available information, which is often limited to an analy
sis of the composition of the coal. 

It has long been recognized that the sulfur content of the fuel' is 
an important parameter influencing the resistivity of fly ash, and sul-
fur content has been used as a basis for selection of design w . RamsdeU10 

made a study of the performance of a number of precipitators and devel
oped a series of curves relating efficiency and collecting surface area to 
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gas volume ratio with sulfur content as a parameter. Figure 15. 7 is a 
plot of the Ramsdell data. 

The data given by Ramsdell can be used to determine the precipi
tation rate parameter w in the Deutsch-Anderson equation. The values 
of w are plotted as a function of sulfur content in Figure 15. 8. Also 
shown in the same figure. are data taken from installations from other 
plants to indicate the variations that might be expected. 

l 

As indicated previously. sulfur influences w principally by alter
ing the resistivity of the dust. However, factors other than sulfur influ
ence the resistivity. Some coal crushers reject the sulfur appearing as 
pyrite, and hence the sulfur content of the coal being burned would be 
different from that entering the plant. Thus the form of the sulfur would 
res,ult m different resistivities. 

The nature of the ash also influences resistivity. As indicated in 
the chapter on resistivity and conditioning, the .rate of adsorption as 
wel~ as possible reactions with the ash, alter the resistivities that result 
from burning coal with a given sulfur content. Temperature is also an 
important parameter in determining resistivity, and the curves shown 
apply for gas temperatures of 300°F. The surface area ~f the fly ash 
is another variable influencing resistivity, and wide variations can result 
in large changes in resistivity and precipitation rate parameters. 

; 

'Design by fly ash resistivity 

A more fundamental approach to selection of w would be by res is
tivity of the dust. If resistivity can be measured directly, influences of 
coal and ash composition, specific surface of the ash, etc., can be 
eliminated. 

Figure 15. 9 is a plot of w as a function of resisitivity taken from a 
number of field measurements on operating precipitators as given by 
White. 11 

One of the problems associated with design by resistivity is that the 
dust resistivity value is usually not known on new installations. In some 
cases, for example, where mechanical collectors are to be replaced by 
efo~trostatic precipitators, measurements of the dust resistivity can be 
made. 
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Designs based on both sulfur content and resistivity are influenced 
by particle size of the fly ash. Different values of w would apply to pre
cipitators preceded by mechanical collectors than those utilizing preci
pitators only. 

All of the methods of selection of the values of w must be tempered 
with considerable judgment as related to the particular installation. From 
a competitive bidding standpoint, the tendency would be to use the highest 
values of w, in which case the size of the precipitator would be minimal. 
More conservative design practice would result in selection of a lower 
value of w, which would result in a larger precipitator with a greater 
safety margin for error. 

1 
Aspect ratio. An important variable is the aspect ratio of the preci

pit,ator (height to length of gas passage). Space requirements often ' 
determine the overall precipitator dimensions. However, where possible, 
the aspect ratio should be chosen that will result in ample opportunity for 
the reentrained dust from the first sections to be recollected. All other 
factors being equal, lower heig.ht to length ratios give better performances. 

• Precipitator collection plates are made in standardized size ranges, 
typically 20 - 24 - 30 ft height by 3 - 4 ft length. Once the collection area 
is ~elected, the design incorporates collecting plate sections to give the 
nearest surface area to that calculated. 

A si:rvey of a numbe.r of installations indicates that plate heights 
vary from around 17 to 30 feet. Plate lengths associated with 17 foot 
piate heights range from 12· to 18. With 24 foot high plates, lengths 
vary from 12 to 27 feet and 30 foot high plates are used with plate length 
of from 15 to 18. Aspect ratios for these installations varied from 2 
to about 9. 

Electrical Energization. Selection of the size and type of electrical 
energization equipment also follows several procedures. The current 
densities or corona current per length of discharge electrode can be 
selected by analogy to existing plants, or selection can be based on cum
ulative experience. Figure 15. 10 relates efficiency to corona power per 
1, 000 cfrn for a group of fly ash precipitator:s. The data apply to deliv
ered power to the discharge electrodes and represent experimental data 
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taken in the field on full size precipitators. This curve is useful in 
assessing the adequacy of the corona power for a given installation. 
Power supplies are generally around 60% efficient so that input power 
would be approximately 140% of the delivered corona power. 

. Figure 15.11 is a plot of precipitation rate parameter vs. power 
per 1, 000 sq ft of collecting surface. These two curves can be used to 
~rrive at the total collecting surface area and the power requirements. 
The collecting surface should agree within a reasonable error with that 
computed by the Deutsch-Anderson equation for comparable values of w. 

Figure 15. 12 is a plot of the number of independent bus sections 
per 1, 000 cfm vs. efficiency for a group of fly ash precipitators. The 
c_urve is taken from data presented by Ramsdell and the points represent 
d,ata from various other installations .. · 

The importance of sectionalization of the power supply has been 
pointed out in the chapter on design methodology. It is of greatest sig
nificance in the case of fly ash precipitators because of the large gas 
flows and large precipitator plants. Sectionalization of the power is im -
p~rtant from several standpoints. First, if the precipitator is opera
ting in a sparking mode, increased sectionalization will cause less of 
the precipitator to be disabled during the interval of the spark. This 
results in higher average voltage, higher electric field, and better pre
cipitdion. Also, the smaller electrical sets have higher internal 
iµJpedances which give better spark quenching and minimize the ten
dency of a spark to develop into an arc. Third, effects of localized 
~lectrodes misalignments are limited to smaller precipitator sections 
thereby permitting higher voltages in the remaining sections. Finally, 
in very large precipitators, reasonably good collection efficiencies can 
still be maintained even if one section has to be deenergized because of 
wire breakage, or other electrical trouble. 

Increasing the number of electrical sections· leads to increased 
costs for an installation because the cost of the high voltage power sup
ply is not linearly related to power handling capability. The greater 
portion of the cost is in providing the high voltage equipment. Increased 
power can then be provided by using larger components. Hence it is less 
expensive to provide fewer large power supplies than to power the pre
cipitator from more small sets. However, because of the lower average 
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-375-

0.67 20 

18 

s 0.53 16 

... a 

QI 14 ... 
QI 

8 as 
; 0.4 12 
ll. 

() () 

QI QI QI 
.... fl) flJ 

al - 10-
D:i ::: e 
s:: () 

0 
:d 0. 27 8 al .... 
'" Q. 

'" () 

6 QI ... 
ii. 

0.14 4 

• • 
2 

0 0. 1 0. 2 0. 3 0. 4 0. 5 0. 6 0. 7 0. 8 0. 9 1. 0 1. 1 1. 2 

Corona Power Density, kW /1000 ft1 of Collection Surface 

Figure 15. 11. Relationship between Precipitation Rate Parameters 
and Corona Power Density in Electric Utility 
Installations (Performance Data). 



>, 
CJ 
s::: 
Q) ...... 
CJ ...... 

:::: 
ri::t 
s::: 
0 ...... 
+" 
CJ 

~ ....... 
0 

(.) 

99. 0 i---- -----

0 

0 

l :· 
-··.' _,,,: 

-376-

0 

0 

Ramsdell 3000F 
1. 8% sulfur 

o SRI Data Points 

80. 0. 

70.0 
60.0 
50.0 

-:_ __ . _j __ ·__._ _ __.___.__..___,.___ ___ ... 
0 1 2 3 4 5 

Number of Bus Sections per 100, 000 cfm 

Figure 15.12. Variation in Efficiency with Degree of Sectionalization. 

SOUTHERN RESEARCH INSTITUTE 



-37'1-

voltage, the precipitation rate parameter would be lower, and the neces
sity for providing larger collecting surface area would partially offset 
the lower cost of the larger set. 

Power supplies are built in discrete sizes, and when actual re
quirements of the precipitator are determined, the selection is made 
based on the nearest integral size available. 

Voltages for fly ash precipitators are normally based on plate 
spacing. Figure 15. 13 shows the range of voltage gradients based on 
the average voltage divided by plate spacing for a group of fly ash pre
cipitators. Plate spacing is chosen so that tolerances in erection and 
movement of the electrodes make a small percentage change in the elec
tric field. It is a common practice to provide wider spacing for higher 
electrodes for this reason. 

Rappers. The number and size of rappers required for a particular 
installation vary with precipitator manufacturer and nature of the dust. 
Variations in the number of sq ft of collecting surface per rapper range 
from a minimum of around 1200 to 60.00 sq ft per rapper. Discharge 
electrode rappers range from 1000 to 7000 ft of wire per rapper. Size 
of the rappers varies from around 25 to 50 ft lbs per cycle. Rapping 
times are adjustable over a range of around 30 to around 600 seconds 
between raps. · 

The important consideration in rapping is to provide ample accel
eration to dislodge the dust without excessive reentrainment. In general, 
it has been shown that accelerations measured on the collection electrode 
of 30 to 50 g's per rap are requir~d for fly ash. Both cycle and rapping 
intensity are usually adjusted in the field to optimize rapping conditions 
for maximum precipitator performance. 

Effocts of gas temperature on fly ash precipitator design. 

Low temperature fly ash precipitators 

' 
The majority of fly ash precipitators operate at gas temperatul'e~ 

in the neighborhood of 300° F. Referring to Figure 15.4, it can be seen 
that this temperature is close to the value that would result in maximum 
resistivity for a 0. 5% sulfur coal. Consequently, power plants burning 
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high ash, low sulfur coal, often experience precipitator problema luurn· 
ciated with high resistivity. 

One alternative method of improving the performance of fly ash 
precipitators collecting high resistivity dust is to reduce the gas tem
perature so that the resistivity is in a range more favorable for precipi
tation. Figure 15. 4 indicates that a reduction in temperature of the 
order of 30 to 40°F from a 300°F operating point, would make a sub
stantial reduction in resistivity. 

A further advantage to decreasing the gas temperature is the 
increased economy due to more effective heat recovery. A 30 to 400F 
drop in gas temperature could result in increased boiler efficiencies of 
as much as 1. 5%. In large power plants, the resultant saving i.n fuel 
costs is significant, and the expected tendency would be to operate at 
the lowest gas temperature possible whether or not resistivity was a 
problem. However, most power plants burning coal with sulfur in the 
range of 2-3%, operate at gas temperatures from the air heater in the 
vicinity of 300°F, primarily to minimize corrosion and fouling tenden
cies. 

The criterion used in selecting the operating temperature is the 
average value of the exit gas temperature and the entering air tempera
ture at the cold end of the air heater. The lowest permissible cold end 
temperature is determined by the sulfur content of the coal, and can be 
as low as 150°F for 0. 5% sulfur coal. The entering air temperature can 
be modified by steam coils, or combustion air can bypass the air heater, 
thereby reducing the volume of cold air flowing through the air heater. 

Corrosion and fouling are associated with the condensation of 
sulfuric acid on the low temperature surfaces. The rate of conden-
sation, and hence corrosion, depends on the sulfur content of the fuel, 
moisture content of the flue gases, and boiler operating practice. 
Clark12 reported on a study of the corrosion and fouling potential of 
flue gases of over 60 different boilers. In these studies, corrosion 
and fouling potential curves were developed for a variety of flue gas 
compositions for various temperatures. Metal temperatures of the 
air preheater, superimposed on the corrosion and fouling potential 
curves, indicate that corrosion and fouling can be restricted to the 
extreme cold end. By the use of corrosion-resistant alloys or enameled 
cold end layers, the corrosion problem can be handled, permitting exit gas 



-380-

temperatures as low as 200°F. Figure 15.14 shows the minimum cold 
end temperature for various sulfur contents and various types of mate"" 
rial in the final section of the air preheater. 

Surveys of operating practices in several power plants confirm that 
gas temperatures in the range of 250-260° F are used even with sulfur 
contents of 2-3%. Examination of the interior of precipitators operating 
on a few plants shows no evidence of corrosion. 

Difficulties have been encountered with the collection efficiencies 
of precipitators operating at low temperatures on fly ash from high sulfur 
coal., The exact nature of the problems has not been resolved, but im
provements in efficiency have been achieved by increasing the tempera
ture to 300-320° F, injection of ammonia, or use of lower sulfur coal. 
It haE? been suggested that the problem with operating with low tempera
ture and high sulfur is a low resistivity fly ash, .. ,resulting in excessive 
reenfrainment. Although the problem could be resolved by operation at 
highe'r gas temperatures, the reduction of boiler efficiency makes this 
option unacceptable. 

There is considerable variation in operating policy regarding the 
minimum gas temperature, depending perhaps on local co,nditions and 
experience. It would appear, however, that operating at low.-tempera
tures to overcome the problem of high resistivity would offer good pos
sibilities, providing control of corrosion and fouling can be maintained. 

High temperature fly ash precipitators 

The majority of fly ash precipitators are located downstream from 
the a'.'ir preheater, and operate at temperatures ranging fro,m around 270 
to 320° F. An alternate location of the fly ash removal eq\lipment is ahead 
of the air preheater. The temperature of the flue gas at this point is in 
the neighborhood of 700° F. 

-. There are several advantages to locating the precipitator ahead.of 
the air heater. Because of the high temperature, the resistivity of the 
fly ash will be less than the critical 2 x 1a1° ohm-cm regardless of the 
sulfur or moisture c-ontent of the fuel. Consequently, many of the problems 

SOUTHERN RESEARCH INSTITUTE 



Q) 
~ 
:::f .... 
~ 
Q) 
0. e 
Q) 

f-t 

'8 • 
fa;l rz.. 
:9 Cll 
0 Q) 

u t 
Q) tlD 

!a°~ 
J.i -cu "O 
> cu 
< ~ 
8 Cl) 
::s «I E cu .... ~ 
s:: -.... 
~ 
"O 

CL> 
+" 
Cl) 
cu 
tlD 
bD ::s rn 

190 

180 

1'70 

160 

150 

-381-

0 1 2 3 4 

Sulfur Content in Fuel - %S 

Figure 15. 14. Cold End Temperature and Material 
Selection Guide (after Clark11
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associated with the collection of high resistivity dusts will dis.appear. 
Also, removal of the fly ash ahead of air preheater minimizes the prob
~ems of fly ash fouling. A third advantage is that for units with both 
oil and coal firing, the problem of collecting and conveying of the oil 
ash is minimized. 

The following factors must be considered in locating the preci
p_itator ahead of the air heater: (1) The gas volume to be handled is 
i!Icreased over that required for operation following the air heater by 
the ratio of the absolute temperatures. The gas volume at a tempera
ture of 700° F is approximately 1. 55 times that at 290° F. (2) The 
electrical characteristics of the precipitator are modified by higher 
temperature operation since the lower gas densities result in lower 
chrona voltages and electric fields. (3) Referring to the Deutsch
Anderson equation, the collecting surface area required to achieve 
a given efficiency would be 1. 55 times greater for operation at 700° F 
than at 290° F assuming the same precipitation rate parameter. (4) 
The viscosity of the gas increases with temperature, thus lowering w. 
(5) In the case of high resistivity dust, the precipitation rate param
eter can be quite low and in such instances, increased temperature 
operation can result in a higher precipitation rate parameter that may 
more than offset the increased size due to increased volume. (6) Under 
some conditions the fly ash may sinter, producing a difficult to remove 
deposit. 

The only fly ash precipitator operating ahead of the air heater is 
the Ravenswood Plant of the Consolidated Edison Company. Ramsdell13 

describes this system as a combination electrostatic precipitator fol
lowed by a mechanical cyclone collector. The electrostatic collection 
system consists of four individual precipitators, each composed of four 
units containing eight electrical sections each. The electrical energi
zation is supplied by sixty-four 70 kVp, 750 mA electrical sets with 
half-wave silicon diode rectifiers tanked with transformers. 

There are 128 individual bus sections, 320 plate rappers, and 128 
wire vibrators. 

The fuel is a pulverized bituminous coal with 0. 6 to 3% sulfur. The 
precipitator is designed to give 99. 2% coll~ction efficiency with 4, 300, 000 
acfm gas flow, 99.Bo/o at 3, 230, 000 acfm, and 99.9% at 2, 150, 000 acfrn. 

SOUTHERN RESEARCH INSTITUTE 
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if;, c 
The total collecting plate area is 1, 008, 000 sq ft, giving .i!f ft2 /1000 
cfm at noted conditions. On this basis the design precipitation rate 
parameter would be 

w = V ln 
A 

100 
100 - 99. 2 

= 20. 6 ft/ min or 10. 5 cm/ sec 

Costs of the precipitator installation at the Ravenswood Plant were 
about $4. 7 million including erection. The complete installation cost 
was about $10-12 million including foundation, flues, ash handling, etc. 
The erected cost per acfm for the precipitator is $1. 09. The volume of 
gas handled at 300° F would be V = 4, 500, 000 x 300 + 454 = 2, 800, 000 

700 + 454 
and referring to Figure 15. 27, the corresponding average cost would 
be about $1. 6 million. The cost per acfm would be about $0. 57. This 
would result in an erected cost about 2. 7 times higher for the high tem
perature installation. 

Since this particular plant is the first of its kind, the costs may 
not be representative of those for subsequent installations. 

15. 5 SUMMARY OF PRECIPITATOR OPERATING CONDITIONS 

Operating conditions for a group of fly ash precipitators installed 
from 1945 to 1967 have been summarized in a series of histograms given 
in Figures 15.15 to 15.18. Figures 15.15 and 15.16 show the range of 
precipitator input parameters including dust loading and gas temperature. 
Figures 15. 17 and 15. 18 show the precipitator design parameters includ
ing power input, gas velocity, and electric field strength (voltage divided 
by interelectrode spacing). 

Regression analysis. Several attempts have been made to examine 
the performance of fly ash precipitators in an effort to arrive at a rational 
basis for evaluating designs and assessing critical factors in performance. 
Since the number of variables involved in a given installation is large, 
and since these change from plant to plant, it is impractical to obtain 
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sufficient data on the effect of a single variable while maintaining the 
others constant. Instead, methods for determining the influence of a 
single variable in a condition in which all variables are changing have 
~o be used. The technique of multiple linear regression analysis has 
J;>een applied to examine the data from a group of installations and to 
compare the calculated and measured precipitation rate parameters. 
l 

The technique of regression analysis assumes the parameters 
fo be related according to a predetermined equation such as: 

where 

A = linear coefficients 
f (d1 ) = function of various precipitator parameters 

To obtain the relationship between the precipitation rate parameter 
w and the precipitator, a listing of the factors that can influence w is 
made along with the probable forms of these variables. Factors such as 
sulfur content, ash content, temperature, etc. are assumed to be im
portant and are entered into a standard regression analysis computer 
program. The data from all of the installations are th.en entered and 
the statistical importance of each term in the equation is tested. Terms 
that appear to be random are rejected and the coefficients for the remain
ing terms are computed. 

Barrett14 performed a linear regression analysis of a group of 
approximately 74 tests conducted on 19 different power plant stations 
in the United Kingdom and arrived at the following equation: 

where 

w = 31. 2 - 4. 8 ln F - 0. 0008 P - 7 x 1 o-s - 8. 1 exp ( - 0. 5S) - 43. 3 
A 

w = 
p = 

F = 
g = 
s = 
A = 

precipitation rate parameter (cm/ sec) 
collection electrode area per unit of high tension capacity 

(ft2 /kVA) 
collecting electrode area per unit of gas volume (ft2 /ft3/ sec) 
specific surface area of inlet dust (cm2 / g) 
total sulfur content of coal as received (%) 
ash content of coal as received (%) 
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The data showing the calculated and measured precipitation rate 
parameters are given in Figure. 15. 19. The correlation coefficient for 
the regression analysis is about 0. 86. 

Using a different set of performance parameters, a regression 
analysis performed on a group of 49 tests on precipitators for which 
reasonably accurate test data were available gave the following equation: 

w = -12 + 0. 5j - 5. 6P + 0. 58V + 0. 36N + 0. llM + 0. 7 exp (0. 58) 

= -3. 5 x 10-3 T - 8 x 10-8 g2 

when 

w = precipitation rate parameter (cm/ sec) 
j = current density (µ a/ ft2

) 
p = power density (watts/ft2) 

v = applied voltage (kV) 
N = number of electrical sections 
M = moisture content of flue gas(%) 
s = sulfur content of fuel (%) 
B = dust burden (grains/ ft3 ) 

A = ash content of fuel (%) 
T = gas temperature (° F) 
g = particle surface area/ gm (cm2

/ gm) 

The results of the regression analysis of these data are plotted 
in Figure 15. 20. This technique seems to be good for predicting the 
precipitation rate parameter when all the factors required for compu
tation are known. The correlation coefficient for the regression equa
tion for this series of 49 tests is 0. 92; which is good for data of this 
nature. 

It is important to note that specific values for many of the vari
ables included in the second regression analysis will not be available 
for new installations. Specifically, values for current density, power 
density, and applied voltage will not be known until the installation has 
been completed. Therefore it is important to consider the range of cor
rection that each of the variables is expected to have for normal varia
tions in the performance variables. 
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The current density, applied voltage, and power density are 
~irectly related quantities. These three terms must be viewed together. 
It is to be noted that the product of current density and voltage yields 
power density. In the equation, the current density and voltage factors 
'increase the precipitation rate parameter, while power density decreases 
it. The apparent reduction in precipitation rate parameter with increas
'ing power density is surprising until the three power terms are consid
ered together. The current density aids precipitation in two ways: 

(1) Increased current density causes reduced charging time. 
(2) Increased curr.ent density causes increased electric field. 

Similarly, the applied voltage influences the electric field directly. Thus, 
taken individually, current density and applied voltage both increase the 
13.recipitation rate parameter. 

But it should also be noted that even though the relationships be
tween precipitation rate paramete·r and the variables need not necessarily 
be linear, the regression analysis equation will utilize these factors in 
a linear combination. Thus, the power density term subtracts from the 
corrections for large values of current and voltage to correct for this 
~onlinearity in individual effects. 

Sectionalization is significant because increased sectionalization 
leads to increased voltages and currents, which i:n turn cause an increase 
in the precipitation rate parameter. 

The moisture content, sulfur content, .and temperature are sig
nificant in that together, they determine, or at least significantly affect, 
the resistivity of the particulate. As stated previously in this report, 
the resistivity of the particle is more significant than .. the above three 
quantities. But since resistivity values were not known, linear com
pinations of moisture content, sulfur content, and temperature had to 
suffice. No method for accurately predicting resistivity from these 
quantities currently exists. 

Higher ash coals. can lead to lower precipitation rates because of 
the effect of higher particle concentrations in increasing the time required 
~ . 
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to electrically charge the particles. 

The surface area per gram of material is a measure of the particle 
size distribution of the dust with very small particles being characterized 
by a large value. Since the electrical precipitation rate parameter w is 
smaller for small particles, dust with large surface area per gram leads 
to reduced precipitation rate parameters. 

The net effect on the precipitation rate parameter for each of the 
above variables for this particular series of tests is shown in Table 15. 4. 

15. 6 PRECIPITATOR INSTALLATIONS AND ECONOMICS 

In order to examine trends in the use of electrostatic precipitation 
for fly ash collection, estimates of flue gas volumes generated by coal fired 
power plants were compared with installed precipitator capacities for the 
period of time from 1923 to 1970. The results are given in Table 15. 5 
and graphically illustrated in Figure 15. 21. 

Estimates of flue gas volumes were made utilizing Federal Power 
Commission coal consumption data and the following assumptions: average 
carbon in coal - 75%; excess air at the boiler - 25%; air in-leakage - 10%; 
water vapor volume - 6%; and flue gas temperature at the precipitator -
300° F. The two load factors of 55 and 80% (ratio of average load for one 
year to the maximum for one hour) bracket assumed load factors for old 
and new boiler unit. The net result is an estimate of 1. 5 and 2. 0 cfm of 
flue gas per ton of coal burned per year for the two load factors. Figure 
15. 22 is the percentage of flue gas cleaned with electrostat'ic precipitators 
based on 80% and 55% load factors. 

A two-year delay factor is assumed between the year of contract and; 
year of operation to allow for construction time. 

Figure 15. 23 shows the installed precipitator gas volume for the years 
1923 to 1970 with the annual volume average calculated for five-year periods, 
while Figure 15. 24 illustrates the increasing design efficiency demands for 
the same time period. 
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Table 15. 4 
, 

Variations in Precipitation Rate Parameter Predicted by the Regression 
Analysis Equation for Fly Ash Pre·cipitators 

Pptn. Rate Parameter 

Variable 
Range of Values 

Low 

Current density (uA/ft2 ) 4.0 
Power density (w j ft2

) 0.12 
Voltage (kV) 25.6 
Electrical sets (No.) 3 
Moisture content (%) 6 
Sulfur content (%) 1.17 
Dust burden (grains/ ft3 ) 0.47 
Ash content (%) 5.8 
Gas temperature (° F) 248 
Surface area (cm2 

/ g) 3xl05 

Net correction range 
Constant term from equation 

Avg 

17.7 
0.65 

35 
7.9 
8 
2.43 
2.6 

11. 6 
291 
3xl06 

Range of poss·ible precipitation rate parameter 

H:i:gh 

33.6 
1.56 

44 
18 
15 

4.71 
5~94 

14.4 
410 
2. 7xl07 

Correction, 
Low 

1. 9 
-0.67 
14.8 
1.1 
0.66 
0.82 

-0. 3 
-2.0 
-0. 9 
-0.02 

+15. 4 
-12.0 

3.4 

Avg 

8.9 
-3.6 
20.0 
2.8 
0.88 
1. 7 

-1. 66 
-4.0 
-1. 0 
-0.24 

+23.8 
-12.0 
11. 8 
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cm/sec 
High 

16.8 
-8.7 
25.6 
6.5 
1. 65 
3.3 

-3.8 
-5.0 
-1. 4 
-2.2 

+32.7 
-12.0 

20.7 



Table 15. 5 

Fly Ash Precipitator Installations 

(1) (2) 
Total Five (5) Yr Periods Accumul Coal Total Gas P~rcent of 

Pptr No. No. Gas Vol No. Avg Vol/Yr Pptr Gas Vol Burned Vol Calculated Total •.,'!'oi 
Contract r>f of Millions of Total Gas Vol Duri!li Period Operation With Pptrs U:!' tons From Coal with 

Year lnstaUations Pptrs ac:rr. Installations l<f' acfm lo' acfn: Year Hf' ac!rn per year Burned Pptrs 
uf acfm 

1923 I 3 0.80 1925 0.80 35.6 53. 4 l. 5 
1926 2 3 1. 35 1928 2.15 38.0 58 3.7 
1927 2 11 3.59 10 8.58 1. 72 1929 5.74 41. 8 62.8 9.1 
1928 1 2 0.22 1930 5.96 40.3 60.5 9.9 
1929 4 20 2.62 1931 8.58 36.l 54.2 15.8 
1930 6 10 1. 43 1932 10.01 28.0 42.0 23.8 
1931 2 3 0.46 1933 10.47 28.5 42.8 24. 5 
1932 l 2 0.37 13 3.46 0.69 1934 10.84 31.4 47.0 23.1 
1933 2 4 0.68 1935 11. 52 32. 7 49.0 23. 5 
1934 2 4 0.52 1936 12.04 40.l 60.0 20.1 
1935 2 5 0.79 1937 12.83 42.9 64.5 19.9 
1936 13 23 3.59 1938 16.42 38.4 57.6 28.5 
1937 15 29 4.71 39 12.68 2.54 1939 21.13 44.5 66.8 31.6 
1938 1 l 0.25 1940 21.38 51. 5 77.3 27.7 
1939 a 17 3.34 1941 24.72 62.6 94.0 26.3 
1940 22 36 5.42 1942 30.14 66.2 99.3 30.4 
1941 31 52 7.84 1943 37.98 77.3 116.0 32.T 
1942 9 29 3.37 71 20. 28 4.06 1944 41.35 80.1 120.0 34. 5 I 1943 l 3 0. 96 1945 42.31 74.7 112.0 37.8 w 1944 8 11 2.69 1946 45.00 72.2 108.3 41.8 = 1945 13 17 2.78 1947 47.78 89.5 134.0 35.7 (.11 
1946 22 39 6.12 1948 53.90 99.6 149.5 36.1 I 

1947 28 59 12.8'1 105 36.87 7.37 1~9 68.57 83.9 1Z8.0 52.8 
1948 22 40 9.9'1 1950 76. 54 91. 8 138.0 55.5 
1949 20 25 5.33 1951 81.87 105. '1 159.0 51. 5 
1950 19 35 8. 88 1952 88.75 10'1. l 161.0 55.1 
1951 28 61 14.12 1953 102.87 115. 9 1'14. 2 59.1 
1952 19 25 7.60 98 42. 35 8.47 1954 110. 47 118.4 178.0 62.1 
1953 23 37 9.27 1955 119. 74 143.8 216 55.4 
1954 9 15 4.48 1956 124. 22 158 23'1.5 52.3 
1955 23 36 14.04 1957 138.26 162 244 58.'l 
1956 22 37 26.57 1958 164. 83 
1957 28 43 17.40 10'1 80. 9'1 16.19 1959 182.23 
1958 13 19 7.55 196-0 189.78 178.2 265 71.6 
1959 23 37 5.41 1961 205.19 
1960 17 28 11. 09 1962 216.28 
1961 12 16 7.58 1963 223. 84 211 31'1 70.6 
1962 16 28 17.07 76 68.10 13.62 1964 240. 91 
1963 15 21 12.54 1965 253.45 244.8 388 68.9 
1964 16 27 19.84 1966 273.29 266.5 401 68.2 
1965 33 49 27.17 1967 300.46 274.0 412 72.9 
1968 48 80 57.24 1968 357.70 
1987 55 117 72.51 222 257.61 51.52 1969 430. 21 
1988 48 108 58.76 1970 488.97 
1969 40 6'1 42.93 1971 531. 90 

Grand 741 1331 531. 9 741 
Tota.I.a 

(1) Includes all fly ash preclpitators except rebuilds. 
(2) Based on an em. load factor. 



Table 15. 5 (continued) 

(1) 
Accumul Total Gas % 

Gas Volume Coal Vol - Cale of Elec Energy 
Pptr With Burned From Coal Total Vol kW-Hr Pounds Coal Total Elec ~era . % 

Operation , f'ptrs ld'tons Burned Wit!:) by Coal ,. ' Per .• kW-Hr by -
Year 108 acfm Per Yr lo&acfm Pptrs Billions k.W-Hr Billions Coal 

1925 0.80 35.6 71. 2 1.1 35.1 2.0 61. 5 57.l 
1928 2.15 38.0 76.0 2. 8 43.9 1.73 82.8 53.1 
1929 5. 74 41.8 83.6 6.9 50.4 1.66 92.2 54. 7 
1930 5.96 40.3 80.6 7.4 50.5 1.60 91.1 55.4 
1931 8.58 36.1 72.2 11.9 47.7 1.52 87. 3 54. 6 
1932 10.01 28. 0 56. 0 17.9 37.7 1.49 79.4 47.5 
1933 10.47 28.5 57.0 18.7 39. 0 1.46 81. 7 47.8 
1934 10.84 31.4 62.8 i7.3 43.4 1.45 87.3 49 • ., 
1935 11.52 32. 7 65.4 17. 7 45.4 1.44 95.3 47.6 
1936 12.04 40.1 80.2 15. 0 55.8 1.44 109.3 51.0 
1937 12. 83 42.9 85.8 14. 9 59.7 1.44 118.9 50.2 
1938 16.42 38.4 76.8 21.4 54.7 1.40' . ... 

113.8 48.2 
1939 21.13 44.5 89.0 23.6 64. 7. 1.38 127.6 50.8 
1940 21. 38 51. 5 103. 0 20. 6 76. 8 1.34 141.8 54. 2 
1941 24.72 62.6 125.2 19.7 93.i.I 1.34 164.8 57.0 
1942 30.14 66.2 132.4 22.8 101.9 1.30 186.0 54. 'l 
1943 37.98 77.3 154.6 24.5 119.2 1.30 21'1.'1 54.9 
1944 41.35 80.1 160.2 25. 8 124.1 1.29 228.2 54.4 
1945 42.31 74.7 149.4 28.3 114.8 1.30 222.5 51.6 
1946 45.00 72.2 144.4 31.2 111. 7 1.29 223.2 50.1 
194'1 4'1. 78 89.5 179.0 26.8 137.0 1.31 255.7 53.3 I 

1948 53.90 99.6 199.2 27.0 152.9 1.30 282.7 54.1 w 
c.o 

1949 66.57 83.9 167.8 39.6 135.5 1.24 291.1 46.5 CD 
1950 76. 54 91.8 183.6 41. 6 154.5 1.19 329.1 47.0 I 

1951 81.87 105.7 211.4 38.6 185.2 1.14 370.7 49.2 
1952 88.75 107.1 214.2 41.2 195.4 1.10 399.2 49.0 
1953 102.87 115. 9 231.8 44.2 218;9 1. 06 442.7 49.5 
1954 110.47 118.4 236.8 47.0 2:\Q-1 o. 99 471. 7 50. 6 
1955 119. 74 143.8 28'1.6 41.5 302.0 0.955 553.5 54.6 
1956 124.22 158.0 316.0 39.2 340.0 o.935 601.0 56. 7 
1957 138.26 162.0 324. 0, 42.5 350.5 0.925 629.0 55.'l 

GI 1958 164.83 0.900 
0 1959 182.23 0.885 c 
-f 1960 189.78 176.2 352.4 53.6 403. 0 0.875 753.4 53.3 :t 
Ill 1961 205.19 0.870 
:a 

1962 216.28 0.865 z 
:a 1963 323. 84 211.0 422.0 52.8 491.0 0.860 
lil 1964 240. 91 o. 860 
Ill 1965 253.45 244.8 489.6 51.6 571.0 0.860 1055. 2 54.0 > 
:a ' 1966 273.29 266.5 533.0 51. 6 621.0 0.860 1144.4 54.l 
n i967 300.46 274. 0 548.0 54.6 637.0 0.860 1211. 7 52.8 :t 

z 1968 357.70 
GI 1969 430. 21 
-f 1970 488.97 :t 
c 1971 531. 90 
-f 
Ill 

(1) Based on 55% Load Factor. 
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Economics. Fly ash precipitator costs over the past decade typically 
range from approximately $0. 50 to $1. 00 per cfm of gas treated, on an 
erected basis. The cost per cfm generally decreases with increasing pre
cipitator gas flow capacity or size, and increases with increasing collec
tion efficiency. Table 15. 6 is a tabulation of precipitator costs for vari
ous efficiency ranges and for various gas volumes. 

Figures 15. 25 through 15. 27 graphically summarize costs for fly ash 
precipitator installations for the period of 1959 through 1969. Erected costs 
include foundation, erection, and electrical work; however, none of the 
costs include ductwork or air flow regulations other than inlet diffusion 
plates. 

The spread in the cost data at a given efficiency and gas volume can 
be attributed to many variables, the more important ones being: 

(1) The size of the precipitator as related to dust characteristics 
(resistivity, particle size) and gas conditions (temperature 
which indirectly affects dust resistivity, moisture content, 
sulfur oxide content). These variables are reflected in the pre
cipitation rate parameter, which can vary by a factor of 3, and 
result in a collection surface area that varies over the same 
range. 

(2) The geographical location of the installation, particularly for 
erected cost since labor costs can vary greatly throughout the 
country. 

(3) The pricing-profit policy of the various competitors bidding on 
the job; whether the installation is a backfit or upgrading of an 
existing installation which may require additional engineering 
costs to "shoehorn" the precipitator into the overall installation; 
and whether the installation is ground level, above ground level, 
indoors, outdoors. etc. 

Table 15. 7 is a summary of the FOB and erected costs of fly ash 
precipitators from 1960 to 1969. Figure 15. 28 shows the average preci
pitator costs ($I cfm) for the period 1927-1969. The trend towards higher'. 
costs per unit of gas flow reflects the increase in design efficiency as welli 
as increases in production and erection costs. 
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Table 15. 6 

Precipitator Costs (1960 through 1964) 

, Efficiency Gas Volume Ranee - Millions acfm 
-. 

! 

Ranize Ofo 0 - 0. 249 0. 250 - o. 499 0. 500 - 0. 999 > 1.00 
--: 

.· 
Erect~d FOB Erected FOB Erected FQB Erected FOB - , ---

90. 0 -94. 9 111. 7 151. 7 No 42.1 27. 9 54.4 No No 
(1) (2) Data (3) (2) (4) Data Data 

- --- '--· --
95.0 -98.9 43.3 65.2 35.0 56.9 35.6 47.2 29. 2 . No 

(2) (1) (8) (5) (14) (5) (8). Dci.t.~ 
. 

-· ----·--- ---------~ 
99.d+ No No No No 55.2 66.8 33.6 No 

Data Data Data Data (2) (2) (5) Data 

- ---------- --· 

Precipitator Cos.ts (1965 through 1969) 

Gas Volume Range - Millions acfm I Efficiency 
Range, % 0-0.249 

I 
0.250-0.499 0.500-0.999 >1.00 

FOB Erected FOB Erected F 0 B 1 Erected FOB 
.. ·~ 

90.0-94.9 64,7 59.3 33.8 101.1 25.2 69.2 25.8 .. 
(2) (1) (1) (6) (1) (2) (3) 

95. 0-98. 9· 75.4 91.6 61.1 88.6 37.1 62.4 31.6 .. (15) (5) (10) (12) (6) (9) (21) 

99.0+ 98.0 204.5 62.7 103.5 44.3 82. 7 34.2 
(4) (5) (4) (5) (9) (9) (23) 

NOTES: (a) Costs are cents I acfm. 

(b) Numbers in parentheses are sample size, i.e. , number of 
installation contract prices ave.raged to obtain costs/acfm 
(all precipitator manufacturers represented). 

(c) Costs are for period shown, no reduction to base year. 

Erected 

No Data 

55.3 
(16) 

55.5 
(17) 

SOUTHERN RESEARCH INSTITUTE 
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Table 15. 7 

Average Fly Ash Precipitator Costs from 1923 through 1969 

Number of Number of 
Installations FOB .. Installations Erected -

1923 - 1929 No data 9 22.8 

1930 - 1934 No data 13 29.1 

1935 - 1939 No data 39 26.3 

1940 - cl944 No data 70 25. 3 

1945 - 1949 No data 87 39.5 

1950 - 1954 65 28.2 64 50.1 

1955 - 1959 No data 34 51. 6 

1960 - 19.64 39 36.8 22 62.l 

1965 - 1969 99 47.7 87 80. 5 

Not'e: Figures are an overall average for efficiency range from 90 to 99+% 
.and gas volume range from <105 to >,106 .acfm. 

SOUTHERN RESEARCH INSTITUTE 
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Maintenance and operating costs. Maintenance and operating costs are 
·difficult to establish since these costs are often not kept separately from 
other plant costs. ·Maintenance costs can vary from plant to plant depend
ing upon the extent to which the plant is maintained. This in turn is depen
dent to a large degree upon company policy and the extent to which pres
sure is applied to maintain emissions within prescribed limits. 

Tables 15.8 to 15.11 list representative operating costs for preci
pitators handling 200, 000, 500, 000, 1, 000, 000, and 2, 000, 000 cfm of gas. 
Ta~le 15. 12 is a summary of the data giving average operating costs for 
ea,~h size precipitator. The operating costs are made up of electric power, 
ma;intenance, operating, and premium charges. 

' 

Electric power costs were estimated from the installed electric 
power on those installations where actual costs were not available. Main
tenance costs were estimated from a graduated scale depending upon the 
size of the units on those size installations for.which actual maintenance 
costs were not available. Data by Van Huffel15 and Waker 16 were used as 
a basis for these estimated costs. 

Operating labor is·' not kept as a separate item of costs by most 
utilities. No operating personnel is required for an electrostatic pre
cipitator .on a full time basis. However, some tasks, such as routine 
me:ter reading and log keeping, are required and these are normally 
handled by regular plant personnel on a part time basis. In computing 
costs, operating labor was included as an estimate of the portion of 
time spent in these tasks. Premium charges were computed on the 
bas,is of 12. 8% of the total installed precipitator costs. This item covers 
interesLand depreciation. 

Footnotes for Tables 15. 8 to 15. 11 give the basis for estimating 
the costs for the various items. . Entries in the table with no footnotes 
are those obtained from company records. 

15. 7 TRENDS 

A review of.,the electrostatic precipitator installations since 1945 
shows that the installed volume has increased steadily over this period 
from a 5 million,.acfm yearly average in 1945 to about 16 million acfm 

SOUTHERN RESEARCH INSTITUTE 
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Table 15. 8 

Summary of Operating Costs for Fly Ash Precipitators 

Gas Flow Rate 200,000 500,000 l million 2 million 
acfm acfm acfm acfm 

Electric Power $ 2, 075 $ 7,112 $ 11,500 $ 17,962 

Maintenance 4,250 10, 900 12, 500 20,000 

Operating Labor 2,400 3,200 4, 500 6,000 

Direct Operating Cost $ 8,725 $21, 212 $ 28, 500 $ 43,962 

Premium Charges 33,100 65,375 116,250 239, 750 

,,, 

Total Charges $41, 825 $86, 587 $144, 700 $283, 712 
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Table 15. 9 

Operating Costs for Precipitators for Electric Utilities 

Gas Flow Rate = 200, 000 acfm 

No. 1 No. 2 No. 3 No. 4 Average 

Electric Power $ 685 $ 1,810 $ 3, 8001 $ 2, 0001 $ 2, 075 

Maintenance 2,625 2,380 6, 0002 6, 0002 4,250 

Operating Laborl 2,400 2,400 2,400 2,400 2,400 

Direct Operating Cost $ 5,710 $ 6, 590 $'12, 200 $10, 400 $ 8,725 

Premium Charges4 34, 500 34, 500 32,000 31,400 33,100 

Total Charges $40, 210 $41, 090 $44,200 $41,800 $41, 825 

1 Power cost estimated from installed capacity at $0. 005/kWh. 
2 Maintenance cost estimated from Van Huffel and Walker. 
30perating labor estimated at 360 man-hrs per year .. at $.6 per hr. 
4Premium charge of 12. 8% of capital cost for depreciation and 

capital charges. 

SOUTHERN RESEARCH INSTITUTE 
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Table 15.10 

Operating Costs for Precipitators for Electric Utilities 

Gas Flow Rate = 500, 000 acfm 

No. 1 No. 2 No. 3 No. 4 Average 

Electric Power $ 7, 20()1 $ a, oofi $ 7, ooa1 $ 6,250 $ 7,112 

Maintenance 10, ooc>2 8, 5502 10,000 15,000 10, 900 

Operating Labor3 3,200 3,200 3,200 3,200 3,200 

Direct Operating Cost $20, 400 $19,750 $20,200 $ 24, 450 $21, 212 

Premium Charges4 ·64, 000 43,500 64,000 90,000 65,375 

Total Charges $84,400 $63,250 $84,200 $114,450 $86, 587 

1 Power cost estimated from installed capacity at $0. 005/kWh. 
2Maintenance cost estimated from Van Huffel and Walker. 
30perating labor estimated at 480 man-hrs per year at $6 per hr. 
4Premium charge of 12. 8% of capital cost for depreciation and 

capital charges. 
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Table 15.11 

Operating Costs for Precipitators for Electric Utilities 

Gas Flow Rate = 1 million acfm 

No. 1 No. 2 No. 3 No. 4 Average 

Electric Power $ 19, 8001 $ 15, 2001 $ 5, 500 $ 5, 400 $ 11, 500 

Maintenance 13, 3502 13, 9502 11,100 11,900 12, 500 

Operating Labor3 4, 500 4, 500 4, 500 4, 500 4, 500 

Direct Operating Cost $ .37, 650 $ 33,650 $ 21, 100 $ 21, 800 $ 28, 500 

Premium Charges4 100, 000 110, 000 128, 000 128,000 116,250 

Total Charges $137,650 $143, 650 $149, 000 $149, 800 '$144, 700 

1 Power cost estimated from installed capacity at $0. 005/kWh. 
2 Maintenance cost estimated from Van Huffel . .and Walker. 
30perating labor estimated at 675 man-hrs per year at $6 per hr; 
4 Premium charge of 12. 8% of capital cost for depreciation and 

capital charges. 

SOUTHERN RESEARCH INSTITUTE 
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Table 15.12 

Operating Costs for Precipitators for Electric Utilities 

Gas Flow Rate = 2 million acfm 

No. 1 No. 2 No. 3 No. 4 Average 

Electric Power1 $ 11,250 $ 10, 600 $ 30, 000 $ 20,000 $ 17,962 

Maintenance2 20,000 20,000 20,000 20,000 20,000 

Operating Labor3 6t000 6, 000 6,000 6,000 6,000 

Direct Operating Cost $ 37,250 $ 36,600 $ 56,000 $ 46,000 $ 43,962 

Premium Charges 4 192,000 196,000 251,000 320,000 239!750 

Total Charges $229,250 $232,600 $307,000 $366,000 $283,712 

1Power cost estimated from installed capacity at $0. 005/kWh. 
2 Maintenance cost estimated at $0. 01/acfm per year. 
30perating labor estimated at 900 man-hrs per year at $6 per hr. 
4Premium charge of 12. 8% of capital cost for depreciation and 

capital charges. 



in the period 1955 to 1965. From 1965-1969, there has been a sharp 
increase to about 50 million acfm average per year. The increase in 
precipitator capacity can be attributed to the increased emphasis in air 
pollution control caused by the enactment of the clean air act and the 
subsequent establishment of particulate emission criteria. These have 
resulted in the installation of higher performance precipitators as back 
fits or up grading equipment to meet more stringent codes. Another 
factor in the growth has been the increased electrical energy demands, 
which have grown at a rate of 8-10% per year. Although the growth of 
nuclear power was predicted to provide a greater portion of the genera-
ting capacity, the construction of nuclear plants has been slowed by vari
ous factors and coal fueled steam plants have been used to meet the demand. 

In addition to the potential application of nuclear plants, there are 
several alternative operating cycles for generating electricity with coal in 
large central-station power plants. The new operating cycles are in vari
ous stages of research and development at this point in time. Those which 
appear to be reasonably well along in the solution of technical problems and 
should be ready for use in. the next decade are: the high-temperature steam 
cycle; the high-temperature gas turbine-steam turbine combined cycle; the 
supercharged boiler combined cycle; and the MHD-steam combined cycle. 
Several of these schemes require high efficiency ash removal systems oper
ating at 1500-1700° F, and pressures in the order of 6 atmospheres (90 psia). 

Techniques for removal of sulfur oxides from power plant effluents 
<:an clrastically alter the performance of precipitators as well as the use 
of precipitators for fly ash collection. At this juncture, no decision has 
been reached as to the method or methods of sulfur oxide emission control 
that will be used. 

Removal of the iron pyrites from coal is one technique for reducing 
sulfur oxide emissions. This process would in effect lower the sulfur con
tent of the coal and in most instances would result in higher fly ash resis
tivities than would the untreated coal. Higher resistivity would tend to 
lower the precipitation rate parameter and require a greater collecting sur
face area to achieve a given efficiency. 

Injection of limestone into the boiler to react with the sulfur oxide is 
also being studied as a means of controlling sulfur oxide emissions. Tests 
indicate that the limestone injection doubles the dust burden to the precipi
tator and substantially increases the resistivity. The higher resistivity 

SOUTHERN RESEARCH INSTITUTE 
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dust would again increase the size and cost of a precipitator to achieve a 
given efficiency. 

Two processes being-considered. catalytic oxidation and· molten salt 
scrubbers. require cleaning of the gas before it contacts the catalyst or 
prior to entering the scrubber. High temperature precipitators 1700° F) 
would be suited to this type service. 

There is considerable interest in the use of high energy scrubbers 
for removal of 802 from the flue gas, and there are indications that partic
ulate removal can be achieved along with the removal of the sulfur oxides. 
If such proves to be feasible. wet scrubbers might replace electrostatic 
precipitators for some applications. However, the large energy require
ments necessary to handle th.e .. ,large gas flows •. the requirement for re
heating to restore plume bouy~ncy. ··.the increased corrosion potential. and 
the water pollution problems created would tend to put wet scrubbers in 
less favorable position. 

Other possibilities of control of sulfur oxides by fuel processing 
by methods such as solvent extraction, low temperature carbonization. 
or liquification. would alter the" requi.rements for particwate control 
and would influence both the application and performance of precipitators. 
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,CHAPTER 16 
ELECTROSTATIC PRECIPITATORS IN THE 

PULP AND PAPER INDUSTRY 

Electrostatic precipitators are used in the pulp and paper industry 
primarily to clean flue gases emitted by recovery boilers. These boilers 
are installed in all modern mills that use significant amounts of chemicals 
in the pulp- making process as a part of the recovery cycle. The develop
ment and application of this cycle, which permits recovery and reuse of 
chemical additives, has been instrumental in making chemical pulp 
processing e.conomically feasible. The electrostatic precipitator is an 
integral part' of the chemical recovery cycle of the pulp and paper mill, 
and its application has grown largely in proportion to the growth of the 
chemical pulping industry. It appears that this growth trend will continue 
and perhaps accelerate in the future. 

Virtually all paper and paper products manufactured in the United 
States are made from wood pulp. There are two basic techniques avail
able for reducing the logs to the pulp feed to the paper machine. These 
are: (1) mechanical means that use large grindstones to shred the logs 

1and groundwood refiners that produce mechanical pulp from chips, and 
'(2) chemical methods in which the organic materials are dissolved to release 
and separate the useful cellulose fibers which comprise about 50% of the 
raw wood. Chemical methods usually require reduction of the logs to chips 
by mechanical means prior to chemical processing. 

Many combinations and variations of these two pulping techniques 
have been developed, including one common method consisting of a mild 
chemical pre-treatment stage to soften the chips followed by mechanical 
action to separate the individual fibers. This process is known as the 
semichemical or chemimechanical method. 

A summary of the basic pulping processes in common usage is given 
in Table 16.1. The separation into three columns reflects the yield or 

' ' 

approximate precentage of raw wood that is made into pulp. It will be seen 
that mechanical methods, which pro9uce a less refined pulp, have the 
greatest yield, and chemical methods the least, with the semichemical in 
between. 
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Table 16.1 

Summary of Basic Pulping Processes 

Mechanical Semichemical Chemical 

A. Yield 90'/o+ 70-85% 40-60'/o 

B. Basic Fibers are Two-stage process: Fibers are separated by 
Process separated by chemical action at .elevated 

mechanical .L Chemical pretreatment pressure and temperature; 
means, using: (see below) followed by: lignin bonds between fibers 

2. Mechanical fiber separ- are dissolved. For yields in 
1. Artificial at ion (see left- hand 50-60"/o range, the chemical 

stone column) treatment is decreased and 
grinders the pulp is refined by tnechan- I 

2. Revolving (First stage is mild ical means. Principal chem- ~ 
~ 

disc application of any typi- ical processes are! cg 
I 

grinders cal chemical process 
3. Expansion - - see· list in right- hand 1. Sulfite (acid" neutral, or 

guns column- - neutral sulfite alkaline) 
4. Others most common, cold soda 2. Sulfate (alkaline} 

(rare) also used.) 3. Soda (alkaline) 

c. Typical 1. Newsprint 1. Corrugating medium for 1. Linerboard 
Products 2. Publication paperboard boxes 2. Newsprint (30'/o Kraft) 

grade (maga- 2. Newsprint (partial re- 3. Publication grade 
zine, book, placement for mechanical 4. Book papers 
etc.) .pulp) 5. Tissue 

3. Wall paper 6. Towelling 
4. Insulation '1. Bag 

board 8. Specialtytypes ..-
5. Building 

board 
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The principal chemical processes are sulfite, sulfate or kraft, and 
soda, taking their names from the active constituents of the cooking liquor. 
The liquor is applied to the wood chips in a steam- heated pressure vessel 
under carefully controlled conditions of temperature, pressure, and cooking 
time. Cooking dissolves the organic binder materials in the chips, re
leasing the cellulose fibers. Any of these methods can be used to soften the 
wood in the semichemical process by reducing the cooking time, tempera
ture, or amount of chemical charge and using mechanical means to separate 
the fibers. The sulfate and soda processes are always alkaline; the sulfite 
process can vary from highly acid to highly alkaline (the latter case is 
rather rare, however). 

Any of these pulping methods, mechanical, semichemical, or chemical, 
can have a bleaching stage to whiten the product. Bleaching is applied in 
varying degrees to make pure white papers such as fine writing and printing 
papers to the somewhat off-white colors of newsprint and pulp-type magazine 
papers. The sulfate process, when unbleached, produces the typical brown
colored wrapping, bag, and cardboard carton stock in everyday use . 

.... ,; 

A recent survey of chemical and semichemical mills in the United States 
showed the following breakdown by process usage . .. 

Table 16. 2 

A Survey of Chemical and Semichemical Mills in the United States 

Sulfate or Kraft (S04 ) 

Semichemical 
Sulfite (S03 ) 

Soda 
Other 

No. of Mills 
124 
48 
44 

3 
5 

2~4 

Percentage 
55.5 
21. 5 
19.3 

1. 4 
2.3 

100.0 

The mills listed as," other" represent a unique variation of the 
sulfite process in which magnesium is used as the base chemical instead 
of the more common sodium, calcium, or ammonium radical. 

The kraft process is a modification of the soda process in which the 
cooking liquor is a mixture of sodium hydroxide, sodium carbonate, 
sodium sulfide, and sodium sulfate; the make-up sulfur is supplied by 
additions of sodium sulfate (salt cak~). which is reduced to sulfide in the 
recovery cycle. This process has an economic advantage over the soda 
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process in that it yields a stronger pulp and is not limited in the wood 
species that can be pulped. Production growth of the kraft process since 
1940 has continued at a rapid pace, reaching nearly thirty million tons per 
year in 1965. Figure 16. l shows. pulp production in the United States by 
principal processes from 1900 to 1965. 1•

2 

The economics of the kraft process require recovery and reuse of the 
spent cooking chemicals and recovery of the heat content of the concen
trated spent liquor. This chemical and energy recovery is accomplished by 
combustion, which generates large volumes of flue gases. During com
bustion, a significant fraction of the recoverable chemicals is entrained as 
particulate matter with the flue gas; hence the widespread use of particulate 
collection devices. In view of the fact that application of electrostatic 
precipitators in the pulp and paper industry has been almost exclusively to 
sulfate pulp mills, this section will be limited to the sulfate process, with 
only a brief survey of the other processes. 

16. 1 PROCESS DESCRIPTIONS 

A summary of the chemical cooking processes is given in Table 16. 3. 
It gives the process name, active ingredients in the cooking liquor, and 

. approximate pH range of the liquor as originally introduced into the vessel 
that cooks the chips under conditions of elevated temperature and pressure. 
Note that the cooking process causes various chemical reactions as the 
liquors dissolve the organic binders and that, in general, these reactions 
tend to change the pH as the cooking proceeds. 

Soda process. Sodium hydroxide solution under pressure is the cooking 
liquor in this process, which took its name from the sodium carbonate used 
as make-up chem icaL From the 18501 s until around 1900, this process 
was the principal source of wood pulp in the United States and production 
continued to grow until about 1920, but has remained essentially static since 
then. This process never exceeded a production of about one- half million 
tons per year. 

Sulfite process (S03 ). The sulfite process has four principal variations 
in which the cooking liquor varies from highly acid to highly alkaline. The 
acid sulfite process has both sulfurous acid and a bisulfite compound in the 
cooking liquor. This gives it the characteristic low pH. The bisulfite 
method uses only the bisulfite compound, commonly sodium, calcium, or 
ammonium. Where calcium is used as the base. an excess of S02 is 

1Refer to the bibliography for this chapter. 
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Figure 16. 1. United States Production of Chemical and Semi-Chemical 
Pulps (1900-1965). . 
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Table 16. 3 

Surnrnary of Chemical Cooking Processes 

Active Ingredients in pH of 
Process Narne Cooking Liquor Cooking Liquor 

Acid Sulfite H2S03 + (X) HS03 1 - 2 

Bisulfite (X) HS03 2 - 6 

Neutral Sulfite (X) 803 + {X) C03 (may have (X) OH} 6 - 9 

Alkaline Sulfite (X) S03 + (X} OH (or Na2S) 10+ 
(rarely used) 

Sulfate (kraft) NaOH + Na2S + Na2C03 
13 - 14 

Soda (rarelJ:: used} NaOH 14 

X = Ca, Mg, Na, or NH3 
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required in the cooking liquor to maintain solubility of the calcium bisulfite 
at elevated temperatures. Other bases, such as sodium and ammonium, 
required little or no excess S02 , hence they can have higher pH values. 
Magnesium bisulfite is used in a few mills, and termed the magnefite or MgO 
process. Neutral sulfite includes a bicarbonate· as a buffering compound to 
neutralize the acidity of the bisulfite; this process is usually neutral or 
slightly alkaline. The alkaline sulfite method with a sulfide or hydroxide 
in the cooking liquor is rarely used. 

The first commercial pulp mills using this process were built in the 
United States during the 18801s and production from this process expanded 
much more rapidly than the soda process. For about thirty years, 
starting around 1900, the sulfite process dominated the chemical production 
of wood pulp in this country, reaching a level of about three to four million 
t ')ns per year. Since about 1940, growth in production has been only slight. 

Kraft pulping process (S04 ). In brief, this process consists of chemical 
and mechanical separation of the main components of wood; cellulose and 
lignin. The cellulose pulp is recovered as the product; the chemicals used 
in dissolving the lignin are recovered for reuse; and the other components 
are recovered as by-products or burned as fuel in the process. Losses 
from the system include some of the reaction chemicals and some of the non
cellulose components; these are discharged as waste in water or to the 
~:l:mosphere at various steps in the process. 

Figure 16. 2 is a simplified flow sheet for the production of pulp by 
the kraft met hod. 

Referring to Figure 16. 2, it can be seen that the kraft process is 
composed of several operations which include chemical digestion, 
filtration, washing, evaporation, black liquor recovery, and causticizing. 

In the chemical digestion process, wood chips are cooked in the 
digesters with a solution of sodium hydroxide and sodium sulfide. The 
chips and the cooking solution, called white liquor, are heated to about 
340°F and maintained at 100 psi for approximately 3 hours. During this 
time, hydrolysis of lignin and carbohydrates occurs, fats and res ins are 
saponified and made soluble, and the cellulose fibers (pulp) are left free 
and in suspension. In modern mills, digestion takes place in a continuous 
process. 
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Following digestion, the pulp is separated from the cooking solution 
and washed. Washing is normally accomplished by countercurrent water 
flow on vacuum filters. A minimum amount of water is utilized since all 
of the water must be evaporated to recover the chemicals. 

