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ABSTRACT 

Recent studies performed by various individuals and organi
zations have been directed toward obtaining a fuller and better 
understanding of the application of electrostatic precipitators 
to collect fly ash particles produced in the combustion of pul
verized coal. These studies include comprehensive performance 
evaluations of full-scale precipitators, in situ and laboratory 
measurement of fly ash resistivity, rapping reentrainment in
vestigations, tests to evaluate the effects of flue gas con
ditioning agents on precipitator performance, investigations 
into the fundamental operation of hot-side precipitators, basic 
laboratory experiments, and development of a mathematical model 
of electrostatic precipitation. As a result of these studies, 
new sources of information are available that can be used by 
power plant personnel as an aid in selecting, sizing, maintaining, 
and troubleshooting electrostatic precipitators. 

This manual brings together the results of these and previous 
studies and incorporates them into a document which is oriented 
toward the collection of fly ash particles by electrostatic pre
cipitation. An attempt has been made to present concepts, mea
surement techniques, factors influencing precipitator performance, 
data, and data analysis from a practical standpoint. Extensive 
use of data from full-scale precipitators should familiarize the 
user with what to expect in actual field applications. 

The manual covers fundamentals of electrostatic precipitation, 
mechanical and electrical components of electrostatic precipitators, 
factors influencing precipitator performance, measurement of im
portant parameters, advantages and disadvantages of cold-side, 
hot-side, and flue gas conditioned electrostatic precipitators, 
safety aspects, maintenance procedures, troubleshooting procedures, 
the usage of a computer model for electrostatic precipitation, 
and features of a well-equipped electrostatic precipitator. 

This manual was submitted in partial fulfillment of Task VII 
of Contract No. 68-02-2114 by Southern Research Institute under 
the sponsorship of the U.S. Environmental Protection Agency. 
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SECTION 1 

INTRODUCTION 

Recent studies performed by various individuals and organi
zations have been directed toward obtaining a fuller and better 
understanding of the application of electrostatic precipitators 
to collect fly ash particles produced in the combustion of pul
verized coal. These studies include comprehensive performance 
evaluations of full-scale precipitators, in situ and laboratory 
measurement of fly ash resistivity, rapping reentrainment in
vestigations, tests to evaluate the effects of flue gas con
ditioning agents on precipitator performance, investigations 
into the fundamental operation of hot-side precipitators, basic 
laboratory experiments, and development of a mathematical model 
of electrostatic precipitation. As a result of these studies, 
new sources of information are available that can be used by 
power plant personnel as an aid in selecting, sizing, maintaining, 
and troubleshooting electrostatic precipitators. 

The purpose of the present work is to bring together the 
results of these and previous studies and to incorporate them 
into a document which is oriented toward the collection of fly 
ash particles by electrostatic precipitation. Since the scope 
and detail of this document arerather extensive, an expanded 
table of contents has been provided for use in retrieving in
formation on specific topics contained in the text. It is 
suggested that the user familiarize himself with the table of 
contents so that he can u.se the text in the most effective 
manner when addressing specific needs. An attempt has been 
made to present concepts, measurement techniques, factors in
fluencing precipitator performance, data, and data analysis from 
a practical standpoint. Theoretical developments and equations 
have been avoided where possible. Therefore, discussions, de
scriptions, and data from small-scale and full-scale precipitators 
have been stressed in illustrating many of the important con
siderations associated with electrostatic precipitators. The 
extensive use of data from full-scale precipitators should 
familarize the user 'with what T:.O expect in actual field appli
cations. 

Ln the text, Sections 2-5 deal primarily with the basic 
components of electrosta.tic precipitators and with the funda
mental principles of electrostatic precipitation in order to 
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establish the framework for ensuing discussions. The basic 
mechanical and electrical components asso.ciated with electro
static precipitators are dis.cussed with respect to their functions 
and various designs. The fundamental. ~tei;Ms in electro·static pre
cipitation involving the maintainence of an electric field and 
corona current, particle charging, particle transport to the 
collection electrodes, and removal of.particles from the collec
tion electrodes are d·iscussed in: sufficient detail to provide 
an understanding of the importance of .~he various·physical 
mechanisms and of the factors affecting these mechanisms. 
Limiting factors affecting.electrostatic precipitator perfor
mance are discussed.in order to familiarize the reader with 
effects that result in less than optiirtal performance. The types 
of electrostatic precipitators presently used to collect flyash 
particles are described briefly. The~e include cold-side, hot
side, and flue gas conditioned el.ectr.ostatic precipitators. A 
compilation of installations in the U.S. using electrostatic 
precipitators to collect fly ash particles has been prepared. 
This compilation includes coal; boiler, and electrostatic pre
cipitator data for each installation. 

In Section 6, factors influencing electrostatic precipitator 
performance, along with measuremerit techniques and ; experimental · 
data, are discussed extensively. These factors. include particle 
size distribution, specific collection area, voltage-current 
characteristics, resistivity of the. collecte.Q fly·. ash, and non
ideal effects such as nonuniform gas velocity distribution, gas 
bypassage of electrified regions (sneakage), and particle reentrain
ment. Methods and instrumentation for measuring particle size dis
tributions, voltage-current characteristics, fly ash resistivity, 
gas velocity distribution, gas sneakage, and rapping reentrainment 
are described in detail. Methods·of interpretation and analysis 
of the data obtained from the various types of measurements are 
discussed. 

Since the particulate emissions from an el,ectrostatic pre
c ipi tator must meet mass and opacity standards, it is important 
to be familiar with methods f~r measuring these quantities. 
Section 7 deals with the different methods for measuring mass 
and opacity. The dependence of opacity on mass and particle 
size distribution is discussed.' · · 

The material in Section 8 is intended to be used as a guide 
in selecting the type of electrostatic.precipitator which is 
best suited from a cost and reliability standpoint for a parti
cular application. The advantages and disadvantages of cold-side, 
hot-side, and flue gas conditioned electrostatic precipitators 
are discussed. Estimates are made of the costs for the different 
options when treating ashes with low, moderate, and high resis
tivities. 
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Sections 9, 10, and 11 deal with effective utilization of 
electrostatic precipitators by discussing safety considerations, 
maintenance procedures, and troubleshooting of problems, respec
tively. Since serious accidents can occur when working with 
electrostatic precipitators, it is important to.be aware of the 
hazards involved and to take the proper precautions. Following 
proper maintenance procedures will result in better precipitator 
performance over the long term, fewer operating problems, less 
down time, and longer life of certain components. Many electro
static precipitator problems can be diagnosed and corrected by 
using appropriate troubleshooting procedures. The equipping of 
an electrostatic precipitator with instrumentation which is 
helpful in troubleshooting of problems is discussed. 

Since it has been shown that a computer model, which has 
been developed under the sponsorship of the U.S. Environmental 
Protection Agency, can be used to advantage in predicting elec
trostatic precipitator performance as a function of the operating 
parameters, Section 12 discusses this approach. The capabilities 
of the modeling approach are stressed. The applications and 
usefulness of the model are discussed extensively. Applications 
include predictions of efficiency as a function of particle size 
distribution, specific collection area, electrical operating con
ditions, and nonideal conditions. These applications are in
corporated into useful procedures for troubleshooting and sizing 
electrostatic precipitators. 

Section 13 points out features that a well-equipped elec
trostatic precipitator should possess. These features are a 
natural consequence of the preceding material in the manual. 
These features are intended to yield flexibility, reliability, 
ease in analysis of precipitator performance, and, ultimately, 
the best possible precipitator performance. 
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SECTION 2 

TERNIINOLOGY AND GENERAL DESIGN FEATURES ASSOCIATED 
WITH ELECTROSTATIC PRECIPITATORS USED TO 

COLL.ECT FLY ASH PARTICLES 

An electrostatic precipitator. {ESP)· is a .device which is 
used to remove suspended particulate.matter from industrial pro-· 
cess streams. Dry electrode, par(3,llel plate electrostatic 
precipitator;:s are used by the electric utility.-industry to 
remove fly ash particles from the effluent-gas produced in.the 
combustion of coal. Figure 1 ~hows .a s.chematic diagram of a 
wire-plate electrostatic precipitator. 1 Although the details 
of construction will vary f·rom orie manu·facturer to an-other, · 
the basic features are the same. · 

Since uniform, low turbulence gas flow is desirable in the 
collection regions of a precipitator, several devices may be em
ployed to achieve good gas flow quality before the ga~ is treated. 
Turning or guide vanes are used in the duct work prior to the pre
cipitator in order to preserve· gas-flow patterns following a sharp 
turn or sudden transition. This prevents the introduction of un
due turbulence into the gas flow. Plenum.chambers and/or diffusion 
screens (Plates) are used to achieve reduced turbulence and im
proved uniformity of the gas flow in expansion turns or transitions 
prior to the gas treatment reg·iqns of the E>r'ecipitator. · 

The gas entering the treatment regions of the precipitator 
flows through several passage ways (gas passages) formed by plates 
(collection electrodes) which are parallel to one another. A 
series of discharge electrodes is located midway between the 
plates in each gas passage. High voltage electrical power supplies 
provide the voltage and current which are needed to separate the 
particles from the gas stream. The discharge electrodes are held 
at a high negative potential with the collection electrodes grounded. 

A precipitator may be both physically and, electrically section
alized. Figure 2 shows two possible precipitator layouts with the 
terminology concerning sectionalization. 2 A chamber is·a gas-
tight longitudinal subdivision of a precipitator. A precipitator 
without any internal dividing wall is a single chamber precipitator. 
A precipitator with one dividing wall is a .two-chamber precipitator, 
etc. An electrical field is a physical portion of a'precipitator 
that is energized by a single power supply. A bus section is the 
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smallest portion of an electrostatic precipitator which can be 
deenergized independently. An electrical field may contain two 
or more bus sections. Electrical fields in the direction of gas 
flow may be physically separated in order to provide internal 
access to the precipitator. 

The material. which is collected on the collection and discharge 
electrodes is removed by mechanical jarring (or rapping). Devices 
called rappers are used to provide the force necessary to dislodge 
the collected material f.rom the electrode surfaces. Rappers may 
provide the rapping force through impact or vibration of the elec
trodes. The material which is dislodged during rapping falls under 
the influence of gravity. A certain amount of the material dislodged 
during rapping falls into hoppers which are located below the 
electrified regions. Material collected in the hoppers is trans
ported away from the precipitator in some type of disposal process. 

Portions of the gas flowing through a precipitator may pass 
through regions below and above the collection electrodes where 
treatment will not occur. Normally, baffles are located in the 
region below the collection electrodes. These baffles redirect 
the gas flow back into the treatment region and prevent the dis
turbance of the material collected in the hoppers. 
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SECTION 3 

FUNDAMENTAL PRINCIPLES OF ELECTROSTATIC PRECIPITATION 

GENERAL CONSIDERATIONS 

The electrostatic precipitation process involves several com
plicated and interrelated physical mechanisms: the creation of a 
nonuniform electric field and ionic current in a corona discharge; 
the ionic and electronic charging of particles moving in combined 
electro- and hydro-dynamic fields; and.the turbulent transport of 
charged particles to ·a collection surface. In many practical appli
cations, the removal of the c.o;L.lected particulate layer from the 
collection surf ace presents a serious problem since the removal pro
cedures introduce collected material back into the gas stream and 
cause a reduction in collection efficiency. Other practical con
siderations which reduce the collection efficiency are nonuniform 
gas velocity distribution, bypassage of the electrified regions by 
particle-laden gas, and particle reentrainment during periods when 
no attempt is being made to remove the collected material. In 
certain applications, the flue g.as environment and fly ash com
position are such that the collected particulate layer limits the 
maximum values of useful voltage and current. 

CREATION OF AN ELECTRIC FIELD AND CORONA CURRENT 

The =irst step in the precipitation process is the creation 
of an electric field and corona current. This is accomplished by 
applying a large potential diffe·rence between a small-radius elec
trode and a much larger radius electrode, where the two electrodes 
are separated by a region of space containing an insulating gas. · 
For industrial applications, a large negative potential is applied 
at the small-radius electrode and the large-radius electrode is 
grounded. 

At any applied voltage, an electric field exists in the inter~ 
electrode space. For applied voltages less than a value referred to 
as the "corona starting voltage", a purely electrostatic field is 
present. At applied voltages above the corona starting voltage, 
the electric field in the vicinity of the small-radius electrode 
is large enough to produce ionization by electron impact. Between 
collisions with neutral molecules, free electrons are accelerated 
to high velocities and, upon collision with a neutral moleculev 
their energies are sufficiently high to cause an electron to be 
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separated from a neutral molecule. Then, as the increased number 
of electrons moves out from the vicinity of the small-radius elec
trode, further collisions.between electrons and neutral molecules 
occur. In a limited high electric field region near the small
radius electrode, each collision between an electron and a neutral 
molecule has a certain probability of forming a positive molecular 
ion and another electron, and an electron avalanche is established. 
The positive ions migrate to the small-radius electrode.and the 
electrons migrate into the lower electric field regions''- toward the 
large-radius electrode. These electrons quickly lose much of their 
energy and, when one of them collides with a neutral electro
negative molecule, there is a probability that attachment will 
occur and a negative ion will be formed. Thus, negative ions, 
along with any electrons which do not attach to a neutral mole
cule, migrate under the influence of the electric field to the 
large-radius electrode and provide the current necessary for the 
precipitation process. 

Figure 3-a is a schematic diagram showing the region very 
near the small-radius electrode where the current-carrying nega
tive ions are formed. 3 As these negative ions migrate to the 
large-radius electrode, they constitute a steady-state charge 
distribution in the interelectroda space which is referred to as 
an "ionic space charge". This "ionic space charge" establishes 
an electric field which adds to the electrostatic field to give 
the total electric field. As the applied voltage is increased, 
more ionizing sequences result and the "ionic space charge" in
creases. This leads to a higher average electric field and cur
rent density in the interelectrode space. 

Figure 3-b gives a qualitative representation of the electric 
field distribution. and equipotential surfaces in a wire-plate 
geometry which is commonly used •. ' Al though the electric field 
is very nonuniform near the wire, it becomes essentially uniform 
near the collection plates. The current density is very nonuni
form throughout the.interelectrode space and is maximum along a 
line from the wire to the plate. Figure 4 contains experimental 
data showing the positional dependence of the current density and 
electric field at the plate.~ The data were taken under laboratory 
conditions with positive corona in ambient air at an applied volt
age of 26 kV. The geometry consisted of a wire radius of 0.15 mm, 
plate-to-plate spacing of 23 cm, and a wire-to-wire spacing of 
10 cm. In Figure 4, corona wires are located directly acLoss 
from the points X = -0.l, O, and O.l mat the plate. Positions 
x = -0.05 and 0.05 m correspond to positions at the plate, midway 
between corona wires. The data show both. the current density and 
electric field at the plate to be maximum directly across from a 
corona wire. Although the degree of uniformity of the electric 
field and current density d~stributions will vary for different 
electode geometries, the· general features will be the same as 
~hose of a wire-plate geometry. 

9 



RE,GION 0-F EL.ECTRON AVAl.ANCHE 
WHfR'E POSITIVE IONS AND EL.ECTRONS 
ARE.PRODUCED 

REGION OF IONIZATION WHERE ELECTRONS 
ATTACH TO NEUTRAL MOLECULES TO 
FORM NEGATIVE IONS 

Figure 3-a. Region near small-radius electrode.
3 

SMALL-RADIUS ELECTRODE AT 
HIGH NEGATIVE POTENTIAL 

IONS WHICH CONSTITUTE A CURRENT 
AND A SPACE CHARGE FIELD 

ELECTRIC FIEL.D 
LINES 

EQUIPOTENTIAL 
SURFACES 

\GROUNDED LARGE
RADIUS ELECTRODE 

3640-008 

Figure 3-b. Electric field ccnf iguration for wire-plate 
geometry. 3 

10 



0.08 

0.05 

N 
E 

~ 
~ 

..; 
""" ~ O.M 

"" 
""" < 
> 
""" ;;; 
z 
w 

0.03 Q 

""" z 
w 
cc 
cc 
::i 
u 

0.02 

0.01 

Figure 4. 

\\GE.\ 
1" 0 ,sc"'!--,.,., _.,,,,. 

-,,,,,.,,-_,,,,_ 

.0.06 0.0 

DISPLACEMENT, m 

THEORETICAL 

o.os 

3540-305 

3.0 

e 
-.!:! 

2.0 > .... 
u.i 

""" < 
..I 

"" w 
::c 
""" 
""" < 
Q 
..I 
w 
ii: 
u 
i: 

1.0 """ u w 
..I 
w 

Experimental data showing the dependence of the 
current density and electric field at the plate. 4 

11 



In order to maximize the collection efficiency obtainable 
from the electrostatic precipitation process., the highest possible 
values of applied voltage and current density should be employed. 
In practice, the highest useful values of .appli:ed voltage and 
current ·density are limited by either electr.ical breakdown of the 
gas throughout the int:erelectrode space. or.of ·the gas in the col
lected particulate lay-er. High values of· applied voltage and 
current density are desirable because of their beneficial effect 
on particle charging and particle transport to the collection 
electrode. In general., the voltag-e.:..current characteristics of 
a precipitator depend on the geometry of the electrodes, the 
composition, temperature, and pressure of the gas, the particu
late mass loading and size distribution, and the resistivity of 
the collected particulate ·1ayer. Thus, maximutn values of voltage 
and current can vary widely from one precipitator to another and 
from one application to another. 

PARTICLE CHARGING 

Once an electric field and current density are established, 
particle charging can take place. Particle charging is essential 
to the precipitation process because the electrical force which 
causes a particle to migrate toward the collection electrode is 
directly proportional to the charge on the particle. The most 
significant factors influencing particle charging are particle 
diameter, applied electric field, current density, and exposure 
time. 

The particle charging process can be attributed mainly to two 
physical mechanisms, field charging and thermal charging: 5

' 6 ' 7 

(1) At any instant in time and. location in space near a par
ticle, the total electric field is the .sum of the electric field 
due to the charge on the particle.and the applied electric field. 
In the field charging mechanism, mo'lecular ions are visualized 
as drifting along electric field· lines. Those ions moving toward 
the particle along electric field lines which intersect the par
ticle surf ace impinge upon the particle surf ace and place charge 
on the particle. 

Figure 5 depicts the field charging mechanism during the 
time it is effective in charging a particle. 3 In this mechanism, 
only a limited portion of the 'particle surface (0<6<:!!) can suffer 

- 2 
an impact with an ion and collisions of ions with other portions 
of the particle surface are neglected. Field charging takes place 
very rapidly and terminates when sufficient charge (the saturation 
charge) is accumulated to repel additional ions. Figure 6-b 
depicts the electric field configuration once.the particle has 
attained the saturation charge. 3 In this case, the electric 
field lines are such that the ions move along' them around the 
particle. 
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Theories based on the mechanism of field charging agree rea
sonably well with experiments whenever particle diameters exceed 
about 0.5 µm and the applied electric field is moderate to high. 
In these theories, the amount of charge accumulated by a particle 
depends on the particle diameter, applied electric field, ion 
density, exposure time, ion mobility, and dielectric constant of 
the particle. 

(2) The thermal charging mechanism depends on collisions 
between particles and ions which have random motion due to their 
thermal kinetic energy. In this mechanism, the particle charging 
rate is determined by the probability of collisions between a 
particle and ions. If a supply of ions is available, particle 
charging occurs even in the absence of an applied electric field. 
Although the charging rate becomes negligible after a long period 
of time, it never has a zero value as is the case with the field 
charging mechanism. Charging by this mechanism takes place over 
the entire surface of the particle and requires a relatively long 
time to produce a limiting value of charge. 

Figure 6-a depicts the thermal charging process in the absence 
of an applied electric field.a In this case, the ion distribution 
is uniform around the surface of the particle and each element of 
surface area has an equal probability of experiencing an ion col
lision. Thermal charging theories which neglect the effect of 
the applied electric field adequately describe the charging rate 
over a fairly broad range of particle sizes where the applied 
electric field is low or equal to zero. In addition, they work 
well for particles less than 0.1 µm in diameter regardless of 
the magnitude of the applied electric field. 

Figure 6-b depicts the thermal charging process in the pre
sence of an applied electric field after the particle has attained 
the saturation charge determined from field charging theory. 3 The 
effect of the applied electric field is to cause a large increase 
in ion concentration on one side of the particle while causing 
only a relatively small decrease on the other side. Although the 
ion concentration near the surface of the particle becomes very 
nonuniform, the net effect is to increase the average ion con
centration, the probability of collisions between ions and the 
particle, and the particle charging rate. 

In thermal charging theories, the amount of charge accumu
lated by a particle depends on the particle diameter, ion density, 
mean thermal velocity of the ions, absolute temperature of the gas, 
particle dielectric constant, residence time, and the applied elec
tric field. The effect of the applied electric field on the thermal 
charging process must be taken into account for fine particles 
having diameters between O.l and 2.0 µm. Depending most importantly 
on the applied electric.field and to a lesser extent on certain 
other variables, particles in this size range can acquire values 
of charge which are 2-3 times larger than that prediced from either 
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the field or the thermal charging theories. For these particles, 
neither field nor thermal charging predominates and both mechanisms 
must be taken into account simultaneously. 

Figures 7, 8, and 9 contain experimental data 8
'

9 showing the 
dependence of particle charge on the variables which are most im
portant in the charging process. These variables are the particle 
diameter (d), charging electric fie-ld strength (E) I. and ion density
residence time product (Nt).. The data were obta'ined under laboratory 
conditions using dioctyl phthalate (DQP), polyv·inyltoluene latex 
(PVTL), and polystyrene latex (PSL) particles ranging in diameter 
from 0.109 to 7 µm. In the data shown here, the particles were 
charged by positive ions formed in a corona discharge in ambient 
air. In electrostatic precipitators used to collect fly ash par
ticlesu the average values of E and Nt are approximately in the 
ranges of 1.5-4.5 kV/cm and 0.1-1.0 x 10 14 sec/m 3

, respectively. 
The data clearly show that particle charge can be increased by in
creasing d, E, and Nt. However, for a fixed value of E, increasing 
Nt beyond a certain value will not result in a significant increase 
in charge on a particle with a given diameter. 

In most cases, particle charging has a noticeable effect on 
the electrical conditions in a prec~pitator. The introduction of 
a significant number of fine particles or a heavy concentration of 
large particles into an electrostatic precipitator significantly 
influences the voltage-current characteristic. Qualitatively, the 
effect is seen by an increased voltage for a given current compared 
to the particle-free situation. As the particles acquire charge, 
they must carry part of the current but they are much less mobile 
than the ions. This results in a lower "effective mobility" for 
the charge carriers and, in order to obtain a given particle-free 
current, higher voltages must be applied to increase the drift 
velocities of the charge carriers and the ion densities. 

The charged particles, which move very slowly, establish a 
particulate space charge in the interelectrode space. The distri
bution of the particulate space charge results in an electric field 
distribution which adds to the electric fields due to the electro-· 
static field and the ionic field to give the total electric field 
distributiono It is important to consider the space charge re
sulting from particles because of its influence on the electric 
field distribution, especially the electric field near the collec
tion plate, The electric field at the plate for a given current 
is higher in the particle containing case than in the particle-
f ree case. The particulate space charge is a function of position 
along the length of the precipitator since particle charging and 
collection are a function of length. 

PARTICLE COLLECTION 

As the particle-laden gas moves through a precipitator each 
charged particle has a component of velocity directed towards the 
collection electrode. This component of velocity is called the 
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electrical drift velocity, or electrical migration velocity, and 
results from the electrical and viscous drag forces acting upon a 
suspended charged particle. For particle sizes of practical in
terest, the time required for a particle to achieve a steady-state 
value of electrical miwration velocity is negligible. Near the 
collection electrode, 1 

(1) 

where wp = electrical migration velocity near the collection elec
trode of a particle of-radius a (m/sec), 

g =charge on particle (coul), 

E =electric field near the collection electrode (volt/m), 
p 

a= particle radius (m), 

µ = gas viscosity (kg/m-sec), 

C =Cunningham correction factor, or slip correction factor 11 = 
(1 + A)../a), 

where A= 1.257 + 0.400 exp (-1.10 a/)..), and 

A = mean free path of gas molecules (m) . 

If the gas flow in a precipitator were laminar, then each charged 
particle would have a trajectory which could be determined from the 
velocity of the gas and the electrical migration velocity. In this 
case, the collection length required for 100% collection of particles 
with a known migration velocity can be calculated. For cases where 
turbulence exists, a laminar flow calculation is of interest only 
from the standpoint that it establishes the best possible collection 
efficiency for a given collection length. 

In industrial precipitators, laminar flow never occurs and, in 
any collection mechanism, the effect of turbulent gas flow must be 
considered. The turbulence is due to the complex motion of the gas 
itself, electric wind effects of the corona, and transfer of momentum 
to the gas by the movement of the particles. Average gas flow ve
locities in most cases of practical interest are between 0.6 and 
2.0 m/sec. Due to eddy formation, electric wind, and other possible 
effects, the instantaneous velocity of a .small volume of gas sur
rounding a particle may reach peak values which are much higher than 
the average gas velocity. In contrast, migration velocities for 
particles smaller than 0.6 µm in diameter are usually less than 0.3 
m/sec. Therefore, the motion of these smaller particles tends to 
be dominated by the turbulent motion of the gas stream. Under these 
conditions, the paths taken by the particles are random and the de
termination of the collection efficiency of a given· particle becomes, 
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in effect, the problem of determining the probability that a par
ticle will enter a laminar boundary zone adjacent to the collection 
electrode in which capture is assured. 

Using probability concepts and the statistical nature of the 
large number of particles in a precipitator, White 12 derived an 
expression for the collection efficiency in the form 

( 2) 

where n = collection fraction for a monodisperse aerosol, 

=collection area (m 2 ), 

= electrical migration velocity near the collection elec
trode of the particles in the monodisperse aerosol (m/sec), 
and 

Q =gas volume flow rate (m 3 /sec). 

The simplifying assumptions on which the derivation of equa
tion (2) is based are: 

(1) The gas is flowing in a turbulent pattern at a constant, 
mean foward-velocity. 

(_2) Turbulence is small scale (eddies are small compared to 
the dimensions of the duct), fully developed, and completely random. 

(3) The particie electrical migration velocity near the col
lecting surface is ·constant for all particles and is small compared 
with the average ga.s velocity. 

{ 4) There is an abs.ence of disturbing effects, such as particle 
reentrainment, back corona, particle agglomeration, or uneven corona. 
Experimental data~ 3 under"conditions which are consistent with the 
above assumptions demonstrate that equation (2) adequately describes 
the collection of monodisperse aerosols in an electrostatic pre
cipi tator under certain idealiz·ed conditions. 

In industrial precipitators, the above assumptions are never 
completely satisfied but they can be approached closely for fine 
particles. With proper design, the ratio of the standard deviation 
of the gas velocity distribution to the average gas velocity can be 
made to be 0.25 or less so that an essentially uniform, mean forward
velocity would exist. Altbough turbulence is not generally a com
pletely random process, a theoretical determination of the degree 
of correlation between successive states of flow and between adja
cent regions of the flow pattern. is a difficult problem.and simple 
descriptive equations do .. not presently exist for typical precipitator 
_geometries. At the present, fo.r purposes of discussion, it appears 
practical and plausible to assume that the turbulence is highly 
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random. The turbulence does not dominate the motion of parti
cles larger than about 10 µm diameter due to their relatively 
high electrical migration velocities. Under these conditions, 
equation (2) would be.expected to underpredict collection 
efficiencies. The practical effect in determining precipitator 
performance will be slight, however, since even equation (2) 
predicts collection efficiencies g-reater than 99.6% for 10 µm 
diameter particles at relatively low values of current density 
and collection area [i.e., a current density of'. 10 nA/cm2 and a 
collection area to volume flow ratio of 39.4 m2 /(m 3 /sec)]. 

It should be kept in mind that in the real situation the par
ticles inside a precipitator are not uniformly mixed in cross
sections perpendicular to the direction of gas flow and that 
particle concentration gradients do exist. These concentration 
gradients are not predicted from equation (2). The concentration 
profiles for the finer particles will deviate only slightly from 
a uniform distribution with the deviation increasing with in
creasing particle diameter. .Thus, al though equation ( 2) repre
sents a simple and most times adequate calculational tool for 
practical purposes, it does not provide for all i;:>article di
ameters a faithful representation of the physical mechanisms 
which occur in the precipitation process. 

According to equation (2), the collection efficiency for a 
given particle diameter can be increased by increasing AP and/or 

w or by decreasing Q. Increasing w involves increasing q and/or p p 
Ep. In order to increase wp' the applied voltage and current 

density must be increased. This increases both q and E . p 

REMOVAL OF COLLECTED MATERIAL 

In dry collection, the removal of the precipitated material 
from the collection plates and subsequent conveyance of the mate
rial away from the precipitator represent fundamental steps in 
the collection process. These steps are fundamental because col
lected material must be removed from the precipitator and because 
the buildup of excessively thick layers on the plates must be 
prevented in order to ensure optimum electrical operating con
ditions. Material which has been precipitated on the collection 
plates is usually dislodged by mechanical jarring or vibration of 
the plates, a process called rapping. The dislodged material 
falls under the influence of gravity into hoppers located below 
the plates and is subsequently removed from the precipitator. 

The effect of rapping on the collection process is deter
mined primarily by the intensity and frequency of the force 
applied to the plates. Ideally, the rapping intensity must be 
large enough to remove a significant fraction of the collected 
material but not so large as to propel material back into the 
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main gas stream. The rapping frequency must be adjusted so that 
a larger thickness which is easy to remove and does not signif i
cantly degrade the electrical conditions is reached between raps. 
In practice, the optimum rapping intensity and frequency must be 
d~termined by experimentation. With perfect rapping, the sheet 
of collected material would not reentrain, but would migrate down 
the collection plate in a stick-slip mode, sticking by the elec
trical holding forces and slipping when released by the rapping 
forces. 
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SECTION 4 

LIMITING FACTORS AFFECTING .PRECIPITA'tOR .PERFORMANCE 

ALLOWABLE VOLTAGE AND CURRENT DENSITY 

The performance of a precipitator which has good mechanical 
and structural features will be determined primarily by the elec
trical operating conditions. Any limitations on applied voltage 
and current density will be reflected in the optimum collection 
efficiency which can be obtained. A precipitator should be operated 
at the highest useful values of applied voltage and current density 
for the following reasons: ( 1 )· high applied vol tag es produce high 
electric fields; (2) high electric fields produce high values of 
the saturation and limiting charge that a particle may obtain; (3) 
high current densities produce high rates at which particles charge 
to the saturation or limiting values of charge; (4) high current 
densities produce an increased electric field near the collection 
electrode due to the "ionic space charge" contribution to the field; 
and (5) high values of electric field and particle charge produce 
high migration velocities and increased transport of particles to 
the collection electrode. 

Electrical conditions in a precipitator are limited by either 
electrical breakdown of the gas in the interelectrode space or by 
electrical breakdown of the gas in the collected particulate layer. 
In a clean-gas, clean-plate environment, gas breakdown can originate 
at the collection electrode due to surface irregularities and edge 
effects which result in localized regions of high electric field. 
If the electric field in the interelectrode space is high enough, 
the gas breakdown will be evidenced by a spark which propagates 
across the interelectrode space. The operating applied voltage 
and current density will be limited by these sparking conditions. 

If a particulate layer is deposited on the collection electrode, 
then the corona current must pass through the particulate layer to 
the grounded, collection electrode. The voltage drop (V ) across 
the particulate layer is L 

VL = jpt, 

where j =current density (A/cm 2 ), 

p =resistivity of particulate layer (ohm-cm), and 
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t = thickness of the layer (cm) . 

The average electric field in the particulate layer (EL) is given 
by 

(4) 

The average electric field in the particulate layer can be 
increased to the point that the gas in the interstitial space 
breaks down electrically. This breakdown results from the accel
eration of free electrons to ionization velocity to produce an 
avalanche condition similar to that at the corona electrode. When 
this breakdown occurs, one of two possible situations will ensue. 
If the electrical resistivity of the particulate layer is moderate 
(~0.1-1.0 x 10 11 ohm-cm), then the applied voltage may be suffi
ciently high so that a spark will propagate across the interelec
trode space. The rate of sparking for a given precipitator geometry 
.will determine the operating electrical conditions in such a cir
cumstance. If the electrical resistivity of the particulate layer 
is high (>10 11 ohm-cm), then the applied voltage may not be high 
enough to cause a spark to propagate across the interelectrode 
space. In this case, the particulate layer will be continuously 
broken down electrically and will discharge positive ions into 
the interelectrode space. This condition is called back corona. 
The effect of these positive ions is to reduce the amount of 
negative charge on a particle due to bipolar charging and reduce 
the electric field associated with the "ionic space charge". Both 
the magnitude of particle charge and rate of particle charging are 
affected by back corona. Useful precipitator current is therefore 
limited to values which occur.prior to electrical breakdown whether 
the breakdown occurs as sparkover or back corona. 

Field experience shows that current densities for cold side 
precipitators are limited to approximately 50-70 nA/cm 2 due to 
electrical breakdown of the gases in the interelectrode space. 
Consequently, this constittites a current limit under conditions 
where breakdown.of the particulate layer does not occur. 

Electrical breakdown of the particulate larer has been studied 
extensively by Penney and Craig 14 and Pottinger 5 and can be in
fluenced by many factors. Experimental measurements show that par
ticulate layers experience electrical breakdown at average electric 
field strengths across the layers of approximately 5 kV/cm. Since 
it takes an electric field strength of approximately 30 kV/cm to 
cause electrical breakdown of a.ir, this sugge,sts that high localized 
fields exist.in .the particulate layer and produce the breakdown of 
the. gas in the layer .. · ·The presenc.e of dielectric or conducting 
·particles can_ cause localized regions of high electric field which 
constitute a negligible contribution.to the average electric field 
across the layer. The size distribution of the collected particles 
also influences the el·ectrical breakdown strength by changing the 
volume of interstices. 15 It has also been found that breakdown 
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strength varies with particulate resistivity with the higher break
down strength being associated with the higher resistivity-

NONIDEAL EFFECTS 

The nonidealities which exist in full-scale electrostatic pre
cipitators will reduce the ideal collection efficiency that may be 
achieved with a given specific collection area. The nonideal ef
fects of major importance are (1) nonuniform gas velocity distri
butionf (2) gas sneakage, and (3) particle reentrainment. These 
nonideal effects must be minimized by proper design and optimization 
of a precipitator in order to avoid serious degradation in per
formance. 

Nonuniform Gas Velocity Distribution 

Uniform, low-turbulence gas flow is essential for optimum 
precipitator performance. Nonuniform gas flow through a precipi
tator lowers performance due to two.effects. First, due to the 
exponential nature of the collection mechanism, it can be shown 
mathematically that uneven treatment of the gas lowers collection 
efficiency in the high velocity zones to an extent not compensated 
for in the low velocity zones. Secondly, high velocity regions 
near collection plates and in hopper areas can sweep particles 
back into the main gas stream. 

Although it is known that a poor gas velocity distribution 
results in reduced collection efficiency, it is difficult to formu
late a mathematical description for gas flow quality. White 17 

discusses nonuniform gas flow and suggests corrective actions. 
Preszler and Lajos 18 assign a figµre-of-merit based upon the rela
tive kinetic energy of the actual velocity distribution compared 
to the kinetic energy of the average velocity. This figure-of
merit provides a measure of how difficult it may ~e to rectify 
the velocity distribution but not necessarily a measure of how 
much the precipitator performance would be degraded. At the inlet 
of a precipitator, a value of 0.25 or less for the ratio of the 
standard deviation of the gas velocity distribution to the average 
gas velocity is generally recommended. However, it must be noted 
that the gas velocity distribution can change significantly through
out the length of a precipitator and, depending upon the design of 
the precipitator and the manner in which it is interfaced with 
other plant equipment, the gas velocity distribution may improve 
or degrade along the length of a precipitator. 

Gas Sneakage 

Gas sneakage occurs when gas bypasses the electrified regions 
of an electrostatic precipitator by flowing through the hoppers or 
through the high voltage insulation space. Gas sneakage can be 
reduced by the use of frequent baffles which force the gas to re
turn to the main gas passages between the collection plates. If 
there were no baffles, the percent gas sneakage wouid establish 
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the maximum possible collection efficiency because it would be 
the percent volume having zero collection efficiency. With 
baffles, the sneakage gas remixes with part of the main gas flow 
and then another fraction of the main gas flow re-bypasses in 
the next unbaffled region. The upper limit on collection effi
ciency due to gas sneakage will therefore depend on the amount 
of sneakage gas per baffled section, the degree of remixing, 
and the number of baffled sections. Gas sneakage becomes in
creasingly important for precipitators designed for high col
lection efficiencies where only a small amount of gas sneakage 
per section can result in a severe limitation on collection 
efficiency. 

Particle Reentrainment 

Particle reentrainment occurs when collected material re
enters the main gas stream. This can be caused by several dif
ferent effects and, in certain cases, can severely reduce the 
collection efficiency of a precipitator. Causes of particle re
entrainrnent include (1) rapping which propels collected material 
into the interelectrode space, (2) the action of the flowing gas 
stream on the collected particulate layer, (3) sweepage of material 
from hoppers due to poor gas flow conditions, air inleakage into 
the hoppers, failure to empty hoppers when required, or the 
boiling effect of rapped material falling into the hoppers, and 
(4) excessive sparking which dislodges collected material by 
electrical impulses and disruptions in the current which is 
necessary to provide the electrical force which holds the 
material to the collection plates. 

Recent studies 19
'

20 have been made to determine the effect 
of particle reentrainment on precipitator performance. In studies 
where the rappers were not employed, real-time measurements of 
outlet emissions at some installations showed that significant 
reentrainrnent of mass was occurring due to factors other than 
rapping. These studies also showed that for high-efficiency, full
scale precipitators approximately 30-85% of the outlet particulate 
emissions could be attributed·to rapping reentrainment. The re
sults of these studies show that particle reentrainment is a 
significant factor in limiting precipitator performance. 
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SECTION 5 

USE OF ELECTROSTATIC PRECIPITATORS FOR 
THE. COLLECTION OF FLY ASH 

REASONS FOR USING ELECTROSTATIC PREClPITATORS TO COLLECT FLY ASH 21 

Ir:i 1975 utilities burned over 3.63 x 10 11 kg (400 million tons) 
of coal which would produce about 2.72 x 10 10 kg (30 million tons) 
of fly ash annually, assuming an average ash content of 10% and an 
average ash retention of 30% in the furnace. An illustration of 
the magnitude of the ash problem can be shown by the output of one 
600 MW power plant which typically exhausts 7 x 10 4 am 3 /min (2.5 
million acfm) of flue gas. Wieh a typical ash loading of 5 grains/ 
scf at the air preheater outlet, the ash emitted could be about 
7.3 x 10 5 kg (800 tons) per day. To achieve an efficiency of col
lection of at least 99% and to dispose of almost 7.3 x 10 5 kg 
(800 tons) per day of fly ash is very demanding of a collection 
system. The best reasons for using electrostatic precipitators 
for the gas cleaning problem described above are: 

(1) Electrostatic precipitators can be designed to provide 
high collection efficiency for all sizes of particles from 
submicroscopic to the largest present in the gas stream. 

(2) They are economical in operation because of low internal 
power requirements and inherently low draft loss. Gas 
pressure drop through a precipitator may.be of the order 
of 2-3 cm of water or less as compared with pressures 
of 8-36 cm of water for' filters and 25-254 cm of water 
for scrubbers. 22 

(3) ~hey can treat very large gas flows. 

(4) They are very flexible in gas temperatures used, ranging 
in the power field from as low as 93°C {200°F) to as high 
as 427°C (800°F). 

(5) They have long useful life. 

Today a total of more than 1300 fly ash electrostatic precipita- · 
tor installations having a rated gas flow of over 1.4 x 10 7 am 3 /min 
(500 million acfm) have been made in the United States. Future ex
pansion of the power industry due to ever greater energy consumption 
by the public and an increased dependence on coal as the major 
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energy source for power production are factors favoring continued 
growth of fly ash precipitation. 

DESIGN OF PRECIPITATORS USED TO COLLECT FLY ASH 

General Description 

The design of an electrostatic precipitator for a.particular 
installation involves many parameters that can influence both 
cost and performance. The most significant variables (besides 
fly ash character) involved in the design are: 23 

· 

Area and type of collection electrodes, 
Dimensions of the precipitator shell, 
Size, spacing, and type of discharge electrodes, 
Size and type of power supply units, 
Degree of sectionalization, 
Layout of the precipitator in accordance with physical space 

limitations, 
Design of the gas handling system, 
Size and shape of the hoppers, 
Type and number of electrode rappers, 
Type of ash removal equipment. 

Stringent air pollution control standards require low stack 
emissions. Also, new regulations have enforcement provi~ions 
which can curtail or even shut down entire production units 
in order to comply with emission standards. Optimum precipi
tator design, therefore, is of paramount importance for economic 
reasons as well as aesthetic and health reasons. Some of the 
factors involved in designing electrostatic precipitators are 
described in detail below to allow an understanding of the impor
tance of each factor .in the total design. Different manufacturers 
sometimes have different recommendations as to the type of dis
charge electrode, power supply, rappers, etc. to use in a fly ash 
precipitator, so an attempt has been made to discuss and show 
different types of each component. 

Precipitator Shell 2 ~' 22 

The purpose of the shell is to confine the gas flow for proper 
exposure to the electrodes, to avoid excessive heat loss, and to 
provide structural support for the electrodes and rapping equip
ment. The shell is. normally rectangular, where plate electrodes 
are used, or cylindrical if tube,;:· electrodes are used. Cylindrical 
shells may also be ttsed with plate-type precipitators where rel
atively high or low gas pressures are encountered. Shell material 
is usually steel, but because 0£ some co~rosion problems, it may 
be lined with or made of tile, brick, concrete, or special cor
rosion~resistant ste.els.. Insulation is usually required to main
tain the shell at a temperature above the dew point if the gases 
contain corrosive materials. Access doors and stairways and 
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safety provisions are provided as auxiliary equipment. 

Gas diffuser plates are sometimes provided as purt of the 
shell in order to improve gas flow. Ro.of, wall, and hopper baffles 
are used to minimize the amount o:f ... gas which may by-pass the e~ec
trodes. Hopper baff1es generally extend below the dust level in 
the hopper to provide· a seal and keep gas from flowing through 
the hopper. Design of dif fuse.r plat.es .and baffles will be covered 
in more detail in the section· on gas flow. 

Cross bracing is generally provided by diagonal members 
across the inlet and/or outlet of the shell. Horizonal struc
tural members are built-up trusses, box beams, or various other 
configurations which vary with manufacturer. The structural 
members must be capable of supporting the electrodes and main
taining them in alignment over the range of temperatures and 
external load conditions encountered in operation. Some manu
facturers contend that thermal expansion of the shell constitutes 
a major alignment problem unless provision is made to allow for 
expansion. Otherwise, buckling of the shell and subsequent dis
tortion of the electrode system can occur. Since the assembly 
occurs at ambient temperature, expansion stresses of the struc
tural members will obviously occur as the shell is heated to flue 
gas temperatures. One method utilized to overcome the expansion 
problem is to provide bearings at the base of the support columns 
to permit the shell to move without buckling. Figure 10 shows the 
details of such a bearing which generally is just two flat plates 
without lubrication. 24 Many installations have been built without 
such bearings, the claim being that expansion takes place uniformly 
and that distortion due to therm.al expansion is inconsequential. 
However, expansion is generally more of a problem for hot-side 
units than for cold-side units. 

There are other causes of shell distortion, principally inade
quate foundations. When this occurs, electrode spacings can change 
from the designed four to five inches to two inches or less. Such a 
shift in spacing limits the operating voltage and seriously impairs 
precipitator performance. 

Electrical Sections 

Electrical Energization--

Historical development 25 --The purpose of high-voltage equip
ment in electrostatic precipitation is to provide the intense elec
tric fields and corona currents needed for particle charging and 
collection. In addition, the electrical sets must be highly stable 
in operation and have useful operating lives of twenty years or 
more. Proper voltage waveform, protection and stability against 
precipitator sparkover, proper voltage and current output ratings, 
and sturdy electrical and mechanical design are necessary require
ments of the equipment. Automatic control of rectifier output is 
essential for most fly ash precipitators because of' changing load 
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conditions and characteristics of the flue gas arid of the fly ash 
produced by boilers which are operated at varying loads and fuel 
conditions. 

Development of high,,yoltage equipment to energize precipitators 
has been an evolutionary process. Mechanical rectifier sets in the 
earliest precipitators were succeeded by more reliable and long 
lasting tube rectifier sets., Solid-state rectifiers have made the 
mechanical type virtually obsolete. Selen,ium solid-state rectifiers 
provide reliable service and long life but are subject to damage 
from high temperatures. Universal adoption .of the solid-state rec
tifier began with the recent development of the silicon type. To 
maintain optimum energization levels, modern equipment uses silicon 
diode rectifiers, oil or askerel filled high-voltage transformers, 
thyristor control elements, and automatic feedback control. 

A good summary of the general periods of development of the 
various components of high voltage electrical equipment is given 
by Hall: 26 

1906 - 1950 Mechanical rectifiers, generally with simple 
rheostat manual control; low power 250 mA de 
sets, either double half-wave (beginning in 1932) 
or single full-wave electrical output; generally 
small size individual sections (four 10,000 ft 2 

collecting area per set) . 

1950 - 1960 Major use of vacuum tube high voltage rectifiers; 
increasing use of automatie voltage control based 
on an optimum average precipitator sparking rate; 
growth of high power rectifier sets to 1000-1500 
mA de sizes and use of very large sections energized 
by individual sets. First silicon diode rectifier 
set designed in 1955-1956 and applied in 1958. 

1960 - 1970 Commercial use of modern, solid-state silicon
controlled rectifier automatic voltage control 
system with linear reactor in 1965; universal 
use o~ silicon diode high voltage rectifiers; 
application of linear reactors to the stabiliza
tion of certain unreliable saturable reactor 
control systems (1963}; use of high pressure 
cleaned process gas as dielectric medium for 
high voltage transformer design to eliminate 
high pressure feed through bushings; development 
of more sophisticated automatic voltage control 
techniques using fast computer-type logic cir
cuitry and printed circuit boards capable of 
stable rectifier set operation at threshold or 
very low sparking rates over a wide range of 
loads. 
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Power supplies 22 ' 27 --Each power supply consists of four com
ponents as shown in Figure 11: a step-up transformer, a high 
voltage rectifier, a control element, and a sensor for the control 
systern. 27 The step-up transformer increases the voltage from the 
line voltage to that required by the precipitator. The high voltage 
rectifier converts the high voltage ac power to de to be com
patible with precipitator requirements. 

One function of the control system is to vary the amplitude 
of the de voltage applied to the electrode system. This control 
is usually located on the primary or low voltage side of the trans
former. The control system can be operated either manually or in 
one of several automatic modes, but automatic systems are typically 
installed in modern installations. A well-designed automatic con
trol system serves to maintain the voltage level at the optimum 
value, even when the dust characteristics and concentration 
fluctuate. 

High voltage rectifiers--The rectifiers change the ac to de, 
either full-or half-wave. In general, half-wave power supplies 
allow a greater degree of sectionalization. Full-wave may be used 
in situations where large dust loading or extremely fine particles 
lead to a large space charge which limits the maximum current. 

Spark-rate--The spark-rate is the number of times per minute 
that electrical breakdown occurs between the corona wire and the 
collection electrode. A spark-rate controller establishes the 
applied voltage at a point where a fixed number of sparks per 
minute occur (typically 50-150 per corona section). As the spark
rate increases, a greater percentage of the input power is wasted. 
One commonly used type of control device utilizes spark-rate as 
the primary control. Another type of control circuit utilizes a 
thyristor control element. 22 ' 28 An explanation of automatic SCR 
voltage control is given by Piulle29 and a new precipitator volt
age control using analog electronic networks is described by 
Gelfand. 30 

Design and operating requirements--Table 1 summarizes the 
design and operating requirements.for modern high voltage elec
trical equipment of the convent"ional type. 26 Figure 12 shows 
the schematic circuit diagram of a modern high voltage rectifier 
set with SCR (silicon-controlled-rectifier) type automatic control. 26 

Multiple signal feedback loops are provided to obtain good regu
lation and fast response to transient spark disturbances. The 
linear inductance reactor, although sometimes omitted because of 
its added cost, is nev.erthele·ss an important factor in obtaining 
good current waveform.control and ability to.operate the rectifier 
set at or near rated ~utput. A properly designed linear inductor 
also eliminates spar:k bursting and arcing tendencies which con-

. tribute to instal:)ility anq .can also caus,e corona wire burning. 
Metering should include kilovolt meters, milliarnmeters, and spark
rate meters. 
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Figure 11. Power supply system for modern precipitators. 27 
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TABLE 1. DESIGN AND OPERATING REQUIREMENTS FOR MODERN 
HV ELECTRICAL EQUIPMENT IN ELECTROSTATIC 
PRECIPITATION 26 

Item 

1. Of first importance 

2. Precipitator operating 
voltage, kV 

p 
3. Precipitator current 

density, mA/1000 ft 2 

4. Precipitator voltage wave
form 

5. Precipitator load 

6. Line input 

7. Rectifier circuit, standard 
sets 

8. Rated outptlt voltage, R load 

9. HV transformer 

10. Individual set capacity, 
kVa 

11. Rated de output current, mA 

12. Transformer-rectifier 
insulation 

13. Duty 

14. Ambient temperature 

15. Voltage control 

16. Voltage control range 

17. Current limit - no 
sparking 

18. Peak current limit during 
sparking 

35 

Specification 

High reliability & stability 
under transient sparking condi
tions and occasional short
circui t load. 

30-100+ (40-65 kVP most common) 

10-100+ 

Pulsating, negative polarity 
full-wave or double half-wave 

Capacitive - 0.02 to 0.125 
~iFD/section 

460/480 V, 1 Ph, 60 Hz most 
corrunon variation + 5% line 
voltage 

Single phase, FW bridge, 
silicon diodes 

70 kV peak, 45 kV de average -
most common, 105 kV peak, 67.5 
kV de average 

400 V/53 kV rms or 400 V/78 kV 
rms 

15 to 100 

250 to 1500+ per set (R load) 

Oil/askarel convection cooling 

Continuous - outdoor or indoor 
installation 

50°C max for TR oil-filled tank 
55°C max for control cabinet 

Automatic control essential 
based either on optimum avg 
sparking rate (adjustable), or 
nominally at spark threshold 

Essentially zero to 100% rated 
output. Modern systems use SCR 
type control with linear reactor 
in HV transformer primary-

Automatic limit at rated pri
mary current. Full rated 
current abailability indepen
dent of voltage 

2 to 2.5 times normal peak 
current in the best systems 
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Sources of high voltage electrical equipment 26 --The sources 
of high voltage electrical equipment for precipitators are some
what limited. The following categories summarize the locations 
of these sources: 

In-house - all electrical equipment designed and made by the 
precipitator supplier. These include Research-Cottrell, Inc. and 
CE-Walther (vis Helena Corp.). Buell is also essentially in this 
category since only the HV transformer core and coil are purchased. 

Hybrid - purchase of HV transformer (usually General Electric 
or Westinghouse) to specification with the control unit being made 
to one's own design in-house or at a separate local company-

Industrial - HV transformer and controls made by General 
Electric or Westinghouse. 

Commercial - several suppliers of ordinary high voltage power 
supplies offer equipment for electrostatic precipitation. 

Specialty Companies - very few companies specialize in selling 
high voltage equipment and controls for electrostatic precipitators. 
An example of one which does is Environecs in Costa Mesa, California. 

Typical oil-filled transformers weigh 1090 kg (2400 lbs) at 
16 KVA to about 1816 kg (4000 lbs) at 100 KVA. Askarel nonflammable 
fluids increase the weight about 454 kg (1000 lbs). Modern control 
cabinets are typically about 454 kg (1000 lbs) or less, front access. 

Discharge Electrode System--

The discharge electrode system is designed in conjunction 
with the collection electrode syst~~ to maximize the electric 
current and field strength. The discharge electrode is also re
ferred to as the corona electrode, cathode, high voltage electrode, 
or corona wire. The shape and size of the discharge electrodes 
are governed by the corona current and mechanical requirements 
of the system. Where high concentrations of fine dusts are en
countered, space charge limits the current flow, especially in 
the inlet sections. In such cases, special electrodes which 
give higher currents may be used to achieve a high power density 
within the inlet sections. Variation in the current flow and 
electric field within limits is possible by controlling the type 
and size of the discharge electrode. 

Geometries of discharge electrodes--The shape of the electrodes 
may be in the form of cylindrical or square wires, barbed wire, or 
stamped from formed strips of metal of various shapes. Some dis
charge electrode geometries are shown in Figure 13. 27 A "square 
twisted" wire is usually 0.48 cm (3/16 inch) or 0.64 cm (1/4 inch) 
square and is twisted longitudinally to help straighten the rod and to 
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Figure 13. Typical forms of discharge or corona electrodes. 27 
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increase the length of the sharp edge, which increases the corona 
current. "Spiral" wire~ are formed as a spring and then pulled 
for installation. The spring tension helps restrict the lateral 
motion. "Barbed" wires are merely commercial grade barbed wire. 
A wire considered basic, though not restricted to, the "European" 
des1gn explained below has a star-shaped cross section as shown 
in Figure 14-a. 31 A wire known as Isodyn wire is described by 
Engelbrecht 31 as being advantageous on a rigid frame system when 
a higher current at a given voltage is desired compared to the 
star-shaped discharge wire (Figure 14-b). As stated earlier, 
mechanical and electrical requirements usually determine the 
shape and size of the discharge electrodes. 

Types of discharge electrodes--Various types of discharge 
electrodes are used in electrostatic precipitators, but one of 
the major differences between manufacturers is in the method of 
supporting the discharge electrodes. One approach, typical of 
European practice, is to provide a frame or tubular support for 
the electrodes. The other approach which has been used by most 
American manufacturers is to suspend the electrodes from a support 
and maintain them in position by weights and guides at the bottom. 

A typical weighted-wire electrode is illustrated in Figure 
15, 32 and a complete weighted-wire electrode system illustrating 
the method of fastening the wire at the top and maintaining the 
wire in place by bottom weight guides is shown in Figure 16. 33 

There is considerable variation among manufacturers as to the 
method of supporting the discharge wire from the support frame. 
Since the discharge wires tend to move under the influence of 
both aerodynamic and electrical forces, mechanical fatigue failure 
can occur. Various methods of allowing some movement of the sup
port have been attempted to minimize the fatigue problem. Wires 
are also subjected to localized sparking in the regions of high 
field strength and shrouds are sometimes used to give a larger 
diameter, and hence low field strength, in critical regions near 
the ends of the electrodes. 

Various types of the "European" discharge wire system or 
rigid discharge electrode system are available, and a classif i
cation may be attempted based on the following criteria: 31 (1) 
two dimensional frames with rigid discharge wires (Figure 17), 
(2) three dimensional frames with discharge wires strung between 
horizontal supports (Figure 18), (3) discharge wires supported 
off masts (Figure 19), and (4) self-supporting rigid discharge 
electrodes (Figure 20). 

Rigid discharge electrode systems are now being offered by 
manufacturers previously identified only with the weighted-wire 
design. The rigid or supported wire ~lectrode system has the 
advantage of minimizing.the wire breakage problem since the 
electrodes are supported by rigid members and remain in position 
and energized even if breakage of the electrode occurs. 
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Figure 15~ Weighted wire corona electrodes. 
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Figure 16. Example of weighted wire electrode system. 33 
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"European" 'discharge wire system with rigid discharge 
wires on a two dimensional frame. 31 
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Figure 18. "'European" discharge wire system with discharge wires 
strung between horizontal supports on a three dimen
sional frame. 3 1 
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Figure 19. 

3540-015 

"European" discharge wire system with discharge wires 
supported., off a mast. 3 1 
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Figure 20. "European i• discharge wire s¥stem with self-supporting 
rigid discharge electrodes. 1 
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New designs--Research-Cottrell has developed a new rigid dis
charge electrode, called the Dura-Trode, which is said to offer longer 
life and better performance than earlier weighted-wire or rigid-type 
electrodes. 34 In cross section, the system is similar to a hollow 
airfoil. Corona discharge is delivered primarily by thin scalloped 
blades at leading and trailing edges. Research Cottrell estimates 
that maintenance costs are projected at zero over the unit's 30 
year plus lifetime. Units have been tested successfully at five 
coal-fired generating stations and four industrial plants since 1975. 
Figure 21 shows the Dura-Trode rigid-type electrode. 

Discharge electrode support21 --The main functions of the 
discharge electrode support are to provide the necessary high 
voltage electrical insulation and to give mechanical support to 
the discharge electrode frame. There are several types of support 
systems currently used in precipitator design. One type, shown in 
Figure 22, is a support bushing arrangement in which the high 
voltage insulators are located on the roof of the precipitator, 
and the discharge electrode assembly is suspended from the bus 
beam by hanger rods. 35 Porcelain pin-type insulators support 
the mechanical load of the internal framework and are located in 
a relatively low temperature zone with low contamination. These 
bushings are not gas tight so a common practice is to provide a 
flow of air into the insulator compartment to prevent entrance of 
dust-laden air from the precipitator. Another type of discharge 
electrode support, shown in Figure 23, is a bushing arrangement 
in which the electrode assembly is suspended by hanger rods which 
are supported directly by bushings. 35 In this case, the bushings 
are constructed of alumina or Pyroceram and have higher mechanical 
strength and better thermal shock resistance, permitting a much 
simpler electrode support design. The low porosity of the in
sulation materials and better gas seal provided by the gasket 
minimize the gas inleakage to the insulator compartment. How
ever, for some applications, the bushings are continuously purged 
with air, either induced when the precipitator is under suction 
or forced by blowers. The bushings are housed in either individual 
roof tunnels or in a common housing on top of the precipitator. 

Other types of electrode supports are in use and the type 
varies between manufacturers. For some applications, the flue 
gases are near the dew point and condensation on cooler parts of 
the insulator will cause localized arcing. When arcing occurs, a 
low resistance path can be formed which will partially short cir
cuit the power supply or the heat generated by the arc can fracture 
the insulator. When such conditions can occur, special precautions 
must be taken to heat the insulators to prevent condensation of 
moisture or acid. 

Collecting Electrode System--

The collecting electrodes are the individual grounded sur
faces on which particulate matter is collected. Generally, in 
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Figure .21. Unitized Dura-trade rigid-type electrode. 3 4 
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Figure 22. Example of high-temperature support bushings. 35 
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spite of the many elaborate concepts given in the patent litera
ture, most collection electrodes are simple configurations, the 
main considerations being stiffness of the collection plates and 
shielding of the collected dust layer to prevent reentrainment. 
An ~dditional requirement is that the edge of the collecting 
plates be free of sharp edges or protrusions which can provide 
localized high field regions, resulting in sparking at low voltage. 
If welded structures are utilized, the weld must be smooth to 
minimize localized sparking. These considerations are especially 
important in the wire-and weight-type discharge electrode since 
the wire extends beyond the edge of the collection plate. A 
further requirement of the collection electrode is that the rap
ping impact should be transmitted to all parts of the plate as 
uniformly as possible to facilitate uniform dust removal. The 
plates should be heavy enough to prevent damage due to rapping, 
especially where high impact rapping is used. 

Geometries of collecting electrodes--A few types of collecting 
electrodes, representative of those most often used by precipitator 
manufacturers today, are illustrated in Figure 24. 23 This list is 
by no means exhaustiv·e since the patent literature contains numerous 
other electrode types which have been designed to shield the col
lected dust and minimize reentrainment. Many of these are un
acceptable because of excessive weight or cost, or because of high 
reentrainment losses. 

The shielded flat plate collecting electrode, used chiefly in 
horizontal flow, dust-type precipitators, is the most popular in 
present day use in the United States. In order to shield the pre
cipitated dust from the gas passing across the plate, baffles are 
mounted along the plate. The baffles are fabricated as formed 
shapes and welded to the ends and surfaces of the collecting plate. 
Baffle shapes vary from flat strips perpendicular to the collecting 
surface to aerodynamic designs to minimize gas turbulence. The 
size of the collecting elect.rodes in an electrical section ranges 
from twenty feet to fifty feet in height, from three feet to twelve 
feet in the direction of gas flow, and is usually about 18 gauge 
thickness. 

Off set plates are made by bending a flat sheet into a square 
or angular zig-zag or a corrugated pattern. The dust precipitated 
in the troughs is shielded from the main gas stream to minimize 
reentrainment. The plates are usually from ten to thirty feet in 
height and from three to nine feet in the direction of gas flow. 
Two design variations of this arrangement used by Wheelabrator 
Lurgi are shown in Figure 25. 36 

A vee plate is a composite assembly of metal strips bent into 
the shape of a vee or chevron. The vees are spaced about 3.18 cm 
(1 1/4 inch) apart for the full length of the plate which is about 
two inches thick. The points of the vees face upstream and the 
spaces between the vee members act as quiescent zones in which 
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Figure 24. Various types of collection electrodes. 23 
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Figure 25. Exclusive Wheelabrator Lurgi collecting electrodes. 
The CSW, with single overlap, and the double overlap 
CSH design. 36 
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the dust is precipitated with minimum reentrainment. The col
lecting plates in use today range from about eighteen to thirty
f ive feet in height, and an individual plate is usually three 
feet in the direction of gas flow. Two plates are customarily 
fastened together in.order to make up a six foot section. 

Ash Removal Desiqns 

g 7 
General --

Once flv ash has been collected on the collecting electrode, 
it must be r~moved to a hopper or storage facility, not only to 
remove the material from the precipitator per se, but also to 
maintain optimum electrical conditions in the precipitation zones< 
The deposits are dislodged by mechanical impulses or vibrations 
of the electrodes, a process known as rapping. Many of the pro
blems associated with poor electrostatic precipitator perf9rmance 
can be related directly to degradation in rapper system performance, 
Because of the complex nature of the dust removal mechanics in an 
electrostatic precipitator, a number of factors should be con
sidered when evaluating rapper system problems. These factors 
are related not only to hardward quality and manufacture, but also 
to charging process conditions, maintenance procedures, and initial 
application of the rapping hardware. Hardware malfunctions have 
been a problem in the past. Therefore, the latest technologies 
available in solid-state electronics are being incorporated into 
system designs to provide continuous on-line monitoring. 

22 Rappers --

Depending on individual vendor philosophy, rapping impulses 
are provided by either single impact or vibratory-type rappers. 
These in turn are activated either electrically or pneumatically, 
using accelerated or gravitational type impacts. Some commonly 
used methods of dry removal of fly ash from collecting and dis
charge electrodes are discussed below. 

Single impact rapper (electromagnetic solenoid) - electro
magnetic solenoid rappers consist of a plunger which is lifted by 
energizing the solenoid. On release of the plunger by deenergizing 
the coil, it falls under the influence of gravity against an anvil 
which transmits the rap through a rod to the electrodes to be 
cleaned (Figure 26) . 38 Solenoid-type rappers are used for both 
discharge and collecting electrode cleaning and are usually lo
cated on top of the precipitator •. Solenoid rappers can be spring 
actuated a~ well as gravi~y actuated. Control consists of varying 
the electrical energy, which changes the magnitude of the impulse 
or the frequency of rapping. The acceleration of the rap can be 
as low as 5 g, but raps from 30 g to 50 g are required for most 
fly ash precipitators. 
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Figure 26. Typical electromagnetic rapper assembly. 38 
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Vibrators (electromagnetic) - electromagnetic vibrators 
consist of a balanced spring-loaded armature suspended between 
two synchronized electromagnetic coils. When energized, the 
armature vibrates at line frequency. This vibrating energy is 
transmitted through a rapper rod to the electrodes. When used 
for cleaning discharge electrodes, the rappe.r rod is provided 
with an electrical insulating section in order to isolate the 
high voltage electrode charge from ground. Control consists of 
varying the electrical energy input, which changes the amplitude 
of vibrations, the operation time duration, and the frequency of 
vibration. Fiaure 27 shows a typical electromagnetic vibrator 
installation. 39 ' 40 

Vibrators (eccentrically unbalanced motors) - this system 
consists of mechanical vibrators with an electric motor equipped 
with adjustable cam weights mounted on a single shaft or on both 
shafts of a double ended motor. When operated, the eccentrically 
positioned cam weights set the entire assembly into vibration. 
The motor is mounted directly on the rapper shaft which transmits 
the generated vibration to the electrodes to be cleaned. Control 
consists of varying the degree of eccentricity by earn weight ad
justment, the length of time operated, and the frequency of oper
ation. 

Single impact (motor-driven cams) - this mechanism consists 
of a motor-driven shaft running horizontally across the precipi
tator. Cams are located along the shaft which raise small hammers 
by their handles. When the rotating cam reaches the end of its 
lobe, the hammer swings downward, striking an anvil located on 
the end of a single collecting electrode. Rapping control is 
limited to adjustment of operating time and shaft speed. 

Single impact (motor-driven swing hammers) - this mechanism 
consists of a shaft running horizontally ~cross the precipitator 
between banks of collecting plates. Harnrner heads are connected 
to the shaft by spring leaf arms, and the shaft is oscillated by 
a motor-driven mechanical linkage. The hammers strike against 
anvils attached to the ends of all the collecting plates. Control 
is. accomplished by varying operating time and the arc of the hammer 
swingo 

Single impact mechanical rappers - Figure 28 shows this 
system which consists of a drive shaft running across the pre
cipitator. 

41 
The shaft rotation carries the swing hammers around 

the shaft. When the hammer rods swing over the center cam disc 
and.r~ise the h~rnrner.rod7, the hammers fall due to gravity, 
striking an anvil which is attached to the discharge or collec
ting electrode structure. Rapping control is limited to operating 
time and shaft speed. 

Vibrators (air) - the major components of this system typi
cally consist of a reciprocating piston in a sleeve-type cylinder. 
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The assembly is fastened directly to the end of a rapper rod 
which transmits the rapping energy to the discharge or collec
ting electrode to be cleaned. Control consists of varying the 
air pressure, the duration of the rapping period, and the time 
elapsed between cleaning. 

Failure to match rapping requirements to process character
istics can result in the need for higher rapping intensity than 
expected which in turn leads to accelerated degradation in system 
hardware. Generally, electric or pneumatic impulse rapped devices 
have been more successful in difficult rapping applications. 37 

New Technology in Rapper Control 37--

Many of the problems involved with rapper control are assoc
ciated with proper rap sequencing or individual rapper energization. 
Particularly vulnerable to this type of malfunction are those con
trols which incorporate mechanical switching and sequencing. Many 
solid-state devices are now being substituted for the rnechanical
type devices. New technology has also made available rapper con
trol systems that p~rmit continual on-line monitoring of rapper 
systemoperation. The use of microprocessor-type control technol
ogy, previously uneconomical, has provided a high degree of rapper 
control flexibility and has reduced maintenance problems. Where 
rapper assembly malfunctions have previously caused control damage 
from ground fault currents, new control systems will test each 
individual rapper circuit prior to energization. Should that 
circuit prove defective, the control will automatically bypass the 
grounded rapper or circuit and indicate the defective unit in an 
LED display, thus permitting qui.ck and easy location and repair. 
New technology has also been developed to incorporate precipitator 
power-off rapping techniques wh~ch increase rapping effectiveness 
for di ff icul t dusts ·:and reduce system wear. 

Hoppers--

Hoppers are used to collect and store dry particulate which 
is removed from the electrodes. Insulation and heat tracing of 
the hoppers are very important in ke.eping the fly ash hot and 
dry, thereby facilitating removal from the hoppers to storage 
areas. If fly ash is allowed to cool, moisture condensation 
followed by caking of the ash may occur, making removal very 
difficult. Caking may be a potential problem especially when 
conditioning agents such as S03 are utilized to improve precipi
tator efficiency. Hopper heat tracing systems may be obtained 
from the Heat Tracing Division of Cooperhea:t, Inc., Rahway, New 
Jersey. 
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If the precipitator system is operated with internal pres
sures less than ambient atmospheric, air inleakage through the 
hopper can cause a reentrainment of the dust. from the hoppers. 
Baffles are often placed in the hoppers and extend below the 
minimum dust level to minimize undesirable gas flows which may 
reentrain.dusts. Good seals around hopper .doors and a+ound the 
connections of dust removal systems o.perating·under a vacuum 
are a necessity. 

Overflow of hoppers with fly ash can be a serious probleI? 
leading to an electrical shorted. electrical system or reentrain
ment of fly ash, thereby reducing collection efficiency. Because 
of the importance of. eliminating the overflow problem a number 
of hopper level ·detectors have been developed. These detectors 
use several different principles of operation and some of the 
more common detection methods and the companies which manufacture 
the detectors are given below.'+ 2 · This list is merely a repre
sentative sampling and should not be considered exhaustive. Also, 
the information contained is a condensation of promotional lit
erature and does not.reflect an opinion of Southern Research or the 
Environmental Protection Agency as to which system is superior. 

Kay-Ray, Inc. 
516 West Campus Drive 
Arlington Heights, Illinois 60004 
Phone: 312/259-5600 

Kay-Ray, Inc. has placed over 1000 level switches on fly 
ash precipitators. This system is equivalent to an infinite 
number of probe sensors in that it detects ash at any location 
along the total width of the collection hopper. The system oper
ates on a noncontacting radiation principle. A narrow beam of 
gamma rays is directed across the hopper (penetrating insulation, 
walls, and baffles) to a radiation detector located on the opposite 
wall. When ash builds up, the rays are absorbed, causing the de
tector to activate a relay for alarm or control purposes. The 
source of the gamma radiation is Cesium 137 with a half-life of 
33 years. The detector consists of two Geiger-Muller detectors 
and associated electronics and produces an output current that 
is inversely proportional to the amount of material between source 
and detector. The major advantages of this system (Model 4810) 
are~ (1) the sources and detectors are mounted outside the 
hoppers. None of the equipment comes in contact with the hot, 
abrasive fly ash; (2) the equipment can be mounted or repaired 
without having the fly ash hoppers down; (3) a high alarm is 
given whenever fly ash buildup intersects the path of the beam 
across the hopper. This assures an alarm condition whenever any 
fly ash builds up on either hopper wall or any of the baffles· 
(4) equipment operates at fly ash temperatures of 815°C (1500~F). 

A typical system is shown in Figure 29. More detailed drawings 
and specifications of a typical housing (Model 7063P) and a 
typical. detector (Model 7316P) are given in Figures· 30 and 31, 
respectively. 
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ELECTROSTATIC PRECIPITATOR 

I 

11 

I i I 
/ 1 i I ! 

SOURCE HOLDER AND DETECTOR 

3540-025 

Figure 29. KAY-RAY fly ash control system. 
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SPECIFICATIONS 

* Welded steel construction 
" Rugged, simple mechanical 

design 
.. Lead·fil-led, sealed in steel 
" Lockable shutter mechanism 
" Highly collimated radiation 

beam to provide inherent safety 

8" 
(203 mm) 

* Low surface radiation level 
* Wide range of source sizes 

and types 
* Painted wrth chemically 

resis-tant epoxy · 

* W~ight · 85 pounds (38.6 kg) 

. 6 5/8" 

(168 mm) 

Figure 30. Level source housing - Model 7063P. 
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SPECIFICATIONS 

.. Reproducibility to ± 1 /8" 
• Soltd state circuitry 
* Two GM sensors 
* High sensitivity, operates at 

less than 0.5 mr/hr 
• Fail safe hfgh or fow 
* Fast reponse · 1 second 

.. Output SPOT or DPDT relay contact 1 OA 
• Input 115V, 50·60 HZ, 25 VA, 115 or 

230VAC, 50-60 HZ . 

• Approx. weight 20 pounds (9.1 kg) 
• Painted with chemically resistant 

epoxy 

" Factory pre-calibrated 

3/4-14 NPT 
PIPE FITTING 

Figure 31. Fly ash level detector - Model 7316P-

63 

3540-027 



A new system by Kay Ray, the Model 4400 Fly Ash Level Detec
tion System features a remote electronics· annunciator.· 

Texas Nuclear Division 
Ramsey Engineering Company 
Post Office Box 9267 
Austin, Texas 787'66 
Phone: 512/836-08-01 

The Texas Nuclear Fly Ash Level System .operates on the prin
ciple of gamma ray absorption. A radioactive source emits a narrow 
beam of gamma radiation from its protective housing. This beam 
passes through the hopper wails to the detector. : When the fly 
ash level rises above. the source, radiation is. absorbed. When the 
number of gamma rays falls.below a pre.determined reference, the 
detector logic circuitry concludes that material is present and 
an output relay is switched from low to high level indication. 
Figure 32 shows a typical two hopper installation .... The Texas 
Nuclear System takes advantage of the symmetry which usually ex
ists in fly ash hopper installations by using a single source 
head with dual ports to illuminate oppo·sing hoppers. Thus, most -
plants will require only half the number of sou·rces and source 
heads as those using previous level switch system designs. The 
electron components are designed for continuous 93°C (200°F) 
operation. The system uses a Geiger-Muller radiation detector 
tube. One of the major advantages of the system is its 100% 
digitial circuitry. Another feature is a remote source actuator 
mechanism which provides positive opening, closing, and lock-out 
of the source head at locations convenient to the operator. Also, 
the mechanical design of the source head and detector eliminates 
the necessity of penetrating the insulation and welding mounting 
brackets to the hopper walls. Table 2 lists specifications for 
the detector and the source and source heads. 

Automation Products, Inc. 
3030 Max Roy Street 
Houston, Texas 77008 
Phone: 713/869-0361 

Automation Products,. Inc. manufactures Dynatro.l Detector 
Model CL~lODJ which consists of a rod which is installed through 
the wall of the collection hopper at the desired level detection. 
When the probe is uncovered, the drive coil drives the rod into 
self-sustained mechanical oscillations at the natural resonant 
frequency of the rod. The pickup coil, located opposite to the 
drive coil, is excited by the mechanical oscillations of the rod 
and produces an ac signal voltage. The presence of this signal 
voltage indicates that the rod is uncovered.or that a low level 
exists. When the fly ash covers the rod a dampening of the rod 
oscillations occurs. The magnitude of the rod oscillations are 
greatly reduced and the output from the pickup coil drops to a 
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BEAM 
SHROUD 

REMOTE SHUTTER 
ACTUATOR & INTER LOCK 

BEAM 
LIMIT 

3540-028 

Figure 32. Typical hopper installation, Texas Nuclear 
Division, Ramsey Engineering Co. 
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TABLE 2. SPECIFICATIONS FOR TEXAS NUCLEAR 
DETECTOR AND SOURCE AND S.QURCE HEADS 

SPECIFICATIONS 

DETECTOR-ELECTRONICS 

Level reproducibility: + . 64 cm (+ 1/4 inch). . , 
Sampling time: l to 3 minutes depending· on application •. 
Radiation field required: 0.05 to 0.1 rnR/h. 
Minimum radiation change fo·r operation: 25%. 
Product temperature: Unlimited.. . 
Ambient temperature: Designed for continuuus operation at 93°C 

(200°F). Minimum operating temperature, -40°C (-40°F). 
Detector: Single halogen-quenched Geiger-Muller tube. 
Output: DPDT contacts, (10 ampers @ 1'15 VAC) .• 
Circuitry: Total digital--all integrated circuits. Premium, 

high temperature components. 
Controls:· None--no adjustments in electronics required. 
Power requirements: 115 VAC + 15% @ 10 VA; 50~60 Hz. 
Detector housing: Special lightweight aluminum construction. 

Dust and waterproof. Integral mounting bracket. 
Size: 28.3 cm (11 1/8") long· (plus conduit hub) x 15.2 cm (6") 

high x 15.2 cm (6") deep including mounting bracket (283mrri x 152rtun) ... 
Weight: 2 kg (4 1/2 lb). 

SOURCE & SOURCE HEADS 

Source material: Cesium-137. 
Source sizes~ 5 to lOOmCi depending on hopper size. 
Head construction: Lead filled, steel encased. Special dual beam 

ports. Adaptable to Kirk or Superior key interlocks. Remote 
actuator with interlocks available. 

Head weight: ~ 16 kg (35 lbs). 
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very low value, indicating that the rod is covered or that a high 
level exists. A typical installation of the detector is shown 
in Figure 33. 

United Conveyor Corporation 
300 Wilmot Road 
Deerfield, Illinois 60015 
Phone: 312/948-0400 

The United Conveyor Corporation Hopper Level Detector is a 
capacitance sensing on-off control instrument used for detecting 
or controlling product level in vessels or containers. Control 
action is provided by means of relay contact closure and alarm 
lamp indication in the display unit. The control is designed 
for mounting remotely from the level detector assembly. The 
detector assembly senses the change in product or material level 
as a function of the capacitance change between the detector and 
the vessel wall, and transmits this change to the control instru
ment. Specifications for this detector assembly are given in 
Table 3 and a diagram of a typical installation is shown in 
Figure 34. · 

Bindicator 
1915 Dove Street 
Port Huron, Michigan 48060 
Phone: 1/800/521-6361 

Bindicator manufactures several different types of level 
controls, but the one which appears most applicable for hopper 
level control is the PRTM-CO series 700 radio frequency level 
control. This control consists of a vessel, the vessel's com
ponents, a sensing probe, and an electronic unit. The electronic 
unit provides a low power RF signal which is radiated from the 
sensing probe and measures any changes in the probe impedence 
caused by a change in the material level. Current changes not 
caused by change in the material level are eliminated by use 
of electronic compensation techniques. On a point control, cur
rent changes caused by.the material.cause activation of a relay. 
On a continuous control an electrical signal is.given which is 
proportional to the level of material being measured. Table 4 
gives the electrical specifications for both the.point control 
and continuous control models of PRTMCO. 

Removal from Hoppers 43
'

22
--

Fly ash materials collected in hoppers will have different 
chemical and physical characteristics than those experienced at con
ditions inside the prec.ipitator. For example, fly ash flows similar 
to a liquid well above the dewpoint, but when cooled below 121°C 
(250°F) to 149°C (300°F}, ~ts hygroscopic nature causes agglomeration 

·and caking. Therefore, as stated earlier, maintaining fly ash 
sufficiently above the gas dewpoint temperature will prevent caking 
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CONTROL UNIT 
TYPE EC-501A 

I 
ALARM LE~EL7 

-~-~-~· 

BULK SOLIDS HOPPER 

Figure 33. Typical installation of detector Type CL-lODJ. 
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TABLE 3. SPECIFICATIONS FOR UNITED CONVEYOR CORPORATION HOPPER 
LEVEL DETECTOR 

Operating Temperature Limits: 

Control 

Detector 

Vibration Limits 

Enclosure Classification 

Operating Humitity Range 

Supply Voltage 

Supply Powec 

Output Rel.ay 

Zero Adjustment Range 

Response Time 

Differential (Dead band) 

Connecting Cabl-a 

69 

-40°C (-40gF) to +71°C (+160°F) 

427°C (+800°F) 

2 g's 10 to 100 Hz 

Weatherproof 

Ot t•:> 90% RH 

117 V AC + 10% 60 Hz 

12 VA Maximum 

SA, 117 VAC/26.5 VDC, Noninductive; 

3A, 230 VAC Noninductive 

20 to 225 pf 

50 ms 

0.1 pf Maximum 

TR!AX Cable 61 m (200 ft) max. 



0-3403-27 B/M 
(1) SENSOR CONNECTION 

HEAD ASS 'Y 

0 
\ 

SK 3403-28 B/M 

(1) LEVEL SENSOR ASS'Y 

3-2710-14 B/M 

ASS'Y 

REFERENCE PART NUMBERS 
1 SENSOR· SK-34164-1 
2 ·SENSOR SHIELD - SK-45603 
3 ·MOUNTING PLATE - SK-34164-2 
4 PADDLE & ROD SK-34165 
5 ADAPTOR · 2-34148·1 
6 CLAMPING RING - SK-15328 
7 - DETECTOR HANDLE · SK402038 

I , , u. , w 
,' !£ 

.,j...--7
1
----ir-- ADAPTER HOUSING ~ 

I 

I , 
' , 

I 
I 

FOR MATERIAL UP TO soo°F 

8 ·SENSOR FRAME· SK-15327 
9 ·SENSOR SPRING· SK-34164·5 

10 ·PACKING GLAND· SK-15359 
11 GASKET (2) • SK-408580·1 
12 ·PACKING (4 pc)· 40638-22 
13 · GASKET SK-408580·2 
14 ·SENSOR CONN. HEAD • SK-42093 

Figure 34. Hopper level detector No. 3-3404-26. 
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TABLE 4. ELECTRICAL SPECIFICATIONS FOR POINT CONTROL 
ANO CONTINUOUS CONTROL MODELS OF PRTMCO 

ELECTRICAL SPECIFICATIONS: 

Point ~ Model 700 

Line Voltage: 115 ~ 20 VAC, 50/60 Hz 
Power: 6 watts 
Line Voltage Sensitivity: + 0.05 pf for + 20 VAC 
Ambient Temperature for electronic unit: --40~C to +71°C (-40°F 

to +160°F) 
Temperature Sensitivity: + 0.1 pf for -1°C (30°F) 
Output: DPDT, SA relay at-115 VAC non-inductive 
Input Sensitivity: 0.1 pf 
Stability: 0.1 pf for 6 months 
Output Response Time: 0.02 sec. 

Continuous -- Model 770 

Line Voltage: 115 + 20 VAC, 50/60 Hz 
Power: 12 watts 
Line Voltage Sensitivity: + 0.5% for+ 20 VAC 
Ambient Temperature for electronic unit: -40°C to +71°C (-40°F 

to +160°F) 
Temperature Sensitivity: 0.02% per °F or .08 pf (whichever is 

larger) 
Span: . 25 to 4000 pf 
Output and Max. Load Resistance: 

1 - 5 ma 6000 ohms 
4 - 20 ma 1500 ohms 

10 - 50 ma 6,QO ohms 

Load Resistance Sensitivity: 0.1% from zero to full load 
Output Lin~arity: + 0.5% 
Output Response Time: 150 µ sec. 
Probe Coating Error: max. error for 2000 ohm-cm coating 0.16 cm 

(1/16") thick is 3.81 cm (1.5") 
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and add greatly to ease of ash removal from the hopper. Vibrators 
are sometimes used to prevent bridging. 

Several types of systems exist for t'.he removal of dusts 
accumulated in hoppers. These systems include container removal, 
dry vacuum, wet vacuum, screw conveyors, and scraper bottom. A 
brief description of these ash removal sy'stems is given below. 

Dust Removal systems--

Container rernoval--This system is used on small installations 
collecting dry material in a hopper. The hopp'ers are usually of 
the conical or pyramidal type. The system consists of placing a 
transportable container below the hopper .. The collected material 
stored in the hopper is transferred to the container through a 
simple manual valve or slide gate. When filled, the container 
is removed for emptying. In some instances the container is 
embodied as part of a truck. 

Dry vacuum systems--In this system, dry bulk material is 
transferred from a precipitator hopper to a transport pipe system 
which is under vacuum. The materiai is metered from the hopper 
to the transport system through automatic rotary feeder valves 
or dump valves. The system vacuum is developed by an air pump. 
In order to maintain system fluidity, arnbi·ent air or hopper gas 
is induced as a carrier. The pump discharges the dust into a 
silo for storage. 

Wet vacuum systems--In this system, dry dust is removed from 
a precipitator hopper into a transport pipe system which is main
tained under vacuum by a water aspirator. The collected dust or 
ash is metered from the hopper into the transport system through 
automatic feeder valves or dump valves. In order to keep the 
dust suspended in the gas carrier, ambient air or additional 
hopper gas is induced into the transport line. The dry material 
being transported mixes with the water used for aspiration and 
forms a slurry. From this point the water-dust mixture is run 
to waste. 

Screw conveyors--A screw conveyor system usually starts with 
an open screw in the bottom of a trough-type hopper which moves 
the dry dust to the outside. At the turns in the system each 
screw run passes the dust on to each successive screw by a gravity 
drop. The dust is moved on to a system silo or directly to some 
mobile conveyance. A screw conveyor system is also applicable 
with a conical or pyramidal type hopper. A rotary valve is re
quired when the system is operating under vacuum. 

Scraper bottom--The precipitator hopper is a flat bottom pan. 
An endless belt type scraper moves the collected dust to one end 
where a screw conveyor is located. The screw moves the dust out 
of the hopper. Once outside, the dust is conveyed.to some remote 
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point by any form of system such as container removal, vacuum, or 
screw. 

Gas Flow Devices 

General--

The best operating condition for an electrostatic precipita
tor will occur when the velocity distribution is uniform. Because 
of the logarithmic nature of the Deutsch efficiency formula, an 
increased velocity in one plate section will decrease the eff i
ciency of that section more than the decreased velocity in a 
parall·el section would increase the efficiency of that section. 
As a consequence, for a precipitator with nonuniform gas velocity, 
the total plate area required to achieve a given efficiency will 
be greater than that for a precipitator with uniform gas velocity. 
One quantitative criterion describing the quality of gas distri
bution is that used by the Electrostatic Division of Industrial 
Gas Cleaning Institute. It states that acceptable gas distribution 
is achieved when 85% of all local gas velocities are within + 25% 
of their average, and no single reading differs from the average 
by more than 40%. Quality gas distribution is especially important 
in the entrance to the gas cleaning device, but acceptable gas 
distribution in the transport system typically may be as low as 
65% within~ 25% depending on tha complexity of the system. 44 

Basically, the measurement technique consists of measuring 
gas velocities in a prescribed pattern. An imaginary plane is 
passed through the duct perpendicular to the gas flow at the lo
cation to be evaluated and this cross sectional area is broken 
down into smaller equal areas. Figure 35 gives an example of a 
rectangular system divided into equal areas. 44 

To achieve uniform flow in a duct according to ASME test pro
cedures, one should ·have at least ten diameters of duct before and 
after any distrubance such as the elbow, expansion or contraction. 
In practice, such conditions cannot always be economically realized 
because of space limitations and. the high co·st of ducts in the 
sizes involved. However, given·a reasonable space, it is possible 
to approach an acceptable quality of flow at the precipitator inlet 
by the use.of straighteners, spl.itters, vanes, and diffusion plates. 

Str.aighteners--

Partitions in a straight section of duct for the purpose of 
eliminating swirl are called straighteners. They may be "egg 
crate" divider.s or nested tubes as shown in Figure 36-a. 

A straightener wil.l reduce the· angle o.f a helical flow path 
to some angle less than that defined by arc tan = length • 

· spacing 
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VELOCITY MEASUREMENTS AT EACH LOCATION IN DUCT 

SUM OF VELOCITIES= 2,000 

AVERAGE VELOCITY= 
2;~00 = 100 

ACCEPTABLE RANGE= ±25% OF AVG. VEL. = 75 TO 125 

17 (WITHIN RANGE) = 85o/c WITHIN RANGE 
20 (MEASUREMENTS 

0 
8640-031 

Figure 35. Computation of gas velocity distribution. 
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Figure 36. Flow devices. 
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The nonuniformity in the velocity in the axial direction will 
not be reduced. The scale of turbulence, or eddy diameter, will 
be temporarily reduced to the same size as the spacing of the 
straighteners, but because the Reynolds number is usually well 
above critical, the eddies will not die out, but will grow until 
they again reach the order of magnitude of the full duct. It 
is theoretically possible to make the spacing of straighteners 
small enough to obtain a Reynolds number less than critical and 
to obtain laminar flow through the straighteners, and to obtain 
nearly absolute uniformity. Unfortunately, such spacing would 
only be about the- size of soda straws and the straightener would 
be expected to plug up with dust almost immediately. 

A recorrunended straightener, according to AMCA Bulletin 210, 45 

is an egg crate with a spacing of 7 1/2 to 15% of the diameter 
of a round duct or the average side of a rectangular duct, and 
with a length equal to three times the spacing. This reduces 
the swirl angle to arc tan 1/3 = 18 1/2°. An alternate straight
ener is a simple criss-cross at least one and a half diameters 
long. The loss in these straighteners is equal to the loss in 
four plain duct diameters. If it is necessary to reduce the swirl 
angle to smaller values, the ratio of length to spacing must be 
increased, and the resulting friction will be higher. 

Splitters--

A duct section that changes size or direction may be divided 
into smaller ducts over the full length of the change by parti
tions called splitters. Splitters may be used in elbows where 
direction is changed, or in transformations where velocity is 
changed. Splitters add wall friction, but can reduce total fric.
tion by optimizing velocity pressure losses. 

Losses in elbows depend in part on how sharp the bend is. 
A square, or mitered, elbow will have a loss of 1.25 times the 
velocity pressure, but an elbow of optimum configuration could 
have a loss of only 0.11 to 0.14 velocity pressure. As shown in 
Figure 37, the optimum configuration is an elbow with a ratio of 
inside radius to outside radius of about 0.66 for a square duct, 
or 0.7 for a round duct. 23 

To design a splitter elbow, therefore, it is only necessary 
to divide the given elbow into segments all having a radius ratio 
of about 2/3. 

Transformation Splitters--

Splitters, shown in Figure 36-b, may also be used in a 
diverging duct transformation to divide the flow into nearly 
equal parts and then distribute the flow to the larger section. 
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The gas flow will not be uniform within each segment of the 
transformation section, but the volume through every segment can 
be made equal to that in every other segment if the splitters are 
manufactured to be field adjustable. 

l• 
A sharp angle in the transformation causes the gas to sepa-

rate from the walls of the duct, introducing turbulence and non
uniform flow. The maximum angle of divergence for no separation 
is about 7° included angle. Therefore, splitters in a transfor
mation should be selected to have 7° to 19° included angle between 
successive splitters. For. example, a transformation with 60° 
included angle could be split into 8 channels with 7 1/2° spread, 
or 6 channels with 10° spread as shown in Figure 36-c. 

Note that a transformation in one direction is the simpler. 
Transforming in two directions would require pyramidal splitters. 

Vanes--

Another kind of deflector for redirecting gas flow is the 
turning vane. Turning vanes are flat, bent, or curved plates 
which are short relative to the duct section in which they -are 
installed, as opposed to splitters which extend the full length. 
A plain flat plate vane used to deflect the air stream is partly 
effective, but it tends to increase turbulence as shown in Figure 
36-d. 

The low pressure area behind the plate also tends to pull 
the gas flow back toward its original path. Curved turning vanes 
in an elbow can be quite effective if they are spaced to give 
about a 6:1 aspect ratio and a 2/3 radius ratio, and are stream
lined to give constant cross section through the turn. 

The streamlined turning vanes shown in Figure 38 will pre
serve the flow pattern and will have a loss of about 10% of the 
velocity pressure. 23 A set of single thickness turning vanes 
will also preserve the flow pattern, but will have about 35% 
velocity pressure loss and may introduce some turbulence because 
of the unequal cross sections between them. Single thickness 
vanes should have a straight extension downstream with length 
about twice the spacing. In practice, single thickness turning 
vanes are generally used because of cost considerations. 

For rectangular elbows, one parnmeter is the aspect ratio, 
or the ratio of the depth of the elbow measured parallel to the 
axis of the bend to the width of the elbow measured in the plane 
of the bend, as shown in Figure 36-e. 

It is intuitively obvious from the sketches that a low 
aspect ratio elbow is a "hard" bend with high pressure loss which 
has very nonuniform flow caused by inertial forces. Any aspect 
ratio greater than unity will make a fair elbow, but aspect 
ratios from 4 to 6 are recommended. 
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Figure 38. Streamlined turning vane elbow. 23 
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Turning vanes are also used in transformation elbows; that 
is, elbows tl:;lat change cross section between inlet and outlet. 
Although the combination of elbow and transformation is relatively 
poor design practice, severe space limitations may force it upon 
the designer. If a transformation elbow must.be used, then 
turning vanes are essential, and they must be -closely spaced to 
about the same spacing as· the· prec·ipitator plates. · They must 
also be followed by additional flow ·rectification means such as 
diffusion plates. 

Diffusion Plates--

Diffusion plates, or screens, are simply perforated plates 
or wire screens which improve· the uniformity of air flow by a 
combination of effects. First, they reduce the scale of tur~ 
bulence from the order of magnitude of the· duct, to the order 
of magnitude of the holes. Of course, the.kinetic energy that 
existed in the large scale eddies will ~eappear in the small 
scale eddies, but the large differences in velocity will be re
duced. Second, there is a pressure drop across the screen and 
a reduction in area. The pressure drop will partly reappear 
as a velocity vector perpendicular to the plate. This vector 
added to the original velocity vector will give a resultant 
velocity always more nearly perpendicular to the plate. Thus, 
it might be possible to design a diffuser plate to turn the gas 
stream through a precise small angle. However, in practice, 
it is usually simpler and less costly to use two or more dif
fusion screens in series to achieve a fair degree of uniformity. 

Perforated plate screens break the gas stream up into a 
multiplicity of small jets with high turbulent intensity and 
small scale of turbulence. These jets eventually coalesce down
stream. The turbulent intensity reaches a peak at 2 to 3 mesh 
lengths ·ccenter to center of holes) downstream and declines 
exponentially thereafter. The scale of'turbulence is of the 
order of the hole size at the screen and increases until it 
reaches the size of the duct. There is a critical parameter of 
50% open area for diffusion screens. When the percentage of 
open area is less than 50%, the jets seem to be too far apart 
to coalesce uniformly and the scre·en introduces nonuniformi ty. 
When the percentage of open area is between 50% a.nd 65%, the 
jets appear to coalesce with 5 to 10 mesh lengths (center to 
center of holes) with improvement in uniformity. 46 

Screens may be used in series to provide greater uniformity 
at the cost of larger pressure drops. Dryden and Schubauer 47 

developed the following relationship for the reduction in tur
bulent intensity: 

r = (1 + k) -~n (5) 
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where 

r = reduction factor 

k = pressure drop coefficient = p~!12 
n = number of screens in series 

p = pressure drop 

p = density 

v = average velocity. 
0 

All of the preceding duct work design techniques are avail
able to the designer. None of the criteria are rigid, so there 
is considerable freedom in design. It is the designer's choice 
as to whether to use splitters, turning vanes, or screens to 
control the air distribution. On the inlet side of a pr~cipitator, 
there may be a heavy dust loading of particle sizes large enough 
to settle out. Horizontal splitters or vanes form convenient 
shelves for the deposition of disastrous quantities of dust. 
Therefore, horizontal splitters and vanes are generally used 
only when the velocity is higher than the erosion velocity of 
deposited dust. Dust will collect by impaction on the diffusion 
screens, so some means of cleaning then is required, such as 
regular rapping or soot blowing. 

TYPES OF PRECIPITATORS USED TO COLLECT FLY ASH 

Cold-Side 

Most electrostatic precipitators utilized to collect fly ash 
are of the cold-side type. That is, they ~re located downstream 
of the air preheater and operate at gas temperatures in the neigh
borhood of 150°C (300°F) . The principal factor responsible for 
variations in performance of fly ash precipitators is the resis
tivity of the ash .. Fly ash is cromposed largely of the oxides 
of aluminum, silicon, iron, and:calcium, which at the operating 
temperatures of most precipitato+s, give it a very high elec
trical resistivity. However, moisture and .sulfur trioxide present 
in the flue gases will be adsorbed on the fly ash particles and 
will reduce, the resistivity. If the coal being burned has a 
sufficient sulfur content, the re.sistivity of the fly ash will 
be low enough ('i.i2.0.x 1·0 10 n-.cm) for good precipitator performance. 
However, if the sulfur content of the fuel is low, the amount of 
sulfur trioxide in the flue g,a3 can be insufficient for proper 
conditioning of the ash. owing to the increasing emphasis on 
the use of. low-sulfur coals . to minimi.ze emission of sulfur oxides 
and the simultaneous demands for improvements in fly ash col
lection, increasing effort.s are being made to find methods to 
overcome the problem of high resistivity. One method of improving 
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the performance of fly -ash precipitators collect-ing ·high resis
tivity dust is to reduc-e the gas temperature so· that the resis
tivity is in a range more favorable-for prec'ipit'ation.·· _However, 
most power plants burning coal with sulfur in the range of two 
to three percent, operate at gas temperatures from the ·air pre
heater in the vicinity of lS'0°c, primarily to minimize corrosion 
and fouling tendencies. Another method that is \lsed to·improve 
precipitator performance is to- inj __ ect, a chemical conditioning 
agent in the flue gas. The b:e-s-t known. chemical ·conditioning . 
agents are sulfur trioxide and ammonia. Of the two, sulfur tri
oxide conditioning is the most familiar. Figure 39 is a diagram 
of a liquid so 2 system in which liquid sulfur dioxide is vaporized 
and passed over a catalytiq oxidizer in the presence of air. 48 

Figure 40 is a diagram of a sulfur burning system in which molten 
sulfur is burned to produce gaseous sulfur dioxide and catalyti
cally converted to sulfur trioxide. 48 Other conditioning agents 
that are potentially useful include sulfamic acid, ammonium sul
fate, ammonium bisulfate, and triethylamine. Proprietary chem
icals have also been used. 

Hot-Side 

The increasing use of low sulfur coal and th:e accompanying 
high ash resistivity at normal precipitator operating temperatures 
has led to the use of hot-side precipitators. Hot precipitators 
are located upstream of the air preheater and operate at temper
atures generally in the range of 316 to ~82°C (600 to 900°F). 
The resistivity of most fly ash is sufficiently low at these 
temperatures that current is not. limited by fly ash resistivity. 
A schematic of an electrostatic precipitator system wh_en a 
ho:j:-side precipitator has been retrofitted to supplement an 
existing cold-side precipitator is shown in Figure 41. 27 Note 
the locations of the two collectors with respect to the air 
preheater. Besides the avoidance of resistivity problems, 
secondary advantages of hot precipitators include elimination 
of corrosion and hopper plugging problems, easier hopper emptying 
and ash transport, and better electrical stability and higher 
corona current densities than are possible with low temperature 
precipitators treating high resistivity ash. Some of the dis
advantages of using hot precipitators are: operating voltages 
are substantially reduced due to the lower d·ensities of hot 
gases, gas viscosity increases with temperature thus reducing 
precipitation rate, structural and mechanical problems such as 
precipitator shell failures and support structure distortions, 
and the necessity for very long interconnecting flues needed 
between the precipitator and the boiler, and gas flows are 
about 50% higher because of expansion of the gases at the 
higher temperatures (Figure 42 illustrates the relationship 
between the sizes of a hot-side precipitator and a cold-side 
precipitator for the same efficiency, as .the dust resistivity 
varies) . 49 A number of successful hot precipitator installations 
exist, and Table 5 lists some design parameters for the hot-side 
units. 49 Recently, serious electrical problems associated with the 
collected ash layer have surfaced in many hot-side precipitators. 
This topic will be discussed in some detail later in the text. 
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TABLE 5. HOT-SIDE PRECIPITATOR INSTALLATIONS~ 9 

Effective Specific 
Collection Migration. Collecting Temper- Volume Outlet Date Generat-
Efficiency, Velocity, P,rea~ ft 2

/ ature, Plow Rate, Loading, Opera- ing Rate, 
Manufacturer % cm/sec 1000 ft 3/min op 1000 acfm gr/acf tional MW 

Research Cottrell 99.2 9.03 270 650 1,250 72-73 870 
Buell 99.0 9.75 240 800 337 
Buell 99.08 10, 0 238 690 640 
Buell 99.0 9.75 240 800 340 

·Research Cottrell 99.0 10.65 220 690 400 72 132 
99.5 810 2 I 770 74 486 

Research Cottrell 99.5 8.7 310 828 1,322 73 350 
Research Cottrell 99.0 10.8 215 690 402 71 150 
Research Cottrell 99. 73 11. 5 250 650 1,160 0.0163 72 250 
Research C6ttrell 99. ~· 10.65 220 650 690 72 147 

CX> Western 99.0 8.5 270 650 l,MO 750 .... 
-99. 83 10.0 324 640 313 0.005 72 412 

Research Cottrell 99.15 11. 3 215 672 1, 118 0.018 70 210 
Buell 99.0 690 825 

99.5 550 487 73 200 
Research Cottrell 99.57 11. l 245 520 4,079 0.005 67 1000 
Buell 99.0 10.l 235 €90 600 
Research Cottrell 99.0 809 250 73 52 
Research Cottrell 98.5 9.15 235 675 1,425 73 300 

625 670 72 114 
w~stern 99.5 800 4,000 750 
\'le stern 99.5 310 700 470 73 350 
Pollution Control Walther 99.0 8.91 250 655 1,428 76 250 
Pollution Control Walther 99.0 8.98 260 721 1.274 76 125 
Pollution control Ualther 99.3 8.58 295 705 163 75 30 
Pollution Control Walther 99,3 8.78 288 775 440 75 100 
Pollution Control Walther 

99.5 8.26 325 660 2,474 76 550 
Pollution Control Walther 99.l 7.94 301 700 1,700 77 350 
Pollution Control Ualther 99.5 8.94 369 815 5, 142 77 800 ea. 
Pollution Control Walther 99.6 7.8 359 820 2,314 78 550 
Pollution Control Walther 

99.32 7.06 353 820 5,104 76 818 ea. 
99.5 8.21 322 720 3,000 75 500 ea. 
99.33 9.39 366 700 3,888 73 660 ea. 



COMPILATION OF INSTALLATIONS USING ELECTROSTATIC PRECIPITATORS 
TO COLLECT FLY ASH 

There are a large number of electrostatic precipitator in
stallations used for fly ash col!·ection . in ·th-e u:ni ted States. 
Table A-1, located in the Appendix,- -contains a compilation of data 
from every precipitator installation -used for colle-ction of· power 
plant fly ash in the u.s. These data were ·copied from Federal 
Power Cormnission files and are organized into three subject areas: 
(1) coal data, such as the hea:t contentl ·sulfur. content, and ash 
content, (2) boiler data, such as-year placed in' service, gen
erating capacity, coal consumption, air flow, type of firing, 
manufacturer, efficiency, and·percent excess air, and (3) pre
cipitator data, such as manufacturer, year placed in service, 
design and tested efficiencies, mass emission rate, and installed 
costs. 

This information is furnished by each power plant as part of 
FPC Form No. 67. Some of the data were not available for every 
plant and these cases a~e indicated by a hyphen. The most fre
quent omissions are for tested, eff'iciencies of the electrostatic 
precipitators. There are other cases in which a range is given 
for tested efficiencies instead of exact numbers. These are 
instances in which there are more than one precipitator and it 
is unclear which efficienc¥ belongs to which precipitator. These 
data are based on information furnished by individual electric 
utilities. Neither the Environmental Protection Agency nor 
Southern Research Institute were responsible for gathering the 
data. and thus can not attest to its validity. 
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SECTION 6 

ANALYSIS OF FACTORS INFLUENCING ESP PERFORMANCE 

PARTICLE SIZE DISTRIBUTION 

General Discussion 

The particulate matter suspended in industrial gas streams 
may be in the form of nearly perfect spheres, regular crystalline 
forms other than spheres, irregular or random shapes, or as ag
glomerates made up from combinations of these. It is possible 
to discuss particle size in terms of the volume, surface area, 
projected area, projected perimeter, linear dimensions, light 
scattering properties, or in terms of drag forces in a liquid 
or gas (mobility). Particle sizing work is frequently done on 
a.statistical basis where large numbers of particles, rather than 
individuals, are sampled. For this reason the particles are 
normally ass'Ullled to be spherical. This convention also makes 
transformation from one basis to another more convenient. 

Experimental measurements of particle size normally cannot 
be made with a single instrumept if .the size range of interest 
extends over much more than a·'~decimal order of magnitude. Pre
sentations of size distributions covering broad ranges of sizes 
then must include data points which may have been obtained using 
different physical mechanisms. Normally the data points are con
verted by calculation to the same basis and put into tabular form 
or fitted with a histogram or smooth curve to represent the par
ticle size distribution. Frequently used bases for particle size 
distributions are the relative number, volume, surface area, or 
mass of particles within a size range. The size range might be 
specified in terms of aerodynamic, Stokes, or equivalent Polysty
rene Latex (PSL) bead diameter. There is no standard equation for 
statistical distributions which can be universally applied to 
describe the results given by experimental particle size measure
ments. However, the log-normal distribution function has been 
found to be a fair approximation for some sources of particulate 
and has several features which make it convenient to use. For 
industrial sources the best procedure is to plot the experimental 
points in a convenient format and to examine the distribution in 
different size ranges separately, rather than trying to charac
terize the entire distribution by two or three parameters. The 
ready availability of inexpensive progranunable calculators which 
can be used to convert from one basis to another compensates 
greatly for the lack of an analytical expression for the size 
distribution. 
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Characterization Of Particle Size Distributions 

Figure 43 shows plots of generaliz·ed unimodal particle size 
distributions which will be used to graphically illustrate the 
terms which are commonly used to characterize an aerosol. 50 

occasionally size distribution plots exhibit more than one peak. 
·A size distribution with two peaks would be called bimodal. Such 
distributions can frequently be shown to be equivalent to the sum 
of two or more distributions of the types shown in Figure 43. If 
a distribution is symmetric or bell shaped wnen plotted along a 
linear abscissa, it is called a "normal" distribution (Figure 43-c). 
A distribution that is symmetric or bell shaped when plotted on 
a logarithmic abscissa is called "log-normal" (Figure 43-d}. 

Interpretation of the frequency or relative frequency shown as 
f in Figure 43 is very subtle. One is tempted to interpret this as 
the amount of particulate matter of a given size. This interpreta
tion is erroneous however and would require that an infinite number 
of particles be present. The most useful convention is to define 
f in such a way that the area bounded by the curve (f) and vertical 
lines intersecting the abscissa at any two diameters is equal to the 
amount of particulate matter in the size range indicated by the dia
meters selected. Then f is equal to the relative amount of particulate 
matter in a narrow size r~nge about a given diameter. 

The median divides the area under the frequency curve in half. 
For example, the mass median diameter (MMD) of a particle size 
distribution is the size at which 50% of the mass consists of 
particles of larger diameter, and 50% of the mass consists of 
particles having smaller diameters. Similar definitions apply 
for the. number median diameter (NMD) and the surface median diam
eter (SMD). 

The term "mean" is used to denote the arithmetic mean of the 
distribution. In a particle size distribution the mass mean diam
eter is the diameter of a particle which has the average mass for 
the entire particle distribution. Again, similar definitions hold 
for the s_urface and number mean diameters. 

The mode represents the diameter which occurs most commonly 
in a particle size distribution. The mode is seldom used as a 
descriptive term in aerosol physics. 

The geometric mean diameter is the diameter of a particle 
which has the logarithmic mean for the size distribution. This 
can be expressed mathematically as: 

= log o1 + log o2 + • • • • log oN 
N 
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or as 

(6-b) 

The standard dev-iation (er) ~n:ci·,,felative standard deviation 
(a) are measures of the dispersion (!:spread, or polydispersity) 
of a set of numbers. The relative standard deviation is the 
standard deviation of a distribution divided by the mean,. where 
a and the mean are calculated on the same basis·; i.e., number, 
mass, or surface area. A monodisperse aerosol ha·s a standard 
deviation and relative stand:a·rd deviation of zero. For many pur
poses the standard deviation is preferred because it has the same 
dimensions (units) as the set of interest. In the case of a normal 
distribution, 68.27% of the events fall within one standard devi
ation of the mean, 95.45% within two standard .deviations, and 
99.73% within three standarp deviations. · 

": . ", 

Table 6 summarizes nomenclature and formulae which are fre
quently used in practical aerosol· research. 51 In actual practice 
most of the statistical analysis is doneg-raphi:cally. 

Field measurements of particle size usually yield a set of 
discrete data points which must be manipulated or transformed to 
some extent before interpretation. The resultant particle size 
distribution may be shown as tables, histograms, or graphs. 
Graphical presentations are the conventional and most convenient 
format and these can be of several forms. 

Cumulative mass size distributions are formed by summing all 
the mass containing particles less than a certain diameter and 
plotting this mass versu~ the diameter. The ordinate is speci-

fically equal to M(j) = ~ Mt' where Mt is the amount of mass con-
t=l 

tained in the size interval between Dt and Dt-l" The abscissa 
would be equal to Dj. Cumulative plots can be made for surface 
area and number of particles per unit volume in the same manner. 
Examples of cumulative mass and number graphs are shown in Figures 
44-b and 44-a, respectively, for th'e effluent from a coal-fired 
power boiler. 5 2 Al though cumulative plots obscure some information, 
the median diameter and total mass per unit volume can be obtained 
readily from the curve. Because both the ordinate and abscissa 
extend over several orders of magnitude, logarithmic axes are 
normally used for both. 

A second form of cumulative plot which is frequently used is 
the cumulative percent of mass, number, or surface area contained 
in particles having diameter smaller than a given size. In this 
case the ordinate would be, on a mass basis: 
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TABLE 6. SUMMARY OF NOMENCLATURE USED TO DESCRIBE PARTICLE . 
SIZE DISTRIBUTIONS 51 

Name 

Volume or Mass Mean Diameter 

Sutface Mean Diameter 

Number Mean Oiameter 

Geometric Mean Diameter 

Surface-Volume Mean Diameter, 
or Sauter Diameter 

Symbol 

D m 

D g 

D 
vs 

D 
m 

Formula 

-(~ n·D· 2)~ Ds - . 1 J J J= 
N 

D =( ~ D ·)l/N 
g . 1 ) 

J= 

D 
vs 

N 3 
l: D. 

= j=l ) 
N 2 
l: D · 

. 1 ) J= 



TABLE 6. 

Name Symbol 

Standard Deviation a 

Relative Standard Deviation 

Mass Median Diameter MMD 

Surface Median Diameter SMD 

Number Median Diameter NMD 

(CONT'D.) 

Formula 

N 2)~ 
= j=l J J m,n,s 

( 

E f. (D. -D ) 

a N-l 

a ·= a 
D m,n,s 

Medians are most conveniently 

determined graphica.lly 6 For man 

slightiy skewed distributions 

. 1 Median = Mean + 
3

{Mode-Mean). 

*j denotes a particular size interval, N is the total number of intervals, f-; .is .the 
relative, mass, surface area, or number of particles in the.interval, and D~- is the 
diameter characteristic of the jth interval. J . 
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Figure 44. A single particle size distribution presented in 
four ways. The measurements were made in the 
effluence from a coal-fired power boiler. 52 
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Cumulative percent of mass less than size = 

j 
l: M 

t=l t x 100%. (7) 

The abscissa would be log Dj. Special log-probability paper is 

used for these graphs, and for log-normal distributions the data 
set would lie along a straight line. For such distributions the 
median diameter and geometric standard deviation can be easily 
obtained graphically. Figures 45-a and 45-b show cumulative per
cent graphs for the size distribution shown in Figure 44-a and a 
log-normal size distribution. 5 3

· 

Differential particle siz:e distribution curves are obtained 
from cumulative plots by taking the average slope over a small 
size range as the ordinate and the geometric mean dlameter of the 
range as the abscissa. If the cumulative plot were made on log
arithmic paper, the frequency (slope) would be taking finite 
differences: 

(8) 

and the abscissa would be n
9 

='1DjDj-l where the size range of 

interest is bounded by D. and D. 1 . M. and M. 1 correspond to 
J J- J J-

the cumulative masses below these sizes. Differential number .and 
surface area distributions can be obtained from cumulative graphs 
in precisely this same way. Differential graphs show visually 
the size range where the particles are concentrated with respect 
to the parameter of interest. The area under the curve in any 
size range is equal to the amount of mass (number, or surface 
area) consisting of particles in that range, and the total area 
under the curve corresponds to the entire mass (number, or surface 
area) of particulate matter in a unit volume. Again, because of 
the extent in particle size and the emphasis on the fine particle 
fractionf these plots are normally made on logarithmic scales. 
Figures 44-c and 44-d are examples of differential graphs of 
particle size distributions. 

The particulate emissions from many industrial processes 
frequently follow the lo -normal distribution law rather well. 
The particulate emissions from coal-fired boi ers can often be 
approximated by a log-normal particle size distribution. For log
normal particle size distributions the geometric mean and median 
diameters coincide. 
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The normal distribution law is, on a mass basis: 

f = dM = 
dD 

1 
exp (9) 

The log-normal distribution law is derived from this equation by 
the transformation D -+ log b: 

f = DM 1 exp f 
. (log D-log D ) 2] · - ! gm f (10) 
2 log a . · d(log D) 

= 
.J2n log a 

g g 

where ag, the geometric standard deviation, is obtained by using 

the transformation D -+ log D in equation (10). This distribution' 
is symmetric when plotted along a logarithmic abscissa and has the 
feature that 68.3% of the distribution lies within one geometric 
standard deviation of the geometric mean on such a plot. Mathe
matically, this implies that log og = log 0 84 . 14 -log Dg or log 

Dg-log D15 _86 where n84 _14 is the diameter below which 84.14% of 

the distribution is found, etc. This can be simplified to yield: 

D84 
(Jg ~ 

D" g 
(11) 

D 
(Jg ~ 

_s__ or 
Dl6 

, ( 12) 

D 
0 ~ (~)~ 

g 016 
(13) 

When plotted on log-probability paper, the log-normal distri
bution is a straight line on any basis and is determined completely 
by the knowledge of D and o . This is illustrated in Figure 45-b. g g 
Another important feature is the relatively simple relationships 
among log-normal distributions of different bases. If D D 

. gm' gs' 
Dgvs' and DgN are the geometric mean diameter of the mass, surface 

area, volume-surface, and number distribution, then: 

log D 
gs 

log D gvs 

= log Dgm 

= log D gm 
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4.6 log 2 (J I 
g 

1.151 log 2 ag, and 

(14) 

(15) 



log DgN = log Dgm - 6.9 log 2 crg. ( 16) 

The geometric standard deviation remains the same for all bases. 

· Particle size distributions may be expressed in terms of 
several different types of particle diameters. It is important 
to distinguish which type of particle diameter has been used in 
the construction of a particle size distribution since certain 
applications require that the particle size distribution be ex
pressed in terms of a specific type of pa.rticle diameter. 

If the density of a particle is known, the Stokes diameter 
(Ds) may be used to describe particle size. This is the diameter 

of a sphere having the same density which behaves aerodynamically 
as the particle of interest. For spherical particles, the Stokes 
number is equal to the actual dimensions of the particle. 

The aerodynamic diameter (DA) of a particle is the diameter 

of a sphere of unit density which has the same settling velocity in 
the gas as the particle of interest. The aeroqvnamic impaction 
diameter (DAI) of a particle is an indication of the way that a 

particle behaves in an inertial impactor or in a control device 
where inertial impaction is the primary mechanism for collection. 
If the particle Stokes diameter is known, the DAI is equal to: 

(17) 

where p(gm/crn 3
) is the particle density and C is the slip correc

tion factor. 

In optical particle -sizing devices the intensity of light 
scattered by a particle at any given angle is dependent upon the 
particle size, shape, and index of refraction. It is impractical 
to measure each of these ·parameters and the theory for irregul3.rly 
shaped particles is not well developed. Sizes· based on light 
scattering by single particles are therefore usually estimated by 
comparison of the intensity of scattered light from the particle 
with the intensities due to a series of calibration spheres of 
very precisely known size. Most commonly these are polystyrene 
latex (PSL) spheres. Spinning disc and vibrating orifice aerosol 
generators can be used to generate monodisperse calibration aerosol: 
of different physical properties. Because most manufacturers of 
optical particle sizing instruments use PSL spheres to calibrate 
their instruments, it is convenient to define an equivalent PSL 
diameter as the diameter of a PSL sphere which gives the same 
response with a particular optical instrument as the particle of 
interest. 
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Field Methods For Measuring Particle Size Distributions 

General Considerations in Making Field Measurements--

An ideal particle size measurement device would be located 
in situ and ·give real time readol.lt. of particle. size distributions 
and particle number concentration over the size range from 0.01 
µm to 10 µm diameter. At the p+e.sent time, however, partice size 
distribution measurements are made using several instruments which 
operate over limited size ranges and do not yield instantaneous 
data. 

Particle sizing methods used in making field measurements 
may involve instruments which are operated in-stack, or out-of~ 
stack where the samples are taken using probes. For in"-stack 
sampling, the sample aerosol flow rate is usually adjusted to 
maintain near isokinetic sampling conditions in order to avoid 
concentration errors which result from under to oversarnpling 
large particles (dia. > 3µm) which bave too high an inertia to 
follow the gas flow streams in the vicinity of the sampling 
nozzle. Since many particulate sizing devices have size frac
tionation points that are flow rate dependent, the necessity for 
isokinetic sampling in the case of large particles can result in 
undesirable compromises in obtaining data --either in the number 
of points sampled or in the validity or precision of the data for 
large particles. 

In general, particulate concentrations within a duct or 
flue are stratified to some degree with strong gradients often 
found for larger particles and in some cases for small particles. 
Such concentration gradients, which can be due to inertial effects, 
gravitational settling, passageway to passageway efficiency vari
ations in the case of electrostatic precipitators, etc., require 
that multipoint (traverse) sampling be used. 

Even the careful use of multipoint traverse techniques will 
not guarantee that representative data are obtainedo The location 
of the sampling points during process changes or variations in pre~ 
cipitator operation can lead to significant scatter in the data. 
As an example, rapping losses in dry electrostatic precipitators 
tend to be confined to the lower portions of the gas streams, and 
radically different results may be obtained, depending on the 
magnitude of the rapping losses, and whether single point or 
traverse sampling is used. In addition, large variations in re~ 
sults from successive multipoint traverse tests can occur as a 
result of differences in the location of the sampling points when 
the precipitator plates are rapped. Similar effects will occur 
in other instances as a result of process variations and strati
fication due to settling, cyclonic flow, etc. 

Choices of particulate measurement devices or methods for in
dividual applications are dependent on the availability of suitable 
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techniques which permit the required temporal and/or spatial 
resolution or integration. In certain instances the properties 
of the particulate are subject to large changes in not only size 
distribution and concentration, but also in chemical composition. 
Different methods or sampling devices are generally required to 
obtain data for long term process averages as opposed to the 
isolation of certain portions of the process in order to determine 
the cause of a particular type of emission. 

Interferences exist which can affect most sampling methods. 
Two commonly occurring problems are the condensation of vapor phase 
components from the gas stream and reactions of gas, liquid, or 
solid phase materials with various portions of the sampling systems. 
An example of the latter is the formation of sulfates due to appre
ciable (several milligram) quantities on several of the commonly 
used glass fiber filter media by reactions involving SOx and trace 
constituents of the filter media. Sulfuric acid· condensation in 
.cascade impactors and in the probes used for extractive sampling 
is an example of the former. 

If extractive sampling is used and the sample is conveyed 
through lengthy probes and transport lines, as is the case with 
several particle sizing methods, special attention must be 
given toward recognition, minimization, and compensation for 
losses by various mechanisms in the transport lines. The degree 
of such losses can be quite large for certain particle sizes. 

In the following subsections, established field methods for 
measuring particle size distributions are briefly discussed. These 
are categorized according to the physical mechanism that is used to 
obtain the data: inertial (aerodynamic), optical, diffusional, or 
electrical. The purpose of the £ollowing subsections is to famil
iarize the reader with the various methods and instrumentation 
which are used to make field measurements of particle size distri
butions. The capabilities, limitations, advantages, and disad
vantages of the var.ious methods and instrumentation are presented. 
Detailed discussions of samplin~ ~rocedures and data reduction 
techniques are given elsewnere 5 

' 
5 and will not be presented here. 

Inertial (Aerodynamic) Methods--

Cascade impactors and cyclones are two types of inertial (aero
dynamic) particle---sI""zing instruments. These instruments employ the 
unique relationship between a particle's diameter and mobility in 
gas or air to collect and classify the particles by size. In order 
to avoid unnecessary complications in presenting data obtained with 
these instruments, particles of different shapes may be assigned 
aerodynamic diameters. Impactors and·cyclones are well suited for 
industrial pollution studies because they are rugged and compact 
enough for in situ sampling. 

Figure 46 is a schematic which illustrates the principle of 
particle collection which is common to.all cascade impactors. 56 
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Figure 46. Schematic diagram, operation of cascade impactor. 56 
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The sample aerosol is constrained to pass through a slit or cir
cular hole to form a jet which is directed toward an impaction 
surface. Particles which have lower momentum will follow the air 
stream to lower stages where the jet velocities are progressively 
higher. For each stage there is a characteristic particle diameter 
which theoretically has a 50% probability of striking the collec-
tion surface. This particle diameter, or 0 50 , is called the effective 
cut size for that stage. Although single jets are shown in Figure 
46 for illustrative purposes, the number of holes or jets on any one 
stage ranges from one to several hundred depending on the desired 
jet velocity and total volumetric flow rate. The number of jet 
stages in an impactor ranges from one to about twenty for various 
impactor geometries reported in the literature. Most commercially 
available impactors have be.tween five and ten stages. 

The particle collection efficiency of a particular impactor 
jet-plate combination is determined by the properties of the aerosol; 
such as the particle shape and density, the velocity of the air jet, 
and the viscosity of the gas; and by the design of the impactor 
stage, that is the shape of the ~et, the diameter of the jet, and 
the jet-to-plate spacin<;9'. 57

' 58 '
5 

'
60

'
61 There is also a slight 

dependence on the ~ype of collection surface used (glass fiber, 
grease, metal, etc.). 62

' 6 3 ' 6'+ 

Most modern impactor designs are based on the semi-empirical 
theory of Ranz and Wong. 65 Although more sophisticated theories 
have been developed, 66 ' 67 ' 68 these are more difficult to apply. 
Since variations from ideal behavior in actual impactors dictate 
that they be calibrated experimentally, the theory of Ranz and 
Wong is generally satisfactory for the selection of jet diameters. 
Cohen and Montan, 57 Marple and Willeke, 58 and Newton, et al 60 

have published papers that summarize the .irnporta:r:t results from 
theoretical and experimental studies to determine the most impor
tant factors in impactor performance: 

(1) The jet Reynolds number should be between 100 and 3000. 

(2) The jet velocity should be 10 times.greater than the 
settling velocity ·of particles having the stage Dso-

(3) The jet velocity should be less than 110 m/sec. 

(4) The jet diameter should not be smaller than can be at
tained by conventional machining technology. 

(5) The ratio of the jet-plate spacing and the jet diameter 
or width (S/W) should lie betw~en 1 and 3. 

(6) The ratio of the jet throat length to the jet diameter 
(T/W) should be approximately equal to unity. 

(7) The jet entries should be streamlined or countersunk. 
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Smith and McCain 51 have observed that the jet velocity for 
optimum collection of dry particles may be as low as 10 m/sec, 
which places a more stringent criterion· on 'impactor des·ign. and 
operation. · 

Figures 4 7 and 48 are charts . tha·t summarize .the de:ig1:1 cri
teria for cascade impactors. 51

' 
5 e It can b~ seen. ;~~at it 7s . 

almost impossible to achieve D·s 0 's of O~ 2-·0 ~ 3 J.Jm without violating 
some of the recommended guidelinesq 

Table 7 lists six commercially availa})le cascade impactors 
that are designed for in-sta.ck use.· 6 ~ Table 47 in Appendix B 
~hows some ~eometric c;nd operati'ng para7!1ete1:'s for the commercial 
impactors. 6 Schematics of the commercial J.mpactors are shown 
in Figure 49. 70 ··· • · .. 

The impactors are all constructed of stainless steel for 
corrosion' resistance. All of the impactors have round jets, except 
the Sierra Model 226, which is a radial slit design, and all have 
stages with multiple jets, except .the Brink. It is customary to 
operate the impactors at a constant flow rate during a test so that 
the D50 's will remain constant. The impactor flow rate is chosen, 
within a fairly narrow allowable range, to give a certain sampling 
velocity at the nozzle inlet. Streamlined nozzles of different 
diameters are provided to allow the sample to be taken at a veloc
ity equal to that of the gas stream. 

Since the impaction plates weigh a gram or more, and the 
typical mass collected on a plate during a test is on the order 
of 1-10 mg, it is often necessary to place a light weight collec
tion substrate over the impaction plate to red.uc·e the tare~ These 
substrates are usually glass fiber filter material or greased 
aluminum. foil. A second function of the substrates is to reduce 
particle bounce. 

Cushing, et al have done extensive calibration studies of the 
commercial, in-stack, cascade impactors. 63 Figure 50 shows results 
from calibration of the Andersen Mark I.II impactor that are typical 
of the performance of the other types as well. Similar results 
have been reported by Mercer and Stafford 8

68 Rao and Whitby, 62 and 
Calvert 1 et al 71 for impactors of different design. Notice that 
the calibration curve increases, as particle size increases, up to. 
a maximum value that is less than 100%. The decrease in collection 
efficiency for large particles represents bounce and can introduce 
serious errors in the calculated particle size distribution. 

There has not been an extensive evaluation of cascade impactors 
under field conditions, although some preliminary work was reported 
by McCain, et al. 72 It is difficult to judge from existing data 
exactly how accurate impactors are, or how well the data taken by 
different groups or with different impactors will correlate. Pro
blems that are known to exist in the application of impactors in the 
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W = Jet Diameter 
Re = Reynolds Number 

C • Cunningham Slip Correction 
Dso = Particle Aerodynamic Dia. 

at 50% Cut Point 

5 'iO 50 100 500 1000 

NUMBER OF ROUND JETS PER STAGE, n 

Figure 48. Design chart for round impactors. (D 50 = aerodynamic 
diameter at 50% cut point.) After Marple. 58 

106 



TABLE 7. COMMERCIAL CASCADE IMPACTOR SAMPLING SYSTEMS 69 

Name 

Andersen Stack Sampler 
(Precollection Cyclone 
Avail.) 

Univ. of Washington 
Mark III Source Test 
Cascade Impactor 
(Precollection Cyclone 
Avail.) 

Univ. of Washington 
Mark V 

Brink Cascade Impactor 
(Precollection Cyclone 
l\vail.) 

Sierra Source Cascade 
lmpactor - Model 226 
(Precollection Cyclone 
Avail.) 

MRI Inertial Cascade 
Impactor 

Nominal FlQW rate 
(cm 3 /sec) Substrates 

236 Glass Fiber (Available from 

236 

100 

14.2 

118 

236 

manufacturer) 

Stainless Steel Inserts, 
Glass Fiber, Grease 

Stainless Steel Inserts, 
Glass Fib2r, Gr~ase 

Glass Fiher, Aluminuru, 
Grease 

Glass Fiber (Available 
from manulacturer) 

Stainless Steel, Al···-11-
num, Mylar, Teflo11. 
Optional: Gold, Silver, 
Nickel 

Manufacturer 

Andersen 2000, Inc. 
P.O. Box 20769 
Atlanta, GA 30320 

?ollution Control 
;.;ystem Corp. 
121 Evergreen Bldg. 
~~nton, WA 98055 

Pollution Control 
System Ccrp. 
321 Evergreen Bldg. 
Renton, WA 98055 

Monsanto EviroChem 
Syst.ems, Inc. 
st . Lou i s , Mv 6 31(.6 

c;;err.:i lnstcurrents, I11~;. 

P.O. Box 909 
'/illage SlJUarc: 
Carmel Valley, CA 93)~4 

Mele' .. ilogy Research, 
Inc. 
Box 6J7 
Altadcna, C~ 91001 



Figure 49. 

MRI MODEL 1502 

INLET 

(' 

I 
I 
I 
' 

I 
I 

J 

PR< COLLECTION --"'l"'T; 
C¥CLON£ 

'/ v' 

JlT SiA.{,~ 
fi T01 AL; 

I 
I 
I 
I 

I I I 
I J 
L ....-..:---

0 

MODIFIED BRINK 

_...., 
/ i J£TSTAGE 

( ~17TOTALI 

I' ~==•O• 
0 

PLATE 17 TOTALI 

I 

J 

UNIVERSITY OF WASHINGTON MARK Ill 

Schematics of five commercial cascade impacto~s. 70 

108 



..... -~-· 
INLET CONE 

. 

~ 
I 

~ 

STAGE Q 

STAGE I 

StER-RA MODEL Z26 

Figure 49. (Continued) . 

BACl<U' 
FILTEI> -

PLATE 
>iOLOEA_ 

109 

'(~ ~ - J!T STAGE !9 TOTALI 

~w 

GLASS FIBER 
COLLECTION 
SUBSTRATE 

ANDERSON MARK Ill 

NOZZLE 

INLET 

3540·045 



100 

90 

80 

~ 70 
>. 
(.) 
z 

60 UJ 

u 
u.. 
u.. 
UJ 50 
z 
0 
~ 40 (.) 
UJ 
..J 
..J 
0 
(.) 

10 

2 3 4 5 6 7 8 9 10 

PARTICLE DIAMETER, micrometers 

Figure 50. Calibration of an Anderson Mark III impactor. Col~ 
lection efficiency vs. particle size for stages 1 
through 8. After Cushing, et al. 63 

110 



field are: substrate instability, 68
'

73 the ~resence of charge 
on the aerosol particles, 74 particle bounce, 2

' 68 and mechanical 
problems in the operation of the impactor systems. 

It is usually impractical to use the same impactor at the 
inlet and outlet of an electrostatic precipitator when making 
fractional efficiency measurements because of the large difference 
in particulate loading. For example, if a sampling time of thirty 
minutes is adequate at the inlet, for the same impactor operating 
conditions and the same amount of sample collected, approximately 
3000 minutes sampling time would be required at the outlet (a col
lection efficiency of 99% is assumed). Although impactor flow 
rates can be varied, they cannot be adjusted enough to compensate 
for this difference in particulate loading without creating other 
problems. Extremely high sampling rates result in particle bounce 
and in scouring of impacted particles from the lower stages of the 
impactor where the jet velocities become excessively high. Short 

.sampling times may result in atypical samples being obtained as a 
result of momentary fluctuations in the particle concentration or 
size distribution within the duct. Normally, a low flow rate 
impactor is used at the inlet and a high flow rate impactor at 
the outlet. The impactors are then operated at their respective 
optimum flow rates, and the sampling times are dictated by the time 
required to collect weighable samples on each stage without over
loading any single stage. 

Particle size distribution measurements related to precipitator 
evaluation have largely been made using cascade impactors, which 
are effective in the size range from 0.3 to 20 ~m diameter; although, 
in some cases, hybrid cyclone-impactor units or cyclones have also 
been used. The particle size di.stributions are normally calculated 
from the experimental data by relating the mass collected on the 

.various stages to the theoretical or calibrated size cutpoints 
associated with the stage geometries. In the past, the reduction 
of data from an extensive field test .. has been excessively tedious 

.·and time consuming. However, computer programs are now available 
that significantly decrease the effort required to reduce and ana
lyze impactor data. 7 s., 7 

6 

Figure 51 illustrates a typical reverse flow cyclone. 77 The 
aerosol sample enters the cyclone through a tangential inlet and 
forms a vortex flow pattern. Particles move outward toward the 
cyclone wall with velocities that are determined by the geometry 
and flow rate in the cyclone, and by their size. Large particles 
reach the walls and-are collected. Figure 52 compares the cali
bration curve fora small cyclone with a typical impactor calibration 
curve. 78 The cyclone can be seen to perform almost as well as the 
impactor, and the .problem of large particle bounce and reentrain
rnent is absent. 
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An accurate theory for describing the operation of small 
cyclones has not yet been developed. Thus, cyclones used for 
particle sizing are presently designed and calibrated based on 
experience and experiment. As with impactors, cyclone perfor
mance may be conveniently expressed in terms of a characteristic 
D50 , which is the diameter of particles that are collected with 
50% efficiency. In experiments -with small cyclones, Chan and 
Lippmann 7 9 have observed that most::cyc.lone performance data can 
be fitted by equations of the form 

n Ds o = KQ , - (18) 

where: 

K ; an empirical constantq 

Q = the sample f1ow rate, and 

n = an empirical constant. 

Unfortunately, K and n are different for each cyclone geometry, 
and apparently are impossible to predict. In their study, Chan and 
Lippmann found K to vary from 6.17 to 4591, and n from -0.636 to 
-2.13. A similar study by Smith and Wilson 80 found K to vary from 
44 to 14, and n from -0.63 to -1.11 for five small cyclones. 

In addition to the flow rate dependence indicated in equation 
(18), cyclone D50 's also are affected by temperature through the 
viscosity of the gas. Smith and Wilson found this dependence to 
be linear, but with a different slope for different cyclone dimen
sions and flow rates. 

It ·is mandatory that the gas velocity and temperature through 
the cyclones be maintained at a constant setting while sampling, 
because the cyclone cut points are dependent upon the gas flow rate 
and temperature. This usually means that periods of non-isokinetic 
sampling may occur. Depending on the magnitude of the fluctua-t.ions 
in the velocity of the sampled stream, this may or may not introduce 
significant errors in the sizing process. 

A series of cyclones with progressively decreasing D50 's can 
be used instead of impactors to obtain particle size distribution~, 
with the advantages that larger samples are acquired and that par
ticle bounce is not a problem. Also, longer sampling times are 
possible with cyclones, which can be an advantage for very dusty 
streams, or a disadvantage for relatively clean streams. 

Figure 53 shows a schematic of a series cyclone system that 
was described by Rusanov 81 and is used in the Soviet Union for 
obtaining particle size information. This device is operated in
stack, but because of the rather large dimensions, requires a 20 
cm port for entry. 

114 



Figure 53. 
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gas aerosol particles. From Rusanov. 81 
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southern Research Institute, under EPA sponsorship, has de
signed and built a prototype three-stage series cyclone system for 
in-stack use. 82 A sketch of this s1stem is shown in Figure 54. 
It is designed to operate at 472 cm /sec (1 ft 3 /min). The Dso's 
for these cyclones are 3. o., 1. 6, and 0. 6 micrometer aerodynamic 
at 21°c. A 47 mm Gelman filter holder, (Gelman Instrument Co.,. 
600 South Wagner Road, Ann Arbor, MI 48106), is used as a back-up 
filter after the last cyclone. This series cyclone system was 
designed for in-stack use and regu:i,r·es a six inch sampling port. 

Figure 55 illustrates a second generation EPA/Southern Re
search series cyclone system now under development which contains 
five cyclones and a back up filter. 80 It is a compact system and 
will fit through 4 inch diameter ports. The initial prototype 
was made of anodized aluminum with stainless steel connecting 
hardware. A second prototype, for in-stack evaluation, is made 
of titanium. 

Figure 56 contains lab.oratory· calibrations data for the five 
cyclone prototype system. 80 The Dso's, at the test conditions, 
are 0.32, 0.6, 1.3, 2.6, and 7.5 µm. A continuing research pro
gram includes studies to investigate the dependence of the cyclone 
cut points upon the sample flow rate and temperature so that the 
behavior of the cyclones at stack conditions can be predicted more 
accurately. 80 

The Acurex-Aerotherm Source Assessment Sampling System (SASS) 
incorporates three c¥clones and a back up filter. 83 Shown schemati
cally in Figure 57, 8 the SASS is designed to be operated at a flow 
rate of 3065 cm 3 /sec (6.5 ft 3 /min) with nominal cyclone Dso's of 
10, 3, and l micrometer aerodynamic diameter at a gas temperature 
of 205°Co The cyclones, which are too large for in situ sampling, 
are heated in an oven to keep the air stream from--:t'he heated extra
active probe at stack temperature or above the dew point until the 
particulate is collected. Besides providing particle size distri
bution information, the cyclones collect gram quantities of dust 
(due to the high flow rate) for later chemical and biological 
analyses. The SASS train is available from Acurex-Aerotherm, Incor 
485 Clyde Avenue, Mountain View, California 94042. 

Small cyclone systems appear to be practical alternatives to 
cascade impactors as instruments for measuring particle size dis
tributions in process streams. Cyclones offer several advantages: 

Large, size~segregated samples are obtained. 

There are no substrates to interfere with analyses. 

They are convenient and reliable to operate. 

They allow long sampling times under high mass loading con
ditions for a better process emission average. 
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They may be operated at a wide range of flow rates without 
particle bounce or reentrainment. 

On the other hand, there are some negative aspects of cyclone 
systems which require further investigation: 

Unduly long sampling times may be required to.obtain large 
samples at relatively clean sources~ 

The existing theories do not accurately predict cyclones per
formance. 

Cyclone systems are bulkier.than impactors and may require 
larger ports for in-stack use. 

Optical Methods--

Figure 58 is a schematic illu·strating the principles of opera
tion for optical par·ticle counters. 8 5 A dilute aerosol stream 
intersects the focus of a light beam to form an optical "view 
volume". The photodetector is located so that no light reaches 
its sensitive cathode except that scattered by particles in the 
view volume. Each particle that scatters light with enough in
tensity will generate a current pulse at the photodetector, and 
the amplitude of the pulse can be related to the particl.e diameter. 
The rate at which the pulses occur is related to the particle con
centration. Thus, optical particle counters yield real time in
formation on particle size and concentration. 

The simultaneous presence of more than one particle in the 
viewing volume is interpreted by the counter as a large single 
particle. To avoid errors arising from this effect, dilution to 
about 300 particles/cm 3 is generally necessary. Errors in counting 
rate also occur as a result of electronics deadtime and from 
statistical effects resulting from the presence of high concen
trations of subcountable (D < 0.3 µm) particles in the sample gas 
stream. 8 6 

In an optical particle counter, the intensity of the scattered 
light, and amplitude of the resulting current pulse, depends on the 
viewing angle, particle refractive index, particle shape, and par
ticle diameter. Different viewing angles and optical geometries 
are chosen to optimize some aspect of the counter performance. 
For example, the use of near forward scattering will minimize the 
dependence of the response on the particle refractive index, but 
with a severe loss of resolution near 1 µm diameter. The use of 
right angle scattering smooths out the response curve, but the 
intensity is more dependent on the particle refractive index. 
Figure 59 shows calibration data for near forward and right angle 
scattering particle counters. 87 
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Figure 60 illustrates some of the optical configurations that 
are found in commercial particle counters. 88 The pertinent geome
tric and operating constants of the counters are summarized in 
Table 8. 89 

The commercial optical counters that are available now were 
designed for laboratory work and have concentration limits of a 
few hundred particles per cubic centimeter. The lower size limit 
is nominally about 0. 3 µm diameter. For use in studies of industrial 
aerosols,. the gas sample must be extracted, cooled, and diluted; a 
procedure which requires great care to avoid introducing serious 
errors into calculations of the particle size distribution. The usea 
ful upper limit in particle size is limited by losses in the dilution 
system to about 2.0 µm diameter. 27 In additionu the particle dia
meter that is measured is not aerodynamicr and some assumptions must 
be made in order to compare optical with aerodynamic data. (It is 
possible to "calibrate" an optical counter, on a particulate source, 
to yield aerodynamic data. This is done by using special calibra
tion impactors, 90 or settling chambers. 91

) Nevertheless, the 
ability to obtain real time information can som€times be very 
important and the special problems in sampling with optical counters 
may be justified. 

Diffusional and Condensation Nuclei Methods--

The classical technique for measuring the size distribution of 
submicron particles employs the relationship between particle 
diffusivity and diameter. In a diffusional sizing system, the test 
aerosol is drawn, under conditions of laminar flow, through a number 
of narrow, rectangular channels, a cluster of small bore tubes, or 
a series of small mesh screens (diffusion batteries). For a given 
particle diameter and diffusion battery geometry, it is possible to 
predict the rate at which particles are lost to the walls by dif
fusion, the rate being higher for smaller particles. The total 
number of particles penetrating the diffusion battery is measured 
under several test conditions where the main adjustable parameter 
is the aerosol retention time, and the particle size distribution 
is calculated by means of suitable mathematical deconvolution tech
niques. It is only necessary that the particle detector (usually a 
condensation nuclei counter) that is used at the inlet and outlet 
of the diffusion battery system responds to the total concentration, 
by number, of the particles in the size range of interest. 

Figure 61-a shows a typical parallel channel diffusion battery1 
and Figure 61-b shows the aeros:>l penetration characteristics of 
this geometry at two flow rates. 92 The parallel plate geometry is 
co~venient bec~use of ease of fabrication and the availability of 
sui.table materials, and also because sedimentation can be ignored 
if the slots are vertical, while additional information can be 
gained through settling, if the slots are horizontal. 
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TABLE 8 o CHARACTERISTICS OF COMMERCIAL, OPTICAL, PARTICLE COUNTERS 89 

Illuminating Cone Light Trap llalf Collecting Aperture Inclination Between Sampling 
Half Ang le, y Angle, n Half Ang le, B Illuminating ~nd Viewing Rate 

Collecting Cone Axis, 

"' 
Volume 

Bausch & Lomb Hodel 40-1 13" 33° 53° o• 0.5 mm! 170 cm' /11in 
820 Linden Avel 
Rochester, NY 14625 

Climet Models 201, 208 15 35 90 0 0.5 7,080 
Climet Inst. Co. 
1620 W. Colton Ave. 
Redlands, CA 92171 

Climet Kodel 150 12 18 28 0 0.4 472 

Royco Model 219 5 11 30 0 0.25 293 

..... Royco Inst • 
N U Jefferson Dr. 
C'I Menlo Park, Cl\ 94025 

Royco Model 220 24 24 90 2.63 2,930 

Royco Model 245 5 16 25 0 4.0 28. 300 

Royco Model 225 5 7 25 0 2.0 281 or 2,810 

Tech Ecology Hodel 200 5 8 20 0 o.46 281 
Tech Ecology, Inc. 
645 N. Mary Ave. 
suonyvalle, CA 94086 

Tech Ecol09y Model 208 5 10 20 0 i.s 2,830 

Particle Measurement Systems 0.5 35 120 0 0.001 120 or 1,200 

•Model LAS-200 
Particle Measuring Systems 
1855 S. 57th Ct. 
Boulder, CO 90301 

*632.B 111111 laser illum., all others are ~hite light. 
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Breslin et al 93 and Sinclair 94 report success with more com
pact, tube-type and screen-type arrangements in laboratory studies 
and a commercial version of Sinclair.' s geometry is available. (TSI 
Incorporated, 500 Cardigan Road, St. Paul, MN 55165). Although 
the screen-type diffusion battery must.be. calibrated empirically, 
it offers convenience in cleaning and operation,. and compact size. 
Figure 62 shows Sincl.air' s ·.geometry. 9 4 This battery is 21 cm 
long, approximately 4 cm in diameter, and weighs. 0. 9 kg, and 
contains 55 stainless steel scre~n.s of 635 mesh. 

Diffusional measurements are le:s·s dependent upon the aerosol ~ 
parameters than the other techniques. -di.scussad and perhaps · are on 
a more firm basis from a theoretic~l ·Standpb_int. · , · ... 

Disadvantages of the dif·fusional ·t.echnigue are the bulk of 
the parallel plate dif·fusional batteries, . al though advanced tech
nology may alleviate this problem;· the long time· required to measure 
a size distribution; and problems with sample conditioning when 
condensible vapors are present. 

A practical limitation on the lower size limit for all methods 
used to determine ultrafine particle size distributions _(diameters 
< 0.5 µm) is the loss of particles by diffusion in the sampling 
lines and instrumentation. These lo·sses are excessive for particle 
diameters below about O. 01 µm where the samples are extracted from a·· 
duct and diluted to concentrations within the capability of the 
sensing devices. 

Condensation nuclei (CN) cou?1ters function on the principle 
that particles act as nuclei for the condensation of water or other 
condensable vapors in a supersaturated environment. This process 
is used to detect and count particles with diameters in the 0.002 to 
0.3 µm range (often referred to as condensation or Aitken nuclei). 
In condensation nuclei detectors, a sample is withdrawn from the 
gas stream, humidified, and brought to a supersaturated condition 
by reducing the pressure. In this supersaturated condition, con
densation will be initiated on all particles larger than a certain 
critical size and will continue as long as the sample is super
saturatedo This condensation process forms an homogeneous aerosol, 
predominantly composed of the condensed vapor containing one drop 
for each original particle whose size was greater than the critical 
size appropriate to the degree of supersaturation obtained; a 
greater degree of supersaturation is used to initiate growth on 
smaller particles. The number of particles that are formed is 
estimated from the light scattering properties of the final aerosol. 

Because of the nature of this process, measurements of very 
high concentrations can be in error as a result of a lack of cor
respon~ence be~ween part~c~e.concentration and scattering or at
tenuation of lig1:t· Additional errors 'can result from de·pletion 
of the vapor available for condensation. Certain condensation 
nuclei measuring techniques can also obtain information on the 
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size distribution of the nuclei; that is, variations in the degree 
of supersaturation will provide size discrimination by changing 
the critical size for which condensation·will occur. However, 
the critical size for initiating condensation is also affected 
by the volume fraction_of water soluble materiaT contained in the~ 
original aerosol particle, so, the critical siz:.e will be uncertain_ 
unless the solubility of the. aerosol particle-s is known. 9 5 At 
very high degrees of supersaturation .(about -40:0%)-,. solubility 
effects are only minor and essehti~lly .all -part4-cles in the orig
inal aerosol with dia,meters larg:er"':than -0. 002 V:Ili will initiate 
the condensation process. Figure.6'3, after Haberl, illustrates 
the condensation nuclei counter operat'i.ng-principle. 9 ~ 

Four models of CN counters al;'·e now available commercially. 
'I'wo automatic, or motorized, types are the General Electric Model 
CNC~2 (General Electric-Ordnance Systems~ Electronics Systems 
Division, Pittsfield, MA 01201) and the Environment-One Model 
Rich 100 (Environment-·One Corporation, Schenectady, .NY 12301). 
Small, manually operated, CN counters are also available from 
Gardner Associated, (Gardner Assoc·iates, Schenectady, NY 12101), 
and Environment-One. 

The General Electric CN counter has mechanically actuated 
valves and is insensitive to moderate pressure variations at the 
inlet. The aerosol concentration is measurea by the detecti.on of 
scattered light from the test aerosol. 

A disadvantage of the flow/valving arrangement in. the General 
Electric counter is the intermittent (i/sec) flow which introduces 
severe pressure pulsations into the sampling system. This problem 
has been minimized b¥ the use of antipulsation devices consisting 
of a rubber diaphram 7 or two metal cylinders connected by a small 
orifice, 98 essentially pneumatic R-C networks. · 

The automatic Environment-One counter has some pneumatic 
valves. A pressure of more than 5 cm of water at the inlet can 
interrupt the operation. In the E-1, the aerosol concentration 
is measured by light extinction. The sampling rate of the E-1 
counter can be adjusted from about 0.6 to 4.2 .R,/min. Soderholm 
has reported a modification to the E-1 counter that replaces 
pneumatic valves with solenoidal ones. 99 

Fuch.s 100 has reviewed diffusional sizing work up until 1956, 
while Sinclair, 101

'
97

'
101 Breslin et·ai, 103 Twomey, 104 Sansone 

and Weyel, 105 and Ragland 1 et al,' 0 have reported more recent 
work, both theoretical and experimental. 

Figure 64 is a schematic diagram that illustrates an experi- · 
mental setup for measuring particle. size distributions by diffusional 
means, and Figure 65 shows penetration curves for four operating 
configurations. 106 
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Because of the long retention time required for removal of 
particles by diffusion, measurements with diffusion batteries and 
CN counters are very time consuming. With the system described 
by Ragland, et al, for example~ approximately two hours are re
quired to measure a particle size distribution with diameters from 
0.01 to 0.2 µm. 98 Obviously, this method i.s:best applied to stable 
aerosol streams. It is po.ssible that· the new, smaller diffusion 
batteries will allow much shorter .sampiing times, but pulsations 
in flow may pose a serious problem for the low volume geometries. 

Electrical Mobility Method--

An instrument that was developed for measuring laboratory 
and ambient aerosols over the 0.003 to·l µm range of diameters, 
the electrical mobility analyzer, can also be applied to process 
streams with a suitable sample dilution and cooling interface. 

Figure 66 illustrates the relationship between the diameter 
and electrical mobility of small aerosol particles. 107 If par
ticles larger than those of minimum mobility are removed from the 
sample, the remaining particles exhibit a monotonically decreasing 
mobility with increasing diameter. Several aerosol spectrometers, 
or mobility analyzers, have been demonstrated that employ the 
diameter-mobility relationship to classify particles according 
to their size. 10 1! 11091110

'
111 Fi~ure 67 illustrates the principle 

on which these devices operate. 11 Particles are charged under 
conditions of homogeneous electric field and ion concentration, 
and then passed into the spectrometer. Clean air flows down the 
length of the device and a transverse electric field is applied. 
From a knowledge of the system geometry and operating conditions, 
the mobility is derived for any position of deposition on the 
grounded electrode. The particle diameter is then readily cal
culated from a knowledge of the electric charge and mobility. 

Difficulties with mobility analyzers are associated primarily 
with charging the particles (with a minimum of loss) to a known 
value and obtaining accurate analyses of the quantity of particles 
in each size range. The latter may be done gravimetrically, 106 

optically, 109 or electrically. 110 

The concept described above has been used by Whitby, 
t l ll3rll4 t th U • • f • . e a , a e niversity o Minnesota, to develope a series 

of Electrical Aerosol Analyzers (EAA) . A commercial version of 
the University of Minnesota devices is now marketed by TSI, In~ 
corporated as the Model 3030 (Figure 68) . 114 The EAA is designed 
to measure the size distribution of particles in the range from 
0.0032 to 1:0 µ~diameter. Since the concentration range for 
best operation is 1 to 1000 µg/m 3

, dilution is required for most 
industrial gas aerosols. 

The EAA is operated in the following manner. As a vacuum 
pump draws the aerosol through the analyzer (see Figure 68), a 
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corona generated at a high voltage wire within the charging section 
gives the sample a positive electrical charge. The charged aerosol 
flows from the charger to the analyzer section as an annular cyl
inder of aerosol surrounding a cone of clean air. A metal rod, 
to which a variable, negative voltage can be applied, passes 
axially through the center of the analyzer tube. Particles smaller 
than a certain size (with highest electrical mobility) are drawn 
to the collecting rod when the voltage corresponding to that size 
is on the rod. Larger particles pass through the analyzer tube 
and are collected by a filter. The electrical c·harges on these 
particles drain off through an electrometer, giving a measure of 
current. 

A step increase in rod voltage will cause particles of a 
larger size to be collected by the rod with a resulting decrease 
in electrometer current. This decrease in current is related to 
the additional number· of particles being collected. A total of 
eleven voltage steps divide the 0.0032 to l.O;micron size range 
of the instrument into ten equal logarithmic size intervalso Dif
ferent size intervals can be program.med via an.optional plug-in 
memory card. 

The electrical aerosol analyzer can be operated either auto
matically or manually. In the automatic mode, the analyzer steps 
through the entire size range. For size and'concentration monitor
ing over an extended period of time, the analyzer may be inter
mittently triggered by an external timer. The standard readout 
consists of a digital display within the control circuit module, 
although a chart recorder output is available. It is almost 
always advantageous to use a strip chart recorder to record the 
data. This allows the operator to identify a stable reading that 
may be superimposed on source variations and also gives a per
manent record of the raw data. 115 

When the EAA is applied to fluctuating sources a peculiar 
problem arises. The instrument reading is cumulative, a.nd it is 
impossible to tell whether variations in the reading reflect 
changes in the distributi6n or concentration of particles; hencer 
recordings that show rapid fluctuations in amplitude must be 
interpreted with great care. The lack of sensitivity can also 
be a problem at extremely clean sources. 

The EAA requires only two minutes to perform a complete size 
distribution analysis, which generally makes it advantageous to 
usey especially on stable sources. 

Other Specialized Particle Sizing Systems For Field Use 

Respirable Particle Classifier (RPC) Impactor--

An in-stack sampling system, known as the respirable particle 
classifier (RPC) impactor, has been developed by Southern Research 
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Institute to measure the particle emissions from stationary pollution 
sources in three size ranges. 116 The impactor, shown schematically 
in Figure 69, consists of a b~sic housing, a set of nozzles, a set 
of collection plates, and three sets of jet plates (two jet plates 
per set). The impactor body is anodized aluminum. The jet stages 
and collection stages are stainless steel. 

The impactor was tested on two coal-fired power plants. Con
currently with each test at Plant A a Brink Cascade Impactor was 
run to obtain a comparative size distribution. The results of 
the testing at Plant A, which occurred at the outlet of a precipi
tator collecting ash from a low sulfur Southeastern coal are shown 
in Figures 70-72. Concurrently with each test at Plant B an 
Andersen Stack Sampler was run with the new impactor to obtain 
a comparable size distribution. The results of the testing at 
Plant B, which occurred at the outlet of a precipitator collecting 
ash from a medium-high sulfur Southeastern coal, are shown in 
Figure 73. 

Large Particle Sizing System (LPSS)--

In order to more clearly define the mechanisms by which rapping 
losses occur in dry ESP's, time resolved data are required on the 
P9-rticulate concentrations and size distribution across typical 
portions of ESP exit planes. Conventional sampling methods gener
ally require rather long integration times which are unsuited for 
examining 1 to 5 second transient events such as rapping puffs. 
Of the available measurement methods, only the optical single par
ticle counters appear to offer the required combination of response 
time, dynamic range, and particle size resolution. Modified ambient 
air particle counters {Royce Mode,l 225) are used as the measurement 
instrumentation in a large particle sizing system (LPSS) developed 
by Southern Research Institute,. 1

· 
1 7 The u.se of these counters re

quires extractive sampling and ·sample conditioning. 

Due to instrumental limitations on the total· concentration 
of aerosol particles in the sample gas stream arriving at the 
sensor, thes-e particle counters require that the aerosol sample 
from the flue be diluted before measurement. Because of the very 
steep gradient in the size distribution on a number basis antici
pated at the exit of a precipitator on a power boiler, the diluter 
was made .as a size selective device which, under ideal conditions, 
dilutes small particles in the sample gas stream by fairly large 
factors while passing a. relatively confined and undiluted stream 
of the lower concentration large particles directly to the particle 

.sensor. Figure 74 illustrates the operational system for the 
particle dilution train. · 

The geometry of the diluter as shown in Figure 74 is such 
that the large particles, having high inertia, tend to pass di
rectly from the inlet to. the sample exit of the diluter while 
small particles· (having relatively low inertia), are mixed to 
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of the lower concentration large particles directly to the particle 
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that the large particles, having high inertia, tend to pass di
rectly from the inlet to the sample exit of the diluter while 
small particles (having relatively low inertia) , are mixed to 

139 



C"'l 
E 
< -CD 

E 

C-' z 

104~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ _.TWO-STAGE IMPACTOR - PLATE SET I - 94 cm3/sec 1-rti~-ri-H-
TEFLON SUBSTRATES 

0 BRINK CASCADE IMPACTOR - 14 cm3/sec 

, ii I ' ,_;..;~...,_,f-+..;...+.J4-.-l 

·' ,?LATESETI" 

2i < t:=--· 
0 >--
...J 

Cl) 
Cl) 

< 
:!: >---•-

+ 

102~~~~~~~~~~~~~~~~'~·~~~~~~~~~~~~~~~~~-~~~~~~ ~ ·~·-

' -~---r--

1---------'---.--+---"--+--+--.-,----'''---+--+-~:.....-,.;........;..----+-+-+-+--------t----l---.J.__+--J-4-j 
~7--- --='"· 

-+- -~ 
·- ....... __... -- -·-

t-__ - _-. ·~ ~ ::--::~ 

2- _-:;~:: --~~ ~ 
----+-

~-- . - ~. ~ - - --::-~ +- ----_ ~_.___-_~;....-_-:,-:_.,,._, _ _,._+---+-~-+--......+--+---l->t---1-+-+-l---
r~- -- --t- ---t- --+-~.i--T-, 'A.....+-+--+--_,,__...;.,..._-'--+---'--+--l-+--1----hC-----..---'--r-·+---+-...+-+-+-+.,.., 

1: - ·-·------!--·---'---...;._---!....-'!---<i-:+--"-'--+--+----'---1--+--i--l---1--'--+-----:.....--+--+-.j__ . .J.....-+--+-- l--•t-t-

Figure 70. 

UPPER SIZE LIMIT micrometen 
3540-314 

Cumulative mass loading versus particle diameter, 
March 11, 1975. 116 

141 



M 
E q: -1:11 
E 

0 z 
Ci 
< 
0 
-' 

104,~~~~~~~~~~~--E • TWO~STAGE IMPACTOR· PLATE SET 11 -47 cm3/'Sec 

~ ·r 

TEFLON SUBSTRATES 

ll TWO·STAGE IMPACTOR - PLATE SET Ill 19 cm3/sec 
TEFLON SUBSTRATES 

0 BRINK CASCADE IMPACTOR - 14 cm3/sec 

.r ,• . 

BRINK 

.~ 

i, 

l ' • 

; ~' 

-;±:==. 

~-3= ·:s:·~-. 
l___ - -

. ' 
I I• .--

.- -s"""i '' . 
"'(10 " ' 

~\..r- ',- ' ' 

~ ' I 

'., ., ' 

·- ·= ~L-

,_L...:...l.... 

- -· .,:: :-h" ~ ~ 
..... f--h-
'- !--':o: 

_ .. 
~·- --- .. ' . ~ -.--· 
:-b:~=t- -- ·-~~--r-- -+ ·- . .:. -==·:f~~:± 
-~; :_ ___ -:t:: :: • - -; -:-_ ~ :_:-l-..#:-h--.l-+.f-l.-H,_....:-'4-.L.-.,.+.,-,+11-.;.,,;.i..,i..;..;..,..++.~.,.i+-"-1-+i-+ .. +- - --.;.....+.,..;..,.,+-++.-+......;+~-.-t-,-, ,· +~ ~- '. .°.:t M ; 

i:::::=r.::__,_'---f--· ~l::::.::i:=L-:++.!.+4.-~4-;.:_.:.4;,_..:1 ,,+.1 .:.;J_.,.._.;_µ.;.;.Lj.i.;.ij.....-1--,.j.;..j..,..j.. _ _:_IL,:_.-;+~L;...:.:.µ.._-.j;-.-:-j-i1-rf·'tt!tl 

Figure 71. 

UPPER SIZE LIMIT micrometen 

Cumulative mass loading versus particle diameter, 
March 12, 1975. 116 

142 



-
-- ~ 

CJ z 
Q 
< 
0 
...I 

...... 

.L 
. r 

. +· 

, ! 

.- r- t:!: 

--+--· 

r-: .. =~~~:- t:·~~_;;;;~~ 

~: ~-- r-t--;f+---~--+----+---9--"--1--+-+---+-JL---~=+==t.--'---'--4-'"-'-- - ·-1t-t-i-
1---~--+---~--+--+--+-+,,...-..-n,,--+-----'-'--l-o-~H-+--+~-+--+-+-i,_+4---'----+-~--4--+..~>--+---· -- -~ 

10 2 ' ,....,.. I I I T · · T > >. • : rtit 
- .-- i.-~-P-+ 

.t. TWO-STAGE IMPACTOR - PLATE SET I - 94 cm3/sec s:;i:::;::: 

:.:6 Et 
I t 

__ __:;:c- .. - P:r..=+::: 
---!::..::=::+ =--::=t= ~.!.~-- .• 

10 
10-1 10 ° 10 1 10 2 

Figure 72. 

UPPER SIZE LIMIT micrometers 

Cumulative mass loading versus particle diameter, 
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varying degrees, depending on their sizes with the dilution air 
thus producing a substantial reduction in concentration of small 
particles and condensable vapors in the sample stream while 
maintaining the concentration of the less numerous larger particles, 

For the purpose of rapping studi.e·s, it is desirable to be 
able to investigate the concentrat'ions during and between raps and 
monitor background fluctuations. For this purpose, five channel 
analog ratemeters were construc-te.d as modifications to the particle 
counters to provide parallel monitoring·of the instantaneous con
centration of particles in five preselected size intervals. These 
analog ratemeters provide approximately a half second response 
time, thus permitting monitoring of concentration changes through~ 
out a rapping puff. 

The sampling probes are configured and installed in such a 
manner as to permit a vertical traverse to be· made along the center 
line of one lane at the exit plane of the precipitator. Probe 
losses are minimized by installing the particle sampling train 
(probe, diluter, particle counter) underneath the outlet duct and 
extracting the aerosol sample through a vertical probe with a 
single 90° bend between the sampling point and the particle sensor. 
The probe and nozzle are constructed from a continuous length of 
4 nun I.D. stainless steel tubing. As used in previous tests, the 
probe flow was laminar with a Reynolds number of 100. In this con
figuration the system could conceivably be calibrated to give 
absolute concentrations. However, at this time there is not enough 
data to warrant its use to detect more than relative concentration 
changes. 

For those circumstances in which it is not possible to sample 
from below the duct, a second sample extraction system is used. 
In this case the sample is removed at a high flow rate, 0.0019-
0.0047 m3 /sec (4-10 cfm), through a large bore probe (4.06 cm 
diameter) and conveyed to a suitable location beside or on the 
top of the duct, at which point a secondary sample is extracted 
into the diluter and counter as illustrated in Figure 75. This 
sampling method provides information on relative concentrations of 
particles of various sizes during and between puffs, but does not 
provide quantitative concentration data because of the uncertainties 
in the probe losses and in the degree to which the secondary sample 
represented the average concentration in the high flow rate probe. 
Automatic data acquisition can be accomplished as shown in the 
block diagram of the electronic package in Figure 76. 

Laboratory Methods For Measuring Particle Size Distributions 

Measurements of the size distribution of particles that have 
bee~ collected i~ the field and transported to a laboratory must 
b7 iz:terpreted with great caution, if not skepticism. It is 
diff7cu~t to coll7ct re~resentative samples in the first place, 
and it is almost impossible to reconstruct the original size 
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distribution under laboratory conditions. For example, one can 
not distinguish from laboratory measurements, whether or not some 
of the particles existed in the process gas stream in agglomerates 
of smaller particles. Also, unwanted agglomerates can sometimes 
be formed in c·ollecting and transporting particulate samples. 

In spite of the limitations inherent in laboratory methods, 
they must be used in some instances to determine particle size and 
to segregate particles for analysis of their composition or other 
properties of interest. The following subsections contain dis
cussions of some of the "standard" laboratory techniques used for 
particle size analysis of dust samples. 

Sedimentation and Elutriation--

Elutriators and sedimentation devices separate particles that 
are dispersed in a fluid according to their settling velocities 
due to the acceleration of the earth's gravity. 

Large particles in a quiescent aerosol will settle to the 
bottom region of the chamber more quickly than smaller particles 
that have smaller settling velocities. This principle is used in 
gravitational sedimentation and elutriation to obtain particle size 
distributions of polydisperse aerosols. In elutriation, the air 
is made to flow upward so that particles with settling velocities 
equal to or less than the air velocity will have a net velocity 
upward and particles which have settling velocities greater than 
the air velocity will move downward. 

There are a number of commercial devices and methods having 
varying requirements of dust amounts and giving different ranges 
of size distributions, with a minimum size usually no smaller than 
two micrometers. 118

'
119 An important disadvantage is the inability 

of most sedimentation and elutriation devices to give good size 
resolution. Another disadvantage is the length of time (sometimes 
several hours) required to use some of the methods. 

Popular methods of sedimentation include the pan balance, 
which weighs the amount of sediment falling on it from a suspen
sion, and the pipette, which collects the particles in a small 
pipette at the base of a large chamber. Cahn's electronic micro
balance, (Cahn Instrument Company, 7500 Jefferson St., Paramount, 
CA 90723), has an attachment that permits it to function as a 
settling chamber. Perhaps the most popular elutriator is the 
Roller particle size analyzer illustrated in Figure 77 119 (the 
Roller particle size analyzer is available from the American 
Standard Instrument Co., ·rnc., Silver Springs, MD). 

An instrument that measures·the size distribution of par
ticles in a liquid suspension is the X-ray Sedigraph, (Micro
merities Instrument.Corporation, 800 Goshen Springs Road, Norcross, 
GA 30071) . The sample is continually stirred until the sampling 

149 



SEPARATOR TUBE 

FLEXIBLE JOINT 

Figure 77. The Roller elutriator. After Allen. 119 

150 



period sta~ts. The concentration of the particles is monitored 
by means of the extinction of a collimated x-ray beam. Upon 
sampling, the x-ray beam is moved upward mechanically to shorten 
the sampling time that is required. The particle-size distri
bution is plotted automatically. The reported range of sensitivity 
of the X-ray Sedigraph is from 0.1 to 100 µm. 

Centrifuges--

Aerosol centrifuges provide a laboratory method of size
classifying particles according to their aerodynamic diameters. 
The advantage over elutriators is that the settling, or precipi
tation, process is speeded up by the large centrifugal acceleration. 
The sample dust is introduced in the device as an aerosol and 
enters a chamber which contains a centrifugal force field. 

In one type of aerosol centrifuge, the larger particles over
come the viscous forces of the fluid and migrate to the wall of 

·the chamber, while the smaller particles remain suspended. After 
the two size fractions are separated, one of them is reintroduced 
into the devi~e and is fractionated further, using a different 
spin speed to give a slightly different centrifugal force. This 
is repeated as many times as desired to give an adequate size dis
tribution. One of the more popular lab instruments using this 
technique is the Bahco microparticle classifier, which is illus
trated in Figure 78, 120 and is available commercially from the 
Harry W. Dietert Company, Detroit 4, Michigan. The cutoff size 
can be varied from about two to fifty micrometers to give size 
distribution characterization of a 7 gm dust sample. A similar 
instrument is the B.C.U.R.A. (British Coal Utilization Research 
Association, Leatherhead, Surrey, U.K.) centrifugal elutriator 
which has a range of four to twenty-six rnicrometers. 121 

In the second type of centrifuge, the device is run continu
ously, and the particle size distribution is determined from the 
position where the particles are deposited. Examples are a spiral 
centrifuge developed by Goetz, et al, 122

'
123

' 
124 (Figure 79) and 

by st6ber and Flachsbart, 125 (Figure 80) that can classify poly
disperse dust samples with particles from a few hundredths of a 
micron to approximately two mic.ron in diameter. The conifuge, 
first built bv Swayer and Walton 126 and modified several times 
since then, 12 ~' 128 is useful in the study of aerodynamic shape 
factor, but can also be used for the determination of size dis
tributions · especia.lly for particles having aerodynamic diameters 
smaller than twenty-five micrometers (see Figure 81) . 129 In con
tinously operating ~entrifuges, the particles are generally 
deposited onto a foil strip, where their position yields a mea
sure of their size, and their number is obtained by microscopy, 
radiation, or by weighing segments of the .foil. 

'::·:. 
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Microscopy--

Microscopic analysis has long been regarded as the established 
fundamental technique of counting and sizing particles that the ' 
human eye cannot comfortably see. Usually, the method involves 
one person, a microscope, and a slide prepared with a sample of the 
aerosol to be measured. A random selection of the particles would 
then be measured and counted, with notable characteristics of color, 
shape, transparency, or composition duly recorded. The most diffi· 
cult task, especially since the advent of sophisticated computer
ized equipment has made counting and sizing easier, is the pre
paration of a slide which contains a representative sample of the 
aerosol. 

It takes careful technique to obtain a slide sample which 
is not biased toward lar.ge or small particles, does not contain 
agglomerations which were not present in the stack, does not break 
up· agglomerations which were present in the stac-k, is not too 
dense or too sparse, and has not been contaminated in the process 
of preparation. Different methods of slide preparation for optical 
and photographic microscopy are discussed by Cadle 11 8 and Allen. 119 

A particularly good discussion of particle analysis throu'fh micro
scopy is given in Volume I of the Mccrone Particle Atlas. 30 One 
main disadvantage of microscopic analysis is the type of diameter 
measured. Depending on the shape of the particles, several dif
ferent types of diameter are used to characterize the size of the 
particle. Three commonly used tYJfes of diameter are shown in 
Figure 82 with their definitions. 31 However, for most control 
and standards work, the diameter of interest is the aerodynamic 
diameter, which is based on the particles' behavior in air. In 
these cases, the data from microscopic analysis is helpful only 
insofar as it can be related to the particular need of the exper
iment. 

Particle sizes which can be easily studied on optical micro
scopes, range from about .2 to 100 micrometers. Electron micro
scopes have increased the size range of particles capable of being_ 
analyzed by microscopy down to 0.001 micrometersc Both scanning 
and transmission electron microscopes provide much information 
on surface features, agglomerationf sizer composition and shape 
of particles in size ranges below thai: of optical microscopes. 

Computerized scanning devices have increased the analyzing 
ability of present day microscopes and simplified counting and 
sizingo 

.several commercial laboratories are equipped to provide 
physical and structural characterizations of dust samples quickly 
and fairly inexpensively. 

Sieves--

Because of its relatively large lower particle size limit 
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F • Feret's diameter, the distance between two tangents on opposite 
sides of the particle, parallel to a fixed direction. 

M Mart~n·s diameter, the length of the line which bisects the image 
of the particle. parallel to a fixed directi.on. 

Figure 82. 

mamete:r. o·f a circle having the :;ame projected area as the particle in the 
plane of the surface on which it rests. 3S40-07o 

Thre€ diameters used to estimate particle size in 
microscopic analyses. 232 
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(50-75 micrometers), sieving has a limited use for characterizing 
most industrial sources today. However, for particles within its 
workable size range, sieving can be a very accurate technique, 
yielding adequate amounts of particles in each size range for 
thorough chemical analysis. 

Sieving, one of the oldest ways of sizing particles geomet
rically, is the process by which a polydisperse powder is passed 
through a series of screens with progressively smaller openings 
until it is classified as desiredo The lower size limit is set 
by the size of the openings of the smallest available screen, 
usually a woven wire cloth. Recently, micro-etched screens have 
become available" In the futureg the lower size limit may be 
lowered by using membrane filters which can be made with smaller 
holes than woven, f ineu wire clotho 

Sieves are available from several manufacturers in four 
standard size series: Tyler, U.S., British, and German. See 
Table 9 for a comparison of these series. 132 Tyler screens are 
manufactured by the W. S. Tyler Co., Cleveland, Ohio. 

Other methods of size classification using sieving principles 
are currently being studied and improved. Wet sieving is useful 
for material originally suspended in a liquid or which forms 
aggregates when dry-sieved. Air-jet sieving, where the particles 
are "shaken" by a jet of air directed upward through a portion 
of the sieve, has been found to be quicker and more reproducible 
than hand or machine sieving, although smaller amounts of powder 
(5 to 10 g) are generally used. Felvation 133 (usin~ sieves in 
conjunction with elutriation) and "sonic sifting'' 13 (oscillation 
of the air column in which the particles are suspended in a set 
of sieves) are similar techniques that employ this principle. 

Coulter Counter--

Figure 83 illustrates the principle by which Coulter counters 
(Coulter Electronics, Inc., 590 West 20th Street, Hialeah, FL 33016) 
operateo 135 Particles suspended in an electrolyte are forced 
through a small aperture in which an electric current has been 
established. The particles passing through the aperture displace 
the electrolyte, and if the conductivity of the particle is dif
ferent from the electrolyte, an electrical pulse of amplitude 
proportional to the particle-electrolyte interface volume will 
be seen. A special pulse height analyzer is provided to convert 
the electronic data into a size distributiono A bibliography of 
publications related to the operation of the Coulter counter has 
been compiled by the manufacturer and is available on request. 

Effect Of Particle Size Distribution On ESP Performance 

The distribution of the various particle sizes entering a 
given precipitator can have a significant effect on the maximum 
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TABLE 9. COMPARISON TABLE OF COMMON SIEVE SERIES 132 

a Tyler b U.S. 
British 

Standardc d German DIN 

Equiv. Openings Mesh Openings 
in mm. 

Mesh 
No. 

Openings 
in mm. 

DIN M~sh per 
No. sq. cm. 

a 

b 

Mesh 

3.5 
4 
5 
6 
7 
8 
9 

10 
12 
14 
16 
20 

24 
28 

32 
35 
42 
48 
60 
65 
80 

100 
115 
150 
170 
200 
250 
270 
325 
400 

in mm. No. 

5.613 3.5 
4.699 4 
3.962 s 
3.327 6 
2.794 7 
2.362 8 
1.931 10 
1. 651 12 
1. 397 14 
1.168 16 
0.991 18 
0.833 

0.701 
0.589 

0.495 
0. 417 
0.351 
0. 295 
0.208 
0.208 
0.175 
0.147 
0.124 
0.104 
0.088 
0.074 
0 .:061 
0.053 
0.043 
0.038 

20 

25 
30 

35 
40 
45 
50 
60 
70 
8 IJ 
100 
120 
140 
170 
299 
230 
270 
325 
400 

5.66 
4.76 
4. l)O 

3.36 
2.83 
2.38 
2.00 
1.68 
1. 41 
1.19 
1. 00 
0.84 

0. 71 
0.59 

0.50 
0.42 
0.35 
0. 297 
0.250 
0.210 
0.177 
0.149 
0.125 
0.105 
0.088 
0. 974 
0.062 
0.053 
0.044 
0.037 

Tyler Standard Screen Scale Series. 

5 
6 
7 
8 

10 
12 
14 
16 
18 

22 
25 

30 
36 
44 
52 
60 
7.2 
85 

100 
12{) 
150 
170 
200 
240 
300 

3.353 
2.812 
2. 411 
2.057 
1.676 
1.405 
1.204 
l. 003 
0.853 

0.699 
0.599 

0.500 
0.422 
0.353 
0. 295 
0.251 
0. 211 
0.178 
0.152 
0.124 
0.104 
0.089 
0.076 
0.066 
0.053 

l 1 

2 4 

2.5 6.25 
3 9 
4 15 

5 25 
6 36 

8 

10 
11 
12 
14 
16 
20 
24 
30 

40 
50 
60 
70 
80 

100 

64 

100 
121 
144 
196 
256 
400 
576 
900 

1600 
2500 
3600 
4900 
6400 

lQOOO 

U.S. Sieve Series (Fine Series), National Bureau of Standards LC-584 and 
ASTME-11. 

Openings 
in mm. 

6.000 

3.000 

2.400 
2.000 
1.500 

1.200 
1.020 

0.750 

0.600 
0.540 
0.490 
0.430 
0.385 
0.300 
0.250 
0.200 

0.150 
0.120 
0.102 
0.088 
0.075 
0.060 

c 
British Standard Sieve Series, British Standards Institution, London BS-410:1943. 

d Germa., Standard Sieve Series·, German Standard Specification DIN 1171. 
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overall mass collection efficiency that can be obtained. This is 
due to particles of different diameters having different effective 
migration velocities and collection efficiencies in a precipitator. 
Figure 84 shows some tYi;>ical data for effective migration velocity 
and collection efficiency as a function of particle diameter. 136 

The· data were obtained by making measurem.ents with impactors at 
the inlet and outlet of a full-scale precipitator collecting fly 
ash particles and having a specific collection area of 55.7 m2 / 

(m 3/sec) and an average current censity of 20 nA/cm 2 • In general, 
there is a minimum in the collection efficiency versus particle 
diameter curve somewhere in the range between 0.3 and 0.9 µm. From 
the type of relationship shown in Figure 84, it is evident that 
different inlet size distributions will produce different overall 
mass collection efficiencies provided other operating variables do 
not change significantly. 

Figure 85 shows the theoretically calculated effect of inlet 
particle size distribution on overall mass collection efficiency. 137 

Although the particle size distribution will influence to some 
extent the voltage-current characteristics of precipitators col
lecting fly ash particles, the curves were generated by assuming 
the voltage-current characteristics remain constant in order to 
obtain trends. In the calculations, the specific collection area 
and current density were held fixed at 25 m2 /(m 3 /sec) and 26 nA/cm 2 

respectively. It is clear that both the mass median diameter and 
geometric standard deviation have a strong effect on overall mass 
collection efficiency. The overall mass collection efficiency 
increases with increasing MMD and decreasing op. 

The above considerations point out the importance of considering 
the effect of variations in particle size distribution on overall 
mass collection efficiency for a given specific collection area and 
set of electrical. operating conditions. Any program to evaluate the 
performance of a·precipitator should include measurements of the 
particle size distribution at the inlet and outlet of the precipi
tator. In designing a new precipitator, particle size distribution 
measurements on a gas stream which is similar to the one· to be 
treated should be considered. A precipitator should be de.signed 
with the capability of meeting emissions standards with a somewhat 
less favorable particle size distribution than that currently 
existing or that anticipated in order to provide a margin of 
safety. This is necessary because changes in the process which 
produces the emissions may result in ·a less favorable particle 
size distribution. 

" 

As mentioned earlier, the particle size distribution also 
influences the voltage-current characteristics of precipitators 
collecting fly ash particles. In addition, the particle size dis
tribution effects the opacity of the effluent from the precipitator. 
These topics will be .discussed .in later sections. 
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Measured Size Distributions From Various Installations 

Plant Number One--

Particle size distributions were obtained at the inlet 
and outlet to a cold-side electrostatic precipitator collecting 
ash from low sulfur Western coals. The precipitator, which is 
preceded by a mechanical collector, consists of six fields. The 
first and second fields e~ch.have 5,351 m2 (57,600 ft 2

) of col
lecting.area, while the third through the sixth fields have 

·6,698.8 m2 (72,QOO ft 2
) of col"lecting arear for a total of 37,457.3 

m2 (403,200 ft 2 ). This gives a :specific collection area of 99.2 m2/ 

(rn~/sec) (504 ft 2 /1000 cfrn) for the design volume of 377.6 m3/sec 
{800,000 acfm). The precipitator has twelve~inch plate spacing 
and operates at approximately 149°C · (300°F). 

The determination of the cumulative inlet partice size dis
tribution between 0.25 µm arid 10.0 µmf shown in Figure 86, was 
performed using two modified Brink cascade impac_tors (seven stages, 
precollector cyclone, ·and back up filter). Outlet particle size 
distributions were measured using Andersen stack samplers. Rapping 
and nonrapping outlet size distributions on a cumulative basis are 
shown in Figures 87 and 88. Figure 89 shows the rap and no-rap 
data for the ultra fine system and the rap and no-rap impactor 
derived efficiencies. The estimated no-rap efficiencies were 
based on the data from the large-particle, real-time system and 
are subject to large uncertainties because of poor counting sta
tistics for the larger particles, coupled with the limited time 
span over which the data were taken. However, it is obvious that 
very high collection eff iciences are achieved in the particle 
diameter range from 0.05 to 20.0 µm. 

Plant Number Two--

Particle size distributions were obtained at the inlet 
and outlet to a cold-side electrostatic precipitator collecting 
ash from high sulfur Eastern coals. The precipitator consists of 
three fields and is divided into two collectors, A and B. The 
test program was performed on Collector Ar- the collecting area 
of which is 7,374.4 m2 (79,380 ft 2

). This gives a specific col= 
lection area of 34.475 m2 /(m 3 /sec) (175 ft 2 /1000 cfm) for the 
design volume flow of 213.82 m3 /sec (453,000 acfm). The precip~ 
itator has 27. 94-cm (11-inch)' spacing and operates at approxi~ 
mately 149°C (300°F). 

Cumulative mass loadings for two groups of inlet runs are 
given in Figures 90 and 91. Outlet cumulative mass loadings for 
Outlet Group 1 (reduced load, normal precipitator operation), 
Outlet Group 2 (normal operation), and Outlet Group 5 (one-half 
current density) are given in Figures 92, 93, and 94. The cor
responding fractional efficiency curves are presented in Figures 
95 t~rough 97- A comparison of Figure 96 with 97 clearly shows the 
detrimental effect of reduced current on collection efficiency. 
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Plant Number Three--

The size distributions from this plant were obtained at the 
inlet and outlet of a cold-side electrostatic precipitator col
lecting ash from high sulfur Eastern coals. A mechanical collector 
precedes the precipitator which consists of four fields in the 
direction of gas flow and is divided into collectors A and B. 
The test program was conducted on collector B, the total collec
ting area of which is 5900.64 m2 (63,516 ft 2 ), giving a specific 
collection area of 43.48 m2 /(m 3 /sec) (220.9 ft 2 /1000 cfm) for the 
design volume of 135.70 m3/sec (287,500 acfm). The precipitator 
has 25.4 cm (12 inch) plate spacings and operates at approximately 
160°C (320°F). Inlet and outlet cumulative size distributions are 
given in Figures 98 and 99, and Figure 100 shows the fractional 
efficiencies for normal operation. Figure 101 contains the frac
tional efficiency data for normal operating conditions obtained 
from the ultra fine system and the impactors. Reasonable agree
ment is shown between the ultra fine system and the impactors in 
the overlap· region. 

Plant Number Four--

The size distributions from plant number four were obtained 
from the inlet and outlet of a hot-side electrostatic precipitator 
collecting ash from a low sulfur Eastern coal. The precipitator 
consists of A and B casings each of which has two inlet and two 
outlet ducts. Tests were conducted on casing B (consisting of 
Chambers Bl and B2). Casing B has four fields in series, each of 
which has a· collecting area of 3912.95 m2 (42,120 ft 2

). Although 
the precipitator was designed to have an SCA of 53.15 m2 /(m 3 /sec) 
(270 ft 2 /1000 acfm) for a total volume flow of 590 m3/sec (1,250,000 
acfm), the gas flow for the two chambers tested \l,"'as about 430,000 
acfm, which resulted in an SCA .. of approximately 390 ft 2 /1000 acfm. 
The collecting electrodes have nine inch spacing and the precipi
tator operates at approximately 343°C (650°F). 

Figures 102. and 103 present in.let and outlet size distributions 
resulting from impactor measurements made on Duct Bl and B2 (casing 
B) • . 

tigure 104 illustrates the fractional efficiencies obtained 
with the ultra fine sizing system and impactors. for duct Bl with 
and without rapping. 

Plant Number Five--

The size distributipns fro~ this plant were obtained at the 
inlet and outlet o·f a cold~sid·e· eLectros,tatic.·precipitator col
lecting ash from .low ... sulfur W,e-et.ern coals •. · The. electrostatic 
precipitator consists of six· divided" c~ambers, the test program 
being conducted on Chamber 5 •. Each chamber ha·s five electrical 
fields each of which ha.s a collection area. of 3518. 96 m2 (37' 879 
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ft 2 ). The precipitator has 25 cm (9.75 in) plate spacing, oper
ates at 88 to 120°C (190 to 250°F), and is designed to handle 
1100 m3/sec (2,330,000 acfm). The actual specific collection 
area on the tested chamber was approximately 590 ft 2 /1000 acfm. 

Figures 105 and 106 show the inlet and outlet size distri
butions, respectively. Figure 107 shows the ultrafine fractional 
efficiency data and the impactor derived fractional efficiencies 
under normal conditions. 

Plant Number Six--

Particle size distributions were obtained at the inlet and 
outlet to a hot-side electrostatic precipitator collecting ash 
from a low sulfur Western coal. This hot-side precipitator oper
ates at approximately 360°C (680°F). The precipitator consists 
of two separate collectors, each of which has eight isolatable 
chambers, the test program being conducted on the number eight 
chamber. There are in each chamber six electrical fields in the 
direction of gas flow, and each field has a total collecting area 
of 1170.54 m2 (12,600 ft 2

). The complete precipitator installation 
was designed to handle 1859.68 m3/sec (3,940,000 acfm) at 350°C 
which results in a design specific collection area of 60.43 m2

/ 

(m 3 /sec) (307 ft 2 /1000 cfm). 

The inlet and outlet size distributions are shown in Figures 
108 and 109, respectively. Figure 110 shows the ultrafine and 
impactor fractional efficiencies for normal conditions. 

Plant Number Seven--

The size distributions from plant number seven were obtained 
at the inlet to a cold-side precipitator collecting ash from high 
sulfur coals. The in situ particle size distribution measure.~ents 
were conducted at the inlets to both the A and B sides of the 
precipitator using modified Brink cascade impactors and the re
sults are shown in Figures 111 and 112. 

Plant Number Eight--

The size distributions from plant number eight were obtained 
at the inlet and outlet to a cold-side electrostatic precipitator 
collecting ash from low sulfur Western coals. Figure 113 shows a 
graph of the fractional collection efficiencies for the small par
ticle fraction using Brink impactor instrumentation. 

Plant Number Nine--

Using Brink impactors at the inlet and And.ersen impactors at 
the outlet, particle size measurements were mad'e at the inlet and 
outlet of a cold-s.id:e electrostatic precipitator collecting ash 
from medium sulfur (1.0-1.5%) Southeastern coals. The precipitator 
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consists of collectors A and B each of which has two collectors 
in series. Tests were conducted on A side only which has a 
collecting area of 281877 m2 (311,000 ft 2 ). There are twelve 
electrical ·sections in the direction of gas f.low. Gas flow at 
full load {~700 MW) is about 520 m3/sec at 149°C, giving a 
specific collecting area of 55 mz/{m 3 /sec) or 283 ft 2 /1000 cfm. 

Inlet and outlet size distributions and fractional efficiency 
data are shown in Figures 114, 115, and 116. 

Plant Number Ten--

The size distributions for plant number ten were obtained 
at the inlet and outlet of a hot-side electrostatic precipitator 
collecting ash from low-medium {l.0%) sulfur Western coal. The 
electrostatic precipitator consists of four individual precipita
tors of two sections consisting of 13,582 m2 of plate area col
lecting particulate matter from a gas stream with a flow rate of 
about 1.33 x 10~ m3 /min at a temperature of 371°C at full load 
{357 MW)- However, tests were conducted at a load with volume 
flow rates on the order of 9628 m3 /min which corresponds to a 
specific collection area of 310 ft 2 /1000 acfm. 

. Inertially determined size/mass concentration data were 
obtained using modified Brink Cascade impactors for inlet sampling 
and Andersen Cascade impactors.for outlet sampling. Optically 
determined size/concentration data over a size range from about 
0.3 to 2.0 µm were obtained usingClimet and Royea particle 
counters. Size/concentration data were obtained by diffusional 
methods using diffusion batteries and condensation nuclei counters 
simultaneously with the optical data. Figure 117 shows the frac
tional collection efficiencies of the precipitator and the measure
ment methods used. · 

Plant Number Eleven--

Figure 118 shows the fractional collection eff icienc~es of 
a cold-side electrostatic precipitator collecting ash from a 
plant burning Midwestern coal and refuse. The measurements were 
conducted at three load/percenta.ge coal-refuse combinations. 

Plant Number Twelve--

Particle size distributions were obtained at the 
inlet and outlet to· a cold-side electrostatic precipitator, 
collecting ash from a plant burning high sulfur ('V2~) Eastern 
coals~ The precipi ta tor has a c.ollection electrode area of 
19,414 m2 (208,980 ft 2 ), plate spacing ot 25.4 cm {ten inches), 
and a gas volume flow rate of ·28,700 m3 /mi.n Cl,025,000 cfm). The 
particle size analyses were determined with modified impactor type 
devices and the results are shown in Figures 119 and 120. The 
inlet particle size distribution is unusually large for a power 
plant. The modified impactor devices were equipped with cyclone 
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collectors which remove the coarsest size fraction prior to intro
duction into the impactor. 

Plant Number Thirteen--

The performance of a high efficiency cold-side electrostatic 
precipitator located in the Midwest was measured with special 
emphasis on the efficiency of the precipitator as a function of 
particle size over the range from 0.01 urn to 5 um. The Midwestern 
co~l burned by the power plant was high in sulfur (~3.6%) content. 
Particle size measurements were performed using cascade impactors, 
a Climet optical particle counter, and diffusion batteries with 
CN counters to obtain particle size distributions. Figure 121 
shows the fractional efficiencies calculated from the optical and 
diffusional data. Impactor data are not shown because of likely 
contamination. 

Plant Number Fourteen--

Optical, diffusional, and .impactor measurements were performed 
on a pilot-scale electrostatic precipitator treating flue gas re
sulting from the combustion of a low sulfur Western coal. Figure 
122 gives the fractional efficiencies for the pilot precipitator. 
The temperature of the flue gas was about 160°C (320°F), the sulfur 
content of the coal was about 0.47% (dry basis), and the specific 
collecting area of the precipitator was 66.9 m2 /(m 3 /sec) (340 ft 2

/ 

1000 cfm) . 

Plant Number Fifteen--

The size distributions shown in Figures 123 - 128 were ob
tained at the inlet and outlet to a pilot scale electrostatic pre
cipitator collecting ash resulting from the combustion of a low 
sulfur Western coa:l. Inlet particle sizing was performed using 
two six-stage Brink impactors with precollector cyclones and back 
up filters. The outlet particle sizing was accomplished with an 
eight-stage Andersen impactor with back up filter. In the case 
of. the Brink impactor; . foil· substra.tes were coated with silicone 
vacullin grease a'nd ba.ked. prior to use if the temperature of the flue 
gas was less than 20,4 °C (400°:t'} •. ·· Oth·erwise, ungreased aluminum foil 
substrates were used. Glass fiber filter substrates were used in 

·the Andersen impactor. 

The inlet size distribution curves are shown in Figure 123, 
and the outlet size distributions are shown in Figures 124 through 
128. 

Summary Of Inlet Particle Size Distributions 

Inlet particle size distribciti6ns from most of the plants pre
v~ously. discussed have been organized into various areas of interest. 
Figure> 129 shows· U~e inlet size d.istributions of those plants whose 
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Figure 125. Plant 15 outlet cumulative· particle size distribution 
at the conditions in di ca ted obtained by using an 
Andersen impactor with a back-up filter on a pilot 
precipitator collecting ash from a low sulfur Western 
coal. 
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Figure 126. 

PARTl'CLE SIZE, microns 3540·113 

Plant 15 outlet cumulative particle size distribution 
at the conditions indicated obtained by using an 
Andersen impactor with a back-up filter on a pilot 
precipitator collecting ash from a low sulfur Western 
coal. 
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Plant 15 outlet cumulative particle size distribution 
at the conditions indicated obtained by using an 
Andersen impactor.with a back-up filter on a pilot 
precipitator collecting ash from a low sulfur Western 
coal. 

210 



0.0001 W--...!..-.......:._.:.......'--L-...l....J...~~-'--_... ...... --'-'"..:...;._-'--:,.....c_-'--'-....... -'------'-J....-~ 

0.2 1.0 10.0 

PARTICLE SJZE, microns 3 5 4 0 ·115 

Fig-ure 128. Plant 15 outlet c.umulati.ve particle size distribution 
at the conditions indicated obtained.by using an 
Andersen impactor with _a ba.ck-up filter on a pilot 
precipitator.coliecting,ash.from a low sulfur Western 
coal. · · 

211 



E 
tJ 
IC --en 
E 
6 
z 
0 
<:t 
0 
...I 

w 
> 
i= 
<t 
..J 
=.i 
2 
::> 
u 

102 

101 

e PLANT NO. 1 (COLD-SIDE ESP COLLECTING 
ASH FROM LOW SULFUR WESTERN COALS) 

.A PLANT NO. 3 (COLD-SIDE ESP COLLECTING 
ASH FROM HIGH SULFUR EASTERN COALS) 

10·1._~__._~..._ ................................. ~~_,___.~._. ....................... ~~.._------.............. 
10·1 

10-1 -tJ 
IC 
~ 
en 

C!l z 
0 
<:t 
0 
...I 

"' Cl) 

10·2 < 
~ 
w 
> 
i= 
< 
...I 
::> 
~ 
::i 
(.) 

PARTICLE DIAMETER, micrometers 35'0·116 

Figure 129. Inlet size distributions of cold-side ESPs 
preceded by mechanical collectors. 

212 



electrostatic precipitators were preceded by a mechanical collector. 
Figure 130 shows inlet size distributions of ash collected from 
hot-side electrostatic precipitator installations. Figure 131 
gives the inlet size distributions from cold-side electrostatic 
precipitators collecting ash produced from both high and low 
~ml~ur coals. 

SPECIFIC COLLECTION AREA 

The specific collection area (SCA) which is defined as the 
ratio of the total collection area to the total gas volume flow 
rate is an important parameter that influences the performance of 
a precipitator. The SCA can be changed by changing either the 
collection plate area or the gas volume flow rate or both. In 
effect, changes in SCA result in changes in the treatment time 
experienced by the particles. Thus, increasing the SCA of a pre
cipitator increases the collection efficiency. In designing a 
precipitator, the total gas volume flow rate will be known so 
that the SCA is determined by the choice of total collection 
plate area. In existing precipitators, the total collection 
plate area is fixed but the SCA can change due to changes in 
the gas volume flow rate. 

The SCA provides the most flexible variable in designing a 
p~ecipitator. Although the SCA has economic and practical limita
tions, it has no physical limitations and can be increased in
definitely. Even though a curve of collection efficiency versus 
SCA will level off for the larger values of SCA due to the ex
ponential nature of the collection mechanism, greater efficiency. 
can always be obtained from increased SCA. 

Figure 132 shows experimental fractional efficiency data 
obtained from a laboratory precipitator collecting dioctyl 
phthalate (DOP) droplets under essentially idealized conditions 
at two different SCAs at two different current densities. 138 

In these experiments, all variables could be kept essentially 
constant except the SCA which was changed by changing the gas 
velocity. The fractional efficiency data were obtained by 
making particle size distribution measurements with a Brink 
impactor at the inlet and outlet of the precipitator. For a 
given current density, the exper.irnental data show the increase 
in particle collection efficiency with inc;reased SCA. 

Figure 133 shows experimental data on the effects of SCA on 
overall mass collection efficiency. The data were obtained from 
pilot plant studies on the flue gas from a coal ·fired boiler. Test 
velocities through the precipi":ator ·were varied. from 1.13 to 2. 53 
m/sec. The precipitator had two electrical sections in the di-

.··. rection of gas flo1N. The inlet section was. ma.intained at approx
imately 41.7 nA/cm 2 while the outlet section was mainta~ned at 
approximately 69.5 nA/cm 2 • Although attempts were made to hold 
flue gas temperatures and boiler operating conditions identical 
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for each test, inlet gas temperatures ranged from 146 to 174°C 
and the inlet mass loading ranged from 0.011 to 0.018 kg/DNCM. 
The data represent periods during which both the discharge and 
collection electrodes were rapped. Although effects due to 
changes in gas temperature, inlet mass, load;ing, and particle 
reentrainment, and nonideal conditions influence the data to 
some extent, the data·. show the a'efinite incre'ase in overall 
mass collection efficiency with in.creased SCA. 

Data showing the. effect of SCA on the overall mass collec.
tion efficiency of a full-scale. prec,ipitator collecting fly ash 
particles are given in Figure 134·. The· precipitator had a col
lection electrode area of 7;698 m2 , three electrical sections 
in the direction of gas flow, thirty-six gas passages, and a 
plate height of 8.9 m. The SCA was varied by changing the 
boiler load. The temperature and resistivity of the ash ranged 
from 180 to 200°C and 0.4 to 1.0 x 10 12 ohm-cm, .respectively. 
As with the pilot plant data discussed previously, the effect 
of SCA can not be completely isolated since all other variables 
can not be held rigid1y constant when the SCA is changed. How
ever, the data again show the definite increase in overall mass 
collection efficiency with increased SCA. · 

VOLTAGE-CURRENT CHARACTERISTICS 

Electrical Circuitry For A Precipitator 

The electrical equivalent circuit of a precipitator is shown 
in Figure 135. 139 The voltage normally applied to a precipitator 
is either half-wave or full-wave rectified 60 Hertz ac. Neglec
ting for a moment the effects of c

0 
and Ro' the capacitor, Cp, 

charges on the increasing portion of the voltage waveform and 
discharges on the decreasing portion. The current from the dis
charging capacitance flows through the resistance RG tending to 

maintain the peak voltage applied. There is an exponential decay 
of this voltage dependent on the time constant of the RGC circuit. 
This time constant is given by: 140 P 

T = RC G p 
( 19) 

where T is the time in seconds for the voltage waveform to decrease 
to approximately 37% of its peak value after the voltage is re
moved. The current, I, will flow in the return leg of the circuit 
only during the charging of the capacitor. During the remainder 
of the cycle, the current supplied to RG is the discharge current 

from Cp. These relationships are shown in Figure 136. In this 

example T is assumed to be greater than 8 milliseconds or 1/2 cycle 
of the line voltage. 
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V = VOLTAGE APPLIED ACROSS ELECTRODES IN VOLTS 

I = TOTAL CONVENTIONAL CURRENT FLOW IN AMPERES 

CP = EQUIVALENT CAPACITANCE OF THE ELECTRODE SYSTEM IN FARADS 

RG = EQUIVALENT RESISTANCE OF THE INTER-ELECTRODE REGION IN OHMS 

Co= EFFECTIVE CAPACITANCE OF THE DUST LAYER IN FARADS 

Ro= EFFECTIVE RESISTANCE OF THE DUST LAYER IN OHMS 3&40·122 

Figure 135. Electrical equivalent circuit of a precipitator 
electrode system with a dust layer. After Oglesby 
and Nichols. 139 
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Figure 136. Voltage-current relationship in an ideal capacitor/ 
resistor parallel .combination. 
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Normally the effective impedance presented by the parallel 
combination of CD and P'D is negligible compared to the impedance 

of RG. Thus, the time domain respon-se of the prec-ipitator is 

determined by the combination of Cp and·RG. ·However, this is not 

true when the dust laver is in a breakdown condition and possil:>ly 
exhibiting back corona. The breakdown may effectively short-out 
the dust layer and a portion of RG thereby reducing the time 

constant, T, and increasing the current, I. This change in time 
constant may be monitored on an oscilloscope presentation of the 
voltage waveform and used to support evidence that breakdown of 
the dust layer is occurring. 

The voltages and currents in a precipitator are most often 
measured by the installed power set instrumentation as root-mean
square (rms) or effective values. The capacitanc_es and resis
tances vary slowly with time so·that the equivalent circuit of a 
precipitator in normal operation can be approximated as a pure 
resistance across the terminals of a DC source. The voltage
current relationship is simply V = RI where R is the effective 
value of the resistance in ohms, V is in rms volts, and I is in 
rms amperes. An actual precipitator departs from ohmic behavior 
in that R is a non-linear function of the current. The graphical 
presentation of precipitator voltage versus secondary current is 
not the straight line generated with an ohmic resistance, but 
generally curved and referred to as a V-I curve. 

Measurement Of Voltage-Current Characteristics 141 

Many precipitator control rooms have panel meters for each 
transformer/rectifier (T/R) set which display the primary and 
secondary voltages and currents and the sparking rate. The sec
ondary voltage-current characteristics are needed in order to 
analyze the electrical operation of a precipitator. Thus, panel 
meters for measuring both secondary voltages and currents should be 
provided. If a precipitator is not equipped with panel meters for 
measuring secondary voltages, or if calibrations of existing meter! 
are desired, temporary voltage divider networks and accurate volt
meters can be installed on the precipitator side of the rectifier 
networks as shown at point number 1 in Figure 137 to obtain 
secondary voltage measurements. In practice, the voltage divid
ers are inserted in parallel across the high voltage bus sections 
of the preci~itator. Typically, the resistor R 2 has a value of 
about 1 x 10 ohms and R1, has a value of about 12,x 10 3 ohms. 
Because of the voltage drop across R 2 , this resistor should be 
well insulated electrically. 

If it is necessary to measure the secondary current, a volt
meter can be placed across resistor R 3 in the Surge Arrester 
network in the return leg of the secondary circuit. The resistor 
R3 is typically 50 ohms or less. The entire precipitator sec
ondary current passes through this resistance. The voltage 
developed across R3 is proportional to the current. Some 
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Figure 137. Voltage divider·ni:twork for measuring precipitator 
secondary voltages and currents. · 
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manufacturers utilize a meter calibrated to read current based on 
the detection of this voltage. Other manufacturers may place a 
current meter with very low internal impedance across R3 and 
allow all the precipitator current to pass through the meter. _ 
In this case, the resistor R3 is in the circuit to prevent iso-__ · 
la ting the power set if the meter is removed from the circ_uit .. 
Point number 2 in Figure 137 shows the relati9n of these com
ponents to the remainder of the system. 

In order to calibrate the secondary curren.t meter it must 
first be determined whether the meter is a voltage or current 
sensing device. If this cannot be determined from the precipita
tor operation and maintenance manual, a test must be made. If it 
is a voltage detecting type current meter, a volt meter placed 
across the resistor will read within a few percent of the same 
voltage whether the T/R set current meter is attached or not. If 
the measured voltage is low with tbe T/R set meter in the circuit, 
the T/R set meter is a current sensing device. Calibrating a 
voltage sensing meter requires accurately measuring the resistance 
of the resistor, out of the circuit, and recording the voltages 
for various currents. Then, Ohm's law is applied to obtain the 
true currents. Comparison of the true currents with the meter 
readings yields a calibration curve for the meter. If the power 
set has a current sensing meter, a calibrated current meter of 
appropriate capacity is inserted in series with the meter to be 
calibrated. Measurement of various currents with the two meters 
and comparison of the readings yield a calibration curve for the 
uncalibrated meter. 