Filtrate from the washing operation, containing approximately 15% 
solids (black liquor), is processed for chemical recovery. While there are 
several variations in the evaporation-recovery operation, the following 
s;:stem is typical. 

The first step in the recovery cycle is the concentration of the weak 
liquor from 15% solids to a viscous solution of about 50% solids in multiple 
effect, steam-heated evaporators. Beyond 50% concentration, it is evapo
rated by exposure to direct heat of the flue gases from the recovery furnace, 
and concentrated to a solids content of 62 to 65%. 

Due to odor emission problems, there has been a design trend away 
from direct contact evaporation of black liquor with flue gases. This trend 
could have a significant influence on the electrostatic precipitation recovery 
systems for flue gases since the direct contact evaporator also acts as a 
wet scrubbing device. 

'" The recovery operation plays an important role in the economics of 
the kraft process. The recovery furnace has two main functions; (1) to 
convert spent cooking chemicals to a reusable form, and (2) to recover 
the heating value of the concentrated spent liquor. 

Concentrated black liquor is sprayed into the furnace where it is 
dehydrated by hot flue gases and the organic constituents burned. The 
liquor contains enough organic matter to burn and evaporate the remainder 
of the water, with some heat left over to produce steam in the furnace 
boiler. Depending on the particular design, the dehydration of the liquor 
takes place either during flight or after impact on the furnace tube walls. 
The ash collecting at the bottom part of the furnace is subjected to an 
oxygen deficient (reducing) atmosphere, and a smelt co~sisting chiefly 
of sodium carbonate and sodium sulfide is formed and continuously 
withdrawn to a smelt dissolving tank. The combustion of furnace gases 
is completed in the upper portion of the furnace by the introduction of 
secondary combustion air. 
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The combustion air creates a strong draft through the furnace and 
entrains appreciable quantities of particulate matter. The particulates 
consist ma inly of sodi11m salts which are valuable enovgh to •.arrant recovery. 

In most mills, particulate recovery is by electrostatic precipitation, 
and it is in this operation that most of the electrostatic precipitators 
utilized by the pulp and paper industry are found. 

The main product of the furnace is a molten smelt consisting primari
ly of sodium carbonate and sodium sulfide, which is subsequently dissolved 
and diluted to the des ired alkali concentration. This solution (green liquor} 
is then mixed with lime to convert the sodium carbonate to sodium hydroxide. 
At the completion of the step called causticiz mg, the solution (white liquor} 
containing sodium sulfide and sodium hydroxide is returned to the digester, 
and the precipitated calcium carbonate (limesludge) is calcined in a kiln 
and recycled. Particulate emission control on the lime kiln normally is 
accomplished by the use of wet scrubbing systems. 

16. 2 CHARACTER OF RECOVERY BOILER PARTICULATE EMISSION 

.Particle sampling_ and size distribution analysis. Because of the extreme 
fineness, hygroscopic nature, and impaction characteristics of the dust. it 
is difficult to collect a sample in the field and transport it to the laboratory 
for analysis. However. the following technique has been developed and used 
successfully. 

3
'
4

'
5 A gas sample is drawn from the main flue system ahead 

of the precipitator through an insulated sampling probe at a high flow rate 
to prevent condensation of water vapor. The sample is introduced into a 
small, heated, point-plane electrostatic precipitator. in which the collecting 
electrode is a copper mesh electron microscope target. The precipitator 
is energized for sev~ral seconds, de-energized, and the tar•t returned 
immediately to its capstµe to protect it from moistu~ and mechanical 
effects. The precipitated dust on the target is magnified in an electron 
microscope and pictures made of the resulting image for particle sizing. 

Photornicrographs of typical samples used_ in particle size and 
physical characteristic analyses are shown in Figures 16. 3, 16. 4, and 
16. 5. Figure 16. 6 shows the count distribution of the sample in Figure 16. 3. 
while Figure 16. 7 is a logarithmic probability plot of a composite of several 
samples taken at the same location. These results show a log normal 
distribution, with a median diameter of 0. 42µ (by number). As discussed 
later, flue gas conditions may exert pronounced effects on particle size 
and shape as illustrated by Figures 16. 4 and 16. 5, photomicrographs taken 
at different locations. 
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F igure 16 . 3. T emperature, Approxi mately 350°F . 
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Figure 16. 4. Temperatur e , Appr oximately 280°F. 

Photomi crographs of P a rticles Collected from a Pulp Mill Recovery Unit 
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Photomicrogr aph o f Par ticles R e s ulting from Mixing 
of Gas e& and Dust. 
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Figure 16 . 6. C ount Di s t :c.i.h-..;tion of the Sample in Figure 16.3. 
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Physical characteristics. These micrographs present an interesting 
interpretation of experience with paper mill dust characteristics. It has been 
noted that recovery furnace emissions appear to have a critical temperature 
characteristic. In some mills the dust is light, easily handled, transported 
in the flue systems, and easily rapped off the collecting electrodes in the 
precipitator, while other mills produce a sticky or heavy material which 
tends to build up in flue systems and is difficult to clean off the precipitator 
collecting electrodes. The pictures presented here illustrate this critical 
temperature concept. 

Figure 16. 3 represents a dust sample taken at a gas temperature of 
approximately 350-3600F, representing the solidification of the fume as 
suspended in the furnace gases. Note that the material is all in spherical 
form. Figure 16. 4 is a sample taken at a lower temperature of approxi
mately 280-290°F. It is conjectured that this temperature is below the 
hydration or adsorption point for particles of this fineness and chemical 
make-up, i.e., the particles act as "condensation nuclei" for the flue 
moisture which, at this particular plant, varied between 25 and 35% by 
volume. The particles hydrate and create the cryst~lline structure as 
shown. 

Figure 16. 5 is a sample taken from a flue after the gases and dust 
of Figures 16. 3 and 16. 4 had been thoroughly mixed. The resultant tempera
ture increase to 310-3200F partially dehydrated the crystals of Figure 16. 4. 
Several bars are seen and indicated by arrows in Figure 16. 5. It is felt 
that these bars are the result of a rapid dehydration of the sharp points of 
the original crystals. 

A logical conclusion is that the sticky, heavy material encountered 
at some plants is similar to that shown in Figure 16. 4, while the light, dry 
material is like that shown in Figure 16. 3. The critical temperature may 
vary from plant to plant depending upon the percent moisture in the gas, 
fineness of the dust, and its chemical characteristics. At this particular 
plant, the critical temperature appears to be about 3100F. 

Chemical composition. The particulate emissio~ from the .re~overy 
furnace in the sulfate process is comprised of alkali salts, principally 
sodium sulfate. A range of constituents found in a typical dust is as 
follows: 



Constituent 

NaCl 

Sulfides 
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Range 
( % by weight) 

75-90 

7-22 

1-1. 5 

0. 5-1 (ASNa2S) 

0.1-0.2 

The dust as collected is extremely light in weight, averaging about 
9 lb per cu ft when freshly precipitated, and about 30 lb per cu ft when 
packed. 

Electrical resistivity. Figure 16. 8 shows the electrical resistivity of 
salt cake (laboratory measurements). Results were obtained with only 
1-2% moisture in the air. Figure 16. 9 shows results of reagent grade 
sodium sulfate (anhydrous) for a range of moisture from 0 to 30% by volume. 

There is little or no information available on the resistivity of salt 
cake measured in situ, and the data presented here only serve as a guide. 
In general, the moisture content of the exit gas from a recovery boiler 
is of the order of 20-40%, hence resistivity in the neighborhood of 1C>9 
ohm-cm could be expected. 

No instances of difficulty attributable to high resistivity have been 
noted which, along with the difficulty in measurement, probably accounts 
for the lack of field resistivity measurements. 

16.3 CHARACTER OF SULFATE PROCESS FLUE GASES 

Typical characteristics of the inlet gas composition to the electro
static precipitator are as follows: 
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Figure 16. 8. Electrical Resistivity of Salt Cake (Laboratory 
Measurement with 1-211/o Moisture in Gas). 



e 
(,I 
I 

a .c 
0 

>. 
~ 
.~ ... 
rn .... 
rn 

~ 

-434-

lxl0
12 -t----------~------~----------------------------------------------------~-----1-

lx1011 

lxl010 

lxl09 

lxl()a 

lxl()T 

lxlO' 
() 

___ .,_ __ Cascade Outlets (85% NaJ)0
4

) 

0 

5 

~ Commercial Grade 
Na2C05 

C. P. Anhydrous 
Na2S04 

NOTE 
Recovery furnace flue gas 
typically 20-40% by volume 

10 15 20 25 
Moisture in Gas, Percent by Volume 

30 
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Component 

co 

Mercaptans 

Sulfides 

Temperature 

Dewpoint 

Pressure 

Dust Concentration 

81 

16.4 

0.1 

2.5 

Trace 

Trace 

260-3200F 

135-180°F 

Volume % (dry) 

20-40 (by volume) 

Atmospheric 

1-9 grains/std cu ft of 
dry flue gas (typically, 
3-6 grains/scfd at the 
precipitator inlet). 

16. 4 HISTORICAL DEVELOPIVIENTS OF ELECTROSTATIC 
PRECIPITATORS FOR RECOVERY FURNACES 

The use of electrostatic precipitation for the collection of particle 
emissions from the recovery furnace commenced shortly after the develop
ment and adoption of the spray type recovery furnace and auxiliary evapo
rative equipment in the late 19301s. Following this commercial introduction 
in 1939, dry bottom electrostatic precipitators, illustrated in Figures 
16. 10 and 16. 11, were utilized in all precipitator installations until 1948 
when the "wet bottom" precipitator was introduced. In dry bottom precipi
tators, the collected dust is accumulated in dry pyramidal-type hoppers. 
The wet bottom precipitator, shown in Figures 16. 12 and 16. 13, was 
designed to avoid problems associated with collecti~g and redissolving 
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----Indicates Inflowing Gas 

Indicates Outflowing Gas 

Figure 16.10. Vertical Flow Salt Cake Precipitator With Dry (Hopper) 
Dust Re moval System. 
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Figure 16. 11. Typical Dry Bottom Electrostatic Precipitator Recovery 
Boiler Installation. 
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Figure 16. 12. Vertical Flow Salt Cake Precipitator with Wet 
Bottom Dust Removal System. 
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of salt cake. The wet bottom system takes advantage of the fact that the 
salt cake is more readily soluble in less con.centrated (50%) liqu'.or. This 
solution is pumped into the collection hopper where the electrode rappings 
fall. thus facilitating collection, removal, and redissolving of the recovered 
dust. 

Dry bottom precipitators have been primarily of the vertical flow type 
with general construction features shown in Figures 16. io and ·'16. 12. 

The precipitator shell w.alls we;e constructed of hollow, vitrified, 
glazed tile·, with the voids filled with concrete and reinforcing rods to give 
a solid masonry wall of8" thickness. The roof of the precipitator was an 
8'' thick, concrete slab, suitably reinforced. Either structural steel or 
masonry walls were used to support the entire shell. The collecting 
electrodes wer~ of the rod curtain type, each consisting of a series 'of 
vertical parallel rods, 3/8" diameter, al}d spaced on 1-1/2" centers. These 
rods were supported in a pipe framework, suspended in the precipitator at 
equal spacing to form ducts or gas passages 10" wide through which the gas 
passed'. In the center of each of these ducts was suspended a series of 
discharge electrodes. held taut by weights at the bottom, and the entire 
system of discharge electrodes was encompassed at the bottom by a wire 
steadying framework. These discharge electrodes were suspended at the 
top from an insulated high tension supporting framework. 

Both the collecting and dis charge systems were equipped with 
air operated vibrators for removing the collected dust from the electrodes. 
The hoppers at the bottom were usually constructed of steel which was heat 
insulated and steam traced to prevent 'moisture condensation with subsequent 
cake plugging problems. 

Wet bottom precipitators. To alleviate the plugging problem, the wet 
bottom precipitator was conceived and is now used throughout the pulp and 
paper industry. In this system, the 50% liquor from the multiple-effect 
evaporator is pumped into the bottom of the precipitator where the collected 
particles fall and are dissolved as shown in Figure 16. 13. 

Present day precipitator design utilizes a horizontal flow type unit as 
shown in Figure 16. 14. This arrangement provides more electrical section
alization and longer treatment time for greater efficiency. Shell construction 
is of tile, concrete, or specially insulated and painted steel. 
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Figure 16. 14. Horizontal Flow Salt Cake Precipitator with.Wet 
Bottom Dust Removal System. 
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Several recovery boilers have been installed without an electrostatic 
precipitator. These systems use high energy venturi scrubbers as shown 
on Figure 16. 15. The 50% liquor from the multiple-effect evaporator is 
pumped into a venturi scrubber on the main flue gas line from the boiler 
where particulate matter from the flue gas is scrubbed out and dissolved in 
the liquor. The stream is then routed to a cyclone separator where the gas 
is separated and sent to a stack, and concentrated liquor is pumped to the 
salt cake mix tank. 

The principal disadvantage in this system is the high power required 
due to the high pressure drop on the flue gas. The emission of saturated 
gas from the stack can also be a problem. 

Figure 16. 16 shows a system utilizing both a cyclone evaporator and 
an electrostatic precipitator. In this system, the flue gas passes through 
a cyclone evaporator where it is scrubbed by the 50% liquor from the evapo
rators in a tangential inlet spray system. The flue gas then goes to an 
electrostatic precipitator for further particulate recovery. The precipitator 
is generally a wet bottom type and uses 50% liquor from the multiple- effect 
evaporator for collecting the rappings. The liquor is concentrated to 
approximately 65% solids in the cyclone evaporator by the action of the hot 
flue gas. It is then pumped to the salt cake mix tank for feeding to the boiler. 

Contact of the black liquor with the effluent gases appears to be a 
major contributing factor in the relase of odors from paper mills. Because 
of the emphasis on odor control, recent recovery boiler designs. do not 
utilize direct contact evaporators. Instead, the flue gas is cooled in air 
preheaters or enlarged economizer sections in the boiler. 

Factors affecting use of electrostatic precipitators in the pulp and paper 
industry. The type of wood cooked, the yield, and the type .of paper to be 
made from the pulp all affect the cooking procedure in the kraft pulp mill. 
These factors also affect the amount of emissions from the recovery boiler, 
which, in turn, affects the use of a precipitator. 

A large portion of the pulp made today is bleached, which requires 
that the pulp be cooked to a lower yield. In turn, this requires more 
cooking liquor and more recovery of chemicals. Therefore, a mill 
making all bleached kraft requires a larger precipitator for the same 
tonnage of pulp than an unbleached kraft mill. 
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The main types of unbleached kraft produced are bag paper and 
linerboard for the manufacture of cardboard boxes. The bag paper requires 
more cooking than the linerboard from which the highest yield of all the 
kraft paper is obtained. Therefore, a bag paper plant would require more 
recovery of chemicals and larger precipitators than a plant producing 
liner board exclusively. 

The semichemical mills, if they do not produce kraft paper in the 
same mill, would need very little recovery of chemicals and may (if 
ammonia base cooking is used) eliminate the need for a precipitator, since 
a very small amount of particulate matter is emitted. 

Some of the larger sulfite mills, especially those using magnesium 
base chemicals, are now installing chemical recovery boilers and must use 
precipi ta tors. 

16. 5 PRECIPITA TOR APPLICATIONS 

The use of electrostatic precipitation for salt cake recovery in the 
United States has generally paralleled the growth of pulp production utilizing 
the sulfate or kraft process. Figure 16.17 illustrates this growth pattern 
for the period from 1939 through 1969. 

It is estimated that a total of approximately ·278 recovery boilers has 
been installed since 1936. Of those, approximately 181 have been equipped 
with electrostatic precipitators, handling a total of about 35 million cu ft of 
gas per minute. A summary of pulp mill recovery systems in the United 
States is given in Table 16. 4. 

Figure 16. 18 shows' the installed precipitator gas volume over the 
1939-1969 period, and the average volume handled for 5-year increments. 

Economics. Precipitator costs on an FOB and erected cost basis are 
shown in Figures 16.19 to 16. 21. The FOB costs are the flange-to-flange 
precipitator costs corrected to 1969 dollars on the basis of the average 
wholesale price index. FOB costs are plotted for all installations for 
which data were available, and cover efficiency ranges from 90 to 99+%. 
Erected cost data include cost of the precipitator, foundations, and 
erection. 
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NOTE -
(1) Numbers in parenthesis are 

percentages of total. 
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Figure 16. 17. Estimate of Total Sulfate Pulp Production with 
Electrostatic Precipitators Installed on Recovery 
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TABLE 16. 4 

SUMMARY OF PULP MILL RECOVERY SYSTEMS 

Number of Precipitator Precipitator Evaporator 
Recove!Z Boilers Installed Bottom Tme 

Acid Soda Semi-
Rei ion so. ~ (NaOH) Chem. MgO Yes No Wet Q!Z Cascade Cyclone Venturi 

NORTHEAST 22 13 9 5 3 1 5 
2 2 2 2 3 2 3 l 2 

Maine, Mass •. 
N. H •. N. J., 
N. Y., Pa •. 
Md. 

T2tals 22 2 2 2 2 16 TI 8 3 2 7 

SOUTHEAST 143 108 35 47 30 9 15 
1 6 3 4 

Va., N. C., 
S. C., Ga., 
Fla., Ala., 
Miss., Ky., 
Tenn. 

Totals 143 1 6 111 39 4'l 30 9 15 I 
~ 

SOUTHWEST 51 28 23 19 
~ 

14 20 8 -.J 
3 3 I 

La •• Ark., 
Tex., Okla. 

Totals 51 3 31 23 19 14 20 8 

MIDWEST 12 9 3 8 1 3 
4 3 2 4 2 2 2 1 

Mich. , Ohio, 
Wisc., Minn,, 
Ind., Iowa 

1T Totals 12 4 3 7 10 3 2 4 

NORTHWEST 42 20 22 13 6 4 9 
2 1 10 1 12 2 2 

Wash •. Ore., 
Idaho, Mont. ; 
Alaska 

8 6 Totals 42 2 1 10 21 34 13 9 

FAR WEST 8 3 5 4 2 

Calif. , Ariz. 
Totals 8 3 5 4 2 

GRAND TOTALS 278 8 3 15 12 193 119 9'l 58 43 45 
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FOB cost data indicate the increase in cost for precipitators designed 
for 99% efficiency over that for lower efficiency units. Howeve·r, sufficient 
data are not available to statistically differentiate the higher costs associ
ated with the higher efficiency precipitators. Since more information is 
available on erected costs, the higher costs for precipitators designed for 
g~eater than 99% efficiency are apparent. In the 90-95 and 95-99% range. 
variations in costs as a result of other factors mask the effect of efficiency 
variations. Consequently, the data are plotted on the same curve vvith the 
e~ficiency range noted. 

Variations in costs of precipitators for recovery boilers can be 
attributed to a number of factors, the most important ones being: 

(1) The size of the precipitator as related to dust characteristics 
(resistivity, particle size) and gas conditions (temperature, which in
directly affects dust resistivity. moisture content); 

; (2) The geographical location of the installation particularly for 
erected cost, since labor costs vary greatly throughout the country; 

(3) The pricing-profit policy of the various competitors bidding 
o~ the job; 

(4) Whether the installation is a backfit, rebuild, or upgrading of 
a.n existing installation, which may require additional engineering cqsts 
to'" shoehorn" the precipitator into the overall installation; 

(5) Whether the installation is ground level, above ground level, 
indoors, outdoors, etc.; and 

(6) Whether the precipitator is a wet or dry bottom, stainless 
steel or tile shell. 

The overall average precipitator costs (where data are available) for the 
two' 5-year increments from 1960 through 1969 have been summarized in 
Table 16. 5 .. and graphically shown in Figure 16. 22. The majority of the 
installations are contracted for on an erected basis, thus the lack of FOB 
costs. 

Qperat.ing costs. Practice varies between plants on the labor allo
cated to the maintenance of electrostatic precipitators in pulp and paper 
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Table 16. 5 

Electrostatic Precipitator Costs 
(1960 through 1969~ 

Gas Volume Design Eff. 
Range in Prorated on Cost in cents I acfm 

Year 10001s acfm acfm Bas is - o/o Erected FOB 

1960 60-160 94.8 156 (7) No data 

1961 '10-300 9'1. '1 121 (3) 62 (1) (a) 

1962 78-211 95.9 150 (6) 46 (2) 

1963 49-180 94.2 13'1 (6) 72 (1) 

1964 85-360 97.0 171 (7) 69 (4) 

1965 90-305 97.2 125 (9) No data 

1966 120-868 98.2 113 (9) 86 (3) 

1967 105-263 98.7 150 (4) No data 

1968 105-355 99.0 166 (13) 163 (1) 

1969 120-325 99.5 186 (7) No data 

Overall 97.7 149 Averages 88-333 77* 

Average 
68-242 96.2 151 63* 1960-1964 

Average 
108-423 98.4 148 105* 1965-1969 

Note: (a)Numbers in parenthesis are sample siz~, i.e. number of installation 
contract prices averaged to obtain indicated costs/acfm (all precipi-
tator manufacturers represented). 

* Based on incomplete data above. 
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mills. In general, precipitators are cleaned and inspected during normal 
plant shutdowns, which often correspond to national holidays, which means 
that there are 6-10 maintenance periods per year. In addition to these 
scheduled periods, removal of broken wires and adjustment and servicing 
of rappers require maintenance labor. 

Precipitators operate unattended for the most part, and operating 
labor is not generally charged against the precipitator costs, although log 
keeping and periodic adjustment of controls do require some time. 

Table 16. 5 shows the total operating costs computed for two recovery 
boiler precipitators handling gas flows of 250, 000 and 100, 000 cfm. Mainte
nance costs were taken from records of two plants and constitute around 
1, 000 man hours per year for the 250, 000 cfm unit, and 650 man hours for 
the 100, 000 cfm precipitator, assuming $6. 00 per man hour labor costs. 

Power consumption was based on the power used, as computed from 
the data shown in Figure 16. 23. Computation was based on 7., 000 hours 
operation per year and $0. 005/kWh energy costs. The energy costs do 
not include draft fan power. Capital costs were based on 12. 8% of the total 
precipitator investment, which was computed on the basis of the data given 
in Figure 16. 20 (99% erected cost curve). 

Case 1 . Case 2 

Gas flow, cfm 250,000 100,000 
Efficiency, % 99 99 
Maintenance costs, $ 5,929 3,850 
Precipitator power used_ kW 150 60 
Precipitator power costs, $ 5,250 2,120 
Operating labor 
Capital costs. $ 56,400 32,000 

Total Annual Costs, $ 67,579 37,970 

16. 6 SUMMARY OF PRECIPITATOR OPERATING CONDITiONS 

Operating conditions from electrostatic precipitator installations on 
recovery furnaces in the sulfate pulp industry have been summarized in a 
series of histograms. Figures 16. 24 through 16. 28 represent the frequency 
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Figure 16. 28. Distribution of Precipitator Design Electrical Field Strength. 
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of appearance of the particular parameters indicated. ·Included in the five 
parameters ar~; gas velocity, inlet dust loading, input power, gas tempera
ture, and electric field strength. 

The data have been divided into two time periods, 1939 through 1954 
and 1955 through 1967. In addition, the gas volume flow handled within each 
interval has been included. 

16. 7 ASSESSMENT OF THE STATE OF THE ART 

Resume of contemporary practical design methodology. The following 
is a resume of practical design methodology for selecting electrostatic 
precipitation equipment to remove salt cake from recovery furnace gas 
effluent. There are five basic technical considerations in specifying 
precipitation equipment for this application, namely: customer specifications, 
precipitator type and size, electrical energization equipment, type and 
quantity of electrode rappers, and precipitator dust removal system. 

Ideally, design methodology should result in specifying equipment that 
first satisfies the requirements of the customer. and second, is either within 
economic limitations of sound competitive bidding or can be economically 
;justified for noncompetitive situations. Nearly all proposed salt cake col
lection equipment at this time involves both competitive bidding and guaran
teed performance requirements, which essentially forces equipment manu
facturers to continually upgrade their design methodology to more accurately 
predict the performance of specified equipment. Due to the competitive 
situation, equipment manufacturers consider the details of design method
ology as proprietary information, each having their own repertoire of design 
factors and detailed methodology. Thus, the resume presented is general 
in nature including basic parameters believed to be common to all equipment 
manufacturers .and omitting proprietary detail which varies among manu
facturers. The resume is also limited to the precipitator only and does not 
cover other items such as flues, support steel, etc., many times included 
in a purchase order. 

Customer requirements. Customer requirements are generally 
presented as formal or informal specifications. Typically, formal speci
fications state the problem to be solved as well as any special design 
requirements. Key items expected from the customer include: type and 
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number of boilers, gas volume to be treated. gas temperature, efficiency 
required, space limitations for equipment, and structural requirements. 

In effect. contract operating conditions, extent of equipment to be 
supplied, and structural requirements are outlined, thus giving sufficient 
information for equipment manufacturers to propose equipment required to 
meet a specific problem or application. 

Precipitator tyPe and size. Precipitators for salt cake collection are of 
the horizontal flow, plate type having a casing of rectangular configuration. 
The design may utilize either insulator compartments or penthouse type 
construction for enclosing high voltage insulators. Typically, the trans
former- rectifiers are mounted on the prec ipitator roof' with control equipment 
located indoors at a convenient location. The number of bus sections, cells, 
fields, and chambers of the precipitator are consistent with the design and 
size requirements for a given application. 

The general approach to the design of electrostatic precipitators for 
the pulp and paper industry follows Method 1 as described in Chapter 9 of 
Part I on Fundamentals. The selection of the precipitation rate parameter 
is based on the past experience of the company, but the variation in the 
value is much smaller than that for electric utili~ies. A histogram of the 
precipitation rate parameter for a group of 15 installations is shown in 
Figure 16. 29. The limited range for the value for this parameter is 
thought to be associated with the very similar particle size distribution, 
chemical consistency and values of resistivity below the critical range of 
2 x 1010 ohm-cm for the recovery boiler in the pulp and paper installation. 

The linear relationship between the precipitation rate parameter 
and power density on the collection electrode that was evident in the electric 
utilities is not evident from the limited data available for pulp and paper 
installations. Figure 16. 30 shows that this parameter is almost independent 
of power density for the 15 installations where data were available. 

The determination of the collection electrode area is made from the 

Deutsch-Anderson efficiency equation, Y1 = 1 - exp (- ~ w). The efficiency 
. v 

is specified at a particular flow rate; and the precipitatfbn rate parameter 
has been estimated. The collection electrode area A then computed from 
solving the efficiency equation 

Vg 100 
A = -In ---w 100 - II • 
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The significance of the rather limited range of precipitation rate 
parameters for pulp and paper is in the fact that the uncertainty in the 
performance of a new installation is significantly reduced over that for 
an electric utility installation. Figure 16. 31 shows the variation in collection 
efficiency that could be expected for the range of uncertainty in the precipi
tation rate parameter reported from 11 installations. If one selected a 
precipitation rate parameter of 8 cm/sec and designed for a collection 
efficiency of 97%, the minimum collection efficiency attained for data from 
these 11 installations would be about 93%. 

Having established the square feet of collecting electrode area 
required, the designer proceeds to select a specific precipitator size 
consistent with other practical aspects, such as: space limitations, 
if any; flue openings consistent with good flue configurations; practical 
ratios of plate length to height; and number of fields and sections required. 

Most manufacturers attempt to specify a so-called standard precipi
tator, i.e .. one consisting of standard collecting plate sizes, duct sizes, 
etc. 

Electrical equipment. Equipment manufacturers through past experience 
develop confidential power requirements in terms of power input to the 
precipitator for the efficiency required. Most generally, these curves take 
the form of efficiency versus watts per 1000 cfm of gas to be treated. 

The data shown in Figure 16. 30 have a greater spread than for fly 
ash precip1tators. The spread is due principally to the lack of measured 
input power data; some of the data shown are estimated power requirements 
supplied by the precipitator manufacturer, as opposed to field measured 
data. Minimum input power levels used as a rule of thumb ar·e about O. 2 
kW /1000 cfm for 90% efficiency, and around O. 8 kW/1000 cfm for 99. 9% 
efficiency. Installed power supply capacity is generally larger than the 
estimated power input to accommodate changes in voltage-cur;rent re
quirements due to variation in dust and gas properties. 

The degree of sectionalization also enters into specifying electrical 
equipment. In general, the degree of sectionalization is kept at. a minimum 
depending on the difficulty of the problem and economic considerations. 

Electrical equipment is, therefore, specified as a balance among the 
following; the input power required for a given efficiency; the degree of 
sectionalization required for the specific application: and economic con
siderations. 
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Electrode rappers. The type of collecting electrode rapper depends on 
the nature of the dust collected. In most instances, a heavy duty vibrator 
type rapper operating sequentially with the other rappers is specified for 
the salt cake application. The rappers are adjustable in vibration intensity 
and frequency of operation, and are generally field adjusted for maximum 
performance. 

Dust removal system. Nearly all modern salt cake precipitators are 
equipped with the "wet bottom" type removal system. A few speci~y the 
dry drag bottom type. 

16. 8 GENERAL OBSERVATIONS AND DISCUSSION OF TRENDS 

State of the art of the pulp and paper industry. 6 '
7

'
8

'
9 The present state 

of the art of the pulp and paper industry can be summarized as follows. 
Chemical recovery units now in operation handle black liquor from approxi
mately 1500 tons of air-dried pulp per day, producing steam at 1500 psig 
and 925°F. They are usually the only chemical recovery units installed in 
the mills, and therefore must be capable of continued operation between 
scheduled mill shutdowns. In the ~1eriod from 1965-1969, the average 
size recovery unit sold was for 545 tons per day of air-dried pulp, 
compared to about 150 tons per day in the 1939-1944 era. Recent emphasis 
on air pollution has resulted in requirements for elimination or drastic 
reduction of malodorous emissions, and 99+% removal of particulate from 
recovery unit flue gas. New 11 dry" type furnace systems have been developed 
which promise a high degree of odor removal by revised firing techniques, 
use of high efficiency economizers, and elimination of direct-contact of the 
hot flue gas with the black liquor fuel in the heat recovery steps. Theoe 
systems may require prec ipitator changes such as dry-bottom dust removal 
equipment and higher efficiency to maintain the same level outlet particulate 
emissions as were achieved previously in the combination dire~t-contact 
evaporator and wet-bottom precipitator. 

One of the problems associated with the use of electrostatic precipi
tators on paper mill recovery boilers is the occasional emission of light 
sulfate particles or flakes. The condition is called snowing. The parti
cles settle out rather rapidly in the vicinity of the plant. 

The condition of snowing can be caused by sudden release of parti
cles accumulated in the duct work, by heavy rapping, by high gas velocities, 
or by overload of the precipitator by increased recovery boiler throughput. 
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Use of .low cne rgy He rubbers following the Plectro:-; lal le p rec ipi ta tor 
is sometimes used to eliminate the ::mowing problem. 

Precipitator trends. Trends in the use of electrostatic precipitators 
for the control of particulate emissions from the pulp and paper industry 

-show a continuing increase since about 1945. This increase, shown graphi
cally in Figure 16. 32 is caused by two factors; the increase in pulp and 
paper production and the increase in the requirement for particulate control 
brought about by air pollution control legislation. This trend is expected 
to continue for the next several years. 

Trends show an increase in the ability of manufacturers to predict 
the actual performance of precipitators for pulp and paper installations. 
A measure of the ability to predict this performance is by the ratio 
performance to design of the precipitation rate parameter. Table 16. ,6 
and Figure 16. 33 show an increase in the percentage of installations w.ith 
an R value of 1 in the more recent years. ' 

The significance of an R value of l is that the precipitator is neither 
too large nor too small. Thus, the purchaser should be able to effectively 
control the emissions without the need to purchase more precipitator than 
actually required. An R value greater than 1 means that the precipitator 
size is larger than actually required, while an R value less than 1 means 
that the performance guarantee was not met. 

The design efficiency for the time that economic and operating data 
are available increased from an average of about 96. 2% in the 1960-64 
period to an average of about 98. 4% in the 1965-69 period; current 
specifications often demand efficiencies in excess of 99%. When viewed 
in terms of particulate emission, assuming a constant inlet loading, the 
loss has been reduce_d on the average by about 87%. If all other factors 
remain constant, theory predicts an increase in the size of the precipitator 
by a factor of about 1. 6. 

Current trends in the design of the recovery section include the dis
continuation of the practice of moisture reduction by direct contact 
between the black liquor and the hot flue gas. This direct contact process 
tends to increase the odor emissions from the installation. A second 
effect of the direct contact process 0is to control particulate emissions 
since the black liquor droplets provided a wet scrubbing action. With 
the removal of this mechanism of particulate emission control, increased 
collection efficiency will be required in the electrostatic collector. 

SOUTHERN RESEARCH INSTITUTE 
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Figure 16. 32. Accumulative Distribution of Precipitator Gas Volume". 
(1939-1969). 
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Table 16. 6 

Precipitator Costs 
(1965 through 1969) 

Gas Volume Range - Ivlillions acfm 
Efficiency < 0. 100 0.100-0.299 0.300-0.499 

Range FOB Erected FOB Erected FOB 

99.0+ No No 117 178 No 
Data Data (5) (21) Data 

97. 0 - 98. 9 No 189 70 151 No 
Data (1) (1) (7) Data 

90. 0 - 96. 9 No No No 91 No 
Data Data Data (1) Data 

Note: (a) Costs are cents I acfm 

(b) Numbers tn parenthesis are sample size i.e., 
number of installation contract prices averaged 
to obtain indicated costs/acfm (all precipitator 
manufacturers represented). 

Erected 

121 
(5) 

102 
(2) 

91 
(2) 

>CJ. 500 
FOB Erected 

No No 
Data Data 

No 94 
Data (2) 

No No 
Data Data 

I 

~ 
-;J ... 

I 
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The tendency to install larger recovery boilers also tends to 
increase the demand for electrostatic precipitators. In the past, high 
energy venturi scrubbers were used, in some instances, for controlling 
particulate emissions in the smaller units. The large units are almost 
exclusively controlled by electrostatic precipitators. 

There is also a trend toward the increased production of bleached 
pulp. Bleached pulp operations require a larger precipitato:r than do the 
unbleached ones. 

The above factors point to an increased use of larger electrostatic 
precipitators in the pulp and paper industry through the foreseeable future. 
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CHAPTER 17 
ELECTROSTATIC PRECIPITATORS IN THE 

IRON AND STEEL INDUSTRY 

17. 1 INTRODUCTION 

The applications of electrostatic precipitators in the iron and steel 
industry have been principally in the processes of iron production, coking, 

1 sintering, steelmaking, and iron melting in foundry cupolas. 

Iron was first produced in this country during the Colonial Period 
(1645-1700) by the reduction of iron ore in charcoal furnaces. In 1834, 
a process utilizing what is termed a hot blast furnace was introduced. 
This was the. forerunner of the modern blast furnace, which is still the 
primary process used in the reduction of iron ore. 

The invention of the Bessemer converter in England in 1856 was a 
milestone in the production of steel. Foliowing its introduction in this 
country, production of steel by the Besserper converter steadily increased 
until in 1867, when production reached 3000 tons. The openhearth process. 
invented in England in 1868, soon began to replace the Bessemer converter 
until in the 1950's, when over 90% of the steel produced in this country was 
by the openhearth process. The electric furnace, introduced in the 
United. States about 1905, provided a third ·means of steel production, a'nd 
'this method has continued to increase in importance. 

Early in the 1950' s, the top blown converter, basic oxygen furnace 
(BOF), or" LO process, was introduced, and because of its high production 
rate. has rapidly become a major steelrnaking process. Estimates for 
1980 show about 25::-30o/o of the steelrnaking will be carried out in electric 
furnaces, 65-70% by the basic oxygen process, and 5% by the open hearth 
process.. The ·Bessemer converter has essentially disappeared as a method 
of steelmaking. 

Figure 17. }. is a flow chart showing the steps in the steelmaking 
process from the basic raw material and scrap input to the finished product. 
In a typical steel plant, there are about 10 major areas in which dust or 
fume is generated, and for which dust control equipment is required. A 
discussion of each .of ·these areas is given in the subsequent sections of this 
chapter. 

SOUTHERN. RESEARCH INSTITUTE 
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Figure 17. 1. A Flow Chart Showing the Steps in the Steelmaking Process 
From the Basic Raw Material and Scrap Input to the Finished 
Product. 
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Figure 17. 2 shows the rates of steel production by the various 
processes, and the total steel production for the period 1920 to 1969, with 
p7ojection for the period 1969-1980. Figure 17. 3 shows the production of 
steel, pig iron, and steel scrap used during the period 1920-1969. 

Raw materials handling and preparation. The raw materials used in the 
production of iron are iron ore, limestone, and coal. These products are 
normally shipped by rail or barge to the blast furnace. The problems 
associated with the crushing and handling of iron ore and limestone are 
typical of those in quarrying and handling of bulk materials ... Electrostatic 
precipitators are not normally associated with control of dust from these 
operations. 

! 

Before being charged into the blast furnace, the coal must be coked. 
This operation can produce particulate, as well as gaseous, emissions. 
Coking is a satellite operation that can be carried out on the premises of 
the steel plant or at remote locations. 

The use of ore beneficiation to improve the iron content of the feed 
and the utilization of other fines has led to processes for pellitizing, 
nodulizing, and sintering of iron ore dusts and other fines before charging 
into the blast furnace. 

17. 2 APPLICATION TO COKE OVENS 

The two methods of producing metallurgical coke are by the beehive 
and by-product processes. Since about 1918, the use of by-product 
processes has increased primarily because of the favorable .economic 
aspects. The by-product process is presently used in the production of 
a\)out 98% of all coke. 

In the beehive process, 
1

'
2 

the coke oven is a dome-shaped structure, 
usually 10-15 ft in diameter, and 6-12 ft tall. It has a flat bottom which 
slopes toward an opening where the coke is discharged and where the air 
input is regulated during the coking cycle. The coal is charged into the 
oven through an opening in the roof, which also serves as a vent for the 
products of combustion and destructive distillation. The charge usually 
consists of about 6 1/2 tons of coal and the coking time averages 6-7 hours. 

During the coking cycle. the pollutants from the beehive oven include 
smoke, dust, ash, hydrogen sulfide, phenols, and a wide variety of 

1
Refer to the bibliography for this chapter. 
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saturated and unsaturated hydrocarbon compounds. The heavier pollutants, 
including particulate and heavy hydrocarbons, tend to fall out in the 
immediate area of the ovens, while the lighter hydrocarbons and particulate 
matter may be widely distributed. 3 •

4 Smaller amounts of particulate 
material are developed during quenching of the coke, but these are 
generally insignificant compared to that evolved during the coking period. 

By-product coke ovens are usually 30-50 ft long, 6-14 ft high, and 
12-22 in. wide. These are refractory brick structures and may be aligned 
in banks of 10-100 ovens per bank. 2 The ovens are charged through 
openings in the roof, and are discharged by a pusher rod operating through 
the length of the furnace. Both ends of the ovens are equipped with self
sealing doors, which help to restrict emissions from these locations during 
coking. Heating chambers are lined alternately with the ovens and are 
fired with preheated air and a fuel, such as natural gas, coke oven .gas, 
or blast furnace gas. Charges average 16-20 tons of coal per oven, and 
the coking time is usually 16-20 hours. 5 

General aspects of particulate and gaseous emissions. In the beehive 
coking process, all of the products of combustion and destructive distillation 
of the coal are vented directly to the atmosphere. These emissions consist 
of smoke. dust, and a wide variety of organic materials. An average of 25% 
of the weight of the coal charged into the coke ovens is emitted as gaseous 
and particulate material. From 10, 000-12, 500 std cu ft of gaseous emissions 
are developed per ton of coal in the coke oven. The actual volume of gaseous 
emissions depends, to some extent upon the grade of the coal, temperature 
of the oven, and the coking time. 

The gases and particulate emissions from by-product coke oven 
retorts are essentially the same as those from beehive ovens, however, 
the products of destructive distillation in this process are withdrawn from 
the oven and processed to produce useful by-products. 

The carbor'i:ization of 2000 lbs of coal results in the following products: 

coke 
coke breeze 
coke oven gas 
(550 BTU/ft3

) 

crude light oil 
tar 
ammonium sulfate 
ammonium liquor 

1200 - 1400 lbs 
100 - 200 lbs 
9500 - 11500 cu ft 

2 - 4 gal 
8 - 12 gal 
20 - 28 lbs 
15 - 35 gal 
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Atmospheric emissions may be produced during by-product coke . 
operation during charging, discharging, quenching, and to a small extent-
during coking, because of leaks around the oven doors. When the retorts 
are charged, fines may be emitted from the roof,, and some vo.latile 
fractions evolved when coal is put into a hot oven. 6 

Rem oval of the particulate and tar from by-product oven gas was by 
means of "p and A" tar extractors and "shaving" scrubbers prior to the 
introduction of electrostatic precipitators. The "p and ·A" tar extractor 
was an impingement type scrubber which might achieve an efficiency of 
60-70% with a pressure drop of 6-7 in~. water. The "shaving" scru.bber 
?onsisted of a filter of wood shavings, which provided an efficiency of 
80-85% with a pressure drop of 10-12 in. water .. 

Electrqstatic precipitators provide efficiencies of 95:-99% with a 
i;>ressure drop of around 0. 5 in. water. Introduction of the electrostatic 
precipitator for removing tar from coke oven gas was delayed because of 
fear of igniting a combustible mixture from the electric spark inherent in 
electrostatic precipitator operation. The problem was handled by careful 
control of air inleakage to maintain the gas at noncombustible conditions. 

The pu!'pose of gas cleaning in a by-product coke oven is to remove 
the, particulate and heavy tar from the gas prior to recovery of various 
~ydroca~bons. The equipment for accomplishing this is shown in 
}i'igure 17. 4. The hot gas leaves the ovens at 1100 to 13000F where it is 

. . . 

cooled to about 95°F. This cooling process condenses out a considerable 
amount of the tar and ammonia liquor. These condensed products are 
processed further in other equipment for separation and refinement. 

The gas then passes through the exhauster and enters the electrostatic 
precipitator or detarrer. Here the suspended oil and tar are precipitated 
from the gas stream. Efficiency of collection is normally between 95 a~d 
99% depending upon requirements. 

Gas then moves through reheaters, ammonia absorbers or saturators, 
gas coolers, and light oiLscrubbers, before entering the gas holder. If 
the gas is to be used for underfiring the coke ovens, the gas must be 
further cleaned in another electrostatic precipitator referred to as a fuel 
gas precipitator. This precipitator cleans the gas sufficiently to prevent 
the deposition of tar in the very small apertures of the coke oven burners. 
Some of this finely cleaned gas is also used to ventilate the insulator com
partments of the primary precipitator. The gas volume used for under
firing is usually a small fraction of the total gas. Consequently, only 
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relatively small precipitators. are required. 

The analysis of the gas coming from the coke oven is approximately 
as follows: 

Constituent 

C02 

02 
N2 
co 
H2 
CH4 

C2H4 
Ca Rs 

The hE·at value is more than 500 Btu/ cu ft. 

Volume, % 

2.2 
0.8 
8. 1 
6.3 

46.5 
32.1 
3.5 
0.5 

The concentration of suspended matter at the precipitator inlet 
varies from 1 to 15 grains I scf. Water comprises approximately 50% 
of total precipitate weight, the remainder consists of tar, oil, etc. 

Description of electrostatic precipitator for detarring. The precipitator 
most often used for detarring consists of a group of grounded pipes 6 in. to 
8 in. in diameter and 6 ft to 9 ft in length, suspended from a header plate 
in a round shell. A discharge electrode wire is suspended axially in each 
pipe. A potential difference of 35-50, 000 volts is established between the 
discharge and collecting electrodes. The dirty gas enters the lower header 
and is passed through the pipes. Figure 17.5 shows a typical design for 
this type of precipitator. 

Figure 17. 6 shows a self-contained tar precipitator. This design 
utilizes a 35 kV electrical set with tube rectifier and controls housed 
within a steel compartment attached to the precipitator shell. The col
lecting pipes of this unit are 6 in. in diameter and 6 ft lc;rng. 

Another precipitator design used for cleaning coke oven gas is 
shown in Figure 17. 7. The collecting electrodes in this design are con
centric tubes. The discharge electrode wires are centrally located in the 
annulus between the tubes; Both surfaces of the tubes serve as collecting 
surface. The electrical equipment is similar to that used with pipe units. 
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Operational problems and their solution. The use of the electrostatic 
precipitator for the cleaning of coke oven gas has been successfully applied 
since the solution of the three basic problems inherent in the application~ 
These were electrical insulation, corrosion and safety. 

The saturated gas and fluid tars make the electrical insulation 
particularly difficult, and require the following corrective measures. 
First, the insulators are located out of the gas stream. Second, the insu
lators are kept heated with steam coils and thermal insulation is applied 
to the insulafor compartments. Third, regular maintenance programs 
must be followed to clean the insulators at programmed intervals. Water 
seals have been installed on many units to permit access to the insulators 
for replacement or cleaning. This reduces the time and expense required 
for insulator maintenenace. The fourth measure used is the ventilation of 
the insulator compartments with clean gas to p:['.event dirty gas from 
entering the compartments. 
" 

Corrosion has not generally been a serious problem in this 
precipitator application, although high sulfur coking coals have caused 
severe corrosion in some instances. Low tar content in the gas to the 
prec ipitator has also created corrosion problems. 

Corrosion, when it occurs, is most severe on the collecting 
electrodes and in the insulator compartments. The corrosion of the 
collecting pipes occurs on the outside of the pipes. 

The inside surfaces appear to be protected by the tar film which is 
created by the precipitation of the oil and tar suspended in the gas. 
Protection to the outside surfaces of the electrodes is provided on many 
installations by periodically spraying the areas with warm tar. The 
internal piping and nozzles for this operation are provided in the original 
design. The corrosion of the insula_tor compartments is combatted in two 
ways: the inside surfaces of the compartments are often cover_ed with a 
protective coating, and the use of clean gas flowing into the compartments 
prevents the entrance of corrosive gases. 

The gases are combustible and there is occasional sparking in the 
precipitator. With this condition, of course, any leakage of air or oxygen 
into the system could result in an explosive mixture and a destructive 
explosion. To eliminate this possibility, the design mustprevent air 
inleakage and provide for adequate purging. Most, but not all, coke oven 
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units are located after the exhauster (Figure 17. 4) to assure operation 
under a positive pressure. 

Design considerations. Based on data from a group of installations 
covering a period of 1931 to 1961, design efficiencies are generally about 
95-99%. Data showing design parameters such as the surface area, gas 
volume, installed power, etc., are summarized in Table 17.1 Typical 
design parameters for coke oven gas precipitators are given in Table 17. 2 
as an illustrative example .. 

Cost data. Cost data on coke oven gas precipitators is generally poor 
because of the age of the· installations. Data that are available show such 
a wide range ($1.10 to $6. 00 FOB and $1.40 to $7. 00 erected costs per 
cfm) as to be of little value. 

Trends. A review of the installation of coke oven gas precipitators 
shows that this application has decreased substantially in the past 10 years. 

17. 3 APPLICATION TO SINTER PLANTS 

There are two commercial processes for agglomerating iron-bearing 
fines to produce an improved blast furnace burden. These are sintering 
and pelletizing. The sintering process is used primarily for blast furnace 
flue dust, mill scale, and other metallurgical fines collected dur,ing steel 
making processes. Pelletizing is usually associated with the agglomeration 
of beneficiated, low grade iron ores. 

The sintering process is a continuous operation performed on inter
connected grates which form a slow moving loop. The beds formed by 
these grates are usually 8-12 ft wide and 90-100 ft long. 7 Raw materials, 
consisting of iron-bearing fines, coke or coal dust, and a fluxing material 
(limestone or dolomite), are thoroughly mixed and put on the grate. As 
the mixture moves through the stand, the bed is ignited by surface burners, 
and combustion is sustained by drawing air through the coal-bearing bed 
with large fans. Combustion of the coal generates sufficient heat to raise 
the temperature of the mass to 2400-270C>°F. This high temperature causes 
agglomeration of the mixture to porous, coherent lumps. 

5 
The material 

is then collected and stored for subsequent use in blast furnaces. Modern 
sinter plants have capacities of 1000-6000 tons of sinter per day. 

2 
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Table 17.1 

Typical Coke Oven Gas Precipitator Data 

Gas Volume 

Design Efficiency 

Precipitation Rate Parameter 

Type Discharge Electrode 

Type Collecting Electrode 

Voltage 

Average Electric Field 

Average Grain Loading 

Average Gas Velocity 

Power/Gas Volume Flow 

5, 000 - 20, 000 cu ft/min 

95 - 99% 

0. 2 - 0. 55 ft/sec 

1/4 in. sq twisted wire 

8 in. d ia steel cylinder 

50 kV - 70 kV peak 

11. 5 kV /in. 

0. 3 - 0. 6 gr/acfd 

. 8. 0 ft/ sec 

100 - 200 w/l, 000 acfm 

SOUTHERN RESEARCH INSTITUTE 



-489-

Table 17. 2 

Typical Coke Oven Gas Precipitator 
Design Parameter 

Example of Coke Oven Gas Pree ipitator Performance 
Precipitator: 148 pipes, 8 in. dia x 9 ft long 

Performance Data 

vg = gas flow = 16, 500 cfni at lOOOF 

Inlet concentration = 0. 68 gr/cf 
Outlet concentration = 0. 0068 gr I cf 

Efficiency = 99% 

= 
148 x 'IT x 8I12 x 9 

16,500/60 
= 10. 2 sec ft · 

w 
Vg 

= -· ln 
A 

1 - = Q 
1 

ln 100 10.2 
4. 6 I = Ta = 0. 45 ft sec 

v = gas velo<;: ity 
16,500 

60 x 148 x 'IT x (-~)2 

Pc = corona power = 3100 watts 

3100 
16.5 

= 190 watts /1000 cfm 

= 5. 3 ft/sec 
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Figure 17. 8 is a sketch of a typical s intering machine showing the 
assembly of pallets which form the belt which conveys the charge through 
the sinter machine. The ignition furnace is either gas or oil-fired, and its 
purpose is to bring the fuel in the charge to its kindling temperature, after 
'which the combustion of the fuel supplies the heat. The flue gas is collected 
in a multiplicity of compartments called wind boxes located along the length 
'of the machine, from which it is transported through ducts to the dust 
;collecting equipment, usually consisting of a cornbinafion rnechanical
electrostatic dry type prec ipitator. 

Particulate emissions from sinter machines. In the sintering process, 
particulate material may be emitted during handling of the raw material,' 
combustion of coal mixed with the ore, or during screening operations. 
'The amount and composition of the particulate and gaseous emissions 
- I 

'depends on several factors, including the type of ore used, the efficiency 
of mixing, and the distribution of the unfired sinter on the grate. Typical 
ranges of composition are shown in Table 17. 3. 

Under normal conditions, the dust load varies from 5-100 lb of 
dust per ton of sinter produced, with a mean of around io lb of dust per 
ton of sinter. 8 - ll Gas volumes exhausted usually vary between 100, 000 
knd 450, 000 cu ft fer min, 

11
•
12

with dust loadings of 0. 5-6. 5 
grains/scf. 2 '

8
'

11
"

1 From 80-90% of the total particulate material from 
the sintering operations are greater than 20 microns in size by mass. 
r 

The size oft.he dust corning off the sinter machines is rather coarse; 
however, after passing through mechanical collectors, the dust burden can 
be quite fine, as shown in the photomicrograph, Figure 17. 9. Typical 
particle size analyses for sinter machine dust before and after a mechanical 
collector, are shown in Figure 17.10. Particulate loadings to the precipi
tator typically vary between 0. 1 and 1. 0 gr I scf, although loadings up to 
1. 5 gr I scf are occasionally encountered. 

Gas temperature can fluctuate between 150 and 400°F, but 200 to 
300°F may be taken as a reasonable range that can be expected. Moisture 
in the gas can vary between 5 and 15% by volume and sulfur oxide content 
from 25 to 500 ppm depending upon the sulfur content of ~he charge. 

The electrical resistivity of sinter machine dust 'can vary radically 
depending upon the type and amount of material used in the burden make-up. 
Figure 17. 11 shows laboratory measurements made on qust entering an 
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Table 17. 3 

Range of Composition of Particulate 
from Sinter Plants 

Weight% 

Fe Up to 50°lo and ~ore 

Si01 9 to 15 

Cao 7 to 12 

MgO 1 to 2 
" 

\ 

Al10 3 2 to 8 

c o. 5 to 5 

Alkalis 0 to 2 

s up to 2.5 

SOUTHERN RESEARCH INSTITUTE 



• 
' •• 

" 
• , ' 
, 

.. 
•• • • 

' .. ' 

-· 
.. ' 

• 

- 493-

..... . 
., . ' .. 

• 
• • .• ... ~ 

\ 

·1 • l 
II! • .. , ... f 

• 

•• 
' • •• ·-

" 

• 
. 
• 

. -~· -. 
.~·~ ... 
··~ . . 

. ., ' 

. :\ • • 
• 
• .. 

• .. ... . .. 
.. , 

• .. 
• 

.... . • ,. .. • • .. 

t .. • ,.. 
• 

• 
• • ---- ---------

t--i 1 u. 
Fi gure 17. 9 . Photomi c r ograph of E m issions from Sinter Plants, 

7800X, After Me chanical Collector . 



99.9 
99.8 

S.. 99.5 
Q) ... 
Q) 99 E 
cd 98 ..... 
0 
Q) 

95 ...... 
(J ..... ... 
S.. 90 cd 
~ 
-0 80 ~ ... 
cd 
(J 70 ...... 
-0 
::::: 
•-I 60 
i:::: 50 ~,, 

.r:. 
40 E-

cc 30 a: 
.., 
t-! 20 
~. ---v 10 
~ 
a.. 
~ 5 
\!.• 
;.;-: 

2 ·~· 
UI :_; 
0 ..:..:; c: 1 -f :$ 
:c E ... 

0.5 ::0 :::s z 
(.) 

::0 0.2 ... 
UI ... 0. 1 > 
::0 
0 
:c 
z 
UI 
-f 
:j 
c: 
-f ... 

l 2 

Size Range by 
Bahco Analysis of Dust 
to Precipitator following 
Mechanical Collector 
sp. gr. 3. 35 gm I cc 

I 
4 

\ 

6 8 10 20 

,,,. 
/ 

/ 
/ 

....,. Sieve 
Analysis 

Size Range of Dust From 
Sinter l\.tfachine to the 
Mee hanical Collector. 

I . 

40 60 80 100 200 400 6008001000 

Particle Diameter (in microns) 

Figure 17. 10. Particle Size Distribution By Weight of Sintering Machine Dust. 

I 

~ 
co 
~ 

I 



-495-

1x10
15 

1x10
14 -~ 

0. 6% Moisture 
B 

. - 6% Moisture 

1x1013 

Parameter A B 

'.Feed Analysis: 
1. Iron fines from 

various sources 90% 64% 

1x10
12 - 2. Fluxing material 9% 35% ·-

3. Coke fines lo/o 1% 

Gas Analysis: 
1. Sulfur oxides 300 ppm 30 ppm 
2. Moisture 15% 10% 

1x1011 - 3. Temperature 250F 200F 

Dust Analysis: 
1. Resistivity at 

1x10
10 

225F and 6% 
moisture 1. 5x10~ 5xla13 

- 2. Particle size 60%-10µ 45%-10µ 

A 

l xl0
9 -- ~ 6~o Moisture 

-
~ 

I ' I I 
' 

1 xl0
8 

100 
,. 

150 200 250 300 350 . 400 

Gas Temperature (°F) 

Figure 17. 11. Electrical Resistivity of Sinte;ring Machine Dust. 



-496-

electrostatic precipitator from the same sintering machine with a lapse 
of about five years in time. The type burden charged in each case is 
indicated on the figure. 

The temperature at which the gases enter the precipitator, as well 
as the moisture and sulfur content of the fuel, play an important role in 
establishing the resistivity of the dust. In the temperature range of 
200-300°F, the volume conductivity is quite low. Consequently, conditions 
must be established for surface conduction if resistivity is to be maintained 
in the proper range for good precipitation. 

The conditions for establishing a surface conductive film on the dust 
are not unlike those required for fly ash conditioning. Hence, moisture 
and sulfur content of the flue gas are important parameters. 

Recent trends in the additions of limestone and dolomite to the sinter 
have altered the composition of the collected dust, and have increased the 
apparent resistivity, so that precipitation is difficult. The role of lime 
additions in altering resistivity has not been fully explored. Possible 
mechanisms are: (1) the lime combines with the moisture present to form 
a hydrate with high resistivity, and (2) the lime reacts with the sulfur 
present to form a high resistivity sulfate. 

In either instance, the addition of large quantities of fluxing material 
alters the surface conduction properties, and hence, the dust resistivity. 

Sinter machine precipitators. The precipitator used for sinter machine 
gas is typically a single-stage, horizontal-flow, duct-type unit. The shell 
and hoppers are fabricated steel, and may or may not be thermally insulated. 
Table 17. 4 shows the number and installed capacity of sinter machine 
precipitators during the period 1951-1968. The design efficiency trends, 
also shown in the same table, indicate a higher collection efficiency for 
newer installations. Figure 17. 12 shows the installed capacity of electro
static precipitators for sinter machine dust collection for the 1951-1969 
period. 

Table 17. 5 lists some important performance parameters for 
precipitators collecting sinter machine dust. 
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Table 17. 4 

Use Statistics on Sintering Machines, 1951-1968 

Total Five-Year Period 
Pptr. No. of Total Gas Vol. Weighted Eff. Total Average 

Contract No. of* Elec. :·Gas Vol. Accurnul. on acfm Basis Gas Volume Vol/Yr during 
Year Install. Pptrs. (106 acfrn) (106 acfm) Yearly 5-Yr. (106 acfm) Period (106 acfm) 

1951 1 (2) 2 0.330 0.330 90.0 
1952 1 (3) 3 0.450 0.780 90.0 
1953 l (2) 2 0.280 1.060 90.0 1.06 0.212 
1955 1 (1) 1 

I 

0.440 1.500 95.0 ~ co 
1956 2 (4) 4 1.330 2.830 90.0 -:J 

I 

1957 1 (1) 1 0.457 3.287 98.0 
1958 2 (2) 2 0.735 4.012 
1959 2 (2) 2 0.592 4.604 92.1 92.5 3.554 0.711 
1962 l (2) 2 0.360 4.964 93.0 
1964 1 (1) 1 0.175 5.139 98.5 94.8 0.535 0.107 
1966 1 (1) 1 0.194 5.333 96.5 
1967 3 (5) 5 0.982 6.315 97.1 
1968 2 (6) 3 1 •. 190 7.505 97.0 97.0 2.366 0.473 

Grand 
Totals 19 (32) 29 7.505 

*Numbers in parenthesis are machines involved in installations indicated. 
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Table 17. 5 

Performance Parameters for Precipitators Collecting Sinter Machine Dust 

No. of installations 
Avg. gas velocity 
Avg. inlet gas temperature 
Avg. electric field 
Avg. dust loading gr/acf 
Avg. precipitator power 

Design 

5 
4. 3 ft/ sec 
245°F 
8.1 kV/in. 
1. 0 
71 watts I 1000 cfm 

Test 

2 

245°F 
8. 1 kV /in. 
0.75 

Design of electrostatic precipitators for sinter machine dust collection 
follows the general procedures outlined in Chapter 9, Part I. The size 
precipitator required is based on the collection efficiency, gas volume, and 
the precipitation rate parameter, as defined by the Deutsch equation. 

Selection of the value of precipitation rate parameters is dependent 
upon a number of factors; the most important being the size and resistivity 
of the dust. The size of the dust from sinter machine wind boxes is rela
tively large since very little metallurgical fume is generated. Consequently, 
the precipitation rate parameter would tend to be reasonably high for moder
ate to low resistivity dust. However, recent trends toward the use of larger 
quantities of lime in the self-fluxing sinters have resulted in high resistivity 
dust which reduces power input to the precipitator and makes necessary 
lower precipitation rate parameters. The addition of the larger amounts of 
lime changes the nature of the sinter machine dust from one that is rela
tively easy to one relatively difficult to precipitate. Consequently, it is 
necessary to define the conditions under which the sinter machine will oper
ate and the characteristics of the dust before .the value of the precipitation 
rate parameter can be selected. 

Figure 17. 13 is a plot of the efficiency of a limited group of sinter 
machine precipitators as a function of the plate-area-to-gas-volume-ratio. 
Design w' s are 10-12 cm I sec as shown by the curves. The test data, , 
however, show a much wider spread in values. This probably reflects the 
variations in the type of dust being collected. 

Cost data. Based on a limited sample, the costs of precipitators for 
sinter machine service ranges from about $10. 50 to $14. 00/ sq ft of col
lecting surface. In terms of gas volume handled, the erected costs range 
from around $1. 00 to $2. 50 per cu ft of gas handled. Figures 17.14 and 
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Figure 17.14. Range of Installed Costs For Various Gas Volumes 
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1_7. 15 show the range of flange-to-flange precipitator costs and im;talled 
costs for various gas volumes handled. Costs are for the 1967-1969 pe-riod 
and again are based on a limited sample. 

. Table 17. 6 lists capital and operating costs for electrostatic precipi-
tators on sinter machines as prepared by Swindell-Dressler. 

14 
These data 

are also plotted on the curve in Figure 17. 14, along with the Southern Research 
Institute data. 

17. 4 APPLICATION TO BLAST FURNACES 

The blast furnace is a cylindrically shaped, refractory lined structure 
usually about 100 ft tall and 25-35 ft in diameter. A composite sketch of 
the blast furnace and associated equipment is shown in Figure 17. 16. The 
raw materials used in the production of pig iron are semi-continuously 
charged into the blast furnace. The charge consists of coke. limestone, 
and the iron-bearing raw materials. The latter may include screened or 
ui'1screened iron ore, sinter oxide pellets, or scrap. Combinations of 
sinter and oxide pellets comprise the normal iron- bearing charge materials. 
The raw materials are charged into the top of the furnace through a double 
bell arrangement which makes it possible to maintain a gas tight seal during 
charging to prevent atmospheric emissions. This is accomplished by 
hoisting the raw materials to the top of the furnace and discharging them 
L ttn a hopper located above the upper bell. When this bell is opened, the 
charge drops through into an area above the lower bell. The upper bell is_ 
then closed and the lower one opened, permitting the charge to fall into the 
furn2.•.::e without the escape of dust laden gas. 

The furnace is heated, and the reducing atmosphere necessary for 
reduction of iron ore to iron is generated by a reaction between the 
precharged coke and preheated air. The air is introduced through tuyeres 
located in the lower portion of the furnace. The air blast is usually 
preheated to temperatures of 1000-1700°F. It may be enriched with 
natural gas, fuel oil, or oxygen. As the blast rises through the burden, 
it reacts exothermically with the coke to produce the high temperature 
reducing gai:;es which react with the iron oxide to produce molten pig iron. 
The molten iron collects in the lowest region of the furnace, known as the 
hearth. The hearth is usually tapped every 3-4: hours, with a yield of from 
100 to 300 tons of hot metal per tap. 15

• 
16 

· 
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Table 17.6 

Sinter Plant - Windbox - Electrostatic Precipitator
14 

Capital Costs 

Gas Volume - acfm at 325°F 105,000 630,000 

Plant Capacity - tons I day 1,000 6,000 

1. Material $ 210, 000 $ 955, 000 

2. Labor 88,000 325,000 

3. Central Engineering 73,000 240,000 

4. Client Engineering 18,,000 60,000 

Total $ 389, 000 $ 1, 580, 000 

Operating Costs ($/Yr) 

pas Volume - acfm at 325°F 105,000 630,000 

.f'l ant Capacity - tons I day 1,000 6,000 

1. Electric Power $ 12,500 $ 77,000 

2. Maintenance 16,000 60,000 

3. Operating Labor 20,000 30,000 

Direct Operating Cost $ 48,500 $ 167, 000 

4. Depreciation 3.9, 000 158,000 

5. Capital Charges 39.~ 000 158,000 

Total $ 126, 500 $ 483, 000 
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After passing through the charge, the gases leave the top of the 
furnace at a temperature of around 30C>°F. The composition of the gases 
is typically as follows. 

Constituent Volume Percentage 

26. 2% 
13.0% 
1. 9% 
o. 2% 

58. 7% 

These gases leave the top of the furnace through four "off takes" 
arranged around the dome, and pass through a brick-lined downcomer to 
the dustcatcher, which is a large settling chamber. The force of gravity 
ca~ses the coarser dust particles to settle in the low gas velocity regions 
of ~he settling chamber. 

The particulate material emitted during normal operation of the blast 
furnace comes from several sources, including dfrt and other fines in the 
charged ore. the dust developed by the downward abrasive action of the 
burden through the furnace, and coke and limestone dust. 

17 
These 

particulates are carried out of the furnace by the gas stream, with a dust 
loading in the range of from 7 to 17 gr/scf. · 

A troublesome source of e.missions from the blast furnace is that 
occurring during a burden "slip. 11 A "slip" occurs when' a portion of the 
burden bridges within the furnace while some of the underlying burden con
tinues to melt and move downward in the furnace. After a gap develops 
between the two regions, the upper burden may become dislodged and slip. 
When this occurs there is an almost explosive release of dust-laden gases, 
and thes.e must be vented directly to the atmosphere for safety reasons, and 
to avoid the possibility of damage to the furnace. 17

•
18 

The output of particulate material from blast furnace operations is 
primarily dependent on the physical characteristics of the charge, although 
start-up operations may produce some variations in the type and amount. 
During the start-up period, heavy fuel oil, tar or natural gas may be in
jected into the furnace along with the heated air. Because of the low blast 
and coke temperatures, incomplete combustion may take place and give 
rise to soot production. As the blow-in progresses and as operating 
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temperatures are reached, soot rroduction decreases until, during normal 
operations, no soot is produced. ' 5 

Sinter and pelletized ore, when used as a charge material, effect a 
marked reduction in dust product as compared to either screened or un
screened iron ore, because of the improved physical characteristics. This 
is illustrated in Figure 17. 17, where the amount of dust from a furnace is 
shown as a function of the amount of sinter in the charge. The use of 
3100 lb of sinter and taconite pellets charged per net ton of hot metal 
produced is defined as a completely beneficiated charge. It is to be noted 
that an increase in wind volume from about 85, 000 cfm to almost 
115, 000 cfm has accompanied the use of beneficiated iron ore. Simultan
eously, the dust production per net ton of hot metal has decreased by a 
factor of five. 17 

Composition of particulate and gas emissions. During normal blast 
furnace operations, the dust loading of the gas leaving the furnace is in 
tne 7-10 gr/scf ran~e 17 although top gas dust loadings as high as 17 gr/scf 
have been reported. For each ton of hot metal produced, 110. 000-150. 000 
cu ft of waste iz.as is produced, and this carries from 50-300 lb of dust from 

2 r.11 the furnace. • • For each 1000 tons of hot metal produced, about 100 tons 
of particulate is expected. Approximately 68% of this will be over 50µ in 

19 . 
diameter. . 

The chemical composition of the particulate varies considerably as 
shown in Table 17. 7. The major constituents and the usual composition 
range is as follows: 35-50% iron, 8-13% silica, 2-5% alumina, 3-4% 
calcium oxide, 3- lOo/o carbon and small amoupts of alkali elements, 
phosphorus, zinc, lead, sulfur, and other trace elements. 

Some additional data on the chemical composition of dust samples 
taken from the dust catchers, wet scrubbers, electrostatic precipitators. 
and dust leaving the electrostatic precipitator are given in Table 17. 8. 
The material collected in flue dust catchers and washers has a high iron 
content, and after agglomeration, makes a suitable material to be charged 
back into the furnace. The dust from the precipitator has a lower iron 
content and contains several objectionable impurities. 

The particle size distribution of blast furnace dust may vary between 
wide limits. depending on the type of ore being charged into the furnace 
and prior beneficiation. Table 17. 9 presents a range of particle sizes that 
have been observed. 
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Figure 17 .17. Dust Rate and Wind Rate as a Function of the Sinter Plus 
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Table 17. 7 

Chemical Analysis of Blast Furnace Flue Dusts 

ComPWlents Weight Percent --
Range for Several Midwest Range for Several 
u. s. Plants Plant European Plants 

Fe 36. 5 - 50. 3 47.10 5. 0- 40. 0 
FeO n. a. 11.87 n; a. 

Si02 
a. 9- 13. 4 8.17 9.0-30.0 

Al20 3 
2. 2- 5.3 1.88 4. 0- 15. 0 

MgO 0. 9- 1. 6 0.22 1.0- 5 .. 0 
Cao 3. 8- 4.5 4.10 7. 0- 28. 0 
Na20 n. a. 0.24 -
K20 n. a. 1. 01 -
ZnO n. a. 0.60 -
p o. 1- 0.2 0.03 0. 3 - 1. 2 

s 0. 2- 0.4 n. a. - o. 1 

Mn 0. 5 - 0.9 0.70 o. 3 - 1. 5 

c 3. 7 - 13. 9 n. a. 5. 0- 10. 0 

Pb n. a. n. a. 0- 15. 0 

Cu n. a. n~ a. trace 

Alkali - - 0- 20. 0 

Zn n. a. . n. a. 0- 35. 0 
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Table 17. 8 

Weight Percent Composition of 
Dust Samples from Blast Furnace Gas Cleaning Plant 

--

Deposit from Deposit from Dust in Dust in 
primary dust secondary dust Deposit from gas leaving Deposit from gas leaving. 
catcher catcher washers washers crecipitator prec ip itator 

8.50 11. 60 9. 40 13.68 22.60 11.44 
75.43 53. 00 61. 30 14. 40 19.30 8.64 

1. 80 
I 

1. 55 4.35 6.91 i 15.58 6.70 
0.62 0.60 0.63 2. 16 ! l. 10 1.49 
1. 60 2.40 3.56 6.36 ; 7. 12 4.68 I 
0.80 l. 09 1. 67 8. 04 I 9.90 9~28 

0.24 0.20 0.41 0.54 I 0.71 0.57 
- - 0.41 1. 89 I 1. 33 1.37 ! 

trace trace I nil 1. 32 0.20 3.44 
I ., 

nil nil ! nil 1. 20 ' 0.90 1. 20 
I ! 

0.28 0.32 j 0.25 9.25 i 1. 55 9.75 
0.56 0.92 I 0.55 20.90 i 2.70 22.40 
5.90 23.50 I 15.65 - 15.95 -

.. 

Deposit in 
power station 
burners 

3.52 

2.80 
3.04 
0.14 
0.36 

29.22 
0.70 
5.80 

36.15 
9.06 

I 
(J1 ...... 
0 

I 
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Table 17. 9 

Size Analysis of Blast Furnace Flue Dust 

Screen Size Dust Loading 
Mesh Microns Range, o/o 

20 833 2. 5- 20. 2 
30 589 3. 9- 10. 6 
40 414 7.0-11.7 
50 295 10. 7 - 12. 4 
70 208 10. 0 - 15. 0 

100 147 10.2-16.8 
140 104 7. 7 - 12. 5 
200 74 5. 3 - 8 .. 8 

-200 -74 15. 4 - 22. 6 
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Cleaning of blast furnace gas. Blast furnace gas has a heating value of 
about 100 Btu/scf or about one-tenth that of natural gas; thus it is a 
valuable fuel for heating the blast furnace stoves, steam boilers, soaking 
pits, and coke batteries. However, the gas must be cleaned prior to 
burning in order to prevent the clogging of burners, gas mains, and in 
general, to avoid maintenance problems. In a typical installation, gas 
from the furnace is generally cleaned as follows. Upon leaving the furnace, 
it is passed through a dust catcher where the heavier particles are sepa
rated by inertial forces. This generally removes particles larger than a 
few hundred microns (50-70% by weight) and leaves a dust concentration 
in the gas of 3-6 gr/scf.

4
'

17 From the dust catcher, the gas is further 
cleaned in a two- stage plant. The first stage consists of a primary cleaner 
to separate the coarse fractions and a secondary cleaner to remove fine 
,dust. Many combinations of two- stage cleaning plants can be used, but a 
typical one consists of a wet scrubber and an electrostatic precipitator in 
' . 17 series. 

Typical dust concentration for the gas at various points in a modern 
gas- cleaning system are: 

at top of furnace - 7 - 13 gr I acf 

dust catcher outlet - 3 - 6 gr/acf 

after primary washer - O. 05 - 0. 7 gr/acf and, 

after electrostatic precipitator - 0. 005 - 0. 01 gr/acf. 

After cleaning, part of the gas produced is utilized in the air blast 
preheat stoves. The remainder may be used for underfiring boilers or 
coke ovens, or for other miscellaneous heating applications in the steel 
plant. Figure 17. 16 is a flow diagram showing a typical gas cleaning 
system for iron blast furnaces. 

Blast furnace precipitators. Since the gas delivered to a blast furnace 
precipitator has been cooled to saturation, a wet-type precipitator is used. 
The type most widely used is a vertical flow employing pipes of 8- inch or 
12-inch diameter as collecting electrodes. Plate-type collecting electrodes 
with horizontal flow have also been used. Both types are single stage. 
The shells are constructed of steel and are normally circular for pipes and 
rectangular for plates. 

SOUTHERN RESEARCH INSTITUTE 
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In some designs the pipes are suspended from a header sheet at 
the top, with the lower end unsupported, allowing the gas to surround 
the pipes. In other designs, a lower header sheet is used in order to 
prevent the gas from surrounding the pipes. Figure 17.18 shows a typical 
wet pipe-type blast furnace prec ipitator. 

Discharge electrodes are usually vertically hung, twisted square 
bars (3/16 - 1/4 in.) spanning the height of the collecting electrodes. 
Electrode rapping is not required since the collectors are flushed with 
liquid. 

The particulate removal system for both vertical and horizontal 
type precipitators is through a slurry hopper. In most cases there is 
enough flushing and/ or spray water used to permit slurry removal from 
the hopper by simple draining. In a few cases where the collected particu
late becomes bulky, or where the slurry becomes thick, an agitator or 
stirring system is installed. The slurry is normally piped to a sewer or 
to storage. 

Precipitator installations. Trends in the application of. electrostatic 
precipitators for cleaning blast furnace gas are indicated by the number 
of installations from 1931to1968 given in Table 17.10. Figure 17.19 
shows the number of furnaces and the number of furnaces with electrostatic 
precipitators installed. Figure 17. 20 shows the precipitator installations 
over the period 1931-1969 on the basis of the gas volume treated. 

Precipitator aeplication and design data. Precipitator inlet gas tempera
tures and inlet particulate loading are shown in Figures 17. 21and17. 22. 
Distribution of Precipitator gas velocity, field stre11gth and power are 
shown in Figure 17. 23 - 17. 25. Design efficiency trends are shown in 
Figure 17. 26. 

Design values of precipitation rate parameter w for pipe-type 
blast furnace precipitators are usually in the range of O. 25 to 0. 45 ft/sec. 
Performance values of w tend to be somewhat higher, typically from O. 30 
to O. 60 ft/sec. There is statistical evidence that the value of w increases 
with the gas velocity through the precipitator, possibly owing to improved 
gas flow quality at the higher gas velocities. It is therefore often advan
tageous to design for relatively high gas velocities, since this means that 
higher values of w can be used and the total amount of collection surface 
required can be correspondingly reduced. Note that the wet-film col
lection surface serves to prevent reentrainment of collected particles by 
aerodynamic forces. Therefore, much higher gas velocities can be used 
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Figure 17. 18. Typical Wet Type Pipe Precipitator for Cleaning , 
Blast Furnace Gases. 
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Pptr. No. 
Contract of 

Year Install. 

1931 3 
1933 1 

1936 9 
1937 6 
1938 1 
1939 1 

1940 6 
1941 9 
1942 15 
1943 2 

1945 1 
1946 5 
1947 10 
1948 3 
1949 2 

1950 4 
1951 16 
1952 3 
1953 7 
1954 3 

1955 6 
1956 11 
1957 4 
1959 1 

1960 2 
1961 1 
1962 1 

1968 1 

Grand 
Totals 136 

Table 17. 10 

Distribution of Total and Electrostatically Controlled 
Gas Volume of Effluent from the Blast Furnace from 1931 to Present 

Weighted Design Efficiency 
Five ~5~ Year Period on acfm Basis 

No. Total Total Gas Vol. Total Avg. 
of Gas Vol. Accumul. Gas Vol. Vol. /Yr. During Yearly 5-Yr. Period 

PDtrs. 106 acfm 106 acfm (108 acfm) Period (106 acfm) 

3 . 079 .079 .1474 .0295 95.4 92.6 
1 • 0684 .1474 90.0 

23 .5665 . 7139 92.4 
13 .4015 1.1154 93.2 
2 .06e· 1.1814 1. 063 • 2126 98.0 93. l 
1 .029 1. 2104 95.0 

6 .3825 1. 5929 92. 2 
12 • 6581 2. 251 92.8 
21 1.3538 3.605 2.472 .4945 91.3 91.9 
2 • 078 3.683 91. 6 

1 .117 3.800 90.0 
7 .649 4.449 90.0 

11 1. 032 5.481 2.194 . 439 91. 9 91.4 
4 . 244 5.725 91.7 
3 .152 5. 877 95.0 

4 . 395 6.272 95.7 
23 1. 337 7.609 95. 6 
4 .245 7.854 3. 086 .6172 93. 0 94. 7 

16 . 928 8.782 93.2 
4 .181 8.963 94. 5 

6 • 274 9.237 92.3 
13 1.157 10.394 1.963 .393 94.0 
8 .479 10.873 91. 7 93. 2 
1 . 053 10.926 95.0 

2 .167 11. 093 91. 5 
1 .105 11.198 95.0 
1 .103 11.301 .375 .075 96.0 93.7 

1 .060 11. 361 .060 • 012 98.0 98.0 

196 

I 
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Figure 17. 19. Blast Furnace Statistics for Period 1920-1969. 
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in the precipitator than is permissible with dry collection. 

Figure 17. 27 is a plot of the efficiency of blast furnace precipitators 
as a function of the collection plate area to gas volume ratio. The range of 
design values is given by the curves, and test data are plotted as individual 
points. The design data would give precipitation rate parameters ranging 
from about 9-:- 11 cm/ sec (O. 3-.0. 37 ft/ sec. Test data show a fairly wide 
scatter band. The following example will serve to illustrate the design 
parameters. 

Performance Data Based On An 
Example Given by Pier

20 

Precipitator - 492 pipes, each 8 11 dia x 15' long 
A = collection surface = 492 x Tr xi. x 15 = 15, 400 sq ft 

12 
A 15,400 _ 

= 160, 000/60 - 5. 78 sec ft 

lnlet cone. = 0. 227 gr/ cf 
Outlet cone. = 0. 0147 gr I cf 

rr = efficiency = 1 - o. 0147 = 93. 5% 
0.227 

1 1 1 ln 15.4 = 2· 73 = 0.47 ft/sec 
5. 78 ln 0. 065 = 5. 78 5. 78 

Vg 1 
w ::; ··-ln - = 

A Q 
v..[_ 160,000 = 

v = gas velocity = -Ac = 60 x 492 x Tr (l/3)2 15. 5 ft/sec 

Cost data. Cost data available for blast furnace precipitators cover a 
wide range of efficiencies. This coupled with the limited number of instal
lations on which cost data are available and the age of some of the instal
lations, precludes the derivation of statistically meaningful data on which 
to base cost as a function of gas volume. FOB costs vary from $ 0. 35 to 
$1. 80 per cfm. Erected costs range from $ 0. 70 to $ 2. 40 per cfm. 

On the basis of cost per sq ft of collecting surface area, the data are 
somewhat more meaningful, as .indicated in Figure 17. 28. Those costs 
are heavily weighted to the 1950- i960 period, ap.d haye not been corrected 
to a common cost index. 
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Figure 17. 27. Relations hip Between Collection Effie iency 
and Specific Collection Area for Electrostatic 
Precipitators Operating on Blast Furnace 
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Blast furnaces for ferromanganese production. Another closely allied 
application to the basic iron blast furnace is one producing ferromanganese. 
However, this is a more difficult gas cleaning problem since the total solids 
leaving the dry dust catcher is high, averaging 7-9 gr/scf, and contains a 
high percentage of fume in the 0. 1 to 1. 0 micron range. Wet methods of 
cleaning these gases present difficult problems. When wet, the material 
forms a hard cement-like deposit which is probably due in part to the fact 
that the fume is high in alkali content (8-15%). 

Alkali originates with the manganese ore, and is concentrated in the 
escaping particulate by a process of vaporization and condensation. · 
Treatment of scrubbing water, which is not a:rpenable to conventional" , 
settling and thickening methods, and stream pollution are other problem1s 
encountered with wet cleaning methods. 

Figure 17. 29 shows a gas cleaning flow diagram for this application 
using a dry type precipitator following a conditioning tower where the gas 
temperature is reduced to between 350 and 450°F~ Because of its unique 
chemical and physical properties, the collected dust requires special 
handling and processing equipment. The method devised involves chemical 
elements, and pelletizing the material to facilitate handling and storage. 
Dust flow channels are provided for each precipitator and conditioning 
tower hopper, to assist in moving the dust to the handling system since 
continuous removal is essential to avoid packing. The dust is charged to 
pyrophoring kilns where it is oxidized before going to the mixers and 
briquetting machines. The production of ferromanganese is rather limited. 
However, the following illustrative example taken from data given by Pier

20 

will indicate the design parameters. 

Precipitator treats the combined gases from two ferromanganese blast 
furnaces. 

v = gas flow = 300, 000 cfm at 3500 to 4000F and about 20% moisture 
There are 5 precipitatqrs used in parallel. Each precipitator has 4 
sections in series: 

Inlet section, 23 ducts, each 10 3/4" x 4 1-611 long x 201 high 
{Other 3 sections, 27 ducts, each ·a 3/4" x 4 1-6" long x 201 high 

A = collection surface = 5[ 2 x 23 x 4. 5 x 20 + 3(2 x 27 x 4. 5 x 20)] = 
93, 600 sq ft 
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Figure 17. 29. Flow Diagram for Dry Cl eaning Ferromanganese 
Blast Furnace Gas With Electrostatic Precipitator. 
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= 93,600 
= 18. 7 sec ft 300,000/60 

Inlet cone. ~ 9. 0 gr/cf (NTP), outlet cone. ...... O. 15 gr/cf (NTP) 

Efficiency = 1 - 0. 15 -·9.lf "' 98. 3% 

.2'& ln _!_ = - 1- x ln 1 w = = A Q 18. 7 0.017 

v = gas velocity = 300,000 

60 x 5 x 27 x 8 i-
12 

1 
ln 60 = _.!:..!. 

18.7 = 18.7 

= 2.5ft/sec 
x 20 

17. 5 APPLICATION TO OPEN HEARTH FURNACES 

0. 22 ft/sec 

The open hearth operation is a batch steelmaking process carried 
out in a covered, refractory lined, rectangular furnace. The furnace is 
provided with a hearth in the shape of a shallow, rectangular dish into 
which hot metal from the blast furnace, scrap steel, iron ore, and 
limestone are charged. The charge is melted down and heated to tempera
tures as high as 3000°F by the combustion of such fuels as oil, natural gas, 
or tar with an excess amount of air preheated in regenerative heat ex
changers called checkers. Two sets of checkers are normally associated 
with a furnace. Hot gas leaving the furnace is passed through one set of 
checkers, heating the refractory materials in the checker. The gas flow 
is periodically changed to the alternate set of checkers, and incoming air 
for combustion is heated by the other set. The hearth is called "open" 
because the charge is open to the sweep of hot combustion gases across 
its surface. The high temperatures, coupled with oxidizing ore and an 
excess of air, bring about the oxidation of the carbon and other elements 
to be removed from the iron. The process can be facilitated by oxygen 
lancing after meltdown, a practice which is followed in many open hearth 
furnaces. Limestone additions in the charge flux the impurities and hold 
them in the slag. A single batch or heat of steel may weigh as much as 
500 tons and require from 7 to 12 hours to produce. 

In practice, the open hearth is charged with cold scrap, iron ore, 
and limestone and the mass is heated by furnace burners. Molten pig iron 
is then added to the charge and the melting process continued until most 
of the cold material is molten. At this time, the oxygen lancing is started 
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and continued until the desired carbon level is attained. Iron ore".may be 
charged into the furnace during lancing to regulate the temperature. The 
burners are ordinarily shut off during oxygen blowing. When the carbon 
content is reduced to a sufficiently low value, the metal is alloyed by 
making appropriate additions to the furnace or ladle and the heat is 
complete. 

Particulate emissions. The particulate matter carried out of the open 
hearth by the exhaust gases comes from a variety of sources, including 
dirt and other fines on the charge materials, oils, grease, and volatile 
metal oxides from the scrap charge. During oxygen lancing, large amounts 
of iron oxide are evolved and may be mixed with lesser amounts of nonme
tallic oxides from the slag materials. Because the hearth reactions vary 
from one period to another, the exhaust gas, particulate load, and particu
late composition likewise vary with the different periods of the heat. 

During meltdown, the particulate from the open hearth consists 
mainly of dirt, oil, grease, and volatile metal oxides from the charge 
materials, plus any particulate that might be developed as a product of 
fuel combustion. The temperature of the gases leaving the furnace may 
be 300C>°F or slightly higher. The temperature of the flue gases is 
reduced to 1200-1500°F in the checkers, and finally to about 550-650°F 
in the waste heat boilers before being sent to the air pollution control 
device. 

During oxygen lancing, iron oxide is the principal particulate from 
the furnace. Normc,tlly, the furnace burners are turned off during this 
time and, although gas temperatures near the lance may be 3000-3500°F, 
the average temperature of the exhaust gas is 1200-1500°F. Again, these 
gases are reduced to 550-650°F in the waste heat boiler before being sent 
to the pollution control device. 

A compilation of data on emissions from several open hearth 
furnaces, ranging in size from 60 to 600 tons, is given in Table 17.11. 4 

Dust concentrations in the flue gases were usually measured after the gas 
left the checker work, and consequently do not reflect the presence of 
heavy particles deposited in the checkers. Data for this table were 
taken from several furnace operations using cold scrap and hot metal 
charges, with and without oxygen lances on the furnaces. 

SOUTHERN RESEARCH INSTITUTE 
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Table 17 .11 

Fume Emissions from Open Hearth Furnaces 
(Adapted from Reference 4) 

Furnace Type Furnace Size Gas Volume Dust Loading gr/ scf 
(Hot or Cold Metal) (net) tons scfm .Range Avg • 

hot 275 70, 700 to 0.11 to O. 61 0.43 
83,500 

225 58,500 0.43 
400 54,000 5.0 

cold scrap 
hot pig 550-600 60, 000 to 

64, 000 at 
600°F O. 21 to 2. 7 

310 1, 135, 000 max. 
at 550°F 0.9 

cold 60 14,400 0.1 to 2. 0 0.69 
cold 100 n.a.a 0.01 to 0.08 n. a. 
cold n. a. n. a. O. 04 to O. 18 n. a. 
hot 110 20,000 0.02 to 0.07 0.04 
hot n. a. n. a. O. 1 to 1. 4 · 0.43b 
hot n. a. n. a. 0.07 to 0.4 0.25 

0 1 lanced 

hot O. 11 to 1. 26 b 
n. a. n. a. 0.5b 

hot 205 40,000 0.1 to 1. 2 0.6 
0 1 lanced 

hot 225 33,000 O. 5 to 2. 5 
c 0.43c 

hot 250 18,, 000 to 
60,,000 0.1 to 2. 0 0.5 

hot 250 n.a. 0.11to0.34 n. a. 
hot 275 33,, 500 to 

61.800 0.10 to O. 31 n.a. 

hot 330 37.700 0.8 to 2.5 n.a. 
0 2 lanced 

:n. a. indicates that data were not available. 
Estimated by the reviewers. 

cRange data are from an earlier reference than the average data; therefore,, 
the average figure is probably more accurate. 
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The gas flow leaving the furnaces ranged from 14, 400 scfm on the 
smallest furnace, to a maximum of 83, 500 scfm on the larger furnaces 
during an active carbon boil. The dust load in grains per scfm of the 
flue gas varied not only between furnaces, but varied sometimes by a 
factor of 10 on the same furnace during different periods of the heat. The 
reported range of dust concentrations is from 0. 01 to 2. 5 gr/scfm. 

An indication of the amount of variation in particulate emissions 
from the open hearth furnace during the different periods of the heat is 
given in Table 17. 12. 

4 
The 60 net ton furnace, utilizing a cold charge and 

having an effluent gas volume of 14, 400 scfm, had an emission rate of 
0. 87 gr/scf during charging. This decreased to 0. 51 gr/scf during 
meltdown, and further decreased to a value of 0. 34 gr/ scf during working 
and refining. A larger 205-ton furnace with an effluent gas flow of 
40, 000 scfm maintained a particulate loading of 0. 35 gr I scf during 
charging and meltdown. This increased to 0. 45 gr I scf during the hot 
metal addition, and further increased to about 0. 85 gr/ scf during the 
carbon boil, and working and refining of the melt when ap oxygen lance 
was used. Other furnaces using a combination of cold scrap and hot metal 
in the charge, and not employing an oxygen lance durihg the refining 
period, exhibited generally lower emission levels of 0. 11 to 0. 25 gr/scf, 
although emissions as high as 0. 60 gr/scf were observed at times. Total 
emissions from the furnaces ranged from about 7. 5 to 10 lb of dust per 
ton of steel when no oxygen lance was used, to a maximum of about 35 lb 

. h f 4,21,22 per ton wit the use o an oxygen lance. 

The chemical composition of particulate from several open hearth 
furnaces is shown in Table 17.13. The particulate consists predomi
nantly of iron oxide (Fe20 3 ) with minor amounts of silica, manganese 
oxide, aluminum oxide, zinc oxide, and lead oxide. The particulate 
contains over 60% iron, which is equivalent to a good grade of iron ore, 
but because of the zinc and lead contaminants, it is objectionable as a 
blast furnace charge material. 

An indication of the variation in dust composition that may occur 
between the scrap charging and oxygen blowing periods of an open hearth 
heat is given in Table 17. 14. During meltdown, the iron content of the 
particulate is lower, and zinc and lead contents are noticeably higher. 
In this case, a zinc content of 16. 1% and lead content of 3. 5%, are 
reported. During oxygen blowing; however, the iron content was near 
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Table 17.12 

Variation of Fume Generation With the State of the Heat in Open Hearth Furnaces 
(Adapted from Reference 4) 

Fw-nace Size (net) tons 60 205 275 550-600 

Effluent Gas Volume, sct'm 14,400 33, 500.to About 70,000 to 600,000 to 
61,800 40,000 83,000 640,000 

Stage of Heat Dust Loading at 60°F and 29.9 in. Hg gr/ft1 

Charging 0.87 0.11 0.27 0.35 0.17 0.24 0.1 - 0.58 o. 56 0.78 

Meltdown 0.51 0.11 0.54 0.35 0.23 0.1 - 0.58 0.56 

Hot Metal Addition only cold 0.33 0.39 0.45 0. 24 - 0. 66' 0.61 1. 91 only cold .0.25 
!Xletal metal 

Ore and Lime Boil 0.431 0.60 o.aza o. 18 0.25 0. 51 - 1. 2(f 2. 71 

Working and Refining 0.34 0.66 o. 19 o.sr 0.18 0.40 0.11 - 0.18 0.21 

lThree values were obtained during lime boil; O. 43 is the median. 
1 High•purity oxygen was injected during this stage by roof lances. 

0.1 - 0. 58 (. 35) 
I 

0.1 - o. 58 (.fl) c.n w 
o. 24 - o. 66 (. i5) w 

I 

0. 14 - 1. 6 (. 92)' 

o. 51 - 1. 2 (. 87)1 
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Table 17. 13 

Open Hearth Dust Analyses 
(from published data) 

Reference 23 .Reference 25 · .Reference 26 

Fe20 8 89.1 - 92.1 88,70 
FeO 01. 9 - 03. 7 3.17 
Fe 63.7 63.5 - 68 64.45 
p o. 06 .. 1. 22 0.5 
Mn 0.43 - 0.55 
MnO o. 50 - o. 60 0.61 
SiOa o. 30 - o. 90 1.16 - 1. 56 0.92 
Al20 8 0.10 - o. 50 o. 15 • 0.44 0.67 
Cao 0.70-0.80 o. 68 - 1.06 1. 06 
MgO o. 32 - 0.44 0.39 
Ca 0.11 - 0.16 0.14 
Cr o. 06 - 0.11 
Ni 0. 03 - 0.05 
,,. ,-:,.,n o. 40 - 1. 70 
ZnO o. 26 - 2.04 0.72 
Pb o. 10 - 0. 50 o. 05 - 0.95 
Cl o. 26 - 1.01 
Na o. 30 - 0.70 
s o. 33 - o. 70 0.92 
c o. 06 - 0.12 
SnOa o. 01 - 0.03 
Alkalies 0.20 - 1.40 
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Table 17. 14 

Analysis of Fume from Oxygen- Blown Steel 
Manufacturing Processes 

OH (A) OH (B) LD converter 

Charging Oxygen Oxygen First five Average 
scrap blowing blowing minutes for blow 

44.0 18.4 89.6 83.1 83.l 
0.4 0.5 0.5 1.5 1. 2 
6.8 7.95 6.1 1. 0 1.3 
0.2 0.2 0.1 ND ND 

0.5 0.85 0.6 ND ND 
1.0 0.60 0.6 2.9 3.3 
0.4 0.1'1 0.0 ND ND 

16.1 0.0 0.0 0. 04 0.03 
3.5 0.0 0.0 0.3 0.3 
0. 7 0.6 0.7 ND ND 

7.2 5p9 . 1. 2 1. 5 3.3 

0.2-1.5 0.6-1.0 2.5-5.0 7.0-15.0 4.0-7.0 
Av. 1. 0 0.8 Av. 4.0 10.0 6.0 

Fuel, oil: charge 70% hot metal 
Fuel, coke-oven gas; charge lOOo/o hot m~tal 
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80%, and the remainder was composed primarily of aluminum oxide. 
Zinc and lead contents of the fume were essentially zero during this 
period. 

The size of particulate matter from open hearths ranges from less 
than 0. 03 micron to several microns. One reported size distribution 
for a furnace without an oxygen lance is given in Table 17. 15. 23 

Figure 
17. 30 represents the particle size analysis of open hearth dust from a 
furnace utilizing an oxygen lance. 24 Composite samples representing 
dust evolved during the entire heat indicate that about 50% of the particulate 
i_s less than 5µ.. During the lime boil, however, t.he fume. is consider8.bly 
finer, and as much as 77% of the particulate collected is less than 5µ. in 
diameter and 20% less than 1µ.. In number, a great majority of the parti-

24 cles are smaller than 0. 1µ.. 
' 

Electrical resistivit~0of open hearth dust and fume is usually below •. 
the critical value of 2 x 10 ohm-cm. In-situ resistivity data for several 
open hearth furnaces together with a typical laboratory resistivity-tempera
hire curve are shown in Figure 17. 31. 

The composition of the waste gases from open hearth furnaces 
depends, to a considerable extent, on the type of fuel used to fire the 
furn2.ce. TaLle 17. 16 gives several stack gas compositions after the gas 
l"as been mixed with 40% excess air. 

23 
Producer gas, coke oven gas, · 

fw l oil, coal tar, pitch, creosote, and natural gas, were used to fire the.' 
furnaces from which these waste gases were taken. 

·~ . 

Three methods are in use for cleaning open hea,rt,h ,gases. 
are: (1) the electrostatic precipitator, (2) ba~ house ~ollectors, 
high energy wet scrubbers. 

These 
and (3) 

Open hearth precipitators. Figure 17. 32 is a flow diagram for cleaning 
open hearth furnace gas with an electrostatic precipitator. Precipitators 
for open hearth gas cleaning are of the single stage, horizontal flow, duct 
type, with a steel shell." In modern plants, the open hearth shop is 
equipped with a multiplicity of furnaces, generally serviced by a common 
air pollution control system. In addition to the use of electrostatic preci
pitators for control, cyclone collectors and washers or scrubbers are 
used singly or in combination. Where a common system is used, the gas 
from all the furnaces is brought together in a collector main or mixing 
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Table 17.15 

Size Distribution of Fumes in an Open Hearth Effluent 
(Adapted from Reference 23) 

Size-fraction (µ) 

1. 0 - 3. 0 

o. 5 - 1. 0 

o. 15 - o. 5 

Below 0.15 

Percent in Size-fraction (weight) 

7.3 

28.4 

49.5 

14. 8 
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Table 17.16 

Waste Gases from Open Hearth Furnace Fuels 
(Adapted from Reference 23) 

Flue Gas Composition {o/oJ with 40% Excess Air 
Producer Coke Fuel Coal Pitch Natural 

Gas Oven Gas Oil Tar Creosote Gas 

14. 2 6.05 9.6 11.2 11. 5 7.26 

6.9 16.4 13.4 11. 3 8.9 13. 45 

74.8 72.0 71. 5 72.0 73.95 73.75 

4.1 5.4 5.,4 5.4 5.6 5.54 

0.07 0.15 0.06 0.05 0.04 nil 
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flue, in order to level out peaking of the individual furnace gas character
istics. Where needed, soot blowers are used in the bottom of the collector 
flue to keep the dust in suspension. The soot blower media are either 
compressed air or steam. Steam is used if electrostatic precipitator 
operation requires wetter gas in order to reduce the electrical resistivity 
of the dust. Open hearth shop practice employs a multiplicity of air 
pollution control systems spaced along the collector main. Each sys.tern 
is usually independently controlled, but overriden by collector main 
conditions. 

· In cases where air pollution control requires chemical treatment, 
such as for the reduction of fluorine emitted, additional equipment is 
needed~ 'tf a dry process is used, such as injecting lime into the gas, , 
cyclohe' collectors are located ahead of the prec ipitator in order to give 
good mi.Xi~g and longer retention 'time for the dry adsorbent. If a wet 
system is used, scrubbers or wash towers are located after the precipi
tator. · · 

In operation, the gas temperature should be reduced to about 500°F 
for tbe electrostatic precipitator, to about 300°F for the high energy wet 
scrubber, and to the 250 to 450°F range for_Jhe bag house, depending on 
the kind of bags used. The electrostatic precipitators have the advantage 
of low pressure drop and an efficiency of 99. 5% if properly designed and 
engineered. 

Figure 17. 33 is a sch~matic diagra~ showing a typical electrostatic 
precipitator installation on an open hearth furnace. 

Precipitatator installations. Table 17. 17 shows the number of electro
static precipitators installed on open hearth furnaces during the period 
1949-1.968. Also shown in the table are the average design efficiencies 
for the precipitators instal,led during 5 year intervals. Figure 17. 34 is 
a plot of the installed capacity of electrostatic precipitators for open 
hearth gas cleaning based on gas volume handled. 

Precipitator design and performance. Design of precipitators for 
cleaning of open hearth effluent follows the general procedure outlined 
in Chapter 9, Part I. The size of the precipitator is governed by the 
collecting plate area, which is determined from the design efficiency, 
gas volume handled, and the precipitation rate parameter utilizing the 
Deutsch-Anderson equation. The precipitation rate parameter for open 
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Forced 
Draft Fan 

Figure 17. 33 Schematic Diagram Showing a Typical Electrostatic 
Precipitator Installation on an Open Hearth Furnace. 



Table 17.17 

Precipitator Installations on Open Hea·rth Furnaces 1949-1968 · 

Total Five Year Period 
Pptr. No. of Total Gas Vol. Weighted Eff. Total Average 

Contract No. of* Elec. Gas Vol. Accumul. on acf m Basis Gas Volume Vol/Yr during 
Year Install. Pptrs. (106 acfm) (106 acfm) YearL;l: 5-Yr. (106 acfm) Period (106 acfm) 

1949 1 (4) 4 0.134 o. 134 . 95.5 
1953 1 (10) 8 0.400 0.534 96.0 95.9 0.534 0.107 
1956 1 (11) 4 1. 000 1. 534 .97. 5 
1957. 1 (1) l . 0. 102 l.636 97.5 
1959 2 (12) 14 1. 980 3.616 98.3 98.0 3.082 0.616 
1960 3 (23) 13 3.229 6.845 98.7 
1961 1 (2) 2 0.330 7.175 99.0 
1962 2 {5) 4 0.382 7.557 98.4 
1963 2 (10) 3 0.453 8.010 98.1 I 

C.11 
1964 1 (2) 1 0.260 8.270 99.2 98.7 4.654 0.931 .r;.. 

.r;.. 
1966 1 (7) 5 1. 775 10.045 ·99_ 0 I 

1967 1 (8) 1 0.624 10. 669 99.0 
1968 1 (9) 2 1. 391 12.060 97. 0 98.3 3.790 0.758 

Grand 
Totals 18 (95) 62 12.060 

*Numbers in parenthesis are furnaces involved in installations indicated. 
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hearth furnace precipitators varies with size and composition of the dust 
and effluent gas. Figure 17. 35 shows the relationship between collection 
efficiency and the collecting area to gas volume ratio for a group of eight 
installations. The curves show a range of design w's of from 7 to 9 cm/sec. 
Test data are also plotted on the same curve. 

Power supplied for a group of open hearth furnace prehtpitators 
i~ shown in Figure 17. 36 in terms of installed power per 1000 cfm. Test 
data are also shown on the same figure. The trend is to supply more power 
than would normally be required. Also, power supplies are available in 
increments so that once power requirements are determined for a given 
application, the next modular size is chosen. The data, therefore, do not 
fall on a smooth curve. 

Cost data. Capital and operating costs for open hearth precipitators 
are given in Table 17. 18 for three different precipitator size,s. 

1 
Figure 

17. 37 shows the trend between cost and gas flow for a group of eight instal
lations of varying size. The spread in the data is probably due to the vari
ations in the particular installation more than any other single factor. 

17. 6 APPLICATION TO BASIC OXYGEN CONVERTERS 

The basic oxygen process for producing steel utilizes high pressure 
oxygen introduced into the mouth of a basic, refractory lined converter. to 
oxidize carbon, silicon, manganese, phosphorus, and other elements from 
the charge. Unlike electric furnaces or open hearths, there is no external 
source of heat for the converter, and consequently most of the charge must 
be composed of molten pig iron from blast furnaces. Oxygen is blown into 
the converter at high pressure through a water- cooled lance in volumes of 
up to about 25. 000 scfm. 27 The high velocity oxygen stream impinges on 
the surface of the metal bath and produces violent agitation and intimate 
~ixing of the oxygen with the molten charge. Rapid oxidation of dissolved 
carbon, silicon, manganese, chromium, and iron ensues. During the first 
part of the blow, the predominating reactions are between the oxygen and 
silicon, chromium, and manganeses .. .These metallic oxides enter the slag. 
After the slag-forming period, carbon oxidation increases until it reaches 
a peak at about the middle of the blow. If the phosphorous content is not 
too high, it may be removed during the normal b1.ow. If the phosphorus 
is very high, however, as it is in some European irons, an after-blow or 
phosphorous blow may be required to remove this element from the charge. 
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Table 17.18 

Open Hearth Furnace - Electrostatic Precipitator1' 

Capital Cost 

Gas Volume - acfm at 500°F 29,000 85,000 225,000 

Furnace Size - tons 60 200 600 

1. Material $130, 000 $320,000 $700,000 

2. Labor 70,000 170,000 380,000 

3. Central Engineering 52,000 110,000 200,000 

4. Client Engineering 13,000 30, 000 50,000 

Total $265, 000 $630, 000 $1,330,000 

Operating Cost 

1. Electric Power $ 5, 000 $15,000 $45, 000 

2. Maintenance 11,000 25,000 54,000 

3. Operating Labor 20,000 30,000 40,000 

Direct Operating Cost $36, 000 $70, 000 $139,000 

4. Depreciation 26, 500 63,000 133,000 

5. Capital Charges 26, 500 63,000 133,000 

Total $89,000 $196,000 $405,000 

Note: 1) One Furnace System 
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The furnace operation is cyclic and the time required for a complete 
heat averages about 45 minutes. The various steps in the cycle include 
charging, blowing, chemical analysis, alloying, and tapping. The charge 
usually contains about 75% molten pig iron, 25% steel scrap, and flux 
materials amounting to about 150 lb of lime, and 9 lb of fluorspar per ton 
of steel produced. The blowing time averages about 20 minutes, during 
which time large amounts of fume and particulate are evolved. The volume 
of gas generated may range from 200, 000 to 1, 200, 000 cfm at a tempera
ture of 3000-320C>°F, and may carr~ 300 lb or more of dust per minute 
from the mouth of the converter. 27

• 
8 

Gaseous emissions from the BOF. Gas and fume emissions from basic 
oxygen converters vary greatly with the stage of the heat; thus the pollution 
control equipment must be designed for the peak periods rather than the 
average. Figure 17. 38 presents test data obtained from BOF furnaces on 
gas emissions as a function of blowing time. 29 At a constant blowing rate, 
the gas evolved from the furnace during the fi]:'st inter.val of the blow has a 
volume considerably lower than that expected from the assumption that the 
oxygen was completely converted to' C02 •. However, with increasing time, 
the gas evolution increases and peaks out at a value substantially greater 
than the above expected value, assuming complete combustion. The 
reason for this behavior is that at the first of the blow, some of the oxygen 
enters the slag and metal to produce condensed metallic 'oxides. As the 
blow continues and the temperature of the bath increases, some of these 
oxides react with carbon in the melt to produce carbon monoxide gas, 
thereby producing the higher rate of gas evolution. 

29 
Dust control equip

ment must be designed for this peak rate of gas evolution. 

The composition of the gas emitted from the BOF ranges between 
70 and 90% carbon monoxide and 10-30% carbon dioxide through the blow-

29-32 h b .d ing period. However, at the peak2~f the blow, t e car on monox1 e 
content may occasionally exceed 95%. The temperature of the gas 
ranges from 3000 to 3200°F, depending on the scrap charge and cooling 
dd •t• 30 ' a i ives. 

The gas and fume from the furnace are collected by a closed hood 
over the mouth of the converter. There is usually a gap between the 
furnace mouth and the hood, which allows enough air to be drawn into 
the stream to completely burn the carbon monoxide to carbon dioxide. 
The gas is then cooled prior to cleaning. 
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Figure 17. 38. Carbon Dioxide from Basic Oxygen Furnaces After 
Complete Combustion. 
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Fume from the 1:30F. ~ume from the basic oxygen furnace is primarily 
composed of the oxides of iron. The amount of fume varies greatly and 
reports show dust formation rates ranging from 20 to 60 lb/ton of steel. 32 - 34 

This amounts to 1 to 3% of the metal produced and may produce concen
trations of fume in the effluent gas of up to 15 grains per standard cubic 
feet under peak conditions, 

35 
with an average over the entire heat of about 

5. 5 grains per standard cubic feet. The dust is finely divided, with most 
of the particles ranging from 0. 1 to 1µ in size, 27 although on a weight 
basis, a considerable portion may exist as relatively large particles. 
Two reported size distributions are given in Table 17. 19. · 

The operation responsible for the production of such large amounts 
of fume is the high velocity oxygen lance, which produces violent agitation 
and rapid oxidation where it impinges on the molten bath. Temperatures 
of up to 3500°F, coupled with the absence of a slag cover and a boiling 
action of the metal which accompanies oxidation of carbon, cause the evo
lution of large amounts of fume. 

The composition of two samples of dust from basic oxygen furnaces 
is shown in Table 17. 20. Iron and its oxides comprise most of the dust. 
The analysis of one of the samples indicates that it is 90% by weight Fe20 3 , 

while analysis of the second sample is reported to contain 66. 7% metallic 
iron. The difference in degree of oxidation of the .two dust samples is 
probably caused by the fact that the second sample was collected from 
the gas stream before the combustion of the CO, and hence the iron was 
not yet oxidized. 

Resistivity of BOF dust is a function of moisture content in the 
temperature range in which surface conduction predominates. Figure 
17.39 is a plot of resistivity as a function of gas temperature for BOF 
furnace dust~ The resistivity values shown are laboratory measurements 
and cover a moisture range of from 5 to 25%. Since no moisture is 
released in the steelmaking process, all of the moisture comes from 
evaporative cooling of the gas in the cooling tower. Note that the 
resistivity is below the critical value of 2 x 10

10
ohm-cm, indicating that 

no precipitator problems attributable to high resistivity are to be 
expected. 

Gas cleaning of BOF effluent. Two cleani?g devices are ge?erally 
used for cleaning BOF effluent. These are high energy venturi scrubbers 
and electrostatic precipitators. As of 1968, there were 41 wet collectors 
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Table 17.19 

Particle Size Analysis of BOF Fume ' 
from Two Installations 

Reference 33 Reference 31 
Size - µ 

<0.5 

o. 5 - 1. 0 

1. 0 - 15 

O/'o Size - µ o/o 

20 <5 8.9 

65 5 - 10 9.1 

15 10 - 20 39.9 

20 - 30 28.8 

>30 13.3 

Table 17. 20 

Composition of Fume from BOF Data 
Shown in Table 1 7 . 19 

flement 

Fe10a 

Mn10 4 

FeO 

Si01 

Cao 

Pi.Os 

Al10 1 

Fe 

c 

MgO 

Ti<l.a 

Cr10a 

Reference 33 
i % 

90.0 

4.4 

1. 5 

1. 3 

0.4 

0.3 

0.2 

Reference 31 
'fo 

4.01 

21.45 

1.3 

3.7 

0.36 

66.69 

tr 

0.66 

0.11 
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Figure 17. 39. Resistivity vs. Gas Temperature for BOF Furnace 
Dust. (Laboratory Measurements) 
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and 36 electrostatic precipitator units on BOF furnaces in operation, 
under construction, or being designed. 29 A sketch of the electrostatic 
precipitator connected to the BOF is shown in Figure 17. 40. 

•. The disadvantages of the venturi scrubber are the high power 
requirements and the necessity for circulating and cleaning large amounts 
of water. The sludge water is passed from the venturi through a series 
of liquid cyclones which separate the coarser particles. p~rt of the . 
overflow is returned to the venturi and the remainder flows to a clarifier
thickener, where particle settling may occur. The underflow is then 
pumped to a vacuum filter for dewatering. The difficulties with the water 
treatment plant include corrosion and buildup of suspended fume on moving 
parts. These problems may cause binding and wearing of the system 
because of the abrasiveness of iron oxide, which may lead to plant 
sh,utdown. Water scrubbing in a high energy system, however, may be 
very effective with collection efficiencies approaching about 99%. 

l 

The gas and fume must be cooled before being cleaned, regardless 
of the cleaning device employed. Cooling may be accomplished by passing 
the effluent over water-cooled heat exchangers or by passing it through a 
quencher where water sprays are employed. In the quencher, the coarse 
particles are washed from the gas stream and the gas is cooled to the 
tetnperature required before entering the cleaning device. 

The water cooling tower provides the conditions for evaporation of 
water required to cool the gases, and hence moisture conditioning is a 
by-product of cooling and influences the resistivity of the dust in the 
temperature range in which surface conduction predominates. 

t., 

Design of a cooling tower for cooling gases from metallurgical 
furnaces must be such that complete evaporation of the water takes 
place within the tower. If there should be water carryover to the electro
static precipitator, the dust would tend to adhere to the plates, presenting 
rapping problems. Dust removal from the hoppers would also present a 
problem. 

The factors that influence cooling tower design are the temperature 
of the gas, the size of the water droplets, and the residence time in the 
cooling chamber. 

SOUTHERN RESEARCH INSTITUTE 
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:Heat transfer rates are directly related to gas temperatu,re so that 
a decrease in temperature would require greater surface area, greater 
residence time, or a combination of these to assure complete evapora
tion. Consequently, a cooling tower designed for exit gas temperatures 
of 500-600°F would be smaller than one designed for 200-300°F operation. 

The surface area available for heat transfer is related to the size 
of the water drops. Since the gas flow in cooling towers is low, atomi
zation takes. place as a result of hydraulic pressure of the water. Higher 
water pressures generally result in smaller particle sizes. However, 
the effect decreases rapidly above a critical pressure level. 

Residence time is a function of the volume of gas, the dimensions of 
the cooling chamber, and the gas flow distribution within the chamber. 
Whitehead and Darby36 made a study of the effect of gas distribution in 
cooling chambers related to cooling incinerator gases. The same general 
conditions apply to the cooling of gases from metallurgical furnaces. 

The dust loads and gas flows in BOF furnaces are extremely inter
mittent. During the oxygen blow, gas flow rates are high, whereas the 
dust level and gas flow are low between period of oxygen lancing. The 
cooling requirements, therefore, vary drastically during the steelmaking 
cycle. Because of the ·variations in temperature and gas volume, the 
amount of water required for gas cooling also varies over a wide range. 
r:r:here are two methods of controlling water flow rates. The water 
sprays can be arranged in banks and thermostatically controlled to come 
on at preset temperature l~vels. Alternatively, a spillback system can 
be used in which the rate of water injection is continuously varied over 
the full range of water flow rates. 

If the cooling tower is designed with banks of spray nozzles for 
water rate control, the first bank of water sprays does not come on 
until a preset temperature is reached. Consequently, the moisture 
content of the gas is low and the dust resistivity is high during the 
interval between the start of the oxygen blow and initiation of water 
spray cooling. Unless provision is made to prevent it, abnormally high 
dust emissions can occur during this period. These emissions are called 
lance puffs. 

Lance puffs can be controlled by the injection of steam into the duct 
ahead of the precipitator during the period before the water sprays come 
on. This practice is followed in many installations. 

SOUTHERN RESEARCH INSTITUTE 
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Precipitator installations. Table 17. 21 shows the number of t:'!h•ct.ro
static precipitators installed during the period 1956-1968 and the gas 
volumes associated with the total installed capacity by year. Figure 17. 41 
is a plot of the total cumulative gas volume for the period 1956-1968. 

Precipitator design. Precipitators for cleaning BOF dust are generally 
of the horizontal-flow, single-stage type. Mechanical components can be 
several types depending upon the particular application and can vary 
widely with the various precipitator manufacturers. Design efficiencies 
of precipitators for this service are high, consistently ranging abo~e 99%. 

The size precipitator required for a particular application is deter
mined by the methods outlined in Chapter 9, Part I. The collecting plate 
area is calculated from the Deutsch-Anderson equation, which relates 
collection efficiency, gas volume. collection plate area, and the precipi
tation rate parameter. 

Figure 17. 42 is a plot of efficiency as a function of the collection 
plate area to gas volume ratio for a group of three BOF precipitators. The 
design values of precipitation rate parameters vary from 5~ 8 to 20 cm /sec 
for the particular units for which data were available~ 

Table 17. 22 lists average values of some important design param
eters for BOF furnace precipitators. 

Cost data. Installed cost of BOF furnace precipitators range from 
$4. 88 to $ 5-. 00 per cfm or $ 8. 00 to $12. 00 per sq ft of collecting surface. 
Figure l7. 43 is a plot of erected costs for a limited number of instal
lations. " 

Table 17. 23 is a tabulation of estimated capital equipment costs 
prepared under the National A ir

1

Pollution Control Administration Contract 
PH-22-68-65 by Swindell-Dressler Company. The data for the three 
sizes of furnace are plotted in Figure 17. 43 along with the Southern 
Research Institute data.. 