Figure 138 is a facsimile of a data sheet used to collect 
data from which voltage-current relationships may be plotted. In 
the general heading, information is recorded which will identify 
the test, the power supply (T/R Set), the plate area fed by the 
power set, and the determined calibration factors for the voltage 
and current. Data is taken as the manual set control is gradually 
increased until some current flow is detected. This is recorded 
as the corona starting voltage. Subsequent points are taken by 
increasing the control for some increment of current and recording 
the meter readings at that point. Readings are taken until some 
limiting factor is reached. This factor is recorded on the right
hand side of the data sheet and is usually excessive sparking or 
a current or voltage limitation of the power set. 

The columns as shown in Figure 138 usually completed for each 
point include those labeled PRIMARY VOLTS, PRIMAR~ AMPS, DCKV T/R 
SET METER, DCMA T/R SET METER, SPARK RATE, and DC VOLTS VOLTAGE 
DIV. At a later time the DCMA correction factor is applied to the 
T/R set meter reading and the DCMA CORR. column is completed.* 

*On c;. dual half-wave installation where the voltage is ·measured on 
one independent HV bus but the current is the sum of both sections, 
the secondary current must also be multiplied by the ratio of the 
plate area of the section under test to the total plate area in 
order to approximate the secondary current in that power supply leg. · 
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The DCKV CORR. column is completed by multiplying the DC VOLTS 
VOLTAGE DIV. column by the voltage divider multiplier. The last 
two columns are completed by dividing the DCMA CORR. by the ap
propriate collecting area in square feet or square centimeters and 
applying a multiplicative factor of l0- 3

• A ~lot is then made on 
linear graph paper of the DCKV CORR. vs µA/ft or nA/cm 2 depending 
on the experimental requirement. 

A typical voltage-current curve is shown in Figure 139. 142 

Voltage is plotted linearly along the horizontal axis and current 
density linearly along the vertical axis. Current density at the 
collection plate is used rather than total current supplied to 
give a basis for comparison. This curve was obtained with 2.67 
mm diameter wires in a laboratory scale precipitator. 

Effect Of Electrode Geometry 

Geometrical factors which affect the electrical character
istics of a wire-plate precipitator include the plate-to-plate 
spacing, wire-to-wire spacing, wire radius, plate area per power 
set, and roughness of the wire. Each of these factors contributes 
its own distinctive effect on the electrical characteri.stics. 

The plate-to-plate and wire-to-wire spacings affect the 
spatial distribution of the current density, electric field, and 
space charge density. For the same applied voltage, wire radius, 
and wire-to-wire spacing, the effect of increasing the plate-to
plate spacing is one of distributing the ionic current, origi
nating from the region near the wire, and the potential difference 
over increasing surface areas. This leads to lower and less rapidly 
varying values of current density, electric field intensity, and 
space charge density in the region oti'tside the corona sheath. For 
the same applied voltage, wire radius, and plate-to-plate spacing, 
the effect of decreasing the wire-to-wire spacing is to increase 
the uniformity of the current density and electric field distri
butions. It should be noted, however, that there is an optimum 
wire-to-wire spacing which will yield a maximum current, and re
duction of the wire-to-wire spacing below this value will lead 
to reduced currents due to an increased interaction of the elec
tric fields near the wires. 

Increasing the radius of the corona wire leads to higher 
corona starting voltages and lower electric field intensities at 
the surface of the wire at corona onset. For a given applied 
voltage, above the corona starting voltage, the qorona current 
will decrease as the wire radius is increased. For the same 
average current density at the plate, the space charge density 
near the wire decreases as the corona wire radius is increased. 
The average current density at the plate is maintained because of 
the.higher applied voltages which are necessary to produce ioni
zation as the corona wire radius is increased. The higher applied 
voltages result in higher values of electric field intensity 
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outside the region of ionization and, consequently, faster migra
tion of the ions towards the plate. 

Figures 14 o through 14 5 show theoretically calculated trends 
caused by changes in--wire radius, plate-to-plate spacing, and 
wire-to-wire spacing.I+ The· symbols rw, Sx, Sy, and bin the 
figures represent the wire radius, one-half the plate-to-plate 
spacing, one-half the wire-to-wire spacing, and the charge carrier 
mobility, respectively. The curves in all of these figures were 
obtained by taking the values of the relative gas density (o) 
and the roughness factor (f) of the corona wires to be unity. 

Figures 140, 141, and 142 demons~rate the effects of wire 
size, plate-to-plate spacing, and wire-to-wire spacing on voltage
current characteristics. Figure 140 shows that an increase in 
wire size leads to a higher starting voltage and lower currents 
for the same applied voltages. An increase in wire size shifts 
the voltage-current curve to the right but does not substantially 
alter the shape of the curve. Figure 141 demonstrates that in
creasing the plate-to-plate spacing has only a slight effect on 
raising the starting voltage but leads to a large drop in current 
for the same applied voltage at voltages above corona start. An 
increase in plate-to-plate spacing rotates the voltage-current 
curve to the right (produces a decrease in the slope of the curve). 
Figure 142 shows that the wire-to-wire spacing has little effect 
on voltage-current characteristics over a wide range of values. 
Increasing the wire-to-wire spacing generally shifts the voltage
current curve to the left although the curves for different wire
to-wire spacings may intersect one another. 

Figures 143, 144, and 145 illustrate how the average electric 
field at the plate Ep and the average electric field between the 
electrodes Ea vary as a function of the average current density 
at the plate for different wire sizes, plate-to-plate spacings, 
and wire-to-wire spacings. Figure 143 shows that for the same 
average current density at the plate the average electric field 
at the plate increases slowly with increasing wire size. Figure 
144 demonstrates that for the same average current density at the 
plate the average electric field at the plate increases rapidly 
with increasing plate-to-plate spacing. Figure 145 indicates 
that the wire-to-wire spacing has only a small effect on the 
average electric field at the plate for any given average current 
density at the plate. 

In most practical applications, the geometries will differ 
to some extent from a true wire-plate design. For example, dis
charge electrodes may have a design other than round wire, dis
charge electrodes may be supported in a rigid frame, and the 
collection electrodes may contain protrusions such· as baffles 
and flanges. However, the general trends discussed above .for 
wire-plate geometries will be evidenced in the geometries uti
lized commercially. 
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Figures 146 and 147 show secondary voltage-current charac
teristics obtained from the inlet and outlet sections of several 
cold-side full-scale precipitators having different electrode 
geometries. Although the precipitators were treating different 
types of fly ash under differing conditions of inlet mass loading 
and particle size distribution, temperature, ash resistivity, gas 
velocity, etc., the effects of geometry are still evidenced in 
the voltage-current curves. Larger plate-to-plate spacings 
tend to rotate the voltage-current curve to the right and tend 
to lead to higher applied voltages for a given current density. 
Larger effective discharge electrode diameters tend to shift the 
entire voltage-current curve to the right. In practice, these 
effects may be obscured to some extent by the surface properties 
of the discharge electrodes and the presence of particles on the 
discharge and collection electrodes. These effects will be dis
cussed later. 

The collection plate area per power set is another geometrical 
factor of importance in determining the electrical characteristics 
of a precipitator because it affects the sparkover voltage. The 
optimum spark rate for n wires will be the same as for one wire 
since a spark in any of the n wires causes the voltage to collapse 
momentarily on all wires. Therefore, the optimum operating voltage 
for n wires will be lower than for one wire. If the optimum 
operating voltage at the optimum spark rate for one corona wire 
is V1 (kV), then the optimum operating voltage Vn (kV) at the.same 
optimum spark rate for n identical corona wires is 143 

( 2 0) 

where b is an empirical constant with a value on the order of one. 

Equation (20) can be related to plate area by substituting the 
quantity (total plate area)/(plate area per corona wire) for n. 
The relationship of the optimum operating voltage to the number of 
corona wires is shown in Figure 148 for V1 = 50 kV and various 
values of b. In practice, once the plate height and wire-to-wire 
spacing are established, the plate area per corona wire becomes 
fixed. Thus, the number of wires per power set is determined by 
the plate area per power set. For best precipitator performance, 
the plate area serviced by a single power set should be made small 
enough to avoid a large reduction in the optimum operating voltage. 
This normally leads to a precipitator design with a high degree of 
electrical sectionalization. A high degree of electrical section
alization is also beneficial for two other reasons: (1) the outage 
of electrical sections produces less degradation in precipitator 
performance and (2) particle reentrainment due to sparking and 
rapping is less severe. 

The roughness (or surface condition) of the corona wires is 
another geometrical factor which influences the electrical charac
teristics of a precipitator. A roughness factor f is used to 
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Figure 146. Secondary voltage-current curves obtained from the 
inlet sections of several cold-side full-scale 
precipitators having different electrode geometries. 
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designate the degree of roughness of round corona wires. The 
roughness of the wires affects the electrical characteristics 
by influencing the corona starting voltage, the electric field 
intensity at the surface of the wires at corona onset, and the 
space charge densities near the wires. Values of the roughness 
factor normally lie in the range 0.5-1.0, 144 and a o.l change 
in value will result in considerably different electrical charac
teristics. 

For clean, smooth wires used in laboratory experiments in 
air, the rou~hness factor can be taken as unity with good re
sults. 144' 

14 If the sur£ace of a wire is specked with dirt, 
rough, or scratched, the roughness factor will be less than unity 
and difficult to determine quantitatively. These types of imper
fection on the surface of the wire give rise to local regions 
which have a smaller radius of curvature than the wire. Higher 
electric field intensities will exist where these imperfections 
are located and corona discharge will occur at reduced voltages 
at these locations before spreading to the entire surface of the 
wire at higher voltages. This results in a nonuniform current 
along the length of the wire. The effect of these imperfections 
is to decrease the corona starting voltage, electric field in
tensity at the surface of the wire at corona onset, and, for 
any given applied voltage, to increase the space charge density 
near the wire and the average current density at the plate. In 
the practical observation of the effect of wire roughness, the 
voltage-current characteristic will shift to the left with de
creasing values of roughness factor in a manner which is similar 
to decreasing the wire radius. 

In industrial applications, the wires can accumulate ash 
to the extent that they are completely covered. In these cases, 
there is an effect of increasing the wire radius which is dif
ferent from accounting for the imperfections on the surface of a 
wire. Thus, a new radius for the discharge electrode is estab
lished and imperfections will exist on the surface defined by 
this radius. 

Since the rouahness factor depends on the number, type, ex
tent, and radii of~the imperfections on the surface of a wire, 
the possibility of a non-empirical determination of this para
meter is quite remote. This means that representative values 
of the ro~ghness factor must be determined empirically by making 
measurements of voltage-current curves and using the roughness 
factor as an adjustable parameter in the existing theories in 
order to fit the experimental data. 

Effect Due To Gas Properties 

The voltage-current characteristics of a precipitator are 
affected significantly by the temperature, pressure, and compo
sition of the gaseous conduction medium. The temperature and 
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pressure of the gaseous conduction medium influence the corona 
starting voltage, the electric field intensity at the surface of 
the discharge electrode at corona onset, the space charge density 
near the discharge electrode, and the effective mobility of the 
molecular ions. Certain effects due;:t;o temperattire .and. pressure 
can be analyzed through changes in the gas density (o): 

0 = oo !..! • E_ 
T Po 

(21) 

where 

6 0 = gas density at To and Pe (kg/m 3 ) , 

To = standard temperature (273°K), 

T = actual temperature of the gas (OK) ' 

Po = standard atmospheric pressure (760 mm Hg), and 

p =actual pressure of the gas (mm Hg). 

The parameter 6 decreases with increasing temperature and 
decreasing pressure. As o decreases, the corona starting voltage, 
the elect~ic field intensity at the surface of the discharge 
electrode at the corona onset, and the sparkover voltage all de
crease. These effects can be explained by examining the influence 
of o on the space charge density near the discharge electrode. As 
o decreases, the effective mobility of the ions increases due to 
a reduced number of collisions with neutral molecules. For a 
given applied voltage, this leads to a decrease in space charge 
density near the discharge electrode and an increase in the aver
age current density at the collection electrode. The decrease 
in space charqe density near the discharge electrode results in 
the attainment of a given discharge current at a lower value 
of electric field intensity at the surface of the discharge elec
trode. Thus, in order to maintain a given average current density 
at the plate as 6 decreases, the applied voltage must be lowered 
so that the lower electric field intensities which result will 
move the ions away from the region near the discharge electrode 
at a slower rate. 

Fiqures 149, 150, and 151 contain experimental data showing 
the effects of temperature and pressure on voltage-current charac
teristics and sparkover voltage. 146 These data were obtained in 
wire-cylinder geometries for negative corona in air. In practice, 
if the temperature is increased or the pressure is decreased, 
the voltage-current curve will shift to the left and will acquire 
steeper slopes. The shift is due to the decrease in corona 
starting voltage, and the steeper slopes are due to an increase 
in the effective ion mobility. The data in these figures also 
demonstrate how the sparkover voltage decreases as o decreases. 
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Figures 152 and 153 show voltage-current curves obtair).ed 
from outlet electrical fields in several full,;..s'Cale,. cold-·Side' .· 
and hot-side precipitators. These curves approximate those· 
that would be obtained. for a .partiqle-f:t;"ee gas°''· The. curves show 
the range of voltages that can be;·.ahticipate9, for "t:he es,sentially 
clean flue gases at cold and hot-side temperatutes. The lower 
voltages and smaller voltage range·. associated w.ith high t.emper
ature operation should. be noted. 

The composition.of the gas can have.a significant effect on 
the voltage-current charact.eristics a·nd sparkover voltage wl}.iqh 
are obtained in a precipitator. For negative corona discharge, 
the concentrations of the various molecular constituents and the 
electron affinities of these constituents are of importance. 
Different gas compositions will result in different effective 
charge carrier mobilities in a corona discharge. In gen,eral, the 
current is carried by both molecular ions and f r_ee electrons. 
The extent of the free electron contribution depends on the elec
tron-trapping capabilities of the molecular constituents, the 
temperature and pressure of the ga·s,. the spacing of the collec
tion electrodes, and the applied voltage. In industrial appli
cation of precipi ta tors to treat· gas streams emanat.ing from the 
combustion of coal, the contribution of free electrons to. the 
total current is normally not considered to be significant. 

The flue gas resulting from the combustion of coal and 
entering a precipitator contains the electron-trapping gases 02 1 

C02, H20, 802, 803, and NOx in approximate concentrations of 
2.0-8.0%, 11.0-16.0%, 5.0-14.0%, 150-3000 ppm, 0.0-30.0 ppm, and 
200-800 ppm, respectively. The order of importance of the con
stituent gases with respect to electron-trapping capabilities is 
S02, 02, H20, and C02. Minimum amounts of these gases required 
to produce a significant effect on the electrical conditions are: 
S02, 0.5-1.0%; 02, 2.0-3.0%; and H20, about 5.0%. The effect of 
C02 can normally be ignored due to the presence of the other 
electron-trap gases. The experimental data 1 *7 in Figures 154, 
155, and 156 demonstrate the influence of gas composition on the 
voltage-current characteristics and sparkover voltages. 

The effective mobility of the ionic charge carriers in the 
corona discharge is the most important parameter in determining 
the electrical conditions which can be established in the gas. 
This parameter depends on the composition of the gas, the rela
tive concentrations of the gaseous components, and the temperature 
and pre~sure of the gas. Since the effective ion,mobility (K) is 
a function of temperature and pressure, measured values of this 
parameter are usually reported in terms of the reduced effective 
ion mobility (K 0 ): 

K = K P • 273 0 760 T + 273 
( 22) 
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where p (Torr) and T (°C) are the pressure and temperature at 
which the measurement was made . 

. Labo.ra tory 1 4 6 ' 1 4 9 ' 1 5 0 and in .. situ 1 5 1 techr~:iques ·have been· 
developed for measuring effective ~mobilities.. The laboratory.· 
techniques involve either the measurement ·Of the 'time of flight .. 
of the ions 146 or the measurement of the voltage,..current charac• 
teristics of a corona discharge in .• the g:as. 150

• An in situ tech
nique which has been utilized invo1ves the measurement of ·the·. 
voltage-current characteristics of a corona discharge in the gas. 151 

Fiaure 157-a shows a schematic diagram of a mobility tube 
which h~s been utilized to make time of flight measurements of ion 
mobilities. 146 Electrons are released from a photocathode by a 
pulse of ultraviolet light. These electrons drift toward the 
collector (anode) under the influence of a uniform electric field. 
The electrons attach to neutral molecules close ·.to the cathode. 
The negative ions then drif't toward the collector. The grids are 
normally transparent so that if a voltage pulse>isapplied' to the 
grids some o:f the ions or electrons·. in the vicinity of the grid 
are absorbed and the average collector current is decreased. By 
varying the delay time of the grid voltage pulse with respect to 
the light pulse, a waveform of the ion current as a function of 
delay time is obtained. A typical ion-current waveform is shown 
in Figure 157-b. An ion-current waveform is obtained for each 
grid so that the drift velocity can be obtained from the difference 
of ion transit times. Then, the ratio of the drift velocity to 
the electric field strength yields the ion mobility. 

Figure 158-a shows a·schematic diagram of a laboratory 
apparatus which has· been utilized to determine effective ion 
mobilities from the measurement of the voltaae-current charac
teristics of a corona discharge in the gas. 150 A simulated flue 
gas composition flows through a wire-cylinder corona discharge 
system and is maintained at the desired temperature. In this 
technique, a voltage-current curve is measured for corona dis
charge in the particular gas. The measured voltage-current curve 
is fit to an analytical expression relating voltage and current 
for wire-cylinder geometry using the effective ion mobility as an 
adjustable parameter. Figure 158-b shows typical voltage-current 
data along with the theoretical fits. 

Figure 159 shows a schematic diagram of an "ion mobility 
probe" which has been utilized to make in situ measurements of 
effective ion mobilities. 151 The probe-,-which is made of stain
less steel, can be inserted through a standard 10.16 cm (4 in.) 
test port into a flue gas environment at temperatures up to 400°C. 
The flue gas is filtered and pulled through a wire-cylinder corona 
discharge system. A voltage-current curve is measured for corona 
discharge in the flue gas. The data obtained are analyzed in 
the same manner as the laboratory technique discussed previously. 
The in situ technique has the advantage of utilizing the true 
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flue gas composition in a particular application. 

Table 10 gives some measured values of effective ion mobility 
for various gas compositions. Several of the values are for gas 
compositions which are very- similar to those obtained from the 
combustion of coal. Figures 160 and 161 contain theoretical pro
jections showing the effec·t of effective ion mobility on the 
voltage-current and electric field current density relationships 
in a wire-plate geometry.'+ Figure 162 shows theoretically pre
dicted collection efficiency versus reduced effective ion -mobility 
curves for several particle sizes contained in a typical inlet 
particle size distribution found in the combustion of coal and 
for a mass loading of 9.16 x io- 3 kg/m 3 (4.0 grains/acf). These 
curves indicate that the effective ion mobility can have a signifi
cant effect on particle collection efficiencies. For example, a 
reduced ~ffective ion mobility of 2.2 x lo-'+ m2 /v·s leads to a 
collection efficienc¥ of 81.8% for a 0.55 µm particle, whereas 
a value of 3.5 x lo- m2 /v•s yields 77.8%. 138 

Effects Due To Particles 

Particles affect the voltage-current characteristics due to 
their presence in the gas stream and due to their accumulation on 
the discharge and collection electrodes. An analysis of measured 
secondary voltage-current characteristics is essential for de
termining how the operating electrical conditions are affecting 
precipitator performance. A correct analysis of measured secondary 
voltage-current characteristics depends on an understanding of the 
possible effects due to particles. In many cases, the analysis 
of voltage-current characteristics is complicated due to competing 
effects caused by the particles. 

The particles in the gas stream become charged due to col
lisions with the ions created in the corona discharge. The 
charged particles are much less mobile than the ions and move 
relatively slowly toward the collection electrode. A particulate 
charge distribution (particulate space charge) which has an elec
tric field associated with it is established in the interelectrode 
space. At points near the surface of the discharge electrode, the 
electric field due to the charged particles is opposite in direc
tion to the electric field produced by the surface charge on the 
discharge electrode. This effect reduces the electric field 
strength which is effective in the ionization orocess near the 
discharge electrode. Thus, for a given applied voltage, the rate 
of ion production or current will be reduced due to the particles. 
The lowering in current for a given applied voltage due to the 
presence of particles in the gas stream is referred to as the 
"particulate space charge effect". 

In practice, the particulate space charge effect can be 
detected by examining th.e voltage-current curves from successive 
electrical sections in the direction of gas flow. In progressing 
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TABLE 10. 

Gas Composition 
(Volume Percent) 

llJO.O 

100.0 

REDUCED EFFECTIVE NEGATIVE ION MOBILITIES 
FOR VARIOUS GAS COMPOSITIONS 

100.0 

100.0 

RedJc~d Eff0ctive 
T·,1:1 MnL.LlJ..ty 

...., .. 2 I ,. \ 

( '-n' / \i - ~ ec / 

0.67 + 0.l7a 

2.46 + C.l;Gn 

J.. 0 8 + I -,0 
'~ • 0 ,) 

(Ldbora tory Air) ( . u 
,;,_ . j j 

79.4 

73. 5 

65.9 

71. 0 

75.7 

75.1 

78.5 

78.3 

77. 9 

77. 6 

(Labc!:a.tcry Air) 

14.7 4. 6 0. 2 

13.6 4.2 0. 2 

12.2 3.8 0. 2 

11.2 3.7 o.o 

11. 6 3. 2 0.0 

11. 5 3. 2 0.1 

10.9 3. 6 o.o 

19.8 3. 6 0.1 

10.3 3.6 0. 3 

10.7 3.7 0.7 

0.6 

8.4 

17.8 

14.0 

9.4 

9. 9 

7.0 

7. 0 

7. 0 

7. 0 

- -. 9 i:: 
_j • j 

;: 
') .., ") .!... 
"-· ., """'.j 

J.Q2I 

2.74£ 

J - .-f 
..J • -> 0 

.c: 
2. 4 3 .!... 

a. J. J. Lowke c:ind J. A. Rees, i\, .. ,·:...:ro.lian J. Phys._ 16, 447 (1963). 

b. E. W. McDaniel and H. R. C:c<rnr.'.· Pev. Sci. Instru. ~, 684 t.L')S9). 

c. E. W. McDaniel and M. R. c. ticDuwell, Phys. Rev. 114, 1028 (1959). 

d. B.Y.H. Liu, K. 'I'. Whitby, c:i.nd H.H.S. Yu, J. AopJ.. Phys. 38_, 
1592 (1967). 

e. J. Bricard, M. Cabane, G. Modelaine, and o. Vigla, Aerosols 
and Atmospheric Chemistry. Edited by G. M. Hidy, New York, 
New York, 27 (1972). 

f. H. W. Spencer, III, "Experimental Determination of the Effective 
Ion Mobility of Simulated Flue Gas." In Proceedings of 1975 
IEEE-IAS Conference, September 28, 1975, Atlanta, Georgia. 
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from the inlet to the outlet, the voltage-current curves will 
shift to the left. This shift to the left is due to a reduction 
in the particulate space charge effect as charged particles are 
removed from the gas stream along the length of the precipitator. 

Figure 163 shows voltage-current curves obtained from three 
successive electrical fields in the direction of gas flow in a 
full-scale, cold-side precipitator collecting fly ash particles. 
This figure demonstrates the expected effect of particles on the 
voltage-current curves. The shift of the curve to the left in 
moving from the inlet to the outlet and the reduced voltages in 
the outlet electrical field are of particular importance in 
analyzing the effects of particles and in determining whether 
or not the electrical fields are behaving properly. In certain 
cases, the voltage-current curve for the second electrical field 
may lie to the right of that for the first electrical field and 
then the behavior of the following electrical fields is similar 
to that shown in Figure 163. This is again due to particulate 
space charge and depends on several factors including allowable 
electrical conditions, gas velocity, and inlet mass loading and 
particle size distribution. Thus, this behavior would not 
necessarily indicate abnormal precipitator behavior. Also, for 
high efficiency precipitators with six or more electrical fields 
in the direction of gas flow, the voltage-current curves for the 
electrical fields near the outlet should approach one another. 

Since the particulate space charge effect along the length 
of a precipitator depends on particle charging and collection, 
changes in the gas volume flow through a precipitator will result 
in changes in the voltage-current characteristics. In precipi
tators installed on coal-fired boilers, the gas volume flow can 
vary due to changes in the power generation load. Figures 164 
through 167 show the effect of gas volume flow on the voltage
current characteristics as estimated by using a mathematical 
model. 152 The parameters used in the calculations are typical 
of full-scale, cold-side precipitators. There are four, nine 
foot long electrical sections in the direction of gas flow. The 
elect~ode geometry consists of plate-to-plate and wire-to-wire 
spacings of 22.86 cm and a wire radius of 0.138 cm. The inlet 
p~rticle size distribution (MMD= 25 µm, op =.2.8) is ~epresenta
tive of fly ash particles. Although chang~s in load will also 
result in changes in other parameters such as temperature, 
resistivity, gas composition, etc. which have their own influ
ences on the voltage-current characteristics, it has been assumed 
that these parameters remain constant. Figures 164, 165, and 
1~6 show the effect of particles in the different electrical 
sections for high, medium, and low gas flow rates, respectively
Figure 167 compares the voltage-current characteristics of the 
first and last electrical sections at each gas flow rate. 

The collection of particles on the discharge and collection 
electrodes may influence the voltage-current characteristics in 
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several ways. The effect of particulate collection on the dis
charge electrodes has been discussed earlier in terms of geome
trical factors. Effects due to particulate collection on the 
collection electrodes may result because of dielectric breakdown 
of the collected layer, an effective reduction in the discharge-to
collection electrode spacing, or a nonnegligible voltage drop 
across the collected layer. 

The most significant factor affecting the operation of a 
precipitator collecting fly ash particles is the dielectric break
down properties of the collected particulate layer. Precipitators 
collecting particulate layers with resistivities greater than 10 11 

ohm-cm are limited to low voltages and currents due to dielectric 
breakdown of the particulate layer. As discussed earlier, back 
corona can exist well in advance of sparking conditions for col
lected particulate layers with resistivities greater than 10 11 

ohm-cm. A precipitator should be operated at voltages which do not 
produce back corona or excessive sparking in order to avoid detri
mental ef=ects to precipitator performance. A detailed discussion 
concerning the resistivity of collected fly ash will be given later. 

The thickness of the collected particulate layer is manifested 
in the voltage-current characteristics. There is a voltage drop 
across the layer that is given by equation (3). This voltage drop 
depends on the average current density in the layer and the re
sistivity and thickness of the layer. This voltage drop is not 
effective in producing current in the corona discharge. For low 
resistivity (<10 1

J ohm-cm) fly ash and layers of larger thickness 
(>l cm), the effect of the layer might be to shift the voltage
current curve to the left. This can result due to the combination 
of a negligible voltage drop across the layer for current densi
ties preceding sparkover and an effective reduction in discharge
to-collection electrode spacing. However, normally, the combi
nation of resistivity and thickness of the layer is such that the 
effect of the voltage drop across the layer dominates the effect 
on the voltage-current characteristic. In this case, the voltage
current curve is shi~ted to the right due to the ef~ect of the 
layer. When a particulate layer is present, the additional 
voltage which is necessary to produce a given clean collection 
electrode current density is given approximately by equation (3). 
Figure 168 contains experimental data showing the normal effect 
that a fly ash layer on the collection electrode has on the 
voltage-current characteristics. 153 The condition illustrated 
is for de voltage-current curves with and without a one centi
meter thick dust laver with a resistivity of l x 10 11 ohm-centi
meter on a typical second electrical field. 

In analyzing voltage-current curves, it must be kept in mind 
that the effect of the particulate layer on the collection elec
trode is in addition to the particulate space charge effect in 
the gas and the effect of particles collected on the discharge 
electrodes. Thus, the various possible effects discussed in this 
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section may compensate to some extent for one another and obscure 
the individual effects. All possible effects and their different 
combinations should be considered Ln order to obtain the best 
possible explanation of measured voltage-current characteristics. 

Effects Due To Chemical Conditioning Agents 

The addition of certain chemical conditioning agents into 
the gas stream prior to treatment by a precipitator may result 
in improved electrical operating conditions. It is also possible 
that the use of certain chemical conditioning agents will result 
in worse electrical operating conditions. Depending on the type 
of chemical conditioning agent and the appropriate method of 
utilization, the agent may be added to the gas stream in either 
the vapor, liquid, or solid phase. 

Chemical conditioning agents may affect the voltage-current 
characteristics by (1) modifying the resistivity of the collected 
particulate layer, (2) changing the composition of ionic charge 
carriers in the gas, ( 3) introducing a space charge effect, or 
(4) changing the adhesive and cohesive properties of the collected 
material. Chemical conditioning agents have been used primarily 
as a means of lowering the resistivity of the collected fly ash. 
In principle, the added agents come into intimate contact with 
the particles in the gas stream and/or in the collected layer 
and produce a larger number of charge carriers or more mobile charge 
carriers in the collected layer than in the unconditioned environ
ment. The availability of a larger number of charge carriers or 
more mobile charge carriers to transfer the current through the 
layer results in a reduction in the electrical resistivity of the 
layer. The possibilities also exist that the addition of certain 
chemical conditioning agents will have no effect on the value of 
the electrical resistivity or that the value will be increased as 
a consequence of binding charge carriers which would have been 
free to carry current in the unconditioned environment. 

Figures 169 and 170 contain data from two different cold-side 
industrial precipitators showing the effect on the voltage-current 
characteristics of adding S0 3 in the vapor state to the gas stream 

t l . . h . . t t 1 5 4 
' 1 5 5 I b th a a oca tion prior to t e prec ipi a or. n o cases, 

the electrical conditions are significantly improved due to a 
reduction in the resistivity of the collected ash layer resulting 
from the injection of the S03. For the data in Figure.169, the 
addition of 25 ppm of S0 3 lowered the value of ash resistiviti 
from approximately 6 x 10 12 ohm-cm at ll8°C (245°F) to 4 x 10 ° 
ohm-cm at 143°C (290uF). Although the conditioned data were 
obtained two months later than the unconditioned data due to dif
ficulties with the conditioning system~ the data definitely show 
the pronounc~d effect of S03 injection. 

For the data in Figure 170, the addition of 8 ppm of SOs 
lowered the value of ash resistivity from approximately 6 x 10 11 

267 



1.4 

1.2 

1.0 

Cl)0.8 
.C.. 
:E 
< 

0.6 

, .. 
.. 

0.4 

0.2 

0 
15 

ligure 16 9. 

• V-1 CHARACTERISTICS FOR INLET FIELD • (UNCON.OITIONED) 

• V·I CHARACTERISTICS FOR OUTLET FIELD • (S03) CONDITIONED) ... 
• 

• 
• 

• 
• • •• • 

• •• • • • • • •• • • • • • 
20 25 30 35 40 45 50 

kV 
8640·168 

Effect on the voltage-current characteristics of adding 
S0 3 in the vapor state to the ga.s stream at a location 
prior to the precipitator. 

268 



17.0 

I 
I 
I WITH S03 13.6 

I 
I 
I 
I 

' 10.2 ' I 
WITHOUT so3 I 

I 
I 

' I 
6.8 I 

I 
I 

I 
I 
I 
I 

3.4 I 
I 

I 
I 

I 
I 

10 20 30 40 50 60 

VOLTAGE, kV 3540-159 

?igure l 70. Effect on the voltage-current characteristics of adding 
50 3 in the vapor state to the gas stream at a location 
prior to the pre cipi ta tor. 

269 



ohm-cm to 6 x 10 10 ohm-cm at 165°C (330°F). At this installation, 
the unconditioned and conditioned data were obtained within the 
same week. The reduction in resistivity at this installation is 
less dramatic than that at the other installation just discussed 
due to the higher temperature of.the gas. At the higher temper
ature, the S0 3 was not near the dew point. This results in less 
surface adsorption on the particles than would occur at lower gas 
temperatures. However, the pronounced effect o.f S03 on ash re
sistivity is still evidenced. 

Normally, the S0 3 is injected in concentrations of 25 ppm 
by volume or less. When 80 3 is injected into the gas stream, 
the precipitator will respond with rapid improvement in the 
voltage-current characteristics. The voltage-current charac
teristics will then continue to improve further until an equi
librium condition is reached where the resistivity no longer 
changes. 

Although not as general in application to fly ash as S03, 
other chemical conditioning agents have been found to improve the 
electrical conditions by reducing the resistivity of certain types 
of fly ash. 156 ' 157 ' 158 Studies are presently in progress that 
may determine which chemical conditioning agents are effective 
in reducin~ the resistivity of fly ashes of various composi
tions. 159' 60 At the present, however, the use of conditioning 
agents other than S03 is based on trial and error and past ex
perience where different agents are tried until one is found that 
produces the desired effect. There is evidence 161 ' 162 ' 163 that 
sodium compounds can be introduced into the gas stream in the 
form of solid particles as a means of reducing fly ash resistivity. 
Studies are now in progress to determine the feasibility of this 
approach in full-scale, cold-side industrial precipitators. 155 

The addition of conditioning agents may also have an effect 
on the electrical properties of the gas. This could result in an 
effect on the voltage-current characteristics that is separate 
from the effect of the resistivity of the collected material. 
The nature and extent of the effect of the conditioning agent on 
the gas properties will depend on the type of agent, the concen
tration, and the physical state of the agent. If the agent is 
added to the gas stream in the vapor state, the molecules may 
become ionized in the corona discharge. This would change the 
composition of the ionic current carriers in the gas. If the 
agent is added to the gas stream in the form of liquid or solid 
particles, these particles will be charged by the ,ions produced 
in the corona discharge and will introduce a particulate space 
charge effect. 

Figure 171 shows voltage-current data obtained from a full
scale, cold-side precipitator during S0 3 injection studies. 164 

These data show that the injection of S0 3 increased voltages and 
currents and decreased the spark rate. The segments of the curves 
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with positive slopes portray the data obtained with no sparking 
or very light sparking. The segments of the curves with negative 
slopes in regions of high current density represent the experi
mental results with moderate to heavy sparking. The short hori
zontal lines intersecting each curve indicate.the average values 
of current density observed with the power supplies under auto
matic control. An interesting feature.of the data in Figure 171 
is the indication that the injection of sulfur trioxide permitted 
both higher current densities and higher voltages to be reached 
without the occurrence of excessive sparking. Shifts in the 
voltage curves to the right along the voltage axis at least sug
gest the possibility of a space-charge effect resulting from the 
introduction of less mobile charge carriers in the ga:s stream. 
One possibility is that the added concentration of sulfur trioxide 
assumed most of the ionic space charge and the new ions thus intro· 
duced carried current with a lower mobility than the normally 
occurring ions produced from oxygen, water vapor, and sulfur 
dioxide. An alternative possibility is that part of the added 
sulfur trioxide was condensed as a fine mist of sulfuric acid and 
then, electrically charged, caused a very pronounced shift in 
charge carriers from gaseous ions to relatively immobile acid 
particles. 

Figures 172 and 173 show voltage-current data obtained from 
a full-scale, cold-side precipitator during NH3 injection studies 
with low and high sulfur coals. 164 Figure 174 shows data from a 
different precipitator indicating the almost instantaneous re
sponse of the electrical conditions to the injection of NH 3 • 164 

Here, much higher voltages could be achieved for the same current 
density- This type of response normally does not occur in those 
cases when the conditioning agent primarily affects the ash layer. 
Figure 175 shows voltage-current data obtained from the precipi
tator.164 In these studies, the significant shift to the right 
of the voltage-current characteristics was attributed to a· parti
culate space charge effect caused by ammonium sulfate particles 
formed due to the chemical reaction of S0-3 and NH 3 _ 

The addition of conditioning agents can also affect the 
adhesive and cohesive properties of the collected fly ash. Ad
hesive forces ref er to those between the ash layer and the col
lection electrode while cohesive forces refer to those between 
the particles in the ash layer. Certain types of conditioning 
agents may interact with certain types of fly ash to form a col
lected layer which is more favorable for precipitator operation 
due to modification of the adhesive or cohesive,properties of the 
ash. In order to avoid excessive particle reentrainment, it is 
desirable that the collected layer adhere favorably to the col
lection electrode and that the particles in the layer bind to
gether so that large agglomerates are reentrained during a rap. 

The degradation in performance of a precipitator that results 
from rapping reentrainment can be reduced if the deposit of fly 
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ash on the electrodes can be made more cohesive. Dalmon and Tidy 1 6 5 

recognized that sulfuric acid vapo1· may have this effect as the 
principal mode of conditioning for an ash that is not high in 
resistivity. Other investigators have recognized that added am
monia may also have this effect in addition to space-charge en
hancement. 1 6 6 

Figure 176 is the reproduction o~ an obscurometer chart that 
$hows the effect of ammonia in reducing reentrainment. 166 Before 
the gas was added, the optical instrument registered a series of 
spikes that were coincidental with rapping puffs. After the gas 
was added, a gradual suppression of these spikes occurred. Once 
again, after injection of the gas was stopped, the spikes gradually 
returned. It is important to observe that the effect of ammonia 
on rapping puffs was only gradually observed, as expected from 
the requirement of a change in cohesive forces on the ash residing 
on the electrodes, whereas the effect of ammonia on space charge-
a gas-phase property--was earlier shown to be rapidly detected. 

It should also be pointed out that certain types of conditioning 
agents may interact with certain types of fly ash under certain 
conditions to form a very sticky or cement-like material on the 
discharge and collection electrodes. This situation has occurred 
at some installations where conditioning agents were used. If this 
occurs, the existing rapping forces may not be sufficient to remove 
the collected fly ash from the discharge and collection electrodes. 
Eventually# in this type of situation, the buildup of material on 
the discharge and collection electrodes would result in very poor 
electrical conditions. In addition, hoppers might plug up and 
current paths to ground other than through the gas might be 
created. The effect of a given conditioning agent on the stick
iness. of the fly ash layer should be examined in the laboratory 
or with a pilot unit before injecting the agent into an industrial 
precipitator. 

Effect Of Voltage-Current Characteristics On Precipitator Performance 

The voltage-current chara<::teristics that can be obtained prior 
to sparkover or back corona are indicative of how effective a pre
cipitator will be in removing particles from the gas stream. Ide
ally, the voltage-current curves should extend over a wide range 
of applied voltage between corona start and the maximum useful 
current so that a stable operating point can be chosen and should 
extend to high· useful values of applied voltage and current. Low 
values of operating applied voltage and/or current will result in 
reduced performance and will require the use of a larger precipi
tator in order to recover the performance loss. 

Figure 177 shows voltage-current curves obtained from the 
three electrical sections of a laboratory precipitator when par-
t . . . · . i G 7 Th · icles are .. present. in the g.as stream. . . .. e ca:rier . g~s was 
ambient.air_ The particulate source was an atomizer which pro
duces an aerosol of dioctyl phthalate (DOP) c·ontaining many 
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different particle diameters. Although the precipitator is divided 
into four baffled and independent electrical sections, the last 
two sections were connected together. The experimental data were 
obtained with a plate-to-plate spacing of 25.4 cm, wire-to-wire 
spacing of 12.7 cm, wire radius of 0.1191 cm, and gas velocity 
of 0.976 m/sec. These parameters are also characteristic of full
scale precipitators. 

Figure 178 shows the theoretically calculated effect of appli~ 
voltage and current density for the experimental conditions de
scribed above. 167 The curves in Figure 177 were used to determine 
various applied voltages and current densities. The overall mass 
collection efficiency was calculated for 2, 5, 10, 20, 25.8, 35, 
and 45 nA/cm 2 • The inlet mass loading and particle size distri
bution and the gas temperature and pressure were also measured 
and used in the calculations. In making the calculations, it was 
assumed that the normalized standard deviation of the gas velocity 
distribution (og) and the gas bypassage of electrified regions 
(S) were negligible (og = 0, S = O). Calculations were made with 
no rapping reentrainment {the actual case) and with rapping re
entrainrnent by simulating what would occur if the collected ma
terial was fly ash. 

The curves in Figure 178 show that if the precipitator is 
restricted to operate at low values of current density due to 
sparking or back corona, then significantly reduced overall mass 
collection efficiencies will result. Thus, in designing a pre
cipitator, the effect of possible changes in the allowable current 
density due to changes in the gas or particulate properties must 
be taken into account. If reduced current densities are a possi
bility. then the possible reduction in collection efficiency must 
be compensated for by an excess in specific collection area (or, 
more appropriately, collection plate area). The curves in Figure 
178 also show that more mass will exit the precipitator due to 
rapping reentrainment for the lower values of current density 
than the higher values. At 2 nA/cm 2 , the model predicts that 
approximately 3.1% of the mass entering the precipitator will 
exit due to rapping reentrainment. This is a consequence of more 
mass reaching the outlet sections for the lower current density. 
Thusu when considering the effect of reductions in current den
sity· on precipitator performance, one must take into account not 
only fundamental reductions in collection efficiency due to lowered 
migration velocities but also possible increased reductions due to 
increased rapping reentrainrnent. 

As a further considerationr the increase in precipitator 
performance that can be achieved by increasing the applied voltage 
and current depends on where the change takes place on the voltage
current curve. In fly ash applications where high current den
sities can be achieved, the voltage-current curves become very 
steep for higher applied voltages with large increases in current 
resulting from small increases in applied voltage. For precipi
tators operating with voltages and currents on the steep portion 
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of the voltaqe-current curve, increasing the current will not have 
a very pronounced effect on improving precipitator performance 
because only small changes in applied voltage will be realized 
and the applied voltage plays the dominant role in limiting par
ticle charge and controlling the electric field. 

The experimental data in Figure 179 show the effect of 
applied voltage and current density on the collection efficiency 
and migration velocity of different particle diameters. 138 The 
data were obtained from the laboratory precipitator just dis
cussed with all parameters being the same except the gas velocity 
which is increased to 1.49 m/sec. Since these data are essentially 
free of nonideal effects, they clearly demonstrate the significance 
of the maximum allowable applied voltage and current density on 
precipitator performance. 

Figure 180 shows measured overall mass collection efficiencie~ 
obtained from full-scale, cold-side precipitators collecting fly 
ash plotted as a function of specific collection area for various 
average current densities. Although certain factors which will 
affect overall mass collection efficiency such as inlet mass loading 
and particle size distribution, geometry, gas composition, applied 
voltage, ash resistivity, gas velocity distribution, extent of gas 
sneakage, and particle reentrainment characteristics are most 
likely different for the various precipitators, the data definitely 
show the trend of increased performance with increased current 
density. 

Measured Secondarv Voltage-Current Data From Full-Scale Precipitat~s 
Collect~ng F~y Ash 

Since the secondary voltage-current data from the individual 
power supplies in an electrostatic precipitator provide valuable 
information for use in (1) troubleshooting and diagnosing precipi
tator problems, (2) theoretically predicting the performance of a 
precipitator, and (3) interpreting the influence of the ash resis
tivity and particulate space charge suppression of the corona current 
on performance, data from several representative precipitators 
will be presented and discussed. These data should acquaint one 
with the various practical situations that can be encountered dur~g 
field measurements on a full-scale precipitator. In examining the 
voltage-current curves, one should be systematically looking for 
the effects described previously. Chemical analyses of coal, fly 
ash, and gas samples are given in Tables 11 - 13 for those plants 
where the data were available. These data are needed for proper 
interpretation of the voltage-current curves. 

Measured Cold-Side Curves~~ 

Plant l - Cold-side ESPs collecting ash from low sulfur Weste~ 
coal--The electrostatic precipitator installed on Unit 1 of Plant 
1 consists o= six fields (Figure 181). The first and second fields 
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TABLE 11 

AS RECEIVED, PROXIMATE CHEMICAL ANALYSES OF COAL SAMPLES FROM COLD-SIDE UNITS 

Plant # Moisture Volatile Matter Fixed Carbon Ash Sulfur Btu/lb 

1 13.94 37.78 43.07 5.21 0.41 10,557 

2 2.04 39.05 47.91 11. 00 1.28 12,421 

3 3.35 34.84 45.27 16.54 3.09 11,399 

4 17.22 28.67 40.96 13.lS 0.51 9,316 

5 1. 40 

6 Midwestern coal ·- chemical analyses not ava5lable 
r0 
00 7 8.80 12.10 0.77 10,211 
Ul 

AS RECEIVED, PROXIMATE CHEMICAL ANALYSES OF COAL SAMPLES FROM HOT-SIDE UNITS 

8 2.97 29.42 48.96 18.67 0.93 11.613 

9 8.26 38.90 43.56 9.28 0.45 11,006 

10 4.3 24.5 1. 02 9,800 



N 
CQ 

°' 

TABLE 12 

CHEMICAL ANALYSES OF ASH SN·1PLES FROM COLD-SIDE AND HOT-SIDE UNITS 

COLD-SIDE UNITS 

Plant * Li20 Na20 K20 MgO cao Fe203 Al203 Si02 Ti02 P20s S03 LOI 

l* 0.02 0.26 l. 72 3.61 8.71 5.49 24.64 50.55 1. 22 D.50 0.75 0.61 

2* 0.02 0.55 2.49 0.95 5.64 24.38 18.30 45.08 1. 31 0.30 1. 86 3.97 

** 0.02 0.54 2.49 0.95 4.73 22.72 18.52 45.69 1. 45 0.30 2.77 5.72 

3*** 0.03 0.67 2ol2 1. 00 4.95 13.13 21. 76 50.23 1.96 0.78 2.29 10.92 

4** 0.02 1. 38 0.54 1.1 5.8 6.1 13.2 70.8 Oc87 0.05 o.s 1. 0 

5 0.08 0.42 2.4 1.1 1. 8 9.0 28.2 49.4 2u2 0.59 0.35 5.2 

6 Midwestern coal - chemical analyses not available 
7 t: 0.02 0.46 2.4 2.6 11.8 

8 0.04 0.40 3.1 1.3 1. 2 

9* 0.014 1.78 1. 2 1. 7 7.4 

10 0.02 1.40 1.19 o.91 4.91 

*Hopper ash sample 
**Ash obtained from high volume sampler 

***Isokinetically collected ash sample 

6.0 19.3 55.7 0.97 0.57 0.62 

HOT-SIDE UNITS 

6.7 28.8 55.2 2.4 0.24 0.59 4.0 

5.0 23.9 56.4 2.1 0.49 0.40 0 .10 

3.71 26.96 57.25 1. 05 0.16 0.41 0.61 

Soluble 
S01t 

D.73 

1. 56 

1.10 

0.29 



TABLE 13. GAS ANALYSES FROM COLD-SIDE AND HOT-SIDE .UNITS 

COLD-SIDE UNITS 
Volume, % 

Plant No. Temp, oc C02 ..QL_ H20 S02, ppm so 3, ppm 

1 1~8 13.5 4.5 7.1 276 <0.5 
14q 13.0 7.0 8.4 223 <0.5 

2 152 15.0 4.0 .r8. 0 3081 11.9 

3 1 ::;4 12.5 5.5 .r8. 0 2521 6.4 

4 J"lO 5 13.6 6.2 7.9 490 <0.5 

5 ..rlS 5 3.1 10.5 1433 3.8 

6 Not available 

7 115 13.8 5.2 8.2 520 9.9 
99 11.9 7.4 7.8 

HOT-SIDE UNITS 

a 332 15.3 5.0 8.5 788 2.3 

9 350 15.2 3.3 9.1 370 <0.5 

10 Not available 
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each have 5,351. m2 (57,600 ft 2
) of collecting area while the third 

through the sixth fields have 6,688.8 rn 2 (72,000 ft 2") of collecting 
area, for a total of 37,457.3 m2 (403,200 ft 2 ). This gives a 
specific collection area of 99.2 rn 2 /(rn 3/sec) (504 ft 2 /1000 cfm) for 
the design volume of 377.6 rn 3/sec (800,000 acfm). Each field has 
two double half wave transformer rectifiers. The arrangement of 
the TR sets is shown in Figure 181. The precipitator has 12" 
plate spacing and operates at approximately 149°c (300°F). Flue 
gas is supplied and withdrawn through two inlet and two outlet 
ducts, and a mechanical collector precedes the precipitator. The 
precipitator employs a drop hammer type of rapping system in which 
two plates are rapped simultaneously. The first two fields are 
rapped six times per hour, the third and fourth fields are rapped 
three times per hour and the fifth and sixth once per hour. 

Voltage-current density curves from transformer-rectifier 
sets for a cold-side precipitator at Plant 1 are shown in Figures 
182 and 183, and average operating conditions are given in Table 
·14, A comparison of the breakdown point in the V-j characteristics 
and the operating points under automatic control indicates that 
the power supplies were operating at the point at which maximum 
voltage was obtained. The V-j characteristics also indicate that 
the automatic control of the ClL power set was not operating pro
perly. The breakdown point in the V-j characteristic·s of the Cl2R 
power set was abnormally low compared to the other outlet power 
sets. This indicates a problem with either the power set or t~e 
precipitator internals. 

The low current densities and shapes of the voltage-current 
curves for all the electrical fields indicate that the resistivity 
of the ash layer was a limiting factor. Since the inlet mass 
loading was fairly large and contained a relatively fine particle 
size distribution, the particulate space charge effect was greatest 
in the third electrical field inst.e·ad of the first or second. The 
low current densities resulted in relatively long residence times 
in order to fully charge the fine particles. 

Plant 2 - ·Cold-side ESPs collecting ash ·.from high su1fur 
Eastern coal--The ele.ctrostatic precipitator. installed on Unit 4 
of Plant 2 consists of three fields in the direction of gas flow 
as Figure 184 illustrates. The precipitator is physically divided 
into two collectors (A & B). The test program conducted at Plant 
2 was performed on the "A" side of the #4 precipitator. The total 
collectin~ area for the "A" side is 7,374.4 m2 (79,380 ft 2

), 

2458.13 m (26,460 ft 2 ) per field. This gives a specific collection 
area of 34.475 m2 /(m 3 /sec) (175 ft 2 /1000 cfm) for the design volume 
flow -0f 213.82 m 3/sec (453,000. acfm) per collector. Each collector 
has .. thr.ee double· half-wave transformer rectifiers, one per field. 
The precipitator has 27. 94 cm (11 ·in.) plate.-spacing and .operates 
at approximately 149°C (300°F). The precipitator employs a drop 
hammer ·type of rapping system in which two plates are rapped. simul
taneously with each hammer. The first field is rapped ten times 
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... 
Transformer 

TABLE 14. AVERAGE ELECTRICAL READINGS, 
PLANT 1 

Current 
Rectifier Set Current Density Voltage 

mA nA/cm2 kV 

C7R 196 7.33 38 
ClL 256 9.57 41 

C7R and ClL 452 8. 4 5 39.5 

CSR 224 8.37 38 
C2L 262 9.79 40 

C8R and C2L 486 9.08 39 

C9R 405 12.10 55 
C3L 476 14.20 54 

C9R and C3L 881 13.15 54.5 

Cl OR 500 15.00 38 
C4L 482 14.40 37 

ClOR and C4L 982 14.70 37.5 

CllR 524 15.70 43 
CSL 486 14.50 36 

CllR and CSL 1,010 15.10 39.5 

Cl2R 234 7.00 35 
C6L 570 17.00 36 

Cl2R and C6L 824 12.00 35.5 
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per hour, the second field is rapped six times per hour, and the 
third field is rapped one time per hour. The emitting electrodes 
are square twisted wires with an approximate diameter of .419 cm 
(.165 in.) and are 10.0 m (32' 9 3/4") long. There are 12 wires 
per lane per field for a total of 1512 wires. The discharge 
electrodes are held in a rigid frame, and each frame holds 4 
wires. 

The average daily operating voltages and currents during the 
testing period are given in Table 15. Figure 185 contains the 
secondary voltage and current relationships obtained on the 3A 
TR set with a voltage divided resistor assembly attached. Figures 
186 and 187 contain the V-I relationships for TRs lA and 2A. These 
voltage-current relationships along with resistivity data of around 
1.0 x 10 10 D-cm indicate that the electrical operating conditions 
at this installation are not limited by dust resistivity_ The 
nature of the voltage-current curve for the inlet set (lA) suggests 
that a combination of space charge effects and dust accumulation 
on the electrodes cause the sparking at the relatively low values 
of current density at which the inlet set operates. 

Plant 3 - Cold-side ESPs collecting ash from high sulfur 
Eastern coal--A mechanical collector, which was reported to have 
been reworked when the precipitator was installed, precedes the 
electrostatic collector at Plant 3, Unit 5. The precipitator 
consists of four fields in the direction of gas flow (Figure 188) 
and is physically divided into two collectors (A and B) . The test 
program conducted at Plant 3 was conducted on the "B" side of the 
#5 precipitator. The total collecting area for the "B" side is 
5900.64 m2 (63,516 ft 2

) with 1475.16 m2 (15,878 ft 2
) per field. 

This gives a specific collection area of 43. 48 m2 /(ms /sec) (220. 9 
ft 2 /1000 cfm) for the design volume of 135.70 ms/sec (287,500 acfm) 
per collector. The precipitator has six full-wave transformer 
rectifiers; each ::ransformer rectifier has an "A" and "B" bushing, 
as seen in Figure 188. The precipitator has 25.4 cm (10 in.) plate 
spacings and operates at approximately 160°C (320°F). A tumbling 
hammer type of rapping system is employed in which each collecting 
plate is rapped with a hammer. The first two fields are rapped 
every six minutes, whereas half of the third and fourth fields are 
rapped every six minutes. The emitting electrodes are rigid 
11 barbed" electrodes which are 0.502 m (1'7 3/4") apart in the 
direction of gas flow. 

Table 16 contains the average electrical conditions, and 
Figures 189 through 192 illustrate the secondary yoltage-current 
relationships at Plant 3. These curves indicate excellent elec
trical operating conditions. 

Plant 4 - Cold-side ESPs collecting ash from low sulfur 
Western coals--The electrostatic precipitator installed on Unit 
1 of Plant 4 consists of six physically divided chambers (Figure 
193) · The test program was conducted on the #5 chamber of the 
Unit 1 precipitator. Each chamber of the precipitator has 44 
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TABLE 15. AVERAGE ELECTRICAL OPERATING CONDITIONS 
DURING SAMPLING PEHIODS 

Secondary 
Primary Bushing #A Bushing #B Current Density 

Day TR Amps Volts Amps KV Amps KV nA/cm 2 
----

1 lA 37.5 360. . l 55 44.8 . 14 5 41. 5 12.2 
2A 82.5 377.5 .23 42.5 . 21 42.6 18. 
3A 97. 390. . 3 42.2 .295 4 2. 4 24.3 

2 lA 29.7 312.5 .133 41. l . l 4 40.1 11.1 
2A 78.2 370.8 .223 42.4 . 2 41. 8 17.3 
3A 92.5 385.8 .283 42.3 .275 42.6 22.8 

3 lA 32.8 326. . 116 41. 9 .138 43. 10.4 

t..J 2A 82. 401. .23 47.0 .218 4 5. 8 18.3 
1.£) 3A 94. 4 01. . 3 44.3 . 3 44.7 24.5 
Ul 

4 lA 32.8 331. 3 .14 41. 8 .148 42.4 11. 8 
2A BO. 389.2 .222 4 5. 2 .204 44.2 17.4 
3A 93.8 400.1 .297 44.2 . 294 45.8 24.l 

5 lA 238. .05 31. 7 . 00- 31. l 5.3 
2A 37.4 338. .1 42.9 . 094 41. 2 7.9 
3A 42.6 350. ,14 41.1 .137 41. 7 11. 3 

8 lA 243. .05 32.9 .064 32.3 4.7 
2A 35.4 344. .10 43.5 .092 44.3 7.8 
3A 41. 2 3 50. . 14 4 2 . .136 41. 5 11. 3 

9 lA 31. 5 331. 3 .14 42.5 . 15 42 . 11. 8 
2A 76.5 383.3 .21 44.5 .198 41.7 16.7 
3A 88.8 398.3 .283 44.6 . 268_ 44.6 22.5 
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TABLE 16. AVERAGES OF HOURLY ELECTRICAL READINGS 
PLANT 3, ''B II SIDE OF PRECIPITATOR 5 

Day TR# KV MA nA/cm~ 

1 5AB1 53.0 339 23.1 

5AB2 53.0 504 34.3 

5B3 51. 0 708 48~2 

5B4 47.5 679 46. 2 

5 5AB1 51. 6 198 13.5 

5AB2 52.0 347 23.6 

5B3 47.9 466 31. 7 

5B4 48.5 675 45.9 

6 5AB1 44.6 292 19.9 

5AB2 51. 7 402 27.3 

5B3 48.9 529 36.0 

5B4 48.5 675 4 5. 9 
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lanes and five electrical fields in the direction.of gas flow. 
Each electrical field is 3.2 m (10.5 ft) long and has a total 
collection area of 3518.96 m2 (37,879 ft 2

). The precipitator 
has 25 cm (9.75 in) plate spacing, and spiral discharge elec
trodes with a radius of 1.24 mm (0.49 in). Tumbling hammers are 
used to rap both the collecting plates and high voltage discharge 
frames. The precipitator operates at 88 to 120°C (190 to 250°F} 
and was designed to handle 1100 m 3 /sec ( 2, 3 3 0, 000 acfm) at 12·1°C 
(250°F), which results in a design specific collection area of 
95.97 m2 /(m 3 /sec) (487.6 ft 2 /1000 acfm). However, the actual SCA 
measured on the tested chamber was approximately 590 ft 2 /1000 
acfm. Rapping frequencies in the direction of gas flow are 10, 
5, 5, 2, and 1 per hour, respectively. · 

Table 17 contains average secondary voltage and current 
readings, and Figure 194 contains secondary voltage and current 
curves obtained at Plant 4 o The location of the· operating points 
for sets B, C, D, and E with respect to the V;..I curves suggests 
that a significant portion of the secondary current is being 
consumed by sparking or back corona. 

Plant 5 - Cold-side ESP collecting ash from medium sulfur 
Southeastern coal--Figure 195 illustrates the gas flow and pre
c1p1tator arrangement. Some of the electrical sets were not oper· 
ating on the B side precipitator, apparently due to broken corona 
wires; therefore, tests were conducted on the A side only. Each 
precipitator consists of two collectors in series, each of which 
has 144 gas passages, with 0.229 m plate-to-plate spacing (9 in.), 
9.14 m high plates (30 ft), and 5.45 m in length (18 ft). Thus, 
each precipitator consists of 144 gas passages 9.14 m high (30 ft), 
10.97 m lon~ (36 ft), for a total collecting area of 28877 m2 

(311,000 ft ) per precipitator. The precipitato:o:s each have 
twelve electrical sections arranged in series with the gas flow, 
such that the individual sections power 1/12 of the plate area 
and 1/12 of the length. Gas flow at full load (~700 MW) for each 
precipitator is about 520 m3/sec (1.1 x 10 6 cfm) at 300°F. The 
specific collecting area at these conditions would be 55 m2 /(m 3

/ 

sec) or 283 ft 2 /1000 cfm. 

Figure 196 shows the voltage-current relationship obtained 
for power sets in the front and rear section of Precipitator B. 
These data were taken from the "B" side in order that measurements 
in progress on the "A" side would not be disrupted. The difference 
shown between the two power supplies may be caused, in part, by 
space charge suppression of corona current caused by the higher 
dust loading experienced by set lOBF, and, in part, by differences 
in electrode alignment. Neither set shows any indication of back 
corona. Although operatin~ current density is limited to an 
average of around 20 nA/cm and the power supplies exhibit an 
increased sparking tendency as the sulfur content of the coal 
drops, the operation of· this unit is not seriously imparied by 
high resistivity. A dust of excessively high resistivity often 
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TABLE 17. OPERATING SECONDARY VOLTAGES AND CURRENTS 
DAILY AVERAGES UNIT 1, CHAMBER 5 

Day TR# ·KV' A -- C.D. WA/ft 2 wA/m 2 

1 SA 38.9 .238 6.28 67.6 
SB 36.5 .624 16.47 177.3 
SC 33.0 .910 24.02 2S8.6 
SD 37.8 .590 15.58 167.7 
SE 35.1 .860 22.70 244.4 

2 SA 39.6 .24S 6.47 69.6 
SB 36.S .800 21.12 227.3 
SC 32.9 .8SO 22.44 241. 6 
SD 37.3 .78S 20.72 223. 
SE 35.0 .862 22.76 245. 

3 SA 39.6 .260 6.86 73.8 
SB 3S.9 .724 19.11 20S.7 
SC 33.0 .722 19.06 2 o.s. 2 ' 
50 37.0 .846 22.33 240.4 
SE 34.6 .864 22.81 24S.5 

4 SA 39.6 .322 8.SO 91. s 
SB 3S.9 .794 20.96 22S.6 
SC 32.2 .959 2S.32 272.6 
SD 37.4 .754 19.91 214.3 
SE 34.6 .894 23.60 254. 

7 SA 39.5 • 217 S.73 61. 7 
SB 34.5 .887 23.42 252.1 
SC 31. 6 . a 7 o~ 22.97 247.3 
SD 36.4 .653 17.24 185.6 
SE 34.1 .827 21. 83 235. 

1Corrected meter readings. 
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results in the occurrence of back corona at a lower voltage than 
the sparkover voltage, and would be indicated by drastically re
duced precipitator performance and by the shape of the voltage
current relationships for the power supplies. 

Plant 6 - Cold-side ESP collecting ash from Midwestern coal-
Secondary voltage-current curves are shown for the inlet and out
let fields for this Midwestern power plant in Figure 197. The 
resistivity of the ash during the test series was between 10 11 and 
10 12 n-cm. 

Plant 7 - Cold-side ESP collecting ash from low sulfur western 
coal--The operating points of the ESP primary and secondary current 
meters were monitored routinely during a field test at this Western 
plant. The results of these current and voltage measurements are 
summarized in Table 18. Figure 198 gives a representative curve 
of the voltage-current characteristics . 

. . Measured Hot-Side Curves--

Plant 8 - Hot-side ESP collecting ash from low sulfur Eastern 
coal-The.electrostatic precipitator installed on Unit 3 of Plant 
8 is a hot electrostatic precipitator which operates at approximately 
343°C (650°F). The precipitator consists.of two separate casings, 
A & B, each of which has two inlet and two outlet ducts. Tests at 
Plant 8 were conducted on the "B" side of the #3 precipitator, or 
one half of the unit. The "B" side precipitator has four fields 

.. in series; each field has a total collection area of 3912.95 m2 

(42,120 ft 2 ) and is powered by one transformer-rectifier. Figure 
199 illustrates the hot side precipitator layout. This unit is a 
retrofit which was installed in series with an existing cold side 
precipitator. The collecting electrodes have 22.9 cm (9 in.) 
spacing, are 9.14 m (30 ft) high and are 2.74 m (9 ft) deep per 
field. The collecting plates are rapped by solenoid activated 
drop hammers. Each drop hammer is activated at least once every 
two minutes. The emitting electrodes have 22.9 cm (9 in.) spacing, 
both. parallel and perpendicular to the gas flow and are .277 cm 
(.109 in.) in diameter. The emitting electrodes are vibrated twice 
every hour with electric vibrators. Although the precipitator was 
designed to have an SCA of 53.15 m2 /(m 3 /sec) (270 ft 2 /1000 acfm) 
for a total volume flow of 590 m3/sec (l,250,000 acfm), the gas 
flow for the two chambers tested was about 430,000 acfm, which 
resulted in an SCA of approximately 390 ft 2 /1000 acfm. 

Table 19 gives the average electrical condition data for the 
hot-side precipitator power supplies tested at Plant 8. Voltage
current curves for the indicated power supplies are shown in Figure 
200. These data indicate good electrical .operating conditions for 
a hot-side precipitator, and show the expected decrease.in volt':'-ge 
from inlet to outlet for a given current due to decreasing parti-
tulate space charge. 

: ':.·l 
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Figure 197. Secondary voltage vs. current curves from Plant 6. 
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TABLE 18. VOLTAGE CURRENT OPERATING DATA 

Day and Primary Primary Secondary Secondary 
Time Volta~e Current-A Voltage (kV) Current (Ma) 

1 10:10 A 150 90 27 400 
11:3S A 110 15 25 so 

2:00 p 110 15 21 so 
5:00 p 110 15 30 so 

2 9:30 A 130 40 30 150 
11:30 A 142 47 30 150 

4:30 p 14S 47 29 lSO 

3 9:00 A 140 40 32 150 
11:30 A 141 42 31 lSO 

1:4S p 160 43 40 150 
11:45 p 170 43 41 150 

4 4.:30 p 170. 44. 40 150 
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TABLE 19. AVERAGE ELECTRICAL OPERATING 
CONDITIONS (PLANT 8) 

Secondary 
Primary Primary Secondary Current 

TR Voltage_ Current Voltage Densities Spark Rates 
Day Set Volts Amps kV nA/crn 2 s;earks/min 

1 1 269.14 207.43 35.88 31.2 27. 8_6 
3 265.00 240.43 33.95 42.7 4.71 
5 226.29 233.29 29.13 36.3 4.43 
7 265.86 235.57 27.50 37.3 4.86 

2 1 269.63 199.50 35.00 30.7 28.75 
3 . 268.13 241. 00 . 34. 3 0 37.6 -2.~_ 

5 226.00 237.88 .. 29.00·-- 37.3 .2 •. 
7 232.38 234.88 27.50 37.1 5. 

3 1 272.00 200.57 36.17 30.7 27.43 
3 272.00 210.71 34.83 37.3 5.40 
5 226.14 237.00 29.10 37.1 2.29 
7 230.71 232.71 27.27 36.8 4.86 

4 1 272.71 201.86 35.14 30.9 24.43 
3 272.86 239.71 35.40 37.3 10.00 
5 227.43 236n86 29.40 37.1 5.14 
7 230.29 232.57 27.27 36.8 5. 

5 1 274.14 212.43 35.67 31. 2 24 .57 . 
3 228.14 234.29 35.00 37.1 12.14 
5 228.14 237.14 29.43 37.3 4.00 
7 230.29 233.14 28.60 37.1 4.43 

6 1 275.00 196.00 35.50 30.2 3 5.14 
3 259.50 214.70 33.65 31. 7 26.80 

~ 
5 230.00 239.14 29.50 37.8 5.14 
7 232.71 236.14 27.25 37 --6 4.57 

Avg. All Tests 

1 272.10 202.97 35.56 30.82 28.03 
3 260.94 230.14 34.52 37.28 10.18 
5 227.36 236.89 29.26 37;15 3.83 
7 237.04 234.17 27.57 37.12 4.79 
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Plant 9 - Hot-side ESP collecting ash from low sulfur Western 
coal--The electrostatic precipitator installed on Unit 3 of Plant-
9 is a hot precipitator which operates at approximate 360°C (680°F). 
This precipitator consists of two separate collectors, each of 
which has 8 isolatable chambers. The test program was conducted 
on the #8 chamber of the upper precipitate~ on Unit 3. Each pre
cipitator chamber has thirty-five 22.9 cm (9 in.) lanes or gas 
passages and six electrical fields in the direction of gas flow. 
Each field is 1.83 m (6 ft) deep and has a total collecting area 
of 1170.54 m2 (12,600 ft 2 ). The discharge electrodes have a dia
meter of 0.268 cm (.1055 in.) and are powered in each field by a 
full-wave transforrner-rectif ier which also powers a field in the 
adjacent chamber. Figures 201 and 202 illustrate the duct work 
and chamber arrangement. The complete precipitator installation 
was designed to hc:mdle 1859068 m3 /sec (3;940,000 acfm) at 350°C 
(662°F), which results in a design specific collection area of 
60.43 m1 /(m 3/sec) (307 ft 2 /1000 cfm). Both colle-cting and discharge 
electrodes are rapp2d with solenoid activated magnetic impulse 
rappers. The original rapper program installed with the precipi
tator had a program time of 90 minuteso During that 90 minutes, 
all rappers (both plate and discharge) in the first and second 
fields were activated nine times, all rappers in the third and 
fourth fields were activated five times, and all rappers in the 
fifth and sixth fields were activated four times. 

During the test program on this unit, two different rapping 
programs, each of which separated the wire and plate rappers, were 
examined. The first program tes~ed had rapping =requencies in the 
direction of gas flow of 8, 8, 3, 3, 1, l per 73 minute period. 
Wire rappers were activated eight times in the 73 minute period. 
The second program examined had rapping frequencies in the direc
tion of gas flow of 3, 3, 1, 1, 1, l per 22 minute period. Wire 
rappers were activated once in the 22 minute period. Although the 
different rapping programs probably affected the voltage-current 
curves to some extent, the data did not show a significant dif
ference in the curves. 

Figures 203 and 204 show the full load secondary voltage-current 
relationships for the inlet (H) and outlet (C) fields for two of the 
chambers (7 and 8) of a hot precipitator at Plant 9" Also shown 
are the average operating points for Plant 9 and similar secondary 
V-I curves and operating points for Plant 8. Note that for full 
load conditions the i.nlet V-I curves for the Plant 8 and Plant 9 
units are similar in shape, but Plant 8 achieves higher current 
densities prior to sparkover. The outlet V-I curves, however, are 
significantly different in shape, with Plant 8 achieving substan~ 
tially higher operating voltages. The design of the electrodes in 
the two precipitators is similar, a.nd the operating temperatures 
differ by only -12°C (10°F) . These observed differences in electr~~ 
operating parameters result in significant differences in theore
tical prediction of collection efficiency for the two units. Lab
oratory measurements of resistivity indicate that resistivity and 
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breakdown strength of the dust under laboratory conditions do not 
offer an explanation for the low voltages at Plant 9. rt is 
possible, ho~ever, th~t.the effective dielectric strength of the 
dust under field conditions may be lower than in the laboratory. 
Two other causes which have been hypothesized for the low voltages 
are: (1) unexpectedly high values of effective mobility for the 
flue gas due to the effect of reduced gas density, and (2) elec
trode geometry problems. Figure 205 gives V-I curves for all 
fields of two of the chambers of the Plant 9 precipitator. The 
effects of particulate space charge in progressing from inlet to 
outlet are evident. 

Figures 203 and 204 indicate the dramatic effect on the power 
supply characteristics of reducing the operating temperature (outlet 
values) from 329 to 252°C (625 to 485°F) as unit load is dropped to 
400 MW. Both inlet and outlet sets became severely spark-rate limited, 
and the operating points under automatic control were much lower 
.under half load conditions than they were at 800 MW. The collec-
tion efficiency dropped from 99.26 to 92.17% (mass train data), 
even though the specific collecting area of the precipitator was 
doubled as gas flow decreased. The electrical operating charac
teristics suggest that dust resistivity increased to the point that 
breakdown was occurring in the deposited dust layer, and that the 
resulting sparking severely limited the performance of the unit. 
Although the V-I curves show that better collection efficiency 
could be obtained if the power supplies were adjusted to operate 
at lower sparking rates, the available data clearly indicate that 
serious degradation in collection efficiency may result in this 
unit as load and temperature are reduced unless proper control 
is provided for the TR sets. 

Table 20 contains the averages of panel meter readings from 
the test series. Note that the voltages for all fields were sub
stantially reduced during the half load condition. 

Plant 10 - Hot-side ESP collecting ash from a Western power 
plant burning low. sulfur coal--The layout of the precipitator and 
pertinent information are shown in Figure 206. The precipitator 
power supply secondary voltage and current measurements are given 
in Table 21. The current density was consistently lower on the 
left side inlet (section A), possibly due in part to some electrode 
misalignment for this field. Figure 207 shows typical secondary 
voltage-current curves obtained from this unit. 

RESTSTIVITY OF COLLECTED FLY ASH 

Effect Of Ash Resistivity On Precipitator Performance 

In many instances, the useful operating current density in·a 
precipitator is limited by the resistivity of the collected par
ticulate layer. If the resistivity of the collected particulate 
layer is sufficiently high, electrical breakdown of the layer will 
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Figure 205. Voltage current curve, Unit 3, Chambers 7 and 8, 
Plant 9 (solid symbols are operating points). 
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TABLE 20. AVERAGES OF HOURLY METER READINGS CHAMBER 7 AND 8 
(kV VALUES ARE FROM VOLTAGE DIVIDER DATA) 

Day l 

Field DCKV ACV Spark ;,CA DCMA 
Current Density 
nA/cm 2 (WA/ft 2 ) 

H 31. 77 215.0 50-200 95.9 390.7 16.7 (15.5) 
G 28.38 212.l 50-150 110.0 518.9 22.2 (20.6) 
F 27.20 220.0 25 : il 5. 0 1017.1 43.6 (40.4) 
E 24.75 212.9 LJ7. 5 1096.l 47.0 (43. 5) 
D 22.75 204.J 2">1..4 1332.1 57.1 (52.9) 
c 22.32 205.0 2":-2.4 1387.l 59.4 (55.0) 

Day 2 

Current Density 
Field DCKV l\CV Spark ACA DCMA nA/ cm 2 

( wA/ ft 2 
) 

H 31. 81 215.0 100-200 107.9 413.6 17.7 (16.4) 
G 29.47 223.9 65 136.8 658.6 28.2 (26.1) 
F 27.69 228.9 188.0 1023.6 43.8 (40.6) 
:: 24.78 214.6 195.7 1085.4 46.6 (43.1) 
D 22.62 205.0 2S0.5 1335.0 57.2 (53.0) 
c 22.28 205.0 2'.->l. 9 1383.2 59.3 (54.9) 

Day 3 

Field DCKV ACV Spar~ /\CA DCMA 
Current Density 
nA/ cm 2 (WA/ft 2 ) 

!-f 25.52 169.0 50-150 '.J 9. 0 234.0 10.0 ( 9 . 3) 
G 23.86 139. 0 50-200 25.0 110.0 4.8 ( 4 . 4) 
F 23.44 152.0 25-100 44.0 135.0 5.8 ( 5. 4) 
E 18.99 159.0 50-250 120.0 568.0 24.3 (22.5) 
D 19.12 150.0 25- 200 105.0 440.0 18.9 (17.5) 
c 16.93 163.0 25-100 155.0 750.0 32.2 (29.8) 

Day 4 

Current Density 
Field DCKV ACV Spark l-.CA DCMA nA/ cm 2 

( JJ A/ft 2 
) 

H 31. 42 212.0 50-100 88.3 360.0 15.4 (14.3) 
G 29.57 217.8 50-150 107.8 526.l 22.6 (20.9) 
F 27.67 223.9 60 168.3 921. 7 39.5 (36.6) 
E 25.08 217.2 201. l 1100.0 47.2 (43.7) 
D 22.93 205.2 15 253.l 1305.6 55.9 ( 51. 8) 

c 23.02 211. o· 253.2 1376.l 59.0 (54.6) 
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TABLE 20. (CONT'D) 

Da:[ 6 

Field DCKV ACV Spark ACA DCMA 
Current Density 
nA/crn 2 (uA/ft 2) 

H 31. 45 214.6 50-150 90.4 374.6 16.1 ( 14. 9) 
G 29.61 221.1 25-100 119.6 602.7 25.8 (23.9) 
F 27.72 225.0 20 189.1 1007.7 43.2 (40.0) 
E 24.87 213.2 200.7 1102.7 47.3 (43.8) 
D 22.44 204.3 253.6 1350.9 57.9 (53.6) 
c 22.85 209.7 248.3 1351.4 57.9 .. (53.6) 

Day 7 

Current Density 
Field 'DCKV ACV Soark ACA DCMA· nA/ cm 2 

( UA/ft 2) 

H 29.75 194.4 50-200 55.1 227.7 9.7 ( 9. 0) 
G 28.20 203.9 50~150 100.7 477.1 20.4 (18.9) 
F 26.22 214.7 25-100 185.9 998.2 42.8 ( 3 9. 6) 
E 23.70 210.1 10 198.2 1088.8 46.7 ( 43. 2) 
D 22.18 199.9 10 243.0 1291. 5 55.3 (51.2) 
c 22.33 207.2 252.9 1387.1 59.4 (55.0) 

Day 8 

Current Density 
Field DCKV ACV Spark ACA DCMA nA/crn 2 (uA/ft 2) 

H 30.49 200.7 25-150 67.3 284.7 12.2 (ll.3) 
G 28.53 198.3 25-150 78.0 378.7 16.2 (15. 0) 
F 26.72 213.8 25-100 167.7 877.0 37.6 (34. 8) 
E 24.36 214.5 25 195.l 1088.0 4 6. 7 (43.2) 
D 22.50 200.l 248.1 1322.0 56.7 ( 52. 5) 
c 21.31 199.3 248.1 1348.3 57.8 (53.5) 

Day 9 

Field DCKV ACV Soark ACA DCM.A 
Current Density 
nA/cm 2 (uA/ft 2l 

H 3 0. 4 5 192.4 50-200 43.1 198.2 8.5 ( 7. 9) 
G 28.38 182.3 50-150 4 5. 8 206.8 8.9 ( 8. 2) 
F 27.00 201. 8 25-100 142.9 701. 4 30.0 (27.8) 
E 25.06 214.6 50 194.8 1040.7 44.6 (41.3) 
D 22.31 196.9 221. 4 1129.6 48.4 (44.8) 
c 22.20 201. 6 245.3 1324.6 56.8 (52.6) 
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TABLE 20. (CONT'D) 

Dai: 10 

Field DCKV ACV Spark ACA DCMA 
Current Density 
nA/cm 2 (i,JA/ft 2

) 

H 30.33 190.0 50-150 46.7 193.3 8. 3 ( 7 . 7) 
G 28.31 180.0 50-150 35.0 165.0 7. 0 ( 6 . 5) 
F 26.48 187.3 50 78.3 340.0 14.6 (13.5) 
E 24.40 211.7 25 196.7 1060.0 45.5 (42.l) 
D 22.04 190.0 188.0 906.7 38.9 (36.0) 
c 21.18 198.3 239.0 1275.0 54.6 (50.6) 
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TABLE 21. HOT-SIDE PLANT 10 SECONDARY VOLTAGE-CURRENT READINGS 

A B c D 

Voltage Current Volta(_le Cut-renl Vol ta<Je Current Voltage Current 
(kV) ( m.::i) (kV) (ma) (kV) (ma) (kV) (ma) 

----- ------ -------- ----- -----
April 2 9, 1974 36.3 485 29.2 700 22.0 675 20.0 755 

April 30, 1974 37.5 523 31. 9 650 24.3 686 21. 0 737 

May 1, 1974 37.4 634 32.2 684 25.4 702 22.8 706 

May 2, 1974 36.3 550 32.6 635 24.9 688 20.5 708 

May 3, 1974 36.2 550 31. 4 680 24.2 702 21. 8 722 

w 
N 
\.P Average 36.8 548.4 31. 5 670.0 24.2 690.6 21. 2 725.6 

Average Current 
Density, nA/cm 2 32 39.4 40 42.7 

Note: ~ach power set is connected to 1.7 x 10 7 cm 2 (18270 ft 2
) 



TABLE 21. (CONT'D) 

~ F G H ,_, 

Voltage Current Voltage Current Voltage current Voltage Current 
(kV) (ma) (kV) (ma) (kV) (ma) (kV) (ma) 

April 29, 1974 21. 5 900 19.0 925 16.3 995 15.5 922.5 

April 30, 1974 20o4 936 17.4 936 16.4 989 16.3 927 

May 1, 1974 21.0 940 19.0 936 17.0 994 17.0 932 

May 2, 1974 23.0 915 20.0 940 17.7 948 15.7 910 

May 3, 1974 22.0 920 19.2 910 16.7 994 16.B 920 
w 
w 
0 

Average 21. 6 922.2 18.9 929.4 1608 984.0 16.5 922.3 

Average Current 
Density, nA/cm 2 54.2 54.7 57.9 54. 3 

Note: Each power set is connected to 1.7 x 10 7 cm 2 (18270 ft 2 ) 
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occur at a value of current density which in most cases is un
desirably low. Depending on the value of the a;pplied voltage, 
the breakdown of the collected particulate layer will result in 
either a condition of sparking or the formation of stable back 
corona from points on the particulate layer. Excessive sparking 
and back corona are detrimental to precipitator performance and 
should be avoided. 

Figure 208 shows an experimentally determined relationship 
between maximum allowable current density and resistivity. 168 It 
points out the severe drop in maximum allowable current density 
as the resistivity increases over the range 0.5 - 5.0 x 10 11 ohm
cm. Ash resistivi ties of 2 x 10 1 0 ohm-cm or less generally allow 
extremely good electrical conditions to exist in a full-scale pre
cipitator. Ash resistivities of 1 x 10 12 ohm-cm or greater will 
cause back corona to ensue at relatively low applied voltages and 
will make it difficult to characterize precipitator operation. 

Figure 209 shows the theoretically calculated effect of re-· 
sistivity on overall mass collection efficiency for a particular 
cold-side, full-scale precipitator collecting fly ash particles. 
Measurements of inlet mass loading and particle size distribution, 
voltage-cur~ent characteristics, and gas velocity, volume flow, 
temperature, and pressure were used in the calculations. The 
operating applied voltage and current density for a given value 
of resistivity were determined by using the measured voltage
current characteristics and the data in Figure 208. 

The curve in Figure 209 demonstrates how sensitive precipitator 
performance is to the resistivity of the collected ash. For this 
particular situation, the calculations project that an increase in 
resistivity from 10 10 to 5 x 10 11 ohm-cm will result in a decrease 
in overall mass collection efficiency from 98.1 to 81%. This 
example points out why a knowledge of the resistivity of the col
lected ash layer is crucial in designing a precipitator. The 
problem is made even more difficult since the resistivity can 
change significantly with changes in the composition, moisture 
content, and temperature of the flue gas. In addition, changes 
in resistivity due to changes in the coal producing the emissions 
must also be considered. Thus, in designing a precipitator, proper 
allowance must be made to account for possible values of resis
tivity that are larger than that anticipated. 

Figure 210 shows measured overall mass collection efficiencies 
as a function of specific collection area for dirferent cold-side, 
full-scale precipitators collecting fly ashes with various values 
of measured resistivity. Although the data from the different 
precipitators cannot be compared on the same basis due to differ
ences in operating conditions and mechanical features, the data 
definitely show that precipitator performance decreases with in
creasing ash resistivity. 
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The resistivit~ of the collected ash layer also influences 
the electrostatic force which may hold the entire layer on the 
collecting surface.or which may.tend to pull the ash off from 
that surface. 1 6 9 Th~. el.ectrostati.c forc.e depends on the charge 
on the surface of the ash layer. The expression for this force 
can be derived by writing expressions for the voltage gradient 
in the gas and for that in the ash and using the principle of 
virtual work to find the. force. The. resulting eqµation for the 
force is 169 . . · 

(23) 

where 

F = force per unit area (a positive force tends to pull the 
ash off the collecting electrode) [nt/rn 2 ), 

e:: 0 = permittivity of free space (coul/V·m), 

e:: l = permittivity of the ash (coul/V·m) , 

p = resistivity of the ash (ohm-cm) , and 

E = potential gradient in the gas adjacent to the ash surface 
(V /rn) 

When E = Jpe::1/e::o, the charge on the ash surface changes sign, 
and the force reverses its direction of action. Thus, depending 
on the values of E, J, p, and E1/e::o, the force may act either to 
hold the ash to or to pull the ash from the collection electrode. 

Figure 211 shows the electrostatic force on the dust layer as 
a function of current density for several values of resistivity as 
predicted =~om equation (23). In obtaining the curves, it has been 
assumed that a dielectric constant (e1/e:: 0 ) of 4 and a value of 
E = 2.5 kV/cm are typical for full-scale precipitators collecting 
fly ash par~icles. ·For the different values of resistivity, the 
curves were determined up to the maximum allowable current densities 
given in Figure 208. 

As can be seen from Figure 211, ashes with resistivities 
between 10 9 and 10 10 ohm~cm may be difficult to collect due to 
their tendency to come off the collection electrode. This situ
ation resuits in excessive particle reentrainment, especially if 
high gas velocities exist in the precipitator. It is also inter
esting to note that for all values of resistivity there is a lower 
range of current densities in which the electrostatic force will 
be such as to pull the ash layer off the collection electrode. 
Thus, the precipitator must be operated near the maximum allowable 
current density for ashes with resistivities greater than 10 10 
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ohm-cm in order to ensure that the electrostatic force will tend 
to hold the ash layer to the collection electrode. 

Measured Voltage-Current Curves Demonstrating Back Corona 

If the resistivity of the collected ash lay-er is high (greater 
than 10 11 ohm-cm), back corona may occur at low applied voltages. 
The presence and onset of back corona can usually be detected from 
the measured, secondary voltage-current curves. Figure 212 shows 
voltage-current curves which demonstrate the behavior resulting 
from the occurrence of back co~ona. 154 The data are from a full
scale, cold-side precipitator collecting fly ash with a measured 
resistivity of approximately 6 x 10 12 ohm-cm. With this high a 
value of resistivity, it would be anticipated that back corona 
would occur at low voltages without the presence of excessive 
sparking. 

At some point on a voltage-current curve demonstrating back 
corona, the applied voltage necessary to produce an increased 
current will drop below that which was previously needed to pro
duce a lower current. This results in the slope of the curve 
changing from positive to negative. Practically speaking, the 
curve starts to bend to the left at some value of applied voltage. 
This is referred to as the "knee" of the curve. The inception of 
back corona is assumed to occur at an applied voltage which is 
just a little greater than that at the "knee". Once back corona 
is initiated, the collected ash layer breaks down electrically 
and discharges positive ions into the gas stream. This results 
in the measurement of a large negative current. The breakdown of 
the layer sustains itself at reduced voltages so that reduction 
of the applied voltage still results in increased current. Also, 
once back corona is initiated, the applied voltage may have to 
be completely turned of£ before the breakdown of the layer will 
cease. 

In measuring voltage-current curves where back corona may 
occur, it is the practice of some investigators to record a curve 
by going upward in voltage and to record a second curve by going 
downward in voltage. If the two curves are essentially the same, 
then back corona does not exist or is not a serious problem. 
However, if the downward curve is shifted significantly to the 
leftr then extensive back corona exists. This shift to the left 
of the downward curve is referred to as a 11 hysteresis effect". 

From the curves and operating points shown i'n Figure 212, 
it is obvious that this precipitator was operating in back corona. 
This was also evidenced in very low measured mass collection effi· 
ciencies which were inconsistent with the relatively high measured 
operating current densities. This precipitator probably would 
have performed better if it had been operated nearer the "knee'' 
of the voltage-current curves for the inlet and outlet electrical 
fields. Although the measured currents would be significantly 
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Fig.ure 212. Voltage-current curves which demonstrate the behavior 
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reduced, the extreme ill effects of bipolar charging would be 
avoided. 

It should benoted that the particulate space charge effect 
is also strongly evidenced in these curves. The particulate space 
charge tends to hide the presence of back corona at the lower 
voltages in the inlet electrical fields by removing the positive 
ions which are discharged from the collected ash layer. However, 
as more and more particles are removed from the gas stream, the 
evidence of back corona becomes more pronounced as is seen in the 
outlet voltage-current curve. 

Factors Influencing Ash Resistivity170 

Volume and Surf ace Conduction~-

The electrical resistivity of a collected layer of fly ash 
varies with temperature in a manner illustrated in Figure 213. 
Above about 225°C, resistivity decreases with increasing temper
ature and is ind~pendent of flue gas composition. Below about 
140°C, resistivity decreases with decreasing temperature and is 
dependent upon moisture and other constituents p.f the flue gases. 

In analyzing the conduction process, it is convenient to 
consider the resistivity as involving two independent conduction 
paths, one through the bulk of the material (volume conduction) 
and the other along the surface of the individual particles, 
associated with an adsorbed surface layer of some gaseous or con
densed material (surface conduction). Either of these paths may 
become the dominant conduction mode under conditions that exist 
in operating precipitators, or, as is the general case, both 
mechanisms may be important. The volume conduction is dependent 
upon the chemical composition of the particulate material, where
as surface conduction is controlled by the chemical compositions 
of both the particulate and the effluent gas stream. 

The coal, ash, and flue gas compositions are very important 
in determining the mode or modes of conduction in a precipitated 
fly ash layer and the resistivity of the layer. Tables 11, 12, 
and 13 give data showing several representative coal, ash, and 
flue gas chemical analysis for coal-fired boilers followed by 
precipitators whose voltage-current characteristics were measured. 
In general, the measured voltage-current characteristics and 
resistivity can be correlated with the coal, ash, and flue gas 
compositions. Table 22 shows coal and flue gas ~ompositions ob
tained from a large number of utilities in the U.S. From the 
tables containing the coal, ash, and flue gas compositions, it 
can be seen that a wide range of possible compositions exists. 
The wide range of possible coal, ash, and flue gas compositions 
is one of several factors which makes the prediction of fly ash 
resistivity difficult. 
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TABLE 22. COAL AND FLUE ANALYSES OBTAINED FROM UTILITIES INDUSTRY SURVEY 

Proximate as Received 
Mois- Vala- Fixed Sul- Xl0- 3 Car- llydro-

~ ture Ash tile Carbon fur BTU bon ~ 

E 

E 

E 

E 

E 

E 

4.2 22.3 NA 

3.5 13.9 28.6 

6.4 10.9 31.l 

7.5 B.3 NA 

6.0 B.B 34.5 

4.9 9.5 32.7 

w 11.4 13.2 31.4 

W 20.l NA NA 

W 24.2 NA NA 

w 24.6 8.2 28.6 

w 24.J 14.1 30.7 

w 23.3 10.0 32.4 

E 14.1 11.2 32.2 

w w 23.6 4.3 33.0 

"' "' E 16.3 8.9 37.0 

w 21.2 6.0 30.3 

15.2 26.4 

20.3 37.2 

E 

w 
E 

E 

E 

E 

E 

4. 6 

6.3 

7.2 15.9 34.4 

7.9 16.3 30.8 

6.9 20.6 30.3 

9.5 19.6 32.8 

7.7 15.4 31.7 

w 37.6 6.5 28.4 

w 36.0 6.3 26.3 

w 21.1 15.2 34.8 

If 18.9 9.7 29.4 

w 12.3 8.5 37.0 

E 8.5 8.5 38.0 

E 9.4 10.4 NA 

E 6.6 13.8 NII 

E 7.4 17.7 25.0 

~ 9.5 9.0 36.1 

29.8 6-8 28.8 

NA 

53.1 

51. 6 

NI\ 

50.8 

52.9 

44.1 

NI\ 

NA 

38.5 

30.4 

34.3 

40.9 

39.l 

37.B 

44.5 

58.3 

36.3 

42.5 

45.0 

42.l 

39.0 

45.2 

27.5 

31.4 

28.9 

42.0 

42.2 

45.0 

NA 

NII 

49.9 

45.4 

34.6 

2.~ 11.3 64.0 

l.D 12. 7 NI\ 

1.1 12.4 75.1 

1.) 12.5 Ni\ 

1.0 12.9 70.3 

1.0 13.1 73.2 

0.7 9.9 65.B 

0.2 8.1 59.7 

0.2 7.B 61.1 

0.8 s.s 66.7 

0.6 7.9 59.8 

0.7 9.7 56.2 

2.5 10.6 69.4 

0.4 9.6 72.5 

3.7 10.6 67.7 

0.5 8.5 65.9 

2.6 12.3 Nl\ 

0.8 10.1 60.8 

3.7 11.2 64.7 

0.8 11.0 67.7 

2.3 10.6 62.2 

4.1 10.0 60.2 

1.8 11.3 67.4 

1.8 '6.8 63.5 

1.1 4.5 42.0 

0.6 7.6 57.5 

0.6 9.5 69.5 

0.4 10.B 70.9 

2.8 11.7 72.9 

1. 3 11.S Nl\ 

2.0 11.8 NII 

0.7 ll..5 NI\ 

0.4 11.0 69.7 

0.3 8.2 67.B 

4.5 

NI\ 

4. 9 

NI\ 

4.6 

4.B 

4.5 

3.6 

3.8 

NI\ 

4.8 

4.5 

4.9 

5.1 

5.5 

4.6 

NA 

4.7 

4.5 

4.4 

4.2 

4.J 

4.5 

4.5 

6.8 

4.3 

4.5 

5.2 

S.l 

NII 

NA 
NII 

5.0 

4.8 

Ultimate Dry 
Nitro- Chlor-
__s_~ ine ~~ 

1.0 

NII 

1. 5 

NII 

1. 4 

1. 5 

1. 4 

0.9 

0.9 

0.9 

1. 2 

0.9 

1.1 

0.9 

1. 4 

1. l 

NA 

1. 4 

1. 3 

1. 3 

1. 3 

1. 2 

1. 3 

I. l 

0.6 

0.6 

1. J 

1.1 

1.3 

Nl\ 

NA 
Nl\ 
1. 5 

0.9 

NI\ 

Nl\ 

NA 

NI\ 

0.0 

NA 

NI\ 

NA 

0.0 

o.o 
Nl\ 

!IA 

NII 

NII 

NII 

0.01 

NII 

NA 

0.01 

0.02 

0.02 

Nl\ 

NII 

Nl\ 
Nl\ 
NI\ 

NA 

2.B 

NA 

1. 2 

tll\ 

pyrile 0.38 
organ 0.64 
sulfate 0.00 

pyrite 0.28 
organ 0.71 
sulfate 0.00 

0.8 

0.2 

0.3 

1.0 

0.8 

0.9 

2.9 

0.5 

4. l 

0.6 

NA 

0.8 

4.0 

0.9 

2.5 

4.5 

2.0 

1.1 

0.7 

0.6 

0.7 

0.4 

4.0 

1.4 

2.2 

Nl\ 
0.5 

0.5 

Oxy- Oxy-
1\s h ~ _!:!ater ~ 

24.2 6.5 

NI\ NI\ 

ll.6 5.7 

NI\ NI\ 

9.0 7.9 

5.2 

7.0 7.8 

NA J.9 

6.0 3.6 

7.0 3.3 

14.9 12.7 10.0 Ill\ 

19.6 15.7 9.5 4.9 

19.3 15.7 11.3 4.8 

10.S NII 10.7 4.4 

18.B 14~7 10.5 5.0 

13.1 14.4 NII NA 

13.0 8.8 NII NII 

4.7 16.3 8.8 5.2 

9 • B 11. 3 8 .'5 5 • 6 

7.5 l'l.0 

NII Nl\ 

21.6 10.6 

17.] 8.4 

17.7 e.o 
22.1 7.7 

21.7 B.l 

16.7 9.1 

10.4 19.4 

6.3 43.8 

19.2 17.9 

12.0 13.0 

8.9 13.5 

9.) 7.4 

11. 5 NII 

15.0 NII 
NII Nl\ 
9.9 13.4 

9.7 16.4 

0.1 

NA 

8.~ 

5.6 

5.5 

4.3 

8.0 5.0 

8. (l 5.0 

8.0 s.o 
9.Q s.o 
8.0 5.0 

NII NI\ 

NII NA 

9,5 5.6 

9.1 7.8 

Nl\ NI\ 

NII NII 

NA 3. 2 

NI\ NII 
6.5 4.1 

NA NA 

e.o 3.S 

Flue Gas 
Carbon Sulfur Sulfur 
Dioxide_ Dioxide Trioxide 

11. 2 

15.2 

15.7 

14.9 

NI\ 

13. 5 

12.9 

11. J 

12. 5 

NII 

NI\ 

14. 7 

13. 4 

13. 4 

13. 3 

13.2 

14.0 

14.0 

H.O 

14.0 

H.O 

Nl\ 

NII 

13.5 

11.6 

Nl\ 

NII 

15.0 

NII 

13.6 

NJ\ 

16.3 
13.e 

NI\ 

NII 

690 

NI\ 

615 

575 

160 

190 

650 

575 

NII 

NI\ 

179 

2343 

283 

9)5 

700 

2775 

600 

1725 

3075 

USO 

NII 

NA 

465 

375 

NII 

NA 

NA 

NII 
556 

'"' 
475 

300 

NII 

NII 

O.J 

1).2 

11.8 

<0.5 

0 

0 

2.0 

1.5 

NA 

NI'\ 

2.3 

24.0 

0. 34 

9.J 

1.0 

27.0 

6.0 

17.0 

ll.O 

u.o 
NII 

NI\ 

<1.0 

3.3 

Nl\ 

Nl\ 

NI!. 

NI\ 

NJ\ 

NA 

<1-0 

!IA 

B 

NI\ 

B 

SB 

SB 

SB 

SB 

SB 

SB 

B 

SB 

B 

B 

SB 

B 

B 

8 

8 

8 

1, 

L 

SB 

SB 

SB 

8 

B 

B 

B 

B 

SB 

1 

2 

3 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 
. 31 

32 

33 
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Factors Influencing Volume Resistivity--

Volum7 con~uction in f~y ash is an ionic process resulting 
from the migration of alkali metal ions. Whether the conduction 
takes place through the particles or along the particle surf ace 
has not been definitely established. The important distinction 
is that volume conduction, or volume resistivity, is governed 
only by the character and composition of the ash and is independent 
of gas composition. 170 

It has been shown 161
' 

171 that lithium and sodium are princi
pal ionic charge carriers in experimental environments excluding 
sulfuric acid vapor. Figure 214 shows the relations between the 
measured resistivity and the combined atomic concentrations of 
lithium and sodium for 33 fly ashes. 172 Eastern and Western ashes 
are indicated by closed and open symbols, respectively. These 
data were obtained from resistivity versus reciprocal absolute 
temperature plots for the individual ashes at 1000/T (°K) = 2.4 
(144°C, 291°F). Prevailing test conditions included a simulated 
flue gas environment of nitrogen, 5% oxygen, 13% carbon dioxide, 
9% water by volume and an electrical stress of 2 kV/cm. The flue 
gas environment contained no sulfur dioxide or sul=ur trioxide. 

In the upper, right corner of Figure 214, the expressions 
defining the curve produced by linear regression analysis are 
shown. One can either calculate the resistivity for the specific 
set of experimental conditions prevailing using these equations 
or read the resistivity value from the figure. The slope of 
approximately -2 indicates a two order of magnitude decrease in 
resistivity for a one order of magnitude increase in the atomic 
percentage of lithium plus sodium. A coefficient of correlation 
of 0.97 was determined. This coefficient defines the degree of 
fit between the data and the linear regression curve, and a value 
of 1.00 would define perfect correlation between the two factors. 

The high coefficient of correlation suggests that it is 
improbable that the relationship can be improved by examining 
these data as a function of the concentration of other chemical 
species appearing in the ash composition. Of course this state
ment may not be true if one subjectively selects a specific group 
of ashes from the larger universe of ashes shown in Figure 214. 

Volume conduction in all dusts encountered in industrial gas 
cleaning is temperature dependent. In the case of ionic conduc
tion, increased temperature imparts greater thermal energy to the 
structure of the material, allowing carrier ions to overcome ad
jacent energy barriers and to migrate under the influence of an 
electric field. Thus, for volume conduction, an increase in the 
temperature produces an increase in the number of carriers avail
able to contribute to the conduction of the particulate layer. 
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Figure 215 shows the relationship between volume resistivity 
and temperature for two fly ash samples produced by combustion 
of coal. 173 The change of resistivLty with temperature can be 
expressed in the form of an Arrhenius equation 

P = Po exp (Q/kT), (24) 

where p is the resistivity, Po is a material constant. For the 
fly ash example shown in Figure 215, the material constant Po is 
different for fly ash with different sodium ion contents. Graph
ically, a shift in Po causes a parallel shift in the temperature
resistivity curve. The experimental activation energy Q is a rate 
phenomenon and represents the slope of the temperature-resistivity 
curve. The quantities Po and Q are useful in defining electrical 
conduction properties of solid or granular materials as a function 
of temperature. 

In some types of ashes, conduction may be electronic instead 
of ionic. Nevertheless, the Arrhenius equation applies, whether 
the conduction is electronic or ionic, the temperature-resis
tivity relationships are similar, differing only in the values of 
the constants in the Arrhenius equation. 