Table 17. 24 gives the yearly operating costs estimated by 
Swindell- Dressler for those BOF precipitators handling three different 
gas volumes. The costs are broken down into categories of power, 
maintenance, operating labor, depreciation, and capital charges. 
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Table 17.21 

Precipitator Installations on Basic Oxygen Furnaces 1956-1968 

Total Five Year Period 
Pptr. No. of Total Gas Vol. Weighted Eff. Total Average 

Contract No. of* Elec. Gas Vol. Accumul. on acfm Basis Gas Volume Vol/Yr during 
Year Install. Pp_trs. (106 acfm) (106 acfm) Yearly 5-Yr. (106 acfm) Period (106 acfrn) 

1956 1 (2) 1 0.238 0.238 99.5 
1957 2 (3) 3 0.596 0.834 99.7 
1958 1 (1) 1 0.203 1. 037 99.8 99.7 1.037 0.207 
1960 1 (2) 1 0.242 1.279 99.5 
1962 2 (4) 6 1.630 2.909 99.2 99.2 1.872 0.374 
1965 1 (1) 3 1.074 3.983 99.43 
1966 2 (3) 6 1.560 5.543 99.7 
1968 1 (2) 3 0.760 6.303 99.5 99.6 3.394 0.679 

Grand 
Totals 11 (18) 24 ~.303 

*Numbers in parenthesis are furnaces involved in installations indicated. 
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Figure 17. 41. Cumulative Gas Volun1e from BOF Controlled by 
Electrostatic Precipitators. 
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Table lT. 22 

Aeplication and Design Variables for Two BOF Furnace Precipitators 

Melt Rate 250 tons/heat 170 tons/hr 

No. of Precipitators 3 3 

Total Gas Volume, acfm 960,000 550,000 

Gas Temperature, °F 550 230 

Inlet Oust Loading, gr I cu ft 15 4 

Design Efficiency, 'Yo 99.7 99.8 

Collecting Surface Area/pptr. 146,200 111,500 

Treatment Length, ft 42 36 

No. Discharge Wires /pptr. 9,960 3,168 

Length of Discharge Wires /pptr. , ft 81, 200 74,400 

Diameter of Discharge Wires, in. 0.109 0.109 

Rappers, Collecting Plates 32 36 

Rappers, Discharge Electrodes 8 24 

Power Input, watts/1000 cfm 304 215 

No. of Sections 4 7 

Design ~ , sec /ft 2"/. 4 36.5 

Design w, ft/sec 0.21 "0.17 
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Table 17. 23 

Basic Oxygen Furnace - Electrostatic Precipitator 
(Reference 14) 

Capital Costs 

Gas Volume - acfm at 500°F 375,000 785,000 1,200,000 

Furnace Size - tons 100 200 300 

1. Material $ 900, 000 $ 1, 600, 000 $ 2, 250, 000 

2. Labor 450,000 800,000 1,100,000 

3. Central Engineering 250,000 410,000 550,000 

4. Client Engineering 60,000 100,000 140,000 

Total $1,660,000 $ 2, 910, 000 $ 4, 040, 000 

Note: One Furnace System 
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• Swindell Dressler Average 

• Individuai Data P i1s 

200 400 800 800 1000 

Oas Volume, Thousands of cfm 

Figure 17. 43. Erected Costs for a Limited Number of BOF 
Installations. Efficiency Range 99. 4-99. 8%. 
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Table 17. 24 

Basic Oxygen Furnaces - Electrostatic Precipitators 
(Reference 14) 

Operating Costs ($/Yr) 

Gas Volum'e:..: acfm at 500°F 375,000 785.000 1,200,000 

' 
Furnace Size - tons 100 200 3QO 

L Electric Pow.er $ 90,000 $ 210. 000 $ 310. 000 

2. Maintenance 66,000 116,000 162,000 

3. Operating Labor 20,000 30,000 40,000 

Direct Operating Cost $ 176, 000 $ 356, 000 $ 512, 000 

4. Depreciation 166,000 291,000 404,000 

5. Capital Charges 166,000 291,000 404,000 

Total $ 508, 000 $ 938, 000 $1. 320, 000 

Note: One Furnace System 

SOUTHERN RESEARCH INSTITUTE 
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17. 7 APPLICATION TO ELECTRIC ARC FURNACES 

Electric arc furnaces employed for melting a~d refining steel are 
cylindrical, refractory-lined structures, with a dish bottom and a domed 
roof. They range in size from a dianieter of about 7 feet, with a hot 
metal capacity of about 4 tons, to a diameter of 24. 5 feet with a metal 
capacity of 200 tons. The refractory lining used inside the steel structure 
may be either acid or basic, but basic refractories are more commonly 
used. Because of the flexibility of operation, the electric arc furnace is 
used to produce steels with a wide range of composition, including carbon, 
alloy, and stainless grades. In 1967, 12% of the steel produced in the 
United States was produced in electric arc furnaces. 37 A flow diagram of 
the electric arc process and auxiliary equipment is shown in Figure 17. 44. 

In practice, steel scrap, and perhaps hot metal from a blast furnace, 
are charged into the furnace, the electrodes lowered, and the power turned 
on. Power for melting and super-heating the charged material is supplied 
to the furnace through externally supported carbon electrodes which are 
automatically raised or lowered through holes inthe furnace ro<;>f. Intense 
heat is produced by the current arcing between the electrodes and the 
metal charge, and this, coupled with the resistance heating that occurs as 
the current flows through the charge materials, results in melting and 
super-heating of the charge. 

Meltdown in usually accomplished under oxidizing conditions in order 
to effect removal of phosphorus,. and achieve a good carbon boil after 
complete meltdown. Oxygen for the oxidizing reactions, which occur before 
and during the carbon boil, may be obtained from the following sources: 

1. oxygen gas injected into the bath after meltdown (oxygen lance), 
2. oxygen from the furnace atmosphere, 
3. decomposition of limestone, if this is used in the charge. 
4. oxides of alloying elements used in the charge, and 
5. iron ore or mill scale used in the charge or added after meltdown. 

The use of an oxygen lance is important in modern steelmaking practice 
because of the rapidity with which the carbon boil may be initiated, and 
oxidizable elements removed from the melt. 
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In production of low carbon steels, the temperature of the bath is 
increased during the oxygen lancing in order to promote carbon removal, 
and to increase the fluidity of the bath. The reaction of oxygen with carbon 
in the melt forms CO gas, and this gas gives rise to the· carbon boil which 
is beneficial in purging. the bath of hydrogen and nitrogen. Maximum 
cleanliness of the steel requires a hot bath with a vigorous carbon boil. 

In the double slag refining practice, the oxidizing slag is removed 
from the furnace after the carbon boil is complete, and a basic deoxidizing 
slag is then prepared. The second slag faciJ.itates sulfur removal from 
the molten metal, while the temperature and composition of the metal are 
being adjusted before tapping. As rapidly as possible, the composition and 
the temperature of the metal are adjusted to the desired range. After the 
proper temperature and composition are obtained, the power is turned off, 
the electrodes raised, and the furnace is tilted to allow the steel product 
to pour from the furnace into a collection vessel. 

Gas emissions. Very little air is admitted to the electric arc.furnace 
during the meltdown period, and during this time the furnace operates with 
an atmosphere containing a small amount of carbon dioxide, some hydro
gen, but predominately carbon monoxide. 38 The particulat~ emissions ·· 

, I 

from the electric arc furnace during this meltdown period are composed 
primarily of volatile matter from the charged scrap including oil.~ grease, 
and oxides of metals with high vapor pressures. Zinc oxide from galva
nized scrap is probably the most common metallic oxide evolved during 
th is period. 

After meltdown of the complete charge, oxygen is lanced into the· 
furnace. This oxygen combines with carbon, silicon, and manganese in 
the melt, to produce a furnace atmosphere containing primarily carbon 
monoxide, with some free oxygen, carbon dioxide, and hydrogen. Tests 
have indicated that the atmosphere in the furnace during lancing contains 
in excess of 80% carbon monoxide. 39 

The approximate temperature of the dust-laden gas leav·ing the 
electric arc furnace has been reported to be in the 270C>°F to 290C>°F 
range, 40

•
41 although some investigators have reported lower exit tempera

tures of about 18000F during melting, and up to 230C>°F during oxygen 
lancing. 
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The discrepancies in reported temperature of exit gases are probably 
ca,used by varying amounts of ambient air being entrained in the gas, 
either before, or'after. the gas exits from the furnace shell. 

The flue gases contain large carbon monoxide concentrations when 
released from the electric furnace. Because this constitutes a potential 
exJ>losion hazard, the gases must be .burned or significantly diluted with 
air .be.fore. they enter a precipitator or other dust cleaning device. This 
is usually accomplished by admitting air into the stream of hot gases and 

·allowing combustion to take place. 

The flue gas volume to be treated with a dust collecting device 
ra!iges from a minimum: of 12 to perhaps 200 times the volume of 
oxygen lance.cl ihto the furnace, depending on the method used to cool and 
c~llect the waste, gases. ·A minimum value of 12 to 15 times the volume 
of oxygen lanced is obta ine.d When using a direct furnace shell extraction 
followed by combustion, and subsequently, a water spray cooling to 
saturation at about 175°F. 40 In operations whe.re a shop roof hood is used 
to c:ollect fumes, it may be necessary to handle gas volumes as great as 
200 tim.es. the volume of oxygen lanced into the furnace in collecting devices. 
Because of the wide variety .of. methods used in collecting fume, the actual 
dust load, gas composition, and gas temperature entering a dust collecting 
device varies greatly' from plant to plant. 

Particulate .emissions. A compilation of data on total particulate 
emissions from various eleCtric arc furnaces is given in Table 17. 25. 42 

:The data presente'd are from both acid and basic electric arc furnaces 
with various melting rates, cycle times, and with furnace sizes ranging 
from 3 to .50 tons. The average quantity of fume is 10. 6 pounds per ton 
of steel, or about 0 .. 5% of the metai charged into the furnace. The range 
is from 4:5 to, 29. 4 pounds of particulate per ton of steel melted. However, 
emissions as high as 3'1: 8 pounds per ton have been reported, 42 and oc-

·casionally, with Highly oxidized sc;:P charge materials, emissions as high 
.as 75. pounds per ton are reported . 

. <>The wide variations. in total fume emissions per ton of metal melted 
are attributable to .several factors including: the size of the furnace and 
the melt practice employed, formulation of the charge, cleanliness of the 
·scrap, melt refining procedure, and pouring temperature. The most 
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Table 17. 25 

Electric Arc Steel Furnace Fume Emission Data 

Rated Average Fume 
Furnace Melting Cycle emission/ton 

Size, Rate, Time, Melted, 
Case tons tons/hr hr lb/ton Furnace Process Reference 

A 50 18.3 4 9. 3
3 

75 23.5 4 18. 64 Basic, single slag 
75 23.5 4 

B 501 14. 4 4 7.6 
50

1 13.6 4 6.9 Basic, single slag 
75

1 21. 9 4 12.3 
3 1. 5 2 12.6 Acid, oxygen blow 
3 1. 1 2 7.6 Acid, oxygen blow 
6 3. 1 10. 4 

10 6.6 2 5.5 Basic, oxygen blow 
10 5.4 2 5.2 Basic, oxygen blow 

22 1. 52 13.4 

c 3 1. 9 2 4.5 Acid. 
3 1. 6 2 5.8 Acid 
3 1. 9 2 5.7 Acid 
6 2.6 2.3 15.3 
6 3.0 2 12.8 

D 18 5.4 3 6.1 

E 6 4.1 1. 2 29.4 Acid, single slag 

F 3 1. 8 1. 8 12.7 Acid, single slag 

Refer to same furnaces as Case A. 
2Two 2-ton furnaces operating in parallel. 
3Average for one 50-ton and two 75-ton furnaces processing normal scrap. 
4Average for one 50-ton and two 75-ton furnaces processing dirty, subquality 
scrap. 

44 

42 

43 

42 

51 
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va_riables affecting effluent are probably quality and cleanliness of scrap, 
an? the metal-refining procedure. 

The types of scrap charged is quite important in determining the 
total emissions from the furnace, since the inclusion of large quantities 
of 1ow boiling point, nonferrous metallic impurities in the charge will 
inevitably lead to high concentrations of oxides of these metals in the 43 ... 
fu'rne. The cleanliness of the scrap is also significant because volatile 
impurities, irtclµding oil and grease, will be driven from the charge 
materials at relatively low temperatures during the early stages of 
meltdown, producing significant amounts of carbonaceorn; particulate 

. . 44 . 
matter. · . 

Quantitative tests designed to determine the effect of scrap cleanli
ness on the total particulate effluent have been performed u.sing identical 
furnace operating conditions, with variations occurring only in cleanli
ness and quality of the scrap. The amount of fume emitted per ton of 
tnetal increased by a factor of 2 when dirty, subquality scrap was used. 

44 

The work of Kane and Sloan
43 

substantiates these results, and reports 
an -.increase of over 40% in the amount of fume released per ton of metal 
pr6cessed when.lower quality scrap was charged into the furnace. 

43 

After meltdown and evolution of the readily volatile scrap constitu
ents, the rate of fume release increases and reaches a peak during the 
boil and refining periods of the heat, particularly when an oxygen lance 
is employed. 45 If a mill-scale boil is employed, rather than an oxygen 
lance, the amount of fume produced may be somewhat less because of 
the less vigorous boiling action in the furnace, 45 and the lower melt 
temperature. 46 Also, an appreciable amount of fume produced during 
a mill-scale-induced carbon boil may be entrapped in the slag cover, 
whereas fume from an oxygen lanced heat may escape the slag cover 
because of the greater turbulence. During the refining phase of pro
ducing the steel, the fume rates are generally high, and tend to peak 
toward the end of the carbon boil. Metal oxide fumes from the melt 
normally decrease af~r47the slag is sflaped up, because the slag blanket 
tends to entrap them. ' 

Just as the amount of particulate matter from the electric furnace 
varies with the charge and operating conditions, so does the composition 
of the particulate. Table 17. 26 presents some average chemical analyses 
of pa.rticulate emissions obtained from five. alloy and stainless steel heats 
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Table 17. 26 

Chemical Analysis of Furne Samples 
(Filtered from five alloy and stainless heats during shell 

evacuation test by Firt.h Sterling, Inc.) 

Analysis for 

Fe20 3 
FeO 
Cao 
MgO 
Soluble Alkalis 
Cr20 3 
Si02 
MnO 
c 
Mo03 
s 
NiO 
V20s 
Al2 0 3 
C030 4 
Ti02 
N2 
P20s 
Moisture 
Ignition loss (probably carbonates) 

Percent by weight 

23.95 
9.66 

15.41 
15.25 
11..25 
8.77 
3.76 
2.75 
1. 60 
0.95 
0.64 
0.62 
0.51 
0.47 
0.08 
0.05 
0.014 
Tr. 
0.90 
o. 3·5 
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41 
produced in an arc furnace. These data indicate that the fume is pre.:'. 
dominantly composed of the oxides of iron, calcium, magnesium, chromium, 
silicon, and the alkali elements. The range in composition of dust samples 
from an electric furnace shop is given in Table 17. 27, and probably repre-
sents the maximum variations that might occur. 48 

' 

Some qualitative spectrochemical analyses and concentration esti
µiates of minor constituents in fumes from electric arc furnaces are given 
ln Table 17. 28. 41 The oxides of zinc, manganese, and lead are the predom i
nant minor constituents with zinc probably coming from galvanized scrap, 
lead from terne sheet or free machining steels, and manganese from almost 
any type of. scrap. Significantly higher zinc oxide contents have been re
ported, however, 11

•
42 and one such ahalysis is given in Table 17. 29. The 

presence of 37% zinc oxide in this particulate sample is perhaps the result 
6f a large amount of galVanized scrap being included in the charge . 
. i 

The, composition of fume changes during the different periods of melt 
production. Fumes may contain 40 to 50% iron by weight during meltdown, 
particularly if thin sheet scrap is used as a charge material, and may 
maintain this value during the carbon boil. 47

'
49 The remainder of the 

particulate evolved after meltdown is composed of the oxides of calcium, 
silicon, phosphorus, manganese, and sulfur. 50 After the slag is shaped 
u"p on the metal bath, the iron oxide content may fall to as low as· 5%, with 
the calcium oxide content of the fume increasing to the 45 to 50% range. 49 

A representation of the dust burden during oxygen lancing of an 
electric arc furnace with a 15-ton capacity is given in Figure 17. 45. 
During the meltdown period, a dust burden of up to about 3 grains per 
cubic foot was observed after the gas had been extracted from the arc 
furnace, combusted to remove the high carbon monoxide concentration, 
and water spray cooled to 175°F. During oxygen lancing, the particulate 
concentration was approximately 3 grains per cubic foot until 70% of the 
oxygen had been blown. During the last stages of blowing, the particu
late burden decreased to about 1 grain per cubic foot. 

Dust from electric arc furnaces tends to be extremely fine as 
indicated in Table 17. 30. 

41 
These data, from several sources, indicate 

that 90 to 95% of the fume is below 0. 5 micron in size. This very fine 
fume restricts the method of' collection to electrostatic prec ipitators, 
bag-houses or very high energy wet scrubbers. The data presented in 
Table 17. 30 suggest that there is a wide variation in particle size for 
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Table 17. 27 

Chemical Analysis Range of Electric Furnace Dust 

Component Range, % 

Fe20 3 19-44 
FeO 4-10 
Total Fe 16-36 
Si02 2- 9 
Al20 3 1-13 
Cao 5-22 
MgO 2-15 
MnO 3-12 
Cr20 3 

0-12 
CuO <1 
NiO 0- 3 
PbO 0- 4 
ZnO 0-44 
Alkalis 1-11 
p <1 
s <1 
c 2- 4 



Element 
' 

Iron 
Calcium 
Silicon 
Zinc 
Manganese 

Magnesium 
Sodium 
Chromium 
Nickel 
Aluminum 

Lead 
Molybdenu:rh 
Copper 
Tin 
Titanium 

Vanadium 
Bismuth 
Strontium 
Cobalt 
Silver 

Cadmium 
Potassium 

. - 576-

'ruble 17. 28 

Qualitative. Spectrochemical.Analysis and 
Concentration Estimates of Detected Constituents 

(Based on three typical samples of fume removed from 
hoppers of cloth filters.) 

Plant A Plant B Plant C 

Concentration Range, % 

5 to 50 Major Const. Major Const. 
3 to 30 0.05 to 0.50 0.05 to 0.50 
0.10 to 1. 00 2.0 to 20 2.0 to 20 
0.01 to 0.10 0. 30 to 3.0 0.05 to 0.50 
0.50 to 5 0.20 to 2.0 0.20 to 2.0 

0.50 to 5 0.010 to 0. 10 0.005 to 0.05 
0.50 to 5 0.010 to 0 10 
0. 30 to 3.0 0.5 to 0.50 0.10 to 1. 00 
0.05 to 0.50 0.02 to 0.20 0.05 to 0.50 
0.05 to 0.50 0.20 to 2.0 0.05 to 0.50 

o.05 to 0.50 0.20 to 2.0 0.01 to 0.10 
0. 05 to 0.50 0.005 to 0.05 0.005 to 0.05 
0.02 to 0.20 0.03 to 0. 30 0.03 to 0.30 
0.01 to o. 10 0.01 to 0.10 0.01 to 0.10 
0. 0005 to 0.005 0.01 to 0.10 0.01 ·to 0.10 

0.005 to 0.05 0.001 to 0.01 0.01 to 0.10 
0.005 to 0.05 
0.005 to 0.05 
0. 0005 to 0.005 0.003 to 0.03 0.001 to 0.01 
0.001 to 0.01 0.0005to 0.005 0.0005to 0.005 

0.001 to 0.01 0.003 to 0. 03 0.0005to 0.005 
0.30 to 3.0 
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Table 17. 29 

Electric Furnace Dust Composition 
(Reference 44) 

Component 

ZnO 
Fe 
CaO 
MnO 
Al20 3 
803 
Si02 
MgO 
CuO 
P:aCJs 

Weight, o/o 

37 
25 

6 
4 
3 
3 
2 
2 
0.2 
0.2 
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Total 0 2 Blown 

-Denotes duration of dust sampling 

Figu~e 17 .. 45. Variation of Furne Burdens During Oxygen Lancing. 
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Table 17.30 

Electric Steel Furnace Fume Particle Size Data 

Percent by weight below 

0.5 1.0 3.0 5.0 
Reference micron micron microns microns 

40 90 
54 95 100 
55 90 
56 70 
44 71. 9 
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varying operating conditions. .Figure 17. 46 is an analysis of a rath~r 
dense sample of particulate collected from an electric arc furnace. 

Ventilation method~ .for controlling electric arc furnace emissions. The 
actual amount of gas which must be treated in the dust control system varies 
substantially with the type of collection equipment utilized. There are 
basically three types of ventilation techniques used to ·control effluent from 
the electric arc furnace. These are: (1) general ventilation, (2) canopy 
hoods over the furnace, and (3) direct extraction of the fume from the 
electric arc furnace. 

d·eneral ventilation to collect effluent from the electric furnace is 
probably the least efficient, and requires the greatest volume of air. A 
volume of up to 200 times the volume of oxygen used in the furnace has 
been reported. 40 A c.anopy hood over the electric furnace is favorable in 
some situations because it may be completely independent of the furnace, 
a.nd equipment arourid the furnace. A canopy hood arrangement, located 
20 to 30 feet above the furnace, is reported to require four or five times 
the air volume that is required for a direct roof tap, which requires from 
60 to 75 times the amount of oxygen lanced. 

38 
Cross currents through the 

melt shop materially affect the fume path to the collecting hood, and may 
result in an inefficient operation. 

A direct roof tap ~ppears to be the most efficient method of extracting 
fumes from the electric arc furnace. The total volume of air to be filtered 
with this method ranges from 15 to 100 times the volume of oxygen lanced 
into the furnace, depending on the cooling method. Reviews of the ad
vantages and disadvantages of different methods of fume extraction are 
given in Ref. 39. 52, 53, and elsewhere. 

As shown in Figure 17. 44, the collecting duct encloses the three 
electrodes as closely as possible,. and is. a part of the swinging furnace 
roof. In the closed position, this duct matches with the entrance to the 
flame hood. The flame hood is a brick and steel structure mounted beside 
each furnace, with a single horizontal reversal of gas flow. Its design 
and size are dictated by the space available. Water is sprayed into this 
hood up to a rate of 25 gpm, and is completely vaporized. This serves 
partially to humidify the gases and quench the flames. Suction fans provide 
ample draft, except during the more violent periods of bath reactions, 
when some gases escape. The collected gases pass through uninsulated 
steel flues to a spray tower where the inlet temperature range is 300 to 
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Figure 17. 46. PartiCle Size Distribution By Weight of Electric 
Furnace Fume. (Reference 47) 
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500°F, and dust loading up to approximately 1 gr per cu ft. 

The gases are cooled by direct contact cooling with water sprays 
at the first tower, with the quantity of sprayed water controlled by; the 
temperature of the gas in the third tower. Water from the towers is 
recirculated. 

Where machine turnings, oily scrap and bundles, containing a 
number of non-ferrous metals are charged, it may be necessary to scrub 
the gases first, and then pass them through an electrical precipitator. 

Precipitators for electric arc furnaces. Electrostatic precipitators 
have been used on several electric furnace installations, both in the 
United States and Europe. The electrostatic precipitator offers the 
advantage of a low pressure drop and low power requirements, compared 
to a bag house or a high energy wet scrubber, and it is capable of achiev
ing relatively high efficiencies. 

The precipitator data (Table 17. 31, Column A) is for a plate-type 
electrical prec ipitator utilizing full-wave rectification. 42 The furnaces 
are operated under a draft of O. 02 in. water, with the fumes removed 
through a direct furnace tap into a 2-stage evaporative cooler. The 
precipitator handles 105, 000 cfm at 127°F, with an inlet fume concen
tration varying from 0. 68 to 1. 35 grains per cu ft. Collection efficiency 
of over 97% is realized, using an electrode area to volume ratio of 22. 2 
sec per ft2, and a gas velocity of 3. 9 ft per sec, giving a gas retention 
time in the equipment of 4. 6 sec. 

Another electrost~tic precipitator installation (Column B) is 
operated without any gas conditioning. The electrostatic precipitator 
equipment is an expanded metal plate precipitator using full-wave recti-· 
fication. A ring-type hood over the furnace directs the effluent through 
a radiation cooler, after which tempering air is added to reduce the gas 
stream temperature to about 80°F. Approximately 33, 500 cu ft per min 
of gas then enters the precipitator with a fume loading of about 0. 115 
grains per cu ft. The area to volume ratio in this case is 21. 5 sec per 
ft

2
, and the gas retention time is 7. 8 sec. Gas velocity is 2. 3 ft per sec, 

and a collection efficiency of 92% is obtained. In spite of the more 
favorable area to volume ratio found· in Case B, a lower collection 
efficiency was obtained, which is probably attributable to lack of gas 
conditioning. 

SOUTHERN RESEARCH INSTITUTE 



-583-

Table 17. 31 

Collection of Electric Arc Steel Furnace Fumes 
(Reference 20) 

Electrical Precipitator Data 

Case 

Operational Data: 

b1let gas vol. , cfm 
Inlet gas temperature, °F 
Absolute humidity, lb/lb dry gas 
Inlet fume cone. , gr /ft3 

Electrical Precipitator Data: 

Type 
Rectification 
Area of collecting surface 
Gas velocity, fps 
Gas retention time, sec 

A/V ratio Electrode area • sec/ft 
' Volumetric rate 

Collection Efficiency 

Design Precipitator Rate Parameter 

Gas Conditioner Data: 

Type 

A 

105,000 
127 

0. 045 
o. 68(1) - 1. 35(2) 

High eff. plate 
Mech. , full wave 

38, 880 ft2 

3.9 
4.6 

22.2 

97+% 

B 

33, 500 
80 

Ambient 
0.115 

Exp. metal plate 
Mech. , full wave 
11, 970 ft2 

2.3 
7.8 

21.5 

92% 

0.16 ft/ sec 0. 12 ft/sec 

2-stage 
evaporative 

cooling 

Radiation and 
tempering air 

cooling 

1 

2 
Average for one 50-ton and two 75-ton furnaces processing normal scrap. 
Average for one 50-ton and two 75-ton furnaces processing dirty, sub-
quality scrap. 
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Cost data. Capital and operating costs for electrostatic precipitators 
for electric furnace gas cleaning are given in Table 17. 32.14 These data 
were taken from the Swindell- Dressler report on costs of control equipment. 

17. 8 APPLICATION TO SCARFING MACHINES 

Scarfing is the operation in the steelmaking process in which the. 
skin of the steel slab is removed. In this operation, slabs from the 
slabbing mill are conveyed to the stationary scarfing machine, where they 
are preheated with oxygen and acetylene for about three seconds, after 
which the scarfing operation begins. The slabs pass the cutting torches 
at 80 to 120 fpm. A cut of about 1/16 in. is made on two s1des of the slab. 
The sparks and fume are blown downward by compressed air toward a 
target plate which is continuously sprayed with water. 

During the cutting operation, a coarse spray of water is introduced 
immediately after the gas nozzles to break up the larger chips and wet 
the fume. The fume is taken through underground ducts to the precipit_ator 
where the clean gases are passed through a fan and exhausted to atrnosphe re 
through a steel stack. The fume content of these gases (temperature 
80-100°F) varies from zero to an estimated maximum of 0. 8 grains per 
cubic foot with an average loading being about 0. 1 grain per cubic foot. A 
horizontal flow duct type precipitator is used in this application. Figure 
17. 47 is a flow diagram showing the us·e of precipl.tators for cleaning 
scarfing machine gases. 

Table 17. 33 lists the scarfing machine installations from 1954 to 
1969. The design efficiency varies according to the individual plants, 
but there is no trend shown by the data. 

Figure 17. 48 is a plot of the cumulative gas volume of scarfing 
machine precipitators installed over the 1954-1969 period. 

Table 17. 34 is a listing ()f average design and performance param
. eters for scarfing machine precipitators. 

Table 17. 35 is a listing of. capital costs (erected) .for two scarfing 
machine precipitators prepared by Swindell-Dressler. Table 17. 36 lists 
operating costs for two precipitators handling two different gas volumes. 

---··--··-·-----··-~-
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Table 17.32 

Electric Arc Furnace - Electrostatic Precipitator14 

Gas Volume - acfm at 50G°F 

Furnace Size - Tons 

1. Material 
2. Labor 
3. Central Engineering 
4. Client Engineering 

TOTAL 

1. Electric Power 
2. '.fa intenance 
3. Operating Labor 

Direct Operating Cost 

4. Depreciation 
5. Capital Charges 

TOTAL 

48,000 

25 

Capital Costs 

$159, 000 
85,000 
61,000 
15,000 

$ 320, 000 

_Qperating Costs 

$ 8, 000 
13, 000 
20,000 

$41, 000 

32,000 
32,000 

$105,000 

Note: Two- Furnace System 

185,000 

150 

$465,000 
251,000 
151,000 
38,000 

$905, 000 

$30, 000 
36,000 
30,000 

$ 96, 000 

90,500 
90,500 

$277, 000 

280,000 

250 

$652, 000 
352,000 
197,000 
49,000 

$1,250,000 

$'60,000 
50,000 
40,000 

$150, 000 

125,000 
125,000 

$400, 000 
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Figure 17. 47. Flow Diagram Showing Use of Elect rostatic Precipitator for 
Cleaning Scarfing Machine Gas. 
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Precipitator 
Contract 

Year 

1954 

1955 

1956 

1957 

1960 

1961 

1962 

1965 

1969 

Grand 
Total 

No. of 
. Installations 

1 

1 

1 

1 

1 

1 

1"' 

1 

1 

9 

Table 17. 33 

Precipitator Installations on Scarfing Machines 
(Period 1954-1969) 

No. Total Total Gas 
Electric Gas Vol. Vol. Accumulated 
Precipitators (1()6 acfm) (108 acfm) 

2 0.095 0.095 

1 0.100 0.195 

1 0.079 0.274 

1 0.094 0.368 

1 0.100 0.468 

1 0.050 0.518 

1 0.100 0.618 

1 0.060 0.678 

1 0.100 0.778 

10 0.778 

Design 
Efficiency 

97.5 

95.0 

85.0 

95.0 I 
C.11 
co 

95.0 -:s 
I 

95.0 

95.0 

93.5 

97.5 
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1950 1960 
Year 

Figure 17 48. Installed Precipitator Gas Volume for 
Scarfing Machine. 

1970 

SOUTHERN RESEARCH INSTITUTE 



-589-

Table 17. 34 

Design and Performance Data For Electrostatic Precipitators 
Collecting Dust From Scarfing Machines 

No. of Plants 

Average Gas Velocity 

Average Field Strength (avg. volt. /electrode 
spacing) 

Average Power Input (watts/1000 cfm) 

Average Precipitator Inlet Gas Temp. 

Average Precipitator Inlet Dust Loading 

2 

4.5 

11. 0 

268 

97°F 

0. 06 gr I scfd 
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Table 17. 35 

Electrostatic Precipitators for Scarfing Machines 
(Reference 14) 

Capital Cost 

Gas Volume - acfm at lO<l°F 50,000 100,000 

1. Material $135, 000 $ 204, 000 

2. Labor 85,000 112,000 

3. Central Engineering 57,000 76,000 

4. Client Engineering 14,000 19,000 

TOTAL $291, 000 $411, 000 

Note: Does not include cost of smoke tunnel 
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Table 17. 36 

Electrostatic Precipitators for Scarfing Machines 
(Reference 14) 

Operating Cost ($/Yr.) 

Gas Volume - acfm at lOC>°F 50,000 

1. Electric Power $ 8, 000 

2. Maintenance 12,000 

3. Operating Cost 5,000 

Direct Operating Cost $25. 000 

4. Depreciation 29,000 

5. Capital Charges 29,000 

TOTAL $ 83, 000 

100.000 

$ 18,000 

16,000 

7,000 

$ 41,000 

41,000 

41,000 

$123, 000 
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17. 9 APPLICATION TO IRON CUPOLAS 

The iron ·cupola' is a moderately low cost, ~fficient m~thod of con-· 
tinuously providing molten iron at the des ired temperature and chert:tistry 
for foundry operations. 

The cupola is a refractt>ry-lined cylindrical furnace~ somewhat 
resembling a small blast furnace. When charged with the correct pr'o"' 
.Portions of pig iron, scrap:, coke, and flux and when supplied With com- . 
;bustion air, a self-sustaining exothermic reaction takes place due to 
:burning of the coke, which provides the heat necessary to melt the charge 
and maintain the iron at the desired temperature. Combustion air can be 
preheated by passing it through heat exchangers which derive their heat 
from either a separate source of fuel or from the hot exhaust gases em it
ted by the furnace. Changes in production rate can be obtained by alter
ing the preheat temperature and air blast volume. A cupola of this type 
is termed a hot blast cupola. A flow diagram for this type of unit is 
shown in Figure 17. 49. 

A cupola operating without preheating of the combustion air is . 
termed a cold blast cupola. A flow diagram for this type cupola is shown 
in Figure 17. 50. · 

Cupola operation is usually cyclic because of the limited life of _ 
the refractory linings. If a continuous stream of molten iron is required 
for long periods of time, more than one furnace must be employed. 
Typical heat cycles last from eight to sixteen hours. 

Considerable quantities of effluent, both gaseous and particulate, 
are evolved, and the amount is seldom constant except for shortperiods 
of time. The effluent rate varies with blast rate, coke consumption,. 
physical properties of coke, t;Ype and cleanliness of metal scrap in the 
charge, coke-to-iron ratio, bed height, burden height, and preheat \ · 
temperature. The effluent rate also changes at intervals when the fu-aee 

I ' 

is charged with iron, steel scrap, coke, and flux. 

Gaseous emissions. Stack gases consist essentially of carbon dioxide, 
carbon monoxide, sulfur dioxide, nitrogen, and oxygen. Of these. sulfur 
dioxide is probably the most objectiona1, both from the standpoint of· · 
nuisance odor and as a cause of corrosion damage to equipment. Coneell"' 
trations of sulfur dioxide over a range of 25 to 250 parts per million by 

SOUTHERN RESEARCH INSTITUTE 

.·. 



f -t t . 

ti J 

Electrostatic 
Precipitator 

Conditioner 

t • f 

t 

' 

l 

-593-

m 
Heat Combustion 

Exchanger Chamber 

r ---

• I 
i .. 
I 
I 

Cupola 

Charge 
Door 

Figure 17. 49. Flow Diagram of Hot Blast Cupola Furnace Gas Cleaning System. 
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Figure 17. 50. Flow Diagram of Cold Blast Cupola Furnace Gas 
Cleaning System. 
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57 
volume have been observed. These concentrations, when combined with 
moisture, can form enough sulfuric acid to corrode surrounding equipment. 
Carbon monoxide is ordinarily burned to carbon dioxide in the cupola stack. 
If it is not burned, it presents a possible explosion hazard in pollution 
control equipment. 

The gases are handled in one of two ways depending upon the type 
of blast system used: 

1. In the cold blast system, the cupola stack is capped and 
the discharge gases are drawn off and conducted to the 
cleaning equipment. Temperatures at the cupola exit 
usually range from 12000 to 2000°F. 

2. In the hot blast system, air preheaters are used to pre
heat the blast air for the cupola. The combustion gases 
from the cupola furnish the heat for the air preheaters. 
The cupola stack is capped and the gases are drawn off 
and sent from the preheaters to the cleaning equipment. 
Temperatures at the outlet of the preheaters range from 
500° to 8000F. 

Particulate emissions. Particulate mate.rial emitted from the cupola 
stack consists primarily of the oxides of silicon, iron, calcium, aluminum, 
magnesium, and manganese, but may also contain small amounts of coke 
dust, coke ash, limestone, zinc oxide, and smoldering products from 
paint, grease, oil, rubber, and other combustibles. A scatter ran9;e and 
a mean range of composition of cupola dust is given in Table 17. 37. 8 

Total emissions may range from 10 to 45· lb of particulate per ton of iron 
melted. 

The dust load in the stack gas also varies widely with scatter values 
ranging from 0. 9-6. 5 gr/ft3 and 1. 3-11 grains per std cubic foot for cold 
blast and hot blast cupolas, respectively. Particulate concentration 
ranges and scatter values are given in Table 17. 38. 

58 

The particle size distribution ranges between wide limits, depend
ing on melt rate, coke usage, scrap formulation, and furnace operating 
variables. A compilation of information from a variety of sources is 
presented in Figure 17. 51 a and b. 59 Under some conditions, over 50% 
of the dust may be less than 1µ in diameter, whereas in other cases 
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Table 17. 37 

Chemical Composition of Cupola Dust 

Si02 
Cao 
Al20 3 

·MgO 
FeO (Fe20:., Fe) 
MnO 
Ignition Losi;; 

(C, S, C02 ) 

Mean Range 

20-40% 
3- 6% 
2- 4% 
1- 3% 

12-16% 
1- 2% 

20-50% 

rable 17. 38 

Sea tter Values 

10 -45% 
2 -18% 
0.5-25% 
0.5- 5% 
5 -26% 
0.5- 9% 

10 -64% 

Dust Content of Cup?la Waste Gases 

Cold blast cupola: 
Top gas, u:ndiluted, grams /Nm3 

Waste gas from cupola ~tack, 
grams/Nm3 

Total dust emission, kg/t iron 

Hot blast cupola (acid) 
Top gas, undiluted, grams /Nm3 

Waste gas from recuperator, 
grams/Nm3 

Residual gas from cupola 
stack, grams /Nm3 

Total dust emission at cupola 
furnace, kg/t iron 

Meai\ Range 

6 \ 1-11 
' 

2 .. 6 
5 -10 

6 -14 

3 - 7 

. o. 5- 3 

8-12 

Scatter Values 

2 -15 

1 - 8 
2 -12 

3 -25 

1 -10 

0.2- 7 

2-20 

-----
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Figure 17. 51a. Particle Size Distributions from Cold Blast Cupola Furnaces. 
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Figure 17. 5lb. Particle Size Distributions from Hot Blast Cupola Furnaces. 
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less than 5% by weight of the total particle may be under 2µ in diametjr. 

. It is noted that the older data indicate no more than 10% of the par-
0 hcles by weight are in· the size range below 10µ. However, later studje~ 

indicate that particle sizes under 1µ may constitute 40% and more of tl\e 0 r. 
total weight. Some of the scatter between the various investigations may 
be a result of differences in sampling equipment and techniques and of' 
sampling at different locations in the ductwork. 

There appears to be a relationship between_ tq.e c&e ratio (coke I 
scrap ratio) and the melting rate per unit area of furnace and the emissions 
from a cupola stack, as illustrated in Figure 17. 52. 59 While a substantial 
amount of scatter exists, increasing amounts of coke per unit of iron 
melted in basic hot blast cupolas, generally increase the amount of 
particulate material. Higher melting rates tend to decrease the amount of 
particulate when expressed in terms of weight per unit of iron melted. 
Although the data indicate a wide range of dust emission, of from less 
than 0. 5 to over 30 lb/t iron, most of the data points fall within the range 
of 4 to 12 lb/t iron. 

The effect of blast volume on emissions is illustrated in Figure 
17. 53. 58 Increasing blast volumes per unit area of furnace cross section 
increases the lifting forces on dust in the furnace and causes them to be 
carried upward and out of the stack with the products of combustion. 

Particle size distribution data for both hot and cold blast cupolas 
are presented in Figure 17. 54. 

Emissi,ons 't_r:qm, ~ot _blast cupolas are.,,..J~ene~~-~1,ly p..i~h_er than -from··
cold blast cupolas. This is porbably q_ue~to-la:rger quanhhes of small 
steel scrap being ch~q)-nto the hot blast cupo~as, and is not a direct 
function of the cqm-btfm'ron air temperature, blast volume, or other 
operating parameters. 

Precipitator applications. Application of electrostatic precipitators 
in this country has been limiteid to relatively few installations. The 
variability in cupola emission~, coupled with proble.rhs of high resistivity 
and small particle size, generates problems that have not been completely 
solved. These same problems also add to the difficulty of proper dust 
control with other control devices, such as wet scrubbers and fabric filters. 
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The installations of electrostatic precipitators on cupolas require 
that the cupola stack have provision for the introduction of air for burn
ing the CO to C02 , to prevent fire or explosion in the precipitator. 

After combustion, the gases from the cupola must be cooled to 
reduce the temperature to 300° - 400°F for collection by the precipitatators. 
The accompanying evaporation of water results in an increase in humidity, 
which helps to reduce resistivity. The resistivity of dusts from two 
cupolas is shown in Figure 17. 55 as a function of temperature at several 

. t 60 mo1s ure contents. 

The cooling towers are constructed of steel and equipped with fine 
sprays to assist in water evaporation. The size of the cooling towers 
and the quantity of water sprayed must be arranged so that no moisture 
carry-over to. the precipitator occurs. The system's design must be 
based on th~ varying gas temperatures and volumes that accompany 
cupola operation. 

Because of the limited number of installations of electrostatic pre
cipitators in foundry cupolas, very little data are available on their per
formance. The following is a tabulation of some parameters based on a 
very small sample: 

Melt rate 
Gas volume 
Dust loading 
Efficiency 
Pree ipitator plate area 
Collector material 
Discharge electrode length 
Inlet gas temperature ' 
Precipitation rate parameter 

10 tons /hr 
17, 000-20, 000 cfm 
0. 3-0. 7 gr/scf 
90-96.6% 
18, 800 sq ft 
Stainless steel 
9, 500 ft 
370°- 430°F 
0. 03-0. 06 ft_/ sec 

Trends. The most prevalent type of dust control equipment for foundry 
cupolas has been the high energy wet scrubber because of its compactness 
and reliability. Fabric filters require more space and higher investment 
costs. On the other hand, energy requirements for wet scrubbers are 
high for the removal of the very fine dust from foundry cupolas. 

Use of electrostatic precipitators for control of cupola dusts will 
depend upon finding an economical method of handling the wide variability 
in operating conditions so that equipment size and cost can be reduced and 
reliability increased. i 
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CHAPTER 18 
ELECTROSTATIC PRECIPITA TORS IN THE 

ROCK PRODUCTS INDUSTRY 

For purposes of this study, the rock products industry includes the 
manufacture of portland cement by both the wet and dry processes, gypsum 
processing, and the various associated raw material and finished product 
operations requiring dust or fume collecting equipment. The use of 
electrostatic precipitators in the rock products industry is in the collection 
of dusts from cement kilns, from gypsum calciners, and from mills and 
dryers used in preparation of the raw material feed to the kilns and calciners. 

Cement is used as an intermediate product for many materials 
including concrete, mortar, concrete block, precast panels, and concrete 
pipe. Because of its widespread use in high sales-volume products, the 
quantity of cement produced annually is very large and has increased 
rather steadily since its introduction, as shown by the graph in Figure 18. 1. 

. . , . 

The gypsum industry is one of the most important nonmetallic indus
tries in the country, based on quantities processed. Large tonnages are 
used as a retarder in cement, a~ a soil conditioner, and as the main 
constituent in plaster and prefabricated plaster board. Figure 18. 2 shows 
the production of gypsum from 1935-1969. 

18. 1 MANUf ACTURE OF PORTLAND CEMENT 

The raw materials for producing poI'tland cement include lime, 
silica, and alumina with ferric oxide as a fluxing component. Sources of 
lime include limestone, cement rock, chalk, marl, shell residues, and 
blast furnace slag. Sources of silica include clay, shale, slate, cement 
rock, and blast furnace slag. There are five types of portland cement 
produced, the classification being determined by the composition of the raw 
materials and the method of production. The determining limitations apply 
to the permissible amounts of alumina> ferric oxide, ·magnesia, and alkalis. 

AU portland cement is produced in either a wet or dry process, 
although there are several variations on the types of kilns used and the 
method of introduction of material into the kilns. Figure 18. 3 shows the 
principal steps in cement production. These steps include quarrying, 
crushing, grinding, transporting, calcining, regrinding, and packaging. 
The materials delivered to the primary crusher from the quarry are reduced 
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in size from rock that may measure 4-5 feet, to a size range of 6-10 inches. 
The secondary crusher further reduces the rock to approximately 1/2 to 
3 /4 inch. From the crusher, the material is sent to a storage bin and then 
transferred to a wet or dry process grinder for further size reduction and 
blending. Prior to grinding, the raw materials are proportioned to give the 
type of cement desired. Grinding mills for both wet and dry process grinding 
are of the ball, rod, or ring- roller types, and reduce the materials to a size 
that typically is 70-90% minus 200 mesh. The dry process often requires 
a special drying operation to reduce the moisture content of the material to 
below 1% for proper grinding. 

The output from the grinders is termed "slurry" in the case of the 
wet process and "raw meal" in the case of the dry process. Each is fed 
to the upper end of the kiln, which is the heart of the cement• making 
operation. The modern cement kiln typically consists of a shell about 
11-25 feet in diameter and 500-600 feet long, lined with refractory material. 
Kilns in the United States are generally erected horizontally with a slope 
of 3 /8 to 3 /4 inch per foot, and are rotated about their longitudinal axis. 

The material fed to the kiln is heated and dried in the initial section. . . 

As it progresses through the kiln it is calcined and heated to a point of 
incipient fusion at about 29000F, producing a mineralogical material called 
clinker. This materiai, which is ultimately ground into cement, is removed 
from the kiln at the lower end. 

Fuel for cement kilns can be coal, fuel oil, or gas and is burned at 
the exit end of the kiln with combustion gases passing counterflow to the 
material. In coal-fueled kilns, the coal is dried and ground to a size of 
80-90o/o minus 200 mesh before injection into the kiln. 

The clinker is removed from the kiln at a temperature of about 2800°F 
and must be cooled prior to final grinding. Clinker coolers typically serve . . 
as air preheaters for primary or secondary combustion air. 

The final stage of cement production is grinding of the clinker . 
. Grinding is accomplished in ball or tube mills, often preceded by crushers. 
The final product is ground to 90-100% minus 325 mesh, or an average size 
of about 10 microns. 

The rotary kiln typically requires one million Btu per barrel (376 lb) 
of cement for a wet process plant and 700, 000 Btu per barrel for a dry 

4·~--------------------
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process plant. Fuel requirements for drying the input feed to the grinding 
mills for the dry process plant further increase the heat requirements for 
that type plant. Attempts to reduce the fuel consumption have led to 
several modifications in the process to recover the heat normally lost. 
One of the more important of these is the Lepol process which was developed 
in Europe. The feed in the Lepol kiln is in the form of 3 /4 inch pressed 
pellets of raw meal with 10-12% water added. These pellets are spread 
on a traveling grate through which the exit gases from the kiln are passed. 
The gases first pass through a heated portion of the mix and then through 
the moist pellets. It is reported that the heat requirement for this system 
is reduced from one million to about 700, 000 Btu per barrel. 2 The length 
of the kiln is also reduced. 

The Humboldt preheater is another process variation. The exit kiln 
gas passes through a number of cyclonic collectors before reaching the 
dust collectors. The dry kiln feed is heated by the exit gases to about 
1375°F before it is charged into the kiln. 

The Meig process reduces the water content of the feed slurry from 
about 30 to 7% in a rotating drum heat exchanger. The exit gas supplies 
the heat to the heat exchanger. 

The Holderbank preheating process utilizes lifters which raise the 
charge and cascade it through the hot exit gases to utilize the waste heat 
for heating the charge. 

Dust emis13:i~Rt:problems. The dust emission problems of the cement 
industry"··in'C'ltrtjeitbe minor ones associated with handling, crushing, trans
porting, ·and drying of raw material and fuel, as well as the major emission 
problem associated with the kiln. 
'f. 

Problems with particulate emissions resulting from the fuel are 
only associated with coal-fueled kilns. In plants utilizing pulverized coal 
burners, the coal is carried through the grinding process and into the kiln 
by preheated air. Dust released from the coal- handling system can be 
handled effectively by fabriG filters. Electrostatic precipitators are also 
used in Europe for the cleanup of dust from coal-handling systems. The 
principal problems are the design and operation of the facility to minimize 
the possibility of ignitior_i of a combustible mixture in the precipitator and 
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to rapidly quench such fires as might occur. 

A second source of dust emissions is the primary and secondary 
crushing of the raw materials. The magnitude of the problem depends on 
the moisture content of the material and on the locatfon of the facility. 
Where it is a problem, low-temperature fabric filters or mechanical 
collectors are used. 

Conveying and storing operations may also generate dust- control 
problems. These can be handled by hoods and fabric filters where control 
is necessary. 

Rotary dryers constitute more of a problem in dust control than 
the process operation described above because" of the higher dust loadings 
and high exit gas temperatures. Sources of particulate emissions from 
rotary dryers are the fines caused by the abrasion of the material being 
processed and, in the case of dryers utilizing waste heat, the carry-over 
from the kiln. Dust concentration from rotary dryers can be expected to 
be in the range of 5-10 grains per cubic foot. Temperatures may range 
from 150°F to above 250°F. Mechanical c9llectors, fabric filters, and 
electrostatic precipitators are used on this application. For high collection 
efficiencies, either fabric filters or electrostatic precipitators are used. 
The moisture content of the effluent from rotary dryers normally gives 
dust properties favorable to electrostatic precipitation. Problems 
encountered are variations in emissions caused by varying dryer feed 
rates, variation in moisture, and corrosion. These problems are similar 
to those encountered in cleaning of kiln effluents, and are discussed later. 

The effluent from finish and grinding mills constitutes another area 
for dust emission control. The fabric filter has been the primary collector 
for this area because of the low gas volumes handled and the high electrical 
resistivity of the dust. The introduction of spray cooling into the mills may 
increase the moisture to the point that electrical resistivity would be 
sufficiently low to make electrostatic precipitation more competitive for 
this application. 

18. 2 CHARACTER OF EMISSIONS FROM CEMENT KILNS 

The effluent from the cement kiln is by far the most difficult problem 
in gas cleaning for a cement manufacturing operation. The problem is 
caused by the combination of high gas temperature, high gas volume, and 
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the nature of the particulate. The .first source of particulate emission is the 
dust generated by the grinding and tumbling a.'Ction within the kiln. Also, the 
liberation of gases during calcination tends to expel particles into the 
gas stream. Another source of particulate is tne condensation of material 
that is volatilized during passage through the kiln. The alkalis present in the 
raw materials fall within this category. The process of vaporization and 
condensation normally gives rise to particles considerably smaller in size 
than those produced by mechanical means. 

Collection of dust from a cement kiln is important from the 
standpoint of air pollution control and also for economical plant operation. 
The effluent from a cement kiln contains large amounts of material of the 
same composition as the kiln feed, and hence return of this material is of 
direct economic value. The requirement for air pollution control 
necessitates higher collection efficiencies than would be indicated by the 
economics of product recovery alone. However, the return of a portion 
of the collected dust does help defray the cost of dust control equipme~t. 

One problem common to many cement manufacturing operations is 
that raw materials fed to the kiln contain more alkall than is permitted in 
the finished clinker. Most of the alkalis present volatilize at the kiln 
temperature and are removed with the exit kiln gases. On cooling, 
condensation of the vapor occurs, producing an exceedingly fine particle 
or fume. 

If all of the effluent from the kiln were collected and returned to the 
kiln, the alkali content of the product would soon reach an unacceptable 
level, and this places a restriction on the amount of _collected dust that can 
be returned to the kiln. 

One advantage of an electrostatic precipitator is· that the smaller 
particle sizes are more difficult to collect, and a higher percentage of them 
appear in the final stages of the precipitator. Consequently, there is a 
fractionating effect tending to separate the alkali-bearing constituent of the 
dust from the cement- making constituents. This effect permits ·a higher 
percentage dust return to the kiln while maintaining the alkali content 
within acceptable limits. The alkali-rich dust is often disposed of in 
abandoned quarries, or dumped. 

The volume of gases emitted from the kiln ranges from around 
45, 000 to over 100, 000 cfm, depending on the method of preheating of raw 
materials and the method of gas cooling employed. 
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Particle properties. Approximately 85% of the dust particles in the exft 
gas from the kiln are minus 20 I)'licrons. These particles have the approxi
mate composition: CaO - 41%; Si02 - 19%; Fe20 3 - 10%; K20 - 7%; MgO -
2%; Na20 - 1%; volatile or combustible - 13%. Figure 18. 4 is a size distri
bution curve for a typical cement kiln dust. 

The particulate emission rate for a cement kiln is highly variable 
because of variations in the raw feed and kiln design. Dust loadings of 
from 1 to 70 grains per cubic foot have been reported for both wet and dry 
process plants. Table 18. 1 shows the inlet dust loadings reported for 13 
wet process and 5 dry process plants. With such wide variation, it is 
difficult to establish inlet dust load conditions. 

The graph, Figure 18. 5, shows the relationship between resistivity, 
temperatures, and moisture content. For good collection efficiency, 
resistivity of the dust must be maintained in the neighborhood of 1010 ohm-cm 
or lower. If the temperature is between 500° and 600°F, the volume 
resistivity of the dust is low enough to be within a tolerable range for 
precipitation, regardless of the moisture content. Below 5500F, the 
resistivity is extremely dependent on moisture content and it is necessary 
to have moisture contents in the range of 10- 20% to get res istivities within 
the range best handled by a precipitator. 

The gases from cement kilns are composed of nitrogen, water vapor, 
carbon dioxide, and small concentrations of oxygen, sulfur dioxide, and 
inert gases. The relative amounts of these constituents depend largely on 
the type of fuel used. Compositions of the gases by volume are typically 
as follows: C~ - 17-25%; 0 2 - 1-4%; CO - 0-2%; N2 - 75-80%. The 
moisture content of dry process gas is low, in the range of 1-8% by 
volume, whereas the wet process has a moisture content in the neighbor
hood of 30% by volume. 

The temperature at which a cement kiln precipitator operates depends 
upon economic considerations, the alkali content of the ki.ln gases, air 
pollution control codes, and the extent of heat recovery used. On dry 
process kilns where gas cooling by water spray is used, the size of the 
cooling chamber, and hence the cost, is related to the gas temperature. 
From this standpoint, the higher the temperature of the gas to the 
precipitator, the smaller the size of the cooling tower. Operation at higher 
temperatures also reduces the resistivity problem. On the other hand, 
lower gas temperatures may be required to insure condensation of the 
alkali compounds in the gas. · · 
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Table 18. 1 

Precipitator Inlet Dust Loadings for Cement Industry Precipitators 

Combination 
Mills, Dryers, 

Precipitator Inlet Wet Process Dr;y: Process Vents 
Dust Loading Number of Number of Number of 

(gr/scfd) Installations 6 Installations 1<>6 acfm Installations 106 acfm 10 acfm 

0 - 10 4 0.670 1 0.185 1 0.178 

10 - 20 4 0.562 2 0.138 

20 - 30 4 0.151 1 0.254 1 o. 049 

30 - 40 2 0.417 

40 - 50 1 0.369 1 0.014 

50 - 60 1 0.111 

60 - 70 1 0.183 

Totals 13 2.352 5 0.688 3 0. 241 
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-·----·--------
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Figure 18. 5. Relationship Between Resistivity, Temperature, 
and Moistµre Content for Cement Kiln Dust. 
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If heat recovery is used, such as in the Lepol process, it is desirable 
to maintain exit gas temperature high so that the heat content of the cleaned 
gases can be used for drying or other process heating. 

Dust from a cement kiln has high electrical resistivity in the absence 
of moisture, and can be difficult to collect. In the wet process, moisture in 
the kiln gases is inherently high and resistivity is less of a problem. 
However, in the dry process, unless the precipitator is operated at high 
temperatures, moisture must be added in the process of reducing the gas 
temperature by the evaporation of water in the spray cooling chamber. 
Table 18. 2 shows the range of moisture content of the gases from wet 
process and dry process kilns. 

Figure 18. 6 is a psychrometric chart that is useful for illustrating the 
effects of cooling kiln gases by water spray. If the exit gas from the kiln 
is at a temperature of 1300°F and contains about 10% moisture as indicated 
by Point I, spraying of water into this hot gas will cause simultaneous 
lowering of teIIJperature and increase of moisture content described by the 
adiabatic cooling line shown as the upper dotted line in this figure. The 
moisture content at a temperature of 500°F is 0. 25 lb/lb dry air. Similarly, 
starting with a 3% moisture in the gas and cooling to 500°F would result in 
a moisture increase to 0. 19 lb/lb dry air~ 

The size of the precipitator required to achieve a given collection 
efficiency is related to the gas volume handled and the resistiyity ofjhe 
collected dust. Hence, one is constrained to operate in a temperature 
range of 500-6000F if the moisture content is low. For high moisture 
content, temperatures of around 300°F yield resistivities in the range that 
can easily be handled by electrostatic precipitators. Table 18. 3 lists the 
number of precipitators and the inlet gas volumes handled within the 
indicated temperature intervals for wet and dry process plants and for 
combination mills, dryers, and vents. 

18. 3 ELECTROSTATIC PRECIPITATORS FOR 
CONTROL OF CEMENT DUSTS 

Development of electrostatic precipitators for the cement industry 
began with the installation at the Crestmore plant of the Riverside Cement 
Company in California in 1911. The collection electrodes were of heavy 
wire screen with vertical ribs for reinforcement and baffling. Weighted 
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Table 18. 2 

Range of Gas Moisture Contents for Precipitators 
in the Cement Industry 

Wet Process 
Number of 
Installations 106 acfm 

1 

8 

2 

11 

o. 307 

1. 281 

0.313 

1. 901 

Dry Process 
Number of 
Installations 106 acfm 

1 

3 

4 

0.111 

0.392 

0. 503 

Combination 
Mills, Drye rs, 

Vents 
Number of 
Installations 106 acfm 

3 0.241 

3 o. 241 
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Interval 
Pptr. Gas 
Temperature 

(oF) 

0 - 100 

100 - 200 

200 - 300 

300 - 400 

400 - 500 

500 - 600 

600 - 700 

Totals 
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"'1 

Table 18. 3 

Precipitator Inlet Gas Temperatures 

Wet Process 
Number of 
Installations .106 acfm 

1 0.162 

4 0.719 

5 1.189 

2 0.282 

13 2.352 

Dry Process 
Number of 
Installations 106 acfm 

2 0.332 

2 0.332 

Combination 
Mills, Drye rs, 

Vents 
Number of 
Installations 106 acfm 

1 0.014 

2 0.227 

3 0.241 
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wires were used as discharge electrodes. Mechanical rectifiers were used 
in conjunction with a motor generator set and a high-voltage transformer to 
supply electrical power. Corona wire rapping was carried out manually 
using hammers actuated through mechanical linkage, while collecting 
electrode cleaning was by air-actuated hammers. 

Some early precipitators for cement kilns used an electrode 
consisting of grounded reinforcing rods imbedded vertically in the 
concrete and spaced so that the rods were equidistant from two adjacent 
wires. Economic factors and fabrication difficulties led to abandonment 
of this type of collecting electrode in favor of simpler electrode configu
rations. 

Electrostatic precipitators used in the cement industry are almost 
universally the single-stage, horizontal-flow, duct type with insulated 
steel s hellf!. Electrodes are of the plate or screen type with fins or baffles 
for stiffening and prevention of dust erosion. 

One of the first applications of electrostatic precipitators in the 
cement industry was in the recovery of dusts from cement kilns, although 
in recent years precipitators have also been utilized to recover dust from 
ventilating air from raw and finish mill grinding operations, rotary dryers, 
etc. 

Table 18. 4 lists the number of electrostatic precipitator installations 
in cement plants from 1939 to 1969. · The tab.le also gives the,.iotal volume 
of gas handled by the precipitators installed during the year and the total 
cumulative gas volume. The average design efficiency on a weighted cfm 
bas is is also given. Figure 18. 7 is a plot of the cumulative gas volume 
handled .by precipitators in the cement industry for the period 1939-1969. 
Figure 18. 8 shows the design efficiency trend over the same period. 
Table 18 .. 5 shows the design efficiency trends for precipitators installed 
on wet and dry process kilns, and combination mills, dryers, and vents, 
for the period 1949-1969. · 

Tables 18. 6 to 18. 8 show the range .of gas velocities, power inputs, 
and field strengths for precipitators installed in cement plants. Table 18. 9 
is a summary of performance statistics showing the range of some input 
and performance variables. The precipitator performance ratio "R" is 
the ratio of the precipitation rate parameter achieved during tests, to the 
design value, for a group of 12 wet process, 5 dry process, and 3.combi
nation units, and is some indication of the variation in design parameters. 
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Pptr. 
Contract 
Year 

Prior 1939 
1939 - 1951 
1952 
1953 
1954 
1955 
1956 
1957 •. 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 

Totals 

1
Estimated 
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Table 18. 4 

Electrostatic Precipitator Installations in Cement Plants 
Period 1912 through 1969 

:No. of No. of Total Total Gas Weighted 
Install. Pptrs. Gas Volume Design Efficiency 

Volume Accumulative on acfm Basis - % 
6 106 acfm 10 acfm 

25 41 4.98 4.98 95.2 
56 96 13.2 18.18 95. 51 

3 4 0.22 18.40 96.0 
5 10 1.15 19.55 95~6 
3 4 0.29 19.84 97;'9 

22 34 5.17 25.01 97.3 
12 21 3.64 28.65 93.2 
7 9 0.80 29.45 97.4 
4 5 0.76 30.21 98.4 
5 5 0.75 30. 96 98.2 
5 8 1 .. 15 32.11 97.6 
2 2 0.33 32.44 98.3 
7 12 1.52 33 .. 96 97.9 
8 10 1. 93 35.89 97.7 
2 3 0.49 36.38 99.0 
5 11 1. 77 38.15 99.7 
6 11 1.64 39.79 99.6 
1 1 0.27 40.06 99.8 
6 12 1. 44 41.50 99.7 
1 1 0. 07 41. 57 99.5 

185 300 41.57 
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Figure 18. 8. Design Efficiency Trend for Cement Plant Precipitators 
(1912-1969). . 



Interval 
"lo 

>98. 0 

98.0-98.5 

98.5-99.0 

99.0-99.5 

99.5+ 

Totals 
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Table 18. 5 

Summary of Precipitator Design Efficiencies 
(1949-1969) 

Wet Process 
Number of . 
Installations 106 acfm 

2 

2 

1 

8 

13 

0.392 

0.311 

0.129 

1. 520 

2.352 

Dry Process 
Number of 
Installations 106 acfm 

1 

1 

2 

1 

5 

0.111 

0.254 

0.138 

0.185 

0.688 

Combination 
Mills, Drye rs, 

Vents 
Number of 
Installations 106 

acfm 

1 0.178 

1 0.049 

1 0.014 

3 0.241 
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Interval 
(fps) 

3-4 

4-5 

5-6 

6-7 

7,..8 

8-9 

Totals 
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Table 18. 6 

Summary of Precipitator Design Gas Velocities for 
Cement Industry Pree ipitators 

(1949-1969) 

Combination 
Mills, Dryers, 

Wet Process Dr;r Process Vents 
Number of Number of Number of 
Installations 8 

Installations 108 acfrn InstC\,llations 108 acfm 10 acfrn 

5 0.880 3 0.323 1 o. 014 

6 1.080 1 0.111 

1 0.307 2 0.227 

1 0.254 

1 0.085 

13 2.352 5 0.688 0.241 



Interval 
(watts/1<>3 

acfm) 

50 100 

100-150 

150-200 

200-250 

250-300 

300-350 

350-400 

Totals 
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Table 18. 7 
, 

Summary of Precipitator Design Input Powers 
for Cement Industry Precipitators 

(1949-1969) 

Combination 
Mills, Dryers, 

Wet Process Dry Process Vents 
Number of Number of Number of 
Installations l<f 1cfm Installations lOS acfm Installations 108 acfm 

4 0.713 2 0.365 1 0. 049 

4 0.847 1 0.078 

2 0.334 1 0.178 

1 0.129 1 0.060 

1 0.014 

2 0.329 

13 2.352 4 o. 503 3 0.241 
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Interval 
(kV /in,) 

5-6 

6-7 

7-8 

8-9 

Totals 
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Table 18. 8 

t.ement Industry Summary of Statistics (1949-1969) 
Precipitator Design Avg. Field Strength 

Wet Process 
Number of 
Installations 10' acfm 

1 

3 

l 

1 

6 

0.369 

0.757 

0.162 

o .. a7o 

1. 658 

Ory Process 
Number of 
Installations 1o' acfm 

Combination 
Mills, Dryers, 

Vents 
Nurn,ber of . 
Installations lo' acfm 
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Table 18. 9 

Summary of Performance Statistics on Cement Plant 
Electrostatic Precipitators 

Wet Process Kiln Dry Process Kiln 
Critical Parameter Max Min Max Min 

Gas Volume/Precipitator 
(acfm in thousands) 369 28 127 15 

Precipitator Effie iency 
(per cent) 

99.94 92.8 99. 98. 98. 79. 

Gas Velocity in Precipitator 8.1 3.0 6.6 3.2 
(fps) 

Precipitator Inlet Dust Cone. 48.4 4.1 53.6 3.7 
(gr/ scfd) 

Precipitator Input Power 333 60 210 61 
(watts /1000 acfm) 

Precipitator Avg. Field Strength 8.8 5.2 
(kV I in.) 

Gas Moisture 41.4 13.4 14. o __ 4.0 
(per cent by volume) 

Gas Temperature 650 353 700 500 
(oF) 

Precipitator Performance Ratio 2.20 0.66 1. 43 0.99 
(R) 

Mill 1 Dryer 1 Vent Gases 
Max Min 

178 6.9 

99.91 96.90 

5.5 3.9 

40.6 7.5 

I 

277 95 
0) 
w 
w 
I 

7.5 1. 5 

160 93 

2.09 0.98 
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Design considerations. The design methodology for precipitators for 
cement plants follows the same practice as for other precipitator applications. 
The procedures outlined in Chapter 9 generally apply to cement plant prec i
pitators, using design parameters that apply to the particular process. 

The size precipitator required to achieve a given efficiency with a 
specified gas flow can be computed using the Deutsch-Anderson equation if 
the precipitation rate parameter is known. This parameter is governed 
principally by the nature of the dust and gas handled and, in the case of 
cement dust, is influenced principally by the dust particle size and , 
resistivity. The particle size can vary with the operating parameters ;of 
the kiln and the level of alkali present in the rock. Resistivity is governed 
principally by moisture content and temperature. 

Figure 18. 9 is a plot of efficiency versus the collecting surface ~rea to 
gas volume ratio. Design values are shown on the curve, and the shaded 
area represents the spread in design values for a group of 8 cement plant 
precipitators. Both wet and dry processes are represented by the·data. 
From the limited data available, no difference is apparent in the design 
values used for the two processes. The precipitation rate parameter is 
the slope of the curve, and the data show values ranging from about 0. 25 ft/ sec 
(7. 5 cm/.sec) to around 0, 45 ft/ sec (13. 5 cm/ sec). Data from a group of 
7 tests are also plotted· on the same curve to show the variations from 
design values. Table 18. 10 shows the design data for two cement instal
lations. Table 18. 11 contains design and performance precipitation rate 
pa:rameters for cement plant electrostatic precipitators on wet process, 
dry process, and mill exhaust applications. 

Power. The installed power supply capacity for cement industry appli
cations varies over a rather wide range. There were eight installations 
for which installed power supply capacity is available. These range from 
about 250 to 1000 watts per thousand cfm. Figure 18. 10 shows the range 
of installed capacity reported for the eight installations, together with 
delivered power for other installations. 

Electrostatic precipitator problems. A problem associated with· the 
use of electrostatic precipitators in collecting cement kiln effluents is the 
formation of crusty buildup on the internal numbers of the precipitator. 
This problem is reportedly due to the sulfur introduced either in the fuel, 
or feed to the kiln. The sulfur reportedly combines with the alkali or lime 
to form compounds that dissociate at kiln temperatures and recondense as 
solids on the internal surfaces of the precipitat~r if the temperature is. 
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Table 18. 10 

Desisn Data for Two Current Installations 

Process 

Gas volume 

Inlet Gas Temperature (°F) 

)nlet Dust Loading (gr/ft3 ) 

Exit Dust Loading (gr /ft3
) 

:Efficiency (%) 

iNo. of Gas Passages 

,Treatment Time (sec) 

Collecting Plate Height (ft) 

Collecting Plate Area (ft2
) 

Length of Discharge Electrode (ft) 

Ratio of Plate Area to Gas Volume 
(ft2

/ 1000 cfm) 

Ratio of Wire Length to Gas Flow 
(ft/ 1000 cfm) 

No. of Rectifiers 

No. of Sections 

Wet 

275,000 

500 

14 

0.02 

99.86 

62 

7.2 

24 

89~280 

59,520 

325 

216 

4 (70kV-750mA) 

8 

Current Density (mA I 1000 ft2
) 34 

No. of Plate Rappers 36 (24 ft-lb) 

No. of Discharge Electrode Rappers 16 
(vibrators) 

Precipitation Rate Parameter w (ft/sec) O. 34 

Power Density (watts /thousand cfm) 425 

_Q!:z. 

122,000 

600 

16.8 

0.05 

99.6 

2.9 

4.35 

20 

26,000 

17,350 

218 

142 

2 

32 
36 

16 

0.3 

22~ 
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Table 18.11 

Design and Performance Precipitation Rate Parameters for 
Cement Plant Electrostatic Precipitators 

Desig:n w (ft/sec~ Performance w (ft/ sec} 
Max Min Avg. Max Min Avg. 

Wet Process 
(6 precipitators) 0.41 0.29 0. 35 0.47 0. 27. 0.38 

Dry Process 
(4 precipitators) 0.34 0.23 0.31 0.43 0.25 0.35 

Mill Exhaust 
(2 precipitators) 0.25 0.25 0.25 0.51 0.38 0.45 
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reduced below a certain critical value. Depending on the temperature. these 
deposits occur either as heavy dense formations or solid plate-like deposits 
that are difficult to remove. This sulfate buildup can be prevented by cooling 
the gases below the condensation temperature before entering the precipitator 
(around 5500F). 

The nature of the kiln gases is such that corrosion is a problem if 
moisture condensation occurs on the steel surfaces of the precipitator. 
This means that gas temperatures within the precipitator should be con
siderably above the dew point, and the shell should be insulated to minimize 
corrosion problems. In some European installations, which operate at 
such low temperatures that condensation does occur, aluminum alloy has 
been successfully used for the internal parts of the precipitators. 

Another problem associated with the use of electrostatic precipitators 
with cement kilns, or any other effluent from a combustion process, is the 
danger of combustion in the precipitator. If a significant amount of 
combustible material remains in the kiln effluent, and if sufficient 'fresh 
air enters with this gas, either through leaks or for cooling purpos~s, the 
sparks in the precipitator or from other sources can ignite the com"ustible 
mixture. The heat evolved from this combustion will raise the temperature 
sufficiently to melt or deform the internal parts of the precipitator so badly 
that it cannot be used until these parts are renewed. Such fires are normally 
prevented by use of controls operated by instruments that monitor the concen
tration of excess oxygen, concentration of combustibles, and the temperature 
of the exit gases from the kiln ahead of the precipitators. A dangerous 
increase in combustible content or temperature sets off alarms and shuts off 
the fuel to the kiln burners, and in at least one installation, closes sliding 
doors on the precipitator inlet and outlet. 

The problem of combustible mixtures is not limited to electrostatic 
precipitators, but since the sparking normally associated with precipitators 
is a potential source of ignition, the danger of fires is perhaps amplified. 

Rapping of the dust from electrostatic precipitators operating on 
cement dust is difficult due to the fineness of the dust and the moisture 
content. Dust removal in this instance usually requires more severe and 
frequent rapping than for other applications. 
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Economics. Precipitator FOB costs for cement plants vary from around 
$ 0. 50 to $1. 00 per cfm, whereas erected costs range from around $1. 00 to 
over $3. 00 per cfm. Figure 18. 11 shows the range of FOB costs as a 
function of gas volume handled for a group of 7 installations. The spread in 
erected cost data is too great for the limited number of installations to show 
statistically meaningful trends. The range for FOB costs is from $0. 60 to 
$0. 72 per cfm. Erected costs for the same installations range from $1. 30 
to $1. 63 per cfm. Another pr ice comparison is the cost per square foot of 
collection area. This range is from $1. 60 to $ 2. 10 for FOB costs, and 
from $3. 50 to $6. 00 for erected costs. 

Maintenance cost· data for precipitators installed on cement kilns 
are given in Table 18.12. The data for the four plants reflect the vari
ation in the maintenance schedule and the estimated man hours required 
to perform maintenance services. 

Power costs for the precipitator are estimated on the basis of the 
installed capacity, power costs of $0. 0075/ kWh, and 8000 hours operation 
per year. Fan costs are based on the gas volume and a pressure drop of 
0. 5 in. water. Of the four plants, none indicated labor allocation for 
precipitator operation. 

18. 4 ELECTROSTATIC PRECIPITATORS FOR GYPSUM INDUSTRY 

Gypsum is a hydrated calcium sulfate (CaS04 • 2H20) which occurs ln 
natural deposits in many areas throughout the world. When heated to a 
temperature in the range of 250-300°F, the gypsum loses 1-1 /2 moles of 
water to produce a product called "first-settle plaster'' or plaster of Paris; 
further heating to a temperature of around 375°F results in the loss of the 
remaining 1 /2 mole of water. The anhydrous calcium sulfate is called 
''second-settle plaster," and is the product used as a building material in the 
form of plaster and plaster board. 

Removal of the water of hydration in the production .of plaster is a 
process termed "cooking, '' which takes place in either a kettle or in a 
rotary kiln. 'The gypsum kettle is a large vertical cylinder, about 8-10 ft 
in diameter and 8-10 ft in depth, contained in an insulated jacket. The 
space between the kettle and jacket serves as a combustion chamber, where 
oil or gas is burned to provide heat for the process. The kettle is equipped 
with a motor-driven agitator to stir the charge during cooking. 
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Figure 18.11. FOB and Erected Costs for Precipitators in the Cement 
Industry for Collection Efficiencies from 98-99. 9%. 
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Table 18. 12 

Maintenance and Operating Costs for Precipitators 
Installed in Cement Plants 

Plant No. 1 2 3 
Capacity, BBl/day 8,000 2,900 2,700 
Gas Flow, cfm 275,000 120,000 58,000 
No. of Maintenance Periods/yr. 3-4 6-10 6-8 
Man hours/period 16 40 
Avg. Maintenance, Man hours/yr. 80 275 
Operating Man hours 
Maintenance Labor Costs 1 480 1,650 
Precipitator Power, kW 50 30 13 
Pree ipitator Power Costs 2 3,000 1,800 780 
Fan, kW 3 17.2 7.5 3.6 
Fan Power Costs4 1, 035 450 216 
Capital Costs 4 64,000 34,500 20,500 

Total Annual Costs 68,515 36, 750 5 23, 146 

-----
1 
Based on $6. 00 .per hour 

2 . 
Based on Electricity Costs at $0. 005 per kWh at 8, 000 hours/yr 

3 Based on 1 /2" W. G. pressure drop for precipitator· 
4 
Based on 12. 8% of the Erected Costs per year 

5 Maintenance Labor Costs not shown 

4 
8,500 

250,000 
2-3 
60-100 
200 

l,200 
60 
3,600 
15.5 
935 

59,000 

64,735 
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The charge for the kettle is raw gypsum rock. This rock first 
passes through a dryer at a temperature of 230°F where excess moisture 
is removed. The rock is then crushed, milled, and ground to a coarse 
powder prior to feeding it into the kettle. The pulverized gypsum from 
the grinding mill is pneumatically fed to a cyclone separator where the 
kettle feed is separated from the transport air and fed into a storage bin 
ready for charging into the kettle. 

The cooking process requires about 2-5 hours for completion. When 
completed, the charge is transported through a chute to a hot pit located 
below the kettle. Figure 18.12 is a block diagram showing the steps in the 
process. 

Gypsum is also produced in a continuous kiln called a "Holo-Flight'' 
calciner. The kiln is equipped with a screw conveyor for transport of 
the material. The shaft, the conveyor, and the screw flights are hollow, 
and hot oil is pumped through them to provide the heat for calcining. 

Particulate emissions and characteristics. Particulate emissions from 
processing of gypsum cover a wide range, as shown in Table 18.13. The 
factors influencing dust emission are the rate of calcination, the size of 
the gypsum, and the extent of the stirring or agitation. 

The size of the dust particles from the gypsum processing plant is 
large compared with that of cement or other higher temperature processes, 
since the majority of the dust is produced as a re·sult of mechanical 
abrasion and gas release during calcination. Figure 18.13 shows typical 
particle size distribution ranges. 

The moisture content of the gases from the calcining process is 
high, since water of hydration is released from the gypsum rock. Each 
ton of gypsum calcined releases approximately 314 lb of water. 

The exiting wet kettle gas is usually mixed with some flue gas 
to increase its temperature. Before entering the precipitator, ventilating 
air from several sources in the plant is often combined with the kettle 
gas in a mixer. The temperature of the final gas mix entering the 
precipitator ranges from 300°F to 400°F. The moisture content ranges 
from 30% to 35% water vapor by volume. Table 18. 14 shows the range of 
moisture contents for the various processes. The dust concentration 
entering the precipitator varies widely depending on the cycle phase of the 
batch; the variation is from essentially 0 to 50 grains of dust per standard 
cubic foot of dry gas. 
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Table 18. 13 

Precipitator Inlet Dust Loadings for Gypsum Industry Precipitators 
(1935-1969) 

Kettles 
_N_u_m_b_e_; - -1-<>3=-a-c-fm-

3 48.52 

1 5.9 

2 20. 85-

1 9.2 

7 84.47 

Calciner Calciner 
Rock Drye

3
rs (Rotary) __ (f!_olofli~tl_ 

Number 10 acfm Number 103 
acfm Number l~ 

4 68.38 

4 19~t 65 1 11. 3 

1 31.80 

2 29.65 

3 86.9 1 8. "/ 

3 72.55 

10 227. 83 5 231.45 4 i49. 65 

Combination 
Kettles, Dryers 

Mills 
Number 103acfm 

10 314.18 

2 42.9 
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23.0 

18 551. 78 
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Range of Gas Moisture Contents to Precipitators in Gypsum Plants 
(1935-1969) 
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7. 55: 

17. 35 

3 

6 
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Number 103 acfm Number lOS acfm 
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2 84.1 
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2 18.88 
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Dry gypsum or plaster dust has a resistivity which could potentially 
be high enough to present a collection problem. However, since the, dry 
vent gases are usually combined with the moisture-laden gases from the 
calcining process before they enter the precipitator, ·the problem of high 
resistivity is usually avoided, and electrostatic precipitation of gypsum 
dust has been a satisfa,ctory control application~ At times, however, in 
addition to the wet kettle gases, the dryer mixed gases must be humidi-' 
fied by the addition of water sprays in the flue ahead of the precipitator. 
Figure 18. 14 is a plot of laboratory and in-situ resistivity versus tempera
ture for two moisture contents. Table 18. 15 shows the range of inlet gas 
temperatures which, along with moisture, determines dust resistivity. 

Precipitator design and performance. Table 18. 16 shows the number of 
electrostatic precipitators installed in gypsum plants during the period 
1935-1969. Table 18. 17 shows the application of these precipitators, along 
with the total gas volume handled, and the average gas volume per precipi
tator. Figure 18. 15 shows the gas volume of precipitators installed at 
5-year intervals between 1935-1970, and the cumulative gas volumes over 
this period. The proportion of the capacity installed on each type of ' 
equipment is also shown. 

Two types of electrostatic precipitators are in general use for dust 
control in gypsum plants. An earlier model that is still being used is the 
vertical-flow, single-stage precipitator, which employs hollow-core 
collecting electrodes in conjunction with horizontal rod-type discharge 
electrodes. The newer installations utilize the standard single-stage, 
horizontal-flow, duct design using shielded flat-plate collecting electrodes. 

Table 18. 18 lists some of the design and performance factors for pre
cipitators collecting dust from gypsum kettles, calciners, and combination 
kettle, calciner, dryer, and grinding mills. 

The design parameters for gypsum installations presented in 
Figure 18. 16 are based on data from two installations. These installations 
were equipped with mechanical collectors before the electrostatic 
precipitator. The precipitation rate parameters presented were computed 
from the Deutsch-And.erson equation based on an assumed collection 
efficiency of 75% for the mechanical collector. 
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( °F) 

100-150 

150-200 

200-250 

250-300 

300-350 

350-400 

Totals 

Table 18. 15 

Summary of Precipitator Gas Temperatures for 
Gypsum Industry Precipitators (1935-1969) 

Kettles Rock D~ers 
Number 103 acfm Number 1 acfm 

2 70. 9 

3 72.55 

1 12.7 1 25.5 

2 21. 5 

2 23.8 

5 72.55 6 168.95 

Calciner 
(Rotary) 

Number 103 acfm 

Combination 
Calciner Kettles, Dryers 
(Holoflite) Mills 

Number 103 acfm Number 1<>3 acfm 

2 74.4 

8 276.93 

2 33.05 4 119.8 

4 41. 0 1 29.38 

1 7.58 

7 81. 63 15 500.51 

I 
0) 

CTI 
0 

I 
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NOTES: 
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Table 18. 16 

Electrostatic Precipitator Installations in Gypsum Plants 
(Period 1935-1969) 

Five (5) Year Period Indicated 
No. of No. of Total Gas .Average Volume /Year Weighted Design 
Install. Pptrs. Volume Durinj Period Effie iency on acfm 

(103 acfrn) (10 acfrn) Basis (%) 

4 5 100 20 98.5 

3 3 56 11. 2 98.6 

3 3 77.5 '15. 5 96.5 

18 25 545.5 109 ·97. 5 

20 21 607.6 121. 5 97.7 

10 11 351. 6 70.3 99.15 

1 2 80 16.0 99.0 

59 70 1818.2 

(1) The statistics in this table include precipitators on rock dryers, 
kettles, rotary calciners, holoflite calciners, and combinations 
of calciners and kettles with dryer and grinding mill vent gases. 

(2) Table 18. 15 breaks the data down into the various categories. 
' 
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Table 18. 17 

Electrostatic Precipitator Installations in Gypsum Plants 
Listed by Area of Application 

Number of 
Installations 

11 (30) 

6 (8) 

8 (8) 

10 (10) 

22 

Period 1935-1969 

Number of 
Precipitators 

19 

6 

8 

10 

25 

Total Volume 
(lo' acfm) 

164.2 

285 

211. 6 

252 

902 

Volume I Pree ipitato:r 
(Hf acfm) 

8.6 

47.5 

26.5 

25.2 

36.1 

NOTE: Numbers in parenthesis are individual pieces of indicated equipment. 
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Table 18. 18 

Summary of Performance Data on Gypsum Plant Electrostatic Precipitators 

Calciner Calciner Combination 
Kettles Rock Dr~ers (Rotar;y} {Holoflite} Kettle, Drl::er, Mill 

Critical Parameter Max Min Max Min Max Min Max Min Max Min 

1. Gas Volume I Precipitator 13.6 2.9 43.0 10.8 82.5 29.8 16.6 7.6 60.2 9.0 
(acfm in thousands) 

2. Precipitator Efficiency 99.90 94.38 99.85 97. 20 99. 82 99.14 99.90 98.20 99.96 93.76 
(per cent) 

3. Gas Velocity in Precipitator 5.5 1. 5 7.5 3.1 7.9 4.2 2.8 1. 4 7.4 3.0 
(fps) 

4. Precipitator Dust Concentration 48. 0 4.8 156 4.6 46.3 32.9 62.6 30. 8 63. 9 7.7 I 

(gr/scfd) CJ) 
c.n 
~ 

5. Precipitator Input Power 828 124 282 69 174 62 983 576 390 65 I 

(watts/1000 acfm) 

6. Precipitator Avg. Field 12 .. 8 8.8 15.0 9.0 13. 0 8.1 15.5 9.8 13.4 8.0 
Strength (kV I in. ) 

7. Gas Moisture 47.6 19.0 17.4 3.6 35.2 14. 2 54.0 17.6 22.2 6.7 
(per cent by volume) 

8. Gas Temperature 342 220 240 125 339 200 250 140 
(oF) 

9. Precipitator Performance 2.39 0.74 2.06 0.89 1. 45 1.03 1. 39 0.47 2.39 0.40 
Ratio (R) 
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Economics. Table 18. 19 shows erected and FOB costs for precipitators 
installed in gypsum plants over the period 1959-1967. The costs per acfm 
range from $ 0. 89 to $1. 03 for 99. 0% collection efficiency, agd from $1. 43 
to $1. 53 for 99. 5%. Erected costs vary from $1. 38 to $3. 62' per acfm. 

Table 18. 20 lists the maintenance costs for two precipitators installed 
in gypsum plants. The fan costs were based on a pressure drop of 1/2" W. G. 
in the precipitator. The plant was assumed to operate 8000 hours per year 
with electricity costs estimated at $ 0. 0075 per kWh. 
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Table 18. 19 

Gypsum Industry Economics 

Type Design Design Totai. Cost/Unit Volume 
Year Cost Volume Efficiency Cost ($ /acfm) 

(10001s acfm) , (%) (1C>3 $) --
1959 FOB 40 99.0 39.5 0.99 

Erected 40 99.0 55.2 1. 38 

1960 FOB 40 99.0 38.7 0.97 

1961 Erected 40 99.7 90.1 2.25 

1962 FOB 40 99.0 35.7 0.89 

1964 FOB 36 99.5 55.0 1. 53 
36 99.5 51. 3 1. 43 
36 99.5 56.3 1. 57 
40 99.0 36.0 0.90 

1965 Erected 27 99.0 97.8 3.62 

1967 FOB 40 99.0 41. 0 1. 03 
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Table 18. 20 

Maintenance Data for Precipitators 
Installed on Gypsum Calciners 

Prod. Rate tons/hr. 
Gas Flow, acfm 
Precipitator Power, kW 
No. of Maintenance Periods /year 
Man hours I year 
Maintenance Labor Costs1 

2 Fan Power, kW 
3 

Power Costs - Fan, $ I yr. 
Power Costs - Precipitator, $/yr. 
Capital Costs, 4 $/yr. 

Total Annual Costs 

1 

2
Based on $ 6. 00 per hour 

17-17 
16,600 

12.2 
3-4 

70-90 
480 

1. 04 
62.25 

730 
8,600 

9,872.25 

Based on 1 /2" W. G. pressure drop 
3 
Based on Power Costs at $ 0. 0075 per kWh 

4 
Based on 12. 8% of total Erected Costs 

60-90 
35,000 

13.5 
3-4 

70-90 
480 

2.19 
131. 25 
810 

9,350 

10, 771. 25 
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CHAPTER 19 
ELECTROSTATIC PRECIPITATORS IN THE 

CHEMICAL INDUSTRY 

19.1 MAJOR FlELDS OF APPLICATION 

The major applications of electrostatic precipitators in the organic 
chemical industry are in gas cleaning operations associated with the mami
facture of sulfuric acid, phosphorus, and phosphoric acid. Historically, 
electrostatic precipitators have also been used in the production of carbon 
b~ack, although this application has largely been replaced by other dust 
control methods. 

In the production of sulfuric acid, electrostatic precipitators are used 
in cleaning of gases from ore roasters and in the collecting of acid mists 
from the effluent gas from both ore roasters and sulfur burning plants. In 
the manufacture of elemental phosphorus, precipitators are used to clean 
the gas prior to condensation of the phosphorus. Precipitators are used 
for acid mist collection in the manufacture of phosphoric acid. Use of 
precipitators in the manufacture of carbon black is primarily for agglomera
tion of the fines prior to collection in mechanical cyclones and fabric filters. 

Sulfuric acid constitutes one of the largest volume industrial chemicals 
produced in the United States. In 1967, the production of sulfuric acid 
amounted to over 27 million tons. Its chief uses are in 'the production of 
fertilizer, manufacture of chemicals, oil refining, pigment production, 
iron and steel processing, synthetic fiber production, and in ferrous metal
lurgical operations. 

Virtually all of the phosphatic fertilizer and phosphorus used in the 
U. S. come from phosphate rock in which phosphorus is present as fluo
rapitite [(CaF2 • 3Ca3 (P04 ) 2 ]. In 1964, there were over 66 million tons 
of phosphate rock mined in the U. S., with Florida producing nearly 90% 
of the total. 

Carbon black is produced by the incomplete combustion of hydro
carbon in oil and gases. It is used as a component of rubber for auto
mobile tires and as pigment in ink and paint products. 

19. 2 SULFURIC ACID PRODUCTION PROCESSES 

Essentially all sµlfuric acid is made by catalytic oxidation of sulfur 
dioxide to sulfur trioxide with subsequent absorption in a recirculating 
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sulfuric acid solution to make acid of the desired concentration. Sulfuric 
acid is produced by two processes which are quite different in principle. 

Chamber process. The oldest of the two methods for producing sulfuric 
acid is the chamber process. In this process, gaseous oxides of nitrogen 
serve as the catalyst, and oxidation ta.kes place in lead-lined chambers. 
The chamber process produces sulfuric acid with a concentration of around 
78%, which is sufficient for most needs of the fertilizer industry, such as 
the production of superphosphate. However, it is sometimes advantageous 
to produce a more concentrated acid by other processes, and dilute it as 
required. 

In 1965, there were 60 chamber plants producing sulfuric acid in this 
country, mostly associated with fertilizer manufacture. However, these 
plants accounted for less than 5% of the total U. S. production. Because of 
the low concentration of the product acid, the high costs of operation, and 
the high emissions of nitrogen oxides, use of the chamber process is dimin
ishing, and no new chamber process plants have been built since 1.956. 

Contact process. In the contact process, sulfur dioxide is catalytically 
oxidized to sulfur trioxide by atmospheric oxygen. Oxidation takes place 
in the converter, which is usually a cylindrical brick· lined shell contain
ing trays of vanadium pentoxide catalysts. Oxidation of the sulfur dioxide 
takes place on the surface of the catalyst at atmospheric pressure, and at a 
temperature of approximately 1400° F. 

The sulfur bearing raw materials for the contact sulfuric acid pro
cess can come from a variety of sources. Most of the sulfuric acid pro
duced in the U. S. is made from elemental sulfur. The remaining new 
acid i.s made from pyrites; zinc, copper,and lead ores; smelter gas; 
hydrogen sulfide; and crude sulfur. , · 

Burning of elemental sulfur. The combustion of sulfur for the contact 
process takes place in 3: brick-lined combustion chamber into which i.s fed 
either atomized molten sulfur or pulverized sulfur and combustion air. A 
flow chart for this system is shown in Figure 19. 1. 
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Because of the necessity for maintaining a low moisture content in 
the gases to the converter, the combustion air is dried by passing it through 
a tower where 98% sulfuric acid is used as a drying agent. 

The combustion of sulfur is exothermic, and the gas leaving the sulfur 
burner is at a temperature in excess of about 1400°F. The gas which normally 
contains 8-10% S02 is cooled to around 800°F in the waste heat boiler before 
entering the converter. 

Roasting of sulfide ore. When sulfide ores are the source of sulfur, the 
plant is usually more complex and expensive than when elemental sulfur is 
processed. The cost may be as much as three times that of the sulfur burn
in,g plant, and in addition, have lower yields. However, when the price of 
sulfide ore or smelter gas is low compared to that of elemental sulfur, the 
process may produce sulfuric acid at a lower cost. 

In the United States, metallurgical plants account for approximately 
15% of the total sulfuric acid production. In Europe, where elemental sul
fur is not as readily available, a larger percentage of the sulfuric acid is 
from ore roasting plants, smelters, and other sulfur sources. 

When smelter gases are utilized as a raw material, the sulfur diox
ide content may vary from 3 to 10% by volume when entering the contact 
system. These gases are available from ore roasting smelting and refin
ing operations associated with nonferrous metals ·p:rotluction. 

Sulfur dioxide from metallurgical type operations is contaminated 
with dust and acid mist which must be removed prior to being introduced 
into the converter to prevent fouling of the catalyst. . To remove impurities 
and excess water vapor, the gases are cooled to essentially atmospheric 
temperature. 

Cleaning can be accomplished by the use of several different types 
of gas cleaning equipment, including cyclones, electrostatic precipitators, 
and scrubbers. Figure 19. 2 is a block diagram showing an installation 
utilizing both wet and dry electrostatic precipitators for dust and n1ist 
removal. 

The cleaned and cooled gases are passed through drying towers 
where they are scrubbed with concentrated sulfuric acid to remove the 
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remaining water vapor. After cleaning, the gas is reheated to about 800°F 
by heat exchange with sulfur trioxide from the converter. The sulfur tri
oxide gas is thereby cooled to a suitable temperature for absorption in the 
final absorber tower. 

Burning of hydrogen sulfide and spent-acid. Sulfuric acid is ~lso produced 
by burning hydrogen sulfide and spent-acid. The raw materials may be either 
spent alkylation acid from petroleum refineries, hydrogen sulfide, or both. 
The effluent gas contains up to about 14% 802 , and the temperature may be as 
high as 2400° F. 

Gas cooling and heat recovery is accomplished in a waste heat boiler 
followed by heat exchangers. Mist removal is usually accomplished by 
electrostatic precipitation, and moisture removal by absorption in concen
trated sulfuric acid. From the drying tower, the gas is introduced into a 
converter and treated in the same manner as gases from the ore roasting 
process. 

In a few hydrogen sulfide or hydrogen sulfide plus elemental sulfur 
burning plants, the wet gases from the combustion process are charged 
directly into the converter after heat recovery, with no moisture or mist 
removal. The gas from the converter is then absorbed in concentrated 
sulfuric acid. In this "wet-gas" process, absorption is not highly efficient 
due to the excess moisture and acid mist content .of the 'gas, .and conse
quently requires a highly efficient mist recovery system following the 
absorber. 

Converters and absorbers. In the catalytic converter, sulfur dioxide 
from any of the above sources reacts with excess oxygen frol!:I the com
bustion air in the presence of a solid catalyst material containing about 7% 
vanadium pentoxide to form sulfur trioxide. The oxidation reaction is 
exothermic and the temperature must be controlled by cooling between 
stages of the converter to maintain satisfactory equilibrium conditions. 
This cooling is achieved either by dried air injected into the converter, 
or by interstage heat exchangers. 

Exit gas from the converter is cooied to approximately 450°F in a 
variety of heat recovery systems, after which it is sent to the absorber. 
In the absorber, the sulfur trioxide combines with water, in 98 to 99% 
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sulfuric acid in the final recovery operation. In some plants, oleum 
(a solution of 803 in H2S0

4
) is produced. Additional absorption towers and 

heat exchangers are required for this opPration. 

Atmospheric emissions and control techniques. The primary atmo
spheric pollutant from the contact process is unreacted sulfur dioxide in 
the waste gas from the absorber since normal 802 to 803 conversion 
efficiencies range from 98 to 98. 5%. In addition, unabsorbed 803 and 
H 2S04 mist from the reaction of S03 and small quantities of water vapor. 
in the converter are present in the effluent gas. The acid mist, which 
forms when the temperature falls below the dew point, is of very small 
particle size and will pass through the absorber without being collected. 
Unless suitable collection equipment is provided, the mist is emitted 
from the process and constitutes an undesirable air pollutant. 

The type of collection equipment needed to remove the acid mist 
depends to a great extent on the size of the particles in the absorber 
exit gas. Wire-mesh mist eliminators have collection efficiencies over' 
90% when most of the mist particles are of a diameter greater than 3 
microns. which is the case when only 98% acid is being produced. When 
oleum is also produced, 85 to 95% of the mist particles leaving the oleum 
tower is less than 2 microns, and the wire-mesh pads do not effectively 
remove these fine particles. 

Electrostatic precipitators have been used extensively for acid mist 
removal and are effective even for the small particle sizes. The pres
sure drop through the precipitator is less than 1 in. of water. High effi
ciency glass fiber mist eliminators are also used, even on plants where 
oleurn is produced. To maintain high efficiencies, pressure drops on the .. 
order of 5-10 in. water are required. However, because of their low 
initial and maintenance costs, this type mist eliminator is finding 
increased application in sulfuric acid plants. 

19. 3 DESIGN AND OPERATING PARAMETERS FOR SULFURIC 
ACID MIST PRECIPITATORS 

The standard design for an acid mist collector consists of a stnaa
stage, vertical up-flow, pipe-type precipitator, as shown in Figurt! 19. 3. 

SOUTHERN RESEARCH 'IN9TITUTE 
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The cylindrical shell is constructed of sheet lead supported by steel band
ing. Because of the material limitation, operating temperatures are limited 
to 180-200°F, with maximum pressures of about 20 inches water. Acid mist 
precipitators can also be made of steel, and precipitators of all steel con
struction have been in service for several years in plants producing acid of 
high concentration. 

Discharge electrode system. Discharge electrodes can be constructed of 
lead with a cross section in the form of a four pointed star about!" across 
the points or they can be of steel construction. 

Because of the possible shorting out of the high voltage system by 
acid, a specially designed discharge electrode support system is required. 
In a typical system, all members are constructed of, or shielded by, acid
resistant materials. The discharge electrode frame is supported by a 
beam which passes through the shell into insulator compartments located 
on each side near the top. There are two general compartment designs 
used. In the first, the support insulators are isolated from the interior 
of the precipitator by a liquid oil seal. Any acid condensing out on the · 
precipitator side settles down through the oil to the bottom of the seal and 
flows to the outside through a liquid trap. In the second type, ambient 
air is forced through the seal to the inside of the precipitator in order to 
effect a blanket around the support insulator. The insulator is also pro .. 
tected a~ciinst any acid that would drip off the compartment ceiling by a ' 
hood. In this design the acid accumulated on the bottom of the compa.tt
ment also flows to the outside through a liquid trap. 

Collecting electrode system. The collecting electrode system conaists 
of pipes arranged in a circular grouping. They can be constructed of lead 
or steel. Th<' C'lectrodcs proper are usually about 10 inches in diameter. 
The pipes are supported from a top header and are either completely con
tained in a precipitator shell or partially exposed, with an upper and lower 
distribution chamber, and collection sump. 

Since the precipitate is free flowing, no electrode shaking or :rapping 
is required. If cleaning is required, it is usually accomplished by ~aeh- . 
ing with weak acid or water from sprays located in the top header. .~· 

r 
Design parameters. Gas flow ratings for acid mist precipitators\ rante 

from about 10, 000 to 30, 000 cfm at gas temperatures of 100°F to 180°F~ 
' ' 
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Collection efficiencies are usually specified at 95 to 99%, with the higher 
values predominant. To meet these requirements, the following basic 
design parameters are typically used. 

Basic Parameter Symbol Range 

Precipitation rate w 0. 20 - 0. 30 ft/sec 

Specific collection surface A 200 - 400 sq ft/1000 cfm 
v 

Pipe diameter d 10 in. 

Gas velocity v 3 - 6 ft/sec 

Corona power 100 - 500 watts /1000 cfm 

Corona power density 0. 5 - 2. 0 watts/sq ft 

Rectifier voltage 75 - 100 kV peak 

Inasmuch as sulfuric acid is highly' conductive electrically, there is 
no resistivity problem to disturb the design. corona cur:rent '!ttppression 
can occur owing to the high concentration of submicron particles, and this 
can influence the corona power and rectifier design. · 

Operating parameters. Data on process and operating parameters are 
summarized in histogram form in Figures 19. 4 through,,19. 8 for the years 
1945-1969. The histograms show the percent distribution of each parameter 
in terms of total gas flow for the 25 year period and include ga~ temperature, 
acid mist concentration, precipitator gas velocity, precipitator corona power, 
and precipitator field strength. 

General observations and discussion of trendS--sulfuric acid mist 
precipitators. Data indicate that sulfuric acid mist precipitators are being 
constructed in larger unit sizes to treat acid mist gases from larger plants. 
Average precipitator size has nearly tripled in the past 20 years, from 
about 10, 000 cfm in 1944-1949 to about 30, 000 cfm in 1964-1969. Further, 
the annual installed capacity is growing at a significant rate with 
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the total capacity nearly doubling in the past six years. 

·There is a general trend to higher design efficiency. Despite this 
trend, the installed cost/ acfm of these precipitators has decreased over 
the last decade, partly because of an increase in precipitator average size. 

A major factor in the cost of these precipitators is the material of 
construction and the fabrication technique associated with lead. There is 
activity in the industry to develop suitable nonmetallic precipitators for 
this application. 

19. 4 SULFURIC ACID MIST PRECIPITATOR INSTALLATIONS AND COST 
DATA 

The total number of sulfuric acid mist precipitators installed 1945-
1969 is estimated to be 120, with a total gas flow rating of 2, 230, 000 cfm. 
Table 19.1 summarizes these installations, while cumulative and yearly 
average cfm data are shown in Figures 19. 9 and 19.10; respectively. 
Figure 19.11 depicts the trend toward larger precipitator sizes and Figure 
19.12 the increase in design efficiencies which has occurred particularly 
in the past decade. 

Cost data. Precipitator cost data on an installed bas.is are presented 
in terms of cost versus gas flow rate for several efficiency levels for the 
period 1960 to 1969. Limited data on FOB precipitator cost are included. 
The data are summarized in Table 19. 2 and Figure 19.13. The spread in 
the data is indicated on the figure. The scatter in cost data, at a given 
efficiency and gas rate, can be attributed to many factors, the most impor
tant ones being the size of the precipitator as related to mist Character
istics, primarily particle size, and gas conditions; the geographical 
location of the installation (particularly for erected cost since labor costs 
can vary considerably across th.e country); the pricing-profit policy of 
various corporations bidding on the job; whether the installation is a 
backfit or upgrading of an existing instal~ation which may require addi
tional improving to 'shoehorn" the precipitator into the over-all instal
lation; and the type and degree of sophistication of the electrical system. 
Table 19. 3 shows the trend in average installed cost of sulfuric acid 
mist precipitators over the period 1945-1969. 



Table 19.1 

Sulfuric Acid Mist PreciEitator Installations 1945-1969 

Pptr. Pptr. Ne. No. Cumulative Avg. Capacity acfm 
Contract .Capacity of of Capacity Annual Precipitator 
Year acfrn Install. Pptrs. acfrn Capacity Basis 

1945 29.200 2 3 29.200 
1946 
1947 5.840 9,733 
1948 
1949 
1950. . 71,050 3 6 100.250 
1951 89.200 3 6 189,450 
1952 62,800 3 5 252,250 95,000 13,970 
1953 39.000 2 3 291,250 
1954 212,950 6 14 504,200 
1955 158,750 8 12 662,950 
1956 101,700 5 7 764,650 1 

CJ) 

1957 147,540 7 12 912.190 94,106 13. 070 -3 
CJ) 

1958 46.800 1 2 958,990 I 

1959. 15.740 3 3 974.730 
1960 . 21. 080 2 2 995,810 
1961 9,400 1 1 1005,210 
1962 35,976 16.353 

Ill 1963 149,400 3 8 1154,610 0 
c 1964 ... x 
"' 1965 79,050 3 4 1233.660 :v z 1966 167,900 3 9 1401, 560 :v 

"' 1967 183,120 3 9 1584,680 215,594 29,943 Ill 

"' > 1968 198,700 3 6 1783,380 :v 
n x ~~q. 449,200 4 8 2232.580 
z Total· 

.. 
Ill 120 ... 
=i e . ... 
Ill 
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Efficiency 
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99+ 

Table 19. 2 

Summary of Sulfuric Acid Mist 
Precipitator Costs 1960-1969 

0 - 10, 000 cfm 10, 000 - 25, 000 cfm 25, 000 - 50, 000 cfm 
1965-1969 1960-1965 1965-1969 1960-1965 1965-1969 1960-1965 

:FOB* Erected* FOB Erected FOB Erected FOB Erected FOB Erected FOB Erected 

14.5 
(1) 

6.00 3.77 
(1) (1) 

5.84 
(4) 

50, 000 - 100, 000 cfm > 100, 000 cfm 
1965-1969 1~60-1965 1965-1969 1960-1965 

FOB Erected -FOB Erected FOB Erected FOB Erected 

6.22 
(1) 

3.71 
3 

2.93 
(1) 

' 

2. 53 
(5) 

2.21 
(1) 

4.65 
(1) 

3.94 
(2) 

*Note: Costs are $/acfm. Numbet in parentheses is numb~r of installations on which contract prices 
were averaged. 
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Figure 19. 13. Installed Cost of Sulfuric Acid Mist Precipitatdrs, 
1965-1969. . 

SOUTHERN RESEARCH INSTITUTE 



-683-

Table 19. 3 

Average Cost per acfm for Sulfuric Acid Mist Precipitators 

Weighted Design 
Contract No. of Average Installed Efficiency °lo 

Period Installations Cost$ /acfm (acfm Basis} 

1945-1949 2 3.82 96 

1950-1954 11 5.18 96.4 

1955-1959 16 5.62 96. 2 

1960-1964 3 4.16 98.6 

1965-1969 15 3.76 97.7 
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Operating costs. Operating costs for a 65, 000 cfm sulfuric acid mislt 
precipitator are as follows.· 

Precipitator FOB Cost 
Precipitator Erected Cost 
Operating Cost* 
Maintenance Costs 
Capital Costs (12~% of Instl Costs) 

Total Yearly Operating Costs 

$115,000 
280,000 

2,900 
1,865 

35,000 
$39, 765 

(1. 70/cfm) 
(4. 20/ cfm) 

Electrostatic precipitators on sulfuric acid plants using roaster exhaust 
gas. In contact sulfuric plants, in which sulfur-bearing ores are the sourcP.s 
of sulfur dioxide, there are three separate applications of precipitators for 
gas cleaning, as indicated in Figure 19. 2. These are: (1) removal of 1.hP. 
dry dust and acid fume from the hot gases (400-800°F) after they leave the 
furnace and before the acid scrubbers; (2) removal of the sulfuric add mist 
and solid impurities from the cooled gases (90-100°F) after the gases have 
passed through the acid scrubbers and prior to entering the converter~ and 
(3) cleaning of tail gases after the absorber. The latter applications involvr> 
the purification of gases for process reasons as opposed to ,control of air 
pollution. 

The precipitators used to clean the hot gases and remove dry dust and 
fume are usually of the plate type and constructed of mild steel. 

Limited data are available on the design and performance of precipi
tators in process gas cleaning. Table 19. 4 lists some of the design and 
performance data on a single precipitator installation for mist and 8olids 
removal ahead of the converter. 

19. 5 PRECIPITATORS FOR THE ELEMENTAL PHOSPHOROUS INDUSTRY 

The areas of interest in the phosphorous industry, as far as .~1ec
trostatic precipitators are concerned, are the reduction of phosphate rock 
to produce elemental phosphorus and the production of phosphoric acid. 

Elemental phosphorus industry. Elemental phosphorus is produced by 
the reduction of prepared phosphate rock in a furnace (usually an electric-

* Labor, Supervision, and Overhead based on Records. 
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Table 19.4 

Comparison Between Design and Performance Parameters for 
An ESP Operating on Acid Mist from a Sulfuric Acid Plant 

Parameter 

Gas flow (acfm) 
Efficiency (%) 
Area (sq ft) 
Collection voltage (kV) 
Corona current (mA) 
Power (kW) 
FOB cost ( $) 
Installed cost ($) 
A/V ratio (ft2 / cfm) 
VI A ratio {cfm/ft2 ) 

Precipitation rate} (ft/ sec) 
parameter w (cm./ sec) 

FOB cost ($ / acfrn) 
Installed cost l$ / acfrb) 
Installed. cost l$ /sq ft) 

Design 

67,300 
99 

23,538 

115,230 
284.000 

0.35 
0.04'15 
0.219 
6.7 
1.72 
4.20 

12.00 

Performance 

62,300 
99.3 

23, 538 
66 

300 
20 

0.378 
0.044 
0.202 
6.2 
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arc furnace). In 1965, about 1. 2 billion pounds of elemental phosphorus 
was produced in the United States. Several manufacturers employ the 
electrothermic reduction process for manufacture of phosphorus. A major 
source of information on this subject is the Tennessee Valley Authority1 

which made significant contributions to,the technology of the process. 

The furnace is charged with phosphate rock (fluorapatite), sUica, 
and coke. Temperatures of 2300-2700°F are maintained in the furnace, 
and at these temperatures, silica reacts with the phosphate rock to lib
erate P 20 5, which is reduced to elemental phosphorus by the carbon. The 
reaction is as follows: 

The carbon for the above reaction is usually coke, but anthracit.e has 
also been used. The silica is needed to form a low melting slag that serves 
as a fluid medium for the reduction reaction. The reaction in the furnace is 
exothermic, but additional heat is required to maintain the reaction tempera
ture in the furnace. Three carbon electrodes, connected to a 3"'.'phase power 
supply. provide this energy. The gaseous effluent from the furnace (70. 4% 
CO by weight, 0. 2% C02, 27. 2% P 4 , 0. 4% N2 , 0. 2% H2, and 1. 6% dust)2 is 
cleaned with an electrostatic precipitator operating above the condensation 
temperature of the phosphorus vapor (525-620° F). 3 · The dust (5 to 20 gr/ scf) 
consists of fine particles from the burden and from the furnace reactions. If 
not removc.•:l, this dust would be collected in the phosphorus durihg its con
densation and would lower the purity of the liquid phosphorus product. Dust 
can also be removed from the condensed product by centrifugation, decanta
tion, and filtration of the molten phosphorus. However, since filtration is 
quite difficult, it is used mainly for final purification of the product, and 
electrostatic precipitators are used prior to condensation to remove the 
major portion of the dust. In this application, the precipitator is a part of 
the plant production facility as opposed to an air pollution control device. 

Precipitators typically remove 90 to 99% of the dust from the gases. 
The major rrobl.::m encountered is the build"'.up of dust on the inside 'tral1s 
of the collector tubes. This dust adheres strongly and is not completely 
removed by rapping. The unit must be shut down periodically to ream out 

, the tubes. Very little dust adheres to the emitting wires, and occasional 
wire breakage is usually due to fatigue from rapping. 

lRefer to the bibliography for this chapter. 
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The inside surfaces of the precipitator must be heated to prevent con
densation of phosphorus. This is accomplished either by electric heaters 
or by passing hot inert gas through a slightly pressurized jacket. The lat
ter method ensures that leaks in the precipitator walls do not allow air to 
enter the precipitator. Oxygen in the presence of carbon monoxide and 
phosphorus vapor would cause damaging combustion in the precipitator. 

The dust collected in the precipitator is accumulated in a hopper 
where it is removed from the system to an external dust bin. Removal is 
accomplished through an air-lock valve arrangement. This dust contains 
considerable phosphate and is sometimes used as fertilizer. Some manu
facturers remove the dust from the bins with a water spray, after which 
the slurry is dri,ed, briquetted, and returned to the furnace to recover the 
phosphorus. 

The gases leaving the precipitator pass through a water spray tower 
maintained at 125° F where the phosphorus vapor condenses. The water 
dissolves gaseous fluosilicates and beco~es. acidic. Socja ash or ammonia 
is often added to reduce the acidity whenthis scrubber water is recirculated. 

Carbon monoxide is the main component of the gases leaving the spray 
tower. Some plants burn this gas to provide heat for other parts of the pro
cess; others flare the carbon monoxide to dispose of it. 

Two molten by-products, ferrophosphorus and slag, are re moved 
from the bottom of the furnace. Ferrophosphorus is sold for use in steel
making, and slag is used as fill material for c,onstruction. 

\ 

Figure 19. 14 shows,..a typical elemental phosphorus plalit flow diagram. 

Description of electrostatic precipitator and subsystems. The precipita
tor is designed for vertical gas-flow as a single-stage pipe type unit (Figure 
19.15). The pipes are usually about 11 inches in diameter and 16 feet long. 
In order to achieve the high efficiency required, two sections are used in · 
series. Since the precipitator must be preheated, the collecting pipes are 
jacketed for hot gas circulation. Electric heaters are provided around the 
pipe in order to maintain the necessary operating temperature. 

Discharge electrodes are generally vertical (i\'or t ") square bars 
spanning the full height of the collecting electrode. They are suspended 
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Figure 19. 14. Elemental Phosphorus Production by the Electric Arc Furnace 
Process. 
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Figure 19.15. Typical Electric Furnace Phosphorus Precipitator. 
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from a support frame at the top, and held taut by weights at the bottom. 
Steadying frames and guides hold the wires in place. 

The cylindrical collecting electrodes are usually constructed of steel 
pipe flared into square sections at the upper end and welded to form a gas 
tight bundle. ' 

Since the precipitator operating temperature is relatively high, the 
hot collecting electrode pipes require gentle cleaning action to avoid daqi
aging them. The reciprocating bumper mechanism generally used for this 
cleaning action consists of rapper bars running through the precipitator 
between the pipes and protruding out of the shell. Cross arms attached to 
the bars are provided with hammer heads. By moving the bars back an~ 
forth the hammers are made to strike anvils attached to the pipes. The' 
rapper bars are attached to manual levers or an automatic mechanism on 
the outside of the precipitator shell. Operation is usually periodic and can 
be arranged for manual or automatic operation. 

A form of deflector baffle is used in the hoppers of vertical up-flow 
precipitators for control of gas distribution. Where the gas enters the pre
cipitator in a horizontal direction at hopper 1 evel, baffles are installed at 
strategic points iri order to deflect the gas upward in such a fashion as to 
maintain good flow distribution. The baffles are usually hung from the 
bottom of the collecting electrodes or the lower header sheet in a pipe-
t: ~·e design. In some pan.:.hopper designs, the baffles are supported from 
the floor as hurdles. 

A special kind of hopper and dust removal system must be used in 
connection with a precipitator employed for cleaning the gases emitted from 
a phosphorus-producing furnace. It is usually circular in cross section 
and contains a continuously operating dust plow or mixer to prevent con'"'. 
gealing of the collected material. It is usually provided with heaters to 
prevent phosphorus condensation. Since the collected dust contains some 
condensed and absorbed elemental phosphorus which ignites when exposed 
to air, the dust must be kept out of contact with air. 

An air tight dust bin is located directly below the hopper. The bin 
is connected to the hopper by an air-lock valve mechanism through which 
dust is periodically transferred from hopper to bin. A screw conveyor, 
which transports the dust through a sealed external section to closed 
transport containers. is located in the bottom' of the biry.. 
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It is estimated that about 20 precipitators for hot phosphorus appli
cations have been contracted for during the period 1938-1969, with a total 
rated capacity of 165, 300 acfm. Table 19. 5 is a summary of hot phosphorus 
precipitator installations showing annual number of installations, annual num
ber of precipitators, and annual design capacity for the period 1938-1969. · 
The four-year average precipitator capacity is also shown, as is the average 
precipitator size. Figure 19.16 shows the cumulative capacity of elemental 
phosphorus precipitators during the period 1938-1969. Figure 19. 17 shows 
the yearly and four-year average installed capacities in terms of gas volumes 
handled. Figure 19.18 shows the average precipitator capacity during four
year intervals from 1938-1969. A summary of design efficiencies for these 
precipitators is given in Table 19. 6. Efficiencies are weighted on an acfm 
basis; four-year average efficiencies are also reported. 

Precipitator applications. The precipitator gas velocity, inlet gas tem
perature and inlet particulate loading are summarized for the years from 
1938 through 1969 in Table 19. 7. The number of installations and total gas 
volumes involved in the statistical analysis .. are presented. No data are 
available on power input or field strength. Figures 19. 19 to 19. 21 show 
the range of gas velocities, inlet gas temperatures, and dust loadings. 

Because of the difficulty in testing precipitators in this application, 
no test data are available. Table 19. 8 summarizes the design data on two 
installations and shows the electrical energization equipment and precipita
tor size. 

Cost data. Precipitator costs, both FOB and erected, for electric fur
nace phosphorus installations are presented in Table 19. 9 for 10-year 
periods between 1938 and 1969. Due to the limited data, no graphical pre
sentation is included. Data. are presented as a function of gas volume range 

·and design efficiency. 

Table 19. 10 is a summary of four-year average precipitator size, 
weighted precipitator efficiency and average precipitator cost, dollars/ 
acfm both on FOB and erected basis. 