Volume resistivity of a dust sample is also related to its 
porosity. Intuitively, one would expect a higher resistivity to 
be associated with a more porous dust layer due to the smaller 
quantity of material in a given volume. 

For fly ash samples, a 25% change in specimen porosity causes 
a change of one decade in resistivity. A generalized relationship 
between specimen porosity and resistivity was found for =1y ash to 
be 

( 2 5) 

where 

Pc = resistivity at porosity p (ohm-cm) , c 

Pm = resisti '' i ty at porosity p (ohm-cm) , and 
m 

s = Llog p/6%P = 0.04. 

Factors Influencing Surface Resistivity--

Surface conduction requires the establishment of an adsorbed 
layer of some material either to provide an independent conduction 
path or to interact with some component of the particulate material 
to provide a surface conduction pathway. If the effluent gas stream 
contains condensable material (e.g., water or sulfuric acid) and 
if the temperature is low enough that an adsorbed layer can form, 
then the surface conduction will become significant. 
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For temperatures below about l50°C (300°F), surface conduc
tion occurs via the lower resistance path created by the adsorbed 
moisture or chemical components which occurs at these lower tem
peratures. Both moisture and chemically reactive substances such 
as sulfur oxides and ammonia are cc,mrnonly present in many industrial 
gases. 

Physical adsorption as well as condensation can be involved in 
surface conduction. At temperatures below the dew point, the rate 
of deposition on the surface of a dust would be high. However, for 
most circumstances the adsorbate is deposited on the dust surface 
and can provide a surface conduction pathway even at temperatures 
considerably above the dew point, as is shown in Figure 216. 172 

The data were obtained from laboratory measurements on a particular 
fly ash sample under the same simulated conditions discussed earlier 
except that the water concentration was varied. The range of water 
concentration used was selected based on water concentration mea
surements made at several different power stations. 

Another way of displaying the effect of water concentration 
on resistivity is shown in Figure 217. The attenuation of resis
tivitv due to increased water concentration is observable at about 
230°C-and becomes very significant at the lower temperatures. At 
the higher temperatures the effect of water concentration on re
sistivity is not significant since the adsorption mechanisms 
needed for surface conduction are not present. 

The data shown in Figure 216 are in a suitable form for use 
in the prediction of ash resistivity. In this interpretation, the 
resistivity data have been plotted as a function of water concen
tration for several isotherms. Expressions developed from data 
such as these can be used to correct the resistivity value pre
dicted for a given set of baseline conditions to a value for some 
other set of conditions. For example, the average slope of the 
resistivity-water concentration curve at a temperature of 1000/T 
(°K) = 2.4 was -0.085. This is based on the data accumulated from 
16 selected ashes used to evaluate the effect of water concentrations. 
A simple ~lgebraic expression can be used to convert the resistivity 
value for 9% water shown in Figure 216 to the value for some other 
water concentration. 172 

log p : c,w 

log p : c 

w : w 

(26) 

logarithm of resistivity for a specific lithium plus 
sodium concentration, c, and water concentration, Ww. 

logarithm of resistivity for a specific lithium plus 
sodium concentration, c, and a water concentration of 
9 volume percent. Value obtained from Figure 214. 

volume percent water concentration to which the 
resistivity is to be corrected. 
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s : w 

water concentration used in establishing Figure 
214, 9 volume percent. 

6 log p/6% H2 0; -0.085 for 1000/T(°K) = 2.4 and 
water concentrations between 5% and 15%. 

In surface conduction, the mechanism of charge transport 
appears to be ionic; however, the migration species have not been 
identified. They could be ions extracted from or carried on the 
dust surface or those deposited from the gas stream. 

An example of how surface resistivity of fly ash depends on 
the composition of the flue gas is the case of fly ash from coal
f ired boilers burning sulfur containing coals. The burning of 
coal containing sulfur produces sulfur dioxide (S02) in quantities 
dependent on the sulfur content. Under normal conditions, about 
O. 5 to l~; of the 50 2 present is oxidized to SOs, which serves to 
reduce the resistivity of the fly ash, if ~he temperature is low 
enough for the 80 3 to be adsorbed on the ash. Thus, high-sulfur 
coals tend to produce ash with lower resistivities than coals with 
lower sulfur contents. In general, lowering the flue gas temper
ature increases the 80 3 absorption, so that the resistivity of the 
fly ash can be controlled to some extent by changes in flue gas 
temperature. 

The effect on ash resistivity of incorporating sulfur trioxide 
in an environment of water and air has been examined using a limited 
number of ashes and tests. 172 Figure 218 shows the results for six 
tests conducted on one ash to demonstrate the combined effect of 
sulfur trioxide concentration and temperature on resistivity. The 
circles represent data obtained in a linear flow electrode set 
while all other data were obtained in a radial flow electrode set. 

Data obtained at 147-149~C using 2 kV/cm voltage gradient and 
a baseline environment of air containing 9 volume percent water 
are shown in Figure 219. 172 Eight ashes were used in conjunction 
with sulfur trioxide concentrations of nominally 2, 5, and 10 ppm. 
Since this data base is so small, it is not possible to quantify 
the effect of sulfur trioxide on ash resistivity. However, it is 
obvious that the effect can be dramatic in that the presence of 
10 ppm of sulfuric acid can reduce the resistivity two or more 
orders of magnitude. 

The influence of electric field on conduction in insulating 
materials has been well documented. In solid materials, increasing 
electric field permits a greater number of migrating ions to 
participate in the conduction process. In granular materials 
additional intluences of electric field may become important. 
Possible effects are: an increase in temperature at the contact 
points between particles caused by joule heating, and a~ electric 
discharge in the dust layer due to the enhanced field near adjacent 
particles. 
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Figur7 22~ shows relationships between in situ resistivity 
and electric field for fly ash (from coals with low and moderate 
sulfur contents) . 1 '~ The data were obtained using a point-to-

· plane probe and the parallel disc measurement method. The 
measurements were made at a temperature of 265°C (330"'F) with 
a dust layer thickness of 1. O nun. 

Laboratory investi~ations also show an effect of electric 
field on resistivity. 17

·'
175 Figure 221 shows the effect of the 

electric field applied across the ash layer on the resistivity. 172 

The upper curve illustrates the almost negligible effect exper
ienced by a few fly ashes and the lower curve shows the average 
effect from the examination of 16 ashes. It should also be pointed 
out that the laboratory values of resistivity would increase at a 
significantly faster rate as a function of electric field as the 
electric field is decreased from 2 kV/cm to smaller values. 176 

This is also indicated for the field data shown in Figure 220. The 
ASME PTC-28 code suggests that resistivity be determined just prior 
·to dielectric breakdown. However, a research program involving 
many ashes and a multiplicity of test conditions can not afford to 
do this. Therefore, tests were conducted on a few ashes to estab
lish a relationship between resistivity and electric field, and 
other data can be calculated from this relationship using an ex
pression similar to equation (26). 172 

log p : c,w,e 

log Pc,w= 

E : e 

E : c 

s : e 

( 2 7) 

logarithm of resistivity for a specific lithium 
plus sodium concentration, c, a water concentra
tion ww, and an applied voltage gradient Ee. 

previously defined. 

applied electric field to which log P is to - c ,w 
be corrected. 

applied electric field used in establishing 
Figure 221, 2 kV/cm. 

6 log p/6E; -0.030 for 1000/T(°K) = 2.4 and an 
applied voltage gradient range of 2 to 10 kV/cm. 

Combined Effects of Volume and Surface Conduction--

The initial evidence suggests that the presence of sulfuric 
acid in the environment provides an alternate, conduction mechanism. 
Therefore, other than the effect of various ashes having differ
ent affinities for sulfuric acid vapor, there would seem to be no 
relationship between the acid and the as!\ composition with respect 
to conduction. It has been suggested that the effect of sulfuric 
acid can be combined with the other factors that influence resis
tivity by considering them as two independent conduction mechanisms 
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Figure 220. Variation in particulate in situ resistivity with 
electric field. 
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and determining a resultant resistivity from the equation for 
parallel resistances. 172 

' 

p • r· 

p : s 

p : c,w,e 

(28) 

resultant re'sistivi ty conib1riing the. effects of com
position, water concentration, appl"ied · ~lectr.ic field 

.. . ' and sulfuric acid con~entration. · · 

resistivity resulting· from the ef·tect of enviro11- . 
mental sulfuric acid concentration taken frC)rn: Figure· 
219. 

previously defined, equation . ( 27) . 

Prediction Of Fly Ash Resistivity 

Although little practical information exists concerning the 
prediction of fly ash resistivity, a recently proposed method of 
prediction appears very promising. 172 This method and a computer 
program used to perform the necessary calculations are described 
elsewhere. 138 Comparisons of the predictions of this method with 
in situ and laboratory measurements of resistivity on a limited 
number of fly ash samples have shown good agreement. ~ key feature 
of this method is that fly ash resistivity is predicted based on a 
coal sample. This method will be discussed briefly in the following 
paragraphs. 

The information required to utilize the proposed technique 
for predicting resistivity is the as-received, ultimate coal anal
ysis and the chemical composition of the coal ash. A stoichiometric 
calculation of the combustion products is made using 30% excess air 
to determine the concentration of sulfur dioxide and water. The 
quantity of excess air used in the calculation was established by 
comparing stoichiometrica·11y calculated flue gas analyses with 
in situ analyses for several coals. The coal ash ·is prepared by 
first igniting the coal at 750°C in air, passing the ash through 
a 100-mesh screen, and then igniting the ash a second time at 
1050°C + 10°C in air for a period of 16 hours. Good agreement 
in chemical analyses has been obtained between coal ashes produced 
in this manner and their respective fly ashes. 

. 
The usual chemical analysis of the coal ash in weight per

cent expressed as oxides is performed. The analysis is converted 
from weight percent to molecular percent as oxides. The atomic 
percentage of the lithium and sodium is taken as 66.6% of the' 
molecular percentage of the oxides. The sum of the atomic per
centages of lithium and .sodium is used to determine the resistivity 
value, Pc' from data similar to that shown in Figure 214 for var-
ious temperatures. 
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Using the concentration of water determined from the com
bustion products calculation and equation (26), the predicted re
sistivity in terms of ash composition and water concentration 
p , is determined. ' c,w 

For the ash thickness used in the research to develop the 
predictive method, '"5 mm, it was found that dielectric breakdown 
generally occurred at applied electric fields of 8 to 12 kV/cm. 
Therefore, it was arbitrarily decided to use 10 kV/cm as the elec
tric field at which the resistivity is predicted. Using equation 
(27) and Ee = 10 kV/cm, the predicted resistivity is put in terms 

of ash composition, water concentration and dielectric breakdown 
field, Pc e· This value then is the predicted resistivity 

'w' 
exclusive of the effect of sulfuric acid. 

Using the information from a variety of field test programs 
for which flue gas data were available, it was observed that the 
·average sulfur trioxide value was approximately 0.4% of the sulfur 
dioxide value at the inlet to cold-side precipitators. This factor 
is used to calculate the anticipated level of sulfur trioxide 
based on the amount of sulfur dioxide appearing in the stoichio
metrically calculated flue gas. For example, a typical eastern 
coal can produce a flue gas containing 2000 ppm of sulfur dioxide 
which it is anticipated would yield 8 ppm of sulfur trioxide. 
Referring to Figure 219, a reasonable estimate of the resistivity, 
ps' resulting from this sulfur trioxide concentration might be 

2 x 10 10 ohm-cm. One then determines the resultant resistivity, 
pr' from equation (28) and the values for ps and Pc,w,e· 

Example of the Calculations Used to Predict Fly Ash Resistivity at 
144°C (291°F)--

Step 1: Obtain an as-received, ultimate coal analysis and a 
coal ash analysis. Table 23 shows an as-received, ultimate c6al 
analysis and coal ash analysis obtained for a particular coal. This 
information will be utilized in predicting the resistivity of the 
fly ash. 

Step 2: Make a stoichiometric calculation of the combustion 
products using 30% excess air to determine the concentration of 
sulfur dioxide and water. Table 24 shows the steps in the calcu
lation of stoichiometric flue gas from the coal analysis. 

177 

Step 3: Determine atomic percentage of the lith~um and the 
sodium from the chemical analysis of the coal ash. First, convert 
from weight percent to molecular percent as oxides as shown in 
Table 25. Second, calculate the atomic percentage of lithium and 
sodium as follows: 

Atomic% of Li+ Na= (_666) (0.096) + (.666) (0.518) = 0.409 
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TABLE 23. AS-RECEIVED, ULTIMATE COAL ANALYSIS AND 
COAL ASH ANALYS.IS USED IN.· PR.EDI CTI ON OF .. 
FLY ASH RESISTIVITY 

As-Received Coal Ash 
Ultimate Analys:is Coal As·h Composition 

coal Constituent lb/100 lb constituents (1050°C) 

Carbon 57.21 Li20 0.04 

Hydrogen 3.74 Na20 0.45 

Oxygen 3.03 KzO 3;7 

Nitrogen 1. 02 MgO 1.4 

Sulfur 0.79 cao 0.7 

Water 8.41 Fe20s 6.7 

Ash 25.80 A120s. 27.6 

Si02 58.2 

Ti02 1. 7 

P20s 0.1 

S03 0.2 
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TABLE 24. CALCULATION OF STOICHIOMETf'IC FLUE GAS FROM COAL ANALYSIS 177 

A. Calculation of combustion products, air, and 0 2 for 100% combustion. 

As i:eceived, 
Coal ultimate Moles per 
con- analysis Molecular lOO* lb 

stituent lb/100* lb wei9ht fuel MultiEliers 

c 57.21 + 12.01* 4.764 x l. 00* and x 4.76* 

H2 3.74 + 2.02* l. 852 x 0.50* anc1 x 2.38* 

02 3.03 32.00* 0.095 x -LOO* anc1 x -4. H* 

Nz l. 02 28.0l* 0.036 

s 0.79 t 32.06* 0.025 x l. 00* and x 4.76* 

H20 8.41 18.02* 0.467 

Ash 25.80 

Sum 100.00 7.239 

3. Calcul.ation of air and Oz for 30%* excess air. 

0 2 and air x 130*/100 total 

Excess air= 34.778 26.752 

Excess 0-~ .7. 3 06 - 5. 620 

Requ i ~ea for 
combustion 

moles/100* l~ fu~l 
at 30%* ex~ess air 

__Q_;_ Dr 'I a i. r 

7.306 

l. 686 

34.778 

8.026 

Required. foi: 
combustion 

moles/100* lb fuel 
at 100% total air 

-2..L DI'."? air 

4.764 22. 677 

0. 92fi 4.408 

-0.095 -0.452 

0. 0 '2 5 0.119 

5.620 26.752 

c. ··flue gas analysis calculation. 

Proriuc':s of comhustil'.ln 
Total 

Flue·· gas moles/100* % by volume % by.volume 
constituent Combustion / Fuel I Ail'. lb fuel wet ~asis drv basis 

SOz 4.764 4.764 12.864 14.018 

H:zO l. 852 + 0.467 + 0. 728a " 3 . 0 4.7 8.228 

S02 0.025 0.025 0.068 0.074 

Nz 0.036 + 27.475b 27. 511 74.288 80.948 

01 l. 686 l. 686 4.553 4.961 

Sum wet 37.033 

51,lm dry :z 37 .033 - 3.047 33. 98-6 . 

a.·· Moles Erio· in _air {34 •. 778 x 29• x o.oU*> 18*-: o .. 728. 

b. Moles N2 in air = (34. 778 x 0.79*.) = 27.475. 

* Constants in calculations. All other numbers depend on the particular calculation. 

359 



TABLE 25. CONVERSION OF WEIGHT PERCENT ANALYSES OF 
COAL ASH TO MOLECULAR PERCENT AS OXIDES 

A. Calculate molecular weights of coal. al?h cons ti tuen·ts. 

Coal ash Molee:u.rar 
constituent Ca~cuiation weig_ht 

Li 1 0 (2) (6.939) + 15.9994 "' 29. 8774 
Na20 (2) (22.9898) + 15.9994 = 61.9790 

K20 (2)(39.1020) + 15.9994 = 94.2034 
MgO 24.3120 + 15.9994 40.3114 
Cao 40.0800 + 15.9994 = 56.0794 

Fe203 (2) (55.8470) + (3) (15.9994) = 159.6922 
Al203 (2) (26.9815) + (3) (15.9994) = 101.9612 

Si02 28.0860 + (2) (15.9994) 60.0848 
Ti02 47.9000 + (2) (15.9994) = 79.8988 
P20s (2) (30.9738) + (5) (15.9994) = 141. 9446 

S03 32.0640 + (3) (15.9994) = 80.0622 

B. Calcula~a total number of moles per 100 grams of coal ash. 

Total # of moles 0.04 0.45 + 3.7 l. 4 -0.7 + 
= 29.8774 + 61. 9790 94.2034 + 40.3114 + 56.0794 . 

27.6 58.2 + l. 7 0.1 + 0.2 
+ 100612 + 60. 0848 79.8488 + 141. 9446 80. 0622 

6.7 
159.6922 

0. 000134 + 0.00726 + 0.03928 + 0.03473 + 0.01248 + 0.04196 

+ 0.27069 + 0.96863 + 0.02128 + 0.00071 + 0.00250 

= 1.40086 

C. Calculate molecular percentages of coal ash constituents. 

Coal ash Molecular 
constituent Calculation ' Eercenta9e 

Li 20 (0.00134) 
l. 40086 Y. 100 = 0.096 

Na20 (0.00726) 
l. 40086 x 100 = 0.518 

K20 (0.03928) 
l. 40086 x 100 2.804 

MgO (0.03473) 100 2.479 l. 40086 x :;: 

cao (0.01248~ x 100 0.891 l. 40086 = 

Fe 20 3 (0. 04196 x 100 2.995 l. 40086 

Al 20 3 (0. 27069) 
l. 40086 x 100 ::: 19.323 

Si0 2 (0.96863) 
l. 40086 x 100 = 69.145 

Ti02 (0.02128) 
1. 40086 x 100 = 1.519 

p 20 5 (0.00071) 
l. 40086 x 100 = 0.051 

so 3 (0.00250) 
l. 40086 x 100 II: 0.179 
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Step 4: Determine the resistivity value due to ash composition 
at 144°C from Figure 214. The value of pc is approximately 1 x iot 2 

oron-cm. 

Step 5: Include the effect of the caiculated water concentra
tion of 8.228% by volume by using equation (26). 

1 og p w = 1 og (10 1 2 
) + ( 8 . 2 2 8 - 9 . O) ( - O . o 8 5) c, 

= 12 + .0656 = 12.0656 

= 1.163 x 10 12 ohm-cm 

Step 6: Include the effect of the electric field across the 
ash layer by using equation (27). For purposes of illustration, 
assume dielectric breakdown occurs at 8 kV/cm. 

log p = log ( 1. 16 x l 0 1 2
) + ( 8- 2) ( - 0. 0 3) c,w,e 

= 12.0656 - 0.18 = 11.8856 

c = 7.684 x 10 11 ohm-cm c,w,e 

Step 7: Include the effect of sulfur trioxide in order to 
obtain the final value of resistivity. The sulfur trioxide concen
tration is obtained by taking 0.4% of the sulfur dioxide concentra
tion. In this example, the sulfur trioxide concentration is 0.004 
x 680 ppm= 2.72 ppm. From Figure 219, a reasonable estimate of 
the resistivity resulting from this concentration of sulfur trioxide 
might be 1 x 10 12 ohm-cm (low sulfur, eastern coal). The resulting 
resistivity due to all pertinent parameters is obtained using 
equation (28). 

p = (1 x 10 12
) (7.684 x 10 11 ) 

r 1 x 1012+ 7.684 x 1011 

The most' conservative estimate 

taking p ~ 1 x 10 13 ohm-cm as 
s 

= 7.684 x 1023 = 4.35 x 101 I ohm-cm 
1.7684 x 10 12 

of p would have been obtained by 
r 

indicated by one of the data sets 

in Figure 219. In this case, pr = 7 .14 x 10 11 ohm-cm. 

Measurement Of Ash Resistivity 

Factors Influencing Measurement of Resistivity--

Resistivity of a dust layer is determined experimentally by 
collecting a 's~imple · o:f the ,dust from a gas stream and measuring 
·lhe current.and voltage characteristics of a defined geometrical 
configuration of the du.st. The me·thod of forming the d':lst. l<:-yer, 
and the conditions of, measurement all influence the resistivity 
mea sur em en t . 
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Particle size distribution and porosity--For detemination 
of the true particle size distribution, the. sample should be taken 
from the gas stream in a manner {e.g., isokinetically) that insures 
that the sample is representative of the particle size distribu
tion of the fly ash in the gas. stream. However1 ·due to problems 
of probe design, most of the resistivity probes either do not 
sample isokinetically or do not collect all the particles sampled.· 

Even if isokinetic s.ampling were used, the particle s.ize 
distribution of the ash layer deposited in each. field of a pre~ 
cipitator differs due to the variation in collection e·fficie·ncy· 
as a function of particle size. Consequently, in determining re..: 
sistivity to correspond to that of each field of a precipitator, 
the particle size distribution associated with each field would 
have to be simulated. In general, such a procedure would be 
impractical, and some means of obtaining a reasonably represen-
tative sample is employed~ · 

It has been shown that. the resistivity of a fly ash laier 
depends on the particle size distribution in the layer. 171

' 
76 

Also, the e::fects of particle size distribution and porosity can 
not be considered independently since the particle size distr'i
bution will influence the porosity. Thus, depending on the con
duction mode, effects on resistivity of different particle size 
distributions may be attributed to either particle size distribu
tion or porosity. Laboratory measurements of resistivity as a 
function of temperature have been made on two fly ash samples 
under identical conditions except that the two samples differed 
in particle size distribution and porosity. 176 One sample had a 
MMD of 40 µm with a porosity of 54% while the other sample had a 
MMD of 2.7 µrn with a porosity of 75%. These samples were obtained 
from a larger size fractionated sample by using the size fractions 
< 3 µm and > 25 µm. The resistivity versus temperature curves 
for these two samples crossed one another. The lower MMD sample 
had lower values of resistivity at the lower temperatures whereas 
the higher MVill sample had lower values of resistivity at the higher 
temperatures. These results are attributed to the greater specific 
surface area available in the lower MMD sample at temperatures 
where surface conduction is important and to the lower porosity 
of the higher MMD sample at temperatures where voli.irne conduction 
is important. 

Electric field--Since the resistivity of an ash varies with 
electric field, it is important that measurements be made at an 
electric field corresponding to that in the prec~pitator and/or 
that the value of the field at which the measurement is made be 
specified. In some resistivity measurement techniques the voltage 
is increased until the ash layer breaks down, and the resistivity 
reported is that corresponding to the condition ju-st prior to 
breakdown. Other techniques impose a fixed voltage across a pair 
of electrodes to establish an electric field. Generally the 
magnitude of the field is very low, of the order of l kV/cm for 
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this latte: type of technique. The reported values of resistivity 
would be different depending upon whether the measurement was made 
at a low field or near breakdown. 

Method of deposi~ing ash,layer--In an electrostatic precipi
tator, the ash layer is deposited electrostatically and the par
ticles are.aligned somewhat as the dust layer is built up. In 
s01.ie sampling probes the ash layer is deposited electrosta tically, 
whereas in other probes the dust is collected by other means and 
allowed to fall into the measurement cell. In laboratory measure
ments the ash layer is mechanically deposited in the measurement 
cell. 

The significance of the method of deposition has not been 
quantitatively determined. However, to the eye, dust layers de
posited electrostatically appear denser than those established 
by free fall of the dust. In probes in which the dust is allowed 
-to fall into the measurement cell, some attempt is made to vibrate 
the cell or otherwise establish a reproducible density of the de
posited dust. In other probes, the measurement technique involves 
a disc placed on the dust surface. This disc provides some com
paction of the dust layer. 

· The method of deposition of the ash layer may influence the 
porosity of the layer. Laboratory experiments have shown that the 
porosity of the layer will have a significant influence on the 
measured value of resistivity. 176 Laboratory measurements of 
resistivity as a function of temperature have been made on t~o 
fly ash samples under identical conditions except that the two 
samples differed in porosity. One sample had a porosity of 70% 
while the other sample had a porosity of 50%. The resistivity 
versus temperature curve for the higher porosity sample was above 
that of the lower porosity sample for all values of temperature. 
This difference in>porosity led to as much as a factor of 5 dif
ference in the measured value of resistivity. 

Thickness of ash layer--Limited laboratory experiments have 
been performed to examine the effect of the layer thickness on the 
resistivity measurement. 176 Laboratory measurements of dielectric 
breakdown strength have been made on three fly ash samples under 
identical conditions except that the three samples had three dif
ferent thicknesses between approximately 3mrn and 7rmn. For all 
three samples, the applied voltage necessary to cause dielec~ric 
breakdown was essentially the same. Thus, the samples experienced 
dielectric breakdown at different values of -average electric field. 
This suggests that the surface charge near one of the boundaries 
may be the important factor in determining ~iel~ctric;: breakdown of 

,_ a. fly ash layer· and that the average electric field is not of 
significance. 

Time of current flow--When voltage . is api=)1i~d across an ash 
layer, the magnitude of the current will initially be.high and 
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will then fall off, rapidly at first and slowly thereaf~er. The 
initial current surge is due to absorption current, which charges 
the capacitance associated with the ash··layer. The subsequent 
decrease in current is due to depletion of the charge carriers or 
polarization at the ash-electrode interfaces. If the current is 
allowed to flow for a considerable time prior to making resistivity 
measurements, the value of current will be lower than that ob- · 
tained immediately following application of a voltage •. 

. -· - - -· '· 

Source variability--Another factor influencing'· resistivity 
measurement is source variability. In spite of attempts to obtain 
a uniform boiler fuel by blending the coal supply, the chemical 
composition of the coal will vary enough to be rt::f1ected in obser
vable changes in the S0 2 level of the flue gases and in the chemical 
composition of the fly ash. Thus, to minimize errors· due to source 
variability, resistivity measurements should be made on samples 
taken over a sufficiently long period of time, Cl;nd the results 
should be averaged to obtain a represen~ative value. 

Methods For Measuring Ash Resistivity--

General considerations--The determination of the electrical 
resistivity of a fly ash layer is made indirectly. The resistivity 
is computed from the resistance of a sample of the fly ash with a 
known geometrical configuration. Typically, the geometry of the 
sample will be either a rectangular or cyclindrical solid, or 
the volume of space between concentric cyclindrical electrodes. 
In each instance, the relationship between the resistivity and 
resistance of what is considered to be a homogeneous material is 
given by 

P = RA/ .t, (29) 

where 

p = resistivity (ohm-cm), 

R = resistance {ohm) , 

A = cross sectional area (cm 2 ) , . and 

,Q, = length (cm) . 

In each measurement device, the amount of material actually 
utilized for the measurement is on the order of one cubic centi~ 
meter or less. Layer thickness from one-half to 'five millimeters 
is common. Using this minute sample of material selected from 
the large quantities of fly ash generated during a measurement 
period raises serious questions as to just how representative of 
the total fly ash material this sample can be. This factor may, 
in part, explain the wide range of scatter actually observed in 
a resistivity measurement program. · · 
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Several techniques can be used for measuring the resistivity, 
and several types of equipment are available for this purpose, 
with no general agreement as to their relative merits. The choice 
of technique and equipment can be influenced by the intended use 
bf the measured resistivity data. 

One consideration is whether an absolute resistivity is to 
be made for scientific or engineering design purposes or whether 
a relative or rank ordering type of measurement is sufficient. 
If .one is attempting to relate the behavior of an electrostatic 
precipitator to theoretically derived relationships, then it is 
important to attempt to evaluate the absolute resistivity of the 
dust. However, if one has accumulated a considerable quantity of 
resistivity data over a period of time with one type of device 
and in addition has similarly accumulated experience as to how a 
particular type of electrostatic precipitator behaves with the 
related particulate resistivity data, then the measured value of 
resistivity can be related to precipitator performance. 

As discussed earlier, the measured value of resistivity is 
dependent upon a number of factors. If the measurements are 
contemplated for rank ordering or relative behavior, then wide 
latitude is allowed in the selection of a method. For the rela
tive measurement type of investigation, it becomes important to 
merely assure that the measurement conditions are reasonably well 
duplicated for each condition, and the selection of method be
comes of secondary importance. Either in situ or laboratory 
methods may be applicable to a study of~hISilature if the sample 
collection conditions, including temperature, are identical. How
ever, if the purpose of the study is to evaluate how an electro
static precipitator will behave with a new or significantly dif
ferent type of dust under a given set of conditions, in situ 
measurements will probably be necessary. 

For comparative evaluations, in situ and laboratory measure
ments must be made with the same instrumentation and technique. 
Extreme care must be exercised in attempting to compare resis
tivity data obtained with one device or technique with data 
obtained with another device or technique. This will become 
evident in the following discussions of the different measurement 
techniques. 

Laboratory versus in situ measurements--The determ~nation of 
whether the particulate resistivity should be measured in the lab
oratory or in situ is based on an evaluation of the significance 
of the surface conduction component. If the surface conduction is 
negligible because of high temperature (>200°C) or because of the 
absence of any reactive or condensable material (H20, S03, etc.) 
in the effluent gas stream, then laboratory measurements are 
appropriate. 
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However, if reactive constituents are present and if the tem-

perature is in the vicinity of the dew point of the condensables 
such that there is a reasonable probability that an adsorbed s&r~ 
face layer will exist, then it is important that both laboratory 
and in situ resistivity measurements be made for comparison. 

It is also important to make measurements in the effluent gas 
stream in addition to the laboratory even though the chemical 
composition of the gas stream can be duplicated in the laboratory, 
The reason for this distinction is that as the particulate sample 
is collected, cooled and transported to the laboratory, there is 
a reasonable probability for chemical reactions to occur that 
would modify the particulate matter prior to measurement. 

Laboratorv measurements--Standard technique---The standard 
technique for conducting laboratory resistivity measurements is 
described in the American Society of Mechanical· Engineers Power 
Test Code 28, Determining the Properties of Fine Part'iculate 
Matter. 178 This code was adopted by the Society in 1965 as a 
standard practice for the determination of all the properties of 
fine particulate matter which are involved in the design and eval
uation of dust-separating apparatus. The tests include such pro
perties as terminal settling velocity distribution, particle size, 
bulk electrical resistivity, water-soluble sulfate content, bulk 
density, and specific surface. 

The document defines bulk electrical resistivity as the re
sistance to current flow, expressed in ohm-centimeters, through a 
dust sample contained in a cubic volume one centimeter on a side 
when exposed to an electrical voltage equivalent to 90% of the 
breakdown voltage of the sample, applied uniformly across two 
opposite faces of the cube. The code specifies that the property 
is to be determined at 150°C (300°F) and at a humidity of 5% by 
volume, unless otherwise specified. 

Apparatus for standard technique---The basic conductivity 
cell is shown in Figure ~22.1 79 It consists of a cup which con
tains the ash sample and which also serves as an electrode~ and 
an upper electrode with a guard ring. To conform with the code, 
the high-voltage conductivity cell must have the same dimensions 
as shown, and must use electrodes constructed from 25-micron 
porosity sintered stainless steel. The movable disk electrode 
is weighted so that the pressure on the dust layer due to gravi
tational force is 10 grams per square centimeter. The nominal 
thickness of the dust layer is 5 millimeters. The actual thickness 
is to be determined with the movable electrode resting on the sur
face of the dust. All electrode surfaces in the region of the du~ 
layer are to be well rounded to eliminate high electric field 
stresses. 

The controlled environmental conditions required for the 
standard measurement of resistivity in the laboratory can be 
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MECHANICAL 
GUlDE 
(INSULATED) 

~ 
1/32 IN. 
AIR GAP 

GUARD RING ~ 
1-1/8 IN. DIA. BY 

1/8 IN. THICK ~ __ .......... ...,..;.._ 

DUST CUP 
3 IN. ID, 5 mm DEEP 

MOVABLE ELECTRODE 
3/4 TO 1 IN. DIA. 
BY 1/8 IN. THICK 

HIGH VOLTAGE SUPPLY 

3~40-2ll 

Figure 222. Bulk electrical resistivity apparatus, general 
arrangement. 1 7 9 
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achieved by an electric oven with thermostatic temperature con
trol and with good thermal insulation' to maintain uniform inter
nal temperature, and a means to control humidity. Humidity may 
be controlled by any one of several conventional means, . including 
circulation of preconditioned gas through the oven, injection of 
a controlled amount of steam, use of a tempe·rature-controlled 
circulating water bath, or the use of chemical solutions which 
control water vapor pressure. It is desirable to circulate the 
humidified gas directly through the dust layer; hence the reason 
for the porous electrodes. Figure 223 illustrates a suitable set-

d 
. . . ,,,.. l 8 0 up for standar resistivity measuremen ... s. 

Experimental procedure for standard technique---The first 
problem encountered in making any resistivity measurement is ob
taining an appropriate dust sample. The prescribed procedure for 
PTC-28 Code assumes that samples of gas-borne dust are taken from 
a duct in accordance with the Test Code for Determining Dust Con
centration in a Gas Stream (PTC 27-1957). The PTC-27 Code in-'' 
valves isokinetic dust sampling at various points in the duct. 
It is recormnended that samples should not be obtained from a 
large bulk of material in a hopper, silo, or similar location. 
If it is necessary that samples be obtained from such a location, 
procedures which will insure that the sample is representative of 
the whole must be used. For any resistivity test to be performed 
on a bulk sample, it is necessary that a random sample be obtained. 
This can be done by quartering the bulk sample to obtain the test 
sample. To break up agglomerates and to remove foreign matter, 
e.g., collection plate scale, the specimen can be passed through 
an 80-mesh screen. 

The procedure for making the resistivity measurement according 
to Power Test Code 28 is as follows: ( 1) The sample is placed in 
the cup of the conductivity cell by means of a spatula. Then it 
is leveled by drawing a straight edge blade horizonally, across the 
top of the cup. (2) The disc electrode is gently lowered onto t~ 
surface. It should rest freely on the sample surface without· 
binding on any supports. (3) The conductivity cell is mounted 
in the environmental cha:rriber and equilibrium temperature and hu
midity are es~ablishedo The Code specifies that a temperature of 
150°C (300°F) and a humidity of 5% by volume are to be used for 
the testf unless otherwise specified. (4) A low voltage is applied 
to the cell and then gradually raised in a series of steps up to 
the point of electrical breakdown of the sample layer. Current 
transients will occur when the voltage is first applied or in
creased across the cell. A record of the current~voltage charac
teristic of the dust is obtained. Preferably using another sample, 
the above is repeated; when another sample is not available, the 
sample layer should be remixed and releveled after each run in 
order to break up any spark channels that may have been formed in 
the dust layer. A total of three runs should be made. The average 
breakdown voltage is then calculated. Before taking the samples to 
breakdown, it is necessary to determine whether the temperature 
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1. Pressure regulator 14. Oven 11 
2. Constant temperature bath 

3. Pump 
4. Heater 
5. Make-up water reservoir 
6. Externally heated p1p1ng 

15. Frittecl disc 
16. Environmental chamber 

17. Frittecl disc air bubbler 
18. Bath water in overflow 
19. Air flowmeter l 0 \ 

7. PTC 28 apparatus 20. A1 r ta!1k 9 
3. Environmental sampling port 

9. E>:ternally heated "x1t p1p1ng 
10. Calib1 ated C/ A thermocouple 

11. Power source for oven 
12. mV Potentiometer 

13. Cold junction 

13 

20 3 54 0 ·2 1 2 

Pigl,lre 223. Schematic of a~~aratus setup for standard resistivity 
measurements. 1 
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and moisture content of the sample are in equilibrium with tem
perature and humidity of the controlled environment. A test for 
equilibrium is that the voltage-current measurements are repro
ducible to within 10% when determined by two successive measure
ments made 15 minutes apart. (5) The resistivity of the samples 
is then calculated in the range of -85 to 95% o-f the average break
down voltage, using the corresponding currents . from the previously 
recorded voltage-current characteristics. 

Resistivity can be calculated in the following way. First, 
calculate the resistance of the dust layer Rat the specified 
voltage. 

R(ohms) V (vol ts) = l (amps) 

Then calculate the resistivity p at the specified voltage. 

A (cm 2
) 

p(ohm-cm) = R(ohms) l(cm) 

The moisture content of the air in the environmental chamber can 
be determined by weighing a tube filled with calcium sulfate 
(Drierite) before and after passage of a measured volume of air 
through it. The volume of dry air passed through the tube is de
termined from the flow rate and the sampling time. 

Variations for the standard technique used in laboratory 
studies---Laboratory investigations using the PTC-28 or a similar 
apparatus to study characteristics of ash resistivity usually 
involve somewhat different procedures than that specified in the 
standard technique. Usually it is not necessary or desirable to 
determine the breakdown voltage of the ash layer. Hence, a fixed 
potential prior to breakdown is applied across the cell, and then 
the parameters under investigation are varied. Other laboratory 
techniques may be desirable to determine certain electrical char
acteristics of the ash, for example, the method being used in 
research on the resistivity of fly ash at elevated temperature. 
The technique utilizes a self-supporting sintered· disc of fly ash, 
rather than loose powder. This technique is commonly used in the 
electrical evaluation of ceramic insulators. It was selected for 
the study of volume resistivity because it allows certain post
test analytical work to be done. The details of specimen pre
paration and measurement technique are given elsewhere. 162 

' 

Another necessary refinement to the standard laboratory tech-
nique is based on the need to more nearly duplicate the gaseous 
environment to which the ash is exposed. This refinement is 
needed due to the strong influence on ash resistivity of the 
various possible concentration levels of water and sulfur trioxide. 

The different laboratories which make resistivity investiga
tions of fly ash have developed their own measurement procedures 
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and techniques. Table 26 gives a comparison of the test procedures 
utilized by several laboratories. As would be expected due to 
their independent development, the procedures developed by the 
different laboratories differ from one another to some extent. 
~he differences in the procedures are important because they may 
influence the measured value of resistivity and because they make 
it difficult to compare resistivity data from the different lab
oratories. 

Other factors which influence the resistivity measurement 
that are not addressed in Table 26 are the porosity of the ash 
layer and the effect of sulfur trioxide on the measured value of 
resistivity and the measurement technique. The value of porosity 
at which the resistivity is determined is known to differ by as 
much as a factor 1.5 between certain laboratories. In certain 
systems which simulate the sulfur dioxide concentration, some of 

·the sulfur dioxide may oxidize to sulfur trioxide. The effects of 
sulfur dioxide and sulfur trioxide on the measurement technique 
will be discussed later. 

Laboratory studies simulating_f_lue qases containing SOx 181
--

Experimental apparatus utilizing ASME, PTC-28, test cells----An 
experimental arrangement was designed to determine resistivity for 
four ash specimens simultaneously using ASME, PTC-28 test cells. 
The test cells were contained in a 316 stainless steel chamber 
that was housed in a high temperature oven. Simulated flue gas 
environments were maintained in the test chamber under a small 
positive pressure (2.54 to 5.08 cm of water). The electrical 
circuit allowed the cells to be independently energized for re
sistivity measurements. 

Fi~ure 224 illustrates the physical arrangement of the appa
ratus. 1 2 Tank gases including commercially prepared and certified 
1% S0 2 in N 2 were metered using precision rotameters to deliver the 
desired mixture at a total flow rate of 1.3 liters/minute at stan
dard conditions. Depending on the temperature, this flow rate 
provided 5 to 10 volume changes per hour for the test chamber. The 
standard of baseline simulated environment contained by volume 5% 
02, 13% C0 2 , 9% H20, 500 ppm S02 and the balance N2. 

The gases leaving the rotarneters passed through a stainless 
steel manifold into a two liter stainless steel mix~ng vessel held 
at 2Q0°C to preheat the gas. At the exit of this vessel an inlet 
was provided for the introduction of S03. The proper amount of 
SOj to be injected was governed by the temperature of the 20% sul
furic .. acid bath and the flow rate of the nitrogen used as a carrier. 

"·· -A temperature of 160°C was maintained for the stainless steel 
tubing carrying the gas mixture to the oven. After entering the oven, 
the gas was passed through 7.62 m (25 feet) of tubing, maintained at 
the test temperature, before it entered the resisti~ity chamber. 
Gas exiting the chamber was passed through a bubbler external to 
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Laboratory 

Resistivity Cell 
Design & Geometry 

Environmental 
Containment 

Standard 
Environment 

Standard 
w H2 0 Concentrations 
-...J 
N 

Ash Layer Thickness 

Usual Test Voltages 

"Standard" E (kV/cm) 

Time Voltage Applied 
Prior to Current 
Reading 

Load of Electrode 
on Ash Layer 

Test Temperature 
Range 

TABLE 26. RESISTIVITY TEST PROCEDURES 
COMPARISON OF CERTAIN FEATURES 
USED BY VARIOUS LABORATORIES 

A 

In House 
Guarded, Parallel Plate 

Environment contained 
within test cell 

Air - I!20 or 
N2 ,02,C0 2 ,II 20 mixture 

0,5,10,15 volume percent 

0.25 - 0.30 cm 

500,1000,1500,2000 volts 

4 

20 - 40 seconds 

-11g/cm 2 

120°C ascending to 400°C 
in 27°C increments 

B 

In House 
Guarded, Parallel Plate 

Test cell housed in an 
environmental chamber 

0,3.2,7.8,15.2,22.l volume 
percent 

0.5 cm 

2,000 volts (can vary as 
desired) 

4 

3 - 5 minutes 

-12g/cm 2 

190°C descending to 90°C 
in 20°C increments 

c 

In House 
Unguarded, Parallel Plate 

Test cell housed in an 
environmental chamber 

Air - H20 

A constant value for each 
test 

0.3 cm 

1,000 volts (can vary as 
desired) 

3.3 

30 seconds 

-6g/cm2 

93°C a~cending to 260°C in 
27°0 increments or 290°C 
asq~n~ing to 400°C in 27°C 
inC:remehts . v 
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TABLE 26. (CONT ID) 

Laboratory D E 
------------·--· 

Resistivity Cell 
Design & Geometry 

Environmental 
Containment 

Standard 
Environment 

SLrndard 
11 2 0 Concentrations 

Ash Layer Thickness 

Usual Test Voltages 

"Slandard" E (KV/cm} 

Time Voltage Applied 
Prior to Current 
Headjng 

Load of Electrode 
on Ash Layer 

Test Temperature 
Range 

ASME, PTC-28 
Gudrded, PJrallcl Plate 

Test cell housed in an 
environmental chamber 

Air - H 2 0 or 
N1,02,C0 2 ,H 2 0 mixture 

9 volume percent 

0.6 - 0.7 cm 

1,330 volts (can vary as 
desired) 

2 

60 seconds 

-10g/cm 2 

460°C descending lo 85°C 
continuously with readings 
taken periodically 

In !louse 
Unquarded, Pc1ralle 1 P la Le 

Test cell housed in an 
environmental chamber 

!\ constant valu~ for each 
test 

0.5 cm 

500 volts 

1 

5 points wlthin tempera
ture range of interest, 
ascending and then descend
ing 

F 

lr. House 
Guarded, Parallel Plat~ 

Environment contained 
within test cell 

Air - fl20 or 
N2 ,02 ,C0 2 ,ll 20 mixture 

0 I 4 • 1, 8 • 2 I 16 • 5 r 32 • 9 
volume percent 

0.5 - 0.6 cm 

1000,1500,2000 volts 

4 

5 minutes 

-17g/crn 2 

ll0°C ascending to 260°C in 
50°C increments 
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the oven to provide visual evidence of the maintenance of a small 
positive pressure in the chamber. 

Experimental procedure----Ashes were passed throuah an 80 
mesh screen to remove any foreign material prior to being poured 
into the cup of th~ resistivity cell. While being filled, the 
cup was tapped to insure that ash bridging would be minimized. 
After the cell surface was leveled, the test cell was attached to 
the proper leads in the chamber, see Figure 224. The front piece 
of the chamber was sealed with C clamps after the four test cells 
were in position. Clamping together two finely machined surfaces 
was suitable for maintaining the small internal chamber pressure. 

Nitrogen, passed through a drying column and the heated 
plumbing leading to the oven, was maintained in the test chamber 
overnight as the specimens were thermally equilibrated at 450-470°C. 
Prior to converting the environment to a simulated flue gas, the 
cell was tested by applying 1000 volts DC (Srnm ash layer giving 
an E = 2 kV/cm) and determining the current one minute after the 
application of voltage. 

After t~e environ~ent was converted to the simulated flue gas, 
~he current readings were repeated every 10 minutes until the cur
rent no longer increased with time. This usually took 20 to 40 
minutes. At this point the oven was turned off, and current 
readings were taken periodically as the chamber temperature de
creased. The cells cooled from 460°C to 145°C in about four hours 
and cooled further to 85°C in an additional two hours. 

When it was of interest to determine resistivity as a function 
of ash layer field strength, the decreasing temperature was arrested 
at 162°C while the necessary measurements were made. Variation in 
water concentration was accomplished by changing the temperature 
of the water through which the nitrogen was bubbled prior to enter
ing the 200°C preheating vessel. The nitrogen was valved so that 
it could be introduced dry or through the water bubbler. The water 
concentration was determined from an exit gas sample at least once 
during.each resistivity test. Resistivity was calculated according 
to equation (29). 

Problems encountered using sox----It was stated above that 
the standard or baseline environment contained "-'500 ppm of S02 and 
no injection of so 3 • Preliminary experiments had shown a small 
difference between resistivity data acquired using air-wa·ter en
vironments versus the baseline simulated environment. At the time, 

- it was believed that the small attenuation of resistivity was 
possibly due to the presence of S02. 

The scope of research required the investigation of the effect 
of simulated environments containing 500, 1000, 2000, and 3000 ppm 
of 80 2 . When the larger concentrations of 502 were incorporated, 
it was observed that resistivity values were significantly attenuated. 
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Although one could not rule out the possibility that S02 affects 
ash resistivity, it seemed likely that large quantities of S0 3 
were being generated and that the reduction in resistivity was 
due to the presence of sulfuric acid. Determination of 80 3 and 
80 2 concentrations in the. inlet and outlet ga-s samples when no 
so 3 was being injected verified the presence of S0 3 • 

Several months were spent running ancillary experiments 
attempting to understand the problem and develop a way in which 
the existing equipment and test procedure could be utilized. When 
80 2 was included in the environment, S03 was produced by catalytic 
oxidation of S02. A few ppm were produced even when oxygen was 
excluded. It was concluded that some oxygen was present as a 
trace impurity in other gases or that air diffused into the test 
chamber at the imperfect seal on the face" Furthermore, the amount 
of S0 3 catalytically produced was sensitive to the plumbing tern .. 
perature and the temperature of the test chambe:r;. When S02 was 
eliminated and SOs was j,_njected, the difference in S03 concen
tration in the inlet and exhaust gas samples from the test chamber 
was sensitive to the chamber temperature. This indicated the 
chamber was capable of adsorbing a significant quantity of avail
able S0 3 (H 2S04). Since temperature was one of the test variabl9 
and since it was desired to keep the 803 concentration constant 
during a specific test, the above observations indicated that the 
procedure and equipment utilized were not satisfactory for the 
evaluation of the effect of 50 3 on resistivity. 

Experiments to develop apparatus and procedure to utilize 
environments containing SOx----A series of modifications took 
place in reaction to the observed test results. The first modi
fication converted all plumbing and hardware from stainless steel 
to glass with the exceptions of electrical feedthroughs, test '·cells, 
lead wires, etc. This did not eliminate the formation of SOs from 
the S0 2 and 0 2 present in the environment; however, the amount of 
80 3 adsorbed by the system was decreased. It was then decided to 
convert to an environment of air, water vapor and injected SOs 
since no evidence was available to suggest a need for 02, C02 
and S0 2 to be present. 

Under these conditions, the effect of 10 ppm of S03 on re
sistivity was not observed ~lthough a significant amount of 503 
was removed from the environment as indicated by the measured 503 
concentrations for chamber inlet and outlet gas samples. [This is 
in contrast to the observed reduction of resistivity reported for 
the stainless steel system. It has been rationaljzed that in the 
case of the earlier observations either a very great quantity of 
SO 3 had been generated and/or condensation of acid had taken place. l 
At this point the total environmental flow rate under standard con
ditions was increased from 1.3 liters/minute to 5.0 liters/minute, 
and the number of test cells were reduced from four to one. Under 
these conditions and with 25 grams of ash present in the single 
test cell, an injection-rate of ~10 ppm S0 3 could be maintained 
in both the inlet and outlet gas samples. 
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However, even overnight expost.re to an environment consisting 
of air containing 9% water and 10 ppm of S0 3 did not produce a 
significant attenua~ion of resistivity. The resistivity cell was 
the type suggested in ASME PTC-28. The ash is held in a shallow 
dish having a porous, stainless steel bottom. The upper ash sur
face is exposed to the environment except where the measuring 
electrode and guard ring rest. Ash specimens were taken at various 
elevations between the exposed surface and the porous metal base 
at various positions exposed to the environment and beneath the 
measuring electrode. The amount of soluble sulfate was determined 
for each specimen as a measure of the penetration and adsorption 
of sulfuric acid from the environment. The results are shown in 
Figure 225 for an ash having a soluble sulfate value of 0.20 -
0.25% before testing. 183 

These data show that even after 24 hours of exposure at 145°C 
to an environment consisting of air, 9% water and 10 ppm of so 3 , 

·a large concentration gradient of adsorbed acid (soluble sulfate) 
exists through the ash layer. The data show that in the area 
directly exposed to the environment the acid pickup was signifi
cant at the surface and a concentration gradient developed from 
position 1 to 3. Between the measuring electrodes there was little 
adsorption of acid. Therefore, no appreciable attenuation of re
sistivity was noted. Obviously even a thin ash layer (1-2 mm) 
between two parallel, porous electrodes would not be a successful 
test geometry under these conditions. 

Attempts to utilize vacuum to pull the environment through 
the electrodes and ash layer and other schemes to force it through 
under pressure failed. Besides the side effects of either com
pacting or fluidizing the ash layer, the concentration gradient of 
acid pickup expressed as soluble sulfate could not be eliminated. 

The observations described above suggest that in addition to 
the ASME resistivity cell, other designs may be unsatisfactory for 
examining the effect of S0 3 on resistivity. Nevens, et al 184 re
cently evaluated three general types of laboratory resistivity 
test cells. Since these cells require the environment to permeate 
a porous stainless steel electrode and about 5 mm of ash, these 
designs are probably undesirable for environments involving SOx· 

Kanowski and Coughlin were successful in illustrating the 
effect of so 3 on fly ash resistivity usin? ~ cell believed to be 
similar to that suggested by ASME PTC-28. 8

' Although all appara
tus and procedural details are not available, it would seem that 
the use of very high total environmental flow.rates and t~e use 
of high concentrations (rvJO ppm) of S03 contributed to this success. 
This approach was not attempted in the s':1bject re:e~rch, because 
the facilities limited the low rates available ana interest was 
restricted to low S0 3 concentrations, <10 ppm. 
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35'0·214 

Figure 225. Weight percent soluble sulfate. 183 
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Development of a radial flow test cell and procedure----Equip
~-----The observation that the exposed ash surface adsorbed a 
significant amount of sulfuric acid (soluble sulfate) and the 
assumption that a thin layer of ash at the surface mu~t become 
essentially "equilibrated" with the environment in a reasonable 
perio~ of time led to t~e development of a test apparatus and 
te7tu:ique tha~ has provided useful laboratory resistivity data. 
Initial experiments showed that surface resistance readily reflec
ted the effect of sulfuric acid in the environment. The test cell 
shown in Figure 226 was constructed to compare simultaneously a 
conventional test ~ell with a radial flow test cell using a l mm 
thick ash l~ye::. '. 8 

b . With this arrangement, one can alternately 
measure resistivity in the conventional parallel plate mode be
tween electrodes 2 and 3 or in the radial flow mode between elec
trodes l and 2. The cell dimensions selected were based on the 
work of Amey and Hamburger regarding optimum geometries for sur
face and volume resistance measurements. Resistivity can be 
calculated for the radial flow cell from the expression: 

where 

0 
_ 2 n c 
- £n(rz/r1) 

p = resistivity, ohrn·cm, 

v 
I 

= 1. 56V 
I 

V = volts~ applied between electrodes l and 2, 

I = amperes, current flowing between electrodes 1 and 2, 

c = 0.1 cm, thickness of electrodes l and 2, 

rz = 1.90 cm, radius of I.D. of electrode 1, 

r1 = 1.27 cm, radius of electrode 2. 

( 3 0) 

Fioure 227 shows a radial flow cell in the glass environmental 
charnber~ 187 Figure 228 shows the comparative results for the two 
electrode geometries expressed as resistivity versus time of envir
onmental exposure. For this experiment the apparatus shown in 
Figures 226 and 227 was used, and the ash was thermally equilibrated 
overnight in dry air at 145°C. Resistivity was determined, about 
1.4 x 10 1 3 ohrn·cm with either electrode set, and the environment 
was changed to include 9% water at time = 0 hours. After 20 minutes, 
both electrode sets measured a resistivity of 2 to 3 x 10

1 1 
ohrn•cm. 

This response time is typical. At this temperature, flow rate 
and chamber size, the time required to dilute a given environmental 
composition to 99% of a different composition was about six minutes. 
After the minimum resistivity due to water injection is reached, 
the resistivity gradually increases with time of expos~re. Even 
though the injection of 10 ppm of SOs was started at time equal ~O 
minutes, the linear flow, parallel plate electrode set showed this 
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increase in resistivity; i.e., the parallel plate electrode set 
did not respond to the presence of S0 3 • However the resistivity 
measured with the radial flow electrode set started to show the 
effect of 503 injection about 30 to 60 minutes after injection 
was started. After about two hours had elapsed, the attenuation 
of resistivity due ~o S03 injection was quite apparent and con
tinued at a decreasing rate until a minimum value was attained 
about 24 hours after the start of the test. For this ash and set 
of conditions, it is assumed that a 24 hour exposure was required 
to "equilibrate" the l mm thick ash layer between electrodes l 
and 2, Figure 226, with the surrounding environment of air, water 
vapor and sulfuric acid vapor. 

No effort has been made to formally evaluate the reproduc
ibility of data using this cell; however, the cursory comparison 
of many pairs of tests would indicate the reproducibility is good. 
Also, no attempt has been made to evaluate the effect of variations 
in the test procedure on the data generated. It has been noted that 
the inlet and outlet S03 determinations indicate the environment 
is reproducible and that typically the inlet concentration is 
slightly greater than the outlet concentration for injections of 
<10 ppm SD3. 

Test procedure-----The following test procedure was used to 
determine the resistivity for a number of ashes as a function of 
ta~perature and 50 3 concentration. This procedure is started at 
11 am each day that a test is to be conducted: load cup of re
sistivity test cell with ash in the manner previously mentioned, 
place cup in chamber, attach lead wires and insert electrodes 1 
and 2 by pressing them into the ash layer using a straight edge 
until ash slightly flows on to top of electrodes, cover chamber 
base plate with bell jar, start flow of dry air and turn on oven 
to desired set point, determine hot, dry resistivity at 2 pm and 
then divert dry air flow through controlled temperature water 
bubbler to introduce water vapor, determine resistivity at 2:15 
and 2:30 pm and start nitrogen flow to inject desire concentration 
of S03, determi.ne resistivity at 3:30 pm and take inlet and, outlet 
gas samples for so 3 determination, determine resistivity at 4:30 pm, 

·determine resistivity at 8 am, take inlet and outlet gas samples 
for S0 3 determination and outlet gas sample, for water concentration, 
determine resistivity at 9 am, convert environment to dry air and 
cool oven, open oven when cool and take ash sample for soluble 
sulfate determination, and begin new test at 11 am. 

Resistivity is calculated using equation (30). Current is 
determined one minute after 1200 volts are applied to electrodes 
1 and 2 in Figure 226. 

The present apparatus has two severe disadvanta~es: only 
one test can be run per day and it is possible that in some cases 
the minimum resistivity could occur during -the hours whe....11 .no one 
is attending the apparatus or could require environmental exposure 
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greater than 19 hours. While the radial flow cell and test pro
cedure described have not been extensively evaluated and possess 
certain disadvantages, both the new cell and test procedure appear 
to provide a valid.basis for determining ash resistivity in a 
simulated flue g.as environment. · 

In situ measurernentsl 6 9
' 

18 8 --General considerations--•Several 
decisions must be made in setting up and conducting in situ re
sistivity measurements. These decisions involve (l)Cievice selec
tion and operation, (2) site selection, (3) determination of the 
number of samples required to characterize the ash, (4) any 
auxiliary data required, and (5) necessary safety precautions. 
The selection of the device depends on a number of factors, in
cluding the· availability of each device and the past experience 
of the intended user. However, selection should be based primarily 
on the operating characteristics of the various, available devices . 

. 
The first priority in selection of a sampling site is the 

location of a point in the operating system where the conditions 
of the gas and the gas-borne dust particles are representative Of 
the environment for which resistivity is being determined. That 
is, the gas temperature, gas composition, and particle history · 
must be the same as that found, for example, in the precipitator. 
Usually the inlet of the precipitator is selected as the point 
for making resistivity measurements. However, sampling at several 
points across the duct may be required to obtain a representative 
measurement where there are variations in temperature across the 
duct. Variations in gas flow velocity and dust loading in the duct 
must also be taken into account, since these conditions can result 
in nonrepresentative dust samples with some types of resistivity 
apparatus. 

When selecting a site for the measurements, practical consid
erations must also be remembered. At the site location, sampltng 
ports· must exist or be installed. The normal practice is to use 
4-inch pipe for the ports. Electrical power (117-120 VAC, 60 Hz), 
must be available at the site location for the operation of the 
measuring equipment. rn·many locations~ adapters will be required 
for mating of plant electrical outlets with the standard three-prong 
plugs found on most laboratory equipment. 

The determination of the number of individual measurements 
required to characterize the resistivity of the dust is related to 
the range of operating conditions anticipated and the variability 
in the particulate matter. It is desirable when designing a new 
precipitator installation that the worst operating conditions be 
covered in the test schedule. 

The variability in plant operating conditions that is of the 
greatest concern is the variation in flue gas temperature through
out the year. The change in the ambient air temperature from 
winter to summer can cause the flue gas temperature to vary as 
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much as 30°C (54°F) while the temperature variation across the 
du;t dowi;stream ~rom a :otating (Ljundstrom) air heater may be 
S? C (90 F~. _Thi~ combined temperature spread may cause a signi
ficant variation in the dust resistivity and care must be exer
cised to assure that the widest variation is covered. 

The day-to-day variations in characteristics of the particu
late matter may also cause significant variations in the particu
late resistivity. This variability will show up as a considerable 
scatter in the measured value of resistivity over the measurement 
period. When this variation occurs, it becomes imperative to make 
a sufficient number of measurements at each temoerature to obtain 
a statistically significant value for the resistivity. 

The precipitator acts to smooth out short term variations in 
particulate resistivity. Dust layers ranging from perhaps one 
centimeter on the inlet plates to some lower value, perhaps only 
a millimeter, on the outlet plates build up during several hours 
of collection time. The average buildup rate on the precipitator 
plates is on the order of one millimeter per hour, exponentially 
distributed through the precipitator, such that the dust layer on 
the plates may represent an averaging of the instantaneous dust 
conditions of many hours of operation. Therefore, there is a 
rationale for averaging the measured values of resistivity for each 
temperature condition to arrive at the resistivity representative 
of the particular installation. 

The determination of how many measurement points are required 
is therefore based on the variability of the source and the ex
perience of the technician making the measurements. Typically, 
six to ten measurements each at intervals of 10°C (18°F) are 
sufficient if plant conditions are reasonably constant. 

The auxiliary data required when conducting tests on an 
operating precipit:ator include:- - process samples for proximate 
and ultimate analysis, flue gas temperature and composition (in
cluding concentration of 50 3 ), precipitator voltage-current re
lationships, and particu;l.ate samples for laboratory analysis. 

Extreme caution must be exercised when conducting measurements 
in ducts containing flue gas. Typically, the flue gas at tempera
tures exceeding 150°C (302°F) will contain a significant quantity 
of sulfur oxides and particles. If the access port has b~en 
covered for a period of time, significant ~mounts of particu~a~e 
will accumulate in the port. Some ducts will be under.a positive 
pressure- of a few inches of water; in others, there exists the 
probability of "puffing". Therefo:e, ex~reme care mus~ be exer-
cised.when opening ports and when inserting or extrac~ing ~robes 
b_ecause of this presence of particulate and sulfur oxides in the 
gas. 
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Additional care must be exercised when utilizing resistivity 
probes with high voltages. Sufficient electrical grounds must be 
attached prior to handling any probe connected to an electrical 
supply. 

A shock hazard also exists when inserting or extracting any 
ungrounded probe. An ungrounded probe inserted into a particulate
laden gas stream may become electrically charged by static elec
tricity caused by particle impact. Therefore, probes should be 
grounded prior to insertion into a flue duct. 

A hazard also exists because of the location of the sampling 
ports. Often, the ports were installed after the construction of 
the plant at locations remote from standard walkways. All scaffolds 
and walkways should be tested prior to use and all hazards that can 
be reasonably detected should be corrected. 

A number of different instruments. are available for making 
resistivity measurements, These instruments differ fundamentally 
in the method of sample collection, degree of compaction of the 
dust sample, and the values of the electric field and current 
density utilized for the measurement, as well as the method of 
maintaining thermal equilibrium and the method of deposition in 
the measurement cell. These differences in operation lead to dif
ferences in the characteristics of the sample and in the values 
obtained for the resistivity. 

Instruments utilizing electrostatic collection and measurements 
on the undisturbed dust layer measure the resistance of a dust lay£ 
that was formed by collecting individual particles aligned by the 
electric field under conditions similar to those in a standard pre
cipitator. This procedure leads to a compact dust layer with good 
interpar~icle contact: Those devices that utilize dust layers col
lected and redeposited will be operating on a disturbed and re
compacted layer. This difference in operation may lead to differ
ences in contact potential between the adjacent particles and to 
different porosity in the sample that may influence the value 
obtained for the resistivityo 

In the remaining discussion of in situ measurements of resis-. 
tivity, several devices and methods will be described and discussed. 
Particular emphasis will be placed on the point~to-plane probe 
since it is the most widely used probe in this country. The oper
ating principles of these devices will be described. Also, the 
advantages and disadvantages of utilizing the different devices 
will be presented, ' 

In situ resistivity probes---Point-to-plane probe----The point
to-plane probe for measuring resistivity has been in use since the 
early 1940 1 s in this country. Two models of this device are show 
in Figure 229. 189 The probe is inserted directly into the dust
laden gas stream and allowed to come to thermal equilibrium. The 
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particulate sample is deposited electrically onto the measurement 
cell through the electrostatic action of the corona point and 
plane electrode. A high voltage is impressed across the point
to-plane electrode system such that a corona is formed in the 
vicinity of the point. The' dust particles are charged by the ions· 
and perhaps by free electrons from th.is corona· in a manner analo• 
gous to that occurring in a precipitator. · 

The dust layer is formed through the interaction of the 
charged particulate with the electrostatic field adjacent to the 
collection plate. Thus, this device is intended to approximate 
the behavior of a full-scale electrostatic precipitator and to · 
provide a value for the resistivity of the dust that would be 
comparable to that in a full-scale electrostatic precipitator. 

In the point-to-plane technique, two methods of making mea
surements on the same sample may be used. The first is the ~v-I" 
method. In this method, a voltage-current curve is obtained 
before the electrostatic deposition of the dust, while the col
lecting disc is clean. A second voltage-current curve is obtained 
after the dust layer has been collected. After the layer has been 
collected and the clean and dirty voltage-current curves obtained, 
the second method of making a measurement may be used. 

In the second method, a disc the same size as the collecting 
disc is lowered on the collected sample. Increasing voltages are 
then applied to the dust layer and the current obtained is recorded 
until the dust layer breaks down electrically and sparkover occurs. 
The geometry of the dust sample, together with the applied voltage 
and current, provide sufficient information for determination of 
the dust resistivity. 

In the "V-I" method, the voltage drop across the dust layer 
is determined by the shift in the voltage vs current characteristics 
along the voltage axis as shown in Figure 230. 190 The situation 
shown is for resistivity values ranging from 10 9 to 10 11 ohm-cm. 

If the parallel disc (spark) method is used, dust resistance 
is determined from the voltage measured just prior to sparkover. 
In both methods the resistivity is calculated as the ratio of the 
electric field to the current density. 

The practice of measuring the resistivity with increasing 
voltage has evolved because the dust layer often behaves as a non
linear resistor. As the applied voltage is increased, the current 
increase is greater than that attributable to the 'increase in 
voltage. Therefore, as described in the ASME Power Test Code No. 
28 procedure, the resistivity reported is the value o! resistivity 
calculated just prior to sparkover. 

There is considerable justification for using the value of 
resistivity prior to electrical breakdown as the resistivity, since 
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it is precisely a": electrical breakdown that the resistivity causes 
problems within the precipitator. The electrical breakdown in the 
dust layer in the operating precipitator either initiates electrical 
sparkover or reverse ionization (back corona) when the resistivity 
is the factor limiting precipi ta tor behavior. If neither of these 
events occur, the dust layer merely r:~presents an additional voltage 
drop to the precipitator power supply. . · 

Even though there are many sirnilari ties between the operation 
of the point-to-plane device and a full-scale .precipitator, several 
problems also exist. The first problem encountered is the deter
mination of the thickness of the dust layer. Some devices make 
use of a thickness measurement system built into the probe. In · · 
other devices, the instrument is withdrawn from the duct and the 
thickness of the layer is estimated visually by inspecting the .. 
dust layer. However, the dust layer is almost al~ays disturbed 
by the air flow through the sampling port and extreme care is re
quired to p~eserve the layer intact. 

The advantages of utilizing the point-to-plane probe for in 
situ measurements are: (1) the particulate collection mechanism 
is the same as that in an electrostatic precipitator, (2) the 
dust-gas and dust-electrode interfaces are the same as those in 
an electrostatic precipitator, (3) flue gas conditions are pre..:.· 
served, (4) the values obtained for the resistivity are in general 
consistent with the electrical behavior observed in the precipitator, 
and (5) measurements can often be made by two different methods. 

However, the following disadvantages exist: (1) the measure
ment of the dust layer thickness can be difficult, (2) high voltages 
are required for collection, (3) considerable time is required for 
each test, (4) a number of measurements are required for gaining 
confidence in the measured value, (5) experienced personnel are 
required for testing, (6) particle size of the collected dust is 
not representative, (7) sample size is small, (8) carbon in the 
ash can hamper resistivity measurements, and (9) length of probe. 

Description of SoRI point-plane probe 199 ----The SoRI resis
tivity probe system for making in situ resistivity measurements 
includes a probe for insertion in the flue, a high voltage supply, 
a voltmeter, an ammeter with overload protection and a temperature 
indicator. A s~hematic diagram of the complete system is shown in 
Figure 231. 191 

The power supply for the SoRI probe is a modified Spell~an 
Model UHR30N30 (30 kVDC Neg, 1 mA) with two voltage scales (0-30 
kV and 0-3 kV). The ammeter is a Keithley digital multimeter model 
150B (sensitivity to currents as low as 10- 10 amps). The input to 
the multimeter is protected from surge currents during sparkover 
by a zener diode protective circuit. This circuit also contains 
a 10 9 r. resistor for testing the probe. 
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The probe is equipped for collecting the dust, making elec
trical contact with the dust, and determining the dimensionsof 
the collected dust layer, all without removing the probe from a 
sampling port. The particulate sample is collected by a point
plane corona discharge cell mounted in the end of the probe. 

The corona point is located 5. 72 cm from the 5.2 cm diameter 
collecting electrode. The collecting electrode consists of a 
guard electrode and a center disc electrode (diameter 2.52 cm~ 
area 5.0 cm2

). The guard electrode is connected directly to 
ground. The center disc is isolated from ground by a machinable 
glass ceramic insulator and is connected to the external ammeter. 
A Chromel-Alumel thermocouple mounted in the back of the guard 
electrode is used for measurement of the duct temperature. 

Electrical contact with the exposed surface of the collected 
dust layer is made by lowering a sliding disc el~ctrode onto the 
collected dust. The thickness of the layer is determined by com
paring the readings of a dial indicator connected to the sliding 
electrode. Readings are obtained when the electrode is lowered 
before and after the dust layer is collected. The sliding elec
trode is free to move up and down except for a lock clamp at the 
top of the probe and for an acme screw that engages before contact 
is made with the collecting electrode. This screw adjustment pro
tects the dust layer from a sudden impact. The screw adjustment 
is also provided with a spring built into the sliding electrode 
push rod to limit the compression force applied to the dust layer. 

The collection dust layer is removed by removing the probe 
from the flue and manually cleaning the electrodes. 

General maintenance of SoRI point-plane probe----General 
maintenance of the probe requires that it be periodically dis
assembled and cleaned. Instructions for maintenance of the elec
trical equipment are given in the manuals supplied by the manu
facturers. 

To clean the probe, ·first remove all externally collected 
dust and the shield protecting the point-plane corona discharge 
assembly. Remove the high voltage and sliding electrode assembly 
from the probe by removing the bolts on the upper flange and the 
screws holding the high voltage junction block to the middle bulk
head (plate from which the corona point protrudes) • Now slide 
this assembly out of the probe casing and clean. 

The high voltage junction block consists of two concentric 
cylinders. It can be disassembled by removing the screws in the 
top of the junction block. Separating the cylinders exposes the 
high voltage connection and the sliding electrode contact. This 
area should be cleaned of any accumulated dust. The graphite con
tacts to the sliding electrode should be checked for electrical 
contact and for freedom.of motion of the sliding electrode. 
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At t~e upper.end.of .the high voltage and sliding electrode 
assembly is the dial indicator assembly, spring assembly, control 
mechanisms for lowering the sliding electrode, Swagelok quick 
connect connector, and the high voltage connector. The dial in
d~cator mechanis~ has a te~dency to co~rod7 a~d should be lightly 
oiled •. The vertica~ location of the dial indicator can be adjusted 
by loosing the locking screw and sliding the indicator up or down. 
When the probe is assembled, the dial indicator should be adjusted 
to read 5.00 when the sliding electrode is in contact with the 
collecting electrode. The spring assembly should be inspected to 
insure that the spring operates freely. If it does not, dust has 
probably accumulated in this assembly and it must be disassembled 
and cleaned. The electrode lowering control should be easy to turn 
and easy to move up and down when the acme screw is not engaged. 
The high voltage connector which was fabricated from alumina tubing, 
Swagelok connectors, and a banana plug, should be cleaned and the 
electrical continuity to the sliding electrode checked. 

The collecting electrode electrical connections are accessible 
by removal of the flange from the bo~tom of the probe casing. The 
insulator isolating the center disc electrode from ground should 
be cleaned and the resistance to ground from the center electrode 
should be greater than 10 12 ohms. 

After reassembly, the probe electrode alignment must be in
spected. The probe is designed to be self-aligning. In the lowered 
disc position, the sliding electrode should be parallel and in 
contact with the center disc electrode. 

After asse.rnbly, the sliding electrode should move freely. When 
the sliding electrode is locked in the lower disc position, it should 
spring back into position if it is manually pushed into the probe 
casing and released. 

Operation of the SoRI point-plane probe----Pre-f ield trip pre
paration-----Prior to use of the probe in the field, general main
tenance should be performed to insure that the probe will operate 
properly. It is possible to bench test the probe using the 10 9 Q 
resistor built into the spark protector box to simulate a collected 
dust layer. 

Set up the probe system as described later in t~e operating 
instructions. (Lower the sliding electrode so that it makes con
tact with the collecting electrode and switch the control on the 
spark protector to the 10 9 Q position.) Set the power supply f<;>r 
an output of 100 volts (V) and read the current. (I) t<;> the multi
meter. Calculate the resistance (R) of the resistor in the pro
tective box by Ohm's Law: 

v 
R = I 
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This value should be 1.00 x 10 9 n ± 5%. Electric«! conn~
tors and instrument calibration should be checked if the above 
value is not obtained. 

A pre-field inspection check list is given in Table 27. 
(Scnte of the equipment listed here is not supplied with the probe 
artd must be supplied by the user.) 

Operating instructions-----At the site the equipment should 
be carefully unpacked and inspected. The electrical instrumentatio~ 
package is not sealed to keep out moisture and must be located out 
of the weather but within 3 m (10 ft) of the sampling port. Con
nect the probe to ground. This is necessary to insure proper 
operation of the probe, and for operator safety. Before inserting 
the probe in the sampling port, lower the slid.:i,ng electrode until 
it makes contact with the collecting electrode. If the metal shield 
for the corona discharge cell has been removed, ·replace it at this 
time. (Between runs it is necessary to remove :this shield to clean 
dust from the cell.) Adapters for 6 11 and 4 11 pipe nipples are sup
plied with the probe. For some sampling ports special adapting 
flanges must be made, or a temporary arrangement such as rags or 
other suitable sealing material, will have to be used. However, 
for strongly negative or positive pressure flues an airtight flange 
connector should be used. 

The large cable (RG - 8/U) supplied with the probe is the 
high voltage cable. It connects the high voltage connector on the 
back of the power supply to the high voltage connector on the top 
of the probe. The 3 m cable (RG - 58/U) connects the BNC connector 
on the side of the probe to the input connector on the spark pro
tector box. The coaxial cable with a double banana plug on one 
end connects the spark protector output to the multimeter. 

A suitable temperature indicator for a Chromel-Alumel thermo
couple should be connected to the thermocouple output on the side 
of the probe using the supplied connector. 

Plug the ac line from the instrumentation package into a 117-
120 VAC line. The black clip lead on the power supply is an extra 
ground lead and should be attached to a good ground. Using their 
individual power switches, turn on the multimeter and the high 
voltage supply-

Assemble the probe completely and make all the necessary elec
trical connections. Place the spark protector box switch so that 
the 10 9 ohm resistor is in the circuit. Set the power supply for 
100 V output. Lower the sliding electrode slowly while watching 
the current meter for a reading of approximately 100 nA. If this 
does not occur and the power supply current becomes excessive, the 
electrodes are misaligned and the probe must be disassembled and 
repaired. If all is normal, the initial test may begin. 
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YE.S NO 

comments: 

TABLE 27. RESISTIVITY PROBE 
PRE-FIELD TRIP INSPECTION CHECK LIST 

1. ?robe - including breakdown inspection and 

calibr~tion - wiring - HV cable, etc. 

2. Power supply - inspect ope~ation - general 

condit1on,wiring, calibration, etc. 

3. Multimeter - inspect operation - general 

condition,wiring, calibr~tion, etc. 

4. Tool box - insure correct tools are in the box 

for in field hreQkdown repair and inventory 

spare parts. 

5. Power cords - insure operation of extension cord 

and box. 

6. Tent - covering for instr~~ents. 

7. Field cleanina kit - insure rags, brushes, and 

dusters are included for on-site cleaning. 

8. Samole containers and data sheets - insure 

supply of bot~:es or plastic baqs to collect 

3Sh samples and supply of data sheets is sufficient. 

9. Shipping boxes - insure boxes are serviceable 

and in condition to receive rough and abusive 

handling. 

padded. 

Insure that instruments are sufficiently 

10. Confirmation - insure unusual conditions at test 

site are accounted for: flue gas temperature, gas 

velocity, flue pressure, sampling port sizes, 

hot/cold weather conditions, etc. 
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Insert the probe in the flue with the 100 V applied as abov 
Insure that the holes in the screen are perpendicular to the gas e. 
flow. While the erobe is warming up, it may expand sufficient! 
to cause a loss of telectrical continuity indicated by reduced Y 
meter current, and 100 V indicated on the power supply. In this 
case lower dte sliding electrode just enough to recontact the 
plate. If both the current and voltage drop to zero, the plate 
is miaaligned and the test might have to be aborted. It is pos
sible that the'misalignment is due to uneven expansion and ma~ 
return to normal when the probe reaches an even temperature. 

Maintain the electrical contact of the sliding electrode 
t and plate throughout the warm-up period. After the temperature 

as indicated on the thermocouple readout has equilibrated, a test 
may be started. 

,• 

Check the current meter to insu~e that the sliding electrode 
is down in place. Adjust the dial indicator to have the pointer 
set at zero by loosening the lock nut on the dial face and rotating 
the scale to the proper location. Leaving the probe cover holes 
oriented perpendicular to the gas stream, unlock and unscrew the 
sliding electrode control and raise it to•th~ up position. Lock 
in place. Now run a "clean-plate" V-I curve by placing the multi
meter on the 100 nA scale and setting the power supply voltmeter 
switch to the high position. Check that the slide switch on the 
spark protector is in the normal position. Turn the high voltage 
on. The use of the high voltage supply is described in the manu
facturer's manual. Adjust the OUTPUT control through its full 
range using the kV meter as a guide and make a current reading 
every 1000 volts until a spark level or the maximum output voltage 
is reached. Keep the multimeter within its range during these 
measurements to prevent excessive overranging. Record these 
readings on a data sheet and mark it "clean plate". Adjust the 
HV output control for a current of 1 µA and rotate the probe so 
the cover plate holes are in the gas stream. 

A dust layer is then precipitated on the collecting elec;:trode. 
~he proper operating current density required for the type of ash 
being collected has to be experimentally determined. Thus the 
first test may not be useful for obtaining data. The current den
sity normally used should fall somewhere in the range between 0.2 
and 2.0 µA/cm 2 for this unit. If a high resistivity dust is en
countered, reduced current densities may be necessary to obtain a 
good layer. Use of the V-I curves will be explained later to 
indicate how the proper current for precipitation.may be found if 
the original selected value proves to be insufficient. A current 
of 1 µA, giving a current density of 0.2 µA/cm 2 , is a good place 
to start the initial run. The voltage necessary to obtain this 
current is in the vicinity of 15., 000 v. Depehding on the resis
tivity of the dust being collected, the mass loading, and the 
current density sele~ted, it will take from about thirty minutes 
to one hour to precipitate a sufficient sample of a thickness 
between 0.5 and 1.5 mm. 
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As a layer is being deposited, the current will begin to 
drop. This current drop may be used to estimate the collection 
time. When current drops significantly or if an hour has passed 
whichever comes first, the test may be stopped. If an insuffi- ' 
ci~nt sample was collected on a short time run, run longer the 
next time no matter how the current happens to drop. After a 
suff~cient sampling time has elapsed, turn the probe so that the 
holes in the cover plate are perpendicular to the gas stream. 
Now run a "dirty-plate~ V-I curve using the same procedure as 
that for the "clean-plate" V-I. 

After completing the "dirty-plate" V-I, turn the high voltage 
off by turning the control to zero and switching the power supply 
off. Place the switch on the spark protector box to the 10 9 ~ 
resistor in the circuit and protect the multimeter from an over
load current when lowering the sliding electrode with the voltage 
on. Set the multimeter on the 100 nA range. Turn the voltage 
supply on and adjust for a 100 V output. 

Unlock and very carefully and slowly lower the sliding elec
trode until the acme screw is engaged. Then turn the control 
lowering the electrode until the multimeter indicates that elec
trical contact with the dust layer has been made. Turn the control 
knob one-quarter turn and lock into position. If the dust resis
tivity is less than about 10 9 ~-cm, the multimeter should read 
approximately 100 nA. For high resistivity dust smaller currents 
will be obtained, the exact current depending on the thickness of 
the dust layer and the resistivity- Now set the multimeter on 
the 1000 µA scale and switch the slide switch on the spark pro
tector back to the normal position. If the power supply does not 
indicate an overload (1 mA), "direct contact" can be taken.* In
crease the voltage across the dust layer in 100 V steps. Read 
and record the corresponding currents until a spark occurs across 
the dust layer. This will be indicated by the voltmeter jumping 
and an erratic reading on the multimeter. 

Before starting another run the dust layer must be removed 
by mechanically removing the dust. Remove the metal cover; from 
the discharge cell and clean the cell thoroughly. If saving the 
sample for chemical analysis or ·some other reason is desired, a 
sheet of paper placed under the disc will collect the sample when 
the operating rod is pulled back to its up and locked position. 

At this time the dust layer thickness may be examined to in
sure the accuracy of the dial indicator. By utilizing an automotive 

*Overloads frequently occur with high carbon con~ent samples .. The 
carbon particles or similar type conductors provide a conducting 
path between the disc allowing the full output current of the 
power supply to flow. If. a short i.s ez:ico1:1n~ered, it is impossible 
to obtain data for determining the resistivity of the layer be
tween the parallel discs. 
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type metric feeler gauge the dust layer thickness may' be estimated 
and compared to the dial indicator reading. The hole in the· 
sliding electrode leaves an area of uncompressed dust that was 
protected from erosion when the probe was withdrawn from the flue. 
and is an ideal point to gauge the tti.ickn~ss of the uncompacted 
layer. · - - · - · 

After cleaning,· replace the metal cover on the. probe. ·Re- · 
turn the probe to the sampling port. ·while· the-- probe is returning 
to the flue temperature make the calculations from ·the ruti- just 
completed. 

Operating outline-----The following outline summarizes the 
steps to be taken in operating the point-plane resistivity probe. 

1. Prepare sampling port. 
2. Clean and align cell. 
3. Lower disc and lock. 
4. Check current continuity, slide switch in 10 9 position. 
5. Inse:rt into flue, with inlet holes 90 degrees to flow, 

and bolt to flange. 
6. Allow cell to reach flue temperature. 
7. Zero dial indicator. 
8. Raise ooeratinq rod. 
9. Run "clean-plate" V-I, switch normal position. 

10. ~urn inlet holes into flow. 
11. Apply necessary voltage to supply precipitating current. 
12. Aft:er desired length of time turn probe so inlet holes 

are again 90 degrees to flow. (Leave high voltage applied 
so dust layer will not be shaken off in the turning process.) 

13. Run "dirty-plate" V-I. 
14. Lower disc, in 10 9 position, voltage 100 V. 
15. Record tr.icknesSCif dust layer. 
16. Apply voltage in 100 V steps until sparkover occurs, switch 

. 1 . +- • in norma_ pos1._1on. 
17. F~emove probe to remove collected dust. 
18. Observe layer and save if needed. 
19. Clean probe and ·check alignment. 
20. Insert back into flue. 
21. Make calculations. 

Calculations-----A sample data sheet for a typical run is given 
in Figure 232. All the information necessary for making the resis
tivity calculations is given on this data sheet. The "cleanh and 
"dirty" plate V-I information should be graphically plotted. The 
data on this data sheet is shown plotted in Figure 233. 

or 

The formula for calculating the resistivity is: 

- RA p - -£ 
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SRI POINT PLANE PROBE DATA 

Location Power Plant Layer Thickness 1 .0 mm 

Time - 0915 Data· 14 May 1973 Test No. A-6 Temp. 314'F (1570C) 
Conditions Normal, full load 56 MW 
Unit 1 . Port 3 

I 
V-1 DATA 11 SPARK DATA r-K-v--,l __ c_L_E_A_N--.,--D-l_R_T_Y--1 r---:v-:----.1--~--~-+----E---I 

1 50 2.5 NA 500 
100 5.0 NA 1000 

2 
150 7.5 NA 1500 
200 10.0 NA 2000 

3 250 13.5 NA 2500 
300 17.4 NA 3000 

4 
350 23.6 NA 3500 
400 29.0 NA 4000 

5 1.0 NA 1.0 NA 
450 39.5 NA 4500 
500 55.5 NA 5000 

6 0.25 µA 0.1 µA 
550 70.5 NA 5500 
600 96.7 NA 6000 

I 

7 
I 0.65 µA 0.3 µA 

650 0.14 µA 6500 
700 0.17 µA 7000 

8 I 1.15 µA 
I 

0.5 µA 
750 0.23 µA 7500 
800 0.36 ,uA I 8000 

9 I 1.8 µA 1 . 1 µA 
I 

850 0.46 µA i 8500 I 

900 0.61 µA I 9000 
I 

10 I 2.6 µ.A 1.65 µA I 
950 0.75 µA 9500 

1000 1.0 µA I 10.000 
I I 11 I 3.2 µA I 2.19 µA 

1100 SPARK 
1200 

i 
12 I 4.3 µA 2.8 µA 

1300 I 
1400 I 

13 I 5.1 µA 3.7 µA 
I 

1500 I 
1600 

14 6.2 µA 4.2 µA 
1700 I 
1800 
1900 

15 7. 1 µA 4.8 µA 
2000 I 

16 I 8.2 µA 5.6 µA 
2100 
2200 

17 9.8 µA 6.25 µA 
2300 I 
2400 
2500 

18 11.1 µA SPARK 
2600 
2700 

19 .. 1.2.6 µA 
2800 
2900 

20 SPARK .:moo 

Figure 232. Sample data sheet for point-plane resistivity probe. 
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Figure 233. V-I data obtained from point-plane resistivity probe. 
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where 

p = 
R = 

1~V = 
I = 

A = 

9.. = 

resistivity 

. v 
resistance y 

0 = 

v x 5.00 
I 

9.. (cm) 

(ohm-cm), 

(ohms), 

voltage across the dust layer 

measured current (amps), 

area of disc ( 5. 00 cm 2 ) , 

thickness of dust layer (cm) . 

(volts) , 

The quantity A/t is called the cell factor. T~is factor will re
main constant for the V-I or spark calculation for each individual 
run. For di:ferent dust layers it is apparent that the cell factor 
will change. 

Example: Using the data from Figures 232 and 233, the fol
lowing procedure shows how the resistivity is calculated. The 
following data was obtained from the V-I curve in Figure 233. 

v = t.v = sso v 

I = 1. 0 x lo- 6 A 

-~ = 1.0 mm= 1.0 x 10- 1 cm 

The value ~V is the voltage drop across the dust layer as 
interpolated from the V-I curves at a current value of 1.0 x 10- 6 A. 
Certain considerations must be taken into account when obtaining 
this voltage drop. The first is to look at the shape of the V-I 
curve. There are. three basic shapes that may be encountered. Dia
grams A and B in Figure 234 illustrate two of these shapes. 

In Diagram A, the point x shows the voltage at which elec
trical breakdown.occurs in the dust layer. This would show the 

. ons,et. of back corotia, a character is tic of a high resistivity dust. 
It w.ill be incorrect in this case to use any of the current and 
voltage relationships above the point x for calculati:i.g resis
tivity values. 

This V-I curve may be used also to determine the operating 
point for the next run. If the point x is located at a lower 
current value than .the one selected .for collecting the sample, 
then there is a good chance that the sample was collected in a 
back corona situation. If this is the case then the current for 
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Figure 234. Two possible types of "dirtyn V-I curves obtainable 
with a point-plane probe. 
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the next run should be backed off to the value of current that 
corresponds to the point x. A more efficient collection should 
be found at this setting. 

In Diagram B, the "dirty-plate" curve is on the left side of 
the "clean-plateu curve. This is a characteristic of either a 
very high or a low-resistivity dust. Since the ~v taken from the 
curve will have a negative value, it will not be possible to use 
the V-I pro~edure for resistivity calculations in this case. 
Figure 233 is the third shape and it shows a standard curve. 

The cell factor is the first calculation to be made. For 
the sample case, the cell factor is 50 cm and it comes from the 
term A/£, where A is 5 cm 2 and Q, is 0 .1 cm. The next step is 
to find the resistance R of the dust layer. For thi3 run, tv 
is equal to 850 V, this was taken from the V-I graph at a current 
of 1.0 x 10- 6 amps. From this relation, R = 6V/I, the resistance 
is found to be 0.85 x 10 9 ohm. By multiplyini the cell factor 
by the resistance, a resistivity of 4.2 x iot ohm-cm is obtained. 
This complete calculation is: 

or 

,) = A/ ,?, x !::. v I I 

r = 
5 cm 2 

0.1 cm 
0.85 x l0 3V 

x 1.0 x l0- 6 A 

~ = 4.2 x 10 10 ohm-cm 

A=ter obtaining the resistivity from the V-I data, a check 
of this value may be obtained from the soark data information. 
The proper values to take-from the spark~data information are the 
last voli:age and current reading before spark. In this case the 
layer broke down at 1100 volts and the last readin~ before break
down was a~ 1000 volts with a current of 1.0 x 10- amps. Using 
~he following formula the resistivity data may be obtained: 

p = A/ 1. x V-/I 

0.1 cm 2 l. 0 :x 10 3 V 
p = x 1.0 1.0 6A x 

p = 5. 0 x 10 I 0 ohm-cm 

The column labeled "E" on the spark data sheet is for the 
calculated electric field for the voltage applied and the thick
ness ·Of the layer. In this example, breakdown of the layer.oc
curred at an electric field of 10,000 volts/cm. When a ser!.es of 
measurements are made the resistivities should be calculated not 
only at sparkover for each run, but also at·:a -f~·~ed. value of ~he 
electric field. This will eliminate the electric field depenaence 
when comparing runs. 
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Cyclone resistivity orobes----The cyclone resistiv:i:ty probe 
measures the resistivity of a particulate sample that .is extracted 
from the effluent gas stream by an inertial cyclone collector. 
The dust sample is deposited between two concentric cylindrical 
measurement electrodes. The dust-laden gas sample is e~tracted 
through a sampling nozzle by a pump into the cyclone separator · 
where the collected dust falls into the ineasurement cell~ The 
gas flow rate is adjusted to provide an. isokine·tic sample if. de
sired. The collection characteristics of the cyclone are such· 
that, even though the sampling sys-tern is opera-ting isokinetically, 
the dust sample collected is not identical with that in the gas 
stream. Notwithstanding this, it is often desirable to use iso
kinetic conditions. 

By applying a voltage across the cell and monitoring the 
current flowing through the cell, the filling of the cell can be 
observed by the increase in current through the cell. When the 
current levels off, the cell is fu11 and the sampling is stopped. 
The current is then monitored until it stabilizes~ 

The resistivity of the sample is calculated from 

p = KR ( 31) 

where R is the resistance of the dust layer (ohm) and K is a con
stant for any particular cell (cm) . The constant K is defined by 

K = 
2;rL (32) 

ln (r2/r1) 

where 

L = length of cell (cm) , 

r1 = radius of inner electrode (cm), and 

r2 = radius of outer electrode (cm) . 

The Simon-Carves cyclone resistivity instrument, as described 
by Cohen and Dickinson, is one of the more widely used cyclonic 
devices. 192 The sample collection and measurement cell is located 
in a temperature controlled chamber as shown in Figure 235, external 
to the duct, with the sample extracted through a sample probe. The 
sampling line must be thermally controll~d to preserve the flue gas 
condition. The dust sample is compacted into the mea.surement cell 
by the action of a vibrator. 

A somewhat different desiqn of this device is made to be in
serted directly in the flue. The dust is collected and measured 
while the device is retained in the flue gas environment. 
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Figure 235. Resistivity appara tu·s using mechanical cyclone dust 
collector (from Cohen and Didhrtson) . 1 ~ 2 
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The probe is operated in the following manner: it.is inserted 
into the flue and permitted to come to thermal equilibrium with 
the flue gas. A sample is then drawn through the apparatus by a 
pump, and the g.as. flow measured. Isokinetic sampling can be 
achieved by adjusting the flow so that the. inlet velocity of the. 
gas to- the probe and the flue gas v·elocity are the same. A vi
brator attached to the probe is used to keep dust from collecting 
on the walls of the probe and to give uniform compaction. ·Figure 
236 shows a schematic of ·this instrument. 193 

The advantages of utilizing the cyclone probe for extractive 
or in situ measurements are: (1) low voltage instrumentation may 
be lised,(2) dust layer thickness is fixed by cell geometry, and 
(3) the electric field is easily duplicated from test to test. 

·· .. -· .... 

However, the following disadvantages exist: ( 1) the cylindri
cal cell yields a nonuniform electric field, ( 2) · the electrical 
noise is unusually high_, (3) it is .. d;i..fficult to determine when 
the sample cell is ·full; · .(4) compaction of the dust layer is not 
reproducible, (5) the thermal control of the external model is 
difficult, and (6) the values of resistivity obtained are un
realistically high for electrostatic precipitator applications, 
(7) particle size of dust is not representative, and (8) the dust 
layer in the cell is not electrostatically deposited. 

Kevatron electrostatic precipitator analyzer----The Kevatron 
resistivity device is designed to simulate in situ measurements 
in an external thermally controlled cell. 19 -~- The sampling probe 
is inserted directly into the flue gas for extracting an isokinetic 
sample. The sarnpl ing line leads to a miniature wire-pipe type of 
electrostatic precipitator, where the particulate material is col
lected on the surface of the pipe. The collected dust layer is 
removed from the pipe and deposited in a concentric cylindrical 
measurement cell by removing the electrical energization and 
applying an acceleration to the pipe. A schematic drawing of 
the system is shown in Figure 237. 

The particulate matter is in the flue gas environment throughout 
the entire measurement period. The flue gas flows through the samplin~ 
lines and wire-pipe precipitator and exhausts to the atmosphere. 
Provisions must be made to preserve the thermal conditions in the 
flue duct through the sampling line to avoid upsetting the chemical 
equilibrium concitions in the flue. Without this precaution, a 
temperature drop in the sampling line may lead to an increased 
absorption for any naturally occurring conditioning agents such 
as sulfur trioxide and moisture in the effluent gas stream. 

The instrument is designed to internally compute the resis
tivity of the dust in the measurement cell, when used with the 
graph paper supplied. The system projects a spot of light on the 
graph grid, thus eliminating the computation of resistivity that 
is required for other instruments. The measurement is conducted 
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Figure 237. Kevatron resistivity probe (from Tassicker, et al). 19 ~ 
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with applied voltage of 3, 30, or 300 volts across an electrod~ 
spacing of 0.2 cm for electric fields of 15, 150, or 1500 \'Olts 
per centimeter, respectively. 

The advantages of utilizing the Kevatron probe for resis~ivity 
measurements are: (1) the resistivity is internally computed 
eliminating field calculation, (2) clean electrode and dust c~vered 
electrode voltage-current curves can be obtained, and (3) some 
variation in electric field is allowable in the measurement. 

However, the following disadvantages exist: (1) the equip
ment is very heavy and bulky, di ff icul t for field work, ( 2) samp1 ing 
lines require temper~ture controJ, (3) mirror alignment in resis
tivity computation is critical, (4) particle size of the CJst is not 
representative, (5) density of dust in the cell is not reproducible, 
(6) dust is not deposited in the cell electrostatically, and (7) 
resistivity val 11es can be unreasonably high. 

Lurgi electrostatic collection resistivity device----The Lurgi 
Apparatebau-Gesel 1 scha ft mbh in Frankfurt, I-Jest Germany, developed 
an in sit11 resisti1.'ity probe described by Eishold, consisting of 
two corona wire electrodes equally spaced from an interlocking 
comb arrangement as shown in Figure 238. 195 This device is in
serted either directly into the flue duct for in situ measurements 
or into a thermally and environmentally controlled chamber for 
simulated in situ laboratory measurements. 

The dust is collected on the interlocking comb structure by 
electrostatic forces. The dust layer forms on the surface of the 
comb structure and fills the region between the two comb segments. 
After the sample is collected, a potential is applied across the 
dust layer. The configuration of the cell (the cross-sectional 
area and 3pacing between the electrodes) is such that the resis
tivity of the sample is ten times the measured resistance. This 
factor of ten is based on neglect of any electric~! fringing through 
the adjacent fly ash. The measurements are made usi.ng an ohm-meter 
without specifying the electric field at which the measurements are 
made. 

Comparison of in situ resistivity probes----The resistivity 
probes previously described differ primarily in the manner of col
lection of the dust particles from the gas stream, the manner of 
dust deposition in the measuring cell, the cell geometry, and the 
.electrical conditions during measurement. 

Because of the nature of the collection devices, the size 
distributions of the particles in the samples ~re no~ representa
tive of the size distribution of the dust particles in the duct. 
Neither the cyclone nor the electrostatic.devic~s a::e;: ef~ici~nt 
collectors of fine particles, so the particle size aistribi:ition 
in the resistivity sample is biased toward the largt:r parti'?les. 
This condition can cause some variation in the results obtained 
with different devices. 
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Figure 238. Lurgi in situ resistivity probe. 195 
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A &~c?nd difference in the resistivity probes is the manner 
of depositing the dust in the. measuring cell. The point-plane 
probes and the Lurgi probe deposit the dust electrostatically 
onto the surface of t~e measuring cell. Consequently, some align
ment of the.dust particles occurs and in general the deposited 
dust layer is more dense than that in the other types of measure
ment apparatus: T~e effect of .alignment on dust resistivity has 
not been quantitatively determined. However, variations in den
sity can influence resistivity values by as much as 10-fold, as 
reported by Cohen and Dickinson. 192 

A third difference in the resistivity probes is the value of 
the electric field at which resistivity is measured. Standard 
procedures for the Kevatron and Simon-Carves probes are to measure 
resistivity at rel3tively low electric fields. By contrast, the 
procedure for the point-plane probe is to measure the resistivity 
at a field near breakdown. As a consequence, the values of resis
tivity as measured by the different methods vary by as much as an 
·order of magnitude due to electric field differences. 

The combined effect of these variables is that the resistivity 
values reported by investigators using different techniques vary 
widely. Upper values of resistiviti measured by a point-plane 
probe in the vicinity of 10 12 to 10 3 ohm-cm have been reported, 
whereas upper values of 10 14 to 10 15 ohm-cm have been reported by 
other techniques. 

There have been no definitive studies to compare results of 
resistivity measurements by the various devices. However, limited 
studies have been conducted at electric power generating plants 
using the instack cyclone, Kevatron, and point-plane probes. l

95 

Resistivity values measured by these probes are compared in Figures 
239 and 240. Figure 239 shows the settled-out cyclone data plotted 
against the point-plane data, using the point-plane data at 2.5 
kV/cm, which corresponds to the field in the cyclone apparatus. 

Figure 240 shows the peak values of resistivity from th8 
Kevatron and cyclone probes plotted against point-plane·data from 
the same (2.5 kV/cm) field. In this case, much better agreement 
is obtained between the cyclone and point-plane data. The Kevatron 
data are still higher than the average of the cyclone or point-plane 
data, although there are statistically insufficient data.to draw 
firm conclusions regarding the Kevatron values. The log7c of com
paring the peak values of resistivity from the cyclone with the 
point-plane data can be rationalized to some ext~nt by the f~c~ that 
fresh dust is being deposited on the surface during th~ prec7pita
tion process. In view of the.scatter o~ th~ data obtained with 
any one probe, the discrepancies shown in Figures 239 and 240 are 
not unexpected. 

LIMI~ATIONS DUE TO NON-IDEAL EFFECTS 
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Gas Velocitv Distribution 

General Discussion--

Nonuniform gas velocity distributions result in reduced pre
cipitator performance due to (1) uneven treatment of particles in 
different velocity zones, ( 2) possible reentrainment of collected 
particles from the plate surfaces and hoppers in regions of high 
gas velocity, and (3) a possible nonuniform particulate mass loading 
distribution entering the precipi ta tor, resulting in excessive dust 
accumulation in certain regions of the precipitator. The uniformity 
of the gas velocity distribution entering a precipitator is in
fluenced by ( 1) the configuration and location of turning v-anes, 
(2) the location and types of diffuser elements, such as grids and 
perforated plates, (3) the ductwork design, and (4) coupling of the 
precipitator to the draft fan. 

Detailed information on the description, e::fects, and control 
of the qas flow distribution can be found elsewhere in the liter
ature. 1~7' 198 ' 199 Methods and devices for controlling the gas 
flow distribution have been discussed earlier in this text. Now, 
some major points of interest concerning the gas flow distribution 
will be discussed. These include criteria for determining a good 
flow distribution, measurements of gas flow distributions associated 
with full-scale precipitators, and the effect of gas flow distri
bution on precipitator performance. 