General observations and discussion of trends - electric furnace 
phosphorus precipitator. Continued growth of electric furnace phosphorus 
capacity is foreseen, with added capacity installed in large increments. 
Treatment of the furnace off-gas requires exposure to temperature in 
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Table 19. 5 

Hot Phosphorus Precipitator Installations 1938-1969 

Pptr. Pptr. Cumulative Average Capacity acfm 
Contract No. of No. of Capacity Capacity 4-year (a) Pptr. (b) 

Year Install. Pptrs. acf m acfm Average Basis 

1938 1 1 260 260 
1939 2 2 2,650 2,950 
1940 0 0 0 2,950 1,728 1,728 
1941 1 1 4,000 6,910 
1942 1 1 5,000 11,910 
1943 0 0 0 11, 910 
1944 2 2 6,500 18,410 3,458 3,458 
1945 1 1 2,330 20,740 
1946 0 0 0 20,740 
1947 0 0 0 20,740 
1948 0 0 0 20,740 875 3,500 
1949 1 1 3,500 24,240 
1950 0 0 0 24,240 
1951 0 0 0 24,240 
1952 2 2 13,300 37,540 5,575 ,7, 433 
1!.)C,~ 

-v -t.. <, 1 1 9,000 46, 540 
lf'I;/ ' . 0 0 0 46,540 
1955 1 1 4,300 50,840 
1956 0 0 0 50,840 1,075 4,300 
1957 0 0 0 50,840 
1958 1 1 12,200 63,040 
1959 0 0 0 63,040 
1960 0 0 0 63,040 8,100 10, 800 
1961 2 2 20,200 83,240 
1962 0 0 0 83,240 
1963 1 1 11,400 94, 640 
1964 1 1 12,000 106, 640 5, 850 11,700 
1965 0 0 0 106, 640 
1966 2 2 32,050 138,690 
1967 2 2 26,600 165,290 t' 

1968 0 0 0 165,290 14, 662 14,662 
1969 0 0 0 165,290 

fa) Pptr. capacity (acfm) divided by number of years in period. ~. =· 
(b) Pptr. capacity (acfm) divided by number of preCipitators installed .in~period. 

SOUTHERN RESEARCH INSTITUTE 



8 
~ 
0 
al 
UJ 

'tJ ; 
~ 
0 .c: 

f-4 

-~ 
u 
al 
0. 
I'd 
u 

~ ...... 
µ.. 
fl) 

<11 
Cl 
M 
0 ..... 
~ ..... 
0. .... 
u 
ii> 
S.. 

p.. 
QI .:: ..... 
!I 
::s 
8 
::s 
u 

200 

100 

10 

1 

0.2 

1938 1946 

-693-

1954 
Year 

1962 1970 

Figure 19. 16. Cumulative Gas Flow Capacity of Elemental 
Phosphorus Precipitators Since 1938. 
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Figure 19.17. Average Gas Flow Ratings of Elemental Phosphorus 
Process Precipitators, 1938-1969. 
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Table 19. 6 

Design Efficiency Trends for Hot Phosphorus Precipitators 
(1938-1969) 

Pptr. Design Efficiency O/o 
Contract No. of Pptr. Capacity Weighted on acfm Basis 

Year Install. acfm Annual 4-year Avg. 

1938 1 260 98 
1939 2 2,650 99.9 
1940 0 0 
1941 1 4,000 99.9 99.8 
1942 1 5,000 99.9 
1943 0 0 
1944 2 6,500 99.9 
1945 1 2,330 97.0 99.4' 
1946 0 0 
1947 0 0 
1948 0 0 
1949 1 3,500 99.0 99.0 
1950 0 0 
1951 0 0 
1952 2 13,300 99.9 
1953 1 9,000 99.9 99.\9 .-
1954 0 0 
1955 1 4,300 99.9 
1956 0 0 
1957 0 0 99.'$\ 
1958 1 12,200 96.0 
1959 0 0 
1960 0 0 
1961 2 20,200 99 97.9 
1962 0 0 
1963 1 11,400 98.3 
1964 1 12,,000 99 

98. ,. 1965 0 0 
1966 2 32,050 99 
1967 2 26,600 99 
1968 0 0 
1969 0 0 99.0' 
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Pptr. Gas 
Velocity 
ft. /sec. 

1. 0-1. 4 
1. 5-1. 9 
2.0-2.4 
2.5-2.9 
3.0-3.4 
3.5-3.9 
4.0-4.4 
4.5-4.9 
5.0-5.4 
5.5-5.9 

TotalH 

Inlet 
Temp. "Jt' 

500-549 
550-599 
600-649 
650-699 
700-749 
750-799 
800-849 

Totals 

Inlet 
Parl.iculatc 
Load gr/scf 

4-5.9 
6-7.9 
8-9.9 
10-11. 9 
12-13.9 
14-15.i:l 

Totals 
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Table 19. 7 

Summary of Design Data 
Electric Furnace Phosphorus Precipitator 

(1938-1969) 

No. of 
Install. 

1 
2 
9 
0 
1 
0 
3 
1 
1 
2 

20 

No. of 
Install. 

0 
11 
3 
4 
1 
1 
0 

20 

(a) Precipitator Gas Vt>locity 

Pph'. C' apa citv 
Thousand acfm 

In Velocity Interval 

0.26 
5.8 

38.4 
0 

12. 0 
0 

56.9 
10.0 
11. 4 
25.9 

150. 7 

(b) Inlet Gas Temperature 

Ppfr. Capacit.y 
Thousand acfm 

In Temp. Interval 

0 
78 5 
35. 7 
25.8 
2.3 

10. 2 

152. 5 

(c) Inlet Parti.culate Loading 

Pptr. Capacity 
Thousand acfm 

cy0 of lnstall::itinm: 
Jn 

Velocity lnt!;J:V~!n 

5 
10 
45 

0 
5 
0 

15 
5 
5 

10 

100 

% of Installations 
In 

_Te m_E.:._!!:!L!!_r·v ~-! __ 

0 
55 
15 
20 

5 
5 
0 

100 

llfn of Installations 
In No. of 

Install. In Loading Interyal Loading Interval 

0 
2 
1 
0 
9 
2 

14 

0 
25.4 
9 0 
0 

30 9 
12.5 

77.8 

\4.3 
7. 1 
0 

64.3 
14.3 

100 



-698-

50 

40 -

.... 

... 

10 -

0 I I. 

0 1 2 3 4 5 6 7 8 
Preclpltator Gas Velocity, fps 

Figure 19. 19. Distribution of Elemental Phosphorus Proeeaa 
Precipitator Desigp Gas Velocity, 1938-1969. 
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Figure 19. 20. Distribution of Elemental Phosphorus Process 
Precipitator Design Inlet Gas Temperature, 
1938-1969. 



-700-

50 

40 ..... 

~ 

-

10 -

0 I I 

0 2 4 6 10 12 14 16 
Preclpitator Inlet Load, gr I scfd 
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Table 19. 8 

Summary of Design Data on Two Precipitators 
for Cleaning Phosphorus Furnace Gas 

Gas flow 
Temperature 
Pressure 
Gas velocity 
Treatment time 
Density of dust 
Inlet dust loading 
Inlet dust size 

Charge 

Power to electrostatic precipitator 
Current 
Voltage 
Collection electrode 

Spark rate · 
Pressure drop 
Efficiency 
Type power supply 

DC voltage 
DC current 
Total treatment length 
Collector rappers 
Rapper type 
Discharge electrode 
Number of wires 
Total discharge· wire length 
Discharge wire rappers 
Operating problems 

3500 cfm 
600-800°F 
+0.111 w. g. 
1. 9 ft/ sec 
16. 2 sec 
30 lb/ft3 

3 gr/acf 
50-60% <1~ 
30-40% <40µ 
80% phosphate rock, 
15% coke, 5% misc. 
7~ 515 w 
250 mA 
350 V ac 
96 lOf' dia tubes 

151811 long 
100/min 
0. 211 

W• g. 
99°/o 
full wave (2 fields) 

67 kV 
250 mA/field 
30 ft 
24 shafts 
Impulse, elec. -mesh 
O. 2511

' sq wire 
96 '• 
1720 ft 
vibrators 
Wire breakage, air 
leakage 
15 wires replaced/ 
year, tubes reamed 
twice/year 

11, 500 cfm 
800°F 
+0.1" w. g. 
4. 6 ft /sec 
6. 6 sec 
30 lb/ft3 

2 gr/acf 

40kW 
500 mA 

160 llt'' dia 
15' long 

100/min · 
, o. 3" .w. g. 

981}70 
fwl wave 
(2 fields) 
67 kV 
280 mA/field 
30 ft 
8 shafts 

barbed wire 
160 
2720 ft 
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Table 19. 9 

Electric Furnace Phosphorus Precipitator Costs 

$ /acfm 

Efficiency 0-4.9 
Gas Volume Range - Thousands acfm 

5-9.9 10-20 
Range FOB Erected FOB Erected FOB Erected 

(a) 1959-1968 

90.0-94.9 
14. 0 (1) 95.0-98.9 

99.0 + 10. 1 (3) 16. 7 (2) 

(b) 1949-1958 

90.0-94.9 
17.7 (1) 95.0-98.9 12. 4 (1) 

99. 0 + 27. 4 (2) 34. 6 (2) 22. 8 (1) 31. 9 (2) 

(c) 1938-1948 

90.0-94.9 
95.0-98.9 17.7 (1) 
99.0 + 27. 2 (1)" 36. 0 (3) 14. 5 (1) 

Note: Numbers in parentheses indicate number of installations in ~ch 
the cost data were averaged. 
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Table 19.10 

Avera e Electric Furnace Phos horus Preci itator Costs 
1938- 969 

Precipi tator Cost 
Average Pptr. Efficiency °lo $ /acfm 

Period Size acfm Weighted on a~fm FOB Erected 

1938-1941 1.728 99.8 22.2 

1942-1945 2.458 99.4 18.7 33.5 

1946-1949 3.500 99.0 27.5 35.1 

1950-1953 7.430 99.9 28.0 34.3 

1954-1957 4.300 99.9 31.4 

1958 .. 1961 10.800 97.'9 12.4 16.3 

1962-1965 11,700 98.7 '6.8 * 14.0 

1966-1969 14.662 99.0 11.8 

*No Electrical Equipment 
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excess of 583° F to avoid phosphorus condensation. Electrostatic pre~cipi
tators and bag-houses utilizing high temperature fabrics a~e. in the'ory. 
suitable gas cleaning devices. Due to the frequency of thermal upsets of 
phosphorous furnaces, however. with subsequent damage to the filter fabric, 
electristatic precipitators are perhaps more suitable for this application. 

The. data on design gas velocities indicate a treq.d to higher velocities. 
Figure 19. 22 shows the (acfm) weighted average design gas velocity over 
four-year periods from .1938 to 1969. -

19. 6 PRECIPITATORS FOR THE PHOSPHORIC ACID INDUSTRY , 

Most of the elemental phosphorus produced in the U. S. (about 75% in 
1965) is burned and hydrated to make phosphoric acid. In a typical instal
lation, liquid phosphorus and air are introduced into a cylindrical combus
tion chamber where the phosphorus burns according to the reaction, 

The gases leaving the combustion chamber, consisting of P 20 5, N2, 

0 2, steam, and nitrogen oxides, pass into a hydration tower w~ere P 20 5 
is hydrated to orthophosphoric acid. The hydrated acid is passed through 
a water-spray absorbing tower, where an acid of about 85% H3P04;(62o/e 
P 20 5) is produced according to the following reaction: · --

Traces of.arsenic present in the original phosphorus are carried 
over into the acid, and must be removed by treatment of the acid with 
H2S if the acid is to be used in food products. 

i 

Acid mist is carried over by the waste gases from the adsorbtt 
tower, and must be removed prior to exhausting the gases. Wire-mesh 
and glass fiber mist eliminators, venturi scrubbers, packed towers, 
and electrostatic precipitators can be used to control acid mist. Thtt · 
salvage acid is returned to the system, and the clean gas discharged to 
the atmosphere. Fi~ure 19. 23 is a schematic diagram of the phosphorus 
combustion process. 
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High Pressure 
Fi ltere.d Wat er 

Figure 19 . 23. Flow Sheet for Phosphoric Acid Production by Phosphorus 
Combustion. 
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Description of electrostatic precipitator and subsystem. A typical pre
cipitator design consists of a single-stage, vertical-flow, pipe-type unit. 
The shell is cylindrical in form, and is not thermally in~'ulated. Stainless 
steel or equivalent construction is used. Lead is not used because the tem
perature may suddenly rise above the softening point of the lead. 

The discharge electrodes are constructed of stainless steel and can 
be of various types as described in Chapter 10, Part I. 

The corrosive nature of the gas creates some problems in the choice 
of materials and in the geometry of the support system. 

Stainless steel pipes varying from 5 to 1511 in diameter are employed 
as collecting electrodes. The arrangement used consists of a top-header 
only with the exterior surface of the pipe exposed to the entering gas stream. 
Since the precipitate is a free·-nowing liquid, no cleaning of either discharge 
or collection electrodes is required. 

In the production of phosphoric acid, the various pieces of equip
ment are close-coupled. Because of this, the add collected in the preci
pitator sump is transported from the sump, by gravity, directly to the 
hydrator storage. A liquid trap is used to keep the two systems isolated. 

Table 19.11 is a summary of a number of phosphoric add mist 
precipitator installations and precipitators, annual installed capacity, 
and cumulative capacity for 1927-1969. Five-year average capacity and 
average precipitator size over each five-year period are also shown. 

Table 19.12 shows annual installed capacity, design efficiency, and 
weighted average design efficiency (five-year basis). 

Figure 19. 24 shows the cumulative installed capacity of electro
static precipitators on acid mist phosphoric add plants from 1928-1956. 

Figures 19. 25 and 19. 26 show the average installed capacity 
averaged over five-year intervals and the average precipitato;r size during 
the same period. 

Tabulations of design gas velocities and design inlet temperatures 
from 1927 to the present are given in Tables 19. ~3 and 19. 14. The 
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Table 19.11 

Phos.ehoric Acid Mist Preci,eitator Installations 1927,.1956 

Pptr. Pptr. Design Efficiency o/o 
Contract No. of Capacity Weighted on acfm Basis 

Year Install. acfm Annual 5-yea·r Avg. 

1927 1 3,000 
1928 0 -.. 
1929 0 
1930 1 2,000 97.5 
1931 0 97.5 
1932 0 
1933 1 6,000 95 
1934 1 35,800 98 
1935 0 
1936 0 97. 6 
1937 0 -..: 

1938 0 
1939 2 41,000 91. 0 
1940 0 
1941 2 10, 675 99.9 92.8 
1942 0 
1943 0 
1944 0 
1945 0 
1946 0 
1947 2 9,100 99.9 
1948 0 
1949 0 
1950 1 4,050 98 

.1951 0 99.5 
1952 0 

·.• 

1953 0 
·, 

1954 0 
1955 Q 
1956 1 26,000 85 85 
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Table 19.12 

Phosphoric Acid Mist Precipitator Installations 1927-1956 

Pptr. Cumulative 
No. of No. of Capacity Capacity Average Capacity acfm 

Year Install. Pptr. acfm acfm 5-;xear Avg. (a) Pptr. Basis (b~ 

1927 1 1 3,000 3,000 
1928 0 0 3,000 
1929 0 0 3,000 
1930 1 1 2,000 5,000 
1931 0 0 5,000 1,000 2,500 
1932 0 0 5,000 
1933 1 1 6,000 11,000 
1934 1 2 35,800 46, 800 
1935 0 0 46,800 
1936 0 0 46, 800 8,360 13, 933 
1937 0 0 46,800 
1938 0 0 46,800 
1939 2 5 41,000 87,800 
1940 0 0 87,800 
1941 2 4 10,675 98,475 lQ,335 5,142 
1942 0 .. o· 98,475 
1943 () 0 98,475 
1944 0 0 98,475 
1945 0 0 98, 475' 
1946 0 0 

' 
98, 475 0 

1947 2 4 9,100 107,575 
1948 0 0 107,575 
1949 0 0 107,575 
1950 1 1 4,050 111, 625 
1951 0 0 111,625 2,630 2,630 
1952 0 0 111, 625 
1953 0 0 111,625 
1954 0 0 111, 625 
1955 0 0 111, 625 
1956 1 2 26,000 137,625 5,200 13,000 

(a) Pptr. capacity (acfm) divided by number of years in period. .., 
(b} Pptr. capacity (acfm) divided by number of precipitators installed in period. 
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Table 19.13 

Precipitator Gas Velocity (Design) 
Phosehoric Acid Mist Precieitator 1927-1969 

Velocity Pp tr. Capacity °lo of Installations 
Interval No. of No. of Thousand acfm in Velocity 

fps Install. Pptrs. in Interval Interval 

2-3 1 1 1. 6 8.3 

3-4 4 5 22.3 33.3 

4-5 1 1 3.0 8.3 

5-6 4 5 48.8 33.3 

6-7 0 0 0 

7-8 2 6 62.0 16.7 

Totals 12 18 137.7 100 



Pptr. 
Inlet 

Temp. 
OF 

100-150 

150-200 

200-250 

250-300 

Totals 
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Table 19.14 

Pr.ecipitator lnl:et Temperature. (Design) 
Phosphoric Acid Mist Precipitator 1927 .. 1969 

Pptr. Capacity % of Installations 
. '• . •' 

No. of .No. of Thousand ·a.crm in 
Install. ·. Pptrs. in Interval Interval 

6 .13 58.8 54. 5 

1 2 26 9.1 

4 5 46.9 36.3 

11 20 131. 7 100 
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number of installations, precipitators, and gas volumes are also. shown. 

Table 19.15 is a summary of several inlet loadings. 

Bar graphs of the data showing input parameters are shown in 
Figures 19. 27 to 19. 29. 

Table 19.16 presents a summary of the range of actual performance 
data--gas velocity, inlet gas temperature, and loading--with the mean 
value of each parameter. Values of field strength and input power are 
not available. 

Economics- -phosphoric acid mist precipitator costs. Cost data for 
several precipitators have been reported in Table 19.17 for 10 to 12 year 
periods. Both FOB and installed costs are included wheh available. The 
limited data preclude graphical presentation. No maintenance or operat
ing costs are available from this source. 

General observations and discussion of trends - phosphoric acid mist 
precipitator. The data presented indicate that the use of electrostatic pre
cipitators for phosphoric acid mist control applications has declined in 
recent years. Since the demand for high purity phosphoric acid from the 
combustion process has not declined, it is evident that other factors are 
responsible. 

It is believed that the following are among the more important of 
these factors: 

Many of the precipitators were installed with mechan
ical rectifiers, and maintenance problems were appre
ciabl~. Further, while stainless steels are relatively 
resistant to phosphoric acid, maintenance problems 
associated with sparking and resulting corrosion have 
been troublesome. Lead, while resistant, lacks the 
useful temperature range necessary for this applica
tion in which temperature upsets are not infrequent. 

The trend now appears to be toward high energy variable orifice 
scrubbers for this application. 



Inlet 
Loading 
gr/scfd 

4-10 

10-16 

16-22 

22-28 

28-34 

Totals 
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Table 19.15 

Precipitator Inlet Loading (gr I scf) (Performance) 
Phosphoric Acid Mist Precipitator 1927-1969 · 

No. of No. of 
Install. Pptrs. 

1 2 

1 2 

1 2 

0 

2 3 -
5 9 

Pp tr. Capacity 
Thousand acfm 

26.0 

35. 8 

1. 6 

13.2 

76. 6 

% of Installations 
in. 

Inter.val 

20 

20 

20 

40 

100 
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.. 
Note: Numbers above bars 

are· t'otal acfm in thou-

23.9 51.8 
sands. 

Numbers in paren-5 
(6) (6) 

thes~s are number 
of precipitat~rs. 

4 

62.0 ' 

(6) 

1 

~ , 
0 2 3 4 5 6 7 8 

Precipitator Design Velocity, fps 

Figure 19. 27. Distribution of Phosphoric Acid Mist Precipitator Design 
Velocity, 1927-1969. 
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-
Note: (a) Numbers abovP. hnrR 

are total acfm in 
thousands. 

58.8 
(b) Numbers in paren-

(13) . thesis are number of 
precipi ta tors 

46.9 

(4) 

26 

(2) 

;. 
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Precipitator Design Inlet 'temperature, ° F 

Figure 19. 28. Distribution of Phosphoric Acid Mist P:recipitator 
Design Temperature, 1927-1969. 
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Figure 19. 29. Distribution of Phosphoric Acid Mist Precipitator Actual 
Inlet Loading. i927-1969. 



Parameter 

Gas 
Velocity, fps 

Inlet 
Temperature, °F 

Inlet Loading. 
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Table 19.16 

Range of Performance Data 
Phosphoric Acid Mist Precipitator 

Parameter 
Range 

2. 1 to 7. 2 

140 to 285 

4 to 33 

No. of 
Install. 

4 

5 

5 

Mean Value 
of Parameter 

5.1 

203 

20.3 



Design 
Efficiency 

R.ange 

Less than 95 

95-98.9 

More than 99 + 

Less than 94. 9 

95-99 

More than 99 
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Table 19.17 

Phosphoric·Acid Mist Precipitator Cost 

$ /acfm 

Gas Volume .Range - ThoQ.sands acfm 
0-9.9 10-19.9 20-40 

FOB Installed FOB Installed .!Q!! Installed 

(a) 1927-1939 

... 

12. 4 (1) 

(b) 1940-1950 

12.2 (1) 

19. 4 (2) 

4. 90 (2) 

8 (1) 

Note: Numbers in parentheses are number of installations in which 
costs were averaged. 
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19. 7 PRECIPITATORS FOR THE CARBON BLACK INDUSTRY 

Carbon black is the ultra-fine carbonaceous product of the incomplete 
combustion of hydrocarbon oils and gases. The bulk of the product is used 
for reinforcement of rubber; speciality grades are produced for ink and 
paint applications. 

Three major processes have been used for the production of carbon 
black: the furnace process, the channel process, and the thermal process. 
The greatest percentage is made by the furnace process, which is illustrated 
in Figure 19. 30. Incomplete combustion is effected in a refractory lined 
furnace. A variety of oil and gas furnace designs is available. The particle 
size produced in the furnace process (0. 02 - 0. 2 µ) is intermediate between 
that of the channel and the thermal process. ' 

The channel process uses an array of small natural gas flames oper
ated with insufficient air. The black formed is deposited by impingement 
on the underside of moving steel channels, and is subsequently removed 
by stationary scraper blades. 

In the thermal process, natural gas is pyrolyzed into hydrogen and 
carbon over heated checkerwork. The process is cyclic, with alternate 
heating and cracking operations. Initially, the combustion of natural gas 
or other fuels with air heats the furnace to about 3000° F. Following the 
heating cycle, natural gas alone is fed to the hot furnace where it is decom
posed, producing carbon black. This process produces a rather large 
particle size product. 

Most of the following discussion is limited to recovery from the fur
nace process. 

The gas from the furnace (2200- 2600° F) is cooled by radiation and 
water sprays to 450-500°F, after which fine carbon black particles a.t.e 
agglomerated in an electrostatic precipitator. The agglomerated par• 
ticles, 0. 4 to 10µ in size, are then collected in a mechanical cyclone,. 
The product is then pelletized and packaged. About 18% of the black may 
be collected in the precipitator and 72% more in the cyclones. Bag filters 
are sometimes used following the cyclones, achieving over 99% recovery. 
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Particulate loading varies with the process and fuel. Values are 
between 10 to 50 gr/ scf; lower values occur with natural gas feed, higher 
with oil cracking processes. Average particle size in the precipitator 
inlet gas ranges from 0. 02 to 0. 4µ. 

Gas composition. Typical composition of the precipitator inlet gas is 
as follows: 

Carbon Dioxide 
Oxygen 
Carbon Monoxide 
Hydrogen 
Acetylene 
Methane, Ethane, etc. 
Nitrogen 
Water 

Volume % {Wet Basis) 

3.0 
0.3 
6.0 
8.0 
0.5 
0.2 

41 
40 

Description of electrostatic precipitator and subsystem. The precipi
tator most commonly used in the dry carbon black process is a single
stage horizontal flow duct type precipitator. The shell is heat-insulated 
and provided with a preheat system, purge vents, and explosion hatches. 
Both inlet and outlet flues are provided with isolation dampers so that 
the precipitator-cyclone system can be completely shut off from the rest 
of the plant during heatup and purging. 

Electrode system. In general, the high voltage discharge electrode 
and support systems used are those describe·d in Chapter lQ Part I. 
Because of the relatively high corrosion rate, a fortn of rod curtain 
collecting electrode may be used. 

Collected carbon black sticks to both the discharge as well as the 
collecting electrodes very tenaciously, thus requiring strong cleaning 
methods. Both discharge electrodes and collecting electrodes are usu• 
ally cleaned by the use of air vibrators. 

As the precipitator is used chiefly as a particle agglomerator with 
the major fraction of the collection subsequently effected in a cyclone, 
or baghouse, no specially designed gas flow control devices are used. 

SOUTHERN RESEARCH INSTrfUTE 
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Precipitate removal systems. Precipitate removal from the bottom of 
a carbon black collector is by either a combination scraper-screw conveyor 
from a flat bottom pan, or by a screw conveyor in a trough-type hopper. 
In both cases. the black is conveyed directly to a pelletizer. 

Carbon black precipitator applications. Very little information is avail
able on carbon black precipitators. It is estimated that nearly one hundred 
sets of combined precipitator-cyclone units have been built since 1926. 
Some limited and incomplete data for the period 1942 to 1956 are presented 
in Table 19. 18. No domestic carbon black installations have been noted 
since 1958. It should be noted that design efficiency values are based on 
overall precipitator-cyclone performance. No breakdown of individual 
performance value is available for the precipitator or cyclone. 

Design efficiency values were not reported for all installations. More
over. in some cases. i:nore than one efficiency value is specified; this refers 
to the performance for different grades of black which were collected in the 
same installation; 

Table 19. 18 

Carbon Blaek Precipitator Installations 1942-1956 

No. of tio. of 
Year Install. .Pptrs. Ca.eacit~ acf m .,., .. Design Efficienc~ °lo 

1942 2 6 240,000 90 

1943 5 10 123.950 "'92 

1944 1 1 40,000 90 

1945 1 4 80.000 90 

1947 1 1 40.000 96 

1948 1 1 75,000 96 

1952 2 4 120.000 93/97 

1956 1 1 40.000 90 
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,, 

Cost Figures are quite limited and pertain to the period 1942-1952. 
V<iilues reported are shown in Table 19. 19. 

Year 

1942-1945 

1952 

Table 19. 19 

Carbon Black Precipitator 
Cost Data (1942-1952) 

Ins tall a ti on 
Capacity 

80,000-160,000 

80,000 

Design 
Efficiency 

90 

93/97 

Cost$ acfm 
FOB Ins tall. 

1. 50 

3. 7 4. 45 

No. of Cases 

(2) 

(1) 

Differences in cost result from difference in design efficiency as well as 
auxiliaries included in some jobs. 

The range of statistics reported is summarized in Table 19. 20. 
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Table 19. 20 

Range of Performance Statistics 
Carbon Black Precipitators (1942-1956) 

Parameter 

Actual Gas Velocity 
Inlet Gas Temperature 
Inlet Particulate Load 
Field Strength 
Input Power 

Range 

3.2-8.0FPS 
410 - 500°F 
6 - 50 gr/scf 

Mean Value 

5.6 
459 

22.3 
NO DATA 
NO DATA 

No. of Data 

6 
8 
9 

General observations, design methodology, and discussion of trends. 
The precipitator has served for years as a means of agglomerating carbon 
black particles, some as small as 0. 02µ.. The high conductivity of the 
black particles prevents good collection. Cyclones follow and remove the 
bulk of the black, although additional control devices are now being required 
for air pollution control. Considering the limited hopper catch which can 
be directly attributed to the precipitator, other agglomerating techniques 
appear to be gaining favor. In general, a variety of collection control de
vices is being used in series. Baghouses play an important role in many 
current collection schemes. 



- "128-

CHAPTER 19 
BIBLIOGRAPHY 

1. "Production of Elemental Phosphorus by the Electric Furnace 
Method," TVA Chemical Engineering Report No. 3 (1952). 

2;· Private comrnuni~ation from TVA. 

3. Heinrich, R. F. and Anderson J. R., "Electro- Precipitators ift. 
the Chem. Industry -Their Applications, Cost, and Operatioh, 1' · 

Brit. Chern. Eng.~ p 75 (Feb. 1957). 

4. Shreve, R. N., Chemical Process Industries, 3rd Ed. , McGraw· Hill, 
New York (1967). 



-729-

CHAPTER 20 
THE APPLICATION OF ELECTROSTATIC PRECIPITA TORS 

IN CLEANING MUNICIPAL INCINERATOR DUSTS 

While a great many small and intermediate scale incinerators have 
been designed and utilized for combustion applications such as household 
trash and industrial waste products 7 the major application for electrostatic 
precipitators is on large municipal incinerators. 

These incinerators, which are most often centrally located in an 
urban area, have become an increasingly important means of reducing 
combustible refuse to an inert residue. Due primarily to widely varying 
waste composition and burning character-istics, these large incinerators 
are a potential source of particulate emissions. 

In Europe, electrostatic precipitation is widely utilized for particu
late control on municipal incinerators, and a few installations are being 
built in the United States. 

Because of the limited number of installations, statistical,. data for 
this application are sparse; however, the more significant factors and 
trends in the use of precipitators for this service are being discussed 
in this report. 

20.1 TYPES OF INCINERATORS 

While some munidpal incinerators in the United States are designed 
to utilize the heat generated for such purposes as space hPating, water 
heating, preheating combustion air, or providing steam for plant equip
ment, most are designed solely to reduce refuse to an inert residue. In 
Europe, heat utilization from incineration is practiced extensively for 
electric power generation and steam heating. 

There are two principal furnace designs in general use for munici
pal incinerators- -batch and continuous feed. A 1966 survey of U. S. in
cinerators shows that batch feed furnaces are generally limited to a max
imum capacity of about 250 tons per day. Larger furnaces are the con
tinuous feed type, and the trend in recent years has been to this type. 

SOUTHERN RESEARCH INSTITUTE 
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Incinerator furnace walls may be either water cooled or r.efractory lined. 
Water-cooled walls achieve longer furnace life, and q.re capable of with-
standing higher temperatures. · 

Many municipalities operate their incinerators only five days a week 
or on the days of refuse collection. This presents loading, startup, and 
shutdown problems. ·Where the heat content of the refuse is low, or where 
the moisture content is high, incinerators may require an auxiliary fuE?l. 
In Some cases, auxiliary fuel is used only on startup. · 

20. 2 INCINERATOR CAPACITIES 

Refus.e incinerators are made in a wide variety of sizes to service 
apartment buildings, office buildings, and commercial establishments, 
however, the principal use of electrostatic precipitators has been on large 
municipal incinerators. The following discussion will be limited.to these 
applications .. 

A .comprehehsive survey made in the United States in 1966 shows a 
trend toward increasing.furnace and plant capacities. These data are 
shown in Table 20. l. 

1 
The largest multifurnace plants reported.in this 

survey process T20-0 tons of refuse per 24'."hour day, and the largest 
European plant reported a total capacity of 2400 tons of refuse per day. 

Table 20.1 

Range of Plant and Furnace Capacities for Municipal Incinerators 
Installed a11<ii.,.cRebuilt from 1945-1965 - U. S. an.dCanada 

Reported No. Plant Capacity Furnace Capacity 
Interval in Interval ton.sf day tons/ day _ .. 

Low High Low High 

1945-49 16 50 600 50 175 
1950-54 44 80 1000 ·50 250 
1955-59 52 50 1200 50 300 
1960-65 60 100 1200 50 350 

1 Refer to the bil:Jliography for thi~ chapter. 
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20. 3 REFUSE PROPER TIES 

Refuse consumed in municipal incinerators includes varying amounts 
of rubbish, trash, garbage, and other wastes. The composition varies, 
depending upon the season, weather, location, standard of living, etc. 
Furnace ash can make up more than 60% by weight of refuse in winter 
where coal is the predominant residential fuel. In the United Kingdom, 
Belgium, and Czechoslovakia, ash forms a large pe·rcentage of refuse, 
comprising 30-65% of the total. Paper constitutes a large portion of the 
refuse in the United States, Canada, and the Scandinavian countries, rang
ing from around 40 to 70% of the total, but is as low as 3% in Poland. The 
metal and plastic content of refuse is greater in the United States than else
where. High moisture content garbage forms a greater percentage of 
Japanese refuse than it does in North America or Europe. 2•

3 

Bulky refuse is composed of such things as logs, tree stumps, 
truck tires, furniture, and mattresses. This type refuse is usually 
collected separately and burned in special incinerators. Certain indus
trial wastes such as oil sludges, tars, polymers, and rubber chunks 
are sometimes given special treatment. 4 

The composition o_f the refuse from a group of selected countries 
is given in Table 20. 2. These countries were selected because most 
published literature on incinerators concerns these countries. 2 ,3 

Table 20. 2 

Refuse Composition of Selected Countries (weight percentage) 

Organic 
Ash Paper Matter Metals Glass Misc. 

Canada 5 70 10 5 5 5 

France 24 30 24 4 4 14 

Japan (Tokyo) 19 25 41 3 3 9 
Sweden 0 55 12 6 15 12 
United Kingdom 30-40 25-30 10-15 5-8 5-8 5-10 

United States 10 42 23 8 6 11 
West Germany 30 19 21 5 10 15 
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Refuse composition affects incineration and air pollution control in 
several ways. Residential furnace ash has little, if any, heating value. 
Therefore, where ash content is high, the heating content of the refuse is 
low. Likewise, where refuse contains a large percentage of paper, the 
heating value is high. In some situations where the heating v~lue is low, 
supplemental fuel, such as natural gas, oil, or coke, is used in i.ncinerators. 
Generally, the heating value of refuse is higher in the United States than in 
Europe and Japan as shown in Table 20. 3. 

The moisture content of refuse varies widely, with the main varia
ble being the garbage content. Moisture in the refuse reduces the flame 
temperature, which decreases the burning rate, and in some cases the 
refuse must be dried before entering the combustion chamber of the in-

2 cinerator. 

Refuse in the United States contains more metals and plastic than 
that of Europe or Japan. Low melting point metals can cause trouble 
by welding to, and interfering with, the operation of moving parts of in
cinerator grates. When chloride-containing plastics are incinerated, 
corrosive hydrogen chloride fumes are formed, and incinerator com
ponents must be made to contend with this corrosion problem. 2/ 

5 

The density of refuse, which varies with its composition and 
;moisture content, is estimated to be from 300 to 400 lb per cubic yard 
in the United States. 1 

20. 4 EMISSION PROPERTIES 

The amount and particle size range of particulate emissions leav
ing an incinerator combustion chamber vary in different situations. 
Such factors as refuse composition, method of feeding,, completeness 
of combustion, and operating procedures are responsible for these var-
iations. 6 

. 

The combustion of paper illustrates the effect d. composition on 
particulate matter properties. Paper ash is generally of a relatively 
large size, has a low specific gravity, and has low electrical resistivity. 
These properties must be considered when selecting air pollution con
trol equipment where the paper content of the refuse is high'. 
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Table 20.3 

Incinerator Heating Value 

Maximum Minimum Median 

United States (41 plants reporting 8000 Btu/lb 3375 Btu/lb 5043 Btu/lb 
from 1950 to 1966) 

Paris 4500 Btu/lb 1600 Btu/lb 

Tokyo 2345 Btu/lb 902 Btu/lb 
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Reciprocating grate and rotary kiln type incinerators have a larger 
amount of particulate matter at the furnace exit than the other common 
types of plants. 

The rate of furnace emission has been found to vary from 10 to 60 
lb of dust per ton of refuse burned. Modern incinerators operate with an 
emission rate of about 35 lb per ton of refuse. Based on using 50% excess 
air for combustion, the 35 lb per ton can be expressed as 1. 58 grains per 
cubic foot. 7 

The particle size range of the particulate matter also varies con
siderably. Usually, the same factors which decrease the amount of par· 
ticulates will decrease the size of the individual particles. Figure 20. 1 
gives particle size distribution of fly ash measured at the point where it 
leaves the combustion chamber of an incinerator. 7 

The density of the dust which leaves the incinerator combustion 
chamber varies from about 125 lb per cubic foot fo·about 187 lb per 
cubic foot. 7 

The electrical resistivity of the particulate matter at the outlet of 
the combustion chamber varies with temperature and particle size dis
tribution in addition to refuse composition, completeness of combustion, 
and moisture content. Figure 20. 2 shows the resistivities of various 
samples taken from municipal incinerators in the United States and 
Great Britain. 

Resistivity characteristics for the U. S. samples are for the le!IS 
than 74-micron diameter size fraction taken from the combustion cham
ber. Resistivity values.for the total sample were not obtained due to the 
high conductivity and carbon content of the coarser particles, according 
to the authors. 8 

Resistivities for the samples from Great Britain are shown for 
moisture conditions corresponding to the outlet of an incinerator (45-C 
water dew point), and after evaporative spray cooling (75° C water dew 
point). 9 

The temperature of the exhaust gases from incinerator combustion 
chambers is dependent upon several variables. These include type of 
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furnace construction. heating value and moisture content of the refuse. 
completeness of combustion, amount of excess air, use of auxiliary 
fuel, and ambient temperature. Temperatures of at least 1500°F are 
required for the burnout of smoke and the oxidation of mos:· odorous 
compounds. Exhaust gas temperatures as high as 2500° F are reported 
for furnaces with water-cooled walls, but they must be held at lower 
levels for refractory furnaces. 

Composition of the gases from incinerators varies according to 
the products being burned. Average and maximum values for various 
gases from a number of incinerators in the United States8 and the United 
Kingdom9 are listed in Tables 20. 4 and 20. 5, respectively. 

20. 5 INCINERATOR EMISSION CONTROL 

One of the earliest used, and least efficient methods of dust emis
sion control on municipal incinerators is the dry settling chamber. Com
bustion gases enter the chamber where the velocity is greatly reduced. 
This allows combustion of some of the suspended particles to be com
pleted, and some of the larger particles are deposited. Up to 20% of the 
ash dust can be rem<;)Ved this way. 7 

In some installations, a water spray is used in combination with a 
settling chamber. This combination can remove up to 30% of the fly ash. 
The water spray is useful in reducing the temperature of the gases for 
downstream equipment such as emission control equipment or induced 
draft blowers. 7 

Mechanical collectors in which centrifugal force separates dust 
from the gas are frequently utilized. Collection efficiency depends on 
particle size, and ranges from 75 to 80% .for particles larger than 20 
microns. Efficiencies drop off rapidly for particles less than about 10 
microns in size. 

Wet scrubbers which remove dust particles by impaction on 
water drops can be effective in ash removal from incinerator gases. 
The efficiency of these scrubbers is dependent upon the relative velo
city and drop size of the water. Scrubbers are highly efficient in par
ticulate removal. The resultant humidity of the stack gas is high, so 
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Table 20. 4 

· Incinerator Emission Properties-United States 

Installation No. 1 Installation No. 2 Installation No. 3 
Maximum Avex;,age Maxim urn Average Maximum Average 

Temperature, ° F 1673 1469 1360 1211 1714 1593 

Water Vapor. % by vol 24.2 7.8 4.9 4.4 18.7 8.7 

coll, % by vol 7.3 6.0 6.7 5.0 7.8 7.0 

0 2, % by vol 15.5 13.7 14.9 13.8 14.8 13.3 

Volume (thous), acfnf' * 170.0 143. 0 158 142 72.0 64.9 I 
~ 
Co) 

Volume (thous), sdcfm* 45.2 33.8 45.2 40 14.7 14.1 00 
I 

Refuse Charged, tons/hour 15.8 12.9 11.0 9.8 5.3 5.1 

Underfire Air, scfm/ sq ft of grate 68.7 41. 8 130 105 21.9 17.5 

Particulate Emission, gr/sdct* 0.745 0.553 0.820 0.694 0.540 0.380 

Particulate Emission, lb/hour 231 156 308 241 56 .. 3 46.1 

Particulate Emission, lb/ton refuse charged 18.9 12.4 36.6 25.1 11. 0 9.1 

* Standard dry gas at 29. 92 in. Hg and 32°F 
* * cfm at actual conditions of temperature and humidity. 
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Table 20. 5 

Analysis of Gases from Incinerator Grates 

Average Maximum 
Reading Beading 

Oxides of nitrogen NO &N01 100 ppm 200 ppm 
Hydrogen sulfide H.S Nil Nil 
Carbon dioxide co, 6. 0-7. Oo/o 11. 5o/o 
CaFbon monoxide co Trace 0.9% 
Oxygen o. 15% 18~ 
Hydrogen Ha Nil Nil 
Methane CH, Nil Nil 
Sulfur dioxide so. 80/90 ppm 192 ppm 
Chlorine Cl1 Trace 2. 5 ppm 
Hydrocyanic acid HCN Trace 3. 0 ppm 
Alcohol vapors CH10H~ Caff10H Nil Nil 
Phosgene CO Cl, Nil Nil 
Arsine AsH8 Nil Nil 
Mercury Hg Nil Nil 
Ammonia NH1 Nil Nil 
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there is almost always a visible va.por plume at the top of the stack. 
7 

High 
energy requirements and corrosio~ are problems associated with wet scrub
?ers in this application. 

20. 6 USE OF ELECTROSTATIC PRECIPITATORS ON MUNICIPAL 
INCINERATORS 

. Electrostatic precipitators are used extensively throughout .Europe for 
.control of emissions from municipal incinerators. Several installations 
have been :m,ade in the United States and Canada within recent years, as shown 
'in Table 20;'6. · · 

3 
Because o~ the high temperature of the gases from the incinerator fur-

nace, some means of gas cooling is required. In some installations waste 
heat boilers are incorporated either as an integral part 'of the furnace or as 
a separate u~Lt. Where heat recovery equipment is not used, cooling towers 
equipped .with water sprays are utilized for control of the inlet gas tempera
tµre. 

The. d~sign of the spray cooling towers Ls critical to the su.ccessful 
performance of the precipitators. The primary requirements are that there 
be complete evaporation of the water in the chamber with no moisture carry
over to the precipitator. Otherwise, the dust will tend to cake or form a 
slurry, which will give rise to buildup within the cooling tower and also pre
s~nt dust removal problems. 

There are a number of alternative designs for cooling towers used 
by various manufacturers. The principal variations are the location of the 
gas inlet, location of the water sprays, pressure of the water to the sprays, 
and the method of controlling the quantity of water· to the cooling tower. 

Factors influencing the evaporation of water in the tower are the 
temperature of the inlet gas, size of the water droplets, and the time of 
contact of the water with the gases. Temperature of the gas from an in
cinerator furnace varies with the type and quantity of refuse being burned. 
Since the heat transfer rate is directly proportional to gas temperature, 
it follows that lower gas temperatures require longer contact times or 
greater surface area for complete evaporation.·· 

The heat transfer rate is also related to the total surface area 
exposed to the gas. Thus, the smaller the droplet size, the greater the 
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Table 20. 6 

Electrostatic Precipitators Installed on Municipal Incinerators in North America 

Location 

Refractory Units: 

City of Stamford, Conn. 

NYC South Shore 
Brooklyn 

NYC Southwest 
Brooklyn 

Dade County, 
Florida 

Water Wall: 

City of Montreal, 
Quebec (Von Roll) 

City of Braintree, 
Mass. (Detroit Stoker) 

City of Hamilton, 
Ontario (C &E Boiler) 

City of Chicago, 
Illinois 

Eastman Kodak 
Rochester, N. Y. 
(suspension burning) 

Collector 
Manufacturer 

Univ. Oil. Prod. 
(Air Correction Div.) 

Research
Cottrell 

Wheelabrator I 
Lurgi 

Wheelabrator/ 
Lurgi 

Research
Cottrell 

Wheelabrator I 
Lurgi 

Wheelabrator I 
Lurgi 

Wade/ 
Rothemuhle 

Wheelabrator I 
Lurgi 
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surface area for a given water volume. Water sprays used in cooling 
towers are of the hydraulic atomization type, since gas velocities in the 
chambers are low. In generi:U, the size of the water droplet from a hy
draulic atomizer is inversely related to the hydraulic pressure. How-

. ever, the size reduction decreases rapidly after a given pressure is 
reached. Water pressures vary with each manufacturer and range from 
30 to 600 psi. 

The time that the water droplet is in contact with the gas stream is 
related to the size of the cooling tower and the volume of gas handled. 
Whitehead and Darby9 made a study· of the flow patterns in cooling towers 
and point out that velocity gradients within the cooling towers can reduce 
the effective contact time. Consequently, gas flow characteristics within 
the tower must be taken into consideration in cooling tower design. 

Control of water to the cooling tower can be achieved by grouping 
sprays in banks under thermostatic control to bring in the number of 
sprays required to maintain the gas temperature in the desired range. 
This type of step control is used on many types of cooling towers. 

An alternative system is the use of the "spill back" principal, in 
which water is supplied to the spray nozzles through concentric pipes. 
The nozzles are of the type to provide adequate atomization while varying 
the throughput, thus giving a continuously variable temperature control. 
Continuous flow through the water supply system also provides for cool
ing of the piping. 

The interior of the spray cooling chamber is equipped with refrac
tory lining, as is the ductwork leading from the incinerator furnace. The 
linings can be made of refractory brick or of a gunned refractory mix. 

Since the precipitator and fan can be damaged by exposure to the 
temperature of the exit furnace gases, provision should be made to by
pass the gases around the precipitator in case of failure of the water 
supply or other components of the system. 

Figure 20. 3 is a schematic diagram of a complete system showing 
the cooling tower, precipitator, and emergency gas bypass system. 
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Figure 20. 3 General Layout of Electrostatic Gas Cleaning Plants for 
Municipal Incinerators (Reference 9) 
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Electrostatic precipitators used in the collection of fly ash from 
waste incinerators are generally of the single-stage, duct type with hori
zontal gas flow. Insulation is generally required on the shell to minimize 
corrosion due to condensation of the incinerator gases. The dust removal 
systems are from pyramidal or flat draft type hoppers. Discharge elec
trodes are of the weighted wire types in the case of the American precipi
tators or the supported frame electrodes in the case of the European de
signs. Collection electrode$ and electrification equipment can be of sev
eral types, depending upon the manufacturer. These are described in 
Chkpter 10, Part I. Rappers can be of the imp~ct type, either electro
magnetic, mechanical, or pneumatic. In addition to conventional rappers, 
water sprays are sometimes installed under the precipitator roof to wash 
down the electrodes. 

Size and power requirements for precipitators utilized in collection 
of dust from municipal incinerators are determined from past experience 
on similar service. The collection surface area requirements are related 
to the efficiency, gas volume, and precipitation rate parameter by the 
Deutsch-Anderson equation. Plots of the specific collection area and 
power rate as a function of collection efficiency for a few installations are 
shown in Figures 20. 4 and 20. 5. A range for the precipitation rate param
eter and power density is shown in Figure 20. 6. 

TI1e value of precipitation rate parameter varies according to the 
size .distribution of the particles being collected, the resistivity of the col
lected dust, the density of the individual particles, and the particle com
position. These in turn depend on the nature of the refuse being burned. 
Carbon, resulting from the combustion of paper, is particularly difficult 
to precipitate since it has low electrical resistivity and can lose its charge 
on contact with the collection electrode and be reentrained. This factor, 
coupled with variations in dust particle size and gas composition, results 
in values of precipitation rate parameter over a reasonably wide. range. 

Values of precipitation rate parameter for municipal incinerator 
precipitators in European installations vary from around 4-10 c.m/ sec. 
Data on U. S. installations are insufficient to present statistically mean-
ingful values of w. · 

Table 20. 7 below is a summary of available data on a single precipi
tator installation on a municipal incinerator showing some important param
eters. 
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Delivered power = secondary voltage x secondary current. 

= delivered power 
power supply efficiency 

Input power 
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Rate Parameter for Electrostatic Precipitators Operating 
on Effluents from Municipal Incinerators. 
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Table 20. 7 

Municipal Incinerator Installation 

Conditioning Tower 

Water circulation rate 
Water evaporation loss 
Water pressure 
Tower dimensions 

Precipitator 

Gas volume 
Collecting electrode area 
Gas velocity 
Cross-8ectional area 
No. gas passages 
No. fields 
Length of field 
No. of plate rappers 
No. of discharge electrode 

rappers 
Power supp~J 
Efficiency 
Gas temperature 

135 gpm 
90 gpm 

600 lb/in. 2 

16 ft, 9 in. dia x 42 ft, 12 in. high 

135, 000 acfm 
19. 500 ft2 

4. 6 ft/ sec 
486 ft. 2 

27 
1 

14 ft 
28 

27 
1-700 mA - 1-500 mA,. 45 kV 

95% 
550 - 600°F 

The ranges of erected costs for 93-·95% collection efficiency units, with 
capaci.ties of 64, 000-569, 000 acfm, were 0. 44 to 0. 66 $I acfm (1968). 

No data are available for United States installations. Table 20. 8 is a 
summary of performance data obtained on German incinerator installations 
operating on refuse, refuse and coal, or refuse and oil. 

Figure 20. 7 indicates precipitation rate parameters as a function of 
gas temperature. The variation in precipitation is probably due to the change 
in resistivity of the dust more than any other single factor. The spread in 
the data can be due to the variation in resistivity due to dust and gas compo
sition as well as gas velocity variations and variations in precipitator design 
and condition of repair. 



Table 20.8 

Summary of Performance Data 

Plontftinit PIMt 1 Plant 2 

Test Ni.amber 2 2 

Flna1 Mode Coal Onll' Coal and Refuse 

Rated Oas Volume, ft
1 f •er 1&3. 5 163. 5 2200 2200 

Gas Temp•F 284• 284' 320' 320< 

Actul Gu Volume, 1000" tcfm 104 108 140 140. 
Gas Temp •f 247• 257' 310' 310" 

Percent or Raunc. 'I. 112 115 111 111 

Anticipated Pptr. Inlet Duot Cone, , gr/sci I. 97 1.97 I 97/8.95 I. 97/6. 95 

Actul (Test) Pptr. J!!!!ll>ust C'onc., gr/acf Z.39 2.44 5.12 8. 64 

Actaal (THt) Pptr. ~ Dw!t Cone., gr/scf 0. 0105 0.0325 0.01118 0. 0178 

Gur-eed Collection Efficiency (Corrected 
for Act\l&l Test Condition• per ManufactuN!'r's 
Correct!cm Facton }, 'lo 97.94 91.49 99."25 

Actul (Test Collection Efficiency), 'lo 99.58 98.67 99. 75 99. 79 

Pptr. Design Gas Velocity at Rated Volume (v), 
f1/aec 2.48 2.48 3 35 3.35 

Pptr. Actual (Teet) Gao Velocity (v). ftf aec 2.1'1 2.86 3. '114 3. 714. 
Relati YI' pptr. Size. Design I:. 

Based oa rated now, sec/ft v 29.80 Z9.80 22.07 22. O'I 

Relative pptr. S:.ze. Actual A 
Based on actual now. sec I ft v 26.88 25.88 19. 91 19. I 

Dellp pptr. Performance w (w design). ft/sec 0.130 0.124 0.222 

Actual pptr. Performance w (..,. actual), ft/ sec 0.203 0.167 0 301 0 323 

Pptr. Electrical Enttrgization Data 
Al Secondary Kilovolts Inlet (kV) (Inlet/Outlet) 41. 2/44. 4 40. 8143. 7 30134 31134 
B) Secondary Milbamps (mA) (lnlet/Outle1) 260/308 2401381 600!580 640/650 
C'l Input Po•nr (Ax B) tKilowattEl (1nl .. tlOutl .. 1) 10. 7/13. 7 9. 79:16.6 18 0119. 0 19.8122.1 
D) Power Density-MWans per 1000 adm (Inlet/Outlet) 103!126 90. 6.'154 128. 61136 141 7/157. 9 
El Pa.·er Densny .. Watts per f~ (Inlet/Outlet) . 220/. 281 201,' 342 370/ 391 .407/ .454 
F} Field Strf'ngtl1.fe1l9'~olts per inch (Inlet/Outlf"tl 0. 8710. 94 0. 8610. 92 6,310. 72 o. 6510. 72 
G) Spuk1nt Intenei<:y/Frf'quency 

Notes· 1) All tests, unless noted, performed at 1ull boiler steaming ioad. 

2) AU efficiency data calculated on b&ail of dust loadings at ( oc C • '160 l'r.m Hg} 

3) Precipitator si:rin& calcu.lated from original metric units . 
recalculations in Enali•h \ldite will eomPound roundi.DS·off 
errors from unit•canveraiona. 

3 

Refuse-Only Coal 

5120 
302' 

103 345 
315• 308' 

101 

8.95 2. i.9·8. 75 

6.16 1.18 

0. 00'174 0.0089 

91.91 

99.89 99.24 

3.15 

2. 73 3.19 

25.41 

2'1.10 25.22 

.153 

0.251 .193 

32/U 38.2/37.2 
6401650 850/940 
20 5/21." 26. 5/34. 9 
198. 81208 76. 9/101 
. 4211. 440 . 183/. 241 
0 68/0. 70 0.8010 77 

Plant3 

2 3 4 5 6 '1 

Coal Coal Coal ·40 TPll Coal•40 TPH Coal•40 TPH Coal•40 TPH 
(Lo .. Load) Refuee Refuee RefllH Ref1'H 

5120 5'120 1200 1200 1200 1200 
302' 302' 338• ua• 3311• 3311• 

348 244 418 432 3114 403 
313' 284• 324' U6• 325• s:za• 

101 ?1.3 llfU 100 88. 7 93.5 

2.19·8. 75 2.19-8. 75 Z. ltl-8. '15 2.19·8. 75 2.19-8,75 2.19•8. 75 

1. 51 9. 51 3.06 3.06 3.24 1.88 

o. 0168 0. 0080 0.0108 0.00503 0.00896 0. 0133 

98.00 911.U 911.55 99.50 ti.12 9i.S4 

98.90 99. S'J 99.85 99.84 119. '12 119. zo I 
...:r 
~ 

3.15 3.15 3.98 3.98 3.98 3.98 co 
3.21 2.28 3.86 S.99 3. 5S 3. '12 

25.41 25.41 J0.18 20.18 20.18 20.18 

25.05 35.64 20.83 20.16 22. '14 20.58 

.154 .zu .288 .283 . 291 . 267 

.180 .142 . 2'11 .319 258 .235 

37. 2/37 8 32. 2/32.6 30. 5/32. 2 32. 2/32. 2 32.2/32.8 
5851775 7501720 735/870 600/880 6201684 
21.8/29 3 24.2123. 5 22.4/28.0 19.3/21.3 20.0122.4 
62. 5/84. 2 57. 8/56. 2 51. 9(64. 8 50.3/55.3 49. 5/55. 7 
.1501. 202 .18'7 /. 162 . 155/. 193 133/. 14'1 .138/ .155 
0. 7?10.80 o.eaio.89 0. 65/0. 68 0. 88/0. 88 0.68/0. 69 



Table 20. 8 { C ontinut;c!) - Summary of Performance Data 
Plant/Unit Plant 4 

Test Number 1 2 

Firing Mode Refuse Refuse Refuse and 

Rated Gas Volume, rt.3 f sec 1550 
Oil 

1550 2870 
Gas Temp • .,. soo· 500° 410° 

Actual Gas Volume, 1000 x acfm 91 92 156 
Gas Temp °F 455• 468° 375° 

Percent of Rating, % :J7. 7 98.9 95.2 

Anticipated Pptr. Inlet Dust Cone., gr/scf 3.94 3.94 1.81 

Actual (Test) Pptr. Inlet Dust Cone., gr/scf 4.81 5. 69 1. 67 

Actual (Test) Pptr. Outlet Dust Cone. , gr/ scf 0. 0158 0 .. 0184 0.0169 

Guaranteed Collection Efficiency (Corrected 
. for Actual Test Conditions per Manufacturer's 
Correction Factors), 'fo 98.85 98.95 98.5 

Actual (Test Collection Efficiency), % 99.67 99.68 98.22 

Pptr. Design Gas Velocity at Rated Volume (v), 
ft/sec 3.82 3.82 3.68 

Pptr. Actual (Test) Gas Velocity (v), ft/sec 3.74 3.77 3. 51 

Relative pptr. Size, Design A 
Based on rated now, sec/ft v 14.00 14.00. 12.17 

Relative pptr. Size, Actual !!.. 
Based on actual now, sec/ft v 14.32 14.16 12.79 

Design pptr. Performance w (w design), ft/ sec .408 .319 .328 

Actual pptr. Performance w (w actual), ft/sec .399 .406 .315 

Pptr. Electrical Energization Data 
A) Secondary Kilovolts Inlet (kV) (Inlet/Outlet) 31. 5/29 31/29 
B) Secondary Milliamps (mA) (Inlet/ Outlet) 265/267 313/310 
C) Input Power (AxB) (Kilowatts) (Inlet/ Outlet) 8.3/7.7 9.7/9.0 
D) Power Density~Watts per 1000 acfm (Inlet/Outlet) 91. 7 /85 105/97.7 
E) Power Density-Watts per ftl (Inlet/Outlet) . 401/. 372 . 466/. 432 
F) Field Strength·Kilovolts per inch (Inlet/Outlet) 0.74/0.68 0.73/0.68 
G) Sparking Intensity/ Frequency 

Notes: 1) All tests, unless noted, performed at full boiler steaming load. 

2) All efficiency data calculated on basis of dust loac;lings aL(o•c - 760 mm Hg) 

3) Precipitator sizing calculated from original metric units . 
recalculations in English units will compound rounding-off 
errors from unit-conversions. 

Plant 5 

Refuse and 
Oil 

2870 
410° 

127 
375° 

77.4 

1. 81 

1.83 

0.0207 

99.5 

98.87 

3.68 

2.85 

12.17 

15. 73 

.435 

.285 

Refuse and Refuse and 
Oil Oil 

2870 2870 
410° 410° 

161 111 
362° 360° 

98 67.6 

1.81 1. 81 

1. 47 1.10 

0.0210 0.00283 

97.9 99.5 

98. 57 99.74 

3.68 3. 68 
I 

-.::J 
3.61 2. 49 c:.n 

0 
I 

12.17 12.17 

12.42 18.02 

.317 .435 

.342 .330 

2&. 5/21.8 26.8/22.4 
484/588 503/575 
12.8/12.8 13.5/12.9 
79.7/79.6 121/116 
.366/.366 . 385(. 368 
0. 61/0. 50 0.61/0.51 
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Figure 20. 7. Variation in Precipitation Rate Parameter With Gas 
Temperature for Municipal Incinerator Precipi ta tors. 
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20. 7 ECONOMICS 

Cost data on U. S. installations are limited because of the limited 
number of installations. The two installations for which costs are available 
range from $1. 68 / acfm to $ 2. 90/ acfm. These are '\urnkey" costs (1968) 
for 95% efficiency. Costs include pilings, foundations, supports, flues, 
heat insulation, piping, and wiring as well as the precipitator and power 
supply. The costs do not include buildings. 