Criteria for a Good Gas Flow Distribution--

Good uniformity of the gas velocity distribution must be 
achieved in order to attain the present requirements of high col
lection efficiencies (99.5-99.9%) with a minimum in precipitator 
size. To be meaningful, the criteria for an acceptable gas veloctty 
distribution must be stated in terms of measurable quantities. In 
1965 a definition of an acceptable deviation from an ideal gas dis~ 
tribution was introduced by the Industrial Gas Cleaning Institute 
(I.G.C.I.), which states: 

"Uniform gas distribution shail mean that a velocity 
pattern five feet or less ahead of the precipitator 
inlet flange shall have a minimum of 85% of the 
readings within + 25% of the average velocity in 
the area with no - reading varying more than + 4 o·% 
from the average. 11200 

The above criteria are the most widely used at the present 
time. However, some power companies have specified even more 
stringent criteria for an acceptable gas distribution at the in
let of a precipitator; for example: 

"A minimum of 8% of the readings within + 10% of the 
average velocity and no reading varying more than + 
20% from the average." 199 
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At the present time, I.G.C.I. 's Committee on Gas Flow Model 
Studi7s i7 in the process of preparing a new more detailed set 
of criteria for an acceptable gas velocity distribution. These 
criteria ii:icl':1de a ::est'7ted velocity distribution pattern, an 
R.M 7S •. deviation cr7te:i~, and limitations on gas velocity 
~eviation7 between individual chambers of large precipitator 
installations. 

Field Experience with Gas Flow Distribution--

A particular case history which has been reported demonstrates 
many of the important aspects associated with gas flow distribu
tion and precipitator performance. 198 In this case, an electro
static precipitator installed on a 500 MW tanqentiallv-fired 
steam generator burning coal was to collect 99.5% of the fly ash 
entrained in the flue gas emanating from the combustion process. 
The installations reported had the following specifications: 
collection efficiency of 99.6%, treated gas volume flow of 723.5 
~ 3 /sec (1,530,000 acfm) at 126°C (260°F), collecting plate area of 
25,154 m2 (270,400 ft 2

), specific collection area of 35 m2 /(m 3 /sec) 
[178 ft 2 /1000 acfm], and coal with an ash content of 12% dry basis 
and with a sulfur content of 3.65% as-fired. The efficiency 
achieved during the first three years of operation was measured 
several times and ranged from 98.8 to 99.1%. Mechanical remedies, 
electrical remedies, and gross gas flow corrections were attempted 
without improving the performance. Finally, an in-depth study of 
the gas flow distribution revealed serious problems which were 
limiting performance. 

Figure 241 is a side elevation of the entire precipitator 
complex for Unit A. Gas leaves the LjungstromR air preheater and 
is divided between the two precipitators of the double deck in
stallation. During initial operation, gas-flow traverses were 
conducted to determine the gross division of gas between the pre
cipitators. Detailed velocity traverses were also conducted in 
the vertical outlet flue leaving the upper precipitator, and in 
the inlets to the i.d. fans. The gas flow passing through the 
lower precipitator was determined by subtracting the measured 
gas flow leavina the upper precipitator from the measured gas flow 
enterinq the induced draft (i.d.) fan inlets. These initial tests 
showed that approximately 54.5% of the gas was going through the 
lower precipitator with the remainder going to the upper precipi
tator. Based on the recommendation of a model study, a perforated 
plate was installed in the vertical portion of the flue just before 
the turn into the lower precipitator. The turning vanes (Figure 
241) shown in the inlet to the upper and lower precipitators and 
in the-outlet of the upper precipitator also were installed based 

'on recommendations from this same model study. 

The velocity traverses conducted at the inlets to the i.d. 
fan also revealed a lateral imbalance of gas flow across the 
precipitators. Figure 242 shows the results of these tests. The 
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north i.d. fan was receiving 9% more flow than the soutb but, 
more importantly, the inboard legs of each fan received more 
flow than the outboard legs. Finally, when dust samples were 
taken in the inlet to each i. d. fan .to ~heck performance, it was 
found that 88% of the total dust collected in each inlet was __ col
lected in sample port tl as· noted in Figu.re 24 3. 

. . . . ... ... ... --. . •, ... · .. . . 

Based on this .history of .gas-flow related.problems, a de
cision was made to conduct detailed field evaluations. As shown 
in Figure 244, four 20 cm (eight-inch) diameter observation ports 
were installed in the roof and side wall of the lower precipitator 
on the north side of the unit. The system was operated at full 
load and high intensity lights were used to illuminate the gas 
flow zones of interest through these ports. These observations 
pointed out dramatically the effects of poor gas flow distribution 
on precipitator performance~ Although initial short term obser
vations showed no apparent problems, extended observations re~ 
vealed that huge c;\.ouds of dust would suddenly appear in the 
lower precipitator outlet. Careful observation of this phenom
enon revealed that these eruptions were occurring only in limited 
areas of the precipitator, and usually occurred when one or more 
collecting electrodes in these areas were being rapped. At first, 
it was thought that plate rappers were occasionally rapping entire 
precipitator lanes at once, but this proved not to be the case. 
The dust eruptions would occur only when the plates in the im~ 
mediate vicinity of either of the i.d. fan inlet boxes were rapped. 

To further define the problems observed through the observa
tion ports, the unit was taken out of operation and detailed 
internal inspections of both the inlet and outlet flues of each 
precipitator was made. A skilled observer, by careful observa
tion of polishing and deposition on internal pipe struts, vanes, 
and dampers, can define areas of flow separation, reverse flow, 
and extremely high or low velocity in great detail. The flow 
arrows shown in Figure 244 show the result of this type of flow 
mapping. The inlet and outlet of the upper precipitator showed 
no unusually high or low velocity zones. The situation for the 
lower precipitator was quite different. Several feet of fly ash 
were found in the bottom of the flue entrance of the lower pre-
c ipi tator, with the two lowest turning vanes actually buried in 
fly ash. The outlet flue of the lower precipitator also exhibited 
areas of high velocity (evidenced by dust erosion) and dust drop
out. In an area approximately four precipitator ducts wide, 
adjacent to the outboard leg of the north i.d. fan, the surfaces 
of the collecting eleectrodes had been swept clean by the high
veloci ty jets created by the pressure gradient of the i.d. fan. 
A similar situation existed opposite the inboard leg of the same fan. 
Also, hopper sweepage and subsequent drifting of fly ash into the out· 
let flue were evidenced. Previous experience had indicated that 
velocities of 3.05 to 4.57 m/sec (10 to 15 ft/sec) would be required 
to produce the collecting electrode polishing observed. These phenom· 
ena were repeated in the south half of the precipitator, but the 

418 



I 

I 
I 

I 

\ 
1

\ I 6 SAMPLE PORTS 
EQUAL SPACES 

I I I I 

\ II , / \ 

I I I \ 

I~/ x,\ \ . I "=> /~ 
' I I ~ -~ 

LJ . "'>/ / \ >- y~-j-', 
I 

88% OF TOTAL 
OUST TO F.~N IS 
MEASURED HERE 

\)/?' \j 

t~_j_ _ -~ ----;;;' I "- I • 

I I 
' 

I 
3540·232 

Figure 243. Side elevation of i.d. fans (Unit A). 198 

419 



1--- I 
,...__~~--~~~__,..--,1,J..-__,..~__,..__,..~__,..~~ 

I .·. ·.·· ·. - ·i . ·. 

fl) l / ) )\ 1J/ \ \ \ \ \ \ ...___. . 

\ ... --~ ---- -- -- .----- -. ~---
: -- ----- ----- -- -· -- -~-- - -
r-· 

I I 
i 

I : 
I 

i i 
I I 

, i I 
I I i I 

I ! i I I 
' 

I I I 
I I ---

1 1 I 1 I I i · 

ZONE A 

Figure 244. Gas-flow ~atterns, plane view of outlet flues 
(Unit A). 98 

420 



problems appeared less severe because of the lower gas flow through 
that half of the installation. 

Based on the results of the on-line observations and off-line 
inspection, it was obvious that the gas flow problems in this unit 
were a major.c~ntributing factor to its deteriorated performance. 
Since the original model study of this installation did not reveal 
any of the problems just described, it was decided that a complete 
velocity traverse of the inlets to both the upper and lower pre
cipitators would be conducted. This information could then be 
used to check the as-built model results to insure an accurate 
representation of the problem. Because of limited unit avail
ability, the field velocity traverses could not be conducted on 
Unit A. They were, however, conducted on Unit B, a duplicate of 
installation A, which qlso had experienced performance problems of 
the same nature as Unit A. A quick walk-through of Unit B was 
conducted to ensure that the problems observed in Unit A were 
evident in Unit B. Unit B was then thoroughly cleaned before 
attempting to perform the field velocity traverses so that the 
traverses would be indicative of a new system. 

A heated thermocouple anemometer was used to obtain velocity 
data. The anemometer was traversed down the first two discharge 
electrodes of every fourth precipitator duct. Selected traverses 
were also obtained in the outlet of each precipitator. Figure 
245 shows a sample of the data obtained from one precipitator duct. 

The unit was operated on cold air at approximately 60% of 
design velocity. This provided a Reynolds Number approximately 
equal to that whic~ would be seen under actual full load operation. 
Figure 246 is an example of a typical field velocity profile after 
the velocity had been corrected back to a linear scale. Once all 
the data curves had been linearized, they were reduced to numerical 
form. An overlay grid was prepared of twenty equally spaced lines 
representing precipitator elevations. The overlay was placed over 
each linearized velocity profile and the value of the velocity 
Profile at each evaluation was recorded as a point velocity. These 
velocity data points were then numerically averaged to establish 
an average vertical and horizontal velocity profile for each pre
cipitator. 

Figure 247 illustrates a simplified side elevation vi~w of 
the upper and lower precipitators showing the average vertical 
inlet velocity profile for each as obtained from ~he fiel~ te~t. 
It is important to note the skewness of the velocity profile in 
the lower precipitator and the imbalance of flow between the up~er 
and lower precipitators. Approximately 58% ~f the gas.was passing 
through the upper precipitator with the rem~in~er passing through 
the ··lower. rt should also be noted that this l.mbalance was not 
completely detrimental since previous field tests had indicated 
that 80 to 90% of the dust went to the lower precipitator. If 
the design velocity had actually been met, the high velocity zones 
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in the lower precipitator would have further reduced the effici
ency of the overall system. 

Figure 248 demonstrates the dramatic effect that the outlet 
flue ha7 on the velocity.p:ofile leaving the lower precipitator. 
This points out the condition that had to be eliminated if re
entrainment and hopper sweepage in the lower orecipitator were 
to be eliminated. • 

Figures 249 and 250 detail the statistical distribution of 
the data points taken in the upper and lower precipitators and 
compare these results with those recommended by the IGCI. The 
vertical bars of these histograms represent the percentage of 
the data points occurring at each velocity. The actual velocity 
values have been normalized (divided by the average velocity), 
following standard practice. As can easily be seen, neither 
precipitator meets the IGCI requirements, with the upper precipi
tator approximately two times better than the lower precipitator. 

A model study in conjunction with the field data resulted in 
the correction of several mechanical defects in the existing flow 
devices and in the addition of new flow control devices. The 
precipitator and flue inlet perforated plates had been installed 
in panels 91.5 cm (3 feet) to 122 cm (4 feet) wide by 305 cm 
(10 feet) high. ~hese panels had been clipped together for align
ment to maintain the effect of a large single-piece perforated 
plate. Some clips had not been installed while others had broken 
loose permitting the adjacent plates to buckle over their 305 cm 
(10 ft) height. Where a 2.54 cm (1 inch) gap had been desired, 
gaps of 10.16 to 20.32 cm (4 to 8 inches) were found. Gaps of 
this type were found in both the inlet flue and precipitator per-
forated plates. This is not uncommon; this particular type of 
erection defect has been found in many installations. The gaps 
were oriented such that they accounted for the high flows measured 
in several of the ducts. 

A gap in the flue perforated plate created a jet that moved 
northward between the two sets of perforated plates.' This jet 
then responded to a combination of a gap in the precipitator inlet 
perforated plate and the effects of the.n~rth i.d .. fan to c:e~te 
a high velocity in one of the ducts. Similarly, high veloci~ies 
measured in three other ducts were created by a 10.16 cm (4 inch) 
gap between the end of the flue and precipitator perforated plate 
and the north wall of the flue. This gap was the result of 
cumulative inaccuracies in hanging the plate panels. 

"All the oerforated plate panels, both flue and precipitator 
inlet were r~hung aligned, and clipped so as to present a flat 
plate' structure to' the gas flow. These corrections improved the 
gas flow distribution and brought field and model data into agree
ment •.. Based on the agreement between field. and model data, a model 
study could then be performed to determine the design of new flow 
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corrective devices and produce an optimized flow field in the 
precipitators. 

Because of the very close coupling between the 'inlet-flue 
expansion turn and the precipitator, it was decided that "ladder 
vanes" would be.used to replace the inlet radius vanes. Ladder 
vanes ar~ a s7r1es of flat su:faces that are oriented perpendicular 
to the direction of the turn inlet gas flow. The optimum position
ing of these vanes can only be done under actual flow conditions 
or in a model. The model study also indicated that the floor of 
the lower precipitator inlet flue would be subject to potential 
fly ash dropout. It was, therefore, recommended that a dust 
blower be installed in this area to keep the flue clean. 

A major problem that still remained was the correction of the 
lower precipitator outlet-gas-flow distribution. The upper pre
cipitator outlet flue did not have to be changed ·once the inlet 
flue was corrected. The lower precipitator outlet was still ex
periencing both vertical and lateral gas-flow problems. It was 
again confirmed that this was the result of the close coupling of 
the lower precipitator to the i.d. fans. 

It was felt that, if a pressure-drop device could be placed 
at the lowe= precipitator outlet, a satisfactory decoupling of the 
i.d. fan and the precipitator could be obtained. The installation 
of a perforated plate at the lower precipitator outlet was rejected. 
It was known that perforated plates installed at the precipitator 
outlet tended to plug due to the electrically grounded plate col
lecting the residual dust leaving the precipitator. Completely new 
rapping systems would have to be installed to keep this perforated 
plate clean. The solution was to install vertical structural 
shaped channels of standard dimensions, which would then form 
continuous vertical slots that would not plug. This satisfactorily 
decoupled the i.d. fan from the precipitator. The vertical slots 
were lined up with the center line of the precipitator ducts. 
The net free area reauired was found to be 15% open. The net 
result of the above, -i.e. , the removal of the inlet flue flow 
biasing perfora~ed plate, the installation of the inlet ladder 
vanes, and the installation of the 15% open .. picket" fence at the 
lower precipitator outlet, produced a flow distribution slightly 
biased to the lower precipitator. The resultant correct~d flow 
patterns are shown for the lower precipitator inlet in Figure 251 
and the lower precipitator outlet in Figure 252. The gross improve
ment is noted when compared to Figures 247 and 248. 

Because of the favorable results obtained from the model study 
and from mathematical predictions of an improvement in precipitator 
efficiency to 99.76%, the full-sized flues were mo~ified in a~cor
dance .with the model recommendations. The corrections were first 
made on Unit B, including the complete rehanging of the ~nlet 
perforated plates. Once this was cornple~ed, a fans-:-running ~alk
through inspection was performed. No evidence of high-velocity 
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jets or hopper sweepage could be found. 

Mass efficiency tests were perfor~ed on Unit A. The unit had 
been permitted to operate for at least one month after the flow 
device modifications were made before testing. Three performance 
tests were run. All three tests produced· results equal to or het,ter 
than dust collection efficiencies which were required. 

The case history just described points out the severe effect 
that poor gas flow distribution can have on precipitator· performance 
several possible causes of poor gas flow distribution, devices.. '. 
utilized to control the gas flow distribution, and remedies· for 
certain specific problems. The studies performed demonstrate that, 
if poor gas flow distribution is a contributing factor to poor pre
cipitator performance, the extent of the problem can readily be 
evaluated and appropriate remedial actions taken. The studies also 
point out the 11eed for (1) careful design in integrating flues, 
flow control devices, precipitators, and i.d. fans, (2) careful 
mechanical construction, and (3) model studies of gas flow to 
assist in design and troubleshooting. 

Figure 253 illustrates the direction of gas flow and prec1p1-
tator arrangement (chevron) at a second installation where gas 
velocity distribution measurements have been made and analyzed. 138 

Each precipitator consists of two collectors in series, each of 
which has 144 gas passages, with 0.229 m plate to plate spacing 
(9 in), 9.14 m high plates (30 ft), and 5.45 min length (18 ft). 
Thus, each precipitator consists of 144 gas passages 9.14 m high 
(30 ft), 10.97 m lon~ (36 ft), for a total collecting area of 
28877 m2 (311,000 ft-) per precipitator. The precipitators each 
have twelve electrical sections arranged in series with the gas 
flow, such that the individual sections power 1/12 of the plate 
area and 1/12 of the length. Gas flow at full load (~700 MW) for 
each precipitator is about 520 m3 /sec (1.1 x 10 6 cfm) at 149°C 
(300°F). The specific collecting area at these conditions would 
be 55 m2 /(rn 3 /sec) or 283 ft 2 /1000 cfm. 

Velocity measurements were obtained from Unit A between the 
third (C) and fourth (D) sections from an I beam located approx
imately 2.44 rn (8 ft) from the top of the precipitator housing. 
Air flow was set at 2.6 x 10 6 kg/hr (5.7 x 10 6 lb/hr), which cor
responds to full load conditions. Although the unit had been 
washed, considerable amounts of suspended and attached dust were 
present when the measurements were made. The velocity measure
ments were made with a thermal anemometer. The anemometer was 
calibrated to the "T" position frequently, but the dust concentra
tion may have been sufficient to influence somewhat the data 
obtained with this instrument. The anemometer probe was main
tained perpendicular to the gas stream by an aluminum guide which 
was held in position by the collecting electrodes. Considerable 
short term variation of· velocity with time was noted at each point, 
and an attempt was made to obtain the time-averaged value at each 
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point. The time of observation at each point was gener~lly less 
than 30 seconds. 

Table 28 shows the data obtained from measurements in several 
lanes (ducts). Standard statistical calculations on the data 
from the rectangular traverse from 0. 9-2 m (3 ft) to 9. 2 m (3'0 ft) 
from the baffle on lanes 1, 12, 24, . 36, and .47·· ar·e shown in· Table 
29. Note however that the maximum· and minimum velocities occur 
15.24 cm (6 in) and 0 cm (O in) from the baffle and therefore are 
not included in the standard traverse. Thus, the variance is 
possibly worse than calculated~ Also note that the high velocities 
are at the top and bottom, thus inducing greater gas sneakage th~ 
might otherwise occur. 

As a cross check, the profiles were plotted with an intention 
of using planimeter integrations to determine a b~tter mean velo
city than the arithmetic mean of a rectangular traverse. In the 
raw data, there are some anomalous points that make it difficult 
to draw a consistent curve f~r each lane. However, by averaging 
at each elevation across all lanes and omitting the most severely 
anomalous points, it was possible to obtain an average profile 
for the left, center, and right sections as well as for the entire 
unit. 

Similarly, the squares of the profiles were constructed and 
their mean values determined by the use of the planimeter. Then 
the standard deviations were calculated as follows: 

a = (.f x) 2 

b-a 
( 33) 

where 

a = standard deviation, 
x = value of variable at a point, 
N = total number of measurements, 
a = lower limit on region containing the variable, and 
b = upper limit on region containing the variable. 

The analysis obtained with the planimeter is also shown in Table 29. 

By comparison, the arithmetic means lie within 1% of the 
planimeter means and the coefficients of variance lie within 50% 
of those determined by plani:neter. Note that the determination 
of the mean square by planimeter is not very accurate because 
the averaging over each elevation is poor (the square of the 
average is not the average of the squares) and because of the 
subjective nature of the fit of the curve to the points. The 
standard deviation and coefficient of variance can be expected 
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'l'Al3LE 28. VELOCITY DIS'l'fUBlJTTON FROM UNl'i' A OF' CHEVRON ARRANGEMENT 

(Obtained on I Oearn Lelw0e11 3nl and 4Ll1 fiel<l in direction of flow) 

LOCA'l'ION FROM 'l'OP 
OF BJ\l·TLE, F'l'. (m) Vl::J.OCl TY F'l'. /MTN (m/mi n) 

·"" l;J 

U1 

0 ( 0) 

1/2 (.15) 

3 (.92) 

6 (1.83) 

9 (2.75) 

12 (3. nG) 

15 (4.58) 

18 (5.49) 

21 (G.41) 

24 (7.32) 

27 (8.24) 

30 (9.15) 

LANE #lL LANE #l2L LANE #241. LAUE #36L LANE #47L LANE #lR Lf\IJL #l2R LANE #24R ** 

18(5.5) 15(4.G) 18(5.5) 18 ( 5. 5) 18(5.5) 35(10.7) 20 (6.1) 15(4.6) 

60(18.3) 210(64.) 260(79.3) l50(4S.8) 350(106.8) 450(137.2) 410(125.) 350(106.8) 

250(76.2) 185(56.4) 220(67.1) 240(73.2) 300(91.5) 350(106.8) 330(100.6) 300(91.5) 

300(91.5) 185(56.4) 265(80.8) 250(76.2) 340(101.7) 370(112.8) 290(L0.4) 320(97.6) 

255(77.8) 160(48.8) 230(70.2) 185(56.4) 250(76.2) 80(24.4) 240(73.2) 280(85.4) 

183(55.8) 150(45.8) 170(51.8) 140(42.7) 270(82.4) 340(103.7) 200(61.) 210(64.) 

146(44.5) 135(41.2) 135(41.2) 125(38.1) 240(73.2) 320(97.6) 170(51.8) 175(53.4) 

13S(41.2l 130(39.6l 150(45.8) 155(47.3) 215(65.6) 300(91.5) 180(54.9) 180(54.9) 

155(47.3) 175(53.4) 175(53.4) 190(58.) 200(61.) 280(85.4) 240(73.2) 190(58.) 

135(41.2) 148(45.l} 50(15.2) 240(73.2) 200(61.) 280(85.4) 240(73.2) 190(58.) 

i40(42.7) l70(5l.8) 170(51.8} 200(61.} 205(62.5) 20Qk(61.) 250(76.2) 250(76.2} 

155(•17.3) 190(58.) 170(51.8) 240(73.2) 230(70.2) 320*(97.6) 300(91.5) 320(97.6') 

* Change to Lane 2R 

** Sneakage above the plate hangers 25 ft./min (7.63 m/min) 45° from normal flow, one foot above 
wire hanger 



TABLE 28. (CONTINUED) 

LOCATION FROM TOP 
OF BAFFLE, FT. (m) VELOCITY FT./MIN (m/min) 

LANE ff36R LANE #47R LANE #LCl* LANE fl LC12 LANE #LC24 

0 ( 0) 20(6.1) 

400 (122.) 

300 (91. 5) 

280(85.4) 

180(54.9) 

220(67.1) 

200(61.) 

20(6.1) 

70(21.4) 

310(94.6) 

2 8 0 (.8 5. 4) 

270(82.4) 

220(67.1) 

190(58.) 

35(10.7) 

300(91.5) 

230(70.2) 

240(73.2) 

220(67.1) 

195(59.5) 

200(61.) 

190(58.) 

190(58.) 

170(51.8) 

180(54.9) 

220(67.1) 

15- 2 0 ( 4 . 6-6. 1) 15 ( 4 . 6 ) 

1/2 (.15) 

3 (.92) 

6 (1.83) 

9 (2. 75) 

12 (3.66) 

15(4.58) 

18(5.49) 
20(6.10) 
21(6.41} 

24(7.32) 

27(8.24) 
29(8.85) 
30(9.15) 

180(54.9) 180(54.9) 

180(54.9) 230(70.2) 

190(58.) 230(70.2) 

190(58.) 250(76.2) 

330(100.6) 230(70.2) 

300(91.5) 

250(76.2) 

230(70.2) 

190(58.) 

190(58.) 

170(51.B) 

170(51.8)' 

160(48.8) 

150(45.8) 

210(64.) 

250(76,2) 

340(103.7) 

270(82.4) 

280(85.4) 

230(70.2) 

200(61.) 

140(42.7) 

i70(51.8) 

40(12.2) 

230(]0.2) 

240(73.2) 

300(91.5) 

*Sneakage above electrode hanger 35 ft./min., 8 rows down 150 ft./min. 
LC30 150 ft./min., LC36 45 ft./min. 

HOPPERS-RIGHT CHAMBER 
Row 12 j ft. (0. 92 m) below plate 
Row 24 3 ft. (0. 92 m) down 
Row 36 3 ft. (0. 92 m) down 
Row 48 3 ft. (0. 92 m) down 

40 ft./min. (12.2 m/min) 
40 ft./min. (12.2 m/min) 
50 ft./min. (15.2 m/min) 
40 ft./min. (12.2 m/min) 

LANE # LC36 

20(6.1) 

450(137.2) 

310(94.6) 

290(88.4) 

200 (61.) 

190(58.) 

190(58.) 

180(54.9) 
250(76.2) 

230(70.2) 

280(85.4) 
300(91.5) 

LANE #LC48 

100(30.5) 

400(122.) 

280(85.4) 

270(82.4) 

270(82.4) 

250(76.2) 

260(79.3) 

280(85.4) 

280(85.4) 

300(91.5) 

290(88.4) 

"3 7 0 ( 112 . 8 ) 



Left 

Center 

Right 

Average 

Left 

Center 

Right 

Average 

TABLE 29. STATISTICAL EVALUATION OF VELOCITY 
DISTRIBUTION FROM UNIT A OF CHEVRON 
ARRANGEMENT 

Standard Statistical Calculations 

Standard Coefficient of Variance 
Mean Deviation (S.D.) S.D./Mean 

192.6 54.7 .284 

227.5 56.5 .249 

246.7 61. 5 .249 

222.3 61. 5 .277 

Planimeter Analysis 

Standard Coefficient of Variance 
Mean Deviation (S.D.) S.D./Mean 

191 36.6 .191 

229 88.5 . 38 6 

245 79.4 .324 

221 44.1 .200 
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to be small for the average because averaging reduces the effect 
of peaks and valleys. However, the standard deviation of two of 
the three groups of data are higher· in the calculation by plani
metry because the high values at 15.24 cm (6 in.) from the baffle 
are included. 

Al though some improvement could be obtained through corrective 
measures, this gas velocity distribution is fairly good. Since the 
precipi~ator could achieve a colle~tion efficienc¥ in excess of 
99.5% with an averag.e current density of 20 nA/cm (21.5 uA/ft 2 ), 

the gas velocity distribution was probably not a serious factor 
in limiting precipitator performance. The only bad feature of 
the distribution is the location of the peak velocities at the 
top and bottom baffles. This· might· tend to increase gas sneakage 
past the electrified regions. 

Figure 254 illustrates the direction of gas flow and pre
cipita tor arrangement at a third installation where gas velocity 
distribution measurements have been made and analyzed. 201 The 
electrostatic precipitator consists of three fields in the direc
tion of gas flow. The precipitator is physically divided into 
two collectors (A & B) . The test program was performed on the 
"A" side of the preci~itator. The total collecting area for the 
"A" side is 7,374.4 m (79,380 ft 2

), 2458.13 m2 (26,460 ft 2
) ~er 

field. This gives a specific collection area of 34.475 m2 /(rn /sec) 
(175 ft 2 /1000 cfm) for the design volume flow of 213.82 rn 3 /sec 
(453,000 acfm) per collector. Each collector has three double 
half-wave transformer rectifiers, one per field. The precipitator 
has 27.94 cm (11 in.) plate spacing and operates at approximately 
149°C (300°F). The emitting electrodes are square twisted wires 
with an approximate diameter of .419 cm (.165 in.) and are 10.0 m 
(32' 9 3/4") long. There are 12 wires per lane per field for a 
total of 1512 wires. The discharge electrodes are held in a rigid 
frame, and each frame holds 4 wires. 

Figure 255 shows the gas velocity distribution obtained under 
air load conditions at the face of the first field of the precipi
tator. These measurements were obtained using a thermal anemometer 
after the precipitator was washed during an outag~. The average 
velocity and the square of the average velocity for all the passag9 
on which measurements were obtained are plotted as a function of 
vertical position. The average velocity and the average of the 
velocity squared were obtained by planirnetry. The average velocity 
obtained was 1.74 m/sec (5.71 ft/sec), and the standard deviation 
was 0.955 m/sec (3.13 ft/sec), or 55% of the average velocity. 
This distribution is undesirable because of the large standard 
deviation and the location of the highest velocities in the region 
near the bottom of the precipitator. However, at the outlet 
sampling plane, the flow distribution was changed such that the 
highest velocities occurred in the upper portion of the duct. Flow 
distribution plates located at the precipitator outlet offered 
more flow resistance at the bottom than at the top and thus are 
probably responsible for the change in relative flow pattern. 
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.. Figure 256 illustrates the direction of gas flow and pre
c7p1t~tor. arrangement at a fourth installation where gas velocity 
distr1~ut1on measurement~ have been made and analyzed.202 A 
mechanical collector, which was reported to have been reworked 
when the precipitator was installed, precedes the electrostatic 
collector at this installation. The precipitator consists of 
four fields in the direction of gas flow and is physically divided 
into two collectors (A and B). The test program was conducted on 
the "B" side of the preci~itator. The total collectin? area for 
thI "B" si~e is 590?.64.m (63,516 ft 2

) with 1475.16 m (1.S,878 
f~) ~er field. Thi~ gives a specific collection area of 43.48 
m /(rn /sec) (220.'} ft-/1000 cfrn) for the design volume of 135.70 
rn 3/sec (287,500 acfm) per collector. The precipitator has six 
full-wave transformer rectifiers; each transformer rectifier has 
an "A" and "B" bushing. The precipitator has 30.5 cm (12 in.) 
plate spacings and operates at approximately 160°C (320°F). The 
emitting electrodes are rigid "barbed" electrodes which are CJ. 502 m 
(l' 7 3/4") apart in the direction of gas flow. 

The qas velocity distribution inside the precipitator was 
measured at the leading edge of the second field.. The gas veloc
ity was measured at 132 points as indicated by the black dots on 
the isopleth of the velocity distribution shown in Figure 257. 
This isopleth was constructed from air load data obtained with the 
F.D. and I.D. fans operating with cu~rent settings corresponding 
to full load operation. The mean velocity was 1.51 m/sec (4.95 
ft/secj with a standard deviation of 0.47 m/sec (1.54 ft/sec) or 
34% of the mean velocity. The isopleth shows that the velocity 
is higher in the top of the unit than in the lower portion. These 
data also show t~at-the upper diagonal support braces in the unit 
produced regions of higher than normal gas velocity. 

Correlation of Collection Efficiency with G.a-s Velocity Distribution--

At the present time, no exact methods exist for correlating 
precipitator collection efficiency with gas velocity distribution. 

,However, several approaches have been proposed that demonstrate 
the general trends to be expected due to a nonuniform gas velocity 
distribution. 198 • 193 ' 203 All these approaches utilize equation 
{ 2) or one that is similar in form. Thus, a reduced gas flow in 
a finite section of the precipitator results in an increased col
lection efficiency whereas an increase in gas flow will result in 
a decrease in collection efficiency. 

In order to demonstrate the general considerations to be made 
in accounting for the effects of a nonuniform gas velocity distri
bution on collection efficiency, one 203 of the previously referenced 
approaches will be developed here. It will be assumed that Equa~ion 
(2) as written a.pplies to each particle si~e with a knowr: migration 
veloc.l.ty, w, and that the specific collection area and size of 
precipitator are fixed. 
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Given: 

n = 1 - e 

It can be seen that 

and 

where 

A = p 

Al ::: 

Q = 

w = 

u ::: 
a 

k = 

n ::: 

plate area 

-AP w 
1 - n = e 

Al ua 

ln ( 1 ) 1-n 

(m 2) , 

= 

inlet cross sectional area (rn2), 

inlet volume flow rate (rn:; /sec) , 

migration velocity for a given particle 

average inlet velocity (m/sec) , 

Aw 
_£_ (m/sec) , and 
Al 
ideal collection fraction. 

J34) 

( 3 5} 

size (m/sec) , 

From this form of the Deutsch equation it can be seen that 
the logarithm of the inverse of the penetration is proportional 
to the inverse of the velocity (and thus the transit time). The 
precipitator can now be divided into a number of irnaginery channels 
corresponding to pitot traverse points. Using the altered form 
of equation (2), the losses for all the channels can be summed 
and averaged to obtain the mean loss in the precipitator using 
an actual velocity distribution instead of an assumed uniform 
distribution. This can be accomplished as follows: 

(1) Calculate constant k from the efficiency predicted under 
ideal conditions: 

(2) Calculate the mean penetration: 
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N 

p 1 I: = ui(l-ni) Nua , 
i=l 

or 

N k 
1 I: u· p = l. 

Nua uie 
i=l 

where 

N = number of points for velocity traverse, 

ui = point values of velocity (m/sec), and 

( 3 6) 

(37) 

ni = point values of collection fraction for the particle size 
under consideration. 

Note that the average penetration is a weighted average to include 
the effect of higher velocities carrying mox:e particles per unit 
time than lower velocities. 

For any practical velocity distribution and efficiency, the 
mean penetration obtained by surrunation over the velocity traverse 
will be higher than the calculated penetration based on an average 
velocity. If an apparent migration velocity for a given particle 
size is computed based upon the mean penetration and equation (2), 
the result will be a value lower than the value used for calculation 
of the single point values of penetration. The ratio of the ori
ginal migration velocity to the reduced "apparent" migration ve
locity is a numerical measure of the performance degradation caused 
by a non-uniform velocity distribution. An expression for this 
ratio may be obtained by setting the penetration based on the 
average velocity equal to the corrected penetration obtained from 
a summation of the ooint values of penetration, and solving for 
the required correction factor, which will he a divisor for the 
migration velocity. 

The correction factor "F 11 may be obtained from: 

exp ( - ~ • -1) = 
F ua 

Therefore, 

1 
Hua 

N 

L 
i=l 
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F = k 
u ( ln p) a 

(39) 

Whether the quantity F correlates reasonably well with statistical 
measures of velocity non-uniformity is yet to be established. A 
limited number of traverse calculations seem to indicate a cor
relation between the factor F and the normalized standard deviation 
of the velocity traverse. Figure 258 shows F as a function .of. the 
ideal efficiency for several values of gas veloc·ity standard devi
ation. These curves were obtained by computer evaluation of 
equation (39), and the data on which the calculations are based 
were obtained from Preszler and Lajos. 18 The standard deviations 
have been normalized to represent a fraction of the mean. The 
overlapping Gf the curves for standard deviation~ of 1. 01 and O .98 
indicates that the standard deviation alone does not completely 
determine the relationship between F and collection efficiency. 

The data in Figure 258 were used to obtain the following 
empirical relationship between F, the normalized standard deviation 
of the gas velocity distribution (oq), and the ideal collection pr~ 
dieted for the particle size under consideration: 

where 

F = 1 + 0.766 1 · 786 + 0.0755 ln ( l ) nag og 1-n 

1 ~ ( u -u. ) 2 

L a i 
N i=l 

( 4 0) 

( 41) 

This relationship is based on a pilot plant study, and should be 
regarded as an estimating technique only- If it is desirable to 
simulate the performance of a particular precipitator, the preferr~ 
procedure would be to obtain the relationship between F, n and crg 
for the conditions to be simulated from a velocity traverse at 
the entrance to the unit. 

Gas Sneakage--

Gas sneakage around the precipitation zones may occur at the 
bottoms of the plates, at the tops of the plates, and on the out
sides of the plates adjacent to the precipitator shell. Gas snea~~ 
occurs because of the pressure drop across the precipitator, flow 
separation, and in some· cases by aspiration effects. Adequate 
measures exist to prevent significant gas sneakage. Gas sneakage 
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can be reduced by frequent baffles which force the gas·to return 
to the main gas passages between the collection plates, subdivision 
of collecting zones into several series sections, and maintenance 
of good gas flow conditions to and out of the precipitator. The 
use of baffles has been discussed earlier in this text. 

If there were no baffles, the percent sneakage would establish 
the minimum possible penetration because it would be the percent 
volume having zero collection efficiency. For example, if 5% 
of the gas volume bypasses the precipitation zones, the collection 
efficiency can be no better than 95%, even though all other fac
tors are perfect. Gas sneakage can be an especially serious pro
blem for precipitators designed for very high collection efficiencie! 
because only a small percentage of gas bypassage may be sufficient 
to prevent the attainment of the desired performance~ · With baffles · 
the gas sneakage remixes with part of the main gas flow and then ' 
bypassage occurs again in the next unbaffled area. The limiting 
penetration due to gas sneakage will therefore depend on the amount 
of sneakage gas per baffled section, the degree of remixing, and 
the number of baffled sections. 

Gas sneakage results in undesirable gas flow and eddy formation 
inside and above the hoppers. This can result in considerable 
particle reentrainment back into the main gas stream due to hopper 
sweepage and hopper boil-up after a section of collection plates is 
rapped. Baffles and hoppers must be designed to minimize these re
entrainment e~fects due to gas sneakage. Hopper designs have be~ 
discussed earlier in this text. Even with good baffling, some gas 
flow will travel through the regions inside and above the hoppers. 
Thus, hopper design must be such as to minimize the effects of gas 
sneakage. Effective hopper design must consider several aero
dynamic effects, including Bernoulli's principl€, flow separation, 
and vortex forma "':ion. Actual designs are best determined by model 
studies and observations on full-scale precipitators. 

If we make the simplifying assumption that perfect mixing 
occurs following each baffled section, an expression for estimating 
and demonstrating the effect of gas sneakage may be derived as 
follows: 204 

Let s = fractional amount of gas sneakage per section, 

n = collection fraction of a given size particle obtain~ 
with no sneakage for total collection area, 

n . = collection fraction per section of a given particle 
J 

size= 1 - (1 - n)l/Ns, 

Ns = number of baffled sections, and 

pj = penetration from section j. 
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Then t.he penetration 

Pt = 

and from section 2 

Pz = 

= 

= 

and from section N s 

from section one is given 

s + ( 1 - n j) ( 1 - S) 

Sp1 + (1 - n j > ( 1 - S)p1 

P1 [S + ( 1 - ni) (1 - s) J 

[ s + (1 - llj) (1 - s) l 2 

(the last section) , 

N 
= [S + (1 - n.) (1 - S)] s 

1 

by: 

l/N N 
= [S + (1 - S) (1 _ !"\) SJ s 

( 4 2) 

(43) 

(44) 

Fig~re 259.s~ows a plot of the degradation of efficiency from 99.9% 
design efficiency versus percent sneakage with number of baffled 
sections as a parameter. For hiqh efficiencies, the number of 
baffled sections should be at least four and the amount of sneakaqe 
should be held to a low percentage. With a high percentage of -
sneakage, even a J arge number of baffled sections fails to help 
significantly. This graph can also be applied to reentrainment due 
to hopper sweepage and hopper boil-up as will be described later 
when discussing particle reentrainment. 

We can define a bypass or sneakage factor, B, analogous to 
the gas flow quality factor F, in the form of a divisor for the 
migration velocity in the exponential argument 0£ equation (2): 

B = 

N s 

ln (1 - nl 
l/N 

ln [S + (1-S) (1-n) SJ 

( 4 5) 

Figure 260 shows a plot of the factor versus sneakage for a 
family of ideal efficiency curves for five baffled sections. Similar 
curves can easily be constructed for different numbers of sections. 

, The foregoing estimation of the effects of sneakage is a 
simplification in that the sneakage gas passing the baffles will 
not necessarily mix perfectly with the m.;:iiz:i gas flow, ar:d the flow 
pattern of the gas in the bypassage zone w7ll no~ b~ uni£orrn and . 
constant. The formula is derived to help ~n designing and analyzing 
precipitators by establishing the order of magnitude of the problem. 
Considerable experimental data will be required to confirm the 
theory and establish numerical values of actual sneakage rates. 
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A rough estimate of the gas sneakage occurring at the second 
installation discussed earlier (shown in Figure 253) has been made 
based on velocity measurements made above and below the collection 
plates (see Table 28). Calculation:s were performed based on. 

l:(Peak-Averaoe) 
% Sneakage = 100 x N x Average ( 4 6) 

where the peak values recorded in the standaTd traverse are utilized 
and N is the total number of measurements. The calculations yield 
the following results: 

Right Center Left'· - Average 

% Top Sneakage 4.2 -- 2. 3 5.5 3.9 

% Bottom Sneak_age 3.4 6 ") .... 2.;4 '4. 0 

Total 7.6 8.5 7.9 7.9 

Therefore, a rough estimate of the gas sneakage is 8%. 

A profile of the hopper sneakage occurring at the fourth in
stallation discussed earlier was also measured. This profile is 
shown in Figure 261. The sharp increase in air 'flow observed at 
the bottom of the hopper occurred where the center baffle of the 
hopper terminated. This flow probably does not occur when the 
hopper is partially full. Comparison of Figures 257 and 261 in
dicates that gas sneakage through the hopper regions is significant 
at this installation. 

Air Flow Model Studies--

Basis for model studies--Although the first precipitator flow 
model studies were performed in the early fifties, a widespread 
use of flow modeling technicrues was not made until the late sixties. 
With the ever increasing size of thermal power stations, uniformity 
of gas flow, dust distribution, and the gas temperature profile 
at the inlet of the precipitator become of prime importance. With 
prior attention focused primarily on structural and space problems~ 
negligence of proper ductwork, flow control device, and hopper des1gr 
resulted in poor performance of the equipment, excessive pressure 
losses, large dust accumulations, and corrosion due to uneven gas 
temperature distribution. In larger boiler units for modern thermal 
power plants, one inch w.g. of pressure drop can be evaluated as 
an annual operating cost of $40,000 or more. 

The main purposes of a model study are to determine the locatior 
and configuration of gas flow control devices, such as vanes, baffles 
perforated plates, to satisfy the contractural requirements on g~s 
velocity distribution in the inlet and outlet of the electrostatic 
precipitator, and to minimize the pressure drop through the complete 
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system. Also, accurate flow model studies offer the potential 
of detecting and correcting flow problems in the design stag.e. 
Even if only qualitative results can be obtained in a model study 
these can be extremely useful in providing recognition of potenti~l 
problem areas. Also, it is the opinion of some that proper at- -
tention to details (in both the model and prototype) will ~reduce 
a one-to-some correlation between the model and the field. 9 _s ~-
This was demonstrated quite convincingly in one field and model 
study where detailed velocity trave·rses for both configurations 
were in good agreement. 1 9 6 Since the inv-estrnent in a flow model 
study is relatively small when compared to the total precipitator 
investment and possible financial losses due to poor flow design, 
this type of study is probably justified when designing most new 
precipitator installations. 

Similarity of fluid flows 1 9 9 --The gas velocity distribution 
in the electrode system of the electrostatic precipitator is 
analyzed using accepted procedures based on similarities of fluid 
flows in the three-dimensional scale model and the full-size 'yst~ 
(prototype) . " 

The similarity of the fluid flow conditions between the model 
and the prototype are dependent on matching some or all of a 
series of dimensionsless parameters, which describe the charac
teristics of the prototype and model, as well a-s those of the flows, 
as ratios of the fluid forces. 

In general, three similarities must be satisfied to obtain 
valid results with the fluid flow models. These similarities are: 
(1) Geometric Similarity, (2) Kinematic Similarity, and (3) Dynamic 
Similarity. Any of two flow systems satisfy geometric similarity, 
if all dimensions have the same scale factor, 

where 

£1/£2 = constant, ( 4 7) 

£ = typical length (indices l and 2 distinguish between the · 
two flow systems) . 

Kinematic similarity requires, in addition, that any two flow 
systems have the same relative velocities and accelerations through
out such that 

where 

v = typical velocity and 

b = typical acceleration. 

4 54 

(48) 
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It is normally not too difficult to match all of these re
quirements in a precipitator model. 

~he third ~e<JUir~ent of a dynamic similarity requires, in 
addition, the similarity of pressures at corresponding points of 
model and prototype such that 

P1/P2 = constant, ( 5 0) 

where 

p = typical dynamic pressure. 

To completely satisfy the similarity of dy~a~ic pressures, a 
number of ratios of forces in both fluid systems, such as Reinolds. 
Froude, Weber, Euler, and Mach Number have to be identical. 2 5 

Most of the time, this condition can not be met in model study 
work. 

A different approach would be to maintain equality of Reynolds 
and Froude numbers only. ScaJes for the model can be developed 
based on gas viscosities and densities of both systems. 

Scales for model and prototype can be developed by using 
Reynolds and Froude Numbers of both systems, resulting in a length 
scale of: 

a time scale of: 

2/ 3 

A = i1/i2 = (V1/V2) 

l / 3 

and a general force scale of: 

=: = p1/p2 = P1/P2 (v1/Vz.)
2 

( 51) 

(52) 

(53) 

The aeneral force scale can be extended to cover scales for 
inertial, 

4 

frictional, and gr a vi ta tional forces with v representing 
gas kina~atic viscosity and p gas density. 

Scale factors for other units of measurements can be calculated 
··from these basic scales; for example, for g.as velocity: 

arid for ·gas volume: 

l / 3 

s / 3 

Q1/02 = A 3
/1 = (V1/V2) 
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The general use of these ratios in flow model studies of 
electrostatic precipitators would require rather large models. 
For example, for flue gas with a temperature of 180°C in the pro
totype and an air temperature of 20°C in the model, the length 
scale would be l to 1. 6; the vel.oc i ty s.ca le 1 to 1. 3; and the 
volume scale 1 to 3.2. 

A different approach for model studies; where a significant 
decrease in size of the model is intended, would be to.arbitrarily 
select a scale factor for a typical length; for example, 1 to 16 ,. 
and to match the Reynolds number of the prototype by incre"as:ing ·. 
the fluid velocity in the model or c.hanging the'.fJ~i_d-·properties. 

Increasing the system velocity creates signif'icant1y lar.ger .. 
pressure losses and requires higher head fans. The gas velocity 
of the prototype system mentioned earlier may be 1.2 m/sec. Tei 
match the Reynolds Number using air as model fluid in a 1 to 16 
scale model would require an air v:eloci ty of 9. 6 m/sec., an in
crease by a factor of eight. The system pressure loss would, 
thus, increase by a factor of 64; for example, from a design 
pressure loss of 250 mm H20 to 16,000 mm H20. 

To match the Reynolds Number of the prototype, the model fluid 
properties could be adjusted by changing the fluid temperature 
or using a fluid other than air, but neither of these approaches 
is very practical. 

The Reynolds Number is the ratio of inertial to viscous forces. 
When the inertial forces predominate, flow separation from the 
critical surfaces occurs and is principally a function of the 
geometry of the system. If the value of the Reynolds Number is 
well within the turbulent range (Re> 3 x 10 3

, for example), the 
behavior of the fluid can be successfully modelled at a Reynolds 
Number other than that of the prototype system. 

The model flow pattern observed at reduced Reynolds Number 
levels will be identical to the full size system, and the model 
pressure drop will be only slightly higher due to the influence 
of the Reynolds Number on frictional pressure losses. 

In industrial flue systems, which are usually designed to 
connect major pieces of equipment, many conditions will establish 
flow separation and induce turbulence. Therefore, the calculated 
value of Re is no indication of the quality of flow or the state 
of turbulence. Once the condition of flow separation is established 
(inertial forces predominating) the flow pattern tends to remain the 
same over a wide range of calculated Re values. That is, kinematic 
similarity is established in industrial flues substantially inde
pendent of variations in average velocity or model factors. 

Therefore, 
size Re value. 

the model study does not have to match the full 
It suffices that: 
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and 

v 1 Q, l 
~ 3 x 10 3 

\) l 

·v 2 Q, 2 > 3 x 10 3 
\) 2 / 

( 5 6) 

(57) 

However, Reynolds Number must be considered when the conditions 
of pressure drop and dust drop-out are studies in the model. It 
has~been.shown.that the boundary-layer thickness of gas on any 
sur~ace is an inverse function of Re. In the usual industrial 
scale model study, Re will be proportionately low due to the scale 
factor, an~ the boundary-layer will be too thick. This condition 
tends to give a conservative estimate of pressure dron and dust 
drop-out. · ~ 

.Model st~dies involving two-phase fluid systa~s or airborne 
particulates influenced by gravitational fcrces, require the ad
herence to a constant Froude Number, i.e.: 

V2
2 

r;g (58) 

Another approach, which is frequently used, consists of using a 
1:16 scale model with the collecting surface plates installed in a 
1:8 scale, and, thus, test at a flow condition characterized by a 
Reynolds Number in the turbulent range, closer to the Reynolds Number 
of the prototype. ·· · 

The fluid·velocity level in a model should be selected to be 
in a range which can be easily and accurately measured (velocity 
head above 10 mm H 2 0) but low enough to be incompressible (Mach 
Number below 0.2). As a result, the fluid velocity in a duct will 
normally range from 10 to 20 m/sec, and in the precipitator model 
itself, £rom 0.5 to 3.0 m/sec; the latter being measured with a hot 
wire anemometer. 

If smoke is used to visualize the flow pattern, the fluid 
velocity should not exceed 10 m/sec to maintain visibility of the 
smoke pattern. 

It is recommended to use a fan with a variable speed drive or 
to have air dampers between flow model and fan to be able to reduce 
the air flow through the model to one-half or one-third of the 
design flow volume during the test program. 

Flow model construction 199 --Three-dimensional scale models 
have become the most widely used means for a fluid velocity dis
tribution analysis. For purpose of convenience, some of the models 
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made in early gas flow studies were constructed on a scale of 1.9 cm 
(3/4 in.) in the model being equivalent to ... 3048 m .(on.e foot) in the 
prototype; that is, the model was 1/16 of actual .size. This scale 
became common and is widely used in the industry,. although for more 
demanding work, especially for predictions of press~ure. drop and dust 
fallout, a scale of 1 to 12 or even 1 to 10 cou·1a becom~ increasingly 
more necessary. 

The model is a precise replica of the entire gas cleaning system 
and includes items, such as air preheaters, steam generator econo
mizers, flues, flow.control devices, precipitators, fans, stacks, 
etc. All of the model or parts of it are made of transparent plastic 
to make it possible to observe flow indicators, such as cotton tufts 
or smoke and dust fallout. Internal parts of the ductwork, such as 
flow control devices, may be constructed of light gauge sheet metal. 

The precipitator model has sidewalls, hoppers, box girders, and 
roof made out of transparent plastic. Collecting surface plates are 
made out of flat sheets of plastic or metal and are hung between the 
box girders or plate supports. Normally, only the first and last 
electrical fields need to be equipped with collecting surface plates. 
Walkways, horizontal and vertical baffles are included in the model, 
as well as hopper partitions. The discharge system is normally not 
included in the model. 

Inlet and outlet nozzles are also made out of transparent plastic. 
Perforated plates or similar devices used for gas distribution are 
selected with equal opening ratios as those to be used in the pro
totype. 

The air preheater is modeled as exact as possible, complete 
with transitions between the round arc of the wheel and the rec
tangular outlet flanges, as well as the wash-out hopper under~eath 
the air preheater outlet duct. 

The model is set up on the suction or pressure side of a fan 
with a suitable gas volume, normally following the configuration 
used in the prototype. 

Larger models need a separate support structure and access plat
forms next to the test ports. 

Instrumentation 199 --Air velocity distributions in the ductwork 
of the model can be measured with a calibrated standard pitot tube; 
for example, Dwyer 0.32 cm (1/8 inch) diameter, with an inclined 
water manometer; for example, Meriam Model M-173-FB with a range of 
0-15.2 cm (0-6 inches) and minor graduations of 0.03 cm (0.01 inch). 

Static pressures in ductwork can be measured with a calibrated 
standard pitot tube connected to an inclined water manometer; for 
example, Meriam Model HE 35 WM with a range of 0-35.6 cm (0-14 
inches) and minor graduations of 0.03 cm (0.01 inch). 
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The air.velocity distribution in the model of the reci ita
tor chamber is mec;i.sured with a hot-wire linear flow flo~ete~; for 
example, Datametrics (Gould) model 800-LV with a model u-25 probe. 

Particle Reentrainment 

Rapping Reentrainment--

Background--Rapping reentrainment is defined as the amount of 
material that is.recaptured by the gas stream after being knocked 
from.the collection plates by rapping or vibration. With perfect 
rapping~ the sheet of collected material would not reentrain, but 
wo~ld.migrate down the collection plate in a stis~-slip mode, 
sticking by the el~ctrical holding forces and sli~ping when re
leased b~ the rapping forces. However, the rapping forces are 
necessarily large to overcome adhesion forces, and a significant 
percentage of the material is released into the gas stream as 
-sheets, agglomerates, and individual particles. Most of the 
rn~t~rial is recharged and recollected at a later stage in the pre
cipitator. 

The purpose of an electrode rapping system is to provide an 
acceleration to the electrode which is sufficient to generate 
inertial forces in the collected dust layer that will overcome 
those forces holding the dust to the electrode. Electrode rapping 
systems have been described earlier in this text. A successfully 
designed rapping system must provide a proper balance between 
electrode cleaning and minimizing emissions resulting from rapping 
reentrainment. Presently, two approaches are prevalent with regard 
to the removal and transfer of the particulate from the collecting 
plates. One approach is to rap often and to provide maximum rapping 
acceleration to the plates during each rap in an attempt to minimize 
the thickness of the residual a.sh layer. The other approach is to 
vary the intensity and freqi.iency of the rapping in an attempt to 
minimize the quantity of material reentrained. A determination 
of the best rapping technique for a specif~c application depends 
on an understanding of the mechanisms by which ash is actually re
moved and transferred from the collection plates during a rapping 
sequence and of the effects of residual ash layers. 

The mechanics of the ash removal process vary with the pro
perties of the ash, precipitator operating conditions, and rapping 
parameters. Ash properties and precipitator operating conditions 
affect the adhesion and cohesion of the ash layer. The adhesion 
and cohesion of ash layers depend upon particle-to-particle forces. 
According to Tassicker, 206 the component f<?rces are: Londor,i-var,i der 
Waals, triboelectric, capillary, surface di~ole, and electric-field 
corona forces. These component forces are influ~nced by the fol
lowing: particle diameter, poro~i~y ar,id compaction of the layer, 
complex dielectric constant, humidity in the gas, adsorb~d surface 

. dipolar molecules, work-function in~erf'7ces on the material, and 
·•the electric field and current density in the ash layer. The above 
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considerations point out the difficulty and complexity which would 
be involved in predicting ash removal properties. 

A relationship for the electrostatic force which acts upon the 
ash layer as a whole has been presented earlier in equation (23). 
In most practical applications, the net electrical force should 
be in the direction that forces the dust layer on to the collection 
surface. However, in certain cases, the net force can be such as · 
t6 pull the ash layer off the collection surface. This can occur .. 
for low resistivity ashes or for low operating current densities, 
as indicated in Figure 211. · 

An elementary theory of dust removal which considers only the 
tensile strength of the dust layer and the acceleration normal to 
the plate has been developed by Tassicker. 207 Tbe theory predicts 
that the dust layer is removed only when 

p p 
an > ll - (M/.A) (59) 

where 

a = acceleration normal to the plate (m/sec 2
), 

n 

p = tensile strength of the dust layer (nt/m 2
) , 

0 = bulk density of the dust (kg/m 3
), 

9" = dust layer thickness (m) ' and 

M/A = mass per unit area (kg/rn 2
) • 

According to this relationship, for removal of a given dust thick
ness, the rapping intensity must be of sufficient magnitude to 
produce an acceleration greater than the ratio of the tensile 
strength of the ash layer to the mass per unit area. For a given 
normal acceleration, the dust layer is removed only when 

M/A > P/a 
n 

( 6 0) 

that is, when the mass per unit area (dust surface density) is 
greater than the ratio of dust layer tensile strength to the normal 
plate acceleration. Since the mass per unit area depends on the 
dust layer thickness, which in turn is related to collection time 
between raps, the time interval between the raps is directly re
lated to the efficiency of dust removal from the plates. As col
lection time between raps is increased, the mass per unit area is 
increased, and the acceleration required for removal is decreased .. 
Experimental data obtained by Sproull 208 and by Penney and Klingler

169 

show that the requirements for removal of a precipitated dust layer 
are in basic agreement with Tassicker's elementary theory for.dust 
removal. 
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Sproull 208 h d 
trate the effect~~ ~~n ucted a.s~ries of experiments which illus-

st composition, corona forces accelerations 
and temper~ture on the removal of dust layers from ~ollection elec~ 
trodes. ~igure~262 presents some of Sproull's data to illustrate 
the.relative ef.ects of .these parameters as a function of the 
maximum shear acceleration of the collecting el·ectr d · lt · 

1 f " " . o es in mu i -
Peso .g .• A comparison of these curves indicates that, under 
t~e conditions of the experiments, the cement dust was more dif
f7cul~ to.remove than fly ash, even though the particle size 
distribut7ons of the.two dusts were similar, presumably as a re
sult o~ differe~ces in composition. It is also clear that the 
electri~al holding force was acting to retain the dusts on the 
collectio~ electrode surface. Similar data wer~ JDtained for 
acceleration perpendicular to the electrode pla~e produced by a 
normal rap:~ ~ower values of acceleration were required for re
moval of di.ficult-to-remove dust with normal rapping than was 
the case for shear rapping. 

Figure 263 (also from Sproull) illustra.tes the effect of 
temperature on the re.rnoval efficiency of a precipitated layer 
of copper ore reverberatory furnace dust. These data indicate 
that the net holding force on the dust layer decreases with in
creasing temperature until softening or partial melting occurs, 
excluding the cases in which the dust temperature falls below 
the dew point of the surrounding gases. 

Particle ree~trainment is influenced by factors concerning 
the design and operation of the precipitator as well as the 
physical and chemical properties of the dust. White 209 has sum
marized the particle properties and precipitator design factors 
which affect reentrainment and these a.re presented in Table 30. 
Al though hoppe~ design and ash re..TUoval systern operation do not 
influence the manner in which particles are directly reentrained 
as a result of rapping, improper operation of the ash removal 
system can increase emissions through hopper bo.il-up resulting 
from rapping or as a result of gas circulation through the hoppers. 

Sproull 210 has reported that optimum ra-pp-in-g conditions are 
·achieved when the collected dust layer is permitted to accumulate 
to a reasonable thickness and then rapped with sufficient intensity 

.to.progress down the plate in a slip-stick mode. This procedure 
.has the advantage of resulting in the deposition of only a portion 
of the dust on the lower portion of the collecting plate into the 
hoppers at any one time. These circumstan<?es would minir;iize the 
disturbance of previously deposited dust since the velocity of 
the falling layer would be relatively low. 

The foregoing considerations illus~rat~ that it.is desirable 
to vary both rapping intensity and rapping interval i~ order to 
optimize the performance of a dust removal system .. Since.t~e mass 

. rate of dust collection varies with length through a precipi ta tor, 
it follows that rapping frequency variations between the inlet 
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Figure 262. Shear (parallel) rapping efficiency for various 
precipitated dust layers having about 0.2 grams 
of dust per square inch as a function of maximum 
acceleration in multi pl es of "g''. Curve ( 1) fly 
ash, 70° to 300°F, power off. Curve (2) fly ash, 
300°F, power on. Curve (3) cement kiln feed, 70°F, 
power off. Curve (4) cement kiln feed, 200 or 
300°F, power on. Curve (5) fly ash, 70°F, power 
on. Curve (6) cement kiln feed, 70°F, power on. 206 
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TABLE 30. PARTICLE PROPERTIES AND PRECIPITATOR DESIGN 
FACTORS. WHICH AFFECT REENTRAINMENT 2 9-9 

PARTICLE SIZE 

1. Size Distribution 

2. Shape 

3. Bulk Density 

4. Adsorbed Moisture and 
Other Vapors 

5. Environment-Gas Temperature 

6. Res is ti vi ty 

PRECIPI'TATOR FACTORS 

l. Gas Velocity 

2. G~s Flow Qu~lity 

3. Collecting Electrode 
Configuration and Size 

4. Electrical Energization 

5. Rappers: Type, Number, and 
Amplitude 

6. Hopper Design 

7. Air In-leakage into Hoppers 
or Precipitator Proper 

8. Dust Removal System Design 
and Operation 

9. Single Stage or Two Stage 
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a~d.exit fields wou~d.be expected to yield the best rapping 
d1t1ons. If a prec1p1tator consists of four field · th d~on-

tl·o of gas fl d h'b" s in e ir-ec n ow ~ ex 7 its a no-reentrainment efficiency of 
9~%, the ra~e of build-up 7n the first field would be about 30 
tlltles that in the outlet f~eld, again neglecting reentrainment 
effects. However, the optimum rapping intervals for these fields 
wou~d not be expected to correspond to the dust collection rate 
ratios. 

~e~ently, w~rk has been performed to develop models for 
describin9' dynamically the vibrational modes and accelerations 
produced in a full-scale collection plate with an attached dust 
layer by a rapping force of a given intensity. 211 ' 212 Although 
these.studies are still in the elementary stage a~d are not of 
practical val~e as of y~t~ they have the potential for answering 
several questions pertaining to what is the best method of removing 
ti:e dust layer from the collection electrode. For example, are 
high.freque~cy, ~mall amplitude vibrations or low frequency, large 
amplitude vibrations more effective in removing a dust layer? Also, 
what is the relative importance of normal and shear forces in re
moving a dust layer? 

Emissions due to rapping--Emissions due to rapping and their 
dependence on rapping parameters have been reported by Sproull, 210 

Plato, 213 Sanayev and Reshidov, 214 Schwartz and Lieberstein, 215 

and Nichols, Spencer, and McCain. 216 Some of the results of this 
work has been discussed above. In summary, these workers have 
observed that (1) reducing the intensities of the raps lead to a 
reduction in rapping emissions, 210 (2) vertical stratification of 
the emissions occurred during rapping, with higher concentrations 
in the lower portion of the precipitator, 210 and (3) improvements 
in the performance of full-scale precipitators occurred when the 
time intervals.betw.een raps were increased. 213

'
214

'
215

'
216 Al

though these studies :1ave added to the understanding of rapping 
reentrainrnent and some of the variables affecting the emissions 
due to rapoi:ig reentrainment, they do not provide quantitative 
data on th~ amounts of emissions and particle size distributions 
due to rapping reentrainment. 

One study on a ~ilot plant 20 and an<:>the-7 st~d~ on s~x full
scale precipitators 1 have yielded quantitative inrormation o~ th~ 
emissions due to rapping reentrainment. A complete characteriza~ion 
of rapping reentrainrnent requires the meas~rement of a large variety 
of variables. A block diagram of an experimental layout for the 
pilot study is shown in Figure 264. In addition to the.dat'7 that 
areobtained with this arrangement, a complete.characterization 
utilizes the precipitator design data. 

The field experiments included.a similar set of me'7sure~ents 
to those made during the pilot stud1e7. However, sampli~g.view 
ports for photographing rapping emissions.an~ for determining.the 
vertical stratification of the rapping emissions were not available 
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Figure 264. Block diagram of experimental layout for a rapping 
reentrainment study.zo 
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in th~ full-scale units nor were load cells for measuring the 
quantity of fly ash collected on the collection plates. Hence 
these measurements were not included in the field tests. 

The <ifUantif ication of rapping reentrainment requires methods 
of .m7asur1ng the.m~ss and particle size distribution of particulate 
exiti~g the precipitator with and without rapping. During both 
the pi~ot and full-sc~le prec~pitator test programs, an optical 
real-time system and integrating mass systems were used. For the 
full-scale tests, part~cle siz7 ~easurements were obtained using a 
method based on electrical mobility analysis for particle diameters 
between 0.01 um and 0.3 um. 

Mass measurements were obtained with in-stack filters. The 
sampling probes used at the inlet and outlet were heated and con
t~ined pitot tubes to monitor the velocity at each sampling loca
tion for the full-scale tests. Glass fiber thimbles were used at 
the inlet to collect the particulate and Gelman 47 mm filters were 
u~ed at ~he outlet. Different procedures w·ere employed at the 
pilot unit compared to the full-scale units. 

At the pilot plant facility, two outlet sampling trains were 
used: (1) the upper sampling train for the upper 68% of the pre
cipitator outlet and (2) the lower sampling train for the lower 
32% of the precipitator. The outlet sampling locations were about 
1 meter from the plane of the outlet baffles, and only one lane 
of the precipitator was sampled. Both outlet mass trains were 
modified to consist of two systems: one of which was used to 
measure emissions between raps and the other was used to measure 
emissions during raps. Each outlet sampling probe consisted of a 
2.5 cm pipe, to the end of which two 47 mm Gelman filters with 
1.25 cm nozzles pointed 110° apart were attached. Separate copper 
tubes were run to each filter from a three-way valve. The valve 
was used to connect the appropriate filter to the metering box. 
Sampling rates at each traverse point were based on velocity 
traverses made prior to the sampling. 

One of the-two filters on each of the two outlet·probes was 
designated the between rap sampler and the other the rapping puff 
sampler. A.fter stable conditions were obtained, the between rap 
sampling systems were started. Before rapping the plates, sampling 
was discontinued and the probes were rotated so that both nozzles 
on each probe pointed downstream. The dust feed was turned off, 
and after a clear flue was obtained, the second filter was rotated 
into the gas stream. Sampling was resumed and the plates were 
rapped. When dust had settled, sampling with thi~ second set of. 
filters was discontinued and the nozzles to the filters were again 
pointed downstream. The dust feed was then turned on and the 
sampling was resumed again with the between rap system. 

Data obtained with the between rap .system were handled in 
the usual manner and were used to calculate steady-state mass 
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emission rates. Data from the second set, or "rap" set of filters 
were used to calculate emission rates from the rapping puffs inde
pendently of the between-rap emissions. These emission rates 
were calculated from 

where 

E p 

M 
p 

A s 

N s 

= emission rate from rapping puffs (kg/hr) , 

= mass collected by the filt-er while sampling the flue 
gas during rapping (kg) , 

= cross-sectional area of precipitator sampled by the 
probe (m 2

) • 

= cross-sectional area of nozzle (m 2
), 

= number of raps per hour (#/hr), and 

= number of raps sampled. 

The emission rates between raps and from raps were combined to 
obtain the overall hourly emission rate. 

( 61) 

For a full-scale precipitator installation one would expect 
to be able to measure rapping reentrainment simply by obtaining 
data with either a mass train or an impactor sampling system, with 
a rapping system energized and subsequently de-energized and then 
comparing these measurements. When utilizing these integrating 
or time-averaging, inertial systems for the measurement of rapping 
reentrainment, a sampling strategy must be developed which will 
differentiate between steady-state particulate emissions and those 
which result from electrode rapping. At the first full-scale 
installation (Plant 1) tested, the strategy employed consisted 
of sampling on subsequent days with the rapping system energized 
and subsequently de-energized while an attempt was made to main
tain boiler operating parameters as constant as was practical. 
The precipitator was characterized by high collection efficiency 
(99.9%), which required extended sampling times to obtain meaningful 
mass measurements. However, it was found that the sensitivity of 
the electrostatic precipitator to changes in resistivity and other 
process variables could mask the differences in total emissions 
caused by energizing and de-energizing the rappers. The variation 
in precipitator performance caused by the resistivity and other 
process variable changes made it impossible to determine rapping 
reentrainment losses from a direct comparison of data obtained one 
day with rappers in the normal mode and rappers de-energized on 
subsequent days. 
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In order to minimize the above difficulty · d · 
d , a revise sampling 

strategy was a opted for the remaining installati'ons Th · d 
t · t a f · . · e revise stra egy consis e o sampling with mass trains and imp t d _ 

d · t d t d · t ·d " ,. ac ors e .ica. e o es1gna e. rap and "no-rap" periods. Data with a 
rapp7ng system energized.and de:energized were obtained by tra
versing sel~cted ports with dedicated sampling systems in sub
s~ent. per1ods on the·same day. Th~s procedure, while necessarily 
d7s~o:ting the f;equency of ~he.r~pping program being examined, 
minimized the ef ~ects of resistivity and other process variable 
changes. 

The u~e of the alternating sampling strategy leads to at least 
three possible procedures for calculating the fr~c~ion of losses 
attributable to rapping reentrainment. The first procedure con
sists of the calculation of the ratio of emissions obtained with 
rappers off to rappers on and subtracting from unity. The emissions 
data utilized in this procedure were obtained during the time in 
which alternating sampling periods for rap and no-rap sampling 
trains were employed. The second procedure consists of subtracting 
the mass emissions obtained with the rappers de-energized from those 
of the previous day with normal rapping, and dividinq by the emis
sions obtained with the rappers operating normally. The data ob
tained from the "rap" period will be approximately equal to that 
obtained during other test periods in which the rappers are oper
ating in a normal fashion if: .( 1) the distortion of the rapping 
frequency does not significantly influence emissions during the 
8 rap" period and (2) there are no other variations in parameters 
affecting the precipitator performance. 

A third possible procedure consists of the use of a weighted 
time average emission during the rap-no-rap periods as an approxi
mation to the normal emission rates, subtracting the no-rap emission 
from the weighted time average, and dividing the difference by 
the weighted time average to obtain the frac~ion of emissions at
tributable to rapping. This procedure provides an estimate of 
rapping reentrainment with the effective intervals which result 
from the alternating sampling periods. All of the above calcu
lation procedures were used when applicable to analyze emissions 
data from the six installations tested. 

The three size selective sampling systems which were used in 
the measurement programs consis~ed of .a large p~rticle sampling 
system (LPSS) containing an optical sing~e. particle ccm:ter, an 
ultrafin~·particle sampling system contain7ng an electrical aerosol 
analyzer (EM) , and cascade imp17ctor sampling systems .. The oper-
ating _principles of_ these samp~ing systems ha;re been d.i~cussed 
earlier in this text. The .optical and electrical sampling systems 

:, provided .rea.1.-time data obtained from an. e."(t1:'a?ted. gas sample. 
·while the inertial·. sampling systems provided· tix:ie-integrated in 
situ data. The large particle sizing system (diameter rar;ge 0.6-
!:0um) was employed only for outlet measurem~nts tc: provid~ . 
qualitative information on the relative fractions or the emissions 

469 



that could be attributed to rapping losses in the precipitator. 
In addition, this system also provided data on particulate con
centration changes w~th time. The ultrafine particle sampling 
system ( 0. 01 i.m1 to O. 3 µm) was employed at both the. inlet and 
outlet of the full-scale precipitators for purposes of providing 
fractional efficiency data and to give quantitativ.e information 
on the contribution of rapping, if any,· to emissions in this 
particle size range. 

The pilot-scale rapping tests were conducted on a' nearly 
full-scale pilot precipitator owned and operated by .Flu:iDyne· 
Engineering. Figures 265 and 266 illustrate the features of the 
test facility. This pilot unit effectively represents one elec
trical section in a full-scale precipitator. The plate height is 
6 meters, and the plate length is 2.7 m. The total collecting 
area is 167 m2

, and wire-to-plate spacing is 11 cm. In the ori
ginal design, the plates were constructed from expanded metal. 
For this rapping reentrainment study, three of these plates were 
replaced to provide two lanes with solid plates on each side of 
the lane. Outlet sampling was confined to the lanes with solid 
plates. The pl3.te rappers are of the single shot pneumatic type. 
The rapper weight is supported in a.cylinder by low pressure 
compressed air. When a rap is desired, a signal to a solenoid 
valve pressurizes the other side of the cylinder and forces a 
weight down on top of a rod that transmits the force to a plate 
support beam. 

Dust feed is supplied from a dust dispersion system which has 
an adjustable feed capability. Three oil burners are .. available 
to heat the gas stream to the desired temperature level. A water 
injection system consisting of three atomization nozzles, each with 
a capacity of eleven liters of water per minute, is available to 
supply the desired humidity. The water is atomized by compressed 
air and is vaporized by the burners that heat the system gas flow 
to the design temperature. 

Table 31 presents a summary of results obtained from the 
experiments on the FluiDyne Pilot Unit. These results indicate 
that rapping emissions decreased with increasing time between raps. 
Figure 267 shows the effect of rapping interval on efficiency. 
The percentage of the collected dust removed from the collecting 
electrode also increased with increased time between raps, as 
Figure 267 illustrates. These results are consistent with the 
theory of dust removal which indicates that the product of the 
normal plate acceleration and the dust surface density must be 
greater than the tensile strength of the layer. · 

Figure 268 also illustrates the build-up of a residual dust 
layer that was not removed with normal plate accelerations on the 
order of 11 Gs. There are several possible causes for the develop
ment of the residual layer. For one, the dust layer directly in 
contact with the collection plates has a much higher tensile 
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TABLE 31. RESULTS FROM PILOT-SCALE RAPPING EXPERIMENTS 

Plate Penetration due 
acceleration Rap Gas Avg. plate Total to rapping 

Type of G's intervals, velo·city, current density, penetration, reen trainment, 
test x,y,z axis min m/sec nA/cm 2 % % 

Rap 11 16 15 12 0.87 23.3 11. 4 53 

Rap 32 7.6 32 

Rap 52 6.1 18 

Rap 150 6.9 25 

"'" No Rap 5.2 -..J 
w 
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Figure 267. Average efficiencies for FluiDyne pilot precipitator 
for various rapping intervals. 20 
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strength than the remainder of the layer. Estimates for removal 
of the layer called for accelerations greater than 10 3 Gs (9.8 x 
10 5 cm/sec 2 ). Consolidation of. the dust that remains on the plate 
after a rap also aids in producing residual layers. The vibrations 
during a rap can have the effect of compacting the dust layer if 
it is not removed making it more difficult to remove. A third 
possible cause of the residual layer is the removal of pate.hes of 
dust only from selected locations on th-e collection plates where __ _ 

_ the removal criteria are met. Dust can be removed from one loca
tion during one rap and from another location on the next rap due 
to changes in distribution of the dust surface density. This 
results in a nonuniform dust layer and the presence of a residual 
layer. This is often the result of nonuniform plate accelerations. 
At one location where plate acceler.ations were on the order of 
only 4 to 5 Gs (3.4-4.9 x 10 3 cm/sec 2

), residual dust layers as 
thick as 2 cm were obSjerved in the vicinity of plate baffles where 
the plate accelerations are dampened. Between the baffles, the 
residual layers were only 1 to 2 mm thick. 

Figure 269 presents particle size distribution of rapping 
puffs for the indicated rapping interval. These.data suggest 
that thicker dust layers produce larger reentrairied particles 
upon rapping. An inspection of the impactor substrates at the 
outlet sampling locations 2 and 3 revealed that the majority of 
the large particles in the rapping puffs were agglomerates. Pro
ducing relatively large agglomerates instead of individual particles 
is desirable because the larger agglomerates-are recollected faster 
than discrete particles or smaller agglomerates. 

In the FluiDyne pilot plant study, it was .evident that "boil
up" from the hoppers comprised a significant portion of the re
entrainment. The measurement of the vertical distribution of the 
rapping loss at the FluiDyne Pilot unit indicated that 82% of the 
rapping emission occurred in the lower 32% of the precipitator. 
This effect was apparently due to both hopper boil-up and gravita- _ 
tional settling of the reentrained material. Figure 270 illustrates 
the vertical stratification as a function of particle size. All of 
the particle size bands show a decrease in concentration with in
creasing distance from the bottom baffle. 

Rapping puffs observed in the 1ower portion of the precipi
tator occurred in two bursts for both upstream and downstream 
raps as shown in Figure 271. The first burst lasted 2-4 seconds. 
This burst was interpreted as being the result of particulate re
entrained directly in the gas stream and being carried out of the 
precipitator at the velocity of the gas through the unit. The 
longer lasting second burst, which for the larger particles was 
a series of puffs, can be interpreted as resulting from hopper 
"boil-up". These data indicate that hopper nboil-up .. contributes 
significantly to rapping re·entrninment emiss·ions. 

Motion pictures of the dust removal process in the Southern 
Research Institute (SoRI) small-scale precipitator and the FluiDyne 
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Figure 269. Cumulative percent distribution for rapping puffs, 
rappi¥~ intervals of 12, 32, and 52 minutes, pilot 
test. 
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pilot precipitator have produced several observations relating· 
to the dislodgement of dust after a .rap and to the reentrainment 
of dust due to the rap. Motion pictures (32 frames/sec) of the 
removal of a dust layer (2-3 mm thick) by rapping in the SoRI 
small-scale unit show the dust layer fracturing along lines of 
discontinuity in the dust surface. The resulting fractured sheet 
of dust starts to fall as separate sheets which break up as they 
encounter other falling sheets and patches. of unrernoved dust. 
The dust appears to fall without being recollected and to become· 
turbulently mixed as it falls. The motion pictures show the 
majority of the dust dropping into the hoppers fiom which a 
portion boils up and becomes reentrained into the gas stream. 
Motion pictures taken in the large pilot precipitator at 
FluiDyne Engineering showed similar behavior. 

In terms of location in the power plant system and type of 
fuel burned in the boiler, the six full-scale installations studied 
may be classified as follows: 

Plants 1 and 5 - Cold-side ESPs collecting ash from low 
sulfur western coals, 

Plant 6 

Plant 4 

- Hot-side ESP collecting ash from low sulfur 
western coal, 

- Hot-side ESP collecting ash from low sulfur 
eastern coal, 

Plants 2 and 3 - Cold-side ESPs collecting ash from high 
sulfur eastern coals. 

Table 32 summarizes the important desiqn parameters and the 
results obtained for the six installations.~ 17 A mechanical col
lector preceded the precipitator at Plant 1 and Plant 3. The in
stallations were characterized by relatively high overall mass 
efficiency. Rapping losses as a percentage of total mass emission 
ranged from over 80% for one of the hot-side units to 30% for the 
cold-side units. The high rapping losses at Plant 4 are probably 
due both to reduced dust adhesivity at high temperatures and the 
relatively short rapping intervals. 

Table 33 lists the rapping int~rvals for each field at the 
various installations. 217 Also shown are the effective rapping 
intervals resulting from the alternating sampling schedules which 
were used to obtain the rap-no rap data. To the extent allowed by 
process variations, the range of emissions attributable to rapping 
should be established by the calculations using {rap-no rap) and 
(normal-no rap) data sets. However, the time weighted average {TWA) 
calculation is of interest in" that it indicates the change in rap
ing emissions caused by the effective increase in time intervals 
between raps. With the exception of the normal current density 
data set at Plant 2, the time weighted average calculation gives 
the lowest percentage emissions due to rapping of the three 
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TABLE 32. SUMMARY OF RESULTS FROM ' EPRI TESTS-•• 

Plant l 2 3 4 5 6 

Number of Electrical 6 3 4 4 5 6 
Fields in Direction 
of Gas Flow 

Plate-to-Plate 30. 48 27.94 25.4 22.86 24.76 22. 86 
Spacing, cm 

Emitting Electrode Mast with Mast wi'th Rigid Barbed Hanging Round Electrode Frame Hanging Round 
Design Square Square Wires Wires With Spiral Wires 

Twisted 'l\.Jisted Wires 
Wires Wires 

Rapper Design Drop Drop Tumbling Magnetic Drop TUmbling Magnetic Impulse 
ilauune r Hanuner Hanuners llananer Hanuners Hammers 

Portion of ESP Total 1/2 1/2 1/2 1/6 1/16 
Tested 

J:,. 

()). 

....... Boiler Load During 128 160 122 271 508 800 
Test, MW 

Gas Flow During 330. 2 155.2 117.2 203. 9 149.4 126.a 
Test, am 3/sec 

Temperature During 152.2 155 157.2 321.1 106. l 358.9 
0 Test, C 

SCA During Test, 113. 5 47.6 50.4 76. 8 117.'J 55.4 
m2 

/ (m 3 /sec) 

Measured Efficiency, % 99.92 99.55 99.80 99.64 99.85 98.98 

Dust Resistivity at 1. 4xl0 11 1. 7xio 10 2xl0 1 0 3.2xlo10 4. 6xl0 11 1. 5x10 9 b 
Operating Temp, 0-cm 

% of Mass Emissions 31 C.5-33 30 85 36-29 63-44 
Attributed to 
Rapping a 

:Indicating range of values from two methods of calculation. 
Laboratory measurement. 



TABLE 33. SUM.MARY OF REENTRAlNMENT RESULTS 2 1 7 

Plant l 2 3 4 5 6 

-----~ap~/H_:i: ________ 
_ Rap ::_ No-:__~ap ___ 

One-llalf Raps 
Normal Normal Raps/H~-- Raps/Hr Raps/Hr /73 Haps/Hr ---- ---

Raps/Hr Current Current Rap- Rap- Rap- M:i,.n Rap-
Field Normal Nonna! Density Density Normal ---- No-Hap Normal No-Rap Normal No-Rap Normal No-Rap 

1 6 10 4.29 3.75 10 1. 67 30-60 12.5-25 10 4.i7 8 2.74 

2 6 6 2.57 2.25 10 1.67 30-60 12.5-25 5 2.08 8 2.74 

.C>. 
00 3 3 l 0.43 0.38 5 0.83 )(I 12.S 5 2.08 3 1.03 
N 

4 3 5 0.83 30 12.5 2 0.83 3 1.03 

5 l 1 0.42 1 0.34 

6 1 1 0.34 

Rapping Losses, 
\ of-Emissions 

Rap-No Rap/Rap 65 55 30 85 29 44 

Normal-No Rap/ 
. ' 

Normal 31 33 82 85 36 6J 

T.W.A.-No Rap/ 
T.W.A. 45 38 18 71 lS 24 



calculation methods. Table 34 provides ty · 1 fl 
h 't' b · pica ue gas and fly as composi ions o tained at the test sites. 

Figure 272 shows the time variations over th t t · d 
Pl t 1 · b · 1 l . . e es perio at 

an . in 07 er oad, prec7pitator power, dust resistivity and 
relative particle concentrations in two size bands (0.6 to 1.8 µm 
and 1.5 ~o 3 µm) • August 5 and 6 were "normal" rapper operation 
tes~ perio~s, whereas August 7 and 8 were "no-rap" test periods. 
It is readily apparent that, on August 7, changes in variables 
other than.rapper energization caused exit particulate concentration 
changes which masked the effect of rapping system de-energization. 
The.LPSS system, however, was able to detect rapping puffs as de-
scribed below. · ' 

Figur7s 273 and 274 show the number of 6-12 and 12-24 µm dia
mete: par~icles c~unted in 10 minute intervals through one day of 
testi~g with rapp7ng and one day of testing without rapping, re
spectively. Cyclic concentration variations with a period of one 
-~our were expected.whe~ the rappers were on and are fairly apparent 
in t~e data shown in Figure 273. No such cyclic pattern is appar
ent in the data shown in Figure 274 which were obtained with the 
rappers de-energized. Note the obvious effect of losing power to 
one of the TR sets. The average counting rate was much reduced in 
the 6-12 and 12-24 um channels with the rappers turned off as can 
be seen by comparison of Figures 273 and 274. 

As indicated previously, the attempt to determine rapping 
losses at Plant 1 by comparison of mass train and impactor data 
sets from normal and no-rap periods was not successful due to other 
factors influencing outlet emissions. However, an estimate of the 
contribution of rapping losses to total mass emissions was made 
from data from the LPSS and outlet impactor systems. The estimate 
is that 30% of.total outlet mass emission during normal rapper 
operation can be attributed to rapping reentrainment~ Figure 275 
shows the rap-no-rap data for the EAA system .and the rap and no-
rap impactor derived efficiencies. The estimated no-rap efficiencies 
are based on the data from the LPSS system and thes.e are subject to 
large uncertainties because of the poor counting statistics for the 
larger particles coupled with the limited time span over which the 
data were taken. F.ifty percent confidence intervals are shown for 
the impactor and EAA data. Even with the.existence ... <;>f th~ ~n~ica~ed 
uncertainties, it is apparent that very high· collec~ion eificiencies 
are achieved in the particle diameter range 0.05 to 20.0 µm. The 
minimum collection efficiency is approximately 99.2% at 0.20 um 
diameter .. 

The alternating sampling strategy with impactors and mass 
·trains was successfully employed at Pl~nt 2 and sub~equent test . 
sites to differentiate between reentrainment resulting from rapping 
and steady-state emissions. Figure 276 presents rap and no~rap 
data from Plant 2 from the EAA and the impactor sampling system. 
The large error bars (50% confidence intervals) on data obtained 
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TABLE 34. TYPICAL FLUE GAS AND ASH COMPOSITIONS
217 

Plant l 2 3 4 5 6 

Date 8/7/75 1/16/76 2/25/76 4/28/76 10/6/76 1/31/77 

Flue Gas 
0 

Temp., c 164 154 155 333 106 346 
S02, ppm t>y vol. 282 3200 2430 750 470 355 
S0 3 , ppm by vol. 6.5 12 8.3 2.7 <o.5 <0.5 
IJ20 I vol. % 8.2 7.2 8.2 7.4 8.7 9.6 

Fly Ash 
Ash Source Hopper 1 High Vol. High Vol. High Vol. High Vol. High Vol. 

.e. 
Sample Sample Sample Sample ·Sample 

co Date 8/7/75 1/15/76 3/2/76 4/27/76 10/5 & 1/31/77 
,i::. 

10/6/76 

Wt. % of 1 

Li20 0.02 0.02 0.03 0.04 0.02 0.013 
Na20 0.9 0.54 0.67 0.43 1. 38 1.52 
K20 l. 72 2. 49 2.12 3.5 0.54 i. 4 
MgO 3.61 0.95 LOO 1. 3 1.1 1.B 
Cao 8. 71 4. 73 4.95 1.1 5.8 6.0 
Fe203 5.49 22. 72 13.13 7.2 6.1 5.0 
Al 203 24.64 18.52 21. 76 28.4 13.2 24.3 
Si02 5Cl.55 45.69 50.23 53.9 70.B 57.6 

Ti02 ]. 22 1. 45 1. 96 J. 8 0;07 2.1 

P20s a.so 0.30 0.78 0 .. 23 0.05 0.32 

S03 0.55 2. 77 2.29 0.50 0. so 0.54 

LOI2 0.61 5. 72 10.92 3.5 LO o.11 

1 Chemical analyses obtained from ignited samples 

2 Loss on ignition 
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from the ultrafine particle system are a reflection of difficulties 
encountered with condensation of sulfuric acid, which created an 
interferring aerosol in the ultrafine size range. The data were 
screened and those results which were felt to be non-representative 
were discarded. It is apparent that rapping losses become signifi
cant only for particle diameters larger than 1 to 2 )Jm. The presence 
of significant large particle emissions in the absence of rapping 
is also indicated by Figure 276, and was confirmed by data obtained 
from the LPSS. These emissions apparently resulted from sparking 
or voluntary reentrainment. Plant 2 was operating with a high sul
fur eastern coal which produced a fly ash with low electrical re-
sistivity. · 

Figure 277 illustrates the large particle losses (on a relative 
basis) measured at Plant 4, which is a hat-side installation, using 
the impactor and ultrafine sampling systems with the rap-no-rap 
sampling sequence. The data obtained with normal rapper operation 
(not shown) show reasonable agreement for sizes greater than i.o µm 
diameter, indicating the alternating sampling strategy did not 
significantly distort the results obtained. As with the previously 
discussed data, the results indicate that rapping reentrainment 
does not cause a significant change in fine particle emissions. 

The rapping emissions obtained from the measurements on the 
six precipitators are graphed in Figure 278 as a function of the 
amount of dust calculated to have been removed by the last field. 
The dust removal in the last field was approximated by applying the 
relation 

where 

( 62) 

n~/section = ove:call mass collection fraction per section, 

X ' = - tn ( 1-n o ) (63) 

no = overall mass collection fraction determined from mass 
train measurements under normal operating conditions, and 

NE = number of electrical sections in series. 

These data suggest a correlation between rapping losses and 
particulate collection rate in the last field. Data for the two 
hot-side installations (4 and 6) which were tested show higher 
rapping losses than for the cold-side units. This would be ex
pected due to reduced dust adhesivity at higher temperatures. 
Data 2a and 2b are for a cold-side unit operating at normal and 
approximately one-half normal current density, respectively. The 
decrease in current density at installation 2 resulted in a signi
ficant increase in rapping emissions due to the increased mass 
~ollected in the last field and smaller electrical holding force 
for the same rapping intensity. 
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The simple exponential relationships 

Y1 = (0.155)Xo. 9 os (64) 

and 

Y2 = (0.61B)Xo.s 94 (65) 

ca~ b7 used for interpolation purposes in determining the rapping 
emissi~ns (mg/DSCM) for a given calculated mass removed by the 
l~st field. (mg/DSCM) for cold- and hot-side precipitators, respec
tively .. Figure 278 was constructed using the cal;ulated mass 
removed in the last field determined by the meas~red overall 
mass colle~tion efficiency during normal operation of the precipi
tator. ~his wa~ done because complete traverses were made by the 
mass trains during the normal tests whereas this was not the case 
for the measurements made during the no-rap tests. In principle 
the no-rap efficiencies should be used to calculate the mass rem~ved 
in the last field. Obviously, the limited amount of data obtained 
thus far is not sufficient to validate in general the approach pre
sented here. However, this approach gives reasonable agreement 
with the existing data and offers a quantitative method for esti
mating rapping losses. 

The apparent size distribution of emissions attributable to 
rapping at each installation was obtained by subtracting the cumu
lative distributions during non-rapping periods from those with 
rappers in operation, and dividing by the total emissions (based 
on impactor measurements) resulting from rapping in order to obtain 
a cumulative percent distribution. Figure 279 contains the results 
of these calculations. Although the data indicate considerable 
-scatter, an average size distribution has been constructed in 
Figure 280 for use in modeling rapping puffs. 

Summary of the results of rapping studies--Pilot plant studies 
indicate that rapping emissions decrease with increasing time be
tween raps. Also, the percentage of the collected dust re~oved 
from the collecting electrode increases with increased time between 
raps. The buildup of a residual dust layer on the collecting elec
trodes that could not be removed with the maximum, available normal 
plate acceleration has been evidenced. By varying the rapping 
frequency, the penetration due to rapping r~entrainment could be 
varied from 18 to 53% of the total penetration. These results 
point out the need for a flexible rapping ~ystem in which.the 
rapping frequencies for the different secti~ns can.be va~ied and 
in which the rapping intensities can be va~i~d. With thi~ ~ype 
of system, the rapping function can be optimiz~d f?r specific pre
cipitator operating conditions and ash properties in or~e~ to 
minimize.the ·penetration of. particulate out of the precipitator 
due _to rapping reentrainment. 
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The pilot plant data suggest that thicker dust layers produce 
larger reentrained particles upon rapping. The majority of the 
particles in the rapping puffs were agglomerates. These data 
would indicate that as one proceeds from the inlet section to the 
outlet section increas.ed times are· .n.eeded between raps in order 
to obtain dust layers with suffic"ient thickness to produce large 
reentrained agglomerates during r.app.ing. The large agglome·rates 
can be easily recollected· by· the precipi ta tor ... · Depending ori the 
rapping frequency, typical mass median diameters for reentrained 
particulate from an inlet section would range from approximately 
10 ]Jm to 20 ]Jm with very little of the mass less than 2.0 µm: 

The pilot plant studies also showed significant vertical strat
ification of particulate matt.er reentrained as a consequence of 
rapping. All particle size bands showed a decrease in concentra
tion with increasing distance from the bottom baffle. This was 
attributed to both gravitational settling and hopper boil-up. 
Emissions due to hopper boil-up were observed at some time.after 
observation of emissions due to particulate matter reentrained 
directly into the gas stream from the collection electrodes. In these 
studies, hopper boil-up contributed' significantly to the reentrain
ment emissions. This points out the need for adequate design of 
hoppers and hopper regions to prevent excessive hopper boil-up. 

The data obtained from the six full-scale precipitators showed 
that rapping losses as a percentage of total mass emissions ranged 
from over 80% for one of the hot-side units to 30% for the cold
side units. The high rapping losses for the hot-side unit were 
probably due both to reduced dust adhesivity at· high temperature 
and relatively short rapping intervals. It was also found that 
reduction of the operating current density at Plant 2 resulted in 
increased emissions due to rapping. This was due to increased mass 
collected in the last field and reduced electrical holding fo.rce. 

Measurements of fractional efficiency with and without elec
trode rapping showed that losses in collection efficiency due to 
rapping occur primarily for particle diameters greater than 2.0 µm. 
The available mass emission data suggest a correlation between 
the dust removal rate in the last rapped section of the precipi
tator and the emissions due to rapping. Apparent rapping puff 
particle size distributions measured at the outlets of the full
scale precipitators had mass median diameters ranging from approxi
mately 6.0 µm to 8.0 um. Real-time monitoring of outlet emissions 
also revealed sporadic emission of particulate matter due to 
factors other than rapping. · 

Reentrainment from Factors other than Rapping--

Although it is difficult to quantify the complex mechanisms 
associated with particle reentr.ainment due to (1) the action of 
the flowing gas stream on the collected particulate layerr (2) · 
sweepage of particles from hoppers caused by poor gas flow con
ditions or air inleakage into the hoppers, (3) bouncing of 
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~rtic~es following imp'7ction on the collection surface, ( 4) 
J.mp~ction of large par~icles with small particles previously de
posited on the collectic;>n electro~e~ and (5) excessive sparking, 
the effect of th7se non7deal con~iti<?ns.on precipitator perfor
man7e ?an be estimated if.some simplifying assumptions are made. 
If it 7s assume~ that.a f7xed fraction of the collected material 
of a given part7cle size is reentrained and that the fraction 
does not v~ry wit~ le~gt~ thr~ugh the precipitator, an expression 
can be derived which is identical in form to that obtainea for 
gas sneakage: 2 1 9 

l/N N 
PN = [R + (1-R)(l-n.) R] R 

R i ( 66) 

where PNR is the penetration of a given particle size corrected 

for reentrainment, R is the fraction of material reentrained and 
NR is the number of stages over which reentrainrnent is assurn~d to 

occur. 

Since equations (44) and (66) are of the same form, the effect 
of particle reent~ainrnent without rapping can be expected to be 
similar to the effect of gas sneakage, provided that a constant 
fraction of the collected material is reentrained in each stage. 
It is doubtful that such a condition exists, since the gas flow 
pattern changes throughout the precipitator and different holding 
forces and spark rates exist in different electrical sections. 
However, until detailed studies are made to quantify the losses 
in collection efficiency as a function of particle size for these 
types of reentrainment, equation (66) provides a means of esti
mating the effect of particle reentrainment without rapping on 
precipitator performance. 

several things should be done in order to rn~nirniz~ the parti
cle reentrainment due tQ factors other than rapping. 7h~ gas 
velocity distribution should meet IGCI criteria as a minimum and 
should have an average value of 1.5 m/sec (5.ft/sec) or less. . 
Hoppers should be designed with proper baffling to p~ev~nt excessive 
flow in the ash holding regions and should have no air inleakage. 
Excessive sparking should be avoided. 

Nonuniiorm Temperature And Oust. Concentration 

. Nonuniform temperature and dust concentrations may ex~:t in 
a precipitator and may result.in.adve:se effect7 •. A.nonunirorr:t 
temperature may result in va~iati?ns in the ~e7istivity of .the 
collected dust layer, variations in the elec._~ical proper~ies of 
the gas, and corrosion in low te.rnpe7at~e reg107.1s. T~e first. two 
effects may lead to excessive spar~ing in c~rtain regions ?f the 
precipitator. A nonuniform dust concentration may result in ex-

.9essive buildups of dust on corona wires, collection plates, beams, 
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etc. and excessive sparking due to particulate space charge effects. 
Excessive dust buildups and. possible "doughnut 11 formations on 
corona wires tend to suppress the corona and to cause uneven corona 
emission. Excessive dust buildups on the collection electrodes 
between raps may result in signifi~ant particle reentrainrnent, 
undesirable electrical conditions, and~educed cross~section far 
gas flow. 

The effects of nonunif.orm -temperature a-nd dust concentration 
on precipitator performance have not been analyzed or studied 
extensively. Therefore, at the present time~ these effects can 
not be quantified. Generally, it is assumed that if a good gas 
flow distribution exists, then the temperature and dust dis-tri~~ -
butions will also be good. This may be a poor assumption ·fer 
many precipitator arrangements that .are commonly employed. 

498 



SECTION 7 

EMISSIONS FROM ELECTROSTATIC PRECIPITATORS 

PARTICULATE EMISSIONS 

The da~a required ~or determining the mass efficiency of 
control devices collecting fly ash are obtained by sampling the 
flue gas upstream and downstream of the pollution control device. 
Mass co~centrations of particulate matter in flue gas are measured 
by drawing a sample of gas through a probe and filter and weighing 
the collected material. 

Methods For Determination Of Overall Mass Efficiency 

Various organizations have proposed specific procedures and 
sampling train designs for mass concentration measurements. The 
Environmental Protection Agency's Method 5 specifies the use of 
an extractive sampler. 219 Sampling trains constructed to meet 
Method 5 specifications were initially designed to operate at flow 
rates up to one cubic foot per minute (28.3 liters/min). Recently, 
a four cubic feet per minute (113 liters/min) extractive sampler 
has been developed which is claimed to comply with the requirements 
of Method 5. The ~reposed EPA Test Method 17 specifies the use of 
in situ samplirtg. 2 0 The American Society of Mechanical Engineers 
(ASME) Performance Test Code 27 specifies the use of either an 
in situ or extractive sampler. 221 The ASME will soon be releasing 
a-new Performance Test Code 38 which will supercede the Performance 
Test Code 27. The Industrial Gas Cleaning Institute (IGCI Publi
cation No. 101) and Western Precipitation Co. (Bulletin WP SO) 
hav'e also suggested sampling methods. The American Society of 
Mechanical Engineers (ASME) Performance Test Code 27 specifies 
the use of either an in situ or extractive sampler. 

EPA Test Method 5--

Official performance testing of stationary sources for parti
culate emissions from coal-fired power plants must be conducted 
with the EPA Test Method 5 "Determination of Particulate Emission 
from Stationary sources". 219 Method 5 relies on the removal or 
extraction of a dust-laden gaseous sample from the duct or stack 
followed by removal of the particles by a.filter while monitoring 
sample volume. With this method one obtains a measure of .the 
average particulate mass concentration for the cross-sectional 
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area of the duct during the time of sampling. There is some dif
ference of opinion as to how the results should be interpreted, 
especially in regard to condensation of vapors in the probe and 
filter box which contains the condensers. Originally the Environ
mental Protection Agency proposed that any material collected in 
the condenser portion of the sampling train (shown in Figure 281) 22 2 

must be added to that of the dry collector (filter)· portion. After 
numerous objections from people in the field, the proposed method 
was altered so that compliance now is based only upon material 
collected in the filter and in the probe preceding the filter. 
Hemeon and Black contend, however, that even this modificatipn· 
is not valid since condensation and chemical reaction occurs .in 
the probe prior to the filtering of the sample. 223

'
224 Therefore, 

the S0 2 in the gas forms sulfates which later are collected on the 
filter. However; one might argue that such reactions, if they 
occur, would also occur in t 0

he atmosphere and should be included 
as particulate matter. · Some investigators conducting performance 
tests of control devices on emission sources prefer to use a sampling 
train that differs from Method 5 in that the filter for collecting 
particulate matter is located in the stack instead of outside the 
stack at the end of the sampling probe (ASME Performance Test Code 
2 7) • 

With EPA Method 5, one obtains a sample from the duct by 
using a prescribed traversing procedure which involves isokinetic 
extraction from different points within the duct. This procedure 
yields, in effect, an approximate integration of collected mass 
and sample volume over the cross-sectional area of the duct. 
Before sampling, the number of traverse points must be determined 
using EPA Test Method 1, "Sample and Velocity Traverse for Sta
tionary Sources". The EPA sampling train consists of a thermally 
controlled probe, with a variety of sampling nozzles and a pitot 
tube assembly, which is connected to a sampling case containing a 
heated filter assembly housing, filter, and a number of impingers 
located in an ice bath (Figure 281). The control co.nsole .co_ntains 
the flow meters, pressure gauges, therr.i.al control· systems, timer, 
and vacuum pump required for sampling. 

DESCRIPTION OF COMPONENTS 

The nozzle removes the sample from the gas stream and should 
disturb the gas flow as little as possible. This means a thin 
wall and sharp edge. The major requirement of the prober which 
removes the sampled stream from the stack, is that it does not 
significantly alter the sample from stack conditions. The sample 
temperature should be maintained at 120°C + 14°C (248°F .± 25°F) 
or at such other temperature as specified by an applicable subpart 
of the standards or approved by the Administrator of the EPA for 
a particular application. Glass probe liners are desirable 6ver 
metal probe liners, but steel probes are alloweq for probe lengths 
over 2.5 meters. New regulations require a thermocouple to be 
attached to the probe end for monitoring the stack gas temperature. 
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Pressure drop, generated by the gas velocity in the duct, is mon
itored by an S-type pitot tube to insure isokinetic sampling ve
locities. The glass fiber filter should be at least 99.95% 
efficient in collecting 0.3 micron dioctylpthalat.e smoke particles. 
An optional cyclone type of collector precedes the filter and 
results, when used, in the removal of larger particles.· The four· 
impingers in the train remove water, gases, vapor, and· co·ndensabJ.,e 
particulate matter. The EPA and some states do not require,. the · .· 
measurement of the condensable particulate fraction and hence the 
impingers are not specifically required. The irnpinger train may 
be substituted by any type condenser such as a piece of coiled 
tubing irrnnersed in an ice bath. The condenser should be followed 
by a silica gel drying tube to collect the remaining moisture and 
protect the vacuum pump and dry gas meter. The sampling box holds 
the probe, the filter holder, and the impinger train and its ice 
bath. The filter holder is contained in a heated area of the 
sampling box and the temperature of this area should be maintained 
at 120°C + 14°C. Where the condensable particulate fraction is 
not required by state regulation or is of no interest, the sampling 
box can be simplified. 

The control box contains a vacuum pump capable of maintaining 
isokiDetic flow during heavy filter loadings, a control valve to 
vary the sample stream flow rate, a vacuum gauge for measuring the 
sample stream pressure, a dry gas meter equipped for determining 
the sample volume, a calibrated orifice meter which is used to 
monitor the sample stream flow rate, a pressure gauge to measure 
the pitot tube pressure drop, a pressure gauge to measure th~ 
orifice meter pressure drop, a variable voltage power supply to 
maintain the probe and filter box at their respective temperature 
by means of their individual heaters, and a pyrometer or potentio
meter calibrated for thermocouple measurements of the duct and 
filter box temperature. 

Calibration reauirements are discussed in the EPA maintenance 
procedures. 225 Critical laboratory calibrations include the orific~ 
meter, dry gas meter, and pitot tube. Calibration of the orifice 
meter and dry gas meter requires the use of a wet gas meter. Various 
other corrnnon laboratory instruments are required for the maintenance 
and calibration of the other system components. 

Many commercial models for conducting Method 5 tests are avail
able and a list of some manufacturers is given in ~able 35. 226 

ASTM - Test Method (Figure 282) 227 

Both the ASTM and the ASME provide specifications for in situ 
samplers. The ASTM Method is similar to the EPA Test Methoas:-
The main difference is the use of an instack filter with no re
strictions on the sampling flow rate used. However, the filter 
should be preheated by being allowed to reach temperature equili
brium in the process stream for at least thirty minutes prior to 
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TABLE 35. 

Company 

Aerotherm-Acurex 

Glass Innovations, Inc. 

Joy Manufacturing Co. 

Lear Siegler, Inc. 
Environmental Technology 

Division 

Misco International 
Chemicals, Inc. 

Research Appliance Co. 

Scientific Glass & 
Instruments, Inc. 

Lace Engineering co. 

Bendix Corporation 
Environmental & Process 

Instruments Division 

SAMPLING SYSTEMS FOR TESTING 
BY EPA METHOD 5 226 

Address and Telephone Number 

485 Clyde Avenue 
Mountain View, Calif~~~ia 94042 
(415) 964-3200 

Post Off ice Box B 
Addison, New York 14801 

Commerce Road 
Montgorneryville, Pennsylvania 18936 
(215) 368-6100 

74 Inverness Drive East 
Englewood, Colorado 80110 
(303) 770-3300 

1021 South Noel Avenue 
Wheeling, Illinois 60090 
(312) 537-9400 

Pioneer and Hardies Road 
Gibsonia, Pennsylvania 15044 
(412) 443-5935 

7246 Wynnewood 
Houston, Texas 77001 

8 8.;29 North Lama_r .·· 
Post Office Bo~ 9757 
Austin, Texas 78766 
(512) 836-5606 

1400 Taylor Avenue 
Baltimore, Maryland 21204 
(301) 825-5200 
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sampling. When inserting the filter for preheati'ng th 1 
b · t d · h , e nozz e 

must e poin e i~ t e downstream direction of the gas flow to 
prevent accumulation of fly ash in the nozzle Also h · 

· h f' · · , wen in-
serting t.e i~ter into a duct which is not under ambient pressure, 
the sampling ~ines must be closed to prevent undesirable gas flow 
through the filter. 

ASME Performance Test Code 27 

The ASME Performance Test Code ~rovides for the use of a 
variety of inst:urnents and methods. 2 1 Since testing experience 
ha7 not been uniform enough to permit standardized sampler design, 
this code m~rely gives limiting requirements whi:~ past experience 
has shown gives the least sources of error. The Code is designed 
as a source document which provides technically sound options to 
be selected and agreed upon by the contractor and the contractee 
performaning the sampling. According to ASME Performance Test 
Code 27, the sampling device shall consist of a tube or nozzle 
for insertion into the gas stream and through which the sample is 
drawn, and a filter (thimble, flat dish, or bag type) for removing 
the particles. For the purpose of the Power Test Code, 99.0% col
lecting efficiency by weight is satisfactory, and the filter may 
be made of cotton, wool, filter paper, glass wool, nylon, or orlon. 
The filter arrangement may be extractive or in situ. 

The main advantage of in si-tu sampling over extractive sampling 
is that substantially all oY-the particulate matter is deposited 
directly on the filter, which means that only a small area other 
than the filter contains particulate matter and requires washing. 
Also, since the filter is maintained at the stack gas temperature, 
auxiliary heating of the filter is not needed. The main disadvan
tage of the in situ sampler over the extractive sampler is the fact 
that the in situsampler is limited to proce$S streams where temper
atures donot exceed the limit of the filter medium and holder. In 
fact, thermal expansion of the filter holder may create gas leakage 
problems. Of course, the instack filter system cannot yield data 
on condensable particulate matter in the plume. 

Another difference between the filtration methods is the 
sampling flow rate used in each method. ~a~p~ing trai~s constructed 
to meet EPA Method 5 specifications were initially designed to 
operate at flow rates up to 28.3 £/min (1 ft 3 /min); recen~ly a. 
113 2/min (4 SCFM) sampler has been developed which complies w~th 
EPA Method 5 specifications. ASTM and ASME Methods do not define 
a flow rate range. Some high volume trains can operate at flow 
rates up to 1.98 m3 /min (70 ft 3 /min). 

The main advantage in the use of a high flow rate sampler lies 
in the fact that the amount of time required to sample a given volume 
of stack as is small compared to the time required to sample with : 

g stream where the mass concentra 
low flow rate samoler. In a process d d - · d for sampling is markedly re uce . tion is constant, the time requi~e 
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In a process stream where the mass concentration is highly variable, 
a large number of high volume runs would be required to obtain a 
value representation of the same average mass concentration obtain;,. 
able from one run of the low volume run. Statistically, it is more 
desirable to obtain several samples of a value than just one 
sample. For stable streams -this will give additional. information 
revealing the ·precision with which the method has been.applied. 
When using high flow· rate extractive samplers the high ratio of 
sample gas flow rate to probe wall area minimizes errors due to 
loss of particulate matter· on the tubing walls between the no.zzle 
and the filter, minimizes heat losses, and thus helps to prevent 
the condensation of vapors in the train. The high ratio also 
can be a disadvantage when cooling of the sample gas stream is 
required to protect the equipment since auxiliary cooling equip
ment may be needed. 

STATUS OF RULES AND REGULATIONS GOVERNING PARTICULATE MATTER, 
SULFUR OXIDE, NITROGEN OXIDE, AND OPACITY FOR COAL-FIRED POWER 
BOILERS IN THE UNITED STATES 

Background 228 

The Clean Air Act of 1970 gave the Environmental Protection 
Agency (EPA) the responsibility and authority to control air pollu
tion in the United States and its territories. In 1971 EPA issued 
National Ambient Air Quality Standards for six pollutants -- sulfur 
dioxide, nitrogen dioxide, particulate matter, carbon monoxide, 
hydrocarbons, and photochemical oxidants. For each pollutant both 
primary and secondary standards were issued. Primar1 standards 
were set at levels necessary to protect the public health and were 
to be met no later than three years from the date of promulgation 
(subject to limited extensions of up to three years). Secondary 
standards were designed to protect the public from adverse effects 
to their welfare. Each state was required to adopt and submit to , 
the Environmental Protection Agency a plan for attaining, maintaining,· 
and enforcing the standards in all regions of the state. The State 
Implementation Plans specified all details necessary to insure 
attainment and maintenance of the standards. Most of the state 
implementation plans were approved by the Environmental Protection 
Agency in 1972. 

In addition to the state implementation plans, new source 
performance standards were issued by the Federal Government. New 
sources include newly constructed facilities, new equipment which 
is added to existing facilities, and existing equipment which is 
modified in such a way that results in an increase of pollutant 
emissions. New source standards limit specific pollutant emissions 
from categories of sources (such as fossil fuel-fired steam gen
erators) which are determined to contribute significantly to the 
endangerment of public health and welfare. 
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Current Status Of Emission Regulations 

According to the Environmental Protectio · 
late and opacity standards for new coal-f' dn Agency, .particu-
25 MW or more are O. 05 g/10 s cal ( 0 03 lb/1r7ll~ower boilers of 
( . . · mi ion Btu) and 20% 
on a six minute average), respectively 230,231 Al f' 1 1 f t d d . · · so , ina 

su ur s an ar s )~st ~eleased by EPA indicate a "slidin " 
standard that requires scrubbing of 70 to 90 f gh 

lf f 
percent o t e 

su ur rorn the flue gas, depending upon the s lf t t f h 1 2 3 2 . . u ur con en 
o t 7 c~a · For coal with a sulfur content that would cause 
a~ ~ission, uncontrolled, of less than 3.6 g/10 6 cal (2 lb/ 
million Btu), only 70 percent of the sulfur dioxide need be 
removed from the flue gas. For uncontrolled emis3ion levels 
fr~m 2 lb up to 6 lb the desulfurization must be sufficient to 
bring the controlled emission level down to 0.27 kg (0.6 lb). 
For coal-sulfur.l~vels from 2.72 kg (6 lb) to 5.45 kg (12 lb) 
the control efficiency must be 90 percent. Above 5.45 kg (12 
lb~, ~he degree of desulfurization must be enough to bring the 
emission.down to no more than 2.16 g/10 6 cal (1.2 lb/million 
Btu), which was the old limit. The nitrogen oxides standard 
is 0.90 g/10 6 cal (0.50 lb/million Btu) from subbituminous coal, 
shale oil, or any solids, liquids, or gaseous fuel derived from 
coal. 

Table 48 in the Appendix C gives a compilation of emission 
limits for particulate matter, sulfur oxide, and nitrogen oxide 
limits for coal-fired power boilers for every state in the United 
States. Table 48a gives emission limits for California. Cali
fornia's counties each have separate rules and regulations. There
fore emission limits were obtained from most of the counties in 
an SoRI survey. Table 49 in Appendix C gives a compilation.of 
opacity li..'Tiits as they apply to those power plants which come 

,. under the "exfsting source'' category of each state's opacity 
regulations. New source limits for opacity were not compiled 
since they generally follow the present Federal limit of 20%. 

Performance Evaluation 

To evaluate the performance of new stationary sources, the 
Enviromnental Protection Agency has specified reference methods 
for the manner in which tests must be conducted at each plant. 
The Code of Federal Regulations 40, Part 60-Standards of Perfor
mance for New Stationary Sources, Appendix A - Reference Methods, 
contain the reference methods to be used to check performance 

. standards. Method 9 is the reference method for visual determin
ation of the opacity of emissions from stationary sources-. This 
method is basicallv a visual determination by a qualified observer. 
There are also performance specif icatioris and ~est procedu::-es for 
transmissometer svstems which are used to. continuously monitor 
opacity of stack emissions. These specif~cations are found in 
Appendix B of the code of Federal Regulations 40, Part 60. Where 
disagreements occur between a qualified visual observer's determin
ation (Method 9) and a transmissometer, .Method 9·takes precedence 
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in the opinion of the Environmental Protection Agency. 230 Method 
5 is the reference method for performance testing of stationary 
sources for particulate emissions. Method 5 relies on the removal 
or extraction of a dust-laden gaseous sample from the duct or 
stack followed by removal of the particles on a filter while 
measuring sample volume. Methods 6 and 7 in Appendix A describe 
the reference methods' for determination of sulfur dioxide and 
nitrogen oxide emissions from stationary s·ources, respectively. 
In Method 6 a gas. sample is. extracted from the sampling. po·int in 
the stack. The acid mist, including sulfur trioxide is separated· 
from the gaseous sulfur dioxide. The sulfur dioxide fraction is 
then measured by the bariurn-thorin titration method. In Method7 
a grab sample·is collected in an evaporated flask containi.ng a 
dilute sulfuric acid-hydrogen peroxide absorbing solution, and 
the nitrogen oxides, except nitrous oxide, are measured colori
metrically using the phenoldisulfonic acid procedure. Performance 
specifications and specification test procedures for monitors of 
S0 2 and NOx are giv·en in ·.Appendix .. B, Performance Specification 2. 

A helpful procedure for planning and implementing tests for 
control device evaluation can be fcund in a recent SoRI publi
cation. 5 4 

Discussion And Definition Of Opacity 

Suspended particles in an aerosol will scatter and absorb 
radiation from a beam passing through it~ the remaining portion 
is transmitted. The transmittance, T, of a fluid medium con
taining suspended particles is defined as the ratio of the trans
mitted radiation intensity to the incident radiation intensity. 
T is given by the Bouguer, or the Beer-Lambert, law: 

T ~ exp (-EL) (67) 

where L is the path len,gth of the beam through the aerosol medium 
and E, the extinction coefficient of the medium, is a complicated 
function of the size, shape, total projected area, refractive 
index of the particles, and the wavelength of the radiation. Some
times the measured transmittance is expressed iri terms of optical 
density defined as 

O.D. = Log (l/T) (68) 

instead of the transmittance. Consequently, instruments and 
methods for aerosol measurement based upon light transmission 
principles have been referred to as transmissometers, smoke den
sity meters, photo-extinction measurements, or turbidimetric mea
surements. 

While transmittance is defined as the ratio of light trans
mitted through the aerosol to the incident light, opacity is 
defined as the ratio of the light attenuated from the beam by 
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the aerosol to the incident light (i.e. opacity = 1-T) A 1 
h · h t · t 11 · · ' . eroso s w.1c ransrni a incident light are invisible, have a trans-

mittance ~f ~00%, a~d an opacity of zero. Emissions which atten
uate all incident.light are totally opaque, having an opacity of 
100% and a transmittance of zero. 

Many versions of transmissometers, or smoke meters are avail
able as stack emission monitors. If the transmissomete~ is used 
to meas~re in7tack opacity for purposes of compliance to federal 
regulations, it must.m7et ~he EPA requira~ents for opacity measure
ment systems as specified in the Federal Register of September 11, 
1974. The use of visible light as a light source is reauired 
because the response of the instrument is suppose~ to match 
that of the human eye (photopic response) . The angle of view 
and the angle of projection is specified, for compliance, as no 
greater than 5° (see Figure 283). 2 3 3 

To obtain true transmittance data the collimation angles 
(angles of view and projection) for the transmitter and receiver 
must be limited to reduce the sensitivity to stray light scatter 
(see Figure 283). ri zero degree angle is the ideal collimating 
angle, whereas a non-zero angle will introduce a systematically 
low reading of opacity. However, a compromise is necessary, 
since as a zero degree collimation is approached, instrument 
construction costs, operating stability, and optical alignment 
problems increase. A transmissorneter having a 5° collimating 
angle applied to the emissions of a pulverized coal-fired steam 
generator gave an opacity measurement that was about 5% low rela
tive to the 0° value. 234 

The error in the transmissometer measurement due to the use 
of different light detection angles has been analyzed theoreti
cally by Ensor- and Pilat and shown to be a function of detection 
angle and particle size. 235 They showed that, in general, the 
error associated with a given detector viewing angle increases 
with an increase in the particle mean diameter. 

All transmissometers require purge air systems to protect 
the optical windows or reflectors. Still, regular cleaning is 
required with the accumulation rate varying widely from on~ loca
tion to another. Most commercial instruments have automatic zero 
and span checking capabilities to verify proper functioni~g and 
calibration between cleanings. 

Transmissometers can be used to measure the.instack opac~ty 
in order to obtain an estimate of the plume c:'pac7ty for ~ompliance 
testing; or they can be used to measure the in situ <?pacity for 
process control or as an estimate of mass concentration. 

When the required measurement is the opacity of the er:iiss~ons 
at the exit of the stack, a measurement at any o~her location in. 
the stack has to have its optical path length adJusted to the exit 
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Figure 283. Schematic of a transmissometer showing projection 
and view angles which must be no greater than 5° 
for EPA compliance. 233 
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diameter. ~he ca?~~lat~on for thi~ adjustment can be found in the 
Fed.era~ Register. Figure ~84 gives the relationship of effluent 
transmittance at the stack exit as a function of instack tr ·t-

f . . ansmi 
tan~e or various ratios of stack exit diameter to transmissometer 
optical path length. 257 

As opacity, 1-T, ~pproaches zero the relative error in its 
measurement with a transmissometer becomes unavoidably large. 
For example, a two per cent error in the transmittance measurement 
gives a 100 per cent error in an opacity of two per cent. In such 
cases, important during diagnostic studies of control devices a 

h 1 d 238 ' nep e ometer as use by Ensor, may be a more accurate measure of 
opacity although it requires a probe and samplin~ traverses. This 
instrument when used as an opacity monitor atte:.p~s to determine 
E, the extinction coefficient, through a measurement of the scat
tering coefficient alone where E = scattering coefficient + ab
sorption coefficient. This is performed using a predetermined 
relationship between E and the instrument response for a calibra
tion aerosol. The errors in this type of opacity measurement depend 
upon the variation of the ratio, aerosol absorption coefficient 
to the scattering coefficient and the errors associated with extra
active sampling. This ratio varies from zero for non-absorbing 
particles to about one for highly absorbing aerosols giving possible 
errors in opacity of ~ 100 per cent depending upon the calibration 
aerosol. However, if the calibration aerosol is chosen judiciously 
(i.e., with optical properties close to those of the sample aerosol) 
and the opacity is low, the nephelometer errors are much smaller 
than those obtained with the transmissometer at low opacities. 

Relationship Between Opacity And Mass Concentration And Particle 
Size 

Theoretical Relationship--

Because of the interrelation between particle size distribu
tion in a stack and the opacity, it is possible to meet mass emission 
standards and still have an opacity problem. In fact, some changes 
in flue gas st::-earns causing a reduction in mass em~ssions.have pro
duced an increase in opacity. The relevance of this particular 
aspect of opacity is described below. 

The dependence of opacity upon the total mass concentration, 
size distribtuion, and particle composition is given by 

0 = l - I/Io = 1 - exp (-W• L/P •K) (69) 

where 

0 = opacity, 

I = intensity of transmitted light, 

Io = intensity of incident light, 
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w = total particulate mass concentration, 

L = illumination path length or diameter of plume, 

p = particle density, and 

K = specific particulate volume/extinction coefficient ratio. 

The ~arameter.K, related to the volume/surface ratio of the 
aerosol, is determined by the particle size distribution and re
frac~ive index t~rough calculations using the Lorentz-Mie theory 
of light scattering for each size class. Illustrative calculations 
of K assuming a log-normal size distribution an:: :arious refractive 
indices have been carried out by Ensor and Pila~. 239 The results 
for two values of the refractive index are given in Figures 285 
and 286. It can be seen that K and thus opacity is very sensitive 
to MMD, geometric standard deviation, and refractive index. Since 
opacity increases as K decreases the minimum occurring around 0.5 
to 0.1 ~m in diameter is of particular interest. This light 
scattering theory is based on a homogeneous sphere model for the 
particl• b. 

Sine·~ control devices generally reduce the MMD while re.'!loving 
particl·~:.. a reduction in the total emitted mass will not effectively 
reduce t~~ opacity if the inlet and outlet MMD's are to the right 
of the ru:nima in Figure 285. 

For example, if an aerosol originally had an MMD of 10 wm and 
a geometric standard deviation of 2 (shown in Figure 286), and a 
control device removed 80% of the mass from the aerosol while reducing 
the MMD to 2 wm, then there would still be no change in opacity. 
On the other hand, if the inlet MMD is close to the minimum then 
a further reduction in total mass and/or M.'ll.1D will be much more 
ef=ective at reducing opacity. Figures 285 and 286 with equation 
(69) show that the change in opacity for a given change in total 
mass requires knowledge of the aerosol size distribution and re
fractive index. While the size distribution is of greatest 
.importance in determining opacity, the differences in Figures 
285 and 286 show that refractive index (determined by the com
position of the particles) is also important. 

Observed Relationship--

Several plants with which SoRI h~s h~d experien~e demonstrate 
the importance of particle size distribution to op~city •. A . 
. power plant in Wyoming has a co_ld-side electfostatic _. precipi ~a tor 
with an SCA of about 98.5 m2 /(m 3 /sec) (500 ft /1000 crm). This 
plant is near the particulate emission stanCiard but ~oes not meet 
the opacity standard. Three other westerx_; pl~nts which have h~t 
precipitators with SCA's in the 59~~~69 ~~((m /sec) (300-?50 ft I 
1000 cfm) range have the same problem. This c~n be.att~ibu~ed 
in large part to the generally fine particle size distribution of 
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ash obtained from burning western coal. (See discussion of Figure 
285.) Another interesting case in point is a northern utility 
which was burning an eastern coal at one of its plants equipped 
with a normal cold-side electrostatic precipitator. This plant 
was meeting the opacity standard but not the emission. standard. 
After switching to a western coal, the plant was able.to meet the 
mass emission standard but could no longer meet .the opac::"-i:ty require
ment. 

Even more dramatic is the situation at Southwes·t Public Service, 
Harrington Stationo This plant burns low sulfur coal and uses an 
electrostatic precipitator/scrubber system to meet the farticulate 
standard. Measured emissions are 19.4 ng/J (0.45 lb/10 Btu) and 
the opacity is around 38%. Sparks 239 a has analyz~d this case 
and concluded that the high opacity was primarily due to the fine 
aerosol produced by the precipitator/scrubber system. 

For a transmissometer to be useful as a monitor of the mass 
concentration, the properties of the particles (other than mass) 
being monitored must remain fairly constant over the monitoring 
period. Experimental data are available showing that good opacity
mass concentration calibration can be obtained on some sources. 
The sources that have been evaluated include coal-fired power 
plants; 240 ' 241 ' 2 ~ 2 lignite-fired power plants; 243 a cement plant; 2

"
4 

a Kraft pulp mill recovery furnace; 245 petroleum refinery; asphaltic 
concrete plant; and a sewage sludge incinerator. 246 

Nader reported tests that were performed over one 3-rnon.th 
interval and two 2-month intervals representing different seasons 
of power plant operation. 247 Emissions were increased at various 
times by cutting off one or more electrostatic precipitator stages. 
Correlation curves were essentially the same for the three dif
ferent time periods with coefficients of 0.93, 0.98, and 0.99. 
The coefficient for the composite correlation curve for the data 
for all three time intervals is 0.97 (see Figure 287). Mass con
centration ranged from 55 to 360 mg/m 3

• No problem with window 
contamination occurred with continuous operation of the trans
missometer spanning the one year period. 

For an emission source with high efficiency particulate control 
equipment, the size distribution of the emitted particulate matter 
may be relatively constant. Therefore, emission sources with vari
able emission and low efficiency particulate control equipment (i.e. 
cyclone and low energy scrubbers) can be expected to provide 
poorer correlation of instack plume opacity to particle mass con
centration. Transmissometers may be useful indicators of mass 
emissions, once calibrated, on sources where the aerosol proper
ties remain constant. 
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Example Of Modeling Of Opacity Versus Mass At The Exit Of An 
Electrostatic Precipitator 

The SoRI-EPA mathematical model of electrostatic precipitation 
has been used with certain modifications to simulate the operation 
of a power plant precipitator collecting fly ash from the burning 
of coal under test conditions. Based on the simulation of test 
conditions, the model has been employed to estimate the performance 
of the precipitator as a function of current density, specific 
collection area, inlet particle size distribution, and inlet mass 
loading. Perfonnance of the precipitator has been determined. in 
terms of both overall mass collection efficiency and opacity. 

The set of parameters used in the simulation of the test con
ditions yielded an overall mass efficiency of 88.75%, opacities 
in the range from 39 to 49%, and an outlet size distribution with 
a mass median diameter (MMD) of 2.35 µm and a geometric standard 
deviation (op) of 2, 91. The above values compare favorably with 
the measured values. The simulation of the test conditions was 
based on an inlet size distribution with an MMD of 4.0 ]Jm and oD 
of 2.45, a normalized standard deviation of the gas velocity di~
tribution of 0.25, 5% gas sneakage per stage, a-rapping loss-size 
distribution with an MMD of 4.5 µrn and a op of 2.8, and 35% of the 
mass collected in the last field being reentrained in the outlet 
emissions. The rapping emissions constituted approximately 40% 
of the total outlet emissions for the simulation. Although the 
parameters characteristic of the rapping losses will vary with 
current density, specific collection area, and inlet mass loading 
and particle size distribution, they were held fixed in making 
projections since these dependences can not be quantified at the 
present time. ' 

The results of this particular application of the precipitator 
model for design purposes in control of opacity are encouraging. 
It appears that inlet and outlet size distribution and opacity 
measurements along with precipitator operating parameters will 
provide enough in=ormation to predict the necessary modification 
to the precipitator to achieve a given level of opacity. 

Measurement Of Relative Stack Emission Levels And Opacity 

A number of optical techniques are used to determine relative 
stack emission levels. Usually these techniques involve a deter
mination of the degree of light transmittance or light scattering. 
Some of the representative instrumentation used is discussed below:* 

*Southern Research Institute and the Environmental Protection 
Agency bear no responsibility for the promotional claims of these 
companies. 
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Nephelometers, devices that attempt to ll f 
d 1 . measure a o the 

scattere ight, have recently been applied to t k · · h · s ac monitoring. 
One sue instrument, call the Plant Process Visiometer (PPV) h 
been developed by Meteorology Research Inc 464 w t w db' as d 

d C l 'f · ' ., es oo urv Roa 
Alt~ ena, a i ornia.91001, telephone (213) 791_ 1901 .24s,249,2~0 ' 

A diagram of the optical assembly is shown in Figure 288. The 
sample, extracted thro~gh a probe with no dilution, is passed 
t~rough the.dete~tor vi~w- The light source is diffused so that 
light rays illuminate different portions of the sample in a wide 
range of a~gles fro~ near 0° ~o near 180u with respect to the 
d~tector view. During.operation the detector signal is calibrated 
with ~n opal gl~ss cali~:a~or which has been adjusted to give a 
certain scatterin~ coefti~ient which corresponds to an opacity of 
5.4 percent assuming no light absorption. This device gives an 
acceptable.measure.of mass concentration if calibration is per
formed against a direct mass technique and if the size distribution 
and composition of the aerosol remain nearly constant. 

An in situ monitor has been developed that is based on the 
rneasure.rnent of backscattered light. 251 This instrument, called 
PILLS V, was developed by Environmental Systems Corporation, Post 
Office Box 2525, Knoxville, Tennessee, 37901, telephone (615) 637-
4741, and uses a laser as the light source. As shown in Fioure 
289, both the light source and detector are located within the 
same enclosure. 2 ~ 2 One of the features of the PILLS Vis its 
ability to determine mass concentration. The instrument optically 
defines a sample of 12 cm 3 (0.73 in 3

) at 10 cm from the end of the 
prob€ within the process stream. Detection of the scattered light 
at angles greater than 160° relative to the beam produces an elec
trical signal that is proportional to the mass contained within 
the sample volume. Since the sample volume is a constant, the 
mass concentration is read directly from an appropriately labeled 
scale on the instrument meter. The instrument does not possess 
the capability to traverse large stacks in order to obtain multi
point measurements. Since the particulate mass concentration is 
frequently not unifor.n across the entire cross-sectional area of 
the stack, the use of such a small sampling volume and the in
ability to traverse creates a problem when trying to obtai~ data 
that is representative of the actual total mass concentration 
present within the stack. 

An L~proved version of PILLS V, the m'?del P-5~, .has.been 
developed. This instrument has the following specifications: a 
measurement range of 0.001 to 10 grams/A~M, respc:inse tha~ is 
proportional to particle mass concentration and is rela~ively 
independent of the particle size in t~e.range of .approximately 
0.1 to 8 µm, a process gas pressure limit of +5 inches of water 
from ambient (higher limits are optional) ; a process gas te~pera
ture limit of 260°c (S00°F) (negative pressure stream~ p~rmit use 
at higher temperatures), an instrumez:it respons-e that is ~ndep7ndent 
of gas velocity, an optional automatic zero_and span calibr~ti~n 
at preset intervals without removal from the stack, and a ligh~ 
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Figure 288. Optical assembly diagram of a nephelometer used in 
stack monitoring. The scattering angle e, for 
any light ray from the source, is the angle 
between the ray and the horizontal line a. From 
Ensor and Bevan. 2 ~ 8 
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Figure 289. 

BACKSCATTERED 
BEAM 

LIGHT COLLECTION 
LENS 

ENDOFr 
PROBE 

l 

L .. t # It t I 3 5 4 0 ·2 7 8 

Optical diagram of the PILLS V instrument. 
Schmitt, et al. 252 
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source consisting of a highly collimated beam of monochromatic 
laser light whose wavelength is 0.9 ~m. 

A backscattering instrument, called an LTV monitor, has been 
used in making mass measurements, but a commercial model is not 
available. 253 This device, illustrated in Figure 290, utilizes 
a high intensity argon or xenon laser and a television camera with 
telephoto lens. The camera optics image the backscattered light 
of 175° from the focused view volume, intersecting the laser beam. 
Particles that produce illumination·above the sensitivity threshold 
can be resolved as distinct flashes and the intensity of each can 
be measured. 

A portable opacity measurement system called RM41P has been 
developed by Lear Siegler, Inc., Environmental Technology Division, 
74 Inverness Drive, E., Englewood, Colorado 80110, telephone (303) 
770-3300. This sytem includes a transmisspmeter to measure light 
transmittance through an optical medium such as fly ash. The trans
ceiver unit contains the light source, the detector, and electronic 
circuitry. The retroreflector is housed in the end of a slotted 
probe which is attached to the transceiver and is inserted into a 
stack or duct through a conventional· stack sampling port. The 
probe causes negligible flow disturbance, and air flushing keeps 
the optical window and retroref lector free of dust and dirt de
posits. The tra~sceiver output is transmitted to a portable 
control unit that simultaneously provides an indication of optical 
density and opacity corrected to stack-exit conditions. There is 
a switch activated, self-contained, calibration checking of trans
ceiver zero, instrument (with probe) zero, and instrument span. 
Automatic, electronic compensation of instrument zero output is 
provided whenever zero calibration is activated. The standard 
stainless steel probes will withstand stack temperatures up to 
1200°F, though to minimize thermal conduction into the transceiver, 
care must be exercised to limit exposures at extreme temperatures. 
Some of the other features of the system are as follows: optical 
density output for correlation with particulate grain loading, 
opacity output corrected to stack-exit conditions to comply with 
emission standards, choice of ten measurement ranges and outputs, 
chopped light source for total insensitivity to ambient light, 
dual-beam measurement technique for maximum accuracy, double-pass 
mea~urement system for high sensitivity and easy calibration, probe 
inserts into stack or duct through a conventional 3~ inch I.D. 
sampling port, continuously variable adjustment on control panel 
to correct opacity outputs to stack-exit conditions for any stack 
or duct, choice of interchangeable one meter or five foot probe 
lengths, provision for permanent installation when so desired, 
and manually activated, self-contained transceiver zero, probe 
zero, and instrument span calibrations. · 

Another Lear Siegler, Inc. product is the RM41 Visible 
Emission Monitoring System which is being used successvully to 
measure opacity and amount of particulate matter in effluent from 

522 



STACK GAS 

VOLUME 
1 mm3 

PULSED ARGON OR 
XENON LASER 

TV CAMERA WITH 
TELEPHOTO LENS 

ANAL. YSIS 
REGION 

TV MONITOR 

l~I 
PARTICLE SIZE 
ANALYZER 

VIDEO 
TAPE 
RECORDER 

MASS 
CALCULATION 

359 

3540-279 

Figure 290. Schematic of Laser-TV monitor. After Tipton. 2 s 3 
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large industrial stacks. The instrument performs automatic cali
bration and zero correction, and offers a wide choice of built-in 
measurement ranges and status indicators on the remote control 
unit to maximize system performance and operator effectiveness. 
Unattended operation can be expected for three to si~ months. The 
system contains a transmissometer consisting of an optical trans
ceiver mounted on one side of a stack and a reflector mounted on 
the other, a forced-air purge system, and a control room unit. 
Containing only the essential optics and electronics required to 
implement the dual-beam measurement technique, the transceiver 
incorporates automatic continuous correction for variations in 
ambient temperature, line voltage, lamp aging, detector drift, and 
associated changes in component characteristic. Output from the 
transceiver is interconnected to a remote control unit, which 
provides simultaneous readings of opacity, corrected to stack exit 
conditions, and optical density, indicating actual two-pass con
ditions. There is an optical density output for correlation with 
particulate grain loading and determination of mass emission flow 
rates. In typical applications the standard sys.tern can be used 
with stack temperatures up to 316°C (600°F). 

The RWi7l:... Opacity Monitor by Lear Siegler, Inc. is a tran·s
missometer consisting of a transceiver mounted on one side of a 
stack an2 a reflector mounted on the other side. The transceiver 
unit .contains a light source, dual photocell detectors, and 
electronic measuring circuitry. A special corner-cube retro
reflector is housed in the reflector unit. Both units contain 
provisions for optical alignment verification and correction. 
Zero and alarm-level adjustments are built into the transceiver. 
A manual zero-calibration reflector assembly and storage container 
are attached to the transceiver. This system is used on small or 
medium sized industrial facilities. 

The Model 1100 Double Pass Opacity Monitoring System is 
manufactured by Dynatron, Inc., Barnes Industrial Park, Wallingford, 
Connecticut 06492, telephone (203) 265-7121. The system works by 
measuring variations in ''double pass 0 light transmittance. The 
light source and two photo detectors are mounted on one side of 
the stack and a retroreflector is mounted on the other side. The 
light source projects a collimated beam of light which is split 
by a beam split::.er into a reference beam and a transmitted beam. 
The reference beam is directed to the reference detector. The 
transmitted beam is projected to a "double pass" across the stack 
to a retroreflector which reflects it back across the stack to 
the measurement detector. The measurement detector working on 
a ratio basis with the reference detector generates an output 
signal directly related to smoke opacity. Some of the features 
of the system are: 100% solid state design, a restriction of 
ambient light interference, flexible air line which supplies 
clean filtered air, and alignment viewing port to allow a visual 
check by the operator. 
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The Model 301 Opacity Monitor by Dynatron is a rugged eco
nomical monitoring system utilizing a single pass transmissometer 
which enables the operator to meet opacity monitoring regulations 
and optimize combustion efficiency. Each system includes the 
following design features as standard: an analog panel meter 
which indicates single pass opacity at the transrnissometer in 2% 
increments from 0 to 100% opacity, an optional digital panel 
meter is available with an easy to read numeric display, and a 
fuel saving early warning system which alerts the operator prior 
to a violation. 

The following list gives a number of other suppliers of 
smoke measuring instruments and supplies: 

Bailey Meter Company 
Beltram Associates, Inc. 
W. N. Best Combustion Equipment Company 
Catalytic Products International, Inc. 
Cleveland Controls, Inc. 
De-Tec-Tronic Corporation 
E. I. duPont deNemours & Company, Inc. 
Dwyer Instruments, Inc. 
Electronics Corporation of America 
Environmental Data Corporation 
GCA Technology Division 
Horiba Instruments, Inc. 
Institute for Research, Inc. 
International Biophysics Corporation 
ITT Barton 
Jacoby-Tarbox Corporation 
Leeds & Northrup Company 
Milton Roy Company 
NAPP, Inc. 
Photobell Company, Inc. 
Photomation, Inc. 
Pref erred Instruments . 
Process & Instruments Corporat7on 
Reliance Instrument Manufacturing Corporation 
Research Appliance Company 
Royco Instruments, Inc. 
Von Brand Filtering Recorders 
Robert H. Wager Co., Inc. . Computer & Instrumentation Div. 
Westinghouse Electric Corporation, 
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SECTION 8 

CHOOSING AN ELECTROSTATIC PRECIPITATOR: COLD-SIDE 
VERSUS HOT-SIDE VERSUS CONDITIONING AGENTS 

ADVANTAGES AND DISADVANTAGES OF THE DIFFERENT PRECIPITATOR OPTIONS 

General Discussion 

There are presently three accepted methods of utilizing elec
trostatic precipitators for the collection of fly ash. These 
methods include cold-side operation (120-IB0°C}, hot-side opera
tion (315-480°C), and chemical flue-gas conditioning (CFGC). 
Whether or not one of these methods is preferable to the others 
depends pri.iuarily on the type of ash to be collected, the space 
available for control equipment, and economic considerations. 
Depending on the circumstances, each of these methods may have 
certain advantages and disadvantages. In this section, the ad
vantages and disadvantages of the three precipitator options are 
discussed. Also, the precipitator requirements and economics 
which would be necessary to achieve a given high level of collec
tion efficiency for high resistivity ashes are estimated for the 
three options. 

Cold-Side Electrostatic Precipitator 

Cold-side electrostatic precipitators provide the most economi
cal and reliable option for providing high collection efficiency 
of fly ash with low-to-moderate resistivity (0.1 - 5 x 10 10 ohm-cm)·. 
The low pressure drop across the precipitator, relatively low gas 
volume to treat on the cold-side of the air preheater, and good 
electrical operating conditions provide significant advantages. 
Figure 101 shows measured fractional efficiency data obtained from 
a cold-side precipitator collecting fly ash with a measured resis
tivity of approximately 2.2 x 10 10 ohrn-cm. 254 This unit operated 
with an average applied voltage of 51.0 kV and average current 
density of 38.0 nA/cm 2

• A relatively high overall mass collection 
efficiency of 99.6+% was measured with a relatively low specific 
collection area of 43.5 m2 /(m 3 /sec} (221 ft 2 /1000 ACFM). This pre
cipitator was preceded by a mechanical collector and was treating 
particulate with an inlet mass median diameter of approximately 
10 µm. 

The use of a cold-side precipitator becomes questionable when 
the resistivity of the fly ash is high (greater than 10 11 ohm-cm). 
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oue to the poor electrical conditions that w'll be · d 
· h h · h · · · .. experience 

wit a ig resis~ivi~y f~y ash, a cold-side precipitator has 
to ~e.ver~ large in size in order to achieve high collection 
efficiencies. Alth~ugh the~e.may be economic and practical draw
backs, large cold-71de pr~i~itators have been utilized success
fully to colle~t high r~s~stivity fly ash. Figure 89 shows 
meas';lr~d fractional ~ff iciency data obtained from a cold-side 
precipitator coll~ting fly ash with a measured resistivity of 
1.8 x 10 11 ohm-cm.~ 55 

This unit operated with an average ap~lied 
voltage ~f 40.9 kV and average current density of 12.1 nA/cm~. 
A very high overall mass collection efficiency of 99.9+% was 
measured with a relatively high specific collection area of 
99.2 m2 /(m 3 /sec) (504 ft 2 /1000 ACFM). 

For sufficiently high values of fly ash resistivity, the 
size of a cold-side precipitator that can attain high collection 
efficiencies becomes excessively large. The large precipitator 
size needed for high efficiency collection of high resistivity 
ash results in large precipitator costs, increased space require
ments, and possible impracticality of enlarging an existing pre
cipitator which was originally designed to collect a low resistivity 
fli ash. Also, for very high values of resistivity (greater than 
10 3 ohm-cm) , accurate cold-side precipitator design is probably 
not possible due to uncertainties regarding the attainable electri
cal operating conditions and useful operating voltage and current. 

In addition to excessive precipitator size, there are other 
possible disadvantages of cold-side collection of high resistivity 
ash that must be considered. Due to the tendency of high resis
tivity ash to adhere tenaciously to the collection electrodes, 
high intensity impact rappers are required (120-200 g) to remove 
the ash =rom the collection electrodes. To withstand these higher 
rapping =orces, more costly rigid electrode frames are desirable. 
The high rapping forces increase the pos7ibility of ash reentrain
ment, struc~ural collection electrode failures, and more difficult 
equipment maintenance. 

Hot-Side Electrostatic Precipitator 

The motivation for locating the precipitator on the hot gas 
side of the air preheater where temperatures_ a~~ in the neighbor
hood of 371°c (700°F) rests entirely on data ~nich show th~t ash 
resistivi ties should be very favorable.. As discussed earlier, the 
controlling conduction mechanism in the precipi~ated.ash layer at 
this temperature is intrinsic or volume c<?nduction, instead of the 
surface conduction mechanism which predominates o:r: t~e.cold ga7 
side of the-air preheater. Thus, the fly ash.r:esistivity at high 
temperature· is not sensitive to the 501 or mois~ur~ content of 

·.th fl M t published resistivity data indicate that re-
· ·s ·:e·t .. ·':1et. gasb. 

1 
°5

2 x 10 10 ohm-cm will occur above 60.0"'F. There-
. ;l:S. iv1 i.es € ow . l · ·. t · h 
.fo.re · high temoerature operation should off·er an a ter:r;a ive .approac 
f ' h'· · h- · h llection efficiency of fly ash which would have or.ac ieving ig co - · . 
a high resistivity under cold temperature operation. 
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Another advantage of high temperature operation is that 
fouling of the air preheater by fly ash is reduced. However, in 
installations burning high sulfur coal with a basic fly ash, it 
is probable that removal of this ash ahead of the air preheater 
would result in increased corrosion rates of air preheater cold 
end elements. For installations in which coal and oil firing 
are employed, high temperature operation minimiz~s oil ash· handling 
problems. · 

The decrease in precipi ta tor size that can .b"e·0 a·chiev.edLby 
hot-side collection of a fly ash which would have a h.i.gh. r.esis
tivi ty at cold-side temperatures is moderated by- 0 two factors. ·' 
First, a higher gas volume must be treated due to the.'higher tern.., 
perature. The increase in gas volume dictates that the precipi
tator be increased in size by approximately 50% in comparison to 
a cold-side precipitator operating at the same applied voltage and 
current in order to achieve the same collection efficiency. Second, 
the decreased gas density results in lower operating voltages and 
electric fields prior to sparkover than in the case of a cold-side 
precipitator. Thus, additional precipitator size is needed to 
compensate for the reduced operating voltages. 

Certain economic disadvantages are associated with a hot-side 
precipitator. Special expansion provisions, increased insulation, 
increased draft fan requirements, and additional ductwork in an 
unconventional configuration add increased costs as compared to a 
cold-side precipitator. In addition, the hot-side operation re
duces boiler efficiency due to heat loss through the precipitator. 

Recently, it has been found that hot-side precipitators may 
be sensitive to the composition of the ash. 256 This sensitivity 
is manifested in voltage-current characteristics which are abnormal 
and unfavorable for electrostatic precipitation. Figures 203 and 
204 show abnormal voltage-current characteristics obtained from a 
hot-side precipitator which responded unfavorably to fly ash de
posits on the collection electrodes. These curves should be com
pared to those in Figures 200, 203, and 204 for normal hot-side 
precipitator operation. The steep voltage-current curves and low 
maximum applied voltages shown in Figures 203 and 204 are not 
expected at the elevated temperatures and result in decreased 
precipitator performance. In addition, the abnormal electrical 
conditions could not be attributed to ash resistivity since both 
in situ and laboratory measurements indicate a value of less than 
10 1 -o-ohrrt-cm. However, these measurements were made over a 
relatively short period of time, and there is reason to believe 
that the resistivity of the collected dust layer may increase 
with time. Due to the above discussion, the most serious dis
advantage of a hot-side precipitator is the unpredictability of 
the electrical conditions. Although adequate electrical conditions 
may be obtained with certain fly ashes, inadequate electrical 
conditions may result due to other fly ashes. This makes the 
design of a hot-side precipitator extremely difficult and makes 
hot-side operation less attractive as an option~ 
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Figure 104 shows measured fractional ff' · 
f h t ·a · i · e iciency data obtained 
rom a o -si e precip tator collecting fl h f 

eastern coa1.2s1 This unit had normal hot: ~s rom a low sulfur 
characteristics and operated with an avera side r~ltage-current 
31.7 kV and average current density of 35 g6e A/app ~ed voltage.of 
h · h 11 . · · n cm • A relatively 7fh over~ rntass co~l~ction efficiency of 99.6+% was measured 
w1 a mo era e specific collection area of 76 8 z;( 3/ 
(390 ft 2 /1000 ACFM). · · m m sec) 

Figure ~10 show7 ~easured fractional efficiency data obtained 
from a hot-si~; 8 precipitator collecting fly ash from a low sulfur 
western coal. This unit had anomalous hot si'de lt . . - vo age-current 
characteristics and operated with an average applied voltage of 
25 .1 kV and ~verage current density of 3 2. 2 nA/::rr. - . An overall 
ma~s c~llection 7fficiency of 98.5% was measured for the entire 
unit with a specific collection area of 57.1 m2 /(m3/sec) (290 ft2/ 
lO?O A~FM) . The poor performance of this unit could be attributed 
primar~ly to.the low operating voltages, especially in the outlet 
electrical fields. 

Cold-Side Electrostatic Precipitator With Chemical Flue Gas 
Conditioning 

Possible Advantages of Chemical Flue Gas Conditioning--

There are several attractive features and possible benefits 
of adding chemical conditioning agents to the gas stream on the 
cold or hot gas side of the air preheater and upstream from a 
cold-side precipitator. First, certain chemical conditioning 
agents can be used to lower the resistivity of unconditioned ash 
from high values to values which are favorable for electrostatic 
precipitation. One manufacturer of conditioning systems will 
guarantee that the resistivit¥ of S0 3 conditioned fly ash will 
not exceed 4 x 10 10 ohm-cm. 25 Second, certain che~ical condition
ing agents can be used to increase the cohesiveness of the pre
cipitated fly ash. 166 ' 260 This capability can be utilized to 
reduce emissions due to particle reentrainment caused by rapping, 
high gas velocities, or hopper boil-up. Conditioning can cause 
particulate·reentrained due to -rapping to consist of large agglo
merates which can be easily recollected. Third, certain chemical 
conditioning agents can be used to introduce a beneficial space 
charge effect in the precipitator. 164 With a beneficial space 
charge effect, higher applied voltages can be obtained at a given 
current density than in the unconditioned gas .. Th~ ~ncrea7e in 
applied voltage can be large enough to make a signif1C?ant impro:re
ment in precipitator performance. The thr~e e~fect7 Just described 
have been substantiated and discussed earlier in this text. Fourth, 
certain chemical conditioning agents can be used to increase the 
resistivity of unconditioned ash from extremely low values (less 
than ios ohm-cm) to values (approximately 10

10 
ohm-cm) which are . . . t t . i s 6 , 2 s o The · 

more favorable for electrostatic precipi a ion. in-
crease in resistivity reduces.particle reentrainment due to 
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scouring and rapping by increasing the electrical forces holding 
the ash layer to the collection electrode. In addition, if the 
low value of resistivity is due to an excess of S0 3 caused by 
burning high sulfur coal, the Condi t:i:oning acJent ad"ded in a hot 
sectic;>n of the boiler may remove exce~s S03 1?¥ neu~ra~izii:g·. 
reactions on the surfaces of the particles. 2 " · This is s1.gn1-
f icant because high exJ.t gas temperatures are maintained in 
order to prevent condensation of excess S0·3 f·rom the· flue .gas. 
which could result in corrosion and c:!_ir preheater· pluggage. · .This 
method of operation not only reduces boiler efficiency, but also 
increases the gas volume and velocity through the precipitator, 
thus reducing the precipitator performance. Fifth, there have 
been claims that certain chemical conditioning agents can favor
ably modify the fly ash particle size distribution by causing 
agglomeration of particles. 261 However, this effect has not 
been substantiated. If significant agglomeration of fine 
particles can be produced, a larger particle size distribution 
which can more easily be collected would be produced. Due to 
the wide applicability of chemical conditioning agents, one manu
facturer of conditioning systems is now offering a performance 
guarantee that its system will reduce emissions in excess of 
compliance levels by a minimum of 60%, regardless of type of coal, 
boiler, or precipitato~. 262 In order to take advantage of the 
multiplicity of mechanisms of fly ash conditioning, the technique 
of dual injection can be utilized. 260 This technique involves 
the application of one additive into a hot section of the boiler, 
followed by injection of the same or a different additive into 
a relatively low temperature zone, usually after the air heater. 

In addition to offering improved precipitator performance, 
chemical flue gas ~onditioning has several favorable economic 
aspects. First, the capital costs of a new precipitator installa
tion can be greatly reduced by using a conditioning system in 
conjunction with a relatively small cold-side precipitator. 
Second, less space is required when conditioning is used. Third, 
the retrofitting of existing precipitators can be accomplished 
relatively quickly and with little or no loss in power generating 
capacity. 

Properties and Utilization of Well-Known Conditioning Agents--

Compounds which have been examined for use as conditioning 
agents in cold-side precipitators include sulfur trioxide, annnonia, 
sulfonic acid, sufamic acid, ammonium sulfate, ammonium bisulfate, 
sodium carbonate, triethylamine, and several proprietary 
agents. 156

'
164

'
263

'
264 Table 36 gives the names, chemical for

mulas, and physical properties of some of the conditioning agents 
which have been studied. 263 Some are vapors or liquids that can 
be volatilized without much difficulty. Others are solids that 
may or may not be liquif ied or volatilized without decomposition. 
All of the compounds listed are highly soluble in water. For those 
that are not readily volatilized, aqueous solutions provide a 
convenient method for injection into a flue-gas stream. 
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TABLE 36. PHYSICAL PROPER'l'TES OF CONDITIONING AGENTS 

State at Mp, Bp, 
a 2i ° C (70 °.F) 

---"c ur.1 oc Op Agent Formula 

Sulfur Trioxide S03 Liquid 17 (62) 45 (113) 

Sulfuric Acid 112 so" Liquid 10.6 (51) 326 (619) 

Ammonia NII 3 Gas -78 (-108) -33 (-28) 

Ammonium Sulfate (NH") 2 SO" Solid Dec. b 

Trielhylamine (C2lls) 3N Liquid -114 (-174) 89 (193) 

TrieLhylammonium Sulfate [{C2Ils)3Nil)2 S04 Solid 
Vl 
w b 
I-' Sulfamlc Acid H03S-NII2 Solid 205 ( 4 01) Dec. 

Sodium Carbonate Na2C03 Solid 851 (1564) Dec. b 

a. All compounds are highly soluble in water and some ~re used in aqueous solution. 

b. Dec. signifies thermal decomposition. 



The best known conditioning agent is sulfur trioxide or the 
chemically equivalent compound sulfuric acid. One of the signi
ficant properties of sulfuric acid in flue gas is its tendency 
to undergo condensation from the vapor 'to the liquid state, 
the latter consisting of a mixture of sulfuric acid and water. 
The dewpoint curve given by Verhoff and Banchero 265 for sulfuric 
acid in flue gas containing 10% of water vapor is shown in Figure 
291. If the qas stream is at a given temperature, it can contain 
no more vapor-than is indicated by the appropriate point on this 
curve. At 138°C (280°F), for example, the maximum vapor concen
tration that can exist is 10 ppm. 

Once condensed, sulfuric acid conducts electricity readily. 
Thus, if it condenses on fly-ash nuclei, it provides a conductive 
surface film. If absorbed on fly ash particles under conditions 
that do not allow condensation, it may again provide a conductive 
surface film. Actually, little is known about the chemistry and 
physics of adsorbed sulfuric acid, .but there is evidence that 
part of the adsorbed material may react chemically with ash con
stituents to form non-conductive sulfate salts (such as calcium 
sulfate) but that part retains its integrity as a conductive 
acid. 1 6 4 

All available data indicate that S03 conditioning will signi
ficantly lower the resistivity of an unconditioned, high re
sistivity ash. In this case, S03 conditioning will result in 
improved electrical operating conditions and increased collection 
efficiency. The effects which can be expected from adding the 
other compounds mentioned are not so well defined. The realized 
effects, if any, appear to depend strongly on the gaseous envir
onment and the chemical composition of the ash. In a certain 
application, one of these compounds may improve precipitator 
performance by one or more of the mechanisms discussed earlier 
whereas, in another application, it may have a different or no 
effect. A data base which is much larger than that existing is 
needed in order to establish the effects on precipitator operation 
resulting =rom adding the various possible conditioning agents to 
flue gases of differing gaseous composition and containing par
ticles of differing chemical composition. 

Unlike sulfur trioxide and sulfuric acid, ammonia is not 
recognized as an important naturally occurring constituent of flue 
gas. The distinguishing feature of ammonia vapor in flue gas is 
its behavior as a base. At temperatures that are not too high--say 
around l49°C (300°F)--it is capable of combining with sulfuric acid 
vapor to form ammonium sulfate, as shown by the following reaction: 

There are other acidic gases in flue gas--sulfur dioxide and 
carbon dioxide--but, even though they are present at much higher 
concentrations than sulfuric acid, they are unable to react with 
ammonia. 
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Figure 291. Dewpoint curve for sulfuric acid in the presence 
of 10% water vapor. 
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The addition.of triethylamine to flue gas can be expected to 
lead to similar reactions, for this compound is also a base. It 
is stronger as a base than ammonia, however, and thus it may com
bine with sulfuric acid at higher temperatures or it may even 
react with some of the other acidic gases in flue gas. 

Comparatively little is known about the chemical behavior of 
addition compounds of sulfur trioxide and ammonia that are used as 
conditioning agents. Such compounds as sulfarnic acid and ammonium 
sulfate are frequently added at temperatures around 1100 or 1200°F. 
It is claimed by vendors who sell proprietary blends of these 
agents that injection at high temperatures is needed to decompose 
the agents to other products that are engaged in the actual con
ditioning process. Knowledge of what decomposition processes 
occur at high temperatures or what reactions of the decomposition 
products occur as the gas temperature is lowered is not complete. 
However, the following equ~tions give a fairly realistic estimate 
of reactions that may be expected at high injection ternperatures: 264 

H03S-NH2(s) + S03(g) + NH3{g) 

( NH 4 ) 2 S 0 4 ( s) + S 0 3 ( g) + H 2 0 ( g) + 2 NH a ( g) 

Reversal of these reactions may then occur as the temperature is 
lowered. 

Sodium compounds may be injected into the boiler along with 
coal. 266 In such an event, decomposition will occur: 

The sodium oxide is incorporated in the fly ash and increases the 
sodium content of the ash. Sodium compounds may also be injected 
into the gas stream near the temperature of the electrostatic 
precipitator. 267 In this event, no chemical change is to be ex
pected, and solid particles of the added compound are subject to 
co-precipitation with the ash. 

Utility Utilization and Capital and Operating Costs of Conditioning 
Systems--

Capital and operating costs for cold-side conditioning systems 
will depend primarily on the type of conditioning agent and the 
system used to inject the agent. One company which makes S03 con
ditioning systems estimates the capital costs to be between $2.00 
to $2.50 per KW with operating costs of $0.02 to $0.03 per ton 
of coal burned. 262 As of December, 1978, this company nad 85 
CFGC systems on stream, under construction, or on order, at 13 
utilities, serving more than 16,000 MW of generating capacity. 
Another company which makes conditioning systems for injecting 
proprietary compounds has a system installed with capital costs 
of approximately $0.45 per h'W and operating costs of less than 

534 



$0.50 per ton of coal burned 262 As f 
pany had CFGC systems at 18 ~tilitiesowi~~c~er, 1978~ t~is com-
the units in the range of 200 to 700 MW. e vast maJority of 

Recently, it has been reported that h · · · · 
agents can be utilized to im h c emical conditioning 

. . prove t e performance of poorl 
ating hot-side precipitators 16312s9,260 Lb Y oper-
beedn.tc~nd~cted to ev~lu~te th7 effectivenes: ~~a;~~~r~iu~~~~e~~~ 
con i ioning agents in improving poor hot-t t 
current characteristics which result ~hen ce~~P~~ature volftaghe-
are depo · t d th 1 · a ypes o as es . si e on e co lection electrodes of a precipitator 163 

With resp7ct.to effectiveness in improving the voltage-curre~t 
characteristics, NaHSOi. Na" S0 4 NaOH Na HOP :·nH KHSO d 

C
o I ~ f f 2 I+ f • -' f I+ f an 

Na2 3 were evaluated as good, NaCl and NaHco 3 were evaluated as 
moderate to good, NH3 was evaluated as moderate, triethylamine 
and ferrous sulfate were evaluated as moderate to poor and so 
NH3 '. ~03, (NH~) ~so,., and Ti02 were evaluated as poor.' All th~~e 
conditioning agents were in the solid form except NH 3 , so 3 , and 
NH3 + S03. It has been reported that conditioning with sodium 
7ar1?°nate.and certain proprietary compounds has been successful 
in improvinq the performance of full-scale hot-side precipita-
tors 1 5 9 ' 2 6 o- Th· ff · ' · . . . .·is o ers another possible option for upgrading 
existi~g hot-sid7 precipitators which are not performing adequately. 
A particular sodium based conditioning system has been installed 
with capital costs ranging between $1.75 to $2.00 per KW and 
ope~ating costs between $1.00 to $1.20 per ton of coal. 259 

Possible Disadvantages of Chemical Flue Gas Conditioning--

Al though chemical flue gas conditioning offers several attrac
tive, potential benefits, there are several possible disadvantages 
which must be considered. First, a chemical injection system 
must be operated and maintained. Second, certain chemical com
pounds which are effective in improving precipitator performance 
are hazardous. Third, the effects that conditioning with certain 
chemical compounds will have on precipitator performance cannot 
always be predicted in advance. Fourth, in certain cases, the 
injection of che~ical conditioning agents has resulted in an ash 
which was very sticky. If this situation results, the rapping 
forces might not be sufficient to remove the-material collected 
on the discharge and collection electrodes. In addition, if the 
conditioning agent is injected on the hot gas side of the air 
preheater, pluggage and fouling of ~he air p:eheate~ would r7s~lt. 
Fifth, operating costs associated with cert~in che~ical condit7on
ing agents can be significant. Sixth, po~s7bl7 future regulations 
concerning the emissions of ~he~ical con~itioning agents may make 
flue gas conditioning more difficult t~ impl~ent and ~ess effec
tive. Future regulations appear plausible since certain agents may 
be potentially hazardous. It is inconsis~ent to r~gula~e.the 
emissions of certain gases such as SO~ wh7le.2:.~lowing sim7l~r 
injected gases such as so 3 to escape in s1gnir1~a~t quantities. 
Sufficiently high concentrations of S0 3 at sufficiently low 
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temperatures will produce a highly visible blue plume due to the 
condensation of H2S04. It has already been emphasized by an EPA 
official that any emissions of sulfuric acid, 50 3 , or ammonia 
resulting from chemical treatment should not exceed a combined 
total of 10 ppm.~ 6 2 Also, it should be pointed c·OUt that only a 
few parts per million of certain conditioning agents contain a 
significant amount of mass. For example, 5 ppm of 50 3 is equi
valent to 20 µg/m 3 (about 0.01 gr/ft 3

). Thus, the possibility 
exists of treating the emissions due to conditioning on a mass 
basis and adding this to the mass due to fly ash emissions in 
order to obtain the total particulate emissions. This type of 
treatment of emissions of chemical conditioning agents would 
require that a high percentage of the injected agent be adsorbed 
on the surfaces of the fly ash particles. 

Precipitator Requirements and Economic Comparisons--

Precipi tator requirements and economic comparisons for the 
different precipitator options can be estimated by using the 
projections obtained from a mathematical model of electrostatic 
precipitation. 137

' 
152 Figure 292 shows projected curves for over

all mass collection efficiency as a function of specific collection 
area for several cases where the different precipitator options 
can be compared. The curve for an ash resistivity of 4 x 10 10 

ohm-cm at 148°C (300°F) corresponds to an ash with a favorable 
resistivity without conditioning or to an ash with an unfavorable 
resistivitv that can be conditioned to a guaranteed resistivity 
of 4 x l0 1 t ohm-cm. The curves for ash resistivities of 1 x 10 11 

5 x 10 11
, and l x 10 12 ohm-cm at 148°C (300°F) correspond to 

cold-side precipitator operation without conditioning. The curve 
for hot-side precipitator operation with normal voltage-current 
characteristics ~as obtained based on electrical operating con
ditions demonstrated in Figure 200. The curve for hot-side pre
cipitator operation with anomalous voltage-current characteristics 
was obtained based on electrical operating conditions demonstrated 
in Figures 203 and 204 and an adjustment to these conditions, as 
described elsewhere, 256 in order to obtain agreement with measured 
data. 

All the curves were generated for an electrode geometry con
sisting of plate-to-plate and wire-to-wire spacings of 22.86 cm 
(9 in) and a corona wire diameter of 0.277 cm (0.109 in). The 
cold-side precipitator calculations, the maximum allowab'le current 
density for a given value of ash resistivity, was estimated by using 
the experimental data shown in Figure 208. Although these values 
of current density are probably somewhat conservative for the 
higher values of ash resistivity since higher useful currents 
might be obtained with the presence of limited back corona, it 
is best to be conservative in design due to the lack of predictive 
capabilities concerning back corona. Operating current densities 
for the resistivities of 4 x 10 10 , 1 x 10 11 , 5 x 10 11 , and l x 10 12 

ohm-cm were chosen to be 22.0, 8.9. 1.7, and 0.9 nA/cm 2
, respectively. 
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Figure 292. Effect of specific collection area on overall mass 
collection efficiency (curves based on a fractional 
gas sneakage of 0.05 and a normalized standard of 
deviation of gas velocity distribution of O. 25) . 
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The applied voltage in each electrical section for a specified 
current density was estimated by using the experimental voltage
current curves shown in Figure 196. These data are representative 
of a full-scale, cold-side precipitato.r treating an ash with a · 
resistivity of approximately 2 x 10 10 ohin-crn. ·The calculations 
were based on a precipitator with four electrical ·sections in the 
direction of gas flow. An applied voltage for use in.the second 
and third electrical sections of the specified precipitator wa·s 
obtained by averaging the values from the experimental inlet 
and outlet curves. 

For all the curves, specific collection area was varied in 
the calculations by changing the gas volume flow and holding the 
plate area fixed. Although the voltage-current characteristics 
will change to some extent with changes in gas volume flow, it 
was assumed that they remain constant in making·the calculations. 
The number of baffled sections for gas flow redirecti9n was 
increased appropriately with increasing specific collection area 
in order to account for increased precipitator size. 

The measured inlet mass loading and particle size distribution 
used in the calculations are typical of fly ash generated by coal
f ired boilers. The inlet mass loading was 5.7 gm/m 3 (2.5 gr/acf). 
The log-normal fitted inlet particle size distribution had a mass 
median diameter of 25.5 ~m with a geometric standard deviation of 
5.1. To account for the effect of particle size distribution, 
especially in the fine particle range (0.25-3.0 µm), the measured 
particle size distribution was divided into size intervals with 
midpoin::s of 0.2, 0.4, 0.7, 1.1, 1.6, 2.5, 3.5, 4.5, 6.0, 8.5, 
12.5, 20.0, and 27.5 µm. 

The curves were generated based on a fractional gas sneakage 
and particle reentrainrnent without rapping per baffled section 
of 0.05 and a normalized standard deviation of the gas velocity 
distribution of 0.25. These values are typical of a precipitator 
which is in good mechanical condition. All overall mass collection 
efficiencies have been corrected for rapping reentrainment using · 
an empirical procedure based on field test data from full-scale 
precipitators as discussed earlier. 19

'
137 

The curves in Figure 292 do not address the problems of (1) 
opacity, (2) variations in the significant parameters influencing 
precipitator performance, and (3) outage of electrical sections. 
Therefore, these curves are intended only for use in making 
relative comparisons of the different precipitator options for 
treating ashes with different resistivities and should not be 
used per se for design purposes. Problems (2) and (3) can be 
conservatively accounted for by designing the precipitator with 
more collection area than that needed to achieve the desired col
lection efficiency- However, problem (1) requires a somewhat 
extensive analysis to determine if the opacity standard will be 
met and to determine what safety margins should be included in 
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t~e.precipitator design to account for normal variations in pre
c1p1tator parameters th~t ~ould cause an increase in opacity. In 
many cases, the mass emissions standard will be attained at 
collection efficiencies well below that needed to meet the opacity 
standard. 

The curves in Figure 292 can be used to make a relative 
economic comparison of the different precipitator options in terms 
of total fixed (capital) investment for an 800 MW unit. As an 
example, the total fixed investment for each of the precipitator 
options can be determined based on a required overall mass col
lection efficiency of 99.5%. The design parameters for the dif
ferent prec ipi ta tor options, cold-side ash res is of:~. 'Ti ty values, 
and possible hot-side electrical conditions are g~ven in Table 37. 

Estimated costs for cold-side, hot-side, and conditioned pre
cipitators for use on an 800 MW unit have been published recent
ly. 259 These estimates will be used here for comparing the 
.relative capital costs of the various precipitator options. 
In this particular analysis, cold-side, hot-side, and conditioned 
precipitators would cost $14.82, $15.65, and $16.62 per square 
foot of collection plate area, respectively. 

1. 

2. 

3. 

4. 

5. 

6. 

The quoted costs include the following items: 

A gas volume flow for the cold-side precipitator systems which 
includes 9% leakage at the air heater. 

Base equipment. 

Flues which are sized to provide a gas velocity of 18.3 m/sec 
(60 ft/sec). 

Plenums. 

Necessary expansion joints for thermal motion and dampers for 
isolation and gas distribution. 

Accessories which include safety interlocks, inter~al walkways, 
hopper heaters, hopper level indicators, remote controls, t~ans
former-rectifier removal systems, weat~er e~closures, g~s dis-

. tribution devices, facilities, and typical instrumentation. 

7 .·. Support structures. 

8. 

9. 

10. 

Erection. 

Insulation. 

· the case of the cold-side preso3 gas conditionin~ ~ys~em in 
cipitator with conditioning. 
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Gas Volume Flow 
m3 /min (1, 000 ACFM) 

Gas Temperature °C ( o F) 

Collection Efficiency (%) 

l;n Collecting Surface Area .... 
0 1,000 m2 (l,000 ft 2

) 

Sfecific Collection Area 
m (m 3 /sec) (ft 2 /l,OOO 1\CFM) 

Tl\BLE 37. DESIGN Pl\Rl\METERS FOR DIFFERENT PPEClf'ITJ\TOR OPTIONS !\ND 
OPERATING CONDITIONS ON l\N 800 M\v UNIT 

Cold ESP 
r=4xl0 10 l"l-cm 

(conditioned or 
unconditioned) 

78.4 (2,800) 

149 (300) 

99.5 

61.1 (658) 

46.3 ( 235) 

Cold ESP 
p=lxlO 1 1 l"l-cm 

78.4 (2,800) 

149 (3 00) 

99.5 

98.8 (1, 064) 

74.9 ( 380) 

Cold ESP 
p=5xl0 I I fl-cm 

78. 4 (2, 000) 

149 ( 300) 

99.5 

212 (2, 282) 

160.6 ( B 15) 

Cold ESP 
p=lxl0 12 12-cm 

78.4 (2' 800) 

149 ( 3 00) 

99.5 

289 {3,108) 

218.7(1,110) 

Hot ESP 
Normal V-I 

114. 5 (4,089) 

343 ( 650) 

99.5 

114. {1,227) 

59.1 (JOO) 

llot ESP 
Anomalous V-I 

114. 5 (4, 089) 

34 3 (650) 

99.5 

152 (l,636) 

78.8 ( 400) 



11. Ash handling system at $5,000 per hopper. 

12. Capacity charge at $800/KW. 

13. Required land at $10,000/acre. 

Based on the above considerations Table 38 · · - h d ·ff · . ' gives a comparison or t e i erent precipitator options under di'~f t · 
d

. . . __ eren operating 
con itions in terms of total fixed investment Th · . . . e comparisons 
in Table ?S.and Figure 2~2 show several points of interest. First, 
a~ unc~nditio~ed, cold-side precipitator is the most economically 
erfective option for ash resistivities of 4 x 1010 ohm-cm 1 

d · dd · · or ess 
an ~ i~ ~ i~ion, should be considered seriousl 1 until the ash 
r~si7t~v~ty is greater than 1 x

1
tot 1 ohm-cm. se~ond, for ash re

sistiv:ti~s greater.than.l x 10 ohm-cm, flue gas conditioning 
and ho~-side operation with normal voltage-current characteristics 
become at~r~cti~e options from an economic standpoint when compared 
to unconditionea, cold-side operation. However at best hot-side . . ' , 
operat~on w~ll be a ~actor of 1.76 times as costly as cold-side 
?per~tion with conditioning. Third, if a hot-side precipitator 
is sized to account for the possibility of anomalous voltage
current characteristics, then it will cost a factor 1.33 times 
that of a hot-side precipitator with normal voltage-current char
acteristics. This would make the hot-side option extremely 
unfavorable when compared to flue gas conditioning and would 
make it competitive with unconditioned, cold-side operation 
treati~g ashes with resistivities near 5 x 10 11 oh.~-cm or less. 

Since annual operating and overhead costs will be dominated 
by amortization of the debt (including interest, taxes, and in
surance at approximately 20% of the total fixed investment) , the 
relative comparison of these costs between the different pre
cipitator options should parallel that of the total fixed invest
ment analysis. The operating· costs include· { 1) heat loss for the 
hot-side options, {2) an energy charge for all the options that 
depend on power input to the transformer/rectifier sets and 
pressure drop across the precipitator, (3) cost of the condition
ing agent for the flue gas conditioning option, and (4) maintenance. 
These operating costs are small compared to the a~ort~zation and 
at most will probably not exceed 25% of the amortization. The 
heat loss pe~alty for the hot-side option ~ill probably make the 
estimate of its operating costs somewhat higher than the other two 
options when all three options are evaluated for the coll7c~ior: 
of high resistivity ash. of course, the cost of the conditioning 
agent can vary w~dely, depending on the ~ype of agent an~ th~ . 
supplier. Finally, the estimation of maintenance costs.i~ diffi
cult ·.and would vary significantly from one type of precipitator 
to an=other. 

Due to the uncertainties involved in estimating.the.operating 
costs for the different options, this type.of ana:ysis will~not be 
pres·ented here. However, estimated operating cos ... s can be J..ound 

elsewhere. 259 

541 



U1 ..,, 
Total N 

Investment 

Relative 
Investment 

Ratio 

Cold ESP 
p=4xl0 I 0 n-cm 

( Wlcondi tioned) 

9 I 752 

1. 00 

Tl\BLE 38. TOTAL FIXED INVESTMENT Of' PRECIPITATOR OPTIONS UNDER 
D1Ff'EHENT OPEHJ\TING CONDITIONS FOH AN BOO MW UNIT ($1000) 

Cold ESP 
p=4xl0 I 

0 n-cm 
(conditioned) 

10,936 

1. 12 

Cold ESP 
r=lxl0 11 n-cm 

15,769 

1. 62 

Cold ESP 
p=Sxl0 11 n-cm 

33,819 

3.47 

Cold ESP 
fJ=lxlO 1 zn-cm 

46. 061 

4. 72 

!lot ESP 
Normal V-1 

19·,203 

l. 97 

Hot ESP 
Anomalous V-I 

is ;irn3 

2. 63 



SECTION 9 

SAFETY ASPECTS OF WORKING WITH 
ELECTROSTATIC PRECIPITATORS 

RULES AND REGULATIONS 

The only regulations specified by OSHA as being applicable 
to safety practices around an electrostatic precipitator are 
(1) the National Electrical Code - found in 29 Code of Federal 
Regulations 1910 Subpart S, and (2) Occupational Health and En
vironmental Control - found in 29 Code of Federal Regulations 
1910.1000 Air Contaminants. Table 7-3 of the CFR gives exposure 
limits to silica and coal dust, and Table 7-1 of the CFR s~ts an 
exposure lL~it for ozone, which is produced during electrical 
discharge, and for sulfur dioxide, which results from coal com
bustion. 

HAZARDS 2 6 a , 2 6 9 , 2 1 o , 2 1 l 

Since the operation of an electrostatic precipitator involves 
high voltage, extreme caution should be taken when inspecting and 
troubleshooting to avoid electrical shock. Also, serious fires 
and explosions have occurred, resulting in large losses and long 
shut-downs. Other hazards one encounters while inspecting pre
cipitator internals involve toxic gases, especially ozone and 
sulfur oxides, sudden accidental activation of rapping equipment, 
possible burns and heat exhaustion from working inside the shell, 
eye and lung contamination from foreign particles, especially fly 
ash, and the possibility of falling from areas being inspected. 
These hazards and preventive measures will be discussed in detail 
below. ' 

Fire And Explosion Hazards 2691272 

Combustion may be defined as the rapid che..~ical combination 
of oxygen with the combustible elements of a fuel. There are just 
thre-e combustible -chemical elements of significance - carbon~ 
hydrogen, and sulfur. sulfur is of minor significance as a source 
of heat. Carbon and hydrogen when burned to completion with oxygen 
unite as shown below: 

C + 0 2 = C02 + 14,100 Btu/lb of C 

2H 2 + 0 2 = 2H20 + 61,100 Btu/lb of H2 
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Excess air, blown into the primary furnace of the steam 
generator, is the usual source of oxygen for boiler furnaces. 
The objective of good combustion i.s.. to release heat while mini
mizing losses from combustion .. imperfec'tions and superfluous air. 
Adequate combustion then requires temperatures high enough for 
ignition, turbulence or mixing, and sufficient time. These 
factors are known as the "thr.ee T's" of combustion~ If one of 
these requirements is deficient incomplete combustion occurs 
with its resultant unburned carbon constituents. Fires can 
quickly become a problem with the presence of combustibles, -· 
oxygen, and source of ignition (high voltage spark.:j,.p,gJ ... 

Some of the areas in which fires have occ ,;,r::-ed due to poor .. 
combustion are in the electrostatic precipitators.-.themselves, 
air heaters, flues, ducts, coal pipes, and precipitator hoppers. 
In one case where improper combustion occurred, there was ex
cessive air in-leakage between the primary furnace and the pre
cipitator. This air leakage, together with unburned carbon and 
arcing in the precipitator, caused a fire. In another case the 
formation of clinkers (large carbonaceous ash masses which adhere 
to tube surfaces) produced plugged secondary superheaters which 
allowed more fuel to carry over to the precipitator. 

In summary, poor maintenance and poor operating practices 
at the plant facility are the major causes of fires and explosions 
in electrostatic precipitators. Poor combustion due mainly to 
improper amounts of excess air appears to be the major operating 
practice leading to fires. 

Electrical Shock Hazards 269 

Electrical shock to operators of precipitators is due to the 
failure, misuse, or faulty condition of electrostatic precipitator 
equipment and may cause the following conditions: painful shock 
from sudden contact, resultant action from shock contributing to 
a secondary hazard (falling, dropping tools, etc.), flesh burn&~ 
at points of contact, and death if the victim cannot release him
self from the energized conductor within a reasonable period of 
time (this factor depends greatly upon one's physiological con
dition, amount of current, resistance and path of current flow 
through the body, and type of electrical energy in question). 

Pure direct current produces a steady sensation of intense 
heating and burning along the current path with only slight muscular 
contraction. A direct current flow of ten milliamperes through the 
body causes little or no sensation, but secondary hazards, such as 
falls, are possible. At about 60 to 80 milliamperes the sensation 
becomes unbearably painful, with no tissue damage. However, the 
muscular reactions due to breaking contact may·be sufficient to 
throw a person bodily. With higher currents the above effects 
are increased and serious burns may be encountered. Fibrillation 
appears in the range of 500 to 2000 milliamperes on contacts that 
exceed a quarter of a second. 
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La~ge, high.voltage electrostatic precipitators usually have 
double interlocking safety controls to prevent electrical shock 
accidents. These safety controls prevent entrance into the elec
trostatic precipitator unless the unit has been deenergized. If 
th~ primary sa~e~y cont~ol.fails and the access door is opened 
while the precipitator is in operation, th~ secondary control 
immed~ately grounds ou~ the transformer and the unit is deenergized. 
Sometimes, however, maintenance and operation personnel do not 
want to take the time necessary for proper shutdown and bypass the 
interlocking safety controls. When safety controls are misused in 
this way, accidents often result. Another potential problem with 
the safety controls occurs when they are not insoected and main
tained periodically. An actual case of electroc~~ion occurred 
when sa=ety controls, which operated in a corrosive a~~osphere, 
corroded to t~e point of not functioning. When a worker entered 
the unit, thinking it would be deenergized, electrocution resulted. 

Poking the precipitator collection hoppers with long poles 
to facilitate the flow of bridged fly ash is a common practice. 
Obviously a non-conductive pole, never a metal pole, should be 
used. If a metal pole makes electrical contact between the 
energized parts of the unit and the hopper, electrocution could 
result. 

Toxic Gas ~azard 

Purging the inside of the electrostatic precipitator with air 
is necessary before allowing personnel to enter because of the 
presence of toxic gases. Sulfur oxides and ozone are two gases 
which can be present in concentration great enough to cause a 
health risk. Sulfur dioxide and sulfur trioxide are common gas
eous emissions when burning sulfur-containing coal. Sulfur 
trioxide (S0 3 ) is not likely to be present in large quantities 
(a few parts per million) but it readily combines with water 
vapor to form sulfuric acid mist and can be dangerous. Sulfur 
dioxide (50 2) could be present in several hundred or even several 
thousand oarts per million inside the precipitator depending upon 
t~e sulf~~ content of the coal. The taste threshold for S02 is 
about 0.3 ppm, and S0 2 is a very unpleasant experience at 1 ppm. 
A level of 5 opm of S0 2 causes resoiratory irritations and even 
spasmodic rea~tions in some sensitive individuals. 273 Ozone is 
produced by the discharge of high tension electrical current in
side the precipitator. The body is very sensitive to ozone, 
de~ecting its odor as low as 0.02 ppm. Nasal and throat irrita
tion occur at 0.3 ppm. At l ppm~ severe restriction of respiratory 
passages occurs and many persons cannot tolerate higher concentra
tions. Ozone appears to damage lung tissue by accelerating the 
aging process, making it more susceptible to infection. 

Other More Minor Hazards 270 

The rapping area contains rotary equipment which is deener
gized when the weather enclosure door is open. However, if the 
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door is closed the equipment may operate if a padlock is not used 
to lock open the disconnect on the panel feeding the rappers. 

Heat exhaustion and/or severe burns can result from enter.ing · 
the precipitator. too soon .after shut:-down since .the steel ta:ke:s a 
very long time to cool dawn. 

Eye protection should be worn to protect eyes. from fly ash 
and other foreign particles. 

There are areas within the precipitator from which one could 
fall. Ladders should be properly secured and safety belts may be 
appropriate. 
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SECTION 10 

M.A.INTENANCE PROCEDURES 

Proper maintenance precautions and procedures can make the 
difference between an electrostatic precipitator which operates 
satisfactorily and one which is continually beset with operational 
difficulties. Most of an installation's problems are mechanical 
in nature and, though many of the breakdowns can be traced to poor 
structural design or poor installation, poor maintenance is the 
cause often enough to merit a detailed discussion. Two general 
categories of precipitator maintenance problems exist: those 
problems due to lack of proper preventive maintenance and those 
problems associated with failure or breakdown of precipitator 
components. A careful, step-by-step start-up procedure is an 
invaluable preventive maintenance aid, and a tr~ical start-up 
procedure and inspection is given in Table 39.- 4 After start-up 
preventive maintenance schedules should be established to conform 
to the requirements for the particular installation. A typical 
maintenance schedule for an electrostatic precioitator is given 
in Table 4 0 • 2 1 i., 2 1 s, ~ 1 s -

Several surveys have been conducted in an effort to identify 
the major sources of operating malfunctions most cowmonly encoun
tered with electrostatic precipitators. 277

'
278

'
279

'
280 A survey 

conducted by the Industrial Gas Cleaning Institute in 1969 iden
tified probla~s in the order listed in Table 41. 279 The number 
identi=ied with each problem is a percentage of the respondents 
identi=yi~g the particular component as a maintenance problem. 
Results of a 1974 Air Pollution Control Association (APCA) survev 
of electrostatic precipitator maintenance are similar (Table 42)~ 279 

Discharge electrode failures are typically caused by electri
cal arcing, corrosion, and fatigue. When a wire breaks an elec
trical short circuit often occurs between the high-tension dis
charge wire system and the grounded collection plate. The short 
trips a circuit breaker, disabling a section of the precipitator 
.until the discharge wire is removed or replaced. Some of the more 

· f · f d · ha · b ka · 2 7 7 common speci ic causes o isc rge wire rea ge are. 

(1) Inadequate rapping of the discharge wire which eventually 
allows arcing to occur. 

(2) Improperly centered wires leading to sparking at those 
points too near the bracing. 
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TABLE 39. INITIAL ELECTROSTATIC PRECIPITATOR 
START-UP PROCEDURE AND INSPECTION 274 

Ducting 

1. Check all ducting for foieign materi~l. 
2. Check all welded joints for leakage. 

Internals 

1. Check collecting plates for straightness a~J flatness and 
give tolerances. 

2. Check spacing of collecting plates and give tolerances. 
3. Check pendulum movement of collecting plates. 
4. Check rappers for freedom of movement .and alignment. 
5. Check the spacing between the plates and discharge wires and 

give tolerances. 
6. Spot check discharge wires for proper tension. 
7. Check for foreign material clinging to discharge wires, col

lecting plates, precipitator chamber bottom, and hopper area. 
8. Check all welds on high voltage frames. 
9. Check all mo~ors, bearings, reducers, etc. for proper lub

rication. 
10. Check all motors for direction of rotation. 
11. Check underside of insulators for cleanliness, foreign 

material, and position of high voltage hanger rods. 

Insulator Compartment 

1. Check insulator compartment for debris. 
2. Check insulator for cracks. 
3. Check installation of high voltage hanger. 
4. Check welds on high tension hangers. 
5. Check for dryness. 

Access Doors 

1. Insure that door is free swinging. 
2. Check latches for tightness when door is shut. 
3. Check gasket for gas tight seal. 

Rapper Drives 

1. Check alignment of all rapper shafts. 
2. Check for proper installation of insulators through casing 

wall for high voltage rapper shafts. 
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TABLE 39 (CONTINUED) 

Hopper Conveyors 

1. Check rotation of screw conveyors if used. 
2. Check for binding~ 

Safety Interlock system 

1. Check to insure that all keys are in master keyboard. 
2. Check all key-locks to insure that safety lock is operating. 

Electrical 

1. Inspect the control panel and insure that all motor and heater 
control circuits, inter-locking arrangements, and remote con
trols function properly. 

2. Arrange that all time relays, end position switches, rotation 
guards, etc. be set properly and that the function of all 
alarm signals be checked. 

3. Check that all electric heaters function and set the thermo
stats correctly. 

4. Inspect the rectifier units with regard to oil level, etc. 
(:allow rectifier manufacturer's instructions) 

5. Inspect all transformer rectifiers. 
6. Check all electrical wiring to precipitator. 
7. Check wiring between control cabinet and high tension trans

formers to be certain control cabinet is actually connected 
to the proper high voltage transformer and that interlocks 
are in the proper sequence. Check ground wiring. 

8. Connect cne recti:ier unit at a time corresponding to the 
emitting system of the precipitator. 

9. Start the rectifier. 
10. Check current and voltage at different settings and test the 

signals circuits. 
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TABLE 40. TYPICAL MAINTENANCE SCHEDULE 274 • 275 •276 

1. Check for drift ·Of meter readings away from baseline .values 
established when ESP was installed. Record readi:ng·s for each 
control unit. 

2. Keep an accurate log of all aspects of .preci.pitator operation. 
In addition to the electrical data, record changes in rapper 
and boiler operation and variations in fuel quality. 

3. Check insulator heaters for operation mode ~n5 record ammeter 
readings of each insulator heater. 

4. Check all "Push to Test" lights on panel and replace as 
necessary. 

5. Check all rapper timers for operation. 

6. Test annunciator panel for operation and replace any bad 
lights. 

7. To warn of hopper ash buildup and ash conveyor stoppage, check 
skin temperature of hopper. 

8. Check operation of rapper and vibrator controls. 

9. Check oil level of all transformer-rectifier units and record 
oil temperature. 

10. Note and report any leaks on tank of transformer-rectifier. 

Weekly 

1. Make visual inspection of rapper action and check vibrator 
operation by feel. 

2. Check control sets internally for deposits of dirt that may 
have penetrated the filter. Accumulation of dirt can cause 
false control signals and can be destructive, particularly to 
large components such as printed circuits. 

3. Clean all insulators. 

4. Check access doors for tightness. 
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TABLE 40 (COilTINUED) 

Monthly 

1. Shut down unit, tag switches, apply ground protectors, and 
proceed with inspection and maintenance. 

2. Using low pressure air, blow out rectifier compartments and 
control cabinets. 

3. Clean with carbon tetrachloride and check f~~ chips and arc 
tracks the following: 

a. transformer bushings 
b. stand-off insulators 
c. potheads 
d. rectifier rotor and cross arms 
e. rectifier tubes 

4. Clean or change ventilating fan air filters. 

5. Check rotor and stator shoes for wear and proper adjustment. 

6. Inspect on the drag motor the foundation bolts, alignment, 
and rotor end play. 

7. Inspect on the screw conveyor motor the foundation bolts. 

Quarterly 

l. Clean inside all panels. 

2. Check all electrical components for signs of overheating. 

3. Clean and dress electrical distribution contacts, surfaces, 
and lubricate pivots. 

4. Check vent fan for operation and check clearances bet.;een 
blades and shroud. 

5. Install· new filters in control panel. 

6. Routine inspection, cleaning, and lubrication of hinges and 
test connections. 

7. Exterior inspection for corrosion, loose insulation, exterior 
dam.age, and loose joints. 
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TABLE 40 (CONTINUED) 

Annually 

1. Remove dust buildup on wires and plates, and adjust intensity 
of rappers and vibrators if necessary. 

2. Inspect perforated diffuser screen and breeching for dust 
buildup. 

3. Perform maintenance and lubrication of press·..::-ized fans and 
check for leaks in pressurized system. 

4. Check for loose bolts in frames, verify that suspension sprinss 
are in good order, and examine wearing parts. 

5. Inspect discharge wires for tightness and s_igns of burning and 
measure to see if they hang midway between plates. 

6. Check plates for alignment and_ spacing. 

7. Check insulators for cracks. 

8. Drain oil, wash out, and refill gear boxes. 

9. Check transformer fluid and dielectric strength. 
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TABLE 41 

MOST COMMON MAINTENANCE PROBLEMS 279 

Component 

Discharge Electrode Failure 

Rapper Malfunctions 

Insulator Failures 

General Dust Buildup Causing Shorts 

Hopper Plugging 

Transformer Rec~i=ier Failures 

553 

Percent 

68 

40 

28 

28 

24 

20 



TABLE 42. POWER PLANT ELECTROSTATIC P'RECIPITATOR 
MAINTENANCE PROBLEMS 279 

Major 
Maintenance Component Failure Frequency, % 

Component Problem, % Frequent Infrequent Very Seldom 

Discharge 
Electrodes 35.2 29.5 38.6 28.4 

Dust Removal 
Systems 31. 8 36.4 42.0 20.5 

Rappers or 
Vibrators 5.7 9.1 38.6 47.7 

Collecting 
Plates 13.6 4.5 7.9 68.2 

Insulators 1.1 8.0 34.1 48.9 
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(3) Clinker or a wire that bridges the collection plates and 
shorts out the wire. 

(4) Ash buildup under the wire, causing it to sag and short 
out. 

(5) Corrosion caused by condensation. 

(6) Excessive localized sparking leaqing to wire erosion. 

(7) Fatigue leadinq to wire breakage, especially at those 
points where wires are twisted together. 

(8) Fly ash buildup in certain spots which leads to a clink~~ 
and burns off the wire. 

Continuous sparking at any one location along a discharge wire will 
ultimately lead to wire failure since small auantities of metal are 
vaporized with each spark. Localized sparki~g can be caused by 
misalignment of the discharge electrodes during construction or 
by electric field variations caused by "edge" effects where the 
discharge and collection electrodes are adjacent to each other at 
the top and the bottom of the plates. Mechanical fatigue often 
occurs when the discharge wire is twisted around the support collar 
at the top of the discharge electrode. 

Since the existence of temperatures below 121°C (250uF) may 
lead to excessive corrosion and fouling of the cold-end elements 
of the air heater and corrosion of cold-side precipitator elements, 
the topics of corrosion and fouling are of considerable importance 
and deserve proper attention. However, since proper design should 
result in temperatures above 121°C (250uF) and since an adequate 
coverage of the topics of corrosion and fouling requires extensive 
text, a discussion of low temperature corrosion and fouling is 
given in Appendix D instead of in the main text. Appendix D in
cludes discussions of (1) sulfuric acid occurrence in flue gas 
based on SOx, H2 0, and H2 S04 equilibria, determination'of the 
sulfuric acid dew point, and condensation characteristics, (2) 
factors influencing corrosion rates such as acid strength, acid 
deposition rate, fly ash alkalinity. and hydrochloric acid, (3) 
fouling of low temperature surfaces, ( 4) laboratory corrosion 
studies, and (5) power plant data. 

Problems with the dust removal systems are caused primarily 
by hopper plugging, followed by screw conveyor and dust valve 
deficiencies. Improper adjustment of hopper vibrators or complete 
failure of the ash conveyor are common causes of hopper overflow. 
Heaters and/or thermal insulation for the hoppers to prevent ash 
agglomeration may be helpful in some cases. 

Rapping is reauired for both discharge and collection elec
trodes. A number of different rapping systems are used but those 
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rapping systems using vibrators, either. pneumatic or electric, 
appear to require more maintenance than impulse-type systems. 
Failures of support insulators are caused primarily by arc-overs 
from accumulations of dust or moisture on the surface of the 
insulator. These failures are often caused by inadequate pres~ 
surization of the top housing of the insulators. 

Other problems W:hich·cause difficulty, but to. a less.er extent, 
are dust buildup in -the upper outside corners .o£)iqppe·rs, .. :c.orro-·· 
sion in the less accessible parts of the precipitator such as 
around the access doors and frames, box girders, and housing, 
plugging of gas distribution plates, problems with rapping system 
drives, wear of rappers and bushings, and problems of wear and 
movement occurring at points of impact. 

Another point of inquiry in the APCA survey involved overal: 
experience with electrostatic precipitators from operational 
and maintenance standpoints. The utilities' responses were: 

Utilities - Operation of Precipitators 

Excellent Good Fair Poor 

14.8% 45.5% 29.5% 10.2% 

Utilities - Precipitator Maintenance 

Excellent Good Fair Poor 

13.6% 52.3% 13.6% 20.5% 

Some of the data reported represent precipitator installations that 
have been in service for many years and often these installations 
have not received proper attention. 

Proceedings from a recent specialty conference on the operation 
and maintenance of precipitators would be extremely useful to 
users who experience many of the problems discussed in this sec
tion. 2 8 1 
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SECTION 11 

TROUBLE SHOOTING 

DIAGNOSIS OF ESP PROBLEMS 

Causes for an electrostatic precipitator to fail to achieve 
its design efficiency can be due to poor maintenance as dis
cussed in the previous section, or they can be due to inadequate 
design, electrical difficulties, improper gas flow, inadequate 
rapping, installation problems, electrode misalignment, or impro
per operation. 

Structural engineering and design considerations are frequently 
overlooked by the engineer who specifies and buys electrostatic 
precipitators, for he often assumes that the manufacturer's ex
perience and engineering capability is sufficient. In the com
petitive atmosphere which exists among precipitator manufacturers, 
a manufacturer normally proposes only the equipment and features 
absolutely necessary to meet contract require.'11.ents. 262 Any devia
tions from a manufacturer's standards would increase costs and 
possibly cost him his competitive advantage. An example of one 
of the structural problems which has occurred is the lack of 
provision for expansion, possibly stemming from a te.'11.perature 
assumption that allows no· margin, thus causing excessive deflec
tion of the substructure or the interior precipitator beams and 
columns. 262 Other structural problems arise from insufficient 
attention to fabrication and erection tolerances, which result in 
misalignment and operating difficulties. 

I.ndications of electrical difficulties can usually be observed 
from the levels of corona power input. Efficiency is generally 
related to power input, and if inadequate power densities are in
dicated, difficulties can usually be traced to: 275 

(1) high dust resistivity, 
(2) excessive dust accumulations on the electrodes, 
(3) unusually fine particle size, 
(4) inadequate power supply range, 
(5) inadequate S€ctionalization, 
(6) improper rectifier and control operation, 
(7) misalignment of the electrodes. 
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Because of the importance of resistivity in the precipitation pro
cess, in situ resistivity measurements should be.one of the initial 
trouble shooting steps. If resistivity exceeds 10 10 ohm-cm, the 
resistivity may be the P.larne for rnost of the O.i'f.ficulty. 

Other electrical problems encountered with electrostatic 
precipitators are shorting of the.high tension frame by dust 
accumulation in the hoppers, broken wires, insulator bushing 
leakage, and leaking or broken cables. 

Quality of gas flow can be determined by mee;s.irem-ent of a 
gas flow distribution profile at the precipitator inlet. The 
IGCI recormnends a gas quality such that 85% of the local velo
cities is within 25% of the mean with no single reading more than 
40% from the mean. Poor gas flow often results from dust accumu
lation on turning vanes and duct work and plugging of distribution 
plates. Gas "sneakage", a term describing gas flow which by_..:passes 
the effective precipitator section, can also be a problem. "Sneak
age" can be identified by measurement of gas flow in the suspected 
areas (the dead passages above the collection plates, around the 
high tension frame, or through the hoppers) during a precipitator 
outage with the blowers on. Also, problems of reentrainment of 
dust from the hoppers because of air inleakage or gas "sneakage" 
can often be identified by an increase in dust concentration at 
the bottom of the exit to the precipitator. Corrective measures 
usually involve baffling to redirect gas flow into the electrified 
region of the precipitator. 

Imprope:::- rapping is usually the cause when excessive dust 
deposits occur on the discharge and collection electrodes. Ade
quacy of rapping can be measured by accelerometers mounted on the 
electrodes. One should carefully adjust the rapping intensity and 
cycle to maintain a practical thickness of dust deposit without 
excessive reentrainment. 

Most problems associated with hopper and ash removal systems 
are usually due to improper adjustment of the hopper vibrators or 
failure of the conveyor system. In some instances heat and/or 
thermal insulation for the hoppers to avoid moisture condensation 
may be necessary. 

Severe difficulties with electrostatic precipitators are 
usually caused by inadequate electrical energization or excessive 
reentrainment. The following is a rather general guide which may 
be useful in pinpointing the causes of severe precipitator pro
blems: 275 

(1) Measure the high tension voltage, current, and spark 
rate. 
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(2) Measure gas flow distribution. 

(3) Observe collecting plates for evidence of back corona. 

(4) Use an oscilloscope to record the high tension voltage 
to determine the duration of the corona current. 

(5) Observe the collection plates for evidence of excessive 
reentrainment {this requires construction of a glass 
plate and wiper for an access port and a means for illum
ination of the interelectrode space) . 

(6) Examine alignment and condition of the '.-.-:?pers, insulators, 
and other components. 

(7) Measure rapping accelerations. 

Table 43 is a trouble shooting chart for use in determining 
the cause of common electrostatic precipitator malfunctions, with 
suggestions for remedying these problems. 277 

AVAILABLE INSTRUMENTATION FOR ELECTROSTATIC PRECIPITATORS 

Spark Rate Meters 

The term "spark rate" refers to the number of times per minute 
that electrical breakdown occurs between the corona wire and the 
collection electrode. A spark-rate controller establishes the 
applied voltage at a point where a fixed number of sparks per minute 
occur (typically 50 - 150 per corona section) . The sparking rate 
is a function of the applied voltage for a given set of precipitator 
conditions. As the spark rate increases, a greater percentage of 
input power is wasted in the spark current, and consequently less 
useful power is applied to dust collection. Continued sparking to 
one spot will cause errosion of the electrode and sometimes mechan
ical failure. Therefore, to meet rapid or periodic changes in the 
gas and ash composition, the rectifier should be fitted with a 
spark rate controller which can automatically adapt the current to 
the changing operating conditions. The precipitator is thus sup
plied with a maximum of current at all times. 

The spark rate meter may be supplied as a self-contained unit 
or built into the automatic voltage control system. Some of the 
companies which supply the spark rate meter and/or total voltage 
control system a.re given below: 

• Environecs 
165-4 Babcoc.k Street 
Costa Mesa,. California 92627 
( 714) 6 31-3 9 9 3 
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U1 

°' 0 

Symptom 

1. No primary voltage 

No primary current 
No precipitator (ESP) 
current 

Vent fan on 

2. No primary current 

No precipitator current 
Vent fan off 
Alarm energized 

3. Control unit trips out an 
over current when sparking 
occurs at high currents 

4. High primary current 

No precipitator current 

'l'ABLE 4 3 

'I'ROUBLESHOO'l'ING CHART 2 7 7 

Probable Cause 

DC overload condition 

Misadjustment of current limit 
control 
Overdrive of rectifiers 

Fuse blown or circuit breaker 
tripped 

Loss of supply power 

Circuit breaker defective or 
incorrectly sized 

Overload circuit incorrectly 
set 

Short circuit condition in 
primary system 

Too high precipitator voltage 
for prevailing operating 
conditions 

·nigh voltage circuit shorted by 
. ?':1?~. ~ J?ui :t_g_µp __ .l:J.~_t;w~<=>!' .• p~i. t-.f- i '"'rr 

Remedy 

Check overload relay setting 

Check wiring and components 

Check adjustment of current 
limit control setting 
Check signal from firing 
circuit module 

Replace fuse or reset circuit 
breaker 

Check supply to control unit 

Check circuit breaker 

Resel overload circuit 

Check primary power wiring 

L.ower ~he precipi ta tor voltage 

H• :move dust buildup 



Ul 

~ 5. 

6. 

Low primary voltage 
High Secondary current 

Abnormally low ESP current 
and primary voltage with 
no sparking 

~ ...L.-cat;;.;:K. ·<.>..:- -.c>~,.._~ c=.na:a...-c.--.::. ;.a:.a-aT:3 

e1·ectrode wore shooting the 
high "V" circuit 

Circuit component failure 

Trouble in ESP: 
(1) Dust buildup in hopper; 
check meters: 
- ammeter very high 
- KV meter very low (1/2 normal) 
- milliamperes very high 
(2) Metallic debris left in 
unit during shutdown for 
maintenance 
(3) Unhooked collecting plate 
touching emitting frame 
(4) Broken support insulator 
(5) Excessive dust buildup on 
hopper beams or cross member 

Short circuit in secondary 
circuit or precipitator 

Misadjustment of current and/ 
or voltage limit controls 

Mlsadjustment of firing circuit 
control 

--------::11--- .-=------r--------- ----
remove or repl.ac:e broken o:r 
s1ack wire 

Check transformer-rectifier 
and precipitator: Ground T-R 
high "V" Connector to precipi
tator 

Clean off dust buildup 

Deenergize ESP and remove 

Repair 

Repair 
Clean 

Check wiring and components 
in high voltage circuit; 
check ESP for: 
interior dust buildup 
full hoppers 
broken wires 
ground switch left on 
ground jumper left on 
broken insulators 
for~~gn material on high 
voltage frames or wires 

Check settings of current and 
voltage limit controls 

Turn to maximum and check 
setting of current and 
voltage limit controls 



U1 
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N 

7. 

8. 