Operating cost data for the two installations are not available since 
they have not been in operation for sufficient time to accumulate data. How
ever, operating costs can be estimated based on power requirements and 
capital costs assuming maintenance costs consistent with other precipitator 
applications. Table 20. 9 shows estimated operating costs for two size pre
cipitators. For this estimate, capital charges are based on 12t% of the 
installed costs. Maintenl3.nce costs are· computed on the basis of 1% of the 
installed co.-;:;ts per year. 

Table 20. 9 

Estimated Operating Costs for Electrostatic Precipitators for 
Municipal Incinerator Dust Collection 

Gas Flow (acfrn) 
Installed Cost ($ 1968) 
Capital Charges (12. 5%) 
Maintenance Costs (1% of cap) 
Precipitator Energy1 Costs 
Fan Energy Costs2 

Total Yearly Operating Costs 
1 shift (2000 hr) basis 

1 

250, 000 
420,000 

52, 500 
4,200 

605 
.1.760 

59, 105 

2 

130, 000 
390,000 

48,800 
3, 900 . 

336 
923 

53, 959 

icomputed on basis of precipitator input power (see Figure 20. 5) 2000 hrs 
opr/year (1 shift) and 1. 5 cents/kwh energy costs and 60% power supply 
efficiency. 

2Computed on basis of 1" water pressure drop, 50% efficiency for the fan 
and motor combinatiou; 
Fan energy = v x p x 746 x 10-3 

6356 x eff 
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In the temperature ranges in which catalyst dust precipitators operate, 
the electrical resistivity can be relatively high. White1 reports that the 
resistivity of a typical aluminum silicate catalyst dust is around 5 x 1011 
ohm-cm with no conditioning. The addition of about 20 ppm of ammonia 
to the gas stream reduces the resistivity to about 1010 ohm-cm. In the 
example reported by White, the precipitator efficiency increased from 
about 99o/o without conditioning to 99. 8% with conditioning. 

The precipitator for the collection of catalyst in the petroleum 
cracking process is generally a single-stage, horizontal-flow, duct type. 
An earlier vertical-flow design has been largely superceded by the present 
horizontal-flow type. The shell is constructed of steel, which is sometimes 
insulated on the inside with gunite or with mineral wool insulation on the 
outside. The fines collected are of little value and are normally discarded. 

21. 3 DETARRING 

This discussion of detarring of gases from the petroleum industry 
encompasses the related areas of gasification of solid fuels as well as 
petroleum, since the. same type of electrostatic precipitator is common 
to all of these operations. Minor modifications such as those found in 
precipitators for acetylene production are covered within the appropriate 
section. 

The electrostatic precipitator most commonly utilized for detarring 
and cleaning of gaseous products is a single-stage vertical wire and pipe 
unit, as illustrated in Figure 21. 4. 

The shell is typically cylindrical, with the electrodes suspended from 
a top header. The high voltage support insulators for the header are mounted 
in external turrets which are heated to prevent moisture condensation. In 
some instances, these compartments are kept under continuous inert gas 
purge. 

1 Refer to the bibliography for this chapter. 
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In most cases the collected oils and tars are free flowing, and no 
mechanical,rapping devices are required to remove the material from 
the collecting electrode pipes. Removal of the accumulated drainage 
from a collection sump is accomplished through a liquid trap. 

In some instances, the cleaning of acetylene for example, water 
flushing accomplishes the removal of the adherent material. This proce
dure is described in the section on acetylene production. 

Shale oil. The process for separating oil from shale is shown in the 
typical flow diagram, Figure 21. 5. The shale to be processed is fed into 
a retort where heat is applied to drive off the gas, oil, and carbonaceous 
residue. From the retort, the gas is passed through indirect water coolers 
to reduce the temperature. Most of the condensable material condenses 
as a submicron size mist in the cooler. The mist-laden gas is then passed 
through the precipitator, where the condensed oil and carbonaceous residue 
are separated, to the next stage for further processing. The oil and car
bonaceous material collected in the precipitator sump are removed by a 
pump which transfers it to various locations for further separation and 
processing. 

Acetylene. Natural gas is used as the primary raw material in the pro
duction of acetylene. The gas is burned in an oxygen-limited atmosphere 
under controlled temperature and pressure. The gaseous products consist 
of from 50 to 55% hydrogen, from 30 to 3 5% carbon monoxide, and from 7 
to 9% acetylene. Because of the explosion hazards involved, the oxygen 
content is rigidly controlled to a fraction of 1%. In addition to the gases, 
submicron size particulate carbon is also produced and carried along by 
the gas as a smoke. Prior to entering the precipitator, the gas is passed 
through a direct- contact .water cooler where the temperature is reduced to 
about 100° F. Some carbon is removed in the cooler. The gas then enters 
a series of electrostatic precipitators where practically all of the remain
ing carbon is removed from the gas. The precipitator is operated at a 
normal positive pressure of from 1 to 2 lb per square inch to prevent air 
in-leakage. The high voltage insulator compartments are kept under con
tinuous purge with inert nitrogen gas. After leaving the precipitator, the 
cleaned gas is further processed to separate the various products. A sim
ple process flow diagram of acetylene manufacture is shown in Figure 21. 6. 

Since the carbonaceous material collected is not free flowing, the 
inside surface of the collecting pipes is continuously flushed by a film of 
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water from overflow weirs attached to the top of the pipe. A pond water 
~upply system is provided as an integral part of the top support header. 
The precipitator is further provided with sprays located under the roof 
for additional pond and pipe cleaning. The bottom of the shell is designed 

''as a sump to collect the water/carbon mix. Following removal, the mix
ture is pumped to a treatment plant where the water is separated, and the 
c,arbon pelletized. 

Manufactured fuel gas. In the process for manufacturing carburetted 
v;i:ater or producer gas, the initial gas known as "blue gas" is made by pass
ing steam through a bed of incandescent carbon in the form of coke or 
anthracite coal. There are two cycles, designated in plant parlance as 
':make" and "blow." By means of automated regulating. equipment, super
vised by the gas maker and his assistant, the coal or coke is fed to the 
gas generator and air is admitted under the bed during the "blow" cycle. 
~he air is then shut off and steam is admitted for the "make" cycle. The 
residue ash is then withdrawn. Carburetted blue gas is a mixture of blue 
gas (or w·ater gas as it is often termed-made as above) and oil gas formed 
by the cracking of oil in a chamber through which the blue gas passes. 

The carburetting process enriches the blue gas to as much as 700 Btu 
per cubic foot of gas, depending on the amount of oil used. With the pre-
sent day use of natural gas, it is customary practice to mix natural gas with 
the above gases, the mixture being automatically controlled by means of 
calorimetric equipment. Prior to entering the precipitator, the gas is passed 
through a direct- contact water cooler where the temperature is reduced to 
around 100°F and saturated with water vapor. ·In the cooler, some of the 
tar;:;; and oils contained in the gas are removed by the water sprays, and 
sulfur compounds and other gaseous material are removed from the system 
in purifiers located after the electrostatic precipitator. A process flow 
diagram of production of carburetted water gas is shown in Figure 21. 7. 

Inasmuch as the tars and oils collected in the precipitator are free 
flowing, no devices are required to aid in removing the collected material 
from the collecting pipes. The free flowing material drains from the col
lecting electrode into a sump below and to an external tar pot through a 
liquid trap. From the tar pot, the liquid is pumped to its final point of· 
reuse or disposal. 
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v = gas volume acfm, 
p = pressure in. water, 
eff = fan and motor efficiency, and 
fan energy= kW. 

SOUTHERN RESEARCH INSTITUTE 



,..754_ 

CHAPTER 20 
BIBLIOGRAPHY 

1. Stephenson. J. w. and Cafiero. A. s .. "Municipal Incinerator Design 
Practices and Trends." Proceedings of 1966 National Inc.inerator 
Conference. p 1 (May 1966). ..· · 

2. Matsumoto. K .• Asukota • .R. and Kawashima, T •• "The Practice of 
Refuse Incineration in Japan Burning of .Refuse with High Moisture 
Content and Low Calorific Value, 11 Proceedings of 1968 National 
Incinerator Conference, p 180 (May 1968). 

3. Bump, .R. L., "The Use of Electrostatic Precipitators on Municipal 
Incinerators, 11 JAPCA, p 803 (Dec. 1968). 

4. Kaiser, E. iL, 11The Incineration of Bulky Refuse II," Proceedings 
of 1968 National Incinerator Conference, p 129 (May 1968). 

5. Feldman. M. M., "Particulate Emission Control for Municipal 
Incinerators," New Developments in Air Pollution Cont:ror. Metropolitan 
Engineers Council on Air .Resources, p 70 (Oct. 1967). 

6. Bump, R. L .• ''European Installations," New Developments in Air 
·~,-'ollution Control, Metropolitan Engineers Council on Air R.esources. 
n 85. (Oct. 1967). 

7. Fernandes, J. H., "Incinerator Air Pollution Control," Proceedings 
of 1968 National Incinerator Conference, p 101 (May 1968). 

8. Walker, A. B. and Schmitz, F. W., "Characteristics of Furnace 
Emissions from Large, Mechanically Stoked Municipal Incinerators, 11 

Proceedings of 1966 National Incinerator Conference. p 64 (May 1966). 

9. Whitehead, C. and Darby, K .• "Cleaning of Gases from the Incineration 
of Waste Materials. 11 Paper No. 6, The Institute of Fuel Con.ference on 
the Incineration of Municipal and Industrial Waste, Brighton, England 
(Nov. 1969). 



-755-

CHAPTER .21 
ELECTROSTATIC PRECIPITATORS IN THE 

PETROLEUM INDUSTRY 

21. 1 INTRODUCTION 

The principal uses of electrostatic precipitators in the. petroleum 
industry are for the collection of particulate emission from fluidized bed 
catalytic cracking units and removal of tar from various gas streams, such 
as fuel gases, acetylene, and shale oil distillation gases. 

The first of these areas, recovery of catalyst dust, originated with 
the production of high octane gasoline in fluid catalytic cracking units 
during World War II. In order to economically operate these units, 
electrostatic precipitators were used to recover catalyst from the discharge 
stream of the catalyst regenerators. While improvement of mechanical 
collectors inside· the regenerators has eliminated the process requirement 
for electrostatic precipitators, precipitators are p_resently used as control 
devices for the recovery of catalyst fines produced by attrition of the 
catalyst. · 

The second major application of electrostatic precipitation is 
encountered in the detarring of gases produced in a variety of processes. 
The gasification of organic material for the production of these gases results 
in the formation of small amounts of tars and oils which must be removed 
prior to further use. Similar applications exist.for the related area of solid 
fuel gasification. 

The precipitation of tars from fuel gases is technically straightforward 
inasmuch as the precipitated tars are free flowing, and steady operating con
ditions can be maintained without the rapping and reentrainment problems 
associated with dry precipitators. Since the sparking inherent in precipi
tator operation would ignite the gas, the gas-oxygen ratio must be main
tained outside combustion limits to eliminate the fire or ~xplosion hazard. 
Fuel- air ratio sensors operate automatic control equipment to provide this 
safeguard. Precipitators for detarring applications are reasonably trouble 
free, except for occasional corrosion problems. Installation costs and 
operating efficiencies are so favorable for this application that other tech
niques for detarring are not generally considered. 

A relatively new application of electrostatic precipitators is in the 
removal of tar, fine carbon, and oil mist from the acetylene gas manufac
tured from naptha or crude oil. 
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Another relatively new application in the petrochemical field is the 
utilization of precipitators for the removal of tars from oil shale distil
lation gases. Electrostatic precipitators have been successfully employed 
in this application for cleaning the gases which are subsequently condensed 
a~d treated to produce petrochemical products. 

Each of these application areas will be discussed in more detail in 
subsequent sections. 

21. 2 CATALYTIC CRACKING 

In the fluidized bed catalytic cracking process, the precipitator is 
eJ:'.nployed as a secondary collection system for mechanical collectors 
located in the top of the fluid catalyst regenerator. A typical flow diagram 

·of a· fluid cracking unit is shown inFigure 21. 1. In the production of high 
octane gasoline, oil and powdered catalyst are mixed in a reactor where 
the oil is vr-.porized, and the cracking reaction occurs. Spent catalyst, 
containing residual carbon· (or coke) from the catalytic cracking process 
taking place in a reactor, is mixed with combustion air and fed to the 
regenerator to reactivate the catalyst. Reactivation consists of burning off 
the coke or residual carbon formed on the catalyst during the cracking 
process. After regeneration,· the hot incinerated catalyst is mixed with 
crude oil and recycled to the reactor. 

The gaseous products of combustion are exhausted from the top of the 
regenerator through a series 9f mechanical collectors. These. mechanical 
collectors remove all but a very small percentage of fine catalyst and 
return it directly to the process. The catalyst escaping with the discharge 
gas may be collected in an electrostatic precipitator in order to comply 
with air pollution regulations. Gases leaving the regenerator· may be 
cooled with steam or water sprays to protect down-stream equipment.· 

The regenerator may be followed by waste heat steam boilers that 
recover some of the energy and further reduce the gas temperature prior 
to entering the final catalyst-removal precipitator. The following param
eters are typical of the process: 
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Figure 21. 1. Flow Diagram of Fluid Cracking Unit. 
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Regenerator bed temperature - 1250°F 

Regenerator outlet temperature - 1100 to 1250°F 

Regenerator gas pressure - 5 to 40 pslg 

Precipi.tator inlet, temperature - 400° to 800°F 

Dry· flue gas analysis (%by volume) 

N2 = 87% - 81% 

C02 = 6% - 9% 

co= 6% - 7% 

802 = trace 

Hydrocarbons = trace. 

Moisture content = 10% to 30% by volume 

fhe dust concentration entering the precipitator depends on the type 
cata!y st, the particular process, and the type of mechanical collectors used. 
The normal dust concentration following the mechanical collector varies 
between 0. 02 and 1 gram per std cu ft. 

The particle size is 90 - 99% less than 44µ. in diameter. Figure 21. 2 
shows a typical particle size distribution in the precipitator inlet gas ln a 
catalytic cracking regeneration system. The bulk density of the dust ls on 
the order of 5 to 20 pounds per cubic foot. Oxides of alumina are the base 
material in most catalysts. The surface of the catalyst may be coated with 
other material in order to obtain maximum catalyst activity. 

The typical electrical resistivity of catalyst dust measured ln the lab
oratory for a gas temperature range of 300° to 600°F containing about 25% 
water vapor is shown in Figure 21. 3. 
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Solid fuel carbonization. The carbonization processes, in general, con
sist of the heating of solid fuel materials, such as coals, lignite, and peat, 
to temperatures between 1020° and 1560°F in the absence of air. The fuel 
is subsequently decomposed into semi-coke, tar, and gas. 

In addition to the coke and gas, substantial yields of liquid by-products 
are produced, which may be further processed to gasoline, diesel oil, fuel 
oil and waxes. 

A typical process for carbonization is illustrated in Figure 21. 8. The 
electrostatic precipitator is utilized for the removal of tar from the circula
tion and carbonizer gases leaving the carbonizing chamber. 

21. 4 DEVELOPMENT OF ELECTROSTATIC PRECIPITATOR IN THE 
PFTROCHEMICA L INDUSTRY2 

One of the earliest Cottrell electrical precipitators installed was for 
the cleaning of illuminating gas. It consisted of an experimental single pipe 
unit operated by Professor J. Davidson of the University of British Columbia 
inc19l4 on coal and carburetted water gas at the Vancouver Gas Company. 
About the same time, similar experiments were carr.ied out on producer gas 
at :the Minnesota Steel Company at Duluth, Minnesota and at the Ann Arbor 
Gas Company. 

In these first applications, gas was usually treated following the wash 
boxes or scrubbers at low temperature, so that the tar was collected in the 
presence of water. Shortly thereafter, in 1916, a similar precipitator was 
operated on carburetted water gas at about 5000F at the Tacoma Gas Company. 
These early experimental and semi-commercial operations soon led to regu
lar commercial installations. In 1924, there were 5 such installations in the 
United States cleaning about 70 million cu ft/day. and only 8 years later there 
were over 75 installations handling about 1-;t billion cu ft/day. These were 
largely used on carburetted wat.er gas and coke oven gas. Virtually all of 
the precipitators operated at temperatures from 75° to 125°F at atmospheric 
pressures. Typical collection efficiencies ranged from 95 to 99%. By 
January 1949, there were about 275 installations which included a total of 
393 precipitators. 
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By 1962, there were about 600 tar precipitato:rs treating 5 million cfm 
of fuel gas. Since 1952, there have been fewer than 25 additional tar prec'i
pi:tators installed; some of these were replacements for the older units. 

Although the average number of yearly installations has been declining, 
th.ere is always the possibility of applications to entirely new fields, such as 
shale oil gas, acetylene,. etc. With the advent of World Wa"t' II, catalytic 
cracking processes for production of such war materials as aviation gaso
line, butylenes, toluene, etc. became important. As a result, many cata
lytic cracking plants were quickly designed and constructed throughout the 
United States, and many electrical precipitators were installed in these cata
ly!ic cracking plants for recovering fine catalyst from catalyst regenerators. 
After World War II, the demands of these stragetic materials decreased con
siderably and the number of yearly installations of precipitators in the area 
of catalytic cracking has been declining. 

Table 21. 1 is a summary of the electrostatic precipitator installations 
for catalyst recovery in fluid catalytic cracking for the perfod 1940-1962. 
The number of installations, the total gas volume processed, the efficiency 
(av,eraged on a weighted volume basis), and the average precipitator size in 
terms of gas volume .handled are also shown in the table. Figure 21. 9 shows 
th~ trend in the 5-year average installed precipitator capacity in fluid cata
lytic cracking operations. · 

T::~ ble 21. 2 is a summary of the application of electrostatic precipita
tors for tar and oil mist removal in the manufacture of carburetted water 
gas, oil gas, reformed gas, shale and oil gas, and acetylene. The range 
of collection efficiencies for each application, the inlet gas temperature, 
and the total gas volume are also given in the table. 

Figure 21. 10 shows the installed electrostatic precipitator capacity 
for tar and oil mist removal in carburetted water gas for 5-year intervals 
between 1940-1960. 

Economics. Precipitator cost data for both catalytic cracking application 
and fuel gas application are summarized in Tables 21. 3, 21. 4, and 21. 5. 
Figure 21. 11 indicates the FOB and erected costs for detarring precipitators. 
These costs are for a 95% efficient precipitator and are average costs over 
the period 1959-1969. The costs are flange to flange and do not include 
ductwork. 
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Table 21.1 

A Summary of Application Data on Electrostatic Precipitator Installations 
in Catalytic Cracking Units 1940 .. 1967 

Total acfm Average Ye-.al"ly Pptr. Weighted Eff. 
Yearly No. of Gas Volume Volume over the on acfm Basis 
Interval Install. in 1000's Period in 1000's o/o 

1940-1944 24 2,099 420 99.5 

1945-1949 13 802 160.4 99.3 

1950-1954 3 472 94.4 96 

1955-1962 2 488 61 97.2 

1966-1967 3 300* 100* 

*Estimated 
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Table 21. 2 

A Summary of Application Data on Electrostatic Precipitator on 
v·arious A_e.elications for Removing Tar and Oil Mist 1940-1963 

Type of No. of Suspended Total Gas Temperature Collecting Eff. 
Applications Install. Matters Vol. acfm OF % 

Carburetted 
Water Gas 55 Tar and 315,800 70-110 95 

Oil Mist 

Oil Gas 3 Tar and 18,200 80-100 95-98 
Oil Mist 

Reformed Gas 3 Tar and 3,200 80-100 95-98.5 
Oil Mist 

Shale Oil Gas 2 Tar and 20,900 100-200 95-97.5 
Oil Mist 

Acetylene 1 Tar and 42,100 100 99-92 
Oil Mist 
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Table 21. 3 

FOB Cost of Precipitators for Catalytic Cracking Units 1951-1962 

Avg. Gas Volume Avg. FOB Cost 
Year 10001 s acfm * Avg. Design Efficiency °lo $ /acfm 

1951 235 (1) 80 0.426 

1953 175 (2) 92 0.78 

1954 6 (1) 95 3.78 

1958 149. 2 (2) 97.5 1.168 

1962 254 (1) 96.5 0.48 

*Numbers in parenthesis are numbe_r of installations used in determining cost. 
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Table 21. 4 

Cost* of Detarring Precipitator in Fuel Gas Area 1945-1956 

. Gas Volume in Design Efficiency Average FOB Cost 
Year l0001s acfm . % $/acfm 

~945 34.22 95 1. 72 
-

1946 63.6 95 1.94 

1947 104.8 95 1. 98 

1948 40.75 95 2.18 

1949 3.2 95 2.25 

1950 9.5 95 2.3 

.1954 6.6 95 2.3 

1956 '.7. 2 95 2.3 

*Based on the cost of precipitator installation in carburetted water gas. 
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Table 21. 5 

Cost* of Detarrin& Precipitators in Fuel Gas 1959 ... 1969 

Gas Volume in Design Efficiency Cost in$ /acfm 
Year lOOO*s acfm % Erected FOB 

1959 11. 64 95 2.44 

1960 11 95 4.46 

1962 23 95 2.63 

1966 11.4 95 2.69 

1967 30 95 2.45 

1968 55.6 95 1.1 

1969 83 95 1.43 

•Based on the cost of precipitator installation in coke oven gas. 
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Performance statistics. The important operating parameters in each of 
the major areas, catalyst recovery and oil mist and tar removal, are sum
marized in Tables 21. 6 and 21. 7. The data given in the tables show the 
maximum, minimum, and average values of gas volume, gas temperature, 
inlet loading, and collection efficiency. 

Design considerations. Selection of the size and power requirements for 
a particular design specification follows the general methodology outlined in 
Chapter 9, Part I. The proposed manufacturer selects a precipitation rate 
parameter for the stated operating conditions. The selection is made from 
company proprietary data. The required collection electrode area is com
puted from the Deutsch-Anderson equation. The power supply and section
alization requirements are established from the proprietary empirical data 
bank. 

Table 21. 8 is a summary of design and field test data on two precipi
tators installed on fluid catalytic cracking units as reported by the American 
Petroleum Institute. 3 Table 21. 9 shows design and performance data on two 
precipitators collecting powdered catalyst with ammonia injections. 

· General observations and discussion of trends. The main application of 
electrostatic precipitation in the petroleum industry has been its use in the 
collection of catalyst fines from catalytic cracking operations used in the 
production of high octane gasoline. The surge in use was during World War 
II when most of the installations were made. With the advent of the jet air
craft in recent years, the demand for· h'igh octane aviation gasoline has been 
replaced by demands for lower octane jet fuel which does not have the same 
production requirements. Hence, the number of new catalytic cracking units, 
and the number of electrostatic precipitators for this service has declined 
as illustrated in Figure 21. 3. Electrostatic precipitators as particulate 
emission control devices are still being utilized on catalytic cracking units, 
however, and at least 3 units were sold for this designated purpose during 
the 1966-67 period. 4 

The detarring of fuel gases, although strictly not a part of the petro
leum industry, has been included due to close process relationship, and 
similar precipitator design factors. Again, this application appears to be 
declining, with uses primarily dictated by a local supply and demand situa-:
tion, since the use ofpipeline natural gas has replaced manufactured gases 
as the major gaseous fuel source in the United States. 
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Table 21. 6 

A Summary of Application Data* for Precipitators in 
Fluid Catalytic Cracking Application 1951-1962 

Parameter Maximum 

Gas Volume, tooo•s acfm/pptr. 

Gas Temperature, OF 

Inlet Loading, # I hr 

Collecting Efficiency, % 

Precipitation .date,** w ft/ sec 

*These data based on 7 installations. 
* * Average of 3 test and 2 design w1s. 

254 

850 

2800 

99.7 

0.39 

Minimum 

6 

450 

77 

80 

0.1 

Averag0e 

152.6 

610 

1444 

95 

0.26 
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Table 21. 7 

A Summary of Performance Data* in Fuel Gas 
Application 1940-1956 

Parameter 

Gas Volume, 1000's acfni/pptr. 

Gas Temperature. °F 

Inlet Loading, gr I scf* * 
Collecting Efficiency. 

Design Precipitation Rate, w ft/ sec 

*These data based on 55 installations. 

Maximum 

16.72 

120 

95 

0.55 

Minimum Average 

3. 5 5. 75 

70 90 

0.8-2.5 

95 95 

0.32 0.45 

**A tar camera had been applied for efficiency test of detarring precipitators. 
·Testing by this means consists essentially of comparing color densities for 
filter papers after exposure to the inlet and ouUet gas. The average inlet 
loading in this application is about O. 8-2. 5 gr/scf. 
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Table 21. 8 

Field Tests on Fluid Catalytic Cracking Units
3 

CoUect~ng electrode area, ·sq ft 
Rated gas-handling capacity, acfm 
Test g~s-handling capacity, acfm 
Specified inlet catalyst concentratio:n, gr I scf 
Test inlet catalyst concentration, gr/scf 
Guaranteed collection efficiency, % 
Test collection efficiency, % 
Test inlet catalyst loading, tons per day 
Catalyst 
Gas compoe;ition, dry basis, mole%: 

co2 
02 
co 
N2 

Moisture, mole% 
Ammonia addition rate, lb per hr 
Stack catalyst concentration, gr I scf, 
Stack catalyst loss, tons per day 
Precipitator operating pressure, psig 
.Rapping cycles: 

Discharge electrodes 

Collecting electrodes 

Computed particle drift velo.city, fps 

No. 1 

• • • 
73, 800 at 515°F 

120, 000 at 515°F 
5 to 25 

25.7 
99.6 
99.77 

1,085 
Synthetic 

7.2 
5.1 
3 .. 2 

84.5 
34.5 
15 
o. 531. 
2.4 
0 

No data 

No data 

. . . 

No. 2 

137,760 
99, 900 at 600°F 

138, 000 at 470°F 
4.4to22 

24.4 
99.6 
99.77 

132 . 
Sy:1thetic ) 

9.1 
3.0 
6.3 

81. 6 
31.4 
9.4 
0.0538 
0.3 
3.0 

2-hr cycle, 6-sec 
duration 

30-min cycle, 10-
sec duration 

'0.10 

Note: In1et concentration probably is ahead of mechanical collectors. 
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Table 21. 9 

Design and Performance Data for Two Powdered Catalyst Precipitators 

Rated Gas Volume acfm 

Gas Temperature 

Collection Surface Area 

Design Efficiency 

Test Efficiency 

Test Gas Velocity 

Design Precipitation Rate, ft/sec 

Test Precipitation Rate, ft/sec 

11- 2 cfm of NH3 conditioning 
21 cfm of NH3 conditioning 

100,000 

400°F 

34~400 

99. 6% 

99. 7% 

0.27 

o. 361 

40,000 

4000F 

16,300 

99. 5% 

99. 8% 

62, 000 at 3500F 

0.22 

o. 392 
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The major potential use of precipitators in the petroleum industry 
appears to lie in new applications, two of which are shale oil processing 
and acetylene manufacturing. However, the total market appears to be 
small compared to potential applications in other major industries. It 
should be noted that the use of precipitators for these detarring type appli
cations is not one where air pollution is involved, but instead, one of pro
cess and I or product improvement and control. 
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CHAPTER 22 
THE APPLICATION OF ELECTROSTATIC PRECIPITATORS 

IN THE NONFERROUS METALS INDUSTRY 

Applications of electrostatic prec ipitators in the nonferrous metals 
industry have been in the removal of particulates· for the purpose of air 
pollution control, cleaning of gas for. process purposes, and for recovery 
of metallic ore-containing dusts for further processing. 

The primary nonferrous metals of interest are copper, lead, zinc, 
and aluminum. The main processes in the extraction of these metals from 
their ores are: (1) dressing, (2) roasting, (3) sintering, (4) smelting and 
refining, and (5) electrolytic reduction. These functions are carried out 
in a number 'of different types of equipment, depending upon the nature of 
the ore and the particular plant design. 

The commercial use of electrostatic precip.itators has been standard 
practice by copper, lead, and zinc smelters in cleaning the off-gases from 
the extraction process. Precipitators are also used in the electrolytic 
reduction of bauxite to produce aluminum. 

22. 1 HISTORICAL DEVELOPMENT 

Although precipitator applications in the smelter field were made 
initially to abate the smoke nuisance, an even greater usefulness was found 
in recovering the valuable copper, lead, and zinc oxides and other com
pounds carried out of the stacks in the form of dust and fume from the 
furnace operations. Most of the western smelters designed and built their 
own precipitators under patent license agreements. As a result, strik-
ing differences developed in their precipitation practice. Experimental 
work on the electrostatic treatment of copper converter furnace gases 
was started as early as 1911. A year later the work was extended to a 
full- scale unit of 50, 000 cfm capacity. As a result of successful experi
ence on converter gases, experimental work was extended to the treat
ment of gases from lead blast furnaces, roasters, and reverberatory 
furnaces. 

Development of electrostatic precipitators for large smelters was in 
the direction of large pipes, 12 to 36 inches in diameter and 20 feet long, 
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to handle the large volume gas flows. These large diameter electrodes 
required rectifier sets to operate at very high voltage to generate the 
corona and maintain the electric field. Experimental units of up to 48 
inches in diameter with rectifiers operating at voltages up to 200 kV were 
tried on an experimental scale. However, difficulties in handling the high 
voltage led to the use of plate-type electrodes in a vertical-flow precipita
tor for this type service. 

During the early work on converter gases, it was found that even 
practically complete removal of the lead fume and clarification of the gas 
at a temperature of 600-7000F still resulted in a cloudy discharge from 
the stack. To obtain complete clearance of the stack it was necessary to 
cool the gases to about 200°F. The explanation lay in the presence of 
arsenic trioxide and sulfur trioxide in the gas (which were both in the vapor 
phase at 600-7000F but condensed to fine fumes at 2000F). This suggested 
the possibility of effecting fractional condensation and separation of the 
fumes and vapors present by cooling the gases in several steps and using 
precipitation at each step to collect the component condensed at that 
temperature. The process was demonstrated by the separation of refined, 
snow-white arsenic trioxide. fume from the furnace gases. 

Over the years precipitator applications in smelters have continued 
to increase. They are used extensively on copper, lead, and zinc reduc
tions; copper roasters, converters, and reverberatory furnaces; sintering 
machines, blast furnaces, and reverberatory furnaces in lead recovery 
operations; and roasting of ore concentrate.s in zinc processing. 

The largest smelter precipitator in this country is a central gas
treating installation which was built and placed in operation in 1919. Gas 
flows of over two million cfm are handled in the precipitator. This pre
cipitator, in addition to the gas volume handled, is notable for the size 
and capacity of its rectifier equipment which compris.es 12 full-wave 
mechanical rectifiers, each powered by a 100 kV, 75 kVA high-voltage 
transformer. 

In the aluminum industry. the application of electrostatic precipi
tators was studied as early ·as 1918 on exhaust gas from baking ovens pro
cessing electrodes used in the Hall electrotherm ic cell for the extraction 
of aluminum from bauxite. An experimental unit for cleaning ventilating 
gases from alumina reduction cells was successfully operated in 1951 
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and resulted in the full- scale installation of precipitators (dry type) to treat 
over a million cfm of gas. 

Subsequently, electrostatic precipitators have been applied to carbon 
plants, bauxite dryers, alumina calciners, remelt furnaces, etc. 

Other miscellaneous applications in the metallurgical field are cad
mium recovery from zinc sinter machines, lead blast furnaces, tin smelt
ing, and nickel smelting. 

Another application which developed in the early 19201 s was the recov
ery of gold from furnace and chemical operations at the United States Assay 
Office in New York City. This installation treated 70, 000 cfm of gas at an 
efficiency of over 95 percent. The gold recovered in fume deposits from the 
precipitator amounted to about $11, 000 per annum. Subsequently, similar 
installations were made at several United States mints. Another application 
of some importance is the treatment of fumes from furnace operations for 
the production of metallic silver in connection with the electrolytic refining 
of copper. 

The production statistics in the United States of the four most impor
tant nonferrous metals for the period 1935 through 1967 are shown in 
Figure 22. 1. 

22. 2 NONFERROUS METAL PROCESSING 

The process of extracting nonferrous metals from their ores is carried 
out in a variety of processing equipment. The particular steps in the re
duction process and the type of processing equipment vary with the type of 
ore. The furnaces for roasting, smelting and refining of lead, copper, and 
zinc are described in the following sections. · 

Sintering process. A sintering machine is used to convert metallic ores, 
fines, and plant process dust into large:r pieces which can be handled more 
readily during further plant processing. The sinter machine itself is similar 
to that used in ferrous metal processing; see Figure 22. 2. 
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Figure 22.1. Nonferrous Metals Production in the United States. 
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Figure 22. 2. Use of an Electrostatic Precipitator on Ore Sintering 
Machine Exhaust Gas. 
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In preparing the material for sintering, the ore is mixed with coke 
and additives, when required. A further preparation, in some cases, con
sists of dampening the mix so it packs better. The mix is ·then uniformly 
spread across the moving grates of the sinter machine and ignited by gas
fired burners. Air is induced through the bed in order to support burning 
as the grate moves toward the discharge end. At the tail end, the sinter 
is dropped off the grate, spray-cooled and then transported to the point of 
further processing. 

The combustion air induced down through the bed is collect.ed in a 
multiplicity of wind boxes located below the traveling grates. From the 
wind boxes, the gas is transported to the cleaning equipment which usually 
includes a primary mechanical collector'preceding the precipitator. The 
main fan is located between the precipitator and the stack. 

The precipitator usually used in conjunction with the newer zinc sin
tering machines is a single stage, horizontal flow, plate type. The shell is 
constructed of steel and insulated by internal guniting if corrosive conditions 
exist. The hoppers are either trough type, with a screw conveyor along 
the bottom, or a flat pan type basin with a drag scraper. The discharge 
electrode system can be of the wire type or any of several discharge elec
trode configurations described in Chapter 10, Part I. The collecting 
electrode system is a shielded flat plate type. Discharge electrodes are 
often cleaned by means of magnetic vibrators, and air vibrators are used 
on the collecting plates. Gas and/or particulate conditioning, if required 
to lower particulate resistivity, is by water spray or steam carefully con
trolled so that the resulting moisture/temperature conditions do not create 
a corrosive atmosphere. 

Ore roasting. Raw ore can be either roasted to completion or partially 
roasted in preparation for further processing. Prior to roasting, the ore 
is crushed and screened to control the particle size. Depending on the kind 
of ore, the type roaster and I or end products, the size can vary from walnut
s ized chunks to a fine powder. The nature of the ore to be treated, the 
kind of roast required, the tonnage of ore to be handled, and the cost of 
installation and operation, have resulted in a great diversity of forms in 
the apparatus for roasting ores. The following are the most common types 
of ore roasters: 
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Multiple hearth furnace 

The multiple hearth furnace is probably the most popular type of ore 
roaster furnace in use today. It consists of a vertical cylinder of steel plate 
lined with refractory brick and divided in hearths of arch construction. There 
can be as few as four hearths or as many as 16 or more depending on th,e 
application. The hearth floor and walls, and the roof of the furnace are 
lined with brick to protect metal parts, as well as to conserve heat. There 
is a central shaft to which are attached the rabble arms, two for each hearth. 
This central shaft also contains the pipes which conduct the cooling air or 
water to the arms. To each arm is fixed seven to nine rakes or rabbles. 
The rotation of this shaft, which is driven by a motor and train of gears 
beneath the furnace, is of the order of a revolution in one-half to two minutes. 
Ore is fed upon the upper hearth, which, being warmed by the heat generated 
in the roasting operation, serves to dry the crude ore. The rabbles are so 
adjusted that the ore is. gradually moved from the outer edge of the upper 
hearth toward the center and falls through a drop hole onto Hearth No. 1. 
The ore then moves across this hearth to a slot near the outer edge, through 
which it drops onto Hearth No. 2, and thus in zig- zag fashion the ore pro
gresses through the furnace until it finally drops into a car or conveyor 
beneath the lowest hearth. All furnaces have doors on each hearth for 
visual observation, repairs, and admission of air. Once the ore is ignited, 
the reaction itself furnishes enough heat to make the process a self-sus
taining one for the most rough roasting. However, some ores are so diffi
r1_1lt to roast or so low in sulfur that additional heat must be applied. 

Fksh roaster 

The primary use of flash roasters is in removing sulfur from zinc ore. 
The sulfur and zinc bearing ore is blown into a combustion chamber along 
with preheated air. The combustion chamber is usually preheated by gas or 
oil until the temperature is around 1600 to 17000F. Ore and heated air are 
introduced in the combustion chamber and the flash combustion of sulfur 
occurs. With proper conditions of draft, and with the proper ore composition, 
the burning becomes self-supporting and the gas jets may be turned off. 
Under some conditions, such as very high moisture content in the ore, it 
may become necessary to add auxiliary fuel such as powdered coal or to keep 
the gas jets on; however, this is unusual and undesirable. 
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The sinter from the flash chamber drops to the roaster hearths where 
it is rabbled and further combustion occurs, so that the final sinter usually 
has less than 10/o sulfur as compared to about 30% in the original ore. 

Fluid-Bed roaster 

A more recent type of roaster is the fluid-bed reactor. Either dry 
or slurry feeding can be used. Low pressure air is introduced into a wind
box and passes up through an air distribution plate near the bottom of the 
reactor. Operation of this system is continuous. As feed enters the bed, 
it is fluidized and immediately brought to roasting temperature. The 
roasted material overflows into a pipe placed at "surface level" and passes 
out of the reactor through a cooler. 

When a precipitator is used for air pollution control, a flue is con
nected to the top of the roaster. Prior to entering the precipitator, the gas 
is tempered in either a dry bottom cooling tower or by mixing with colder 
atmospheric air. Normally, the type precipitator used to clean the gases 
coming from roasters is a single-stage, horizontal-flow. plate-type unit. The 
shell is constructed of steel and the dust hoppers are of pyramidal design. 
Where condensation may occur, the precipitator is insulated on the outside. 

Smelting and refining. Smelting and refining operations are for the pur
pose of removing unwanted impurity elements and adding alloying materials 
to produce desired metal composition. The smelting and refining opera
tions are again carried out in a variety of types of furnaces depending on the 
type of material being processed. The most common types of furnaces are 
described as follows. 

Reverberatory furnace 

By definition, a reverberatory furnace is one in which the materials 
being processed are in direct contact with an incandescent flame. Heating 
is by direct radiation from the flame, walls and ceiling of the furnace. 
The furnace is fired by either· gas or oil. The primary use of this furnace 
is for melting solids for the purpose of refining or alloying metals to a 
specific mixture of materials or assay. This is accomplished by regulating 
the feed by the additions of chemicals, called "fluxing", or in some cases 
by the control of temperature as in "sweatbug''. The unwanted materials 
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come off as a dross or boil out as gases, such as fluorine, chlorine, etc., 
which are carried away with the off-gases. 

The design of a furnace varies widely, depending on its particular 
use. Furnace sizes also vary widely from about 500 lb per heat to 50 tons 
per heat. The smaller units normally have cylindrical shells, and are of 
the tilting type. The larger furnaces are fixed, having tap-holes for metal 
pouring. The dross is usually skimmed off. Many large f.urnaces have 
double hearths operating at different temperatures for better control. A 
popular type furnace is one provided with a charging well located adjacent 
to the furnace but having a common bath. Other furnaces have charging 
doors at the sides. 

Basically, the gas control problem associated with reverberatory 
type furnaces is one of ventilation. This is because in most cases some 
form of hooding is involved. The smaller fixed units generally utilize 
ca.nopy hooding. The tilting types use either adjustable type hoods or plenum 
hoods. The smallest units often use movable flexible flues. The large 
fixed units exhaust directly from the furnace with canopy hoods over charg
ing wells and doors. In addition to venting the furnace proper, various 
operating locations include tap holes, metal runways, holding pots, and 
pouring areas which are also vented. 

The problem of cleaning the gases coming from a reverberatory 
furnace installation falls into two broad categories. The first is where 
only particulate is to be removed from the gas. The second is where cer
tain objectional gases, such as produced by the fluxing operation, must be 
removed in addition to the particulate matter. 

A single-stage, vertical-flow, pipe-type precipitator is customarily 
used if only particulate is to be removed. The shell is constructed of mild 
steel and is normally uninsulated. The hopper is usually pyramidal in design. 

Where gaseous contaminantE; must be removed in addition to particu
lates, the precipitator is preceded by a wash tower or scrubber. The con
taminant gases are removed by scrubbing with water or a neutralizing 
solution. The scrubber is usually an integral part of the precipitator. The 
precipitator proper is usually a single-stage, vertical-flow unit of the wet 
type, which eliminates the carryover water spray along with the particulates. 
Because of the corrosive nature of the wet precipitate, the shell is constructed 
of either steel with a corrosion-proof lining, concrete or wood. 
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The precipitator in the dry system can utilize weighted wire discharge 
electrodes or other types as described in Chapter 10, Part 1. 

Exposed steel pipes are usually used as collecting electrodes in cases 
where very hot gases are treated by a precipitator. The pipes are left unin
sulated, causing gas and dust cooling by radiation. The pipes are between 
eight inches and twelve inches in diameter, and are arranged vertically 
between a top and bottom plenum header. Pipe banks are generally arranged 
for two pass operation. The gas enters the top header section of the first 
bank, flows downward, reverses and flows upward through the second bank, 
exiting through the top header. 

The cleaning of the exposed pipe collecting electrodes requires vigor
ous action because of the tacky nature of the dust collected on the cool sur
face. Usually a form of the swing- hammer pipe rapper is used. The mech
anism consists of a motor-driven oscillating shaft running horizontally 
across the precipitator between rows of collecting pipes. Hammer heads 
are connected to the shaft by spring leaf arms and .strike against anvils 
attached to the collecting pipes near the bottom. The rapping blow can be 
varied by adjusting the arc length of the hammer swing and I or controlling 
the operating time. Vertically operated air vibrators, located on the roof, 
are employed for discharge electrode cleaning. 

The precipitate removal systems used to transport the hopper catch 
for small and large installations are, respectively, container removal 
and screw conveyor. 

For wet precipitators, discharge electrodes are usually square wires 
using support insulators with orifices for susp.ension. In this design, the 
high voltage insulators are located in compartments on the roof. A bus 
beam is mounted on the top of the insulators. The discharge electrode as
sembly is supported from the bus beam by hanger rods which pass through 
open metal sleeves fastened to the underside of the roof. The sleeves, or 
orifices, are continuously purged with a small amount of air in order to 
keep the dirty gas from reaching the insulators in the compartment. Purg
ing is either by inleakage when the system is under vacuum, or through the 
use of a pressure blower when the system is pressurized. 

Since the system is wet and subject to extreme corrosion, a different 
type of collecting electrode is required. Transite p~ates are usually used 



-796-

in such wet and low temperature corrosive environments. The plates are 
constructed from one inch thick transite board, supported at the ends, and 
spaced on about ten inch centers. A number of standard size sheets, usually 
eight feet by four feet, are combined to make up the desired size collecting 
electrode. The plates depend on the wetted surface for electric· current con
duction and metallic bars placed along the edges of the plates form a ground
ing network. The precipitator is arranged for vertical gas flow. The tran
site plates are kept washed by carry-over water entering the precipitator 
from the preceding scrubber. In addition, sprays are provided under the 
roof for periodic spraying. 

In the wet system, a slanted hopper bottom is generally used, with col
lected material removal by a slurry hopper system. 

Blast furnace 

The use of blast furnaces for large nonferrous smelting operations has 
been Jar.gely replaced in recent years by other means. However, of those 
still in operation, electrostatic precipitators are used more often with the 
larger blast furnaces, which are nearly all in the copper and lead smelting 
process. Many metals such as cobalt, nickel, tin and silver are by-products 
of the reduction operation of copper and/ or lead smelting. 

In the copper smelting process, the blast furnace is a shaft furnace. 
The charge consists of ore, fuel, and flux. The hot gas from the combus-
H .,,1 of the fuel rises up through the furnace countercurrent to the descending 
charge. As reduction in slagging proceeds, the matte and slag formed de
scend to the crucible. Smelting in a blast furnace may be performed by the 
reducing, pyritic, or semi-pyritic process. 

In the reducing process, the oxide or rough-roasted ore is mixed with 
flux and only enough carbonaceous fuel to furnish the necessary heat to carry 
out the reduction of the oxide. The blast of air should oxidize only the car
bon, and none of the sulfur. 

In pyritic smelting, an attempt is made to save coke by using the heat 
of the oxidization of sulfur to promote the reactions of matting and slagging. 
Although theoretically there may be sufficient heat generated in the furnace 
for this purpose, it is usually necessary to use 1-3% of coke. 
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The most common type of smelting today is the semi-pyritic process, 
because it is carried out with ores which do not contain enough sulfides for 
pyritic smelting and yet may not require roasting. The amount of coke used 
varies from 3-16% of the weight of the charge. 

A blast furnace used to smelt lead ores is slightly different from that 
used for copper reduction. The difference is in the construction of the cru
cible. In the lead blast furnace the crucible is deep and the lead, as it is 
reduced in the furnace and collects in the crucible, is removed from beneath 
the slag and matte by means of a lead well or a syphon pump. 

A nonferrous blast furnace is connected to the inlet of an electrostatic 
precipitator through a duct system. As a temperature control measure, pro
visions are made either to dilute the flue gas with ambient air, or to cool it 
with a dry bottom water spray gas cooler. 

The type of precipitator used in connection with a nonferrous blast 
furnace is a single-stage, two-pass, vertical-flow pipe unit similar to that 
used on reverberatory furnace gas. . The shell and pyramidal hoppers are 
fabricated of mild steel and are usually left uninsulated. 

Converters. In the nonferrous metallurgical industry, a converter is 
used to convert matte (a mixture of iron and copper sulfide) to metallic cop
per. In addition to the base metal produced -in the converter, some precious 
metals such as gold and silver are recovered. Most of the impurities such 
as arsenic, antimony, lead, and zinc are volatilized as oxides and are car
ried out of the converter with the sulfur dioxide exhaust gas. 

During the conversion-process, air in small bubbles is forced through 
the molten matte contained in the converter. When the blast of air from the 
tuyere mouth enters the molten matte, the sulfides are oxidized. The sul
fur dioxide formed escapes through the converter mouth while the ferrous 
oxide unites with the silica of the flux to form a slag. The heat of forma
tion of this slag, together with that produced in the oxidation of the sulfur 
and iron, is sufficient to keep the bath molten. · 

There are several kinds of converters in general use. The two most 
popular are the "Bessemer Converter" and the "Tilting Horizontal Converter." 
The gas discharge ports of the converter are coupled to a flue system which 
transports the g:ls to an electrostatic precipitator, where the condensed 
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metallic fumes are removed. The gas is cleaned preparatory to process
ing in the acid plant. 

The precipitator employed for the removal of metallic fume from the 
gas emitted by a nonferrous metal converter is of the single stage type. The 
gas flows horizontally through ducts formed by the collecting electrodes. The 
dust hoppers are of the pyramidal type. The shell and hoppers are connected 
to their respective flue systems by nozzle type transitions. The discharge 
electrodes are weighted twisted squares suspended from support insulators 
with bushings. The collecting electrode plates are made of standard cor
rugated steel sheets. The dust precipitated in the troughs is shielded from 
the main gas stream, thus minimizing reentrainment. The plates are ten to 
twenty feet in height and from three to six feet in the direction of gas flow. 

Cupola furnace. A cupola in the nonferrous industry is used as a furnace 
to melt and reduce copper, brasses, bronzes, and lead. It is essentially an 
onen top refractory lined cylinder, equipped with a charging door about one
half of the way up, and air ports (known as tuyeres) at the bottom. Air is 
supplied from a forced-draft blower. Alternate charges of metal, coke and 
limestone and/ or flux are placed on top of the burning coke bed to fill' the 
cupola. The heat generated melts the metal, which is drawn off through a 
tap hol:-. 

'When a precipitator is used for air pollution control, a flue is con
nected to the top of the cupola. A by-pass hood or damper is installed as 
pa1.~t of the flue connection. Prior to entering the precipitator, the gas is 
cooled in either a dry bottom spray cooling tower or by mixing with cooler 
atmospheric air. 

The typical precipitator used to clean the gas coming from a cupola is 
a single stage, horizontal flow, plate type unit. The shell is constructed of 
steel and is operated without thermal insulation. 

22. 3 ELECTROLYTIC REDUCTION OF ALUMINUM 

Metallic aluminum is produced by electrolytic reduction of alumina 
(Al20 3) dissolved in a molten bath or cryolite (AlF3 • 2NaF). The electrodes 
used are either prebaked carbon or a continuous anode type. Both electrodes 
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are composed of petroleum coke with pitch as a binder. In the pre baked 
operation the anodes are prefabricated and baked prior to use. In the 
Soderberg cells, a paste mixture of coke and tar is added to a compartment 
over the cell and baked by the heat into a solid anode as it descends. Elec
trolytic thermal and chemical action in the cell evolves carbon and alumina 

' ' dust, and both partkulates and gaseous fluorides. Present practice is to 
incorporate an effective hood over and/ or around each "pot" through which 
sufficient ventilating air is drawn to contain the emitted fume, ore and car
bon dust as well as the pitch in the case of Soderberg electrodes. The gas 
from a number of pots is collected in a common flue system and then passed 
from a mechanical collector which removes about 50% of the solids. The 
collector, usually a mechanical type, discharges the gas into the precipitator 
where most of the remaining fluorine particulate is removed. Before the gas 
is discharged to the atmosphere, it is passed through a scrubbing tower to 
remove the residual gaseous fluorine. Figure 22. 3 is a schematic of an 
emission control system installed for cleaning Soderberg cell gases at an 
aluminum plant in Germany. 

The gas volume handled is about 1500 to 2000 acfm per pot. The 
temperature is about 200°F, while the moisture content is low, usuc:il.ly less 
than 2. 5% by volume. The moisture is mostly atmospheric moisture carried 
in ventilating air and can be as low as 1%. See Figure 22. 4. 

The precipitators used in connection with the electrolytic reduction of 
alumina are single-stage, horizontal-flow duct units. The hoppers are of a 
pyramidal design. Because of the relatively low temperature and humidity, 
no heat insulation is used. 

Table 22. 1 shows design and performance data for two precipitators 
installed on aluminum reduction furnaces. 

22. 4 PRODUCTION OF PRIMARY COPPER 

Production processes. Primary copper is produced by smelting or 
leaching methods, usually followed by electrolytic refining. In general, 
sulfide ores are treated by smelting, and oxide ores are tr.eated by 
leaching. 

In the smelting process there are usually five steps. These are: 

(1) concentration by selective flotation, 

(2) roasting, 
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Table 22.1 
Design Performance Data for 

Aluminum Reduction Furnace Precipitators 

Rated gas flow. acfm 
Gas temperature, °F 
Collecting surface area, sq ft 
Gas velocity, ft/sec 
Design efficiency, % 
Design precipitation rate, ft/ sec 
Test gas volume. acfm 
Test efficiency. % 
Test precipitation rate, ft/ sec 
Corona power, w /1000 cfm 

No. 1 

57.500 
212 

8,820 
3.93 

90 
0.25 

55,000 
98 

o. 41 
180 

1Moisture content lower than precipitator No. 1 
(0. 9 as compared with 2. 4) 

No. 2 

115,000 
212 

17,700 
3.9 

90 
0.25 

115,000 
91.5 

0.27 
110~ 
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(3) smelting, 

(4) converting, 

w803-

(5) fire, or electrolytic refining. 

All of these steps, with the exception of electrolytic refining, may result in 
the generation of particulate matter. 

Selective flotation is almost exclusively used in beneficiation of sulfide 
ores. In flotation processes, the finely ground ore is mixed with water and 
selected chemical reagents and agitated with air to produce a heavy froth. 
The reagents are selected such that the mineral particles are carried to the 
surface in the froth while gangue particles remain in suspension and are 
pumped to a settling lake. The resulting concentrate contains copper sul
fides as well as some sulfides of other metals. After drying, this concen
trate is ready to be roasted, or in some cases, sent directly to the smelter. 

The objectives of roasting are: (1) to eliminate some of the sulfur from 
the concentrate by changing the sulfides into gaseous oxides and (2) to vola
tize zinc, arsenic, and antimony present as impurities. 

Roasting i~ conducted in multiple hearth furnaces or in fluid bed 
roasters as described previously. After removing some of the sulfur as 
802 , the roasted material is known as calcine and is ready for smelting. 

The exit gas tell)perature during roasting is about 1200°F, and gas 
volumes range from 5, 000 to 1, 500, 000 cu ft, depending on size of the roasters, 
with an 802 concentration of 5-14%. The $02 may be recovered and used 
to produce sulfuric acid. The dust in the stack gases ranges from 3 to 6% 
of the roaster feed and,produces a dust concentration of 6-10 grains per 
std cu ft. The dust is primarily composed of sulfide concentrate feed 
materials. Gas cleaning may be accomplished by wet scrubbing •. bag 
houses, or electrostatic precipitators. 1'

2 Some oP.erating statistics of 
multiple hearth roasters are given in Table 22. 2. 1

•
2 

Stack gas volumes from fluid bed roasters average from 6, 000 to 
10, 000 scfm, with S02 concentrations of 8-14%. Dust recovery is affected 
by cyclones and electrostatic precipitators. Table 22. 3 presents some 
operating characteristics of fluid bed roasters. 

1Refer to the bibliography for this chapter. 
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Table 22. 2 

Operat~ng Data of Multiple Hearth Roasting Furnaces 

Furnace 

1Utilization 

Capacity 

,Charge 

Moistur.e Cont~.nt 

Waste Gas Factors 

Off Gas Volume 

S01 - Content 

Dust 

Content in Raw Gas 

Chemical. Composition 

Dust Removal 

Type of Separator 

Efficiency Rate 

roasting of mixed copper concentrate 

140 ton/day 

mixed copper concentrates and flux 

8°/o 

4500-5000 scfm 

5-140/o -vol 

6-10 grains Is cf 

9°lo Cu, 10% S, 26'/o Fe 

ESP and scrub 

95-99% 
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Table 22. 3 

Fh:lid Bed Roasters 

Furnace 

Utilization Roasting of mixed cu concentrates 

Capacity 140-250 tons/day 

Charge Mixed copper concentrates 

Waste Gas Factors 

Off Gas Volume 6. 000-10, 000 scfm 

SQ. - Content 8-14%-vol 

Dust -
Dust Removal 

Types of Separator Cyclone in series. ESP 

Efficiency 95-99% 
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After roasting, the first step in smelting is to produce a molten sul
fide of iron and copper. This is generally accomplished in reverberatory 
furnaces ranging from 22-38 ft in width and 96-125 ft in length. The fur-_ 
nace is fired by burners located at one end and the charge is fed in along '. 
the furnace walls. The slag formed during melting is lighter than the matte 
and easily separates from it. When needed, the molten matte is drawn 
from the furnace through a tap hole near the bottom of the furnace. 

Stack gas volumes from matte furnaces average 45, 000 to 65, 000 scfm 
with S02 concentrations of 0. 5 to 3. 5%. The dust load averages 2 to 5 gr/scf, 
with the dust being composed primarily of copper, zinc, silica, and sul-
fur. 1 

• 
2 The dust is usually greater than 5u in diameter, with only limited 

amounts of smaller particulate, and collection equipment usually consists 
of electrostatic precipitators or baghouses. Some 02erating data on cop-
per reverberatory furnaces are given in Table 22. ·4. 2 

Matte converting 

Copper has a lower affinity for oxygen than iron has for sulfur. This, 
coupled with the fact that oxidation of iron and sulfur liberates large amounts 
of heat, makes it possible to blow copper matte with air to oxidize any iron 
sulfide present and form S02 and iron oxide. If any copper is oxidized, it 
immediately reacts with iron sulfide to produce iron oxide. Since iron oxide 
forms an easily fusible slag with silica, it is necessary to add sufficient 
silica to the molten mass to form the desired slag, and all the iron can be 
removed as liquid iron silicate. 

These reactions are usually carried out in a copper converter consist
ing of a refractory-lined horizontal drum about 13 ft in diameter and approxi
mately 30 ft long. This drum is fitted with an opening at the top through 
which the furnace is charged and through which gases escape when the fur
nace is in operation. Along one side of the furnace is a large pipe which 
delivers air to the furnace through a series of small pipes called tuyeres 
that enter the furnace through the side. 

Matte is charged into the converter directly from the smelting rever
beratory furnace and the blow begins immediately. Silica is added as a 
flux as the temperature of the bath rises and slag is removed and ultimately 
the furnace is nearly full of molten copper sulfide. At this point slagging 
is complete and the final blow begins. Oxidation continues until all the 
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Table 22. 4 

_Operating Data for Reverberatory Furnaces 

Furnace 

Utilization 

Capacity 

Waste-Heat Steam Production 

Charge 

Waste Gas Factors 

Off Gas Volume 

caa-content 

Dust 

Content in Raw Gas 

Chemical Composition 

Dust Removal 

Type of Separator 

Efficiency 

Melting of copper concentrates 

500 ton/day 

300 ton/day 

Hot roasted material (500° C), quartz 
and limestone, molten copper slag 

45, 000-65, 000 scfm 

13°/o-vol 

2-5 grams/scf 

6. 2'fo Cu, 13. (J'/o Zn, 13. 6'/o S 

Wet scrubbers and electrostatic precipitator 

95-99'/o 
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Table 22. 4 

_Operating Data for Reverberatory Furnaces 

Furnace 

Utilization 

Capacity 

Waste-Heat Steam Production 

Charge 

Waste Gas Factors 

Off Gas Volume 

caa-content 

Dust 

Content in Raw Gas · 

Chemical Composition 

Dust Removal 

Type of Separator 

Efficiency 

Melting of copper concentrates 

500 ton/day 

300 ton/day 

Hot roasted material (500° C), quartz 
and limestone, molten copper slag 

45, 000-65, 000 scfm 

13°/o-vol 

2-5 graiiis/ scf 

6. 2'fo Cu, 13. (J'/o Zn, 13. 6'/o S 

Wet scrubbers and electrostatic precipitator 

95-99'/o 
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sulfur has been removed and molten copper. remains. If the metal is cast 
and solidified at this time, the product is known as blister copper because 
of gases liberated during solidification which produce blisters on the sur
face of the cast metal. 