9. 

o-:;o 
C1I C1I 

~~ 
Ill 0 
< a.. 
~.~ 
-m 
~a.. 
m~ 

n 0 
0 3 
u 
-< 

Spark meter reads high
of f scale 

Low primary voltage and 
current; No spark rate 
indication 

Spark meter reads high 
primary voltage and 
current very unstable 

No spark rate indication: 
voltmeter and ammeter 
unstable indicating 
sparking 

10. No response to voltage 
limit adjustment 
Does respond to current 
adjustment 

11. No response to spark rate 
adjustment 
Does respond to other 
adjustment 

nectvy l.:Vd~.1.UY VJl eUU.1::.L.1.JlY 

electrode wires 

Stream of cold air entering 
ESP from defective door gasket 
duct opening, inlet gas system 
rupture-condensation 

Wet dust clinging to wires 
causes extremely low 
millarnpere readings 

Severe arcing in the ESP 
without tripping out the unit 

Continuous conduction of spark 
counting circuit 

Spark counter counting 60 
cycles peak 

Mis adjustment 
Loss of limiting contr'ol 

Failure of spark meter 
Failure of integrating 
capacitor 
Spark counter sensitivity 
too .low 

Controlling on current limit 
or spark rate 

Controlling on voltage or 
current 

\..Ut::t.,;J\. t::Jll.1.l.L..1.Jl'::f J..Ldlllt: V.1.UJ..'d[;.1.UU 

and emitting vibration shaf~ 
insulator 

Repair 

Eliminate source of condensation 

Eliminate cause of arcing 

beenergize, allowing integrating 
capacitor to discharg~ and 
reenergize 
Readjust controls' 

R~adjust 
Replace con trbl 

Replace spark met~r 
Replace capacitor,: 

Readjust sensitivity 
" ' 

None needed if unit is operating 
at m.iximum current or i?park rate 
Reset current and\ spark rate . 
adjustment if nei1fh~r is maximum 

None needed if unf't is operating 
at maximum yoltage 'Or current 
Reset voltage ~nd current 
adjustment if neither is at 
maximum 



The Environecs spark rate meter circuit is a standard part 
of their total automatic voltage control system (Figure 293} 8 3). 
Other standard features of this system (see Figure 294 283 ) other 
than the spark rate meter are: (1) Electronic current Limit 
wh~ch prevents d~ift.in the current setting; (2) Soft Start,' 
which prevents high in-rush current to the high voltage power 
supply at start-up; (3) Recovery Control, which adjusts the rate 
at which voltage recovers from the zero level after a spark back 
up to the setback point; (4) Setback Control, which determines 
the reduction of output voltage after a spark is detected; (5) 
Hold Control, which holds the voltage at the adjusted setback 
level for a short period of time, allowing the precipitator to 
stablize; (6) Rise Rate, which determines the rate at which the 
output power increases to the current limit sett~ng or until a 
spark is detected; (7) Spark Detection, which senses the spark 
on the first half cycle, allowing the control logic circuits to 
adjust the precipitator power irrunediately following the spark; 
(8) Automatic/Manual Control with Bumpless Transfer, allows the 
operator to select the optimum operating point of the precipitator 
in the manual control mode of operation and then switch to the 
automatic position and have the thyristor control automatically 
start operating at the same output level selected in the manual 
mode, (9) Arc Quench circuit, is an added safety feature to insure 
against power arcs; (10) Under-Voltage Relay, monitors the AC 
voltage across the primary of the high voltage power supply and 
can be a useful device for indicating potential problems when 
properly adjusted for a plant's particular operation. 

• Wahlco, Inc. 
3600 West Segerstrom Avenue 
Santa Ana, California 92704 
(714) 979-7300 

The Wahlco Spark Rate Meter is designed for installation in 
conjunction with new or existing precipitator controls. The unit 
is self-contained requiring 120 VAC input for powering and the 
signal input is derived from the ground leg resistor of the trans
former rectifier set. All detecting and conversion components are 
solid state. The only mechanical component is the meter movement. 
The solid state system takes the steep wavefront of the spark 
signal, integrates this over a time base, and delivers an analog 
stgnal into the meter movement. The spark sensing input signal 
.is fed through a full wave bridge rectifier to eliminate polarity 
sensitivity. The unit has multipole filters enabling it to respond 
quickly and yet follow a spark signal without the meter bouncing 
objectionably. 

In Figure 295 is a diagram of the Wahlco automatic voltage 
control unit. 283 The spark detector's circuit memorizes the peak 
amplitude attained by the input signal.during ~ne half cycle, 
compares it to the peak amplitude attained during t~e next half 
cycle, and then memorizes the value o.f the latter signal. From 
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the controller standpoint a spark has occurred if the signal is 
at least 25 instantaneous peak volts and its amplitude is at 
least 5 volts greater than the previous half cycle's signal peak 
amplitude. Some of the features of the system are: ramp rate 
and set-back, current limit, undervoltage relay, and recovery 
time control. 

• A.V.C. Specialists, Inc. 
2612 Croddy Way, Suite 1 
Santa Ana, California 92704 
(714) 540-2321 

Figure 296 is a connection diagram for the external connec
tions to the A.V.C. self-contained spark rate rreter. 283 This unit 
can be added to any TR set controller providing that the input 
power and spark signal are made available. The meter mounts in 
the hole pattern for General Electric "Big Look" meters, 3~ inch 
type 162 (A0/0091). Depth behind the panel is 4~ inches maximum, 

.and an additional ~ inch minimum should be allowed for clearance 
at the terminals. 

A.V.C. Specialists concentrates on providing voltage controls 
for precipitators, both new and existing. Much of their business 
is upgrading existing units to achieve better electrical performance, 
better collection efficiency, more reliable operation, the elim
ination of maintenance problems caused by non-responsive "automatic" 
controls. Some of the important standard features of the automatic 
voltage controllers are: ramp rate control, set back control, 
quench control, current limit control, fast acting overload pro
tection, and manual control mode. 

There are two types of voltage controls that A.V.C. Specialists, 
Inc. has developed for el.ectrostatic precipi ta tors: 

(1) Saturable Core Reactor Type Controller, which is designed 
to drive the D.C. control winding of a saturable core reactor. 
(See Figure 297 283

); 

(2) Thyristor (SCR) Type Controller, which controls the phase 
angle of firing of two SCRs in order to control the output of the 
TR set (See Figure 298 283

). 

Secondary Voltage And Current Meters 

Most precipitator control rooms have panel meters for each TR 
set which show the primary and secondary voltage and current and 
the sparking rate. Secondary voltage-current relationships can 
be obtained for both clean and dirty plate conditions and inter
pretations can be made of precipitator behavior based on the V-I 
data. The secondary voltage-current meters operate on the same 
principle as voltage diviers which were discussed in a previous 
.section. Secondary voltage-current meters are supplied by the 
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precipitator vendor and are not considered specialty items. Usu
ally a major manufacturer such as General Electric sells the meters 
off-the-shelf, and a meter company such as Meter Master, Simpson, 
Triplett, etc. makes and calibrates the meter scale to specifica
tions. 

If meters are not· installed on the transformer secondary, a 
quick, temporary voltage divider network can be installed on the 
precipitator side of the rectifier network as discussed previously. 
Many companies sell voltage dividers and a few of these are given 
below: 

Beckman Instruments-Helipot Division 
2500 Harbor Boulevard 
Fullerton, California 92634 
(714) 871-4848 

CPS Inc. 
110 Wolfe Road 
Sunnyvale, California 94086 
(408) 738-0530 

Del Electronics Corporation 
250 East Sandford Boulevard 
Mt. Vernon, New York 10550 
(914} 699-2000 

EECO 
1441 East Chesnut Avenue 
Santa Ana, California 92701 
(714) 835-6000 

Electro Scientific Industries 
13900 N.W. Science Park Drive 
Portland, Oregon 97229 
(503) 641-4141 

Genrad 
300 Baker Avenue 
Concord, Massachusetts 
(617) 369-8770 

Guideline Instruments, Inc. 
2 Westchester Plaza 
Elmsford, New York 10523 
(914) 592-9101 

H-ea.th Company 
Benton Harbor, Michigan 49022 
(616) 982-3200 
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Hipotronics Inc. 
Route 22 
Brewster, New York 10509 
(914) 279-8031 

ILC Data Device Corporation 
105 Wilbur Place 
Prpt. Intl. Plaza 
Bohemia, New York 11716 
(516) 567-5600 

Kepco Inc. 
131-38 Sanford Avenue 
Flushing, New York 11352 
(212) 461-7000 

Pearson Electronics Inc. 
4007 Transport Street 
Palo Alto, California 94303 
(415) 494-6444 

Sensitive Research Instrument-s 
25 Dock Street 
Mr. Vernon, New York 10550 
(914) 699-9717 

A representative example of a voltage divider made by Hipo
tronics has a guaranteed accuracy of 0.5% DC and 1.0% AC. There 
are three stock models available, 50 KV, 100 KV, and 200 KV with 
other models with ratings to one megavolt available on request. 
Some of the specifications for the standard models are given 
below: 2 8 3 

Accuracy: 
DC 
AC 

Tracking 
Movement 
Meter: 

Scale 

Size 
Voltage Coefficient: 

DC 
AC 

Frequency response 

Connecting cable 
Meter ranges (KV) 
Volts Division 

Model KV50A Model KVlOOA Model KV200A 

0.5% 
1. 0% 
0.5% 
Taut band 

0.5% 
1. 0% 
0.5% 
Taut band 

0.5% 
1.0% 
0.5% 
Taut band 

100 divisions 100 divisions 100 divisions 
mirror scale mirror scale mirror scale 
5~" 5~" 5~" 

0.025%/C 0 

O.l%/C 0 

DC and 40 
to 1000 Hz 
25 feet 
0-10/25/50 
100/250/500 
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0.025%/C 0 

0.1%/C 0 

DC and 40 
to 1000 Hz 
25 feet 
0-20/50/100 
200/500/1000 

0.025%/C 0 

0.1%/C 0 

DC and 40 
to 1000 Hz 
25 feet 
0-40/100/200 
400/1000/2000 



Impedance 

Size 

Opacity Meters 

Model KV50A Model KVlOOA Model KV200A 

190 megohms 
@ 200 pfd. 
8J.s" w x 
10~" D x 
15~" H 

380 megohms 
@ 100 pfd. 
8~" w x 
10~" D x 
15~" H 

760 megohms 
@ 50 pfd. 
9~" w x 
10~" D x 
40" H 

Opacity m~te:s can be used effectively in monitoring the per
for~ance of ~mission control equipment continuously. In addition, 
opti7al density output ~an ~e correlated with p~~~iculate grain 
loa~ing to a~low determination of mass emissions on a continuous 
basis. Opacit~ meters are invaluable in gauging precipitator 
performance quickly when small changes are made in coal, precipi
tat~r contro~s, or boiler conditions. Some of the more important 
variables which affect performance the most are boiler load, boiler 
outlet gas temperature, boiler excess air level, precipitator 
operating voltage, precipitator rapping intensity and direction, 
and precipitator internal condition. 

A number of techniques are used to determine relative stack 
emission levels. These techniques and corresponding instrumentation 
were discussed in detail in Section 7 of this report. 

Hopper Level Meters 

Preventing precipitator hoppers from completely filling with 
fly ash is extremely important. Overflow can lead to shorted 
electrical systems or fly ash reentrainment, either of which 
would adversely affect precipitator performance. A number of 
hopper level detectors have been developed to help eliminate the 
overflow problem. These detectors have been previously discussed 
in Section 4. Some of the principles of operation used in de
tection are: 

Non-contacting radiation principle - a narrow beam of ganuna 
rays is directed across the hopper to a radiation detector located 
on the opposite wall. The rays are absorbed when ash builds up 
causing a relay to activate an alarm. 

Rorl oscillation dampening - a rod is installed at the desired 
ash level. A drive coil drives the rod into self-sustained mechan
ical. oscillations and a signal is produced by a pick-up coil 
located opposite the drive coil. When fly ash reaches the l~vel 
of the rod, a dampening of the oscillations occurs and the signal 
from the pick-up coil is reduced. 

Capacitance sensor asserribly - the detector assembly senses 
a change in ash level as a function of the capacitance change 
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between the detector and the vessel wall. This change is then 
transmitted to a control instrument. 

Radio frequency - a low power RF· signal is radiated from a 
sensing probe and changes. in the impedance of the probe caused by 
a change in ash level are monitored. 

After alarms are given ·indicating dangerous accumulations of 
fly ash,. systems for removal of the ash are activated. These 
systems are discussed in detail in Section 4. 
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SECTION 12 

AN ELECTROSTATIC PRECIPITATOR COMPUTER MODEL 

INTRODUCTION 

In recent years, increasing a~phasis has been placed on 
developing theoretical relationships which accurately describe 
the individual physical mechanisms involved in the precipitation 
process and on incorporating these relationships into a complete 
mathematical model for electrostatic precipitation. From·a 
practical standpoint, a reliable theoretical model for electro
static precipitation would offer several valuable applications: 

(1) precipitator design could be easily and completely 
performed by calculation from fundamental principles; 

(2) a theoretical model could be used in conjunction with 
a pilot-plant study in order to design a full-scale 
precipitator; 

(3) precipitator bids submitted by various manufacturers 
could be evaluated by a purchaser with respect to 
meeting the design efficiency and the costs necessary 
to obtain the design efficiency; 

(4) the optimum operating efficiency of an existing pre
cipitator could be established and the capability to 
meet particulate emissions standards could be ascer
tained; and 

(5) an existing precipitator performing below its optimum 
efficiency could be analyzed with respect to the different 
operating variables in a procedure to troubleshoot and 
diagnose problem areas. 

In addition to its many applications, a mathematical model 
can be a valuable tool for analyzing precipitator performance due 
to its cost- and time-savings capability. The approach is cost
effective because it (1) allows for the analysis and projection 
of precipitator operation based on a limited amount of data (ex
tensive field testing is not necessary), (2) can predict trends 
caused by changing certain precipitator parameters and thus, in 
many cas·es, can prevent costly modifications to a precipitator 
which will not significantly improve the performance, (3) can be 
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used as a tool in sizing precipitators and prevent excessive costs 
due to undersizing or significant oversizing, and (4) can be used 
to obtain large amounts of information without extensive use of 
manpower but, instead, with reasonable use of a computer. 

The approach is time-effective because (l} lar'?e amount.s of 
information can be generated quickly, (2) it d·oes not neces$arily 
depend on time-consuming field tes:ts which i~vo.l,ve travel, ex
tensive analysis, and plant and prec·ipitator ~hut-downs, (3) it 
can prevent losses in time due to unnecessary·or insufficient 
modifications to a precipitator, and (41 it can prevent losses 
in time due to the construction of an undersized precipitator. 

In this section, the latest version 137
'

152 of a mathematical 
model of electrostatic precipitation developed under the sponsor
ship of the U.S. Environmental Protection Agency is briefly des
cribed. Since the model is described in great detail elsewhere, 
the capabilities and applications of the modei-will be stressed 
here, rather than mathematical details. In the latest version, 
earlier work 153 has been improved and extended. Major improvements 
to the fundamental basis of the model include the capability of 
generating theoretical voltage-current characteristics for wire
plate geometries, a new method for describing the effects of 
rapping reentrainment, a new procedure for accounting for the 
effects of particles on the electrical conditions, and the incor
poration of experimentally determined correction factors to account 
for unmodeled effects. The computer program which performs the 
calculations in the model has been made more user-oriented by 
making the input data less cumbersome, by making the output data 
more complete, by making modifications which save computer time, 
and by providing for the construction of log-normal particle size 
distributions. 

CAPABILITIES OF THE MODEL 

The present version of the model has the following capabilities: 

(1) it predicts collection efficiency as a function of particle 
diameterr electrical operating conditions, and gas properties; 

(2) it can calculate clean-plate, clean-air voltage-current 
characteristics for wire-plate geometries; 

(3} it determines particle charging by unipolar ions as a 
function of particle diameter, electrical conditions, and residence 
time; 

(4} it can estimate the effects of particles on the electrical 
conditions under the assumption that effects due to the particulate 
layer can be ignored; 

(5) it accounts for electrical sectionalization; 
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(6) it predicts particle capture at the collection electrode 
based on the assumptions of completely random, turbulent flow, 
uniform gas velocity, and particle migration velocities which are 
small compared to the gas velocity; 

(7) it employs empirical correction factors which adjust the 
particle migration velocities obtained without rapping losses in 
order to account for unmodeled effects; 

(8) it accounts for the nonideal effects of nonuniform gas 
velocity distribution, gas bypassage of electrified regions, and 
particle reentrainment from causes other than rapping by using 
empirical correction factors to scale down the iceallv calculated 
particle migration velocities; and ~ 

(9) it accounts for rapping reentrairunent by using empirical 
relationships for the quantity and size distribution of the re
entrained mass. 

In its present form, the model has the capability of predicting 
trends caused by changes in specific collection area, applied vol
tage, current density, mass loading, and particle size distribution. 
Comparisons of the predictions of the model with laboratory-scale 
precipitators 138

'
28 

'
285 and full-scale precipitators collecting 

fly ash from coal-fired boilers 19
'

285 indicate that the model can 
be used successfully to predict precipitator perfor:nance. 

BASIC FRAMEWORK OF THE MODEL 

The mathematical model is based on an exponential-type re
lationship given by equation (2). Although the previously discussed 
assumptions upon which equation (2) is derived are never completely 
satisfied in an industrial precipitator, they can be closely 
approached with respect to the treatment of fine particles. 

The assumption that the particle migration velocity near the 
collect.ion surface is constant for all particles has the most 
significant' effect on the structure of the model. This assump-
tion implies two things: (1) all particles are of the same diameter 
and (2) the electrical conditions are constant. 

Because all particles entering a precipitator are not of the 
same diameter, the assumption of uniform particle diameters creates 
a problem. This problem is dealt with in the model by performing 
all calculations for single-diameter particles and then summing 
the results to determine the .effect of the electrostatic precipi
tation process on the entire particle size distribution. 

Because the electrical conditions change along the length of 
a precipitator, the assumption of constant ·electrical conditions 
creates a problem. This problem is dealt with in the model by 
dividing the precipitator into small length increments. These 
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length increments can be made small enough that the electrical 
conditions remain essentially constant over the increment. The 
number of particles of a·given diameter which are collected in 
the different length.increments are summed to determine the col..; 
lection efficiency of particles of a single diameter over :the 
entire length of the precipitato~. 

./-(' 

In summary, a precipitator is divided into essentially many 
small precipitators in series. Equation (2) is. valid in each of 
these small precipitators for fine particles of a given diameter. 

The collection fraction, n .. , for the ith particle size in 
l,) 

the jth increment of length of the precipitato~ :s mathematically 
represented in the form 

n . . = 1 - exp ( -w . . A . /Q) 
i,1 . l,J J .. r. ( 7 0) 

where w .. (rn/sec) is the migration velocity near the collection 
1-, J 

electrode of the ith particle size in the jth increment of length 
and A. (rn 2

) is the collection plate area in the··jth increment ·of 
J 

length. 

The collection fraction (fractional efficiency) 1. for a given 
l 

particle size over the entire length of the precipitator is deter
mined from 

n. 
l 

:En· . N .. = j l,J l,J 

N. 1 l, 
( 71) 

where N .. is the number of particles of the ith particle size per l,J 
cubic meter of gas entering the jth increment. 

Effective or length-averaged migration velocities (w~) are 
l 

calculated for the different particle diameters from 

e w. 
l 

where ~ (m 2
) is the total collecting area. 

(72) 

The overall mass collection efficiency n for the entire poly
disperse aerosol is obtained from 

n = 2:n.P. 
. 1 l 
l 
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where Pi is the percentage by mass of the ith particle size in 
the inlet size distribution. 

In order to determine th · . . . e ation (70} . e migration velocities for use in 
qu . ' th~ ~lectrical conditions and the particle charging 

process in a precipita.tor must be modeled. If the operating vol
ta~e ~nd c~rre~t density are known, then the electric potential 
~ e.ectric field di~tributions are determined by using a re-
axatio~ techniq~e. 29 ~' 287 In this numerical technique, the 

appropriate ~art~al differential equations which describe the 
elec~r~dynarni~ f7eld.are solved simultaneously under boundary 
cond1tion7 exi:ting in a wire-plate geometry. In order to find 
t~e s~lut7ons tor the electric potential and SFace charge density 
distributions, t~e known boundary conditions on applied voltage 
and curr~nt ~ensi~y are hel~ fixed while the space charge density 
at ~he.wire is adJusted until all the boundary conditions are 
satisf~ed: Fo~ each choice of space charge density at the wire, 

_the proceau~e iter~tes on a grid of electric potential and space 
charge density until convergence is obtained and then checks to 
see if the boundary condition on the current density is met. If 
the boundary condition on the current density is not met, then 
the space charge density at the wire is adjusted and the iteration 
procedure is reoeated. 

Particle char~e is calculated by using a unipolar, ionic
charging theory. 0 '~ 99 Particle charge is predicted as a function 
of particle diameter, exposure time, and electrical conditions. 
The charging equation is derived based on concepts from kinetic 
theory and dete!'.7'.1ines the charging rate in terms of the probability 
of collisions between particles and ions. The theory accounts 
simultaneously for the effects of field and thermal charging and 
ac~ounts for the effect of the applied electric field on the ther
mal charging process. 

~:-.e nonideal effects of major importance in a precipitator 
are (l) nonuniform gas velocity distribution, (2) gas bypassage 
of electrified regions, aDd (3) particle reentrainment. These 
nonideal effects will reduce the ideal collection ef=iciency that 
may be achieved by a precipitator operating with a given specific 
collection area. Since the model is structured around an ex
ponential-type equation for individual particle d~ameters, it is 
convenient to represent certain nonideal effects in the form of 
correction factors which applv to the exponential argument. The 
model employs correction factors which c;.re used 1:1s.div~sors for 
the ideally calculated effective migration velocities in order to 
account for nonuniform gas velocity distribution, gas bypassage, 
and particle reentrainment without rapping. 289 '~ 9 ~ The res~l~ing 
apparent effective migration velocities are empirical quantities. 

LATEST IMPROVEMENTS TO THE MODEL 

Calculation Of Voltage-Current Characteristics 
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A new technique 4 has been developed for theoretically cal
culating electrical conditions in wire-plate geometries and has 
been incorporated into the model~ In this numerical technique, 
the appropriate partial differential equations which describe the 
electrodvnamic field are solved s.imultaneous1y, subject to a suit
able choice of boundary conditions .. · The procedu·re yields the 
voltage-current curve for a given wire-plate geometry and determine:: 
the electric potential, electric field, and charge density dis,... 
tributions for each point on the curve. 

The key element in this technique is the theoretical calcu
lation of the space charge density near the corona wire for a 
specified current density at the plate. In orde~ to find the 
solutions for the electric potential and space ctarge density 
distributions, the known boundary conditions on space charge. 
density near the wire and current density are held fixed while 
the electric potential at the wire is adjusted until all boundary 
conditions are satisfied. For each choice of electric potential 
at the wire, the procedure iterates on a grid of electric po
tential and space charge density until conver:g·ence is obtained 
and then checks to see if the boundary condition on the current 
density is met. If the boundary condition on the current density 
is not met, then the electric potential at the wire is adjusted 
and the iteration procedure is repeated. The entire procedure 
is repeated for increasing values of current density in order to 
generate a voltage-current curve. Comparisons 4

'
291 of the pre

dictions o= this technique with experimental data show that the 
agreement between theory and experiment is within 15%. 

Method For Predicting Trends Due To Particulate Space Charge 

A new method has been incorporated into the model in order 
to provide a more comprehensive representation of the effects of 
particulate space charge on the electrical operating conditions 
in a precipitator. In this method, the precipitator is divided 
into successive length increments which are equal to the wire-to
wire spacing. Each of these increments is divided into several 
subincrernents. The first calculation in the procedure involves 
the determination of a clean-gas, voltage-current curve which 
terminates at some specified value of applied voltage. At the 
specified applied voltage, the average electric field and ion 
density are calculated in each subincrement. This allows for 
the nonuniformity of the electric field and current density dis
tributions to be taken into account. 

As initially uncharged particles enter and proceed through 
the precipitator, the mechanisms of particle charging and particle 
collection are considered in each subincrement. In each subin
crement, the average ion density, average particulate density, 
weighted particulate mobility, and effective mobility due to both 
ions and particles are determined. At the end of each increment, 
the effective mobilities for the subincrements are averaged in 
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order to obtain an average effective mobility for the increment. 
Then, for the specified value of applied voltage, the average 
effective mobility is used to determine the reduced current for 
the increment by either calculating a new voltage-current curve 
or using an approximation procedure. Although it is not presently 
utilized, the method allows for iterations over each length in
crement so that schemes which ensure self-consistency can be 
implemented at a future date. 

In its present state of development, this method provides 
good estimates of reduced current due to the presence of particles. 
The reduced current is a function of mass loading, particle size 
distribution, gas volume flow, and position alcn~ the length of 
the precipitator. However, this method does net have the capability 
of predicting the redistribution of the electric field due to the 
presence of particles. Work is going on at the present time to 
improve the model in this respect. 

Method For Estimating Effects Due To Rapping Reentrainrnent 

As part of a program sponsored by the Electric Power Research 
Institute, an approach to representing losses in collection effi
ciency due to rapping reentrainment has been developed based on 
studies performed on six different full-scale precipitators 
collecting fly ash. 19 These studies have been discussed earlier 
in this text. In these studies, outlet mass loadings and particle 
size distributions were measured both with rapping losses and without 

,rapping losses. Outlet mass loadings and particle size distri
butions which can be attributed to rapping were obtained based on 
the data acquired in these studies. The results of these studies 
have been incorporated into the model. 

The rapping emissions obtained from the measura~ents are 
graphed in Figure 273 as a function of the amount of dust calcu
lated to have been removed by the last electrical section. The 
dust removal in the last electrical section was approximated by 
using an exponential relationship for the collection process and 
the overall mass collection fraction determined from mass train 
measurements under normal operating conditions, as described earlier. 
These data suggest a correlation between rapping losses and parti
culate collection rate in the last electrical section. Data for 
the two hot-side installations (4 and 6) which were tested show 
higher rapping losses than for the cold-side units, and, thus, hot
and cold-side units are treated differently in the model with re-

. s-pect to rapping reentrainment .. 

. The apparent particle size distribution of emissions attri
butable to rapping at each installation was obtained by subtracting 
t;he cumulative distributions during nonrapping periods from those 
with rappers in operation and dividing by the total emissions 
{bas.ed on impactor measurements) resulting --from rapping in order 
to obtain a cumulative percent distribution. Although the data 
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indicated considerable scatter, the average particle size dis
tribution shown in Figure 2BO has been constructed for use in 
modeling rapping puffs. In the model, the data are approximated 
by a log-normal distribution with a mass median diameter of 6.0 
l.lm and a geometric standard deviation of 2.5 as shown in Figure 
299. 

· .. 

In summary, the model determines a rappin:g puff by us:ing the 
inforrna ti on in Figure 2 78 to obtain the outle·t ·mass loading .dJ.1~ .... 
to rapping and by using a log-normal approximation ·to· the· 'data in· 
Figure 280 to represent the particle size distribution of the 
outlet mass l.oading due to rapping. This "rapping puff" is added 
to the "no-rap" outlet emissions to obtain the ~:-tal outlet emis
sions as a function of mass loading and partic_e size distribution. 

Empirical Corrections To No-Rap Migration Velocities 

Comparisons of measured apparent effective migration velocities 
for full-scale precipitators under "no-rap" conditions with those 
predicted by the model indicat"' that the field-measured values 
exceed the theoretically projected values (in the absence of back 
corona, excessive sparking, or severe mechanical problems) in the 
smaller size range. Based on these comparisons, a size-dependent 
correction factor has been constructed and incorporated into the 
model. 19 This correction factor is shown in Figure 300. 

The empirical correction factor accounts for those effects 
which enhance particle collection efficiency but are not included 
in the present model. These effects might include particle charging 
near corona wires, particle charging by free electrons, particle 
concentration gradients, the electric wind, and flow field pheno
mena. In future work which is planned, efforts will be made to 
develop appropriate theoretical relationships to describe the above 
effects and to incorporate them into a more comprehensive model for 
electrostatic precipitation. 

User-Oriented Improvements 

The computer program which performs the calculations in the 
~odel has been modified to make the input data less cumbersome and 
the output data more complete. The performance of a precipitator 
can be analyzed as a function of particle size distribution, current 
density, specific collection area, and nonideal conditions without 
repetition of input data which remain fixed. All input data are 
now printed out in a format which is easily utilized. A summary 
table of precipitator operating conditions and performance is 
printed out as the last section of data for a given set of con
ditions. 

Several modifications have been made in order to save computer 
time. The particle charging algorithm has been modified, and this 
has decreased the computer time required for particle ~harging 
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calculations by approximately 40%. In addition, particle charge 
calculations for a given diameter will terminate in a given elec
trical section whenever the charging rate becomes negligible. This 
can reduce the time required to perform particle charging calcu
lations by up to a factor of two or more in some cases. The 
computer program has been modified so that several sets of nonideal 
conditions can be ana~yzed in conjunction with the results of one 
ideal calculation. This allows for the analysis of an extended 
range of nonideal conditions with only a small increase in computer 
time. As another means of saving computer time, the computer pro
gram now contains an estimation procedure for use in analyzing 
precipitator performance. This procedure results in considerable 
savings in computer time since involved numeric2l techniaues are 
not employed. The estimation procedure runs app~oximateiy 20 
times faster than the rigorous calculation. This procedure can 
be used to good advantage to determine gross trends or to establish 
a limited range of interest in which to apply the more rigorous 
calculation. The procedure can also be used to good advantage for 
checking the validity of input data before making extensive rigor
ous calculations. 

The computer program now has the capability of constructing 
log-normal particle size distributions based on specified values 
of the mass median diameter and geometric standard deviation. This 
capability can be used to construct inlet and rapping puf= particle 
size distributions. Thus, the effects of different log-normal 
particle size distributions can be readily obtained. Also, the 
program can fit any specified particle size distribution to a log
normal distribution. 

APPLICATIONS AND USEFULNESS OF THE MODEL 

The dif =erent practical applications of the model have been 
discussed elsewhere. 3

' 
137

'
153 These include the examination of 

the e:fects of particle size distribution, electrical conditions, 
specific collection area, dust resistivity, and nonideal conditions 
on the perfor~ance of a precipitator. These applications have now 
been incorporated into procedures for troubleshooting and sizing 
precipitators. 137 These procedures, which provide specific guide
lines for applying the model to troubleshooting and sizing appli
cations, are discussed next in order to demonstrate the usefulness 
of the model. 

Use Of The Model For Troubleshooting 

The mathematical model of electrostatic precipitation can be 
used as a tool in troubleshooting precipitators that are not meeting 
the overall mass collection efficiency which is expected or antici
pated. When using the model for troubleshooting, certain experi
mental data should be obtained in order to properly utilize the 
model. These data include operating voltages and currents in the 
different electrical sections, inlet mass loading and particle 
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size distribution, ash resistivity, average gas flow rate and 
velocity, and average gas temperature and pressure. By using 
these limited experimental data, the geometry of the precipitator; 
and the mathematical model, certain steps which are given below 
can be taken in an attempt to diagnose the possible reason or 
reasons for the level of performance of the precipitator. 

Step 1: Determine optimum collection efficiency. 

The model is used to simulate the operation of the precipi
tator under ideal, no-rap conditions (og = 0 and S = 0) with the 

actual operating parameters, where a is the normalized standard g 
deviation of the gas velocity distribution and S is the fraction 
of the gas volume bypassing each electrical section. This calcu
lation establishes the· optimum overall mass collection effic-iency 
that can be expected under the qiven operating conditions. rt 
should be noted that this optimum efficiency may not always repre
sent the best performance of the precipitator since accumulation 
of material on the discharge and collection electrodes, broken 
discharge electrodes, electrode misalignment, or operation of the 
precipitator at lower than permissible voltages and currents would 
result in less than optimum electrical operating conditions. If 
possible, measures should be taken to ensure that the electrical 
conditions in the precipitator are at their best when obtaining 
data for use in the troubleshooting procedure. In any event, the 
starting point in the troubleshooting procedure can be taken to be 
the calculated optimum efficiency under the actual operating con
ditions. 

Step 2: Check to see if the calculated optimum efficiency is 
equal to or less than the measured value. 

If the calculated optimum value of efficiency is equal to or 
less than the measured value, then the precipitator can be assumed 
to be performing as well as possible for the given set of operating 
conditions. Changes in the inlet particle size distribution, the 
electrical operating conditions, or the gas volume flow can result 
in a reduction of collection efficiency for a given precipitator 
even though the precipitator is performing at its best. Thus, in 
certain cases, a precipitator may not be able to attain the overall 
mass collection efficiency it once achieved or was designed to 
achieve solely due to a change in the process variables. As a 
consequence, the precipitator may no longer be sized properly for 
the operat~ng conditions encountered. The options that are avail
able for improving the performance of the precipitator are limited 
to the possible improvement of the electrical operating conditions 
or a reduction in the gas flow rate through the precipitator. 

Step 3: Check to see if the calculated optimum efficiency is 
only a little larger than the measured value. 
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. If the calculated optimum value of efficiency is only a 
little larger than the measured value, then the precipitator is 
probably functioning well but nonideal conditions are having some 
effect on the performance. In this case, calculations should be 
made with the model in order to obtain NO-RAP + RAP overall mass 
collection efficiencies for various small values of a and s and 

' g 
the rapping reentrainment parameters which are built into the 
computer program. If the measured efficiency can be predicted 
by the model with values of cr < 0.25 and s < 0.1, then it is 

g - -
questionable whether or not improvements in the gas flow pro
perties and mechanical design will result in an appreciable im
provement in precipitator performance. A less cGstly and possibly 
more profitable exercise would be to vary the ra~ping int~nsities 
and frequencies in an attempt to minimize losses in collection 
efficiency due to rapping reentrainment. If a > 0.25 or s > O.l, 

g 
then these quantities should be measured. If the measured values 
of crg and S are consistent with those predicted by the model, then 

the gas flow properties and mechanical design should be improved. 

Step 4: Check to see if the calculated optimum efficiency 
is significantly larger than the measured value. 

If the calculated optimum value of efficiency is significantly 
larger than the measured value, then the precipitator is functioning 
poorly. Poor performance of a precipitator may be due to either 
one or a combination of several factors that can be analyzed with 
th€ model. These factors include the electrical operating con
ditions, nonuniform gas velocity distribution, gas bypassage of 
electrified regions, particle reentrainment without rapping, and 
rapping reentrainment. In the following steps, procedures are 
outlined that can be taken in an attempt to pinpoint the problem 
areas. 

Step 5: Determine whether or not the operating currents are 
completely useful in the precipitation process. 

At this point, the electrical operating conditions should be 
examined in order to determine whether or not the operating cur
rents are completely useful in the precipitation process. If 
·excessive sparking or back corona is occurring in the precipitator, 
then the measured currents will not be totally useful in the pre
cipitation proces·s and, in fact, the nature of the currents may 
be very detrimental to precipitator performance. Use in the model 
of currents measured under these conditions will result in the 
_prediction of much higher collection efficiencies than will be 
attained by the precipitator. 

Step Sa: Check for excessive sparking. 
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Sparking results in localized currents that are not very 
effective in charging particle:S. In addition, excessive sparking 
can lead to increased particle reentrainment bY .. producing dis_
ruptions ~t the surface of the collected particulate laye_r and by 
producing r~duced holding forces over large regions of the col
lected layer due to reduced currents to these regions. 

If sparking is occurring, then the extent of the sparking 
should be determined by using spark rate meters or other appro
priate instrumentation. If excessive sparking ·is occurring, then 
the applied voltage should be lowered. until the spark rate is at 
a level which is not detrimental to the performance of the pre
cipitator. J>.l though the operating voltages and currents will be 
reduced, the performance of the precipitator wi:i improve and the 
use of these operating electrical conditions in the model will 
give better agreement-between predicted and measured collection 
efficiencies. 

Step Sb: Check for the existence of back corona. 

If excessive sparking is not occurring, then a check should 
be made to determine whether or not a condition of back corona 
exists in the precipitator. When back corona exists, both positive 
and negative ions move in the interelectrode space and this results 
in a reduction in the negative charge that can be acquired by a 
particle. 

Two methods can be used to check for the existence of back 
corona. First, the measured value of ash resistivity and Figure 
208 can be used to estimate the maximum allowable current density. 
If the current density in the precipitator greatly exceeds this 
value, then the precipitator is probably operating in back corona. 
As a second method of checking for the existence of back corona, 
the voltage-current curves for the different electrical sections 
can be checked to see if at some point on the curve increased cur
rent is obtained at a reduced applied voltage. If this is the case 
and the precipitator is operating in this region of the voltage
current curve, then back corona is occurring in the precipitator. 

If back corona is occurring, then the applied voltage should 
be lowered in order to obtain a current density which will not 
lead to the formation of back corona. The reduced voltages and 
currents will result in improved performance of the precipitator 
and the use of these operating electrical conditions in the model 
will give better agreement between predicted and measured col
lection efficiencies. 

Step Sc: Consider electrode misalignment. 

As a further consideration concerning the electrical conditions, 
the electrode alignment should be taken into account. Consideration 
of electrode alignment is especially important when troubleshooting 
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hot precipitators. In hot precipitators, the collection plates 
may buckle if proper precautions h<we not been taken to allow for 
the expansion of the plates at the elevated temperatures. If 
buckling of the plates occurs, then higher currents will be mea
sured but they will be localized. Currents of this type are not 
desirable for treating particles. The existence of this type of 
misalignment should be, evidenced by steep voltage-current curves 
with a narrow voltage range from corona initiation to sparkover. 
Use in the model of measured currents obtained from this type of 
situation will result in predicted collection efficiencies that 
are well above those which are attained. 

Step 6: Estimate the effect that various nonideal conditions 
could have on the performance of tte precipitator. 

If the poor performance of the precipitator cannot be traced 
to the electrical operating conditions, then the nonideal effects 
of nonuniform gas velocity distribution, gas bypassage of elec
trified regions, and particle reentrainment should be considered 
next. The effect of a and S on the NO-RAP + RAP overall mass g 
collection efficiency of the precipitator should be analyzed in 
a systematic fashion with the model. 

Step 6a: Estimate the possible effect of nonuniform velocity 
distribution on the performance of the precipitator. 

In order to determine whether or not a nonuniform gas velocity 
distribution could be responsible for the poor performance of the 
precipitator, calculations should be made for S = 0 and values of 
a ranging from 0 to at least 2.0. If a certain value of a in g g 
the chosen range produces the necessary reduction in collection 
efficiency and this value is not completely out of line with 
available information concerning the gas flow, interfacing of 
the precipitator with the duct work, existence of gas diffusion 
plates, etc., then the actual value of ag should be determined 

experimentally by making a velocity traverse in a plane at the 
inlet of the precipitator. If the measured value of crg is greater 

than 0.25, then measures should be taken to improve the gas flow 
distribution. 

Steo 6b: Estimate the possible effect of gas sneakage and/or 
particle reentrainment without rapping on the per
formance of the precipitator. 

In order to de~errnine the extent of gas bypassage of the 
electrified regions and/or particle reentrainment without rapping 
that would be necessary to cause the poor performance of the pre
cipitator, calculations should be made for ag = 0 and values of 

· s ranging from 0 to 0.9. There will be a value of S in this range 
that will result in the necessary reduction in collection efficiency. 
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Depending on the value of S, different interpretations can be 
made. If s is not too large (S < 0.2), then the poor performance 
might be attributed to either excessive gas bypassage of the 
electrified regions or-excessive particle reentrainrnent without 
rapping or very poor gas velocity distribution or a combination 
of all three of these effects where neithe= effect a.lone is v.ery 
detrimental to the performance of the precipitator. In this· 
case, measurements should be made under air-load conditiona-!to 
determine a and the- fraction of· the gas volume flow passing - ' 

g : 
through non-electrified regions in.each baffled section. I! the 
measured values of these quantities are such that they can account 
for a major part of the reduction in collection efficiency, then 
the appropriate corrective measures can be mad~ -_o the mechanical 
design of the precipitator. If the measured values of these_ 
quantities are such that they can not account for a major part 
of the reduction in collection efficiency, then it is possible 
that particle reentrainment without rapping is having an adverse 
effect on the performance of the precipitator. This could be due 
to factors which include a high average gas velocity, a very non
uniform gas velocity distribution, a low value of ash resistivity, 
excessive sparking, low operating current densities, and hopper 
problems. All o= these factors can lead to particle reentrainrnent 
from causes other than rapping and should be taken into account 
in the troubleshooting analysis. 

If S is large (S > 0.2), then the poor performance of the 
precipitator is probably due primarily to extremely excessive 
particle reentrainment. This could be a result of one or more 
of the same factors mentioned above. In this case, reentrainrnent 
of particles from the hoppers, caused by poor gas flow qualities 
or by hopper malfunctions, should receive more serious attention 
as a possible cause of the poor performance. If very large values 
of S are needed to predict the reduction in collection efficiency~ 
then it is also possible that rapping reentrainment is occurring 
to a much greater extent than that predicted by the rapping re
entrainment calculation and that this is reflected in the value 
of S. If the value of S is large, then hopper operation should 
be checked, outlet mass loadings should be obtained with and 
without rapping, and real-time measurements of the outlet mass 
loading should be made. These measures should indicate whether 
the problem is due to hopper operation or rapping reentrainment 
or reentrainment without rapping or some combination of the three. 

The troubleshooting procedure described above can be a valu
able tool in helping to diagnose the causes of poor performance of 
a precipitator. Since the procedure involves only limited experi
mental data, it is not costly to perform. Use of the procedure 
can also result in time and cost savings by giving direction and 
helping to focus on those quantities which actually need to be 
measured. A further benefit of using the procedure is the possi
bility that costly modifications to the precipitator that will not 
result in significant improvement in the performance can be avoided. 
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Use Of The Model For Sizing Of Precipitators 

The mathematical model of electrostatic precipitation can be 
used as a guide in sizing precipitators. Although this method of 
sizing precipitators can be very successful, care must be taken to 
ensure proper usage of the model and to prevent the use of erroneous 
input data. Misuse of the model could result in a large error in 
sizing a precipitator. 

When using the model for the purpose of sizing a precipitator, 
certain data which are used as input to the model should be obtained 
from measurements made using the actual gas stream or one which will 
be very similar to the actual gas stream. If a ~~s stream other 
than the actual one is used to obtain representative data, then 
steps should be taken to assure that the process variables pro
ducing the effluent gas stream and particles are not too different. 
Also, it is very important that the temperature and composition of 
the gas stream be close to that which will be experienced in the 
precipitator to be sized. 

The following is a list and discussion of those quantities 
whose values should be determined from measurements under con
ditions similar to those which will be experienced in the precipi
tator to be sized: 

The temperature, pressure, and composition of the gas stream 
should be measured. 

The particle size distribution and mass loading in the gas 
stream should be measured at a location from the source that would 
be representative of where the gas stream would enter the precipi
tator. 

The bulk resistivity of the particles should be measured both 
in situ and in the laboratory. In making these measurements, the 
gaseous environment must not only be preserved but, in addition, 
the electric field strength at which the measurements are made 
must be 'close to that which will be experienced in the precipitator 
in order to obtain the appropriate measurement. If agreement can 
not be obtained between the in situ and laboratory measurement, 
then the higher of the two valuesshould be used in order to size 

<the. precipitator. 

The effective mobility of the negative ions which would be 
produced during negative corona discharge in the gas stream should 
be measured. 

If any or all of the above quantities are not measured or can not 
be mea·sured, then their values can only be estimated by using the 
best data available and prior experience for similar sets of con
ditions. Using values of these quantities that are not obtained 
from measurements with the actual or a similar gas stream is risky 
and these values should be estimated in a conservative manner. 
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Once the values of the quantities discussed above are de
termined, the model can be used in a procedure to predict what 
precipitator sizes are needed to attain various. levels of overall. 
mass collection efficiency~····· T.h~ .. s

0
t:_eps. which dShOuld be taken in 

this procedure are disc~~~ed next.· ·· 

Step 1: Establi.sh an estimate of the e1ectrical condi.tions 
under which the precipitator should operate'~·--· 

In establishing an estimate of the electrical operating c·on
di tions, a determination of the maximum allowable current density 
should be made first. The maximum allowable current density can 
be estimated bv using the determined value of ash resistivity 
and the curve given .in Figure 208. If voltage-::: _rrent data are 
available for similar conditions, then these sho~ld also be used 
in helping to determine the maximum allowable current density. 

Once the maximum allowable current density is estimateo, 
then the applied voltages which will produce this current density 
in the different electrical sections must be estimated. These 
voltages may be obtained from voltage-current· data which are 
available for similar conditions except it is not necessary that 
the ash resistivity be duplicated. Alternatively, the model can 
be used with the option which calculates voltage-current curves 
for a wire-plate geometry in order to determine voltage-current 
characteristics with the effect of resistivity being ignored. 
Then, the applied voltages necessary to produce the maximum allow
able current density can be estimated. In utilizing the voltage
current calculation, a value for the roughness factor of the 
discharge electrodes must be specified. The value of this para
meter normally lies between 0.5 and 1.0 and small changes in-the 
value lead to significantly different results. Since the value 
of this parameter is difficult to project in advance and the value 
changes during the operation of the precipitator, care must be 
taken in specifying this value and in analyzing the results ob
tained. Calculations used to size the precipitator should be 
made for several values of the roughness factor between 0.5 and 
1.0 and the most conservative prediction of precipitator per
formance should be used as the basis for sizing the precipitator. 
Also, if values of the roughness factor in a particular range 
yield results that are obviously out of line with similar appli
cations, then this range should be eliminated from consideration. 

Since the ash resistivity is difficult to determine precisely 
and environmental changes can produce significant changes in its 
value, the size of a precipitator should be determined based on 
a maximum allowable current density which is estimated based on 
a somewhat higher value of resistivity than anticipated. A rea
sonable and conservative approach might be to base the estimated 
maximum allowable current density on a value of resistivity that 
is one-half an order of magnitude greater than the anticipated 
value. 
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Step 2: Determine the geometrical parameters to be used. 

At this point, the geometrical characteristics of the pre
cipitator should be established since these data are necessary as 
input to the model. The values of the plate spacing, discharge 
electrode spacing, and diameter of the discharge electrodes which 
are used in the model ~ust be the actual values. In order to 
size the precipitator, it is not necessary to know the actual 
values of the cross-sectional area, height, area, and number of 
the plates, length of the electrical sections, or total elec
trified length. Although the values of these quantities can be 
chosen arbitrarily, they should be as representative as possible. 

In the model, different overall mass colles~~on efficiencies 
can be determined for different specific collection areas and then, 
based on the actual gas volume flow through the precipitator, 
the total collection plate area necessary to achieve a given 
efficiency can be determined. Knowing the required collection 
-plate area, the precipitator can be designed with respect to 
cross-sectional area, plate height, and length. In designing the 
precipitator so that it will have the required collection plate 
area, certain considerations should be made. First, the height 
of the collection plates should not be too high since this can 
lead to increased reentrainment from rapping and to greater dif
ficulty in providing sufficient rapping force to the entire area 
of the plate. In practice, the height of collection plates ranges 
from approximately 3.05 (10) to 12.2 (40) meters (feet). Second, 
the precipitator should be long enough so that it can contain 
several baffled, independent electrical sections. Increasing 
the nu..~er of baffled electrical sections leads to better operating 
electrical conditions and reduced losses in collection efficiency 
due to gas sneakage and hopper boil-up. Third, the gas velocity 
through the precipitator should be 1.53 m/sec (5 ft/sec) or less 
in order to help prevent reentrainment without rapping and to 
allow sufficient residence time to recollect material reentrained 
due to rapping. 

Step 3: Determine. the nonideal conditions for which the 
precipitator will be sized. 

Since a certain degree of a gas flow nonuniformity and gas 
bypassage of electrified regions and/or particle reentrainment 
without rapping can be expected to exist in a precipitator, these 
factors must be considered in sizing the precipitator. Experience 
in simulating the operation of full-scale, industrial precipitators 
indicates that values of a = 0.25 and S = 0.1 are appropriate for 

g 
modeling prec ipi ta tor.s which are in good working condition. Losses 
in overall mass collection efficiency due to rapping reentrainment 
are built into the model and cannot be varied without changing the 
computer program itself. Since the procedure which determines the 
effect of rapping reentrainrnent on precipitator performance is 
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based on average data acquired from six different full-scale 
precipitators, the effects of rapping reentrainment might not 
be estimated in a conservative manner. 

If a conservative approach is taken in sizing the precipi- ·. 
tator, then the values of o and S should be taken. to be somewhat g 
higher than 0.25 and O.l., respectively. Values o.f crg = .0~·1Lan4 
s = 0.2 should be conservative. This value.of S should also 
allow for above average losses in collection·-efficiency diie to 
rapping reentrainment. If the precipitator is sized in a con~ 
servative manner, then the chances that the precipitator will be 
able to meet the particulate emissions standards 0nce it is built 
are improved even though undesirable nonideal conciitions exist. 
As a consequence, the process producing the emissions does not 
have to be shut down until the problems with the precipitator 
are diagnosed and corrected. The probl.ems w·ith the .precipitator 
can be diagnosed with the troubleshooting procedure while the 
precipitator is in operation and appropriate corrective measures 
can be made during a scheduled shut down. Thus, in many cases, 
the added cost of a conservative. design can be··parti~lly qr- fu.l.l_:y 
recovered. 

Step 4: Consider the effect of adverse changes in particle 
size distribution in sizing the precipitator. 

Since any decrease in the mass median diameter or increase in 
the dispersiveness of the inlet particle size distribution will 
result in a fundamental reduction in precipitator performance, 
this factor should be considered in sizing a precipitator. Any 
changes in the process variables controlling the source of the 
emissions can result in significant changes in particle size dis
tribution. Thus, the possibility of a change from the anticipated 
particle size distribution to a less favorable one should be in
corporated into the sizing procedure. In a conservative approach, 
the measured or anticipated inlet particle size distribution can 
be fit to a log-normal distribution and the fitted mass median 
diameter and geometric standard deviation can be decreased and 
increased by 25%, respectively. These new values should then be 
used in the model in order to obtain the inlet particle size dis
tribution for use in sizing the precipitator. 

Step 5: Generate a curve of overall mass collection efficiency 
versus specific collection area. 

At this point, since all appropriate input data have been or 
can be determined, the computer program for the mathematical model 
can be executed in order to size the precipitator. The precipitator 
can be sized by generating a curve of overall mass collection ef f i
c iency versus specific collection area. 

Based on the curve of overall mass collection efficiency versus 
specific collection area and the particulate emissions standard, 
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the precipitator size needed to attain the required efficiency 
can be determined. In sizing the precipitator in a conservative 
ma~ner~ the precipitator should be sized to a~tain an efficiency 
which is somewhat higher than that which is required. This is 
necessa::y in order to provide a margin of safety in design ir
respective of any uncertainties in operating parameters and of 
any nonidealities whicp might exist. In order to provide this 
margin of safety, the projected collection plate area needed to 
attain the required efficiency should be increased by a certain 
percentage, possibly 10-15%. This added collection plate area 
is also an advantage in that it offers the possibility that the 
precipitator will be able to adequately treat gas flows which 
are somewhat higher than the design gas flow. 

Step 6: Allow for the outage of electrical sections. 

In designing the precipitator, a high degree of electrical 
sectionalization should be provided. As stated previously, this 
leads to improved electrical operating conditions. In addition, 
if certain electrical sections are not working, this condition 
does not disable a large portion of the precipitator. 

In sizing a precipitator, proper allowance should be made 
for the possibility that from time to time certain electrical 
sections will not be functioning. This can be done by increasing 
the collection plate area obtained in Step 5. The additional 
collection plate area should be provided in the form of added 
electrical sections. If reliable data or past experiences are 
not suff icinet for estimating the number of electrical sections 
that might be inoperable at any given time, than a reasonable 
approach might be to add an extra electrical section for approxi
r::ately every four electrical sections that are required in Step 5. 

The above guidelines and procedure cover the important con
siderations which must be made in sizing an electrostatic precipi
tator. If the guidelines and procedure are followed correctly, 
then the mathematical model of electrostatic precipitation can 
be a valuable tool for sizing electrostatic precipitators. Since 
the procedure includes reasonable conservative measures to account 
for several different uncertainties, the cumulative effect should 
lead to a precipitator which is sized conservatively but not 
excessively oversized. 

The procedure for sizing a precipitator can be utilized by 
manufacturers to assist in designing a precipitator and by pur
chasers to assess bids submitted by the various manufacturers. 
It can also be used by government regulatory agencies in helping 

'to establish particulate emissions standards which are economically 
feasible and consistent with the best available control technology. 

The troubleshooting and sizing procedures can both be utilized 
in conjunction with pilot precipitator studies. The troubleshooting 
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procedure can be used to characterize the perfo:r:mance of the pilot 
precipitator and to establish the values of the parameters charac
terizing the operation of the preci_pi ta tor, This will establ_ish 
baseline information 'for which the-· model predictions and experi
mental data are in agreement. The sizingrprocedure can then be 
used to project full-scale precipitator performance under various 
operating conditions in order to obtain the size necessary to give 
the required collection efficiency. 

It should be noted that care should be taken in projecting 
full-·scale performance based on pilot data. Normally, better 
electrical conditions can be obtained in a pilot unit than a full
scale unit because of the reduced collection elec~rode area. In 
addition, particle reentrainment characteristics, gas velocity 
distribution, and gas bypassage of electrified regions in the 
pilot unit and the constructed full-scale unit may differ signi
ficantly. 
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SECTION 13 

FEATURES OF A WELL-EQUIPPED ELECTROSTATIC PRECIPITATOR 

There are several, important features that a well-equipped 
electrostatic precipitator should possess. Thes~ features are 
necessary in order to achieve high collection efficiency, opera
tional and mechanical reliability, and ease in locating potentia: 
problems and in troubleshooting existing problems. In this 
section, these features are listed and discussed. Most of these 
features have been pointed out or discussed earlier in the text. 
Thus, the following list serves to bring these features together 
in a single location for easy reference. 

• Adjustable gas flow distribution screens (or other devices) 
should be located at the inlet of an electrostatic precipi
tator in order to reduce the turbulence in the gas st::::-eam 
and to improve the gas velocity distribution. Adjustable 
devices are needed because flow model studies or other 
methods of prediction may not prove to be reliable. In 
some cases two or more devices may be necessary in order 
to achieve good gas flow qualities. (It has been demon
strated that this can be done without incurring excessive 
pressure drops). The average gas velocity entering the 
electrostatic precipitator should be no higher than l.22 
m/sec (4 ft/sec). The uniformity of the gas velocity 
distribution at the inlet of the electrostatic precipitator 
should, as a minimum, meet existing IGCI requirements. 

t The electrostatic precipitator should have. chambers which 
can be isolated for on-line maintenance and repair. It 
should have an adequate number of inlet and outlet sampling 
ports for each chamber. A minimum of six is necessary at 
each location in order to provide proper sampling access. 
The sampling ports should be of 6 in. diameter pipe instead 
of the commonly used 4 in. diameter pipe. This would 
facilitate the design and use of sampling instrumentation. 
Thermocouples should be located at the inlet and outlet of 
each chamber for proper monitoring of temperature. The use 
of induced dra£t fans will make gas and particulate sam
pling less difficult and less hazardous. The electrostatic 
precipitator should have a totally enclosed roof penthouse. 

• The electrostatic precipitator should have hopper baffles 
and baffles above the electrodes to minimize gas bypassage 
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of electrified regions and to prevent significant gas flow 
from occurring in the hoppers. 

• The electrostatic precipitator should have at least four, 
and preferably six, electrical sections in the direction 
of gas flow. There should be adequate' electrical section
alization with no more than between 1,861 - 2,.791 m2 

(2 O, 000 - 3-0 ,.000 ft 2 ) of collection plate area per 
.transformer/rectifier (TR) set with two bushings per TR 
set. A rigid discharge electrode system is desirable 
because of its stability and reliability. The collection 
electrodes should be mounted in guides for proper alignment 
and stability. A dried, heated purge air system sho·uld. be 
provided for keeping insulator feed-thn. s free of particles .. · 
and condensed gases. Secondary current and voltage panel 
meters are needed for moni to.ring actual precipi tato-r elec
trical operating conditions- and for troubleshooting. The 
power supplies should have controllers which can operate 
in either a spark. rate or. curr~nt limit. moqe to pr?.d.uce 
the maximum useful voltages and currents. Each electri~ 
cal section should be provided with access from the inlet, 
outlet, top, and bottom for ease of inspection, wire re
placement, alignment, and collection of representative ash 
samples, if necessary. 

• The electrostatic precipitator should have independent 
discharge and collection electrode rappers. The rapping 
systems should be programmable with frequency and intensity 
adjustment capability so that precipitator performance can 
be optimized with respect to the rapping process. The 
rapping system for the collection electrodes should be 
capable of producing accelerations in all parts of the 
plate of over 50 times that of the gravitational accelera
tion. The discharge electrode system should be cleaned 
by impulse rappers rather than vibrators. The hoppers 
should be sufficiently heated or insulated to prevent con
densation and resultant pluggage. Hopper level indicators 
should be installed to monitor hopper performance. Ash 
collected in the hoppers should be removed with a system 
which minimizes air flow into or out of the hoppers and 
should be conveyed away with an air transport system. 

• The outlet of the precipitator should be instrumented with 
an opacity meter for continuous monitoring of precipitator 
performance. This will provide continuous information 
which will indicate changes in precipitator operation which 
could be caused by changes in the process variables or pre
cipi tator malfunctions. The opacity information is also 
useful in troubleshooting. 
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·rABLE 44. POWER PLANT AND AIR QUALITY DATA FOR THOSE 
PLANTS WITH ELECTROSTATIC PRECIPITATORS 

Average Heat 
Boiler Content.of 

Company Name* Plant Name Number Coal, Btu/lb 

1 Alabama Power Barry 5 11, 995 
2 Alabama Power Gorgas 8 11, 591 
3 Alabama Power Gorgas 9 11,591 
4 Alabama Power Gorgas 10 11, 591 
5 Alabama Power Gadsden 1 11,905 
6 Alabama Power Gadsden 2 11, 905 
7 Allegheny Power (Monongahela) Albright 3 ll, 757 
8 Allegheny Power (Monongahela) Fort Martin 1 12,100 
9 Allegheny Power (Monongahela) Fort Martin 2 12,100 

10 Allegheny Power (Monongahela) Harrison 1 12, 24.6 
ll Allegheny Power (Monongahela) Harrison 2 12,246 
12 Allegheny Power (Monongahela) Harrison 3 12,246 
13 Allegheny Power (Monongahela) Willow Island 2 11, 238 
14 Allegheny Power (West Pa.) Armstrong 1 11, 327 
15 Allegheny Power (West Pa.) Armstrong 2 11, 327 
16 Allegheny Power {West Pa.) Hatfield 1 12,0U7 
17 Allegheny Power (West Pa.) Hatfield 2 12,007 
18 Allegheny Power (West Pa.) Hatfield .J 12,007 
19 Allegheny Power (West Pa.) Mitchell 33 12,700 
20 Allegheny Power (West Pa.) Springdale 88 13,266 
21 Appalachian Power Cabin Creek 81,82 13,007 
22 Appalachian Power Cabin Creek 91,92 13,007 
23 Appalachian Power Clinch River 1 12,012 
24 Appalachian Power Clinch River 2 12,012 
25 Appalachian Power Clinch River 3 12,012 
26 Arizona Public Service Four Cornet:. 4 8,924 
27 Arizona Public Service Four Corners 5, 8,924 
28 Big Rivers Electric Kenneth Coleman 1 10,890 
29 Big Rivers Electric Kenneth Coleman 2 10,890 
30 Big Rivers Electric Kenneth Coleman 3 10;890 
31 Big Rivers Electric Robert Reid 1 10, 344 
32 Cardinai Operating Co. Cardinal 1 11,338 
33 Cardinal Operating Co. Cardinal 2 .11,338 
34 Carolina Power & Light Asheville l 11, 936 
35 Carolina· Power & Light Asheville 2 11,936 
36 Carolina Power & Light Cape Fear 9 i2,340 
37 Carolina Power & Light Cape Fear 10 12, 340 

*The numbers in the first column correspond to the same plant names in Tables 45 and·· 46 

Average Average 
Sulfur Ash 

·content, % Content, % 

2.34 11. 67 
1.22 14.53 
l.22 14.53 
1. 22 14. 53 
1. 99 13 .14 
1. 99 13.14 
2 .. 09 15.84 

'2. 41 13. 30 
2.41 13. 30 
4.05 15.31 

. 4. 05 15.31 
4.05 15.31 
3.82 17.36 
2.67 17.49 
2.67 17.49 
2.46 15.39 
,~. 46 15,39 
2.46 15.39 
i~l7 9.85 
1.56 7.08. 
l. 20. 8. 69 . 
1.20. 8.69 
0.86 15.13. 
0.86 15.13 
0.86 15.13 
0.63 21. 76 
0.63 21. 76. 
J;76 12.54 
3.76 12.54 
3.76 12.S4 
3,72 15.40 
2.97 i~.01 
i.91 16.01 
1.38 .11.03 
1.38 11.03 
1.25 ll.80 
1.25 l'l. 80 

', .: 

·,_· 
,,. 

as they do in Table 44. 



TABJ~E 44. (Continued) 

Average Heat Average Average 
aoiler Content of Sulfur Ash 

Come~nl:'. Name* Plant Name Number Coal, a tu/lb Content, % Content, ' 
38 Carolina );lower & Light H. B. Robinson 1 12,170 1.05 10.98 
39 Carolina Power & Light H. F. Lee 1 12,702 1.10 9.90 
40 Carolina Power & Light H. F. Lee 2 12,702 1.10 9.90 
41 Caroli.na Power & Light Louis Sutton 1 11, 832 1. 26 14. 63 
42 Carolina Power ' Light Louis Sutton 2 ll,832 1. 26 14. 63 
43 Carolina Power & Light l.ouis Sutton 3 11,832 1.26 14. 63 
44 Carolina Power & Light Roxboro 1 12,488 1.10 9.90 
45 Carolina Pqwer & Light Roxboro 2 12,488 1.10 9.90 
46 Carolina Power & Light Roxboro 3A 12,488 1.10 9.90 
47 Carolina Power & Light Roxboro 3B 12,488 1.10 9.90 
48 Carolina Power & Light w. II. Weatherspoon 1 12,668 1.13 9.15 
49 Carolina Power & Light w. If. Weatherspoon 2 12,668 1.13 9.15 
50 Carolina Power & Light w. li. Weatherspoon 3 12,668 1.13 9.15 
51 · Cedar Falls Utilities Streeter 7 12,085 2.73 6.49 
52 Central Illinois Light E. D. Edwards 1 10,376 2.83 10.30 
53 Central Illinois Light E. D. Edwards 2 10,376 2.83 10.30 
54 Central Illinois Light E. D. Edwards 3 10,376 2.83 10.30 
55 Central Illinois Light R, s. Wallace 7 10,338 2.59 9.17 

C1\ 56 Central Illinois Light R. s. Wallace 8 10,338 2.59 'Ll 7 
N 57 Central Illinois Light R. s. Wallace 9 10,338 2.59 9.17 -i 

58 Central Illinois Light R. s. Wallace 10 10,338 2.59 9.17 
59 Centrai Illinois Pub. Service Coffeen 1 9,367 4.43 20.33 
60 Central Illinois Pub. Service Coffeen 2 9,367 4.43 20.33 
61 Central Illinois Pub. Service Grand Tower 7 ll, 252 3.33 11.88 
62 Central Illinois Pub. Service Grand Tower 8 11,252 3.33 11. 88 
63 Central Illinois Pub. Service Grand Tower 9 11,252 3.33 11. 88 
64 Central Ill.inois Pub.. Service Meredosia 1 J0,826 3.50 9.34 
65 Central Illinois Pub. Service Meredosia 2 10,826 3.50 9.34 
66 Central Illinois Pub. Service Meredosia 3 10,826 3.50 9.34 
67 Central Illinois Pub. Service Meredosia 4 10,826 3.50 9.34 
68 Central Illinois Pub. Service Meredosia 5 10,826 3.50 9.34 
69 Central Opera ting Philip Sporn 5 11,453 l. 26 15.10 
70 Charleston Bottoms REC II • L. Spurlock l 
71 Cincinnati Gas & Electric Miami Fort 6-l 10,918 3.21 14. 54 
72 Cincinnati Gas & Electric w. c. Beckjord 1 10,561 2.63 18.37 
73 Cincinnati Gas & Electric w. c. Beckjord 2 10,561 2.63 18.37 
74 Cincinnati Gas & ·Electric w. c. Beckjord 3 10,561 2.63 18.37 
75 Cincinnati Gas & Electric w. c. Beckjord 4 10,561 2.63 18.31 
76 Cincinnati Gas & Electric w. c. B':<~kjord 5 10,561 2.63 18.37 
77 Cincinnati Gas & Electric w. c. Bec;kjord 6 10,561 2.63 18.37 
78 City of Colorado Springs DPU Martin Drake 5 
79 City of Colorado Springs DPU Martin Drake 6 
80 City of Colorado Springs DPU Martin Drake 7 
Bl City of Peru Peru 2 11, 501 2.87 9.96 



TABLE 44. (Continued) 

Average Heat Average Average 
Boiler Content of Sulfur Ash 

ComEany Name* Plant Name Number Coal, Dtu/lb Content, i Content, % 

82 City of Springfield Lt. & Pr. Lakeside 5 10,578 3.91 12.39 
83 City of Springfield Lt. & Pr. Lakeside 6 10,5,78 3.91 12.39 
84 City of Springfield Lt. & Pr. Lakeside 7 10,578. . 3. 91 12.39 
85 City of Springfield Lt. & Pr. Lakeside 8 10,578 3.91 12.39 
86 City of Springfield Lt. & Pr. v. Y. Dallman 31 10,791 3.83 11. 59 
87 City of Springfield Lt. & Pr. v. Y. Dallman 32 10,791 3.83 11. 59 
88 City Util. of Springfield, Mo. James River 5 11,688 3.74 17.97 
89 Cleveland Electric Illumtg. Ashtabula 7 11,589. 3.20 14 .31 
90 Cleveland Electric Iilumtg. Ashtabula B 11, 589 3.20 14. 31 
91 Cleveland Electric Illumtg. Ashtabula 9 11, 589 J.20 14.31 
92 Cleveland Electric Illumtg. Ashtabula 10 11,589. 3.20 14. 31 
93 Cleveland Electric Illumtg. Ashtabula 11 11, 589 3.20 14. 31 
94 Cleveland Electric Illumtg. Avon Lake 9 11, 684 2.96 12.02 
95 Cleveland Electric Illumtg. Avon Lake 10 11, 684'. 2.96 12.02 
96 Cleveland Electric Illumtg. Avon Lake 11 ll,6B4. 2.96 12~02. 
97 Cleveland Electric Illumtg. Avon Lake 12 11,68( 2.96 12~02 
98 Cleveland Electric Illumtg. East Lake 5 11,845: 3.50 11.20 
99 Cleveland Electric Illumtg. Lake Shore 91 12,059 ,. 3.32 11~ 82 

C1\ 100 Clevelan~ Electric Illumtg. Lake Shore 92 12,059' J.32 1L82 N 
00 101 Cleveland Electric Illumtg. Lake Shore 93 12,059 3_, 32 1LB2 

102 Cleveland Electric Illumtg. Lake Shore·· 94 12,059 3. 32 11. 82 
103 Cleveland Electric Illumtg. Lake Shorei 18 12,059 3.32 1L02 
104 Columbus & Southern Ohio Elec. Conesville 4 10,455. 4.91 18.35 
105 commonwealth Edison Crawford 7 9,239 0.42 4 •. 98 
106 Commonw~alth Edison Crawford B 9,239 0.42 4.98 
107 Commonwealth Edison Dixon 4 10,539 2.89 10;.:94 
108 Commonwealth Edison Dixon 5 10,539 2.8? 10.94 
109 Conunonwealth Edison Fisk 18~1 9,261 0.40 4:61 
110 Commonwealth Edison Fisk 10~2 9,261 0.4Q 4\61 
111 Commonwealth Edison Fisk 19 9,261 .0. 40 4 .'6i 
112 Commonwealth Edison Jo,liet 3 10, 033 2;99 13~39 
113 Commonwealth Edison Joliet 4 10,033 2.89 13. 39 
114 Commonwealth Edison Joliet 5 10,033 2.89 13. 39 
115 commonwealth Edison Joliet 71 10,033 2~89 13. 39 
116 Commonwealth Edison Joliet 72 10, 033. 2.89 13. 39 
117 commonwealth Edison Joliet Bl 10,033 2.89 13. 39 
118 Cominonwealth Edison Joliet 82 10,033 2,89 l3. 39 
119 Collimonwealth Edison Kincaid 1 9,718 ).99 15.16 

.120 conunonwealth Edison Kincaid 2 9,718 .J.99 15.16 
121 CoH1111onwealth Edison Power ton 51 10,699 3,63 B.44 
122 Commonwealth Edison Power ton 52 10,699 .3.63 8.44 
123 ColtllJ\Onwealth Edison Sabrooke 4 10,722 0.92 15.90 
124 commonwealth Edison Waukegan 14 10,045 L2i " 9.40' 
125 Commonwealth Edison Waukegan 15 10,045 .1.2;1,·· 9.40 



T.ABI.E 44. (Continued) 

Average Heat Average Average 
Boiler Content of Sulfur Ash 

Cqm_eany Name* Plant Nam~ Number Coal, Btu/lb Content, % Content, % 

126 Commonwealth Edison Waukegan 16 10,045 1. 21 9 .40 
127 Commonwealth Edison Wauke9an 17 10,045 1.21 9.40 
128 Commonwealth Edison Waukegan 7 10,045 1. 21 9.40 
129 Commonwealth Edison Waukegan 8 10,045 1. 21 9.40 
130 Conlmonwealth Edison Will County 1 9,377 1. 58 8.35 
131 Commonwealth Edison Will County 2 9,377 1. 58 8.35 
132 Commonwealth Edison Will County 3 9,377 1. 58 8.35 
i33 Commonwealth Edison Will Cmmty 4 9,377 1. 58 8.35 
134 Commonwealth Edison/Indiana State Line· 1-1 9,730 1. 53 11.00 
135 Commonwealth Edison/Indiana State Line 2-1 9,730 1. 53 11.00 
136 Conunonwealth Edison/Indiana State Line 3-1 9,730 1. 53 11. 00 
137 Commonwealth Edison/Indiana State Line 4-1 9,730 1. 53 11. 00 
138 Commonwealth Edison/Indiana State Line 5-1 9,730 1. 53 11. 00 
139 Commonwealth Edison/Indiana State Line 6-1 9,730 1. 53 11. 00 
140 Commonwealth Edison/Indiana State Line 1-2 9,730 l. 53 11.00 
141 Commonwealth Edison/Indiana State Line 2-2 9,730 l. 53 11. 00 
142 Commonwealth Edison/Indiana State Line 3-2 9,730 l. 53 11. 00 

O'\ 143 CoRUTionwealth Edison/Indiana State Line 1-3 9,730 1. 53 11. 00 N 144 Commonwealth Edison/Indiana State Line 1-4 9,730 1. 53 11. 00 \0 

145 Consolidated Edison/New York Astoria 10 
146 Consolidated Edison/New York Astoria 20 
147 Consolidated Edison/New York Astoria 30 
148 Consolidated Edison/New York Astoria 40 
149 Consolidated Edison/New York Astoria 50 
150 Consolidated Edison/New York Ravenswood 30 
151 Consu_mers Power B. c. Cobb 1 11,462 3.27 11. 34 152 Consumers Power B. c. Cobb 2 11,462 3.27 11. 34 
153 Con~umers Power B. c. Cobb 3 11,462 3.27 11. 34 
154 Consumers Power B. c. Co LL 4 ll,462 3.27 11. 34 
155 Consumers Power B. c. Cohl• 5 11,462 3.27 11. 34 
156 Consumers Power D. E. Karn 1 11,138 3.21 14.55 
157 Consumers Power D. E. Karn 2 11 , 138 3.21 14.55 
158 Consumers Power J. c. Wea dock 7 ll,240 2.73 13.27 
159 Consumers Power J. c. Wea dock 8 11,240 2.73 13.27 
160 Consumers Power J. II. Campbell 1 ll, 187 3.61 16.] 2 
161 Consumers Power J. n. Campbell 2 11,187 3.61 16.12 
162 Dairyland Power Cooperative Alma 1 ll ,666 2.97 17.89 
163 Dairyland Power Cooperative Alma 2 11. 666 2.97 17.89 
164 Dairyland Power Cooperative Alma 3 11, 666 2.97 17.89 
165 Dairyland Power Cooperative Alma 4 11, 666 2.97 17.89 
166 Dairyland Power Cooperative Alma 5 11, 666 2.97 17.89 
167 Dairyland Power Cooperative Genoa #3 1 10,600 4.10 24.59 
168 Dairyland Power Cooperative Stoneman 1 11, 658 3.60 18.79 
169 Dairyland Power Cooperative Stoneman 2 11,658 3.60 18.79 



TABLE 44. (Continued) 

Average Heat Average Average 
Boiler Content of Sulfur Ash 

Com12any Name* Plant Name Number Coal, Dtu/lb ·.content, % Content# % 

170 Dallas Power & Light Big Brown 1 7,000 ,o. 60 10.40 
171 Dallas Power & Light Big Brown 2 . 7, 000 0.60 10.40 
172 Dallas Power & Light Monticello 1 
173 Dayton Power & Light Frank M. Tait 4 11,465 0.97 13 .67 
174 Dayton Power & Light Frank M. Tait 5 11,465 0.97 lJ.67 
175 Dayton Power & Light Frank M. Tait 7-1 11,465 0.97 13. 67 
176 Dayton Power & Light Frank M. Tait 7-2 11, 465 0.97 13 .67 
177 Dayton Power & Light Frank M. •rait 8-1 11,465 0.97 13. 67 
178 Dayton Power & Light Frank M. Tait 8-2 11, 465 .o.·91 13.67 
179 Dayton Power & Light J. M. Stuart .1 li,053 .l..68 15.88 
180 Dayton Power & Light J. M. Stuart 2 11, 053 1. 68 15.88 
181 Dayton Power & Light J. M. Stuart 3 11, 053 1.68 15.88 
182 Dayton Power & Light J. M. Stuart 4 ll, 053 1.68 15.88 
183 Dayton Power & Light o. M. Hutchings 1 12,186 0.86 10. 71 
184 Dayton Power & Light o. M. Hutchings 2 12,186 0.86 10. 71 
185 Dayton Power & Light o. M. Hutchings 3 12,186 o. 86 .· 10.11 
186 Dayton Power & Light o. M. Hutchings 4 12,,186 0.86 10. 71 
187 Dayton Power & Light 0. M. Hutchings 5 12,186 o .. e6 10. 71 

m 188 Dayton Power & Light 0. M •. Hutchings 6 ji,186 . 0.86 10. 71 w 
0 189 Delmarva Power & Light Delaware City ·4 iii,i10 6.70 0.10 

190 Delmarva·Power & Light Indian River 1 li, 13-0 1.63 11. 76 
191 Delmarva Power " Light Indian River 2 12,130 1.63 . il. 76 
192 Delmarva Power & Light Indian River ) 12,130 1. 63 11. 76 
193 Detroit Edison Conners Creek 15 11,645 1.81 13.75 
194 Detroit Edison Conners Creek 16 11,645 1.81 13.75 
195 De.trait Edison Conners Creek 17 11, 64 5 1. 81 13.75 
196 Detroit Edison Conners Creek 18 11, 645 1. 81 ] 3. 75 
197 Detroit Edison Harbor Bea~h 1 l}, 500 3.03 13 .38 
198 Detroit Edison Marysvillf> 9 il. 698 2.87 13.46 
199 Detroit Edison Marysville 10 li,:,698 ·2.a1 lJ. 46 
200 Detroit Edison Marysville 11 11,698 2.87 13. 46 
201 Detroit Edison Marysville 12 11, 698 2.$7 13. 46 
202 Detroit Edison Monroe 1 12,475 2 i 77 12.10 
203 Detroit Edison Monroe 2 12,475 2. 77 1°2 .10 
204 Detroit Edison Monroe 3 12,475 2.77 12,10 
205 Detroit Edison Monroe 4 12,475 2.77 li,10 
206 Oetroit Edison Pennsalt 23 11, ~35 1. 4-l p.38 
207 Detroit Edison Pennsalt 24 li, 635 1. 44 13.38 
208 Detroit Edison River PPuge 2 11, 999 3.37 l} .75 
209 Detroit Edison St. Cln ir 1 11, 790 3.01 ,·J°j,49 
210 Detroit Edison St. Clair 2 11, 790 3.01 . l3.4B 
211 Detroit Edison St. Clair 3 JJ,790 3.01 :lJ. 48 
2-12 Detroit Edison St. Clair 4 11. 790 3.01 lJ.48 
213 Detroit Edison St. Clair 6 11,790 3.0:J. iJ.48 
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Average Ileat Average Average 
Doil er Content of Sulfur Ash 

Compan~ Name* Plant Name Number Coal, Btu/lb Content! % Content, % 

214 Detroit Edison St. Clair 7 11, 790 3.01 13.48 
215 Detroi't Edison Wyandotte 9 11, 777 1.13 12.34 
216 Detroit Edison Wyandotte 10 11,777 1.13 12.34 
217 Detroit Edison Wyandotte 11 11, 777 1.13 12.34 
218 Detroit Edison Wyandotte ] 2 11 I 777 1.13 12.34 
219 Duke Power Allen 1 11,965 0.89 12.53 
220 Duke Power Allen 2 11,965 0.89 12.53 
221 Duke Power Allen 3 11, 965 0.89 12.53 
222 Duke Power Allen 4 11,965 0.89 12.53 
223 Duke Power Allen 5 11, 965 0.89 12.53 
224 Duke Power Belews Creek 1 
225 Duke Power Buck 5 12,125 0.88 11. 54 
226 Duke Power Buck 6 12,125 0.88 11. 54 
227 Duke Power Buck 7 12,125 0.88 ] 1. 54 
228 Duke Power Buck 8 12,125 0.88 11. 54 
229 Duke Power Buck 9 12,125 0.88 11. 54 
230 Duke Power Cliffside 1 12,368 1. 30 13.57 
231 Duke Power Cliffside 2 12,368 1. 30 13. 57 °' 232 Duke Power Cliffside 3 12,368 1. 30 13.57 w 

I-' 233 Duke Power Cliff side 4 12,368 1. 30 13.57 
234 Duke Power Dan River ] 11,963 0.92 12.69 
235 Duke Power Dan River 2 ,11, 963 0.92 12.69 
236 Duke Power Dan Ri.ver 3 11,963 0.92 12.69 
237 Duke Power Lee 1 11,545 1.17 14.21 
238 Duke Power =Lee 2 11,545 1.17 14.21 
239 Duke Power Lee 3 11,545 1.17 14.21 
240 Duke Power Marshall 1 11,737 0.96 13. 55 
241 Duke Power Marshall 2 11,737 0.96 13.55 
242 Duke Power Marshall 3 11, 737 0.96 13.55 
243 Duke Power Marshall 4 11,737 0.96 13.55 
244 Duke Power Riverbend 7 11,834 0.89 13. 64 
245 Duke Power Riverbend 8 11,834 0.89 13.64 
246 Duke Power Riverbend 9 11,834 0.89 13. 64 
247 Duke Power Rivcrbend 10 11,834 0.89 13. 64 
248 D~quesne Light Co. (:heswick 1 11,038 2.16 20.33 
249 Duquesne Light Co. Elrama 1 10,996 2.13 20.07 
250 Duquesne Light Co. Elrama 2 10,996 2 .13 20.07 
251 Duquesne Light Co. Elrama 3 10,996 2.13 20.07 
252 Duquesne Light Co. Elrama 4 10,996 2.13 20.07 
253 Duquesne Light Co. Phillips 1 11, 342 1. 89 16.74 
254 Duquesne Light Co. Phillips 2 11,342 1.89 16.74 
255 Duquesne Light Co. Phillips 3 ll, 342 1. 89 16.74 
256 Duquesne Light Co. Phillips 4 11,342 1.89 16.74 
257 Duquesne Light Co. Phillips 5 11,342 1.89 16.74 
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258 Duquesne Light Co. Phillips 6 11,342 1.89 16.74 
259 East Kentucky Power Coop. John S. Cooper 1 11,435 2.35 15.32 
260 East Kentucky Power Coop. John s. Cooper 2 11, 435 ;;f. 35 15.32 
261 East Kentucky Power Coop. William Dale 3 11, 380 i. 62 14 .00 
262 East Kentucky Power Coop. William Dale 4 11,380, 1.62 14.00 
263 Electric Energy, Inc. Joppa 1-2 11, 439 2.38 10.21 
264 Electric Energy, Inc. Joppa 3-4 11,439 2.38 10.21 
265 Electric Energy, Inc. Joppa 5-6 11,439 2.38 10.21 
266 Empire District Electric Asbury l 10,238 4.43 24.13 
267 Georgia Power Arkwright 1 11,904 2.00 12.77 
268 Georgia Power Arkwright 2 i 1 I 90 4 i.oo 12.77 
269 Georgia Power Arkwright 3 il,904 i'.oo 12.77 
270 Georgia Power Arkwright 4 11, 904 'i. 00 12.77 
271 Georgia Power Hammond 1 11, 329 3. 25 .. 9.49 
272 Georgia Power Harnrnond 2 11, 329 3.25 9.49 
273 Georgia Power Hammond 3 11, 329 3.25 9.49 
274 Georgia Power Hammond 4 11, 329 3.25 9.49 
275 Georgia Power H. L. Bowen 1 11,444 .3.13 10.73 m 276 Georgia Power n. L. Bowen 2 11,444 ,;J,13 10.73 w 

tJ 277 Georgia Power H. L. Bowen 3 ~1,444 3.13 10.73 
278 Georgia Power Jack McDonough ·.:1 ]] • 887 Los 12.99 
279 Georgia Power Jack McDonough 2 ll, 887 . i.65 12.99 
280 Georgia Power Plant Harllee 1 12,156 0.94 10.53 
281 Georgia Power Plant llarllee 2 12,156 0.94 10.53 
282 Georgia Power Plant Harl lee 3 12,156 0.94 10.53 
283 Georgia Power Plant Harllee 4 12,156 0.94 10.53 
284 Georgia Power Mitchell 1 11,519. L42 15.01 
285 Georgia Power Mitchell 2 ll. 519 1.42 15.01 
286 Georgia Power Mitchell 3 1,1,519 1 .. 42 15.01 
287 Georgia Power Yates 1 12,284 2.22 9.25 
288 Georgia Power Yates 2 12,284 2.i2 9.25 
289 Georgia Power Yates 3 12,284 2.22 9.25 
290 Georgia Power Yates 4 i2,284 2;22 9.25 
291 Georgia Power Yates 5 :).2,284 2.22 9.25 
292 Georgia Power Yates 6 12,284 2.22· 9.25 
293 Georgia Power Yates 7 12,284 2,22 9.25 
294 Gulf Power Lansing Smith 1 11, 510 2~ 84· 11.18 
295 Gulf Power Lansing Smith 2 U,510 ~.84 11.18 
296 Gulf Power Crist 4 l,1,883 3 .11 10. 92 
297 Gulf Power Crist 5 ., ll, 883 3 .11 10.% 
298 Gulf Power Crist 6 11,883 3.11 i0.92 
299 Gu if Power Crist 7 1-i,BB3 3 .11 . 10.92 
300 Gulf Power Scholz 1 1'2,455 1. 41". 12.55 
301 Gulf Power Scholz 2 1?,455 1.41 12.55 
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Average Heat Average Average 
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ComEan:t Name* Pl an·t Name Number Coal, Btu/lb Content, % Content, % 

302 Hartford Electric Mjddletown 1 11,746 2.25 15.00 
303 Hartford Electric Middletown 2 11,746 2.25 15.00 
304 Henderson Municipal Sfatjon 2 1 10,347 3.80 15.48 
305 Henderson Municipal :')tat ion 2 2 10,347 3.80 15.48 
306 Hollan<;) Board of Public Works James De Young 5 12,404 3.22 7.97 
307 Illinois Power Company Baldwin 1 10,285 3.27 12.79 
308 Illinois Power Company Baldwin 2 10,285 3.27 12.79 
309 Illinois Power Company Hennepin 1 10,890 3.00 10.00 
310 Illinois Power Company Hennepin 2 10,890 3.00 10.00 
311 Illinois Power Company Vermi '!.ion 1 10,858 2.90 11.33 
312 Illinois Power Company Vermilion 2 10,858 2.90 11. 33 
313 Illinois Power Company Wood River 4 10,991 2.97 10.30 
314 Illinois Power Company Wood River 5 10,991 2.97 10.30 
315 Indiana-Kentucky Elec. Corp. Clifty Creek 1 10,852 3.64 11. 69 
316 Indian~-Kentucky Elec. Corp. Clifty Creek 2 10,852 3.64 11. 69 
317 Indiana-Kentucky Elec. Corp. Clifty Creek 3 10,852 3.64 11. 69 
318 Indiana-Kentucky Elec. Corp. Clifty Creek 4 10,852 3.64 11. 69 
319 Indiana-Kentucky Elec. Corp. Clifty Creek 5 10,852 3.64 11. 69 

C1'I 320 Indiana-Kentucky Elec. Corp. Clifty Creek 6 10,852 3.64 11. 69 
lJ 321 Indiana & Michigan Elec. Co. Tanners Creek 4 10,995 3.43 13.03 lJ 

322 Indianapolis Power & Light co. c. c. Perry K 11 11,299 2.29 9.35 
323 Indianapolis Power & Light Co. c. c. Perry K ] 2 11,299 2.29 9.35 
324 Indianapolis Power & Light co. c. c. Perry K 13 11,299 2.29 9.35 
325 rndian~polis Power & Light Co. c. c. Perry K 14 11,299 2.29 9.35 
326 Indian_i,lpOlis Power & Light Co. c. c. Perry K 15 11,299 2.29 9.35 
327 Indianapolis Power & Light Co. c. c. Perry K 16 ll I 299 2.29 9.35 
328 Indianapo~is Power & Light Co. E. w. Stout 50 11, 076 2.64 9.30 
329 Indianapolis Power & Light Co. E. w. Stout 60 11, 076 2.64 9.30 
330 Indianapolis Power & Light Co. n. T. rrit-chard 3 11,112 2.39 9.70 
331 Indianapol°is Power & Light Co. II. T. f.'rih·hard 4 11, 112 2.39 9.70 
332 Indianapolis Power & Light Co. B. T. Pri tdrnrd 5 11,112 2.39 9.70 
333 Indianapolis Power & Light Co. ll . T. Pritchard 6 11,112 2.39 9.70 
334 Indianapolis Power & Light Co. Petersburg 1 10,954 2.98 9.77 
335 Indianapolis Power & Light Co. Petersburg 2 10,954 2.98 9.77 
336 Interstate Power Company Dubuque 1 11,169 2.86 13 .19 
337 Interstate Power Company M. I,. Kapp 2 11,211 2.92 10.85 
338 Iowa Electric Light & Power Prairie Creek Station 1-2-3 3 10,941 2.48 9.10 
339 Iowa Electric Light & Power Sixth Creek Station 3-4 10,285 2.34 8.04 
340 Iowa Electric Light & Power Sixth Creek Station 5-6 10,285 2.34 8.04 
341 Iowa Electric Light & Power Sixth rt· eek Station 7-8 10,285 2.34 8.04 
342 Iowa Electric Light & Power Sixth C~eek Station 9-10 10,285 2.34 8.04 
343 Iowa-Illinois Gas & Electric Riverside 5 10,805 2.48 8.68 
344 Iowa-Illinois Gas & Electric Riverside 6 10,805 2.48 8.68 
345 Iowa-Illinois Gas & Electric Riverside 7 10,805 2.48 8.68 
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346 Iowa-Illinois Gas & Electric Riverside 8 : 10,805 2.48 8.68 
347 Iowa-Illinois Gas & Electric Riverside 9 .10,805 2.48 8.68 
348 Iowa Power & Light Company Council Bluffs 1 10,143 1.09 8.96 
349 Iowa Power & Light Company Council Bluffs 2 10 ,143 1.09 8.96 
350 Iowa Power & Light Company Des Moines 10 9,549 2.94 13.65 
351 Iowa Power & Light Company Des Moines 11 9,549 ·2. 94 13. 65 
352 Iowa Public Service Company Maynard 14 10,960 2.86 10.21 
353 Iowa Public Service Company Neal 1 9,981 0.60 11. 22 
354 Iowa Public Service Company Neal 2 ' 9,981 0"60 11. 22 
355 Iowa Southern Utilities Burlington 1 l0,183 2.sa 13.70 
356 Kansas City Bd. of Pub. Util. Kaw 3 11,784 3.9p 13.75 
357 Kansas City Bd. of Pub. Util. Q1.1indaro No. 3 1 11,492 1.61 11.14 
358 Kansas City Bd. of Pub. Util. Quindaro No. 3 2 11,492 :t .~l 11.14 
359 Kansas City Power & Light Grand Avenue 7 12,33(;i 3. 71 11.08 
360 Kansas City Power & Light Hawthorn 5 10,566 1.'40 9.53 
361 Kansas City Power & Light Montrose 1 9. 413 s.s1 23 •. 19 
362 Kansas City Power & Light Montrose 2 9,413 5.51 23.19 
363 Kansas City Power & Light Montrose 3 9, 413 5.51 23.19 

O'l 364 Kentucky Power Company Big Sandy l 11, 835 o.97 12.49 t.i 
ob 365 Kentucky Power Company Big Sandy 2 il,835 0.97 12.49 

366 Kentucky Utilities Company E. w. Browri -1 ll,804 1. 72 13. 25 
367 Kentucky Utilities Company E. w. Brown 3 11, 804 i. 72 13. 25 
368 Kentucky Utilities Company Ghent 1 10,917 2.76 ·10.19 
369 Kentucky Utilities Company Green River 4 11,364 2.sa 10.15 
370 Kentucky Utilities Company Tyrone 5 11,570 o.9o 12.39 
371 Lansing Ba. of Water & Light Eckert 1 12,319 . ? .. ;a 10.74 
372 Lansing Bd. of Water & Light Eckert : 2 12,319 2.98 10.74 
373 Lansing Bd. of Water & Light Eckert ··. 3 12' 319 2.98 10.74 
374 Lansing Bd. of Water & Light Eckert 4 12' 319 2.9~ 10.74 
375 Lansing Bd. of Water & Light Eckert 5 ii,319 2.98 10.74 
376 Lansing 9d. of Water & Light Eckert ·6 12,319 2.98 10.14 
377 Lansing Bd. of Water & Light Erickson 1 12,270 2.~~ 11. 61 
378 tansing Bd. of Water & Light Ottawa 1 12,437 2.74 7.96 
379 Lansing Bd. of Water & Light Ottawa 2 12,437 2.74 7.96 
380 Lansing Bd. of Water & Light Ottawa 3 12, 4 37. ~ .14 7.96 
381 Lansing Bd. of Water & Light Ottawa .4 12,437 ~.74 7.96 
382 Lansing Bd. of Water & Light Ottawa 5 12,437 2. 74 7.96 
383 Louisville Gas & Elec. Co. Cane Rnn l, 11, 075 .:, . 76 14. 02 
384 Louisville Gas & Elec. co. Cane Hirn 2 11, 075 J.76 14.0.l. 
385 Louisville Gas & Elec. co. Cane Hun 3 il,075 3. 76. 14.02 
386 Louisville Gas & Elec. co. Cane Run 4 ll,075 3.76 14. 02 
387 Louisville Gas & Elec. co. Cane Run 5 11, 075 . 3.-76 14. 02 
388 Lbuisville Gas & Elec. Co. ·Cane Run 6 11, 075 :,. 3 .. :76. 14.02 
389 Louisville Gas & Elec. co. Mill Cree)t 1 11 •. 1 s:i 3 ;··ao ~· 13.76 

-~ ·. -~--
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Louisville Gas & Elec. Co. 
Louisville Gas & Elec. Co, 
Louisville Gas & Elec, Co. 
Louisville Gas & Elec. Co. 
Louisville Gas & Elec. Co. 
Louisville Gas & Elec. Co. 
Louisville Gas & Elec. Co. 
Madison Gas & Elec. Co. 
Metropolitan Edison Co. 
Metropolitan Edison Co. 
Metropolitan Edison Co. 
Metropolitan Edison Co. 
Metropolitan Edison Co. 
Metropolitan Edison Co. 
Metropolitan Edison Co. 
Michigan State University 
Michigan State University 
Michigan State Universjty 
Mississippi Power Company 
Mississippi Power Company 
Montana Power Company 
Municipal Powe~ & Light 
Muscatine Power & Light 
N" Y. State Elec. & Gas 
N. Y. State Elec. & Gas 
N. Y. State Elec. & Gas 
N. Y. State Elec. & Gas 
N. Y. State Elec. & Gas 
N. Y. State Elec. & Gas 
N. Y. State Elec. & Gas 
N. Y. State Elec. & Gas 
N. Y. State Elec. & Gas 
N. Y. State Elec. & Gas 
N. Y. State Elec. & Gas 
N. y, State Elec. & Gas 
No. Indiana Pub. Service Co. 
Na. Indiana Pub. Service Co. 
No. Indiana Pub. Service Co. 
No. Indiana Pub, Service Co. 
No. Indiana Pub. Service Co. 
No. Indiana Pub. Service Co. 
No. Indiana Pub. Service Co. 
No. Indiana Pub. Service Co. 
No. Indiana Pub. Service Co. 
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Plant Name 

Mill Creek 
Paddy's Run 
Paddy's Run 
Paddy's Hun 
Paddy's Run 
Paddy's Run 
Paddy's Run 
Blount' Street 
Crawford 
Crawford 
Portland 
Portland 
Titus 
Titus 
Titus 
Power Plant '65 
Power Plant '65 
Power Plant '65 
Jack Watson 
Jack Watson 
J. E. Corette 
Station One 
Muscatine Municipal 
Goudey 
Goudey 
Goudey 
Greenidge 
Greenidge 
Greenidge 
llickling 
Hickling 
Ilickli ng 
Hickling 
Mil liken 
Milliken 
Dailly 
Bailly 
Dean II. Mitchell 
Dean II. Mitchell 
Dean II. Mitchell 
Dean II. Mitchell 
Michigan City 
Michigan City 
Michigan City 

Boiler 
Number 

2 
1 
2 
3 
4 
5 
6 
9 
7 
8 
l 
2 
1 
2 
3 
l 
2 
3 
4 
5 
1 
6 
8 

11 
12 
13 

4 
5 
6 
1 
2 
3 
4 
l 
2 
7 
8 
4 
5 
6 

11 
4 
5 
6 

Average Heat 
Content of 

Coal, Btu/lb 

11,152 
11'368 
11 '368 
11,368 
11, 368 
11, 368 
11,368 
11,535 
12,660 
12,660 
12,473 
12,473 
12,224 
12,224 
12,224 
12,639 
12,639 
12,639 
11, 885 
11,885 

8,582 

10,712 
11,341 
11,341 
11,341 
11,638 
11,638 
11, 638 
10,917 
10,917 
10,917 
10,917 
11,317 
11,317 
11, 109 
11, 109 
11,146 
11,146 
11,146 
11,146 
10,558 
10,558 
10,558 

Average 
Sulfur 

Content, % 

3.80 
3.42 
3.42 
3.42 
3.42 
3.42 
3.42 
3.06 
1. 21 
1. 21 
1. 53 
1. 53 
0.96 
0.96 
0.96 
0.98 
0.98 
0.98 
2.70 
2.70 
0.67 

3.09 
2.20 
2.20 
2.20 
1. 98 
1. 98 
1. 98 
1. 98 
1. 98 
1. 98 
1. 98 
2.08 
2.08 
3.62 
3.62 
3.18 
3.18 
3.18 
3.18 
3. 36 
3.36 
3.36 

Average 
Ash 

Content, % 

13. 76 
12.57 
12.57 
12.57 
12.57 
12.57 
12.57 

8.79 
10.70 
10.70 
11. 35 
11. 35 
11. 97 
11.97 
11.97 

9.70 
9.70 
9.70 

10.88 
10.88 
8.22 

10.22 
18.45 
18.45 
18.45 
15.20 
15.20 
15.20 
15.20 
15.20 
15.20 
15.20 
16.37 
16.37 
10.00 
10.00 

9.32 
9.32 
9.32 
9.32 

11.14 
11.14 
11.14 



TABLE 44. (Continued) 

Average Heat Average Average 
Boiler Content of Sulfur Ash 

Company Name* Plant Name Number Coal, Btu/lb Content, % Content, % ---
434 No •. Indiana Pub. Service Co. Michigan City 12 10,558 3.36 11.14 
435 No. Indiana Pub. Service Co. ADVANCE 1 12,341 i;3a 8.95 
436 No. Indiana Pub. Service co. ADVANCE 2 '12,341 2.38 8.95 
437 No. Indiana Pub. Service Co. ADVANCE 3 12,341 2.38 8.95 
438 Northern States Power Co. A. s. King l 10,567 3.32 15.17 
439 Northern States Power co. Black Dog l 10,108 2.27 11. 73 
440 Northern States Power Co. Black Dog 2 10,108 2.27 11. 73 
441 Northern States Power Co. Black Dog 3 10,108 2.27 11. 73 
442 !liorthern States Power co. Black Dog 4 10,108 2.27 11. 73 
443 Northern States Power Co. High·Bridge 9 9,666 . 1. 82 9. 71 
444 Northern States Power Co. High Bridge 10 9,666 1.82 9. 71 
445 Northern States Power co. High Bridge 11 9,666 1.82 9. 71 
446 Northern States Power co. High Bridge 12 9,666 1.82 9. 71 
447 Northern States Power Co. Minnesota Valley 4 10,044 1. 28 .9. 20 
448 Ohio Edison Company Edgewater 11 12,267 2.68 10.13 
449 Ohio Edison Company Edgewater 12 12,267 2.68 i0.13 
450 Ohio Edison Company Edgewater 13 12,267 2.68 10.13 
451 Ohio Edison Company Gorge 25 10,792 3-. 22 15.25 

°' 452 Ohio Edison company Gorge 26 10,792 3.22 15.25 w a. 453 Ohio Ediso~ Company Norwalk 5 11,322 3.55 13.10 
454 Ohio Edison Company R. E. Burger 1 ll,457 3.25 13.93 
455 Ohio Edison Company R. E. Burger 2 11,457 3.25 13. 93 
456 Ohfo Edison Company R. E. Burger 3 11,457 3.25 fJ. 93 
457 Ohio Edison Company R •. E. Burger 4 11,457 3.25 13.93 
458 Ohio Edison Company R. E. Burger 5 11,457 3.25 13. 93 
459 Ohio Edison Company R. E. Burger 6 11,457 3,25 13 .93 
460 Ohio Edison Company R. E. Burger 7 11,457 3,25 13. 93 
461 Ohio E.dison Company R. E. DUJ qer 8 11,457 3.25 13. 93 
462 Ohio Edison Company w. H. Sammis 1 11,367 2.99 15.79 
463 Ohio Edison Company w. II. Sammis 2 l}, 367 2·~99 15.79 
464 Ohio Edison Company w. II. Sammis 3 11, 367 2;99 i5.79 
465 Ohio Edison Company w. H. Sammis 4 il,J67 2+ 99· 15.79 
466 Ohio Edison Company w. II. Sammis 5 11, 367 2.99 15.79 
467 Ohio Edison Company w; IL Sammis 6 11,367 2 •. 99 15.79 
468 Ohio Edison Company w. H. Sammis 7 11, 367 2.99 15.79 
469 Ohio Electric Company Gavin 1 
470 Ohio Power Company Mitchell 1 11, 601 3.35 15.20 
471 Ohio Power company Mitchell 2 11,601 3.35 15.20 
4n Ohio Power Company Muskir1rium River 1 to,448 4.64 19.3~ 
473 Ohio Power Company Muski119um River 2 ;t0,440 4~64 19.35 
474 Oliio Power Company Muskingum IHver · 3 10,448 4.64 f9 .:35 
475 Ohio Power Company Muskingum River · 4 10,448 4.64 f9. 35 
476 Ohio Power Company Muskingum River 5 10,449 4.64 19.35 
477 Ohio Valley Elec. Corp. Kyger Creek ;;7, .. 1 11, 586 3.99 14.52 