The chemical reactions occurring in the converter are as follows: 

FeS. + j 0 2 = FeO + 802 (gas) 

FeO + Si02 - FeO Si02 (slag) 

These reactions are exothermic and continue as long as there is sul
fur in the metal and as long as oxygen is supplied. The operating tempera
ture is usually about 2250°F. Off-gas volumes of 12, 000-15, 000 c:fm are 
common and higher flow rates of over 30, 000 scfm have been reported. The 
802 content of the off-gas usually averages about 3. 5 to 7. 0%. The dust level 
in the off-gas runs from 5 to 6 grains per std cu ft and consists of copper, 
zinc, silica, sulfur, and iron. Dust removal from the effluent stream is 
usually accomplished by means of electrostatic precipitators or baghouses. 3 

Some operating data are presented in Table 22. 5. 3 
. 

Hefining of blister copper. Blister copper is purified either by fire or 
elet lrolytic methods. The furnaces used for fire r.efining are small rever
beratory type furnaces or a revolving furnace similar to the copper conver
ter. There are a group of fuel burners to melt the charge or maintain it in 
the molten condition throughout the refining operation. Air is forced through 
the molten material to secure complete oxidation of all impurities and' then · 
the oxides are allowed to rise to the surface of the quiet pool, from which 
they are skimmed and then returned to the converter. The oxidizing treat
ment is followed by a reducing treatment known as poling. This is done by 
forcing the ends of green logs into the pool of molten metal. The highly 

· redu~ing gases resulting from the destructive distillation of the green logs 
reduce most of the copper oxide prese_nt in the metal. The resulting product 
is called tough-pitch copper and is a useable product in this form. It will, 
however, contain any gold or silver which may have been present in the 
copper. No information is available on emissions produced during poling 
of the copper. 
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Table 22. 5 

Operating Data for a Copper- Matte Converter 

Furnace 

Utilization 

C'apacity (copper) 

Specific Furnace Load 

Heat ·Consumption 

Charge 

Moisture Content 

Waste Gas Factors 

Off-Gas Volume 

$~-Content 

Dust -
Content in Raw Gas 

Chemical Composition 

Dust Removal 

Type of Separator 

Efficiency 

Converting of copper matte 

35 ton/ charge 

2 cbarge/ day 

Exothermic process 

Molten copper, matte and solid quartz 

None 

12, 000-13, 000 scfm 

40/o-vol 

s 
5-6 grains/ft 

1. 2% Cu. 18. O'/o Zn, 10'/o S 

Electrostatic and cloth 

95-99'/o 
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A second method of purifying copper is electrolytic refining. When 
an impure copper anode ~nd a cathode ar;e immersed in a solution of cop
per sulfate and an: electric current is imposed across the cell, copper from 
the anode will enter the solution, and copper ions in the solution will mi
grate to the cathode and be deposited as metallic copper. Impurities from 
the anode are liberated and settle to the bottom of the cell as a slime. Pure 
copper is precipitated on the cathode.· No particulate emissions ·are·evolved 
in this process. 

Figure 22. 5 is a flow diagram showing the steps in the copper extraction 
and refining process. · .,, . 

22. 5 PRODUCTION OF PRIMARY LEAD 

Oxide and sulfide types of lead ore are the only ones that occur in suf
ficient quantities to be commercially important. Oxide ores can be dire,ctly 
reduced in a lead blast furnace charged with ore, coke and a flux~ SulfiCie 
ores must first be converted to oxides. This is accomplished by roasting or 
sintering in an oxidizing atmosphere on a traveling bed sinter machine to com
bust the sulfur and produce a sintered product. After sinte:i:-ing, the material 
is charged into a lead blast furnace for reduction to lead bullion . 

. ·..,. 

Emissions from sinter beds. Sinter beds used in sintering of lead sulfide 
ore-s range in size from 3. 5 ft wide and 22 ft long to 10 ft wide and about 120 
ft long. The sinter bed travels in a continuous loop and capacities range from 
about 1. 5 to 2. 75 tons of charged material per square ft of bed per day. 1' 

The predominate chemical reaction occurring in the sinter bed is the 
oxidation of lead and other rrietal sulfides present. In order to achieve good 
combustion efficiencies, the .sulfide ores are first finely ground and pellet
ized with coke breeze. The green pellets are placed on the sinter bed, ig
nited, and combustion is sustained by forced air flow through the bed. Stack 
gas volumes range from 100 to 220 scfm I sq ft of bed and may contain up to 
about 8% 802 • Gases also contain small amounts of water vapor, carbon 
dioxide, hy

1
drogen fluoride and· silicon tetrafluoride as atmospheric con

taminants. 

The dust carried by the gases from the sinter bed may amount to as 
much as 5-20o/o of the feed to the sinter machine. The dust usually contains 
40-65% lead, 10-20o/o zinc, and 8-12% sulfur with traces of other elements 
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including selenium, arsenic, cadmium, and tellurium. The amount of each 
will generaliy correspond to the composition of the sinter bed material. 

1
'
4 

Table 22. 6 presents some general operating data on sintering installations. 114 

Because of the high metal content of the particulate of the off-gases, 
it is economically justifiable to collect them. Baghouses and electrostatic 
precipitators with operating efficiencies of 95-99% are commonly used. The 
particulate matter in the gas stream is generally flreater than 5µ in size, 
although there may be some fine met;:i.Hic fumes .. After collection, the par
ticulate matter is recirculated into the sinter bed with new feed ore. 

. . 
Lead blast furnace operation. After conversion of the sulfides on the sin-

ter machine, the material is charged into a· blast furnace along wtth coke and 
limestone. In the blast furnace,. the following reactions occur:· 

C02 + C + heat 

PbO ..... CO + heat - Pb + C02 

The molten lead collects in the furnace hearth along with the iron-lime
si~icate slag. Because of the marked difference in density between the 
lead bullion and the slag, separation is easily effected. 

Some general operating data for blast furnaces are presented in 
Table 22. 7. Blast furnace capacity ranges from 60 to 500 tons per day 
throughout. From 8 to 13% of the charge will be coke and from 240-800 scf 
of flue gases are produced per lb of coke burned. The dust content of the 
raw stack gases ranges from 2 to 6. 5 grains per scf. Primary cleaning of 
the raw gas may be done by centrifugal separators, but high cleaning 
efficiency usually requires the use of baghouses or electrostatic precipi
tators. 4 

Refining of lead. The end product of the lead blast furnace is an impure 
lead which may contain copper, nickel, arsenic, silver, gold, tin, antimony, 
and other minor constituents. In order to purify the lead and remove the 
other elements, further refining is necessary. 

In electrolytic refining, the lead bullion is cast into anode plates and 
placed in electrolysis tanks. In this operation, electric current causes the 
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Table 22. 6 

Operating Data for Sintering Installations 

Sinter Machine 

Utilization 

Capacity 

Feed 

Moisture content of charge 

Ignited by 

Waste-Gas Factors 

Volume 

Sulphur dioxide content 

Temperature prior to duet 
removal 

Dust -
Dust content of raw gas 

C'hemical composition 

Duet Precipitation 

Equipment 

Efficiency 

Roasting and sintering of galena 

50-250 tons/day galena 

Concentrate .. pre-roasted ore, fiux 

6':"100/o 

Oas, oil, coal,dust 

a 
48-56 ft /lb sinter 

1. 5-8% by volume 
300°C 

0. 9-6.5 grains/set 

40-650/o lead 
10-200/o zinc 

8-12% sulphur and traces of elements 
corresponding to composition of 
mixture 

Primary: 

centrifugal 
separators 

80-90'/o 

Secondary: 

electrostatic precipi
ta tor, bag filters 

95-9~0 



Reducing Furnaces 

Utilization 

Capacity 

Fuel Consumption 

Waste-Gas Factors 

Volume 

COa - Content 

Dust 

Dust Content of Raw Gas 

Chemical Composition 

Dust Precipitation 

Equipment 

Efficiency 

-814-

Table 22. 7 

Operating Data for Blast Furnaces 

Reduction-smelting of sinter, ore, lead 
scrap and slag with coke and flux 

60-500 ton/day tlroughput 

8- lS°lo coke 

240-800 scf/lb coke 

Less than 16"/o volume 

2-6. 5 grains/ scf 

Greatly varying shares of sulphates, 
oxides, lead sulfide and coke dust 

Primary: 

Centrifugal 
Separators 

80-900/o 

Secondary: 

Electrostatic precipi
tators, bag filters 

95-99% 
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lead to dissolve in a complex water solution at the anode, and at the same 
time lead already dissolved is plated out on the cathode in pure form. The 
impurities are left behind at the anode or remain in solution and must be 
reclaimed in subsequent operations. No particulate emissions are expected 
during purification of lead by electrolysis. 4 

In kettle or reverberatory furnace refining of lead bullion, the treat
ment is more complex, but the recovery of the by-products is simpler and 
faster. There are several such refining processes or modifications, but 
basically they have the following steps: 

(1) Softening, where oxygen is employed to produce a liquid slag 
containing the more readily oxidizable elements, includirtg antimony, 
arsenic, tin, and zinc. 4 

(2) Noble element removal, where zinc is added to produce a dross 
containing the silver, gold, copper, and nickel, 4 and 

(3) De-bismuthing, where magnesium or clacium is added to form a . 4 . 
dross which can be skimmed off. 

Each of these dross materials must be further treated to obtain separation 
of the desired elements. The remaining lead usually has a purity of 99. 999%. 

Very little information exists on atmospheric emissions produced 
during lead refinement. Undoubtedly, the reverberatory stack gases con
tain small amounts of lead and zinc, but quantitative estimates are not 
available. 

A final method of purifying lead is the Imperial process, which is 
basically a tower distillation method. In this process, lead bullion from 
a blast furnace is heated in a vacuum chamber to evaporate lead, zinc, and 
other volatile metals. These elements may then be separated in the vapor 
phase by controlling the temperature along the length of the condensation 
column. No particulate emissions are produced in this process. Figure 
22. 6 is a schematic diagram of the process showing the location of electro
static precipitators for lead blast furnace cleaning. Figure 22. 7 shows a 
rotary furnace rather thar:t a blast furnace. 
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Figure 22. 6. Schematic Diagram Showing Electrostatic Precipitators 
Used for Blast F~rnace Gas. 
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22. 6 ZINC REDUCTION 

Most zinc produced in the United States is extracted from ores con
taining both zinc and lead sulfides, although some zinc and copper- zinc ores 
are processed. The ores are concentrated, usually by flotation, prior to 
the extraction process. 

The concentrated ore is dried and processed in a roaster to convert 
the zinc sulfides into a dense oxide. The sulfur dioxide off-gases are often 
used to produce sulfuric acid by the contactprocess, which is described 
in the chapter .on chemical industry applications. 
' ' 

Metallic zinc is produced from the roasted ore by retorting, electroly
sis, or fractional distillation. 

Roasting of zinc ores takes place in one of several types of furnaces. 
In this country, there are 12 plants reportedly roasting zinc ores using fluid 
bed, fla,sh, multiple hearth, and Ropp roasters. The Ropp roaster is the 
oldest type furnace in use. It is a type of reverberatory furnace ·which has 
~argely been replaced by more modern roasters. Table 22. 8 lists the opera
ting temperature, capacity, dust emission, and percentage of 802 in the 
off gas.· · 

Figure 22. 8 is a flow diagram for a zinc plant utilizing a retort 
process for zinc re.duction. In this process the roasted ore is mixed with 
coal and briquetted prior to charging into the retort. As indicated in the 
flow chart, the roaster calcine is sintered to agglomerate it prior to sub
sequent processing. Table 22. 9 shows the capacity, dust, and 802 con-
9entration in the off gas for typical zinc sintering operations. 

In the retort process, the charge, consisting of roasted ore and coke, 
is charged into the retort and heated to a temperature where the zinc oxide 
reacts with the carbon to produce zinc metal and C02 • At these tempera-, 
tures, the zinc comes off as vapor and is led to a condenser, where conden
sation to molten zinc occurs. The molten zinc from the condenser is tapped 
at intervals and cast into billets. 

In the electrolytic process, sulfuric acid is used to dissolve the zinc 
ore to form the electrolyte for the electro-deposition process. Zinc is 
plated out on aluminum electrodes, which are then stripped for recovery of 
the zinc. ' 
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Table 22. 8 

Typical Zinc Roasti?B Operations1 

Feed Dust in 
Operating C'apacity Off Gas Off Gas Volume 

Type of Roaster Temp, °F ton/day °lo of feed so.. scfm 

Multihearth 1200-1350 50-120 5-15 4.5-6.5 5,000-6,000 
Mui. tihearth2 1600-1650 250 5-15 4.5-6.5 5, 000-6 .. 000 
Ropp8 1200 40-50 5 0.7-1.0 20,000-35,000 
Fluid Bed4 

(Dorr-OU ver) 1640 140-225 .. 70-80 7-8 6,000-10,000 
Fluid Be<P 

(Dorr-Oliver) 1650 240-350 75-85 10-12 6,000-10,000 
Fluid Bed 

(Lurgi) 1700 240 50 9-10 6,000-10,000 
Suspension 1800 120-350 50 8-12 10,000-15,000 
Fluid Column 1900 225 17-18 11-12 N. A. 

\ . 
Dead roast except where noted otherwise. 

1First stage is a partial roast in multihearth, second state is a dry-feed 
dead roast in Dorr-Oliver fluid bed. 

8Partial roast. 

4Slurry feed. 
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Figure 22. 8. Flow Diagram for a Zinc Plant Utilizing a Retort Process 
for Zinc. Reduction. 
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Table 22. 9 

Typical Zinc Sintering Operations 

Case: 1 2 3 

Total C'harge Capacity, 
tons per day 240-300 400-450 550-600 

Machine Size. ft 3. 5 x 45 6 x 97 12 x 168 

Dust in Off Gas, 4¥0 of feed 5 5-7 5-10 

Off Gas SO.. Content, 'Yo 1. 5-2. 0 o. 1 1. 7-2. 4 
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\ 

Residues from the zinc processes often contain lead, gold, and silver, 
which can be economically recovered by subsequent processing. 

Dust collection equipment in the production of zinc is usually required 
on the effluents from dryers, roasters. and sinter machines. The dry pro
cesses of dust removal are bag filters and electrostatic precipitators. Wet 
processes consist of scrubbers. The choice of the type of dust collection 
equipment depends upon the individual situation and each application has to 
be decided on its own merit. 

22. 7 SUMMARY OF PRECIPITATOR OPERATION CONDITIONS 

' As indicated previously, design of precipitators for the nonferrous 
metals industry is largely handled by the smelters on a do-it-yourself basis. 
'l?able 22. 10 lists the basic design data for 3 converter gas precipitators,; 3 
copper roaster reverberatory furnaces, 1 sinter machine, and 1 acid mist 
precipitator. Figure 22. 9 shows the variation in efficiency with ..A ·ratio for 

v 
the 3 converter gas, 2 roaster gas, arid 1 sinter machine gas precipitator 
for which data are available. 

22. 8 PRECIPITATOR INSTALLATIONS AND ECONOMICS 

A summary of available statistics on precipitator performance in 
nonferrous metallurgical industries is shown in Table 22. 11. Statistics 
oh roasters, sinter machines, miscellaneous nonferrous, and the alumi
num industry applications are contained in Tables 22. 12 through 22. 15, 
respect iv~ly; 

Available records on these applications are limited 1 and therefore 
estimates on total precipitator use would be highly speculative. In general, 
the aluminum industry offers the most promise for possible increased use 
of electrostatic precipitators. 

Economics. Precipitator cost data for roasters, sinter machines, and 
the various aluminum applicatiops are presented in Tables 22. 16 through 22. 18, 
respectively. Due to the limited amount of data, no attempt has been made 
to adjust the costs to a common base. 

Performance statistics. Due to the limited amount of pe-rformance data· 
available and the fact that most of them are old and do not reflect present 
day state-of-the-art performance, no statistical analysis has been attempted. 
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Pre cipi ta tor No. of 
Application Install. 

Converter Gas 3 

Roasters and 3 
Reverberatory 
Furnaces 

Sintering 1 
Machine 

Acid Mist (using 1 
roaster gases) 

Total 8 

Table 22.10 

Summary of Electrostatic Precipitators* 
in Western Smelters Prior to 1920 

. Volume of Precipitator Efficiency 
Gas Treated Gas Velocity Range 
.{103 acfm) ,(fps} (%) 

519 1.3-5.6 90-99.6 

2 .. 475 2.6-15 75-85 

172 8 94.5 

27 6.5 

3.193 

Comments 

Duct-type-precipitator 

Pipe and duct precipitators 

Pipe precipitator 

Pipe precipitato.r 

*Most of these precipitators were built by the smelter owners themselves under 
patent licensing agreements 
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Figure 22. 9. Collection E,fficien.cy as a Function of Specific Collection 
Electrode Area (ft2 

/ cfm) for Nonferrous Installations. 
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Table 22.11 

Precipitator Performance in the Nonferrous Metallurgical Industries 

No. of Sq ft OIUlt 
Units Collect10n Teat Gas Test Treatment per mA Collecticll Performance 

or Area Vol Vol Time CoUection Area Electrical per per day w 
Pree!pltator Application .!le. ~ sq ft lOOOc:tm ft/sec sec sq ft/ 1000 cbn Set 1000., ft .. Efficiency ft/sec 

1. · Converter Gas 

Plant 1 [)Qct 20 43.200 21.9 1.3 22 1500 4320 7-12 99. 0-99.8 o. 05-0. 06 

Plant 2 Duct 30 !IG,OtO 115.0 4.4 1Z 828 4'150 .. 0.085 

Plant 3 .Duct 7Z ZO!.MO 3'15 5.8 a 539 .... 11.I Zll 90 0. O'l 

z. Copper Routera and 
Reverberatory Furaacea 

I 1512 co Plant 1 Pipe 12" x 121 5'1,000 350 4.9 i.4 183 ms 75 O.H 1)1,:J 
C1I Plantz Duct 2'f 110,880 IZ5 11-15 2.2 1'1'1 4100 U-94 50-100 I 

Plant 3 Duct zo 403,ZOO 1500 Z.6 8 Z69 75kVA sets 5-1 85 O. lZ 
(Vertical Flow) 40S20 

3. Slnterina 
1800 

Plantl Pipe 6" x 12' 33.930 171.8 8.1 1.5 19'f 15 ltVA 1Mta 4'1 94.5 0. 24 
339S 

4. Acid Mist 
254 

Plant 1 Pipe 10" x 121 'J. 980 27 6.5 3. '7 295 J9110 



Table 22. 12 

Electrostatic Precipitator on Roasters* Period 1923 through 1969 

Precipitator Total Gas Accumulated Weighted Design 
Contract No. of Number of Volume Gas Volume Efficiency on 

Year Install. P recipitators (103 acfm) (103 acfm) acf m Basis (%) 

1923-1929 10 12 260.7 260.7 94.9 

1930-1939 15 19 405.2 665.9 95.0 I 
()0 
~ 
CT.I 
I 

1940-1949 6 9 197.4 863.3 96.8 

1950-1959 4 6 200.6 1063.9 96.5 

UI 
0 

1960-1969. 7 12 379.4 1443. 3 98.0 c ... 
x 
Ill 
;u 
z 
;u 

1,443.3 Ill Totals 42 58 Ill 
Ill 
> ;u 
n 
x 
z *This includes hearth, flash, and fluid roasters for zinc, zinc-lead, Ill ... 

molybdenum sulfide and pyrites. :j 
c ... 
Ill 



Precipitator 
Contract 

Year 

1935-1944 

1945-1955 

Totals 

Table 22. 13 

Summary of Electrostatic Precipitators for Cadmium 
Recovery Zinc Sinter Machines (1935 through 1955) 

Total Gas Accumulated 
No. of· Number of Vi>lume. Gas Volume 
Install. Precipitators (10 ad'm) (103 acfm) 

8 19 . 420. 5 520~ 5 

7 7 -594. 5 lOlt~ O 

15 26 1015.0 

Note: No record of any new installations since 195~. 

Design Efficiency 
Prorated on 

acfm Basis tfo) 

95. 0 
• 0) 

N 
-:r 

95.0 I 



Precipitator 
Application 

1. Tin 
Smelting 

' 

2. Copper 
Smelti~g 

3. Lead 
Blast 
Furnace 

4. Precious 
Metals 

Totals 

-828-

Table 22.14 

Summary of Electrostatic Precipitators for· Miscellaneous 
Nonferrous Applications (*) 

i924 through 1968 

Design 
Number of Number of Total Gas Efficiency Range 

3 
Installations Pree ~pita tors Volume (10 cfm) (°lo) 

2 5 25 98.0 

3 6 1478 95.0 

5 6 47 90.0-95.0 

2 4 208 90.0 

12 1758 

* Does not include aluminum industry applications. 
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Table 22. 15 

Summary of Design and Application Parameters on Electrostatic 
Precipitators for the Aluminum Industry 

(1940 through 1967) 

DESIGN RANGE 

Gas Volume 
Per Oust 

Precipitator Temperature Precipitator Efficiency Loading Comments 
Application of - (lfl acfm) (%) (gr/acfm) 

1. Carbon Plants 50-175 15-200 98. 0-99. 0 10-40 Approximately 
(Carbon & Coke 10 installations 

Dust) 

2. Alumina 350-600 60-200 95.0-99.0 5-10 Approximately 

Calcine rs 10 installations 

3. Aluminum 200-225 1()0-125 90.0-95.0 0.1 Approximately 

Pot Line 15 precipitators 

4. Remelt 200-600 10-25 95.0 
Furnace 

5. Soderberg 150-200 50 90.0 0.1 Approximately 

Gases 30 prec ipitators 



Precipitator 
Contract 

Year 

1946 

1951 

1953 

1954 

1966 

1967 

1969 
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Table 22. 16 

Cost Data for Electrostatic Precipitators for 
Cleaning .Ore Roaster Gas 

UNIT COST $ I acfm 

FOB Erected Total Gas Design 
Volume Efficiency 

(103 acfm) (%) 

1. 97 42.0 98 

2.17 41. 0 98 

3.40 37.5 96 

6.75 12.0 95 

1. 90 26.2 99 
6.00 20.0 98 
4.25 47.0 97 

0.90 81.5 95 
4.60 33.0 99 

1.75 79.2 99 

SOUTHERN, RESEARCH INSTITU-,'E 
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Table 22.17 

Economics on Electrostatic Precipitators for 
Cadmium Recovery Zinc Sinter Machines 

UNIT COST $ I acfm 

Precipitato·r FOB Erected Total Design 
Contract Gas Volume Efficiency 

Year (lo' acfm) (o/o) 

1945 0.98 150 95 

1946 1. 20 100 95 

1947 1.18 50 95 

1951 0.90 150 95 

1953 3.00 12.5 95 

1955 2.00 32.0 95 
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Table 22.18 

Economics on Electrostatic Precipitators in the Aluminum Industry 

Precipitator 
Contract 

Year 

1956 

1962 

1965 

1967 

'1951 

1953 

1951 

1952 

(a) CALCINERS 

UNIT COST $ / acfm 

FOB Erected Total Design 
Gas Volume Efficiency 

(103 acfm) (%) 

0.75 126 98 
0.68 90 95 
0.46 400 98.9 

1.10 50 93 

0.66 60 78 

0.72 '70 95 

(b) POTLINE AND SODERBERG GASES 

0.70 1,380 90 

1. 00 1,320 90 

(G) CARBON PLANT 

1.90 70 98 

2.00 10 95 

SOUTHERN RESEARCH INSTITUTE 
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Instead, individual measurements for a number of installations in the roaster 
and sinter machine applications are presented to indicate the process param
eters such as gas volume, gas temperature, dust loading, etc. These data 
are presented in Tables 22. 19 and 22. 20. 

Design methodology. The procedures used in the selection of types of pre
cipitators for dust control in the noferrrous metals industry are discussed in 
the sections describing the particular process equipment. 

The methodology for determining the collecting plate area is similar 
to that used in sizing precipitators for other application areas, in that the 
basic Deutsch-Anderson equation is used. This equation, which relates 
efficiency to collection plate area, gas volume, and precipitation rate 
parameter is 

N = 1 - exp ( ~ w) 
Vg 

As in the other application areas, the critical parameter in deter
mining the collecting plate area is the value of the parameter w, which 
depends upon the resistivity and particle size of the dust, quality of gas 
flow, reentrainment of the dust, and the particulars of the precipitator 
design. 

As indicated previously, design of precipitators for the nonferrous 
metals industry is largely handled by the smelters. 
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Table 22. 19 

Performance Statistics on Roaster Gas 
Electrostatic Precipitators 

(1933-1953) 

Dust Gas 
Installation Gas Volume Efficiency Gas Velocity Loading Temp 

Number (Uf acfm) (%) (ft/sec) (gr/scfd) (oF) 

1 15.5 97.4 2.3 40.0 1100 

2 6.25 97.8 1. 2 5.1 450 

3 15.8 96.5 1. 5 8.6 450 

4 13.1 95.0 1. 4 6.2 540 

5 20.0 95.1 4.8 1.9 900 

6 18.5 98.8 2.0 15.0 500 

7 17.7 98.0 2.9 11.7 900 

8 13.3 96.0 1. 5 9.5 900 

9 18.5 94.9 2.0 7.1 500 

10 50.4 86.8 2.8 9.3 500 

SOUTHERN RESEARCH INSTITUTE 



Installation 
Number 

1 

2 

3 

4 

5 

6 
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Table 22. 20 

Performance Statistics on -Cadmium Recovery 
Zinc Sinter Machine Gas Precipitators (1935-1955) 

Gas Volume Efficiency Dust Load 
(1a3 acfm) (°lo) (gr/scfd) 

35 97.0 1. 59 

35.4 95.8 3.96 

54.3 94.1 1. 24 

35.4 9'1.4 4.99 

26.1 91.7 1.17 

11. 0 96.5 0.38 

Gas 
Temp 
(oF) 

220 

205 

200 

192 

250 

213 
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CHAPTER 23 
THE APPLICATION OF ELECTROSTATIC PRECIPITATORS 

TO THE CLEANING OF HIGH PRESSURE, HIGH TEMPERATURE GASES 

The cleaning of gases at high temperature and pressure is a unique 
application for electrostatic precipitators. Above about 6000F, fabric fil
tration is not suitable because of limitations on the fabric material. Aqueous 
scrubbers are also not suitable at temperatures much above the boiling point 
of water. Some consideration has been given to the use of inorganic liquid 
scrubbers at elevated temperatures; however, costs are generally high so 
that at the present time there is no commercial use of high temperature 
inorganic liquid scrubbers. 

23. 1 HIG'H PRESSURE, HIGH TEMPERATURE PROCESSES 

There are several processes which require either high pressure or 
high temperature gas cleaning or a combination.of the two. These processes 
are discussed as special applications in which there may be potential for 
expanded uses of electrostatic precipitators. 

High temperature coal gasification. One of the earliest uses of electro
static precipitators in high temperature gas cleaning was in the removal of 
solids from gases produced in the high temperature gasification of coal. 
Early work in this area was in connection with the development of coal-fired, 
gas turbine locomotives. The U. S. Bureau of Mines has,conducted research 
and pilot-scale developmental studies of coal gasification over a period of 
many years. 

In the process of gasification, finely divided coal is burned in a fluidized 
bed chamber that is maintained at high pressure and temperature, typically 
15000F and 600 psi. The gases produced in the process are used to drive gas 
turbines for electric power generation. 

Fly ash generated inthe gasification process must be removed before 
the gas can be used in gas turbines, since the dust would erode the turbine 

blades. 

Pilot-plant gasification systems have been operated by the U. S. Bureau 
of Mines and gas cleaning by electrostatic precipitators has been demonstra
ted on these pilot-scale plants. However, at the present time, economic 
factors do not favor the gasification process, and no full-scale plants have 

been built. 

SOUTHERN RESEARCH INSTITUTE 
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Waste incineration with gas turbines. A second type of gas cleaning 
application involving high pressure and temperature is in.the cleaning of 
gas from incinerators in which the gas is to· be used to power gas turbines 
for electric power generation. In many types of incinerators, the disposal 
of waste material is an exothermic process, and recovery of heat from the 

\ 
effluent gases is economically important. Most heat recovery systems 
involve the production of steam in waste heat boilers located at the exit of 
the incinerators. Recent studies indicate that a more economical method 
of heat recovery may result from the use of effluent gases to drive a gas 
turbine which, in turn, powers an electric power generator. This system 
requires that the particulate be removed from the gases to prevent erosion 
of the blades of the gas turbine. 

Current studies of the technique of direct turbine drive from incin
erator gases are being conducted under contract with the Bureau of Solid 

l 
Wastes. 

The pilot plant system being investigated is shown schematically in 
Figure 23. 1. The refuse is sorted, shredded, and dried in a rotary drier. 
It is then transported to a pressurized fluid-bed combustion chamber. Com
bustion air is supplied under pressure from a blower coupled to the turbine 
shaft. The gas flows upwardly through a combustion zone and then out of the 
chamber through primary cyclonic type collectors. The fly ash collected 
in the cyclone is blown out of the reactor and combined with the bottom ash 
from the fluid-bed chamber. 

After leaving the reactor, the gas, under pressure, is passed through 
an electrostatic precipit?-tor for a final cleaning prior to being delivered to 
the turbine. Additional heat can be recovered by a waste heat boiler located 
in the exit gas stream from the turbine. 

23. 2 INFLUENCE OF TEMPERATURE AND PRESSURE 
ON PRECIPITATOR PERFORMANCE 

Temperature and pressure of the gas have several important effects 
on precipitator performance. First, gas viscosity increases with tempera
ture. For example, the viscosity of air at 20C>°F is about 0. 02 centipoise 
and increase to about 0. 04 at temperatures around 120C>°F. From the 
equation defining migration velocity, a twofold increase in gas viscosity 
reduces the migration velocity proportionately. Consequently, one would 
anticipate reduced performance due to the increase in gas viscosity. 

1Refer to the bibliography for.this chapter. 
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A second influence of temperature and pressure on performance is 
the gas volume. Gas volume is directly proportional to the absolute gas 
temperature and inversely proportional to pressure. These effects tend 
to offset each other when high pressure and temperature are both involved, 
so that gas density is not much affected. 

Finally, gas temperature and pressure influence the voltage-current 
relationships by altering the corona starting voltage antj sparking conditions. 
Increasing temperature tends to lower the corona starting voltage and reduce 
the voltlige at which sparking occurs. Increasing pressure, on the other 
hand, tends to increase the corona starting potential and the voltage at which 
the sparking begins. 

With negative corona, limitations on current and voltage occur at 
relatively low temperatures at atmospheric pressure. However, at high 
pressures, ci.dequate voltage can be maintained to give good precipitation. 
On the other hand, positive corona generation is not affected to as great 
an extent and experience indicates that positive corona precipitators may 
be superior to negative corona at temperatures higher than about 1500°F. 

1 

A discussion of the voltage-current characteristics and the influence 
of temperature and pressure is given in detail in Chapter 1, Part I. 

23. 3 PRECIPITATORS FOR HIGH TEMPERATURE, 
HIGH PRESSURE OPERATION 

Precipitators for high temperature, high pressure service can be of 
several types, providing allowance is made for thermal expansion, and for 
accommodating the high pressures. The latter complicates the problem of 
dust removal and of providing electrical power to the precipitator. 

A pilot unit for high temperature, high pressure dust collection that 
has been operated in limited tests consists of an 8-inch diameter pipe, 15 
feet long with three 0. 109 in. diameter wires twisted together as the discharge 
electrode. The collecting surface area is 31. 4 ft

1 
with a cross-sectional 

area of O. 35 ft2
• 

Migration velocities of about 0. 23 to 0. 26 were obtained when precipi
tating a simulated dust (alumina) with a mass median diameter of about 
2. 75µ. with field strengths (voltage/electrode spacing) of 10-11 kV/in. 
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Projections to full size units would indicate the following: 

Table 23. 1 

Projections from Pilot Precipitator Tests for 
Cleaning of Turbine Gas 

Gas flow (mass) 
Temperature 
Pressure 
Gas velocity 
Gas volume 
No. of 8 in. precipitator tubes 
Collecting area 
Tube Length 
Length of discharge wire 
Voltage 
Current 
Precipitation rate parameter (w) 

210 lb/sec 
1650° - 17000F 
100 psig 
8. 25 ft/sec 
43, 500 acfm 
250 
8400 ft2 

16 ft 
4000 ft 
50 kV, avg. 
2680 mA 
0. 26 ft/sec 

These values are preliminary, based on extrapolation of the pilot
scale unit; however, they indicate the range of values that might be 
expected. 

23. 4 CLEANING OF NATURAL GAS IN PIPELINES 

An application of precipitators to the cleaning of high pressure gas at 
low temperatures is in the removal of submi.cron oil fume from natural,gas. 
In the transmission of natural gas in pipelines, compressors release small 
amounts of lubricating oil which accumulate in the pipeline and cause 
loss in transmission efficiency. Manual cleaning of the pipeline is accom
plished by passing a plug (called a pig) through the pipeline to remove the 
oil deposits. The process of pigging is expensive and economics would 
seem to favor the reduction of the frequency of pigging by removal of the 
oil mist. In the past, filters, scrubbers, and cyclones have been used in 
this application. However, high pressure electrostatic P.recipitation has 
been used in this application, with apparent satisfaction. 

3 

SOUTHERN RESEARCH INSTITUTE 



-842-

Table 23. 2 shows the precipitator design and operating conditions for 
gas pipeline cleaning. 

Table 23. 2 

Gas Pipeline Pree ipitator 
Design and Operating Data 

Gas composition 
Gas temperature 
Gas pressure 
Gas viscosity 
Gas density ratio (basis 60°F, 15 psi) 
Gas density (specific gravity = 0. 6 

relative to air) 
Gas flow rate, millions of scf per day 
Gas flow rate at standard conditions 
Gas flow rate at conditions 
Collection efficiency 
Oil mist collected 
Particle size 
Installation 
Pressure vesEels 

Particle concentration 

Pree ipitator voltage 
Precipitator current 
Corona power 

.Duct Reynolds No. 
Pressure drop 
Power input 

94% methane 
90° - 130°F 
830 - 860 psi 
1. 2 x 10-4 poise 
51. 5 av. 

2. 36 lb/ cu ft 
300 - 400 
208, 000 - 278, 000 scfm 
4, 000 - 5, 400 cfi:n 
99% by weight 
9 - 10 gal/d max 
0. 1 - 1 micron 
2 parallel pptrs on 26" pipeline 
ASME code, 900 psi; 
hydraulic test, 1800 psi 
7 x 10-5 to 2. 4 x 10-4 gr 
scf (0. 0034 - 0. 012 gr acf) 
55 - 58 kV av. 
80 - 90 mA DC 
1 watt/cfm 
1. 4 x 106 
0. 1 psi 
12 kVA 
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One installation of a precipitator for natural gas pipeline was made in 
1967. It is a horizontal-flow, du.ct-type consisting of two parallel units, each 
unit consisting of two 5-foot sections 2 feet high, with 3-inch duct spacing. 
Each precipitator unit is contained in a 36- in. diameter pressure vessel 
shell designed for 900 psi at 1400F. Conical inlet and outlet transition 
sections approximately 6 ft long connect to the 18- in. diameter pipe. 

The precipitator is equipped with a wash- in-place system composed of 
a pipe manifold and spray nozzles above the plates. The spray system capa
city is 48 gal/min at 10 psi. Kerosene-type hydrocarbon fluid is used for 
washing. 

The discharge electrode system consists of wires, 10 mils in diameter, 
strung under tension between a top and bottom support frame. The wires are 
centered between adjacent collecting plates. The high voltage discharge 
frame is supported by insulators located in and fastened to the sides of the 
prec ipitator. 

The collecting electrodes are flat metallic sheets carried by top and 
bottom spacer bars. Openings are provided in the plates to accept the 
passage of the high voltage support members. The downstream end of 
each plate is equipped with a shield in order to eliminate any reentrain
ment of oil from the end of the plate. 

Energization system for pipeline precipitator. The high voltage ener
gization system consists of a dry-type, encapsulated, high-voltage, step-up 
transformer, coupled with a full-wave, solid-state rectifier, and is provided 
with a fully automatic c.ontrol system. The power pack is contained in a 
compartment appended to the precipitator and is exposed to full gas line 
pressure. The low voltage line controls are located externally to the 
pipe lines. 

Since the precipitate is free flowing, removal consists of draining 
the precipitator pan to an appended pressurized sump from where the oil 
is periodically blown out by pipeline pressure. 

Economics. The FOB cost of pipeline precipitators to handle 2 x 109 scf 
per day of natural gas at 800 psia at 98. 5% collection efficiency is reported 
to be on the order of $10/acfm. 

SOUTHERN RESEARCH INSTITUTE 
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CHAPTER 24 
NEW PRECIPITATOR APPLICATIONS 

The choice of the type of dust control equipment for any gas 
cleaning application depends upon economic and process factors. In 
many instances, a particular type of dust control equipment may 
historically have been utilized for certain types of service, and trends 
are often followed when control equipment is selected for an application 
in which there has been a history of successful performance in similar 
service. In a number of application areas, a variety of types of dust 
control equipment has been used successfully, and the choice in such 
cases is dependent upon local factors or often upon personal preferences. 

The major types of equipment for control of industrial dust 
emissions are mechanical collectors, fabric filters, elect_rostatic pre
cipitators, and wet scrubbers. Mechanical or inertial collectors can 
be of the low-loss type such as cinder traps, which are used to prevent 
fallout of large particles in the vicinity of the plant, or of the high
draft-loss type for higher collection efficiency. 

Mechanical cyclone collectors are of the high-draft-loss type and 
are used on particles in the 10-200µ range. The efficiency of cyclone 
collectors varies with the size of the dust, and decreases rapidly for 
particles under 10µ diameter. Figure 24. 1 shows the collection effi
ciency of a mechanical cyclone collector as a function of particle size 
and pressure drop~ Mechanical collectors are often used in combination 
with electrostatic precipitators for control of fly ash from power plant 
boilers. 

Wet scrubbers remove particulate from a gas stream by 
impinging the gas against water fog or a wetted surface. The simplest 
type of scrubber involves a water spray to provide small diameter liquid 
particles which contact the dust-laden gas. On contact, the dust 
particles are transferred from the gas stream to the scrubbing liquid 
and are removed from the gas along with the liquid under the influence 
of centrifugal or gravitational forces. Simple spray chamber or packed 
tower scrubbers are inefficient for removal of small size dust. 

For small particles, high energy wet scrubbers are used to achieve 
high collection efficiencies. The collection efficiency for a given size is 

lRef er to the bibliography for this chapter. 
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directly related to the gas pressure drop across the scrubber, and for 
hi~h collection efficiencies of small particles, pressure drops of 
3-100 in. water are used. An added advantage of the wet scrubber is 
that gas absorption can also occur during the process of particulate 
removal. Major difficulties involved in wet scrubbing lie in high 
operating costs if large gas volumes are to be handled, disposal of the 
scrubbing liquid or sludge, and loss of plume buoyancy. Steam plumes 
formed from scrubbing hot gases are a further disadvantage of wet 
scrubbers, and if steam plume suppression is required, costs are often 
high. 

The power required to move gas against a given pressure drop is 
given by 

p = v x Ex 746 
63 56 x Tl 

where 
v = gas volume handled, cfm, 
p = pressure drop, in. water, 
p = input power, kW, and 

Tl = combined fan and motor efficiency. 

For a gas volume of 1x106 cfm and a 10 in. pressure drop, the 
power required for a 50% efficient fan and motor combination would be 

6 
p = lxlO x10x746 = 2360kW. 

6356 x 0. 50 

Fabric filters are intrinsically high efficiency collection devices, 
and are particularly suited to controlling dusts where low gas volumes 
are handled. Fabric filters a.re limited to temperatures less than about 
600° F, to effluents that do not chemically attack the fabric, and to dusts 
that do not clog or foul the collectors. 

Economic considerations in the selection of dust control equipment 
include capital investment, operating costs, and maintenance costs of 
the dust control facility. 

The installed or capital cost comparisons for a particulate control 
system must be carefully made for the specific application. They include 

SOUTHERN RESEARCH INSTITUTE 
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the cost for the control device itself, installation costs, and cost of 
any auxiliary equipment that may be required. Edmisten, et al., 

2 

presents typical capital cost data for low, medium, and high collection 
efficiencies of dry centrifugal collectors. wet collectors, electrostatic 
precipitators, and fabric filters. These are given in Figures 24. 2 
through 24. 5. Figure 24. 6 shows installed cost of electrostatic preci
pitators as a function of gas volume handled. 

Installaticm, operating, and maintenance costs for the various 
types of collectors are summarized in Table 24. 1. 

Figure 24. 7 is a comparison of the total accumulated costs of an 
electrostatic precipitator, fabric filter, and wet scrubber, for collection 
of a particular fine dust. The procedure used in. calculating the costs 
is as follows: 

Total Accumulated Cost = FOB Cost+ Installation Cost+ (Annual 

Operating Cost+ Annual Maintenance Cost) (t Years) 

Cost (Electrostatic Precipitation) = $136, 000 + $ 5, 500 t 

Cost (Fabric Filter) 

Cost (Wet Scrubber) 

= $110, 500 + $ 24, 500 t 

=: $ 37, 500 + $51, 500 t 

Data used in the calculations are those of Walker3 and are shown in a 
comparative breakdown in Table 24. 1. The total costs are for a small 
(100, 000 cfm) installation. 

The economic considerations in the selection of dust control 
equipment should be resolved for a particular application based on 
analyses which indicate the long-term costs of comparative dust control 
equipment. The cost analyses should be carefully studied to insure that 
they are made on a comparable basis. Generalized cost data. even within 
a given application area, can be in error by a considerable margin if dust 
and gas properties vary, as they often do. Consequently, the cost analyses 
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Figure 24. 2. Purchase Cost of Dry Centrifugal Collectors (Reference 2). 
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Cost of indicated efficiency 
may vary ± 20o/o of reported 
figure. 
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Gas Volume Through Collector, 109 acfm 

Figure 24. 4. Purchase Cost of High-Voltage Electrostatic Precipitators 
(Reference 2). 
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(Reference 2). 
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Table 24.1 

Comparison between Particulate Control Costs 
for a 100, 000 cfm Unit (Ref. 3) 

Electrostatic 
Precipitator Fabric Filter 

FOB Cost $80,000 $85,000 

Installation 56,000 25,500 

Operating Per Year 3,000 7,000 

Maintenance Per Year 2, 500 17,500 

*Does not include clarifiers and liquid treatment systems. 

Wet Scrubber* 

$30, 000 
(Mild Steel) 

7, 500 

50,000 

1, 500 
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should be based on specific data for a given plant as opposed to a 
generalized analyses. For example, the initial cost of an electrostatic 
precipitator is directly related to the collection surface area required. 
This surf ace area requirement is, in turn, a function of the precipitation 
rate parameter, which can vary by factors of 2 or more depending on 
dust resistivity and particle size. Hence, the initial cost of an electro
static precipitator can be in error by a like amount. 

As another example, the energy requirement to achieve a given 
efficiency in a wet scrubber is dependent on particle size. Thus, rather 
severe changes in operating costs could result from an error in particle 
size assumptions. As a generality, the accuracy of a particular cost 
estimate is directly related to the time, effort, and ability put into its 
preparation. 

Factors other than cost also influence the selection of the type of 
dust control equipment. An electrostatic precipitator normally operates 
in a sparking condition, so that combustible materials are not generally 
candidates for control by precipitators. Applications of this type include 
feed or flour mill effluents and coal grinding dusts. However, precipita
tors are used in collection of tar and other materials where air can be 
excluded to prevent the buildup of a combustible mixture. 

Fabric filters are normally limited to applications with gas 
temperatures less than about 600°F due to heat damage to the types of 
fabrics available. Some types of dust are also difficult to collect with 
fabric filters because of their tendency to clog the fabric and increase 
the pressure drop excessively. 

Wet scrubber applications are limited to those in which disposal of 
the slurries can be achieved without creating a serious pollution problem. 

24.1 APPLICATION OF ELECTROSTATIC PRECIPITATORS 

The use of electrostatic precipitators is generally best suited to 
those areas in which large gas volumes are to be handled, and where high 
efficiency collection of relatively small particles is desired. The use of 
electrostatic precipitators for particulate emission control has steadily 
increased since it was first introduced for industrial dust control. ' 
Figure 24. 8 shows the total shipments of various. types of particulate 
control devices for 1963 and 1967. As can be seen, the 1967 shipments 
of electrostatic precipitators were about 2. 6 times those of 1963, indica
ting a substantial growth pattern. 
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This growth, however, ls due principally to the large usage in coal
fired electric power generating plants. The rapid expansion of the power 
generating capacity in this country has been accompanied by corresponding 
increases ln preclpitator sales to that tndustry since precipitators, either 
separately or in combination with mechanical collectors, are the only type 
of dust control equipment used to any significant degree. 

Table 24. 2 is a compilation of the number of electrostatlc precipi
tators installed· in all of the applications in which they are used in this 
country. This table indicates several trends in the application of electro
static precipitators in which changes in the process itself or the intro
duction of new control systems have altered the use of electrostatic precipi
tators to a substantial degree. 

The use of electrostatic precipitators to control emissions in the 
m8.jor application areas ls discussed in the chapters covering those 
applications. Trends in the type of dust control equipment used, and 
general trends in the growth of the industry, are also included as they 
affect the future use of electrostatic precipitators. 

In terms of new uses for electrostatic precipitators, possibilities 
exist for the application of precipitators where other control techniques are 
used and in areas where no dust control is currently practiced. 

Table 24. 3 shows a brea~down of sales of dust control equipment 
used in various processes during the period 1966-1967.4 The processes 
are identified by SIC categories. The figure clearly shows the major 
areas in which the various types of dust control equipment are used and 
the relative use of each type of control equipment in each process. 
Opportunities for the use of electrostatic preclpitators ln areas where 
other types of dust control equipment predominates depend primarily 
upon economic factors. There are, however, as discussed previously, 
other considerations on which choice is made. 

One of the major limitations of electrostatic precipitators is the 
difficulty in handling high resistivity dusts. If the dust resistivity is 
higher than about 5 x 1010 ohm-cm, a condition of reverse ionization or 
back corona occurs which seriously impairs the collection efficiency. 
To minimize the effect, the collecting plate area must be substantially 
increased to reduce the current density, or other corrective measures 
must be taken which can result in high costs and make electrostatic 
preclpitators less competitive in certain applications. 
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Table 24. 2 

A Summary of Electrostatic Precipitator Application 

1920- 1925- 1930- 1935- 1940- 1945- 1950- 1955- 1960- 1965-
Aeeikation Area 1924 1929 1934 1939 1944 1949 1954 1959 1964 1969 Total 

Fil Ash 1 11 12 56 '14 90 63 90 87 171 655 

Metallurgical 
Ore roaFCters. zinc or lead zinc 9• 2 8 8 2 2 1 l 33 
Ore roasters, molybdenum suJride aa 1 l 1 5 
Ore roasters, pyrites 2 1 3 t 1 8 
Aluminum (carbon plant) 2 3 5 
Soderberg pots 2 1 3 
Alumim•m remelt furnaces 3 2 5 
Aluminutn prebake potllne 3 2 5 
Cryolite recovery 1 1 
Cadmium recovery zinc sinter mach 5 5 4 4 18 
Copper 1 1 2 
Lead blast furnace 3• 3 1 7 
Gold and silver 1 2 1 2 6 
Ttn Amelting 1 2 3 
Scarfing machine 4 3 1 8 
Sfntertng machine l 7 7• 15 
Blast furnace 4 17 29 24 26 21 6 127 
BOF 2 5 7 
Open hearth 2 9 8 4 23 
Sinter machine gas 2 2 3 7 

Chemical 
Sulfuric acid 15 10 1 4 30 
Acid mist 3 12 5 8 28 
Phosphorus electric furnace 2 2 2 l 2 1 10 
Phosphate 2 2 
Phosphoric acid mist 2 1 3 1 2 1 10 
Disodium metaphosphate 1 1 

Rock Products 
Alumina calciner 3 3 1 7 

Cement kiln (wet) 
.,. 1 7 24 17 n 7.3 

Cement kiln (dry) 141 3 t'1 6 3 43 
Cement plant dryers and mills 1• 2 3 6 
Gypsum 4 3 3 18 19 10 1 58 

Petroleum 
Catalytic crackers 24 t3 3 2 42 

Pull? and Pa2!r 
15 114 Pulp mill 12 28 20 31 2 

Paper mill 2 2 11 25 31 71 

Tar Recoverl 831 20 33 82 82 36 14 6 282 

1Prlor to 1930 
•1960-1969 
11930-1939 
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TABLEU.3 
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TABLE 24.3 (CON11NUio;Dj 
l . l'XmNL>: 

EL1'CTRu;TA'rtC -------•· 
MECHANIC' Al. 

FABRIC FILTER 

, ... DU!'Tff.l~L-~·~sslFIC~~ - .!:.I. c,_ NO, "!'° . ------ .. - --·-· .. -----t!ct.. _ ---------- ---- ----- --!~ --- ----- . - ---- - - ---- -t l!'--~~1: ~~~~~BE."_ ~'"'%''"' 
i . . I 

Co11!0011<111er7 and rolai.d prodllOlo 10'70 

.. ·--- - ···---------- - -- --·-

C~df and other conrecUon.er 7 
product• 2071 

·-·-··--·-··--- ·-----·· 

Chocolete ahd cocoa producW 

M1ti~eUauoOWI food preparatlone 
•11d kindi·cd proc,hu:t• 2090 

i 

i 1 ----- ------------ ---------~----· ~--- -- - .. ---::------ -- .------- ---

1~~~~~~--..... ~~~~~--

---- ---·------+-------··- ---·--------- .L 
I I 
I 

I 

-------·----+----- - ·------ --r----- - -------
1 

i 
. ' 

~~Sll! ·· tl lllitnii tiliirtS'EWttt_,.._,_ I II i f ... 
·-· - · --·· ·····-·-------~- - - !---·•··-·-- - - ·--· - ·-- -·- ·· ' ---··-- ·------+---·--·· --·--· · - . ·-···-·· -

I 

An\mel ..-d MlltJn• feta a~ oll• IOH I 

------ ------- -------- ~~~~"''~~~'"·~~~-------- - ---·------l ·------------ ----------- ------ -·-----
( 'offre r·out1nt1 20H 

-------- ·---- - --··-··-·-··-··--- -··-------·- ------------- ·------------ -- ----- --------

Shortl."hinl and cookin1 oil• 1098 

-- -. - - -. _________ __,__ _ ___ _ ._ _ ______ _________ - ----------------+--------------- - - ·- --.- - -------

f f:")l lil e mill product• HOO 

--- ·---+-----l------------+-------------1-- - - - - - ------ ------ - --- -··-'--- --------·· 

l\l)pa,-d and related producta HOO - < 

---·--·---------+------~·------------+--------·-----+---------------1--------·-·----------

L 111ulu.•1· and wood product.. 
l' .11. l' ' ' i>l furnJh1r• MOO 

--··---i---------- ··----·- 1----··---·-----·-- --- ~··----· ·--- - - - - - --- -- .. 
9001400J,:.o .......................... .. 

---- - - - L----------.--· ~-;... -·~--+------------- - - ---- ----- - - -- - --- ------- -- ----·- ... - ·· 

2500 

. --·-- --------____ .. ___ _____ _,_ ______ ·---- ---L ______________ ___._ _____________ _._ ___________ .. _____ -· ------



INDUSTRIAi. CLASSIFICATION 

Paper and allied product• 

Pulp mUla 

Kroft 

-863-

TAUU: 24 a (CON'nNu•:m 

S. I C. NO Slo' Jto' 
I 

HOO 

HIO 

Sto' uo' 

l.EGt:NI>. 
•:l.ECTROSTATI<: 
MECHANICAi. 

FABRIC •"ILTEH 
WET SCRUBBER -~~~ 

--·-·1 

-------+---------- ---+------ ---·----------------- -

9001111 

~~:~~~~~··· ~·ssmn~~iiSSiJ 11 t:ltMil 
-------------+------+---------~-----------·--+-------------4------------1 

i 
l.im• kiln 

-- - ·---- --------->------ ----·----- ---- --'I,_ __________ _,,_ ___ _____ _ __ ,,_ _______________ _ 

103Hl1. I Chemical 
i-~~~~~~~~~~ .... ~~ 

-----+------ ~--·----------1-1-------+--------+--------
1062811 

I 
~~~*M~~f:~~~~~ 

---------------~-------~-----·----·-----<\!------------i---·---------1-----

Hecovery lum•c• 90'12911 
! 
i 

JIM 
- . -- -'"'"--·---------~1-----+-- -----

t:v9P0ra10r• 1082111 

---·--- - ---------------+-----if----------·-----+-------------!------ ·---~---- -----·-----------.... ---

t'uper mUl•. exeept bW.lctl•C 
p.u1>er n1JU• 

BuUdin1 p•per 90d buUcllnc 
buard mUla 

Hao 

- --- ---- 1-------------i>------ - - ----->---- --- - - - ----

aeeo 

----- - - ---- --- -+-----+--------------1----- - - -----l----- - ------<f--------------

Printlna Md pubU•htn1 1'100 

. - - ----·----· - -----··-- ··-- -·-- ------ -----l------------+- --- - - ------l---·---------- ---·----

l ' huut&eal a1ad alUed product• •oo 
~~».w:~~M• .. ~r~~~~~• .. r·.,a:_.,.···ui>· .__,lttl!ljilli.IS!flolOJlllN!•lllllillllll• 

. --- ---·- - - ·-·-·- -- - --- ----- -· . -- ·- - _ _____ .. ___ -·--- - ------------- - ---------------------~ 

l111f1.H1trJal Jnoraanle and 
ur1i.nh: chemical• 1810 

~~~~<;~~~;~~"4'' illli .. ~-*·~·'*·""'' ---------i--............ _ 
. ·--·---···---~ ... -----·- ·· ·------- ··-·--··--·----··--------'---------- --........ ____________ --------~----·· 

SOUTHERN RESEARCH INSTITUTE 



-864-

l .U,.;•:NO: 

EU:CTltOSTA'flC -----• 
MECHANICJIL 

FABRIC FILTER 
WET SCRUBBER illlllill~· 

INDUSTRIAL Cl.JISBIFICJITION 8,1.C. NO uo' Uo' '101 'uf ---==c==..=..;;;===-=--.=-=c:...::=,.=----------.:-:.:_ ________ ~_.:::... _______________ ,_~----------.. 

I 
Allr.alte• and chlorine 1812 i-.......................................... ._,, 

-------------- -+----- - ·-----------·---1------- -------... -----------------t------ ---------1 

lndutrial IU•• 18U 

---------------~---+-------------1-------------1--------------- ~------------1 

-· . -.----·---- --- .. ·-- --1-------- ---· ------ --- ---- ----- ·:- ·--- r ·-----·--- ·-------+--------------f 

luo rs•otl' pt1m•nl• 1818 

·---· ---·------·--·---- ------ - - -·--·· ·------··--·-t---------------- ------------·- -------·-------------

Or1&1llc chemleal• J811 

Jnor1a1dc cht-mic•l•, II. E. C . 1811 

Sullurlc acid 9012111 

PlHtlc mater ial• and •yn\hetlc: reaia., 
eynthetJc rubber, ayntheUc and other 
man• ntade fibere, Heep&..... llJO 

---------------;,_------------~ 

. ----------------+-----f-- --------------·--·-------------:!-------------~-------------

PiatHic mat4riel• and rHtn• 1811 

S7n&heUc rubber 1112 

--·- ·- - - -------- ---+-- ---- -- --- - - --------i--- - - - - - - - --+- - - - --- - -- - -11------- - - -----
Sott.p, dllter .. nte. uul el .. •ltftl 
pr~ar•llon•: perf\am ... c:o11m .. lcm, 
and o\h.er &oll•l prepar.Uan• 

Pollah and •uallatlon 1ood9 

-IHO 

2141 

- ·----------------~----~-



INDUSTRIAL CLASSlt'ICATION 

Svrface a<"tlYe .,..._ 

P11h•te, ••rnl•bee, laeqvt'r•, 
~u•n~I•. aad UUed prochaeta 

S I . C. NO Ila' 

»llO 

-865-

TABLE 24. S (CONTINUED) 
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TABLE 24. ~ (CONTINUED) 
U;Qt;;ND: 
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One serious drawback in the use of precipitators for some dust 
collection problems has been an inability to obtain data on which to base 
a size determination if changes in the process or fuel are made. In 
some instances, precipitators designed to operate at efficiencies of 
90% have resulted in efficiencies of 60-70% in practice. These instances 
occur with sufficient frequency that adverse attitudes toward precipitators 
are often developed. 

The future application of electrostatic precipitators would appear 
to be along the lines of existing installations, probably enhanced by the 
necessity for high temperature gas cleaning. However, increased 
activity in air pollution control should extend electrostatic precipitator 
usage into areas of municipal incinerators, foundry cupolas, and perhaps 
other processes. Advances in precipitator technology, which would 
reduce precipitator size requirements, would further enhance the existing 
economic advantage associated with low power requirements for electro
static precipitators. 



-875-

CHAPTER 24 
BIBLIOGRAPHY 

1. Fuel Engineering Data. Section F-2. National Coal Association, 
Washington. D. C. (September 1961}. 

2. Edmisten, N. G., and Banyard, F. C., "A Systematic Procedure 
for Determining the Cost of Controlling Particulate Emissions 
from Industrial Sources," National Air Pollution Control Association 
Meeting (June 1969). 

3. Walker, A. B., and Frisch, N. W., "Scrubbing Air, " Sci and Tech, 
p. 18 (Nov-Dec 1969). 

4. Manufacturer's Report of Air Pollution Control Equipment Sales, 
1966 and 1967, IGCI Report on Contract CPA 22-69- 5. 

SOUTHERN RESEARCH INSTITUTE 