TABLE 44. (Continued) 

Average Heat Average Average 
Boiler Content of Sulfur Ash 

Comean:t Name* Plant Name Nwnber Coal, Btu/lb content, ' Content, % 

478 Ohio. Valley Elec. Corp. Kyger Creek 2 ll, 586 3.89 14. 52 
479 Ohio Valley Elec. Corp. Kyger Creek 3 11,586 3.89 14 .52 
480 Ohio Valley Elec. Corp. Kyger Creek 4 11,586 3.89 14. 52 
481 Ohio Valley Elec. Corp. Kyger Creek 5 ll, 586 3.89 14. 52 
482 Omaha Public Power Dist. North Omaha l 10,953 1. 48 9.12 
483 Omaha Public Power Dist. North Omaha 2 10,953 1. 48 9.12 
484 Omaha Public Power Dist. North Omaha 3 10,953 1. 48 9.12 
485 Omaha Public Power Dist. North Omaha 4 10,953 1. 48 9.12 
486 Omaha Public Power Dist. North Omaha 5 10,953 1. 48 9.12 
487 Otter Tail Power Company lloot Lake 2 7,093 0. 72 6.16 
488 Otter Tail Power Company Hoot Lake 3 7,093 o. 72 6.16 
489 Owensboro Munic. Utilities Elmer Smith 1 10,993 3 .11 10.48 
490 Owensboro Munic. Utilities Elmer Smith 2 10,993 3.11 10.48 
491 Owensboro Munic. Utilities Owensboro Plant 1 1 ll,027 3.12 10.35 
492 Owensboro Munic. Utilities Owensboro Plant 1 2 11,027 3.12 10.35 
493 Owensboro Munic. Utilities Owensboro Plant 1 3 ll, 027 3.12 10.35 
494 Owensboro M~nic. Utilities Owensboro Plant 1 4 ll, 027 3.12 10.35 
495 Pacific Power & Light Co.·. Centralia 1 7,552 0. 49 14. 88 °' 496 Pacific Power Light Co. Centralia 2 7,552 0.49 14. 88 w & 

-.J 497 Pacific Power & Light Co. Jim Bridger 1 
498 Pella Mtinic. Power & Light Pella 6 9 I 410 6.43 17.24 
499 Pella Munic. Power & Light Pella 7 9,410 6.43 17.24 
500 Pennsylvania Electric Co. Homer City l ll, 766 2. 4 0 19.30 
501 Pennsylvania Electric Co. Homer City 2 ll, 766 2.40 19.30 
502 · ·PennsyJvania Electric Co. Conemaugh 1 ll,437 2.29 18.68 
503 Pennsylvania Electric Co .. Conemaugh 2 ll,437 2.29 18.68 
504 Penrisylvania Electric Co. Front Street 7 12,101 2.12 13 .17 
505 Pennsylvania Electric Co. Front Str0et 8 12,101 2 .12 13.17 
506 Pennsylvania Electric Co. Front StrP•'t 9 12,101 2.12 13.17 
507 Pennsylvania Electric Co. Front Street 10 12,101 2.12 13 .17 
508 Pennsylvania Electric Co. Keystone 1 11, 640 2.24 20.36 
509 Pennsylvania Electric Co. Keystone 2 11,640 2.24 20.36 
510 Pennsylvania Electric Co. Seward 12 12,076 2.97 18.16 
5ll Pennsylvariia Electric Co. Seward 14 12,076 2.97 ] 8. 16 
512 Pennsylvania Electric Co. Seward 15 12,076 2.97 18.16 
513 Pennsylvania Electric Co. Shawville 1 12,461 2.06 12.53 
514 Pennsylvania Electric Co. Shawville 2 12,461 2.06 12.53 
515 Pennsylvania Electric Co. Shawville 3 12,461 2.06 12.53 
516 Pennsylvania Electric Co. Shawville 4 12,461 2.06 12.53 
517 Pennsylvania Electric Co. Warren 1 12,196 2.12 11. 92 
518 Pennsylvania Electric Co. Warren 2 12,196 2.12 11. 92 
519 Pennsylvania Electric Co. Warren 3 12,196 2.12 11. 92 
520 Pennsylvania Electric Co. Warren 4 12,196 2.12 11. 92 
521 Pennsylvania Power Company New Castle 1 12,462 3.24 10.70 
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Average Heat Average Average 
Boiler Content of Sulfur Ash 

Com12any Name* Plant Name Number Coal, Btu/lb Content, % Content, % 

522 Pennsylvania Power Company New Castle 2 12,462 3.24 10.70 
523 Pennsylvania Power Company New Castle 3 ~2,462 3.24 10. 70 
524 Pennsylvania Power Company New Castle 4 12,462 3.24 10.70 
525 Pennsylvania Power Company New Castle 5 12,462 3.24 10.70 
526 Penn. Power & Light Co. Brunner Island 1 12,460 l.99 13.74 
527 Penn. Power & Light Co. Brunner Island 2 12,460 l.99 13. 74 
528 Penn. Power & Light Co. Brunner Island 3 12,460 1. 99 13.74 
529 Penn. Power & Light Co. Holtwood 17 10,205 0.10 19.20 
530 Penn. Power & Light Co. Martins Creek 1 12,639 2.07 il. 46 
531 Penn. Power & Light Co. ~art ins Creek 2 12,639 2. 67. 11.46 
532 Penn. Power & Light Co. Montour l 12,565 l,i9 13 .17 
533 Penn. Power & Light Co. Montour 2 12,565 1. 79 13 .17 
534 Penn. Power & Light Co. Sunbury lA 11, 407 1.99 

: 
15.52 

535 Penn. Power & Light Co. Sunbury lB 11,407 1.99- 15.52 
536 Penn. Power & Light Co. Sunbury 21\ 11,407 1.99 15.52 
531 Penn. Power & Light Co. Sunbury 2B 11,407 · i.99 15.52 
538 Penn. Power & Light Co. Sunbury 3 11,407 1.99 15.52 

°' 
539 Penn. Power & Light Co. Sunbury 4 11,407 1. :99 15.52 

w 540 Philadelphia Electric Co. Eddystone 1 13,026 2.37 . 8. 62 
00 

541 Philadelphia Electric Co. Eddystone .2 13, 026 i,j7· 8.62 
542 Potomac Electric Benning 25 13,106 0.90 9.01 
543 Potomac Electric Benning 26 i3, 106 o.~o 9.01 
544 Potomac Electric Chalk Point 1 12,341 i. 70. 12.16 
545 Potomac Electric Chalk Point 2 12,341 1. 70 12 .16 
546 Potomac Electric Dickerson 1 12,209 · i.64 12.86. 
547 Potomac Electric Dickerson 2 i2,209 1.64 

.. 
·12.B6.· 

548 Potomac Electric Dickerson 3 12,209 1.64 : 12. 86 : 
549 Potomac Electric Morgantown 1 12,693 i.10: 13.)4 
550 Potomac Electric Morgantown 2 12,693 l • 'lll 13. 34 
551 Potomac Electric Potomac kiver 1 fi,683 0.84 10.69 
552 Potomac Electric Potomac River 2 1~~683 0.84 10.69 
553 Potomac Electric Potomac River 3 12,683 0.84 10.69 
554 Potomac Electric Potomac River 4 12,683 ·0.84 10. 69 
555 Public Serv. Co. of Colorado Arapahoe 2 10,234 0.73 7.48 
556 Public ·serv. Co. of Colorado Arapahoe 3 10,234 0.7J 7.48 
557 Public Serv. Co. of Colorado Arapahoe 4 10,234 o:TJ. 7.48 
558 Public Serv. Co. of Colorado Cameo 2 11,008 0.52 10.08 
559 Public Serv. Co. of Colorado Cherokee l. 10,768 0.51 8.47 
560 Public Serv. Co. of Colorado Cherok<>e 2 · lO, 768 0.51 8 .47 
561 Public Serv. Co. of Colorado .CherokC!•? 3 10,768 0.51 8.47 
562 Public ·Serv. Co. of Colorado ·cilerokee 4 10,768 0.51 8.47 
563 Public Serv. Co. of Colorado Comanch~ l 8,620 io. 30 5.10 
564 Public Serv. Co. of Colorado Valmont 5 10,4QO 0.$2 1.53 
565 Public Serv. Co. of Colorado : Zuni j .. ---



'l'ABI.E 4 4. (Continued) 

Average neat Average Average 
Boiler Content of Sulfur Ash 

Com12an~ Naµl~* Plant Name Number Coal, ntu/lb Content, % Content, % 

566 PuoU.c Serv. Co. of Indiana Cayuga 1 10,363 2.17 13. 38 
567 Public Serv. Co. of Indiana Cayuga 2 10,363 2.17 13. 38 
568 Public Serv. Co. of Indiana Edwardsport 7-1 10,231 2.79 12.56 
569 Public Serv. Co. of Indiana Edwardsport 7-2 10,231 2.79 12.56 
570 Public Serv. Co. of Indiana Edwardsport 8-1 10,231 2.79 12.56 
571 Public Serv. Co. of Indiana Gallagher 1 11,149 3.40 10.73 
572 Public Serv. Co. of Indiana Gallagher 2 11,149 3.40 10.73 
573 Public Serv. Co. of Indiana Gallagher 3 11,149 3.40 10.73 
574 Public Serv. Co. of Indiana Gallagher 4 11,149 3.40 10.73 
575 Public Serv. Co. of Indiana Noblesville 1 10,742 2.74 9.87 
576 Public Serv. Co. of Indiana Noblesville 2 10,742 2.74 9.87 
577 Public Serv. Co. of Indiana Noblesville 3 10,742 2.74 9.87 
578 Public Serv. Co. of Indiana Wabash Rjver 5 10,907 2.54 11. 58 
579 Public Serv. Co. of Indiana Wabash River 6 10,907 2.54 11. 58 
580 Public Serv. Co. of Indiana Wabash River l 10,907 2.54 11. 58 
5Bl Public Serv. Co. of Indiana Wabash River 2 10,907 2.54 11. 58 
582 Public Serv. Co. Of Indiana Wabash River 3 10,907 2.54 11.58 

Cl'\ 583 Public Serv. Co. of Indiana Wabash River 4 10,907 2.54 11.58 
l.J 584 Pub. Serv. Co. of N. Hamp. Merrimack 1 13,443 2.08 7.09 '° 585 Pub. Serv. Co. of N. Hamp. Merrimack 2 13,443 2.08 7.09 

586 Pub. Serv. Co. of N. Mexico San Juan 2 8,838 0.80 21. 20 
587 Richmond Power & Light Whitewater Valley 1 11, 506 3.00 10.00 
588 Richmond Power & Light Whitewater Valley 2 11, 506 3.00 10.00 
589 Rochester Dept. of Pub. Utl. Silver Lake 4 12,400 1. 95 7.20 
590 · Rochester Gas & Elec. Corp. Rochester 3 12 12,680 1. 98 9.75 
591 Rochest:er Gas & Elec. Corp. Rochester 7 1 12,706 2.06 9.78 
592 Rochester Gas & Elec. Corp. Rochester 7 2 12,706 2.06 9.78 
593 Rochester Gas & Elec. Corp. RochestuL 7 3 12,706 2.06 9.78 
594 Rochester Gas & Elec. Corp. Hocheste1 7 4 12,706 2.06 9.78 
595 Salt River Project Navajo 1 
596 Salt River Project Navajo 2 
597 s. Carolina Elec. & Gas Canadys 1 12,407 1. 20 12.68 
598 s. Carolina Elec. & Gas Canadys 2 12,407 1. 20 12.68 
599 s. Carolina Elec. & Gas Canadys 3 12,407 1. 20 12.68 
600 s. Carolina Elec. & Gas McMeek.in 1 12,304 1. 55 12.44 
601 s. Carolina Elec. & Gas McMeekin 2 12,304 1. 55 12.44 
602 s. Carolina Elec. & Gas Urquhart 1 12,378 1. 69 12.79 
603 s. Carolina Elec, & Gas Urquhart 2 12,378 1. 69 12.79 
604 s. Carolina Elec. & Gas Urquh.irt 3 12,378 1. 69 12. 79 
605 s. Carolina Elec. & Gas Water1·e 1 12,179 1. 48 12.29 
606 s. Carolina Elec. & Gas Wateree 2 12,179 1. 48 12.29 
607 s. Carolina Elec. & Gas Winyah 1 
608 s. Carolina Elec. & Gas Grainger 1 11,655 1. 33 13.51 
609 s. Carolina Elec. & Gas Grainger 2 11,655 1. 33 13. 51 
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Average Heat Average Average 
Boiler Content of Sulfur Ash 

Comeany Name* Plant Name Number Coal, Btu/lb Content, % Content, % 

610 s. Carolina Pub. Serv. Auth. Jefferies 3 11, 7.71 0.96 13 .39 
611 s. Carolina Pub. Serv. Au th. Jefferies 4 11, 771 0.96 13. 39 
612 s. Indiana Gas & Elec. Co. F. B. Culley 1 10,756 3. 72 11. 46 
613 s. Indiana Gas & Elec. Co. F. B. Culley 2 10,756 3.72 11. 46 
614 s. Indiana Gas & Elec. Co. F. D. Culley 3 10,756 3. 72 11. 46 
615 Southern c·alifornia Edison Mohave 1 12,288 0.40 9.86 
616 Southern California Edison Mohave 2 12,288 0.40 g.86 
617 Southern Elec. Gen. Co. Gaston 1 11,7114 1.17 14. 40 
618 Southern Elec. Gen. Co. Gaston 2 Jl,744 1.17 14. 40 
619 Southern Elec. Gen. Co. Gaston 3 11, 744 1.17 14. 40 
620 Southern Elec. Gen. Co. Gaston 4 11,744 i.17 14. 40 
621 Southern Ill. Power Coop. Marion 1 10,770 it .17 14. 81 
622 Southern Ill. Power Coop. Marion 2 lo, no 4.i7 14. 81 
623 Southern Ill. Power Coop. Marion 3 10,770 4.17 14.81 
624 Tampa Electric Company Big Bend 1 ll, 131 3.46 11. 41 
625 Tampa Electric Company Big Bend 2 11, 131 3.46 11. 41 
626 Tampa Electric Company F. J. Gannon 1 11. 235 3.12 11.22 
627 Tampa Electric Company F. J. Gannon 2 11,235 3.12 11.22 

0\ fi28 Tampa Electric Company F. J. Gannon 3 11,235 3.12 11.22 
"" 0 629 Tampa Electric Company F. J. Gannon 4 11, i35 3.12 11.22 

630 Tampa Electric Company F. J. Gannon 5 11, 235 3,12 il. 22 
631 Tampa Electric Company F. J. Gannon 6 11, 235 3.li 11.22 
632 Tennessee Valley Authority Allen 1 11, 058 3.12 11.48 
633 Tennessee Valley Authority Allen 2 11,058 3.12 1L48 
634 Tennessee Valley Authority Allen 3 11,058 3.1~ 11.48 
635 Tennessee Valley Authority Bull Run 1 ll,171 0.85 15.31 
636 Tennessee Valley Authority Colbert A 1 11, 116 3.98 15. 03 
637 Tennessee Valley Authority colbert l\ 2 11,116 3.98 fs. 03_ 
638 Tennes_see Valley Authority C-olbert A 3 ll, 116 3_.98 15.03 
639 Tennessee Valley Authority Colbert A 4 11, 116 3.9B 15. 03. 
640 Tennessee Valley Authority Colbert B 5 11, 254 4. ii . 1$.02 
641 Tennessee Valley Authority Cumberland 1 10,536 j.65 16.27 
642 ',l'ennessee Valley Authority Cumberland 2 10,536 3.65 16.27 
643 Tennessee Valley Authority Gallatin 1 10,749 3.J5 16. 25 
644 Tennessee Valley Authority Gallatin 2 10.749 3,35 16.25 
645 Tennessf!e Valley Authority Gallatin 3 10,749 3.35 ] 6. 25 
646 Tennessee Valley Authority Gallatin 4 10,749 3.35 16.25 
647 Tennessee Va1ley Authority John Sevier 1 11, 517 J, • UtJ 15.10 
648 Tennessee Valley Authority John S1··1~er 2 11,517 . i;\llJ 15.10 
649 Tennessee Valley Authority John s~vier' 3 11, 517 L1!0: 15.10 
650 T.ennessee Valley Authority John Sevier 4 11, 51 7 ."}~SB 15.10 
651 Tennessee Valley Authority Johnsonville 7 10,970 .3. 63 14.28 
652 Tennessee Valley Authority Johnsonville 8 10,970 :LGJ .· 14.28 
653 Teqnessee Valley Authority Johnsonville 9 10,970 3.63 14.28 
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654 Tenn.es see Valley Authority Johnsonville 10 10,970 3.63 14. 28 655 Tennessee Valley Authority Kingston 1 10,688 2.21 20.35 656 Tennessee Valley Authority Kingston 2 10,688 2.21 20.35 657 Tennessee Valley Authority Kingston 3 10,688 2.21 20.35 658 Tennessee Valley Authori.ty Kingston 4 10,688 2.21 20.35 659 Tennessee Valley Authority Kingston 5 10,688 2.21 20.35 660 Tennessee Valley Authority Kingston 6 10,688 2.21 20.35 661 Tennessee Valley Authority Kingston 7 10,688 2.21 20.35 662 Tennessee Valley Authority Kingston 8 10,688 2.21 20.35 663 Tennessee Valley Authority Kingston 9 10,688 2.21 20.35 664 Tennessee Valley Authority Paradise 1 10,268 4.18 18.66 665 Tennessee Valley Authority Paradise 2 10,268 4.18 18.66 666 Tennessee Valley Authority Paradise 3 10,268 4.18 18.66 667 Tennessee Valley Authority Shawnee l 10,500 2.87 15.51 668 Tennessee Valley Authority Shawnee 2 10,500 2.87 15.51 669 Tennessee Valley Authority Shawnee 3 10,500 2.87 15.51 670 Tennessee Valley Authority Shawnee 4 10,500 2.87 15.51 671 .Tennessee Valley Authority Shawnee 5 10,500 2.87 15.51 
"' 672 -Tennessee valley Authority Shawnee 6 10,500 2.87 15.51 &» 
1--' 673 Tennessee Valley Authority Shawnee 7 10,500 2.87 15.51 674 Tennessee Valley Authority Shawnee 8 10,500 2.87 15.51 675 Tennessee Valley Authority Shawnee 9 10,500 2.87 15.51 676 Tennessee Valley Authority Shawnee 10 10,500 2.87 15.51 677 'l'ennessee Valley Authority Watts Bar A 11,142 3.75 15.62 678 rennessee Valley Authority Watts Bar B 11,142 3.75 15.62 679 _~Tennessee Valley Authority Watts Bar c 11,142 3.75 15.62 680 ?Tennessee Valley Authority Watts Bar D 11, 14 2 3.75 15.62 681 -Tennessee Valley Authority Widows Creek "B" 7 11,234 3.90 15.01 682 ~enn~ssee Valley Authority Widows C'U'?ek nan 8 11,234 3.90 15.01 683 Toledo Edison Acllie 13 11,410 2.68 15.19 684 Toledo Edison Acme 14 11,410 2.68 15.19 685 Toledo Edison Acme 15 11,410 2.68 15.19 686 Toledo Edison Acme 16 11,410 2.68 15.19 687 Toledo Edison Acme 91 11,410 2.68 15.19 688 Toledo Edison Acme 92 11,410 2.68 15.19 689 -Toledo Edison Bay Shore 1 12,143 1. 93 10.78 690 Toledo Edison Bay Shore 2 12,143 1. 93 10.78 691 Toledo Edison Bay Shore 3 12,143 1. 93 10.78 692 Toledo Edison Bay Shore 4 12,143 l. 93 10.78 693 UGI Corp. Luzerne Electric Hunlock Creek 2 8,732 0.70 23.55 694 UGI Corp. Luzerne Electric Hunlock Creek 6 8,732 0.70 23.55 695 Union Electric Labadie 1 11, 134 3.07 9.80 696 Union Electric Labadie 2 11, 134 3.07 9.80 697 Union Electric Labadie 3 11,134 3.07 9.80 
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698 Union Electric Labadie 4 11, 134 3.07 9.80 
699 Union Electric Meramec 1 11, 1HO 1.53 9.39 
700 Union Electric Meramec 2 11,810 1. 53 9.39 
701 Union Electric Meramec 3 11,810 1. 53 9.39 
702 Union Electric Meramec 4 11,810 1. 53 9.39 
703 Union Electric Sioux 1 10,939 2.99 15.27 
704 Union Electric Sioux 2 10,939 2.99 15.27 
705 llnion Electric Venice 7 11, 912 1. 31 7.90 
706 Union Electric Venice 8 11,.912 1. 31 7.90 
707 Upper Peninsula Generating Presque Isle 1 12,415 1. 30 8.20 
708 Upper Peninsula Generating Presque Isle 2 12,415 1. 30 8.20 
709 Upper Peninsula Generating Presque Isle 3 12,415 1.30 8.20 
710 Upper Peninsula Generating Presque Isle 4 li,415 1.30 8.20 
711 Upper Peninsula Generating Presque Isle 5 12,415 1.30 8.20 
712 Utah Power & Light Gadsby 2 12,072 0.50 8.51 
713 Utah Power & Light Gadsby 3 12,072 0.50 8.51 
714 Utah Power & Light Hale 2 12, 013 0.53 9.80 
715 Utah Power & Light Huntington No. 2 2 

°' 716 Utah Power & Light Naughton 1 .9, 5{)9 o.so 4.50 ~ 

"' 717 Utah Power & Light Naughton 3 9,509 o.so 4.50 
718 Virginia Electric & Power Bremo 3 12,391 o.89 10.99 
719 Virginia Electric & Power Bremo 4 12,391 o.89· 10.99 
720 Virginia Electric & Power Mt. Storm l 11,276 1.95 18.77 
721 Virginia Electric & Power Mt. Storm 2 11, 276 1.95 18. 77 
722 Virginia Electric & Power Mt. Storm 3 11,276 1.95 18. 77 
723 Western Massachusetts West Springfield l 
724 Western Massachusetts West Springfield 2 
725 Western Massachusetts West Sprinqfield 3 
726 Wisconsin Electric Power North Oak Creek :1 U,457 2 .:09 10;71 
727 Wisconsin Electric Power North Oak Creek 2 11, 457 2,09 10.71 
728 Wisconain Electric Power North Oak creek 3 11,457 2,09 10. 71 
729 Wisconsin Electric Power North Oak Creek 4 11, 457 2.09 10. 71 
730 Wisconsin Electric Power Port Washington 1 12, 118 3.43 10.56 
731 Wisconsin Electric Power Port Washington 2 12,118 3.43 10.56 
732 Wisconsin Electric Power Port Washington 3 12, 118 3.43 10.56 
733 Wiscionsin Electric Power Port Washington 4 12,118 3 .• 43 10.s6 
734 Wisconsin Electric Power Port Washi,ngtc;m 5 l2, 118 3.43 10.56 
735 Wisconsin Electric Power Valley ;l 11,848 3.22 10.39 

. 736 Wisconsin Electric Power valley ·i 11,848 3.22 10.39 
737 Wisconsin Electric Power Valley 3 ,11,848 3.22 10.39 
738 Wisconsin Electric Power Valley 4 1i, 848 3.22 10.39 
739 Wisconsin Power & Light Edgewater 1 10,930 2.53 l;l.94 
740 Wisconsin Power & Light .Edgewater .2 10.930 2.53 8.94 
741 Wisconsin Power & Light Edgewater 3 10,930 ·2. 53 8.94 
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742 Wisconsin Power & Light Edgewater 4 10,930 2.53 8.94 
743 Wisconsin Power & Light Nelson Dewey 1 10,837 3.62 10.37 
744 Wisconsin Power & Light Nelson Dewey 2 10,837 3.62 10.37 
745 Wisconsin Power & Light Rock River 1 11,107 2.82 10.06 
746 Wisconsin Power & Light Rock River 2 11,107 2.82 10.06 
747 Wisconsin Public Service J. .I:-. Pulliam 3 11,863 2.80 10.89 
748 Wisconsin Public Service J. P. Pulliam 4 11,863 2.80 10.89 
749 Wisconsin Public Service J. P. Pul 1.iam 5 11,863 2.80 10.89 
750 Wisconsin Public Service J. P. Pulliam 6 11,863 2.80 10.89 
751 Wisconsin Public Service J. P. Pulliam 7 11,863 2.80 10.89 
752 Wisconsin Public Service LT. P. Pulliam 8 11,863 2.80 10.89 
753 Wisconsin Public Service Weston 1 11, 786 2.93 9.43 
754 Wisconsin Public Service Weston 2 11, 786 2.93 9.43 



'!'ABLE 45. POWER PLAN'r AND AIR QUALITY DATZ\ FOR THOSE 
PLAN'l'S WITH ELECTROSTATIC PRECIPI'l'l\TORS 

Year Boiler Design Coal lU.r Fl OW at Boil-¢r 
*Co. Placed in Generating Consumption, 100% r.oad, Type of Qoi~er Bf ficiency % Excess 
Name Service Capacit;'i'., MW tons/hour scf/min Firing_ Manufacturer at 100% Load Air Used 

1 1971 788.8 250. 1,275,000 Pul. coal/Tangential Combustion Eng. B9.l 18. 
2 1956 187.5 66.7 274,000 Pul. coal/Tangential Combustion Eng. 8B.52 15. 
3 1958 190.4 73.0 285,000 Pul. coal/Tangential Combustion Eng. BB.52 15. 
4 1972 788.8 250.0 1,275,000 Pul. coal/Tangential Combustion Eng. 89.10 18. 
5 1949 69. 28.5 140,000 Pul. coal/'l'angential Combustion Eng. 86. 5 . 20. 
6 1949 69. 28.5 140,000 Pul. coal/'l'angential Combustion Eng. 86.5 20. 
7 1954 145. BO. 440, 000 l'ul. coal/Tangential Combustion Eng. 87 .. o 20. 
B 1967 552. 1B6. 1,250,000 Pul. coal/Tangential Combustion Eng. BB. (i 20. 
9 196B 550. 179. 1,250;000 Pul. coal/Opposed B & w 90.7 20. 

10 1972 650. 250. 1, 500, 000 Pul. coal/Opposed Foster Wheeler BB.99 25· 
11 1973 650. 250. 1,500,000 Pul. coal/Opposed Foster Wheeler 88.99 25· 
12 1974 650. 250. 1,500,000 Pul. coal/Opposed F'oster Wheeler 88.99 25. 
l.J 1960 186. 95. 590,000 Cyclone B & w 88 · ll ~o. 

14 1958 183. BO. 450,000 l'ul. coal/Opposed Foster Wheeler 88 .. 20. 
15 1959 17B. 80. 450,000 Pul. coal/Opposed Foster Wheeler 88. fo. 
16 1969 576. 200. 1,169,000 Pul. coal/Opposed B & w 91.o 30· 
17 1970 576. 200. 1,169,000 Pul. coal/Opposed B & w 91.0 Jo. 

"' 18 1971 576. 200. 1,169,000 Pul. coal/Opposed B & w 91.0 Jo. "" "" 19 1963 294. 100. 630,000 Pul. coal/Ta.ngenf:ial Combustion Eng. 89.8 2n. 
20 1954 142. 46. 265,000 Pul. coal/Front fi & w 89.9 20. 
21 1942 19.5 ea. 93,750 Pul. coal/Front Foster Wheeler 87. 7 20. 
22 1943 19.5 ea. 93,750 Pul. coal/Front B & w 87.7 20. 
23 1958 223. 83. 317,292 l'ul. coal/Front B & w B9.e ".20. 
24 195B 223. 83. 317,292 Pul. coal/Front B & w B9.8 '. 20. 
25 1961 223. 83. 317,292 Pul. coal/Front B & w 89.9 ··20. 

26 1969 818.l 421. 1, B93, 000 Pul. coal/Opposed B & w 8B.r;8 16. 
27 1970 818.l 421 l,B93,000 Pul. coal/Opposed B & w 88.~8 16. 
28 1969 170. 7 J . 5 319,222 Pul. coal/Front Foster Wheeler 88~ 0 ~ 1 8. 
29 1970 170. 71. 5 319,222 Pul. coal/Front Foster Wheeler 88.0.2 i0. 
30 1972 173. 70.0 365,333 Pul. coal/Front niley Stoker A.7. 92 18. 
31 1965 80. 35.9 169,666 Pul. coal/Front Riley Stoker B6.9 22. 
32 1967 590. 247.5 800,000 Pul. coal/Front B & w -'- 20 . 
33 1967 590. 247.5 800,000 Pul. co;;il/Front l.l & w 2(1 • 
34 1964 206.635 70. 600,000 Pul. coal/Front Riley Stoker 90 .• QP 20. 
35 1971 207.00 72. 576,000 Pul. coal/Front B & w 'FU.60: 18. 
36 1956 140.625 48.2 222,000 Pul. coal/Tangential Combustion En':°. liq {9 20. 
37 1958 187.85 59.2 280,000 Pul. coal/Tan9enlial Combustion Enq. ; 9·0 ;<j 2ri. 

- ·---· ~ ---'----.-:----· 

*The numbers in the first column correspond to the same pl~nt names in '!'ables 45 and 46 as thoy do in i•ablt? 4 '1. .. 



TABLE 4 s. (Continued) 

Year lfoiler Design Coal AJ r Flow at Boiler 
*Co. Placed in Generating Consumption, 100% Load, Type of Boiler Efficiency % Excess 
Name Sei:vice ca12acit:t:, MW tansl'.hQtir scf(min pi ri nsz Manufacturer at 100% I.oad Air used 

38 1960 206.635 68.42 286,000 Pul. coal/Tangential Combustion En'). 90.00 20. 
39 1952 75. 26.3 121,000 Pul. coal/Tangential Combustion Eng. 89.48 20. 
40 1951 75. 31. 6 127,000 Pul. coal/Pront B & w 87.8 25. 
41 1954 112. 5 48 .' 231,000 Pul. coal/Tangential Combustion Eng. 89.95 4.0 
42 1955 112. 5 40.' 210,000 Pu l. coal/f'ront B & w 89.1 4.0 
43 1972 446.616 197.4 868,000 Pul. coal/Front Riley Stoker 88.58 5.0 
44 1966, 410.85 130. 7 100,000 Pul. cbal/Opposed Riley Stoker 90.0 20. 
45 1968 657.00 223. 0 1,130,000 Pul. coal/'I'angential Combustion Eng. 90.0 20. 
46 1973 745.20 151. 8 733,049 Riley Stoker 88. 71 20. 
47 1973 151.8. 733,049 Riley Stoker 88.71 20. 
48 1949 46. 19.5 95,500 Pul. coal/Front B & w 88. 20. 
49 1950 46. 19.5 95,500 Pul. coal/Front B & w 88. 20. 
50 1952 73.5 26. 3, 121,000 Pul. coal/Tangential Combustion Eng. 90. 20. 
51 197-3 37.8 18. 0. 92,000 Pul. coal/Front B & w 88.1 20. 
52 1960 125. 60.9 316,100 Pu l. coal/Front Riley Stoker 87.2 20. 
53 19!)~ 250. 130.9 572,700 Pul. coal/Front Riley Stoker 87.4 20. 
54 1972 322. 153.5 827,894 Pul, coal/front Foster Wheeler 88.l 18. 

(]) 55 1949 35. 17. 100,000 Pul. coal/Front Riley Stoker 85. 20. 
"" 56 194'9 35. 17. 100,000 Pul. coal/Front Riley Stoker 85. 20. U1 

57 1952 84. 39. 222,000 Pul. coal/Front Riley Stoker 85. 20. 
58 195~ 100. so. 270,000 Pul. coal/Front Riley Stoker 89. 20. 
59 196$ 388.9 200. 875,760 Cyclone B & w 87.93 16. 
60 1972 616. 277. 7 1,310,082 Cyclone B & w 87.58 16. 
61 1950 38. 18.75 86,890 Pul. coal/Front B & w 86.6 25. 
62 1950 38. 18.75 86,890 Pul. coal/Front B & w 86.6 25. 
63 19!?8 110. 47.l 201,333 Pul. coal/Front B & w 89.05 25. 
64 1948 34. J 2. 5 67,555 Pul. coa l/'l'angent ia 1 Combustion Eng. 85.2 25. 
GS 19°48 34. lJ. - 5 67,555 Pul. coal/Tangential Combustion Eng. 85.2 25. 
66 ] 949 34. 12 .5 67,555 Pu 1 . coal/Tangential Combustion Eng. 85.2 25. 
67 1949 34. 12.5 67,555 Pul. coal/Tangential Combustion Eng. 85.2 25. 
68 1960 239.4 91. 397' 777 Pul. coal/Tangential Combustion Eng. 87.24 25. 
69 1960 450. 149. 608,958 Pul. coal/Opposed B & w 89.7 20. 
70 300. 131. 621,664 Pul. coal/Opposed 0 & w 88.88 20. 
71 1960 168. 62. 240,500 Pul. coal/Front Combustion Eng. 90.05 20. 
72 1952 100. 38.2 161,000 Pul. coal/Tangential Combustion Eng. 89.4 24. 
73 1953 100. 37.5 159,300 Pul. coal/Tangential Combustion Eng. 89.4 24. 
74 19. 54 125. 47.6 196,900 Pul. coal/Front B & w 89.33 25. 
75 1950 163. 62.0 240,500 Pul. coa l/'rangent al Combustion Eng. 90.05 20. 
76 1962 240. 86.8 351,900 Pul. coal/'ranqenl al Combustion Eng. 89.99 20. 
77 1969 434. 173. 0 669,200 Pul. coal/Tangent al Combustion Eng. 89.01 ·20. 
78 1962 50.0 31.0 93,985 Pul. coal/Front Riley Stoker 82.7 20. 
79 1968 BO.O 39.6 143,163 Pul. coal/Front 0 & w 88.1 18. 
80 1974 132. 61. 5 228,109 Pul. coal/Front B & w 87.7 20. 
81 1959 22. 12. Pul. coal/Front 87.0 25. 



TABLE 45. (Continued) 

Year Boiler Design Coal Air Flow at Boile_r 
*Co. I' laced in Generating Consumption, 100% Load, Type of Boiler Efficiency % Excess 
Name Service caeacit:i:. MW tons/hour scf /min Firing Manufacturer at 100% ~oad Air Used 

82 1947 20. 16.6 64,700 Pul. coal/Front 83.l 15. 
83 1951 20. 16.6 64,700 Pul. coal/Front 83.3 15. 
84 1961 37.5 18.2 73,000 Cyclone B & w 88.1 15. 
85 1965 37.5 18.2 73,000 Cyclone 13 & w B7.3 15. 
86 1968 80. 37.4 155,800 Cyclone B & w 87. 47 15. 
87 1972 80. 37.4 155,800 Cyclone B & w 88.67 15. 
88 1970 105. 40.2 316, 000 Pul. coal/Front Riley Stoker 87 .1 :_ 22. 
89 1958 256. 92. 482,000 Pul. coal/Tangential Combustion Eng. 90. !! 24. 
90 1948 46. 21. 5 228,000 Pu!. coal/Front B & w 22. 
91 1948 46. 21. 5 228,000 Pul. coal/Front B & w. 22. 
92 1948 46. 21. 5 228,000 Pul. coal/Front B & w 22. 
93 1948 46. 21.5 228,000 Pul. coal/Front B & w 22. 
94 1949 86. 46. 242,620 Pul. coal/Tangential C.;imbustion Eng. 87~9 22. 
95 1949 86. 46. 242, 620 Pul. coal/Tangential Combustion Eng. 87.9 22. 
96 1959 233. 85. 471,520 Pul. coal/Tangential Combustion Eng. 90.3 22. 
97 1970 680. 230. 1,106,700 Pul. coal/Front B & w 89. ':} 18. 
98 1972 680. 230. 1,106,700 Pul. coal/Opposed B & w 89.9 18. 
99 1941 60. 25.2 167,120 Pul. coal/Front B & w 88.7 20. 

°' 100 1941 60. 25.2 i67,120 Pul. coal/Front B & W 88.7 20. ""' O> 101 1951 69. 33.3 195,150 Pul. coal/Front; B & w 88. s . 23. 
102 1951 69. 33.3 195,150 Pul. coal/Front 13 & w· 88.5 23. 
103 1962 256. 88.4 487,340 Pul. coal/Tangential Combustion Eng. 89.7 22. 
104 1973 787. 332.5 2,257,232 Pul. coal/Tangential Combustion Eng. 80.oi 25. 
105 1958 239. 100. 433,000 Pul. coal/Tangential Combustion Eng. 89.4 15. 
106 1961 358. 145. 545,000 Pul. coal/Tangential ·combustion Eng. 89. If 14. 6 
107 1945 so. 30. 110,000 Pul. coal/Front B & w 86.4 20. 
1011 1953 69. 37. 120,000 Pul. coal/Front B & w 87.0 25. 
109 1949 173. 44. r; 152,000 Cyclone B & w 86.6 22. 
llO 1949 4 4." 152,000 Cyclone B & W 86.6 22. 
lll 1959 374. 139. 464,000 Pul. coal/Tangential Combustion Eng. 89 .·~ . 18. 
112 1950 107. 37. 128,000 Cyclone B & w 87.tl 20. 
1U 1950 37. 128,000 Cyclone B & w 87 .o· 20. 
114 1959 360. 144. 470,000 Cyclone B & \1 89.4 16. 
115 1965 660. 145. 578,000 Pul. coal/Tangential Combustion Eng. 89. ]- .14. 
116 1965 145. 578,000 • Pul. coal/Tangential Combustion Eng. 89. 3_..-, 14. 
117 1966 660. 145. 578,000 Pul. coal/Tangen ti.al Combustion Eng. 89.3 14. 
118 1966 145. 578,000 Pul. coal/Tangential Combustion Eng. 89.3· 14. 
119 1967 660. 292.5 1,100,000 Cyclone B & w 98 .i .. 16. 
120 1969 660. 2112.5 1,100,000 Cyclone B & w 88. 2 : 16. 
121 1972 892.8 116. 5 1, 217, 000 · Cyclone B & w 89.(J) 15. 
122 1972 176.5 1, 217' 000 Cyclone B & w 89.03 15. 
123 1961 54. 26. 86,000 Pul. coal/'rangential :roster Wheeler 84. s ·: 22. 
124 1931 ll5. 20. 92,000 Pul. coal/Front ll & w BJ. 3 
12S 1931 28. 116,000 Pul. coal/Front B & w OJ. e · 



TABLE 4 5. (Continu~d) 

Year Boiler De!;ign Coal Air l>low at Boiler 
*Co. ~laced in Generating Consumption, 100% Load, Type Of Boiler Efficiency \ Excess 
Name .Service caeaoit~! MW to11sLhour scf/min Firing Manufacturer at 100% Load Air Used 

126 1931 28. 116,000' Pul. coal/F'ront B ' w 83.8 
127 1952 121. 56. 191,000 Cyclone B ' w 88.6 20. 
128 1958 326. 138. 463,000 Pul. coal/T<mgential Combustion Eng. 89.4 18. 
129 1962 355. 150. 685,000 Pul. coal/Tangential Combustion Eng. 89.4 24. 
uo 1955 188. 80.8 276,000 Cyclone B ' w 89.1 10. 
131 1955 184. 80.8 276,000 Cyclone B ' w 89.l 10. 
132 1951 299. 125. 467,000 Pul. coal/Tangential Combustion Eng. 89.5 15. 
133 1963 598. 224. 798,000 Pul. coal/Tangential Combustion Eng. 89.0 20. 
134 1929 208. 24. 100,000 Pul. coal/Front B ' w 75.6 25. 
135 1929 24. 100,000 Pul. coal/Front B ' w 75.6 25. 
136 1929 24. 100,000 Pul. coal/Front B & w 75.6 25. 
137 1929 24. 100,000 Pul. coal/Front B & w 75.6 25. 
138 1929 24. 100,000 Pul. coal/Front B & w 75.6 25. 
139 1929 24. 100,000 Pul. coal/Front B & w 75.6 25. 
140 1938 150. 25. 122,200 Pul. coal/Front B & w 82.8 20. 
141 1938 25. 111,000 Pul. coal/Front B & w B2.8 20. 
142 1938 25. Ill, 100 Pul. coal/Front B & w B2.8 20. 
143 1955 225, 84. 310,300 Pul. coal/Tangential Combustion Eng. 89.3 18. 

°' 144 1962 389. 124. 470,000 Cyclone B & w B9.4 16. .!>. 
-.J 145 1953 200. 64. 360,500 Pul. coal/Front B & w 90.3 25. 

146 1954 200. 64. 360,500 Pul. coal/Front B ' w 90.3 25. 
147 1958 376. 130. 4 734,500 Pul. coal/Front B & w 90.3 25. 
14B 1961 387. 134.2 755,900 Pul. coal/Tangential Combustion Eng. 90.6 25. 
149 1961 387, 134. 2 755,900 Pul. coal/Tangential Combustion Eng. 90.6 25. 
1 50 1965 1028. 321. 0 l,B08,100 Pul. coal/Tangential Combustion Eng. 90.8 25. 
151 194B 66. 31. 190,000 Pul. coal/Tangential Combustion Eng. 88.05 15. 
152 1948 66. 31. 190,000 Pul. coal/Tangential Combustion Eng. B8.05 15. 
153 1950 66. 31. 190,000 Pul. coa l/'rangen tia 1 Combustion Eng. BB.05 ] 5. 
154 1956. 156.25 011. 340,000 Pul. coal/'l'angent ia 1 Combustion Eng. 89. 33 lB. 
155 195'7 156.25 G11. 340,000 Pul. coal/'I'angentia l Combustion Eng. B9.33 lB. 
156 1959 265. 92. 645,576 Pul. coal/Tangential Combustion Eng. 8B.9 17. 
157 1961 265. B9. 625, 071 Pul. coal/Front B ' w BB.9 17. 
158 1955 156.25 BB. 340, 000 Pul. coal/Tangential Combustion Enq. BB. 
159 195B 156.25 BB. 340,000 Pul. coal/Tangential Combustion Eng. BB. 
160 1962 265. ] 00. 630,000 Pul. coal/Tangential Combustion Eng. 90.26 lB. 
161 1967 3B5. 150. 907,400 Pul. coal/Opposed D & w 90.47 l 8. 
162 1947 ] B. 7 10.0 65,B30 Pul. coal/~'ront B & Iv B5.6 37.3 
163 1'!47 lB.7 )0.0 69,700 Pul. coal/Front B & IV B5.6 36.B 
164 1950 lB.7 12.0 B6,590 Pul. coal/Front Hiley Stoker B6.0 17. :-
165 1957 54.4 25.0 124,570 Pul. coal/Front Hiley Stoker !lfl .s 20.0 
166 1959 Bl . 6 37.9 230,630 Pul. coal/Front Riley Stoker B6.4 23.9 
167 1969 345. 6 137. 611, 000 Pul. coal/'l'angential Combusti.on Eng. BB.35 20.0 
16B 1951 19. 13. 95 75,600 Pul. coal/Front Riley Stoker 86. 0 17.7 
169 1952 33. 13. 95 63,290 Pul. coal/Front Riley Stoker Bfi. 0 17. 7 



Tl\BLE 45. (Continued) 

Year Boiler Design Coal Air Flow at Boiler 
*Co. Placed in Generating Consumption, 100% f,oacl, Type of Iloiler Efficiency % Excess 
Name Service Capacit:t, MW tons/hour scf /min Firing 1'1anuf acturer at 100% Load Air Used 

170 1971 593.4 375. 1,189,000 Pul. coal/Tangen Lia 1 Combustion Eng. 82.50 20. 
171 1972 593.4 375. 1,189,000 Pul. coal/Tangential Combustion Eng. 82.50 20. 
172 1974 593.4 410. 2,G00,000 PuJ. coal/'l'angential Combustion Eng. Bl. 5 20. 
173 1958 147. 54. 240,000 Pul. coal/Tangential Combustion Eng. 88.G 20. 
174 1959 147.1 54. 240,000 Pul. coal/Tangential Combustion Eng. 88.6 20. 
175 1937 37.5 21. 94,500 Pul. coal/Front B & w 85.2 25. 
176 1937 37.S 21. 94,500 Pul. coal/Front B & w 85.2 25. 
177 1940 37.5 21. 94,500 Pul. coal/Front B & w 85.2 25. 
178 1940 37.5 21. 94,500 Pul. coal/Front B & w 85.2 25. 
179 1971 610.2 250. 1,311,656 Pul. coal/Opposed · B & w 89.9 18. 
180 1970 610.2 250. 1,311,656 Pul. coal/Opposed B & w 89.9 18; 
181 1972 610.2 250. 1, 311, 656 Pul. coal/Opposed D & w 89.9 18. 
182 1974 610.2 250. 1, 311, 656 Pul. coal/Opposed D & w 89.9 18. 
183 1948 69. 24.0 105, 777 Pul. coal/Tangential Combustion Eng. 87.9 20. 
184 1949 69. 24.0 105, 777 Pul. coal/Tangential Combustion Eng. 87.9 20. 
185 1950 69. 23.4 103,333 Pul. coal/Tangential Combustion Eng. 87.7 20. 
186 1951 69. 23.4 103, 333 Pul. coal/Tangential Combustion Eng. 87.7 20. 

"' 
187 1952 69. 23.4 103, 333 Pul. coal/Tangential Combustion Eng. 87.7 20. 

.... 188 1953 69. 23.4 103,333 Pul. coal/Tangential Combustion Eng. 87.7 20 . 
tO 

189 1961 75. 23.5 160,000 Pul. coal/Opposed· l"oster Wheeler 87. 20. 
190 1957 81.6 32. 228,000 Pul. coal/Front D & w 90. 20. 
191 1959 81. 6 32. 228,000 · Pul. coal/Front D & w 90. 20. 
192 1970 176.8 65. 360,000 Pul. coal/Front B & w 90. 20. 
193 1951 67.5 31. 5 130, 000 Pul. coal/Front n. .. & w 87.3 24.5 
194 19Sl 67.S 31. 5 130, 000 Pul. coal/Front B & w 87.3 24.5 
195 1951 67.5 31.S 130,000 Pul. coal/Front D & w 87.3 24. 5 
196 1951 67.S 31.S 130, 000 Pul. coal/Front B & w 87.3 24. 5 
197 1968 121. 4 '" 214, 000 Pul. coal/Front Riley Stoker 80.1 20. 
198 1942 so. 21. 97,(>00 Pul. coal/Tangential Combustion Eng. 87.7 22. 
199 1943 so. 21. 97,000 Pul. coal/Tangential combustion Eng. 87.7 22. 
200 1947 so. 21. 97,000 Pul. coal/Tangent.lal CombustJon Eng. 87.7 22. 
201 1943 50. 21. 97,000 Pul. coal/'l'angent~al Coitlbustion E.ng. 87.7 22. 
202 1971 817.2 281. 1,S30,000 Pul. coal/Opposed D & w 90.92 18. 
203 1973 822.6 281. 1,530,000 pul. coal/Opposed B & w 90.92 18. 
204 1973 822.6 281. l,S30,0QO Pul. coal/Opposed D & w 90.92 18. 
~OS 1974 817.2 281. 1, 530, 000 Pul. coal /O'pposed B & w 90.92 1 B. 
206 1948 9.25 11.SS S9, 0-00 Pul. coal/Front Combustitin Eng. 87.6 22. 
207 1949 9.2S 11. 55 59,000 Pul. coal/Front Combustion Eng. 87.6 22. 
208 1957 292. 99. 426,250 Pul. coal/Tangential Combustion Eng. 89.17 18. 
209 1953 169. 61. 2S8,000 Pul. coal/Front B & w 88.4 23. 
210 1953 156. 61. 258,000 .Pul. coal/Front B & w 88.4 23. 
211 1954 156. 61. 2S8,000 Pul. coal/Front B & w 80.4 23. 
212 1954 169. 61. 258,000 Pul. coal/Front B & w 88.4 23. 
213 1961 353. 120. 542,000 Pul. coal/Front Combustion Eng. 90.16 }8. 



'!'ABLE 45, (Contjnued) 

Year Boiler Design Coal Air Flow at Boiler 
*Co. Placed in Generatinq Consumption .• 100% Load, Type of Boiler Eff i.ciency % Excess 
Name Service Caeacit;t, MW tons/hour scf[min F'iring Manufacturer at 100% Load Air Used 

214 1969 544. 198. 862,000 rul. coal/Tangential Combustion Eng. 90.62 18. 
215 1948 11. 4 15.4 74,000 Pul. coal/Front B & w 87.4 26. 
216 1948 11.4 15. 4 74,DOO Pul. coal/Front B & w 87.4 26. 
217 1968 11. 4 15. 3 69,000 Pul. coal/Front Foster Wheeler 87.78 18. 
218 1968 11. 4 15.3 69,000 Pul. coal/Front Foster Wheeler 87.78 18. 
219 1957 165. 56. 292,520 Pul. coal/Tangential Combustion Eng. 88.99 20. 
220 1957 l 65. 56. 292,520 Pul. coal/Tangential Combustion Eng. 88.99 20. 
221 1959 275. 91. 487,640 Pul. coal/Tangential Combustion Eng. 89.59 20. 
222 1960 275. 91. 487,640 Pul. coal/Tangential Combustion Eng. 89.59 20. 
223 1961 275. 91. 487,640 Pul. co&l/Tangential Combustion Eng. 89,59 20. 
224 1974 1080. 360. 1,874,400 Pul. coal/Opposed B & w 90.23 20. 
225 1941 40. 17.4 85, 077 Pul. coal/Tangential Combustion Eng. 86.3 19. 
226 1941 40. 17.4 85,077 Pul. coal/Tangential Combustion Eng. 86.3 19. 
227 1942 40. 17.4 85, 077 Pul. coal/Tangential Combustion Eng. 86.3 19. 
228 1°953 125. 48. 233,587 Pul. coal/Tangential Combustion Eng. 88.82 23. 
229 1953 125. 48. 233, 587 Pul. coal/Tangential Combustion Eng. 88.82 23. 
230 1940 40. 17.4 82,077 Pul. coal/Tangential Combustion Eng. 86.8 23. 

(]'\ 
231 '!940 40. 17 .4 82,077 Pul. coal/Tangential Combustion Eng. 86.8 23. 

""' 232 1948 65. 27.9 123,265 Pul. coal/Tangential Combustion Eng. 87.5 23. 
<D 233 1?48 65. 27.9 123,265 Pul. coal/Tangential Combustion Eng. 87.5 23. 

234 1949 70. 30. 144,867 Pul. coal/Tangential Combustion Eng. 88.2 22. 
235 '1950 70. 30. 144,867 Pul. coal/Tangential Combustion Eng. 88.2 22. 
236 ·1955 150. 55. 276,447 Pul. coal/Tangential Combustion Eng. 88.75 19. 
237 1951 90. 40. 185,800 Pul. coal/Tangential Combustion Eng. 88.66 22. 
238 1951 90. 40. 185,800 Pul. coal/Tangential Combustion Eng. 88.66 22. 
239 1958 165. 58.9 292,520 Pul. coal/Tangential Combustion Eng. 88.95 22. 
240 1965 350, 117. 561,037 Pul. coal/Tangential Combustion Eng. 89.74 18. 
241 1966 350. 11 I . 561,037 Pul. coal/Tangential Combustion Eng. 89.74 18. 
242 1969 650. 201J. 973, 350 Pul. coal/Tangential Combustion Eng. 90.12 18. 
24 3 1970 650. 208. 973,350 Pul. coal/Tangential Combustion Eng. 90.]2 18. 
244 1952 100. 40.6 198,442 Pul. coal/Tangential Combustion Eng. 88.8 23. 
245 1952 100. 40.6 198,442 Pul. coal/Tangential Combustion Eng. Bil. B 23. 
246 1954 133. 52. 253,946 Pul. coal/Tangential Combustion Eng. 89.2 20. 
247 1954 133. 52. 253,946 Pul. coal/Tangential Combustion Eng. 89.2 20. 
248 1970 525. 224.5 841,323 Pul. coa l/•rangen tia 1 Combustion Eng. 89.4 18. 
249 1952 80. 41. 5 385,000 Pnl. · coal/Front B & w 88.6 25. 
250 1953 80. 41. 5 385,000 Pul. coal/Front B & w BB.6 25. 
251 1954 100. 47.B 430. 000 Pul. coal/Front B & w BB.9 21. 
252 1960 16~. 75.0 636,000 Pul. coal/1''ront B & w 88. 4 18. 
253 1942 23.8 240,000 Pul. coal/Front Foster Wheeler 85. 5 26. 
254 1942 23.8 240,000 Pul. coal/Front Foster Wheeler 85.5 26. 
255 1949 37.6 342,000 Pul. coal/Front Poster Wheeler 85.5 26. 
256 1950 37.6 342,000 Pul. coal/Front Foster Wheeler 85.5 26. 
257 1950 J7.6 342,000 Pul. coal/Front Foster Wheeler 85.5 26. 
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Year Boiler Design Coal Air Flow at Boiler 
*Co. Placed in Generating Consumption, 100% Load, Type of Boiler Efficiency % Excess 
Name Service ca12acit:11:r MW tons/hour scf/min FirinL Manufacturer at 100% Load Air Used 

258 1956 125. 64.0 400,000 Pul. coal/Front Foster Wl1eeler 88.0 26. 
259 1964 100. 42.5 280,000 Pul. coal/Front B &. w 89.07 20.0 
260 1969 220.85 92.5 492,000 Pul. coal/Front B & w 87.14 20.0 
261 1957 74. 40. 368,000 Pul. coal/Front Riley Stoker 87.27 20.0 
262 1960 74. 39. 353,000 Pul. coal/Front B & w 89.21 20.0 
263 1953 180.876 75.85 368,501 Pul. coal/'I'angen tia 1 Combustion Eng. 88.22 18.0 
264 1954 180.876 75.85 368,501 Pul. coal/Tangential Combustion Eng. 88.22 18.0 
265 1955 180.876 75.85 368,501 Pul. coal/Tangential Combustion Eng. 88.22 ·10.0 
266 1970 200. 100. 404,440 Cyclone B & w 87.15 13.0 
267 1941 46. 25. 225,000 Pul. coal/Tangential Combustion Eng. 85.0 22.0 
268 1942 46. 25. 225,000 Pul. coal/Tangential Combustion Eng. 85.0 22.0 
269 1943 40. 27. 225,000 Pul. coal/Tangential B & w 86.0 22.0 
;po 1948 40. 27. 225,000 Pul. coal/Tangential B & w 87.0 22.0 
271 1954 125. 41. 187,159 Pul. coal/Front B & w 8B.6 i3.0 
272 1954 125. 41. 187,159 Pul. coal/Front B & w 88.6 23. 0 . 
273 1955 125. 41. 187,159 Pul. coal/Front B & w BB.6. 23.0 
274 1970 578. 195. 1,006,011 Pul. coal/Opposed Foster Wheeler 89.0l 18. 0 .. 
275 1971 806. 269. 1,382,440 Pul. coa I/Tangen tia 1 Combustion Enq. 89.10 ·lB.O 

0\ 276 1972 789. 269. 1,382,440 Pul. coal/Tangential Combustion Eng. 89.iO 18.0 
l11 
0 277 1974 952. 375. . 1, 775, 706 Pul. coal/Tangential Combustion Enq. 88,70 18.0 

;pa 1963 245. 94.25 1, 050, 000 Pul. coal/Tangential 'Combustion· Eng. 89.3 •10.0 
279 1964 245. 94.25 1,050,000 Pul. coal/Tangential · Combust1on Eng. 89.3 18.0 
280 1965 250.0 97.l 401,600 Pul. coal/Opposed B & w 89. 0.8 19. 0 
281 1967 319.0 122.9 563,500 Pul. coal/Opposed Riley Stoker 89. lo 20.0 
282 1968 480.7 185.7 714, 200 .Pul. coal/Opposed B & w 89.(19 j0.o 
283 1969 490.0 185.7 714,200 Pul. coal/Opposed B & w 89.09 18.o 
284 1948 22. 12.0 80,000 Pul. coal/Front B & w 80.0 20.0 
285 1948 22. J.,. 0 80,000 Pul. coal/Fr{>nt , B & w ao.o 20.0 
286 1964 125. B<l 0 500,000 Pul. coal/Tangentiai Combustion Eng. 89.0 18.0 
201 1950 100. 50.0 195,041 Pul. coal/TaiH;iential Combustion Eng·. 88.5 20.0 
288 1950 100. 50.0 195,041 Pul. coal/Tangential · Cornbu st ion Eng. 88_. 5 20.0 
289. 1953 100. 50.0 195,041 Pul. coal/Tangential ·.combustion Eng. ae.~ 20.0 

. 290 1957 125. 55.0 259,426 Pul. doal/Tanqentia 1 · Combustion Eng. 88.3 20.0 
291 1958 125. 55.0 269,436 Pul. Coa1/Tan'gentiai Combustion Eng. . BB. j 20.0 
292 1974 350. 139.0 587,087 Pul. coal/Tangential Combustion Eng. fl9.l 18.0 
293 1974 350. 139.0 587,087 Pul. coal/Tangential Combustion Eng. il9.l ]B.O 
294 1965 149.6 56.4 277, 300 Pul. coal/Tangential Combustion Eng. 89.2. U.1. 0 
295 1967 190.4 71. 3 334,200 Pul. coal/Tangential Combustion Eng. 89.l 18.0 
~96 1959 93.75 32.1 152,705 Pul. coal/Tangential Combustio~ Eng. 89.4 11.0 
i97 1961 93.75 32.15 152,705. Pul. coai/Tat~gen ~ial cornbustionF.nq. 89. 4 17.0 
298 1970 370. 125. 597,294 Pul. coal/Front ·Foster Wheeler 88.8 10. n . 
299 1973 578. 197.1 934,100 Pul. coal/Opposed '-·Foster Wheeler ~9.01 10.0 
300 1953 49. 19.6 91,405 Pul. coal/Front a & w 87.2 25.0 
301 1953 49. 19.6 91,405 Pul. coal/Fro_ht B & w R7.2 25.0 



TABLE 4 5. (Con Li ni1ed) 

Year Boiler Design Coal. Air Flo~ at Boiler 
*Co, Placed in Generating Consumption, 100% £oad, 'l'ype of Boiler Efficiency % Excess 
Name sel'vice CaEacit~, 1-lW tons(hour scfl'.'.min Firi!!.9._ Manufacturer at 100\ Load Air used 

302 1954 69. 26.9 151,120 Pul. coal/Front B & w 88.9 15. 
303 1958 113.636 40.3 224,221 Pul. coal/Front Riley Stoker 90.0 18. 
304 1973 175. 70. 365,333 Pul. coal/Front Riley Stoker 87.92 18. 
305 1974 175. 70. 365,333 Pul. coal/Front Riley Stoker 87.92 18. 
306 1969 28.7 14.5 75,000 Pul. coal/Front General Electric 90. 1.5 
307 1970 6;!3. 267. 1,730,000 Cyclone D & w 89.1 16. 
308 1973 634.5 267. 1,730,000 Cyclone B & w 89.l 16. 
309 l95J 75. 34. 140, 900 Pul. coal/Tangential Combustion Eng. 87.0 25. 
310 195~ 231.:l5 !H. 389,900 Pul. coal/Tangential Combustion Eng. 87.3 31. 
311 1955 73.5 30.8 141,100 Pul. coal/Tangential Combustion Eng. 87.2 24. 
312 1956 108.8 44. 0 201,900 Pul. coal/Tangential Combustion Eng. 87.2 24. 
313 1954 103. 42.7 202,800 Pul. coal/Tangential Combustion Eng. 87.0 25. 
314 1964 387. 151. 647,600 Pul. coal/Tangential Combustion Eng. 88.8 20. 
315 1955 217.26 89 ·~ 400,000 Pul. coal/Front B & w 88.8 17.-18. 
316 1955 217.26 89. 400,000 Pul. coal/Front B & w 88.8 17.-18. 
317 19,55 ;!17. 26 89. 400,000 Pul. coal/Front B & w 88.8 17.-18. 
318 ;t.955 211.2(; 89. 400,000 Pul. coal/Front B & w 88.8 17.-18. 
319 -19S5 217. 26 89. 400,000 Pul. coal/Front B & w 88.8 17.-18. 

°' 320 1956 ·217.26 89. 400,000 Pul. coal/Front B & w 88.8 17.-18. LT1 
I-' 321 1964 232. 800,000 Cyclone B & w 90.1 20. 

322 1938 18. 180,000 Pul. coal/Front Foster Wheeler 85.5 ~o. 
323 1938 l 8. 180,000 Pul. coal/Front Foster Wheeler 85.5 20. 
324 1946 18.3 170,000 Pul. coal/Front B & w 86.2 13. 
325 1947 18.3 170,000 Pul. coal/Front D & w 86.2 13. 
326 19-53 150,000 Spreader Stoker B & w 79. 33. 
327 195;3 150,000 Spreader Stoker B & w 79. 33. 
328 195.8 l-13.64 42. 387,000 Pul. coal/Tangential Combustion Eng. 87.1 
329 19!}1 .113.64 4 ;'.. 387,000 Pul. coal/Tangential Combustion Eng. 87.1 
330 1951 50. 18." Pul. coal/Tangential Combustion Eng. 85.44 
331 1953 69. 37.~ Pul. coal/'l'angential Combustion Eng. 85.82 
332 1953 690. 37.9 Pu l. coal/Tangential Combustion Eng. 85.82 
333 1956 113.64 46.5 Pul. coal/'rangential Combustion Eng. 87.15 
334 1967 253.44 96. 482,000 Pul. coal/Tangential Combustion Eng. 89.06 
335 1969 4 71. 00 199. 963,000 Pul. coal/Tangential Combustion Eng. 89.06 
336 1959 37.5 25.15 114, 000 Pul. coal/Front Riley Stoker 85.5 25. 
337 1,67 21.8.45 92. 410,000 Pul. coal/Tangential Combustion Eng. 87.0 18. 
338 1958 50.0 25.5 104,200 Pul. coal/Front Riley Stoker 85.0 22. 
339 J,?41 15.0 59,200 Pul. coal/Front 80.56 20. 
340 1!)44 15.0 59,900 Pu l. coal/Front 81. O·I 20. 
3H 1945 J5. o 59,900 Pql. coal/Front 82.89 20. 
342 19'50 19.5 79,800 Pul. coal/Front D & w 85.52 25. 
34 3 1937 ·12.15 13 .1 47,000 Pul. coal/Tangential Combustion Eng. 84.2 5. 
344 1944 12.15 14.75 52,000 Pul. coal/Front Riley Stoker 83.8 5. 
345 1949 24.15 14. 35 51,000 Pul. coal/Front Riley Stoker 85.0 5. 



*Co. 
Name 

346 
347 
348 
349 
350 
351 
352 
353 
354 
355 
356 
.357 
358 
359 
360 
361 
362 
363 

~ _364 
N 365 

366 
367 
368 
369 
370 
371 
372 
373 
374 
375 
376 
377 
378 
379 
jeo 
381 
382 
383 
384 
385 
386 
387 
388 
389 

Year Boiler 
Placed in 
Service 

1949 
1961 
1954 
1958 
1954 
1964 
195B 
1964 
1972 
1968 
1962 
1966 
1971 
1950 
1969 
1958 
1960 
1964 
1963 
1969 
1957 
1971 
1973 
19.54 
1953 
1954 
1958 
1961 
1964 
1968 
1970 
1973 
1939 
1939 
1949• 
1951 
1951 
1954 
1956 
1958 
1962 
1966 
1969 
1972 

Generating 
Capacity, MW 

24.15 
125. 

49. 
81. 6 
70. 

llO. 
50.0 

138. 7 
3H.2 
212. 

65.2B 
81.6 

157.5 

514.8 
187.5 
187.5 
188.l 
265. 
737.6 
100. 
438. 
511. 

75. 
75. 
50. 
46. 
50. 
75. 
80. 
80. 

165. 
81. 5 

ll2.5 
112. 5 
147.l 
Hi3. 2 
209.44 
272.0 
355.5 

Design Coal 
Consumption, 

tons/hour 

14.35 
61. 5 
24.8 
40.9 
42. 
so. 
27.0 
55. 

145. 
89.22 
24.5 
33. 
51.1 
21. 

204.B 
84.4 
84.4 
83.0 

100. 
291.5 
38.7 

167.o 
219.5 
36.85 
33.8 
17.9 
20.15 
211.15 
31. 35 
31. 35 
31. 35 
78.4 
10.25 
10.25 
12.60 
12.60 
12.60 
55.0 
56.0 
65.0 
78.B 
91.0 

105.75 
136. 5 

'!'ABLE 4 5. (Continued) 

Air Flow at 
100% I,oad, 

scf /min 

50,600 
221; 000 
151,209 
246,957 
79,500 

109,000 
135, 321 
421,670 
500,000 
504,148 
114 t 000 
178,000 
287,000 

1,196,073 
581,600 
581,600 
573,000 
395,833 

1,100,000 
203, 111 
BlO,BlO 

1,640,000 
2B2,000 
274,000 
77,700 
91,200 
91, 200 

144 t 700 
144,700 
144,700 
383,597 

47,600 
47,600 
50,800 
50,800 
50,800 

221,221 
230,384 
265,727 
295,616 
378,0BJ 
467,749 
609,000 

'l'ype of 
Firing 

Pul. coal/Front 
Pul. coal/Tangential 
Pul. coal/Front 
Pul. coal/Front 
Pul. coal/Front 
Pul. coal/Front 
Pul. coal/Front 
Cyclone 
Pul. coal/Front 
Pul. coal/Tangential 
Cyclone 
Cyclone 
Pul. coal/Front 
Pul. coal/Tangential 
Pul. coal/Tangential 
Pul. coal/Tangential 
Pul. coal/Tangential 
Pul. coal/Tangential 
Pul. coal/Front · 
Pul. coal/Front 
Pul. coal/Front 
Pul. coal/Front 
Pul. coal/Tangential 
Pul. coal/Front 
Pul. coal/Front 
Pul. coal/Front 
Pul. coal/Tangential 
Pul. coal/Tangential 
Pul. coal/Front· 
Pul. coal/Front 
Pu 1. coa l/Frot\t 
Pul. coal/Pront. 
Pul. coal/Pront 
Pul. coal/Front 
Pul. coal/Front 
Pul. coal/Front 
Pul. coal/Front 
Pul. coal/Front 
Pul. coal/Front 
Pul. coal/Front 
Pul. coal/Front 
Pul. coal/Front 
Pul. coal/Tangential 
Pul. coal/Tan~ential 

Boiler 
Manufacturer 

Riley Stoker 
Combustion Eng. 
13 .& w 
C6mbustion Eng. 
Il & w . 
13 & w 
Riley Stoker 
B & W 
Foster Wheeler 
Combustion Eng. 
B & W 
B & W 
Riley Stoker 
Combustion Eng. 
Combustion Eng, 
Combustion Eng. 
Combustion Eng. 
Combustion Eng. 
B & W 
.Foster Wheeler 
'a ·& w · · 
Combustion Eng. 
Combustion Eng. 
B & W 
B & W 
B & W 
Combustion Enq. 
Combustion Eng. 
B &. W 

'.B & W 
... 8 & w 
_ti &. w 

.:e .& w 
'e & w 
B ~ W 
B & W 
B & W 
Foster Wheeler 
Fos.ter Wheeler 
Fos.ter Wheel.er 
Fos ~er Wheele.r 
~iley !>tok~r ' 
Combustipn Eng. 
Combustion Eni}. 

Boiler 
Efficiency 

at 100% toad 

85.0 
87.4 
88.5 
89.22 
B6.5 
88.4 
87.5 
89.0 
!17.99 
86.39 
80.7 
87.61 
88.5 
85.7 
89.1 
88.68 
08.6 
88.68 
89. 4 . 
139.] 
B8.8 
89.l 
88.67 
88.2 
90. 
BB.I 
88.0 
88. (l 
88.4 
88~4 
BB.it 
89.61 
aa.i 
88.2 
88.0 
88.0 
88.0 
86,] 
86,2 
86.

0

1 
tl6. 8 
87 .. ~ 
88.:2. 
88 .· 28 

% Excess 
l'lir Used 

5. 
5. 

23. 
22. 
23. 
19. 
25. 
10.4 
20. 
20. 
16. 
16. 
20. 
12.5 
20. 
20. 
20. 
20. 
20. 
20. 
25. 
20. 
20. 
is. 
25. 
18. 
18. 
18. 
18. 
18 . 
18. 
25.0 
18. 
18. 
18. 
18. 
18. 
25. 
21. 
21. 
25. 
21. 
21. 
21. 



'fABLE 45, (Continued) 

Year Boiler Desi9n Coal Air Flow at Boiler 
'*Co. Placed in Generating Consumption, 100% I,oad, Type of Boiler Efficiency \ Excess 
Name Serv.ic:e caeacit:t, MW tons/hour scf~min Firing Manufacturer at 100\ Load A.ir Used 

390 1974 355.5 136. 5 609,000 Pul. coal/Tangential Combustion Eng. 88.28 21. 
391 1942 25. 19.6 72,050 Pul. coal/Front Combustion Eng. 85.2 25. 
392 1942 25. 18.6 72,050 Pul. coal/Front Combustion Eng. 85.2 25. 
393 1947 69. 39.7 158,000 Pul. coal/Front Foster Wheeler 86.0 25. 
394 1949 69. 39.7 158,000 Pul, coal/Front Foster Wheeler 86.0 25. 
395 1950 74.75 39.7 158,000 Pul. coal/Front Foster Wheeler 86.0 25. 
396 1952 H.75 39.7 159,000 Pul. coal/Front Foster Wheeler 86.0 25. 
397 1961 44. 20.7 B2,400 Pul. coal/Front B & w 87.4 25. 
398 1947 26. 12. 76,527 Pul. coal/Opposed Foster Wheeler 87. 26. 
399 1947 26. 12. 76,527 Pul. coal/Opposed Foster Wheeler 87. 26. 
400 1959 171. 7 55. 330,000 Pul. coal/Tangential Combustion Eng. 89.47 22. 
401 1962 255. 79. 382,000 Pul. coal/Tangential Combustion Eng. 90.57 22. 
402 1951 75. 26.9 114. 500 Pul. coal/Tangential Combustion Eng. 89.0 23. 
403 1951 75. 26.8 114,500 Pul. coal/Tangential Combustion Eng. 89.0 23. 
404 1953 75. 26.B 114, 500 Pul. coal/Tangent] al Combustion Eng. B9.0 23. 
405 1965 12.5 12. 73,000 Pul. coal/Front B6.0 19.-22. 
406 1966 12.5 12. 73,000 Pul. coal/Front B6.0 19.-22. 
407 1974 15.0 19.6 83,400 Pul. coal/Front Erie City Iron 86.9 15.-31. 

"' 40B l96B 299.2 97. 474,000 Pul. coal/Opposed Riley Stoker B8.9 20. VI 
w 409 i9n 57B. 197.l 951,556 Pul. coal/Opposed Foster Wheeler B9.0 18. 

410 l96B 172.9 91. 318,000 Pul. coal/Tangential Combustion Eng, B6.46 21. 
411 1968 26. lB.l 164,300 Spreader Stoker Erie City Iron B2.B8 40. 
412 1969 66. 45. 150,192 Cyclone D & w BB. 12. 
413 194'3 21.875 9.03 55,000 Pul. coal/Opposed Foster Wheeler 86.67 31. 
414 1943 21.875 9 . 0.3 55,000 Pul. coal/Opposed Foster Wheeler B6.67 31. 
415 1951 60. 29.4 200,000 Pul. coal/Tangential Combustion Eng. B9. 10 
416 1950 29.4 11. 7 103,500 Pu] . coal/Front B & w 87.5 25. 
417 1950 29.4 n.7 103,500 Pul. coal/Front B & w 87.5 25. 
41B 1953 100. 3 3.1 250,000 Pul. coal/Tangential Combustion Eng. 89.6 22. 
419 1948 15. 10.45 131. 000 Stoker Combustion Eng. 83.9 25. 
420 1948 15. 10.45 131,000 Stoker Combustion Eng. 83.9 25. 
421 1952 20. 12.75 155,000 Stoker D & w B 4. b 28. 
422 1952 20. ] 2. 75 155,000 Stoker D & w 84.6 28. 
423 1955 135. 43.9 312,800 Pul. coal/Tangential Combustion Eng. B9.34 24. 
424 1958 135. 43.9 312,BOO Pul. coal/Tangential Combustion Eng. 89.34 24. 
425 1962 194. 90, 317,77B Cyclone B & w 88.6 1 7. 
426 1968 421.6 182. 646,667 Cyclone B & w 88.4 ] 6. 
427 1956 138 .1 55.B 2-12,200 Pul. coa l/'ra ngen t ia l Combustion Eng. 87.7~ 18. 
428 1959 138 .1 55.B 242,200 Pul. coal/TangenLial Combustion Eng. 87.74 18. 
429 1959 13B .1 55.B 242,200 Pul. coa l/T<rngentia 1 CombusLion Eng. 87.74 18. 
430 1970 115.1 49. 220,000 Pul. coal/Front: B & w 88.3 19. 
431 1950 140.03 20. 39B,OOO Cyclone D & w 87. 3 20. 
432 1950 20. 39B,OOO Cyclone a & w 87.3 20. 
433 1951 20. 398,000 Cyclone D & w 87.3 20. 



Tl\DLE 45. {Continued) 

Year Boiler Design Coal Air Flow at Doil er 
*Co. Placed in Generating Consumption, 100% Load, Type of Boiler Efficiency % Excess 
f'jame Service Capacity, MW tons/hour scf/min Firing Manufacturer at 100% Load A.fr Used 

434 1974 520.968 226. 1,214,000 Cyclone n & w BB.3 15. 
435 1953 7.5 4. 6 21,700 Pul. coal/Front 86.98 20. 
436 1953 7.5 4.6 21,700 Pul. coal/Front 86.98 20. 
437 1967 22. 10.3 45,960 Pul. coal/Front B & w 88.5 19. 
438 1968 591!.4 246. 910,000 B & w 88. 16. 

439 1952 Bl.O 51. 124,480 Pul. coal/Tangential . Combustion Eng. 85. 23 . 
440 1954 112. 5 56. 169,750 Pul. coal/Front . :Foster Wheel er 87 . 25. 
441 1955 113. 635 58. 183,330 Pul. coal/Front .B & w 87. 23. 
442 1960 179.52 94. 304,530 Pul. coal/Front B & w 87. 23. 
443 1942 57.5 40. 102,000 Pul. coal/Front '_ B & w 86. 25. 
444 1944 62.5 40. 102,000 Pul. coal/Front B & w 86. is. 
445 1956 113.635 67. 195,470 Pul. coal/Front 13 & w 87. 20. 
446 1959 163.2 93. 277,160 Pul. coal/Front _B & w 84. 20. 
447 1953 46. 30. 83,000 Pul. coal/Front •Riley Stoker 86. io. 
448 1949 87.87 17.8 84,204 Pul. coal/Front ·n & w 86;98 25. 
449 1949 87.87 17.8 84,204 Pul. coal/Front B & W 86.98 is. 
450 1957 105. 42.5 161,010 Pul. coal/Front :n & w 89.l 27. 
451 1943 43.75 26.5 94,604 Pul. coal/Front _·D & w 85.9 25. 

"' 452 1948 43.75 26.4 97,650 Pul. coal/Front 6 & w 86.2 30. 
U1 

"" 453 1969 18.328 B.93 40,100 Pul. .coal/Front B & w 87.0 18. 
4S4 1944 31. 25 17.85 74,064 Pul. coal/Front .' fl & w BS.OS ,- ·· 4s • 
455 1944 31. 25 17.85 74,064 Pul. coal/Front B & w 85.05 25. 
456 1947 31.25 17.85 74,064 Pul. coal/Front Ei & w 85.05 25. 
457 1947 31. 25 17.85 74,064 Pul. coal/t•ront a & w 85,05 25. 
458 1950 50.0 26.l 107,920 Pul. coal/Front ',B & w 87.48 25. 
459 1950 50.0 26.l 107 I 920· Pul. coal/Front n & w 87.48· 25. 
460 1955 159.5 62.5 257,833 Pul. coal/Front ·.a & w 89.l -- 25. 
461 1955 159.5 62.5 257,033 . Pul. coal/Front '~ & w 89.1-

. -
25. 

462 1959 185. n.s 350,087 Pul. coal/Front Foster Wheeler 88.88 20. 
463 1960 185. 72.5 350,087 Pul. coal/Front Foster Wheeler 88.88 20. 
464 1961 185. 72.5 350,087 Pul. coal/Front F'ost.er Wheeler 1J8.88 20. 
465 1962 185. 72.5 350,087 Pu!. coal/Front Foster Wheeler 88.08 20. 
466 1961 317 .5 117. 95 548,520 Pul. coal/Opposed a & w 89.i3 18. 
467 1969 623. 234. 5 1,092,254 Pul. coal/Opposed .a & w 88.99 18. 
468 1971 623. 234.5 1,092,254 Pu!. coal/Opposed B & w 88.99 18. 
469 1974 1300. 480. 2,500,000 Pu!. coal/Opposed '.13 & w 88.45 20. 
410 1971 816.3 291.6 975,000 Pul. coal/Opposed Foster lllheeler 88.0 18. 
471 1971 816.3 291. 6 975,000 Pul. coal/Opposed 'Foster Wheeler 88.8 18. 
472 195j 213. 77. 278,125 Pu!. coal/Front .'a & w 88.8 15. 
473 i954 213. 77. 278,125 Pul. coal/Front B & w 88.8 15. 
474 1957 225. Bl. 4 317,292 Cyclone " & w 89.3 17. 
475 1958 225. Bl. 4 317, 292 Cyclone :.- D & w 89.3 17. 
476 1968 590.B 247.5 ;'800,000 Pu!. coal/Front B & w 87.4 20. 
477_ 1955 217. 26 89. 400,000 Pul •. coal/Front ti & w 88.B 17.-18. 



TABLE 4S. (Con ti nued) 

Year Boiler Design Coal Air Flow at Boiler 
*Co. Placed in ' Generating Consumption, 100% J,Oad I Type of Boiler Efficiency % Excess 
Nam¢ Service taeacit:t, MW tons/hour scf/min Firing Manufacturer at 100\ J..oad Air Used 

478 1955 217.26 89'. 400,000 Pul. coal/Front B & w 00.0 17.-18. 
479 1955 217.26 89. 400,000 Pul. coal/Front B & w 00.0 17.-18. 
480 1955· 217. 26 89. 400,000 Pul. coal/Front B & w 88.8 17.-18. 
481 1955 217. 26 89. 400,000 Pul. coal/Front B & w 00.0 17.-18. 
482 1954 77 .4 34. s 150,000 Pul. coa1/Tangential Comlms t ion Eng. 88.66 25. 
483 1957 104.5 4.4. 85 199,000 Pul. coal/Tangential Combustion Eng. 88.18 22. 
484 1959 104.5 44.85 199,000 Pul. coal/Tangential Combustion Eng. 88.18 22. 
485 1963 134. 0 57. 246,000 Pul. coal/Tangential Combustion Eng. 88.20 22. 
486 1968 225.6 84.7!\ 440,000 Pul. coal/Front Foster wheeler 88.79 20. 
467 1959 54.4 41. 1 167,000 Pul. coal/Tangential Combustion Eng. 82.69 23. 
488 1964 75. 60.5 275,000 Pul. coal/Front B & w 83.28 17. 
489 1964 151. 7 ti. 279,200 Cyclone B & w 90.2 16. 
490 1974 265. 116. 2,325,500 Pul. coal/Tangential Combustion Eng. 87.4 20. 
491 1939 7.5 7.75 26,100 Pul. coal/Front B & w 77. 6 20. 
492 1939 7.5 7.75 26,100 Pul. coal/Front D & w 77.6 20. 
493 1948 7. 5 6.92 26,000 Pul. coal/Front D & w 84.1 20. 
494 1954 30. 20.5 78,200 Pul. coal/Front Riley Stoker 86.7 22. 

"' 
495 1971 665. 400. 1,524,000 Pul. coal/Tangential Combustion Eng. 85.5 20. 

V1 496 1972 665. 400. 1,524,000 Pul. coal/Tangential Combustion Eng. 85.5 20. 
V1 497 1974 508.6 255. 2,313,30o' Pul. coal/Tangential Combustion Eng. 88.39 20. 

498 1964 38. 9.25 38,000 Spreader Stoker Erie City Iron 7Y. .>u. 

499 1972 38. l f, 75 46,000 Spreader Stoker Erie City Iron 78. 35. 
500 1969 660. 255. 1,114,012 Pul. coal/Opposed Foster Wheeler 89.69 20. 
501 1969 660. 255', 1,114,012 Pul. coal/Opposed Foster Wheeler 89.69 20. 
502 1970 936. 325··. 1,412,472 Pul. coal/Tangential Combustion Eng. 90.41 20. 
503 1971 936. 325 .. 1,412,472 Pul. coal/'l'angential Combustion Eng. 90. 41 20. 
504 1944 12.5 8.85 46,363 Pul. coal/Front Erie City Iron 83.41 15.5 
505 1944 12.5 R.85 46,364 Pul. coal/Front Erie City Iron 83.41 15.5 
506 1952 46.9 2 l 1 94,685 Pul. coal/Tangential Erie City Iron 88.0 15.0 
507 1952 46.9 21. l 94,685 Pul. coal/Tangential Erie City Iron 88.0 15.0 
508 1967 936. 31 Ii. 1,412,472 Pul. coal/Tangential Combustion Eng. 90.41 20. 
509 1968 936. 316. 1,412,472 Pul. coal/Tangential Combustion Eng. 90.41 20. 
510 1942 35. 15. 4 57,680 Pul. coal/Front B & w 87.3 25. 
511 1950 50. 15.4 57,680 Pul. coal/Front B & w 87.J 25. 
512 1957 156. 2 56. 230,737 Pul. coal/Tangential Combustion Eng. 88.59 22. 
513 1954 133. 47. 215,665 Pul. coal/Front B & w 89.88 15. 
514 1954 133. 41. 215,665 Pul. coal/Front ll & 1-1 89.88 15. 
515 1959 187. 62.8 328,951 Pul. coa l/'l'a ngen ti a 1 Combustion Enq. 89.73 ] 5. 
51 6 1960 187. 62.8 328,951 Pu]. coal/Tangential Combustion Eng. 89. 7l 15. 
517 1948 21. 2 a.1 45,300 Pul. coal/Front Erie City Iron 85.9 ) 5. 
518 1948 21.1 8.7 45,300 Pul. coal/Front Erie City Iron 85.9 15. 
519 1949 21. 2 e.7 45,300 Pu] . coal/Front Erie City Iron 85.9 15. 
520 1949 21.1 B.7 45,300 Pu). coal/Front Erie City Iron 85.Y 15. 
521 1967 42.5 20.5 107,550 Pul. coal/Front Foster Wheeler 88.6 20. 



'l'ABLE 45. (Continued) 

Year Boiler Design Coal Air Flow at Boiler 
*Co. Placed in GeneratL1g Consumption, 100% Load, Type of Boiler Efficiency % Excess 
Name Service Ca12acity, MW tons/hour scf/min Firing Manufacturer at 100% Load Air Used 

522 1967 42.5 26.4 139' 050 Pul. coal/Front B & w 86.5 20. 
523 1966 l 03. 0 42.5 223,610 Pul. coal/Front n & w 89.l 20. 
524 195B 105.0 42.5 223,610 Pul. coal/Front B & w 89.1 20. 
525 1964 132.B 58.4 325,060 Pul. coal/Front n & w 89.l 20. 
526 1961 363. 135. 625,000 Pul. coal/Tangential Combustion Eng. 88.9 20. 
527 1965 405. 150. 711, 000 Pul. coal/Tangential Combustion Eng. 89. 20. 
528 1969 790. 281. 1,463,000 Pul. coal/'l'angential Combustion Eng. 9Q. 20. 
529 1954 75. 44. 248,000 Pul. coa l/FroJJ t foster Wheeler 84.2 40. 
530 1954 156.25 57.5 417,780 Pul. coal/Front Foster Wheeler 88. 20. 
531 1956 156.25 57.5 414,670 Pul. coal/Front Foster Wheeler 88. 20. 
532 1971 734. 279. 1, 540, 000 Pul. coal/Tangential Combustion Eng. 90. 20. 
533 1973 800. 279. 1,510,000 Pul. coal/Tangential Combustion Eng. 90. 20. 
534 1949 40. 20.7 125,000 Pul. coal/Opposed Foster Wheeler 83.4 40. 
535 1949 40. 20.7 125,000 Pul. coal/Opposed Foster Wheeler 83.4 40. 
536 1949 40. 20.7 125,000 Pul. coal/Opposed Foster Wheeler 83.4 40. 
537 1949 40. 20.7 125,000 Pul. coal/Opposed Foster Wheeler 83.4 40. 
538 1951 107. 38.7 243,000 Pul. coal/Front Foster Wheeler 88.0 20. 
539 1953 156. 48.6 376,000 Pul. coal/Front foster Wheeler 88.0 20. 

O> 
540 1959 353.6 100.8 480,000 Pul. coal/Tangential Combus~ion Eng. 89. 77. IS. U1 

O> 541 1960 353.6 104.5 500,000 Pul. coal/Tangential Combustion Eng. 89.91 15. 
542 1947 55. 23. 126,447 Pul. coal/Front n· & w . 88.6 io. 
543 1952 82. 31. 144,076 Pul. coal/Tangential Combustion Eng. 89.0 23. 
5411 H64 364. 116. 466,000 Pul. coal/Opposed B & w 91. 2 18. 
545 1965 364. 116. 466,000 Pul. coal/Opposed ~ & w 91. 2 18. 
546 1959 190. 55. 318' 400 rul. coal/Tangential Combustion Eng. 92.1 20 •. 
547 1960 190. 55. 318,400 Pul. coal/Tangential Combustion Eng. 92.1 20. 
548 1962 190. <;5. 318,400· Pul. coal/Tangential (:ombustion Eng. 92.1 2.0. 
549 1970 573. 111;:;. 1,000,000 rul. coal/'l'angential Combustion Eng. 91. 8 • lB. 
550 1971 575. 11:16. l,000,000 Pul. coal/Tlrng(o!ntia 1 Combustion Eng. 91. 8 18. 
551 1949 95. 55. 220,000· Pul. coal/T;rngential Combus~ion r:ng. 88.9 .18. 
552 1950 95. 55. 220,000 Pul. coal/Tangential Combustion En.g. 98.9 1 0 •. 
553 1954 108. SS. 222,000 Pul. coal/Tangential Combustion Eng. 91.18 18. 
554 1956 108. 55. 222,000 Pul. coal/'l'angential pombustion Eng. 91.19 18. 
555 ,1951 44. 30.85 160,000 t3 & w 84.0 28.5 
556 1951 4 4. 30.85 155,500 :t3 & w 94.o 28.5 
557 1955 100. 60.25 312,000 D & w 85.97 26.3 
558 1960 44. 20.9 132,000 Pul. coal/Front IJ & w 87.78 23. 
559 1957 100. 61.35 288,000 ~ r. w 86,33 27.5 
560 195? 110. 61. 35 292,000 D & w 86.]9 26 .. 5 
561 1962 150. 62.4 330,000 Pul. coal/Front Fl & W. 87.69 18. 
562 1968 350. 151.l 810,000 Pul. coal/Tangential combusl~on Eng. 88.29 27. 
563 1973 382.5 214. 791,000 Pu!. coal/Tangential c9mbµstion Eng. BL65 27. 
564 1964 166. 94 .·25 240,000 · Pul. coal/Tangential combU$tion En9. 86.66 27 ~. 
565 1954 66. 45.9 151,000 li'& w 84.4 20' 'l 



TASLE 45. (Continued) 

Year Boiler Design Coal J\ir Flow i:it Boiler 
*Co, Placed in . Genera ting Con$umption, 100\ Load, •rype of Boiler Efficiency \ EXCE;!SS 
Name service C~pacity, MW tons/hour scf/min Firing Manufacturer at 100\ Load Air used -·-. 
566 1970 531. 237. 1,292,000 Pul. coal/Tangential Combustion Eng. 88.&5 20. 
567 1972 531. 237. 1,292,000 Pul. coal/Tangential Combustion Eng. 88.85 20. 
568 1949 43.3 25.82 100,000 Pul. coal/Front Riley Stoker 87.1 20. 
569 1949 43.3 25.82 100' 00,0 Pul. coal/Front Riley Stoker 87.l 20. 
570 1951 43.3 25.8;! 100,000 Pul. coal/Front Riley Stoker 87.l 20. 
571 1959 150. 64. 266,000 Pul. coal/Front Riley Stoker 88.9 20. 
572' 1959 150. 64. 266,000 Pul. coal/Front Riley Stoker 88.9 20. 
573 1960 150. u. 266,000 Pul. coal/Front Riley Stoker 88.9 20. 
574 1961 150. 64. 266,000 Pul. coal/Front Riley Stoker 88.9 20. 
575 1950 33.3 17 .. 9 130, 000 Pul. coal/Front Riley Stoker 87.4 25. 
576 l950 33.3 17.9 130,000 Pul. coal/Front Riley Stoker 87.4 25. 
577 1950 33. 3 17.9 130,000 Pul. coal/~'ront Riley Stoker 87.4 25. 
578 1956 125. 49.6 226,000 Pul. coal/Front Riley Stoker 00. 24. 
579 1968 387. 160.0 610,000 Pul. coa 1 /'l'angen t ia 1 Combustion Eng. 89. 20. 
580 1953 99, 42.5 191,000 Pul. coal/Front Foster Wheeler 88, 11 24. 
581 1953 99. 42.5 191,000 Pul. coal/Front Foster Wheeler 88. ll 24. 
582 1954 99. 42.5 191,000 Pul. coal/Front Foster Wheeler 88.11 24. 

"' 
583 1954 99. 42.5 191,000 Pu'l. coal/Front Foster Wheeler 88. ll 24. 

ln 584 1960 113.636 43.5 221,000 Cyclone B & w 90.45 16. 
...... 585 19.61,1 345.6 112. 5 573,000 Cyclone B & w 89.66 16. 

586 1973 330.0 200. 824,827 Pul. coal/Front Foster Wheeler 88.05 HI. 
587 1955 33. 17.5 102,500 Pul. coal/Front Riley Stoker 87. 17. 
58B 1973 60. 28.0 196,000 Pul. coal/Tangential Combt1stion Eng. 87.S 30. 
5B9 1969 54.4 23.9 103,652 Pul. coal/Front B & w 91. 7 lB. 
590 1959 81. 6 29.3 222,000 Pul. coal/Tangential Combustion Eng. 89-. 0 25. 
591 1949 46.0 lB.7 137 I 000 Pul. coal/Tangential Combustion Eng. 87.7 25. 
592 19$·1 62.5 23.0 155,000 Pul. coal/Tangential Combustion Eng. 88.0 25. 
593 1953 62.5 ;n;O 155,000 Pul. coal/Tangential Combustion Eng. 8B.O 25. 
594 1957 Bl. 6 211 '0 222,00Q Pul. coal/Tangential Combustion Eng. 89.0 25. 
595 1974 750. 32b. 1, 31 7 I 000 Pul. coal/Tangential Combustion Eng. 8B. 77 lB. 
596 1974 750. 326. 1,317,000 Pul. coal/Tangential Combustion Eng. 88.77 l B. 
597 1962 139. 4 3. 336,000 Pul. coal/Tangential Combustion Eng. 89.6 22.5 
59B 1964 139. 43. 336,000 Pul. coal/Tangential Combustion Eng. B9.6 22.5 
599 1967 220. 70.5 550,000 Pul. coal/Opposed Foster l'iheelcr 89.2 22.5 
600 1958 125. 43.l 336,000 Pul. coal/Tangential Combustion Enq. 89.55 22.5 
601 1958 125. 43.l 336,000 Pul. coal/Tangential Combustion Eng. 89.55 22.5 
602 1953 75. 26.8 164,500 Pul. coal/Tangential Combustion Eng. 88.99 22.5 
603 1954 75. 26.8 164,500 Pul. coal/Tangenlial Comb us ti on Eng. 88.99 22. 5 
604 1955 100, 36.75 229,000 Pul. coal/Tangential Combustion Eng. B9.25 22.5 
605 1970 355.B 120. 73B,933 Pul. coal/Opposed Riley Stoker 89.8 20. 
Ci06 l971 355.8 120. 738,933 Pul. coal/Opposed Riley Stoker 89.B 20. 
607 1974 315. 120.5 524,000 Pul. coal/Front Riley Stoker 89.l 20. 
60B 1966 Bl. 6 31.15 1B2,900 Pul. coal/Front Riley Stoker 8B.5 23. 
609 1966 Bl. 6 31.15 182,900 Pul. coal/Front Riley Stoker 88.5 23. 



TABLE 4 5. (Continued)· 

Year Boiler Design Coal Air Flow at Boiler 
*Co. Placed in Generating Consumption, 100% Load, Type of Boiler Efficiency % Excess 
Name Service Capacity, MW tons/hour scf /min Firing Manufacturer at 100% Load · . .riii Used 

610 1969 172.8 55.4 312,000 rul. coal/Front Riley Stoker 88.4 23. 
61l 1970 172.8 55.4 312,000 Pul. coal/Front Riley Stoker Bil. 4 23. 
612 1955 46. 23.85 183,816 rul. coal/Front B & w 86.4 24. 
613 1966 103.7 47.5 403,774 Pul. coal/Front B & w 86.96 26. 
614 1973 265.23 110. 1,020,633 Pul. coal/Front B & w 88 .04 20. 
615 1970 718.1 392.5 1,492,583 rul. coal/Tangential Combustion Eng. 87.46 18. 
616 1971 718.1 392.5 1,492,583 Pul. coal/Tangential Combustion r:ng. 87.46 18. 
617 1960 272. 100. 550,000 Pul. coal/Opposed ·B & w 89.66 23. 
618 1960 272. 100. 550,000 Pul. coal/Opposed D & w 89.66 23. 
619 1961 272. 100. 550,000 Pul. coal/Opposed B & w 89.66 23. 
620 1962 244. 8 100. 550,000 Pul. coal/Opposed B & w 89.66 23. 
621 1963 33.0 19.0 121,560 Cyclone B & w .88. 6 10 . 
622 1963 33.0 19.0 121, 560 Cyclone B & w 08.6 10. 
623 1963 ]J. 0 19.0 121,560 Cyclone B & W 88.6 10. 
624 1970 335. 11!2.3 680,000 Pul. coal/Opposed Riley Stoker 88.J 15. 
625 1973 325. 182.l 680,000 Pul. coal/Opposed Riley Stoker 88.3 15. 
626 1957 125. 49.7 222, 000 Cyclone B & w 88.7 13. 
627 1958 125. 49.7 222,000 Cyclone B & w 88.7 13. 

"' 628 1960 179.52 64.9 296,500 Cyclone B & W 89.6 16. U1 
co 629 1963 187.5 71. 3 325,000 Cyclone B & W 89.2 16. 

630 1965 239.36 93.4 423,500 Pul. coal/Opposed Riley Stoker 813. 7 15. 
631 1967 414.0 151.4 696,500 Pul. coal/Opposed Riley Stoker 88.7 15. 
632 1958 330. 98. Cyclone B & w 13. 
633 1959 JJO. 98. Cyclone il & w -- 13. 
634 1959 330. 98. Cyclone B & w 13. 
635 1966 950. 316.5 1,512,770 Pul. coal/Tangential Combustion Eng. 90.08 20. 
636 1954 200. 76.l 305,610 B & w ·88.s ;io. 
637. 1955 200. 1r..1 305,610 J.l & w ·e~.s . 20. 
638 1955 223.25 76 l 305,GIO B & . w 8iJ. 5 20 • 
639 1955 223.25 76.l 305,610 B & w .as. 5 ;io. 
640 1962 550. 213. 5 780,800 ; B & w. 89,59 . 20. 
641 1972 1300. 509. 2,234,600 Pul. coal/Opposed B & ~· 88.87 •. 20. 
642 1973 1300. 509. 2,234,600 Pul. coal/Opposed 8 & ~ 88.87 20. 
643 1956 JOO. 99.5 392,927 Pul. coal/Tangential :.' Combustion Eng. BB.5 20. 
644 1957 300. 99.5 392,927 Pul. coal/Tangential Combustion Eng .. 88.5 20. 
645 1959 327. 6 111.5 468,238 Pul. coal/Tangential Combustion Eng. 89 .ii 20. 
646 1959 327 .6 111. 5 468,238 Pill. coal/Tangentiill Combustion Eng. 89.8 20. 
647 1955 223.25 69.85 308,230 Pill. coal/Tangential Combustion Eng. 88.85 20. 
648 1955 223.25 69.85 308,230 Pul. coal/Tangential Combustion Eng. 80.85 20. 
649 1956 200. 69.85 308' 2.30 Pill. coal/Tangential Combustion Eng. 88.85 20. 
650 1957 200. 69.85 308,230 Pul. coal/Tangent~al Comb.~stion Eng. 88.85 . 20. 
651 1958 172. 8 61. 75 264,575 Fosti;ir Wheeler 89.66 '20. 
652 1959 172.8 61. 75 264,575 Foster Wheeler 89.66 'io. 
653 1959 172.8 61. 75 264, 571 , ~ost:~r Wheeler 89.66 ;?O. 



TABLE 45. (Continued) 

Year Boller Design Coal Air Flow at Boiler 
*Co. placed in Generating Cons ump ti on, 100% I.oad, Type of Boiler Efficiency ·i Excess 
Name SE}rvicfi! caeacit:f, MW tons[hour scf/min Firing Manufacturer at 100% Load Air Used 

654 1959 172.8 61. 75 264, 571 Foster wheeler 89.66 20. 
655 1954 175. 57.9 220,476 Pul. coal/Tangential Combustion Eng. 88.64 16. 
656 1954 175. 57.9 220,476 Pul. coal/Tangential Combustion Eng. 88.64 16. 
657 1954 175. 57.9 220,476 Pul. coal/•rangential Combustion Eng. 88.64 16. 
658 1954 175. 57.9 220,476 Pul. coal/'l'angenti/il Combustion Eng. 88.64 16. 
659 1954 200. 76.5 308,230 Pul. coal/Tangential Combustion Eng. 88.64 20. 
660 1955 200. 7&i. 5 308,230 Pul. coal/Tangenqal Combustion Eng. 88.64 20. 
661 1955 200. 76.5 308,230 Pul. coal/Tangential Combustion Eng. 88.64 20. 
662 1955 200. 76.5 308,230 Pul. coal/Tangential Combustion Eng. 88.64 20. 
663 1955 200. 76.5 308,230 Pul. coal/Tangential Combustion Eng. 88.64 20. 
664 1963 704. 306. l,166,120 Cyclone B ' W 89.66 16. 
665 1963 704. 306. 1,166,120 Cyc1one B ' w 89.66 16. 
666 l969 1150. 2 434. 5 1,829,000 Cyclone B & w 89.22 20. 
667 1953 175. 58.15 238,158 B ' w 88. 33 20. 
668 1953 175. 58.15 238,158 B ' w 88. 33 20. 
669 1953 175. 58.15 238,158 B & W 88.33 20. 
670 1954 175. 58.15 238,158 B ' w 88. 33 20. 

"' 
671 1954 115. 58.15 23il,158 B ' w 88. 33 20. 

U1 672 1954 175. 58 .15 238,158 B ' w 88. 33 20. 
lO 673 1954 175. 58.15 238,158 B & w 88. 33 20. 

674 l955 175. 58.15 238,158 B ' w 88. 33 20. 
675 1955 175. 58 .15 238,158 B ' w 88 .33 20. 
676 1956 175. 58.15 238,158 B ' w 88.3) 20. 
677 1942 60. 26.2 117,442 B ' w 88.0) 20. 
678 1942 60. 26.2 117,442 B ' w 38.03 20. 
679 1943 60. 26.2 117,442 B & w 88.03 20. 
660 1945 60. 26.2 117,442 B & w 88.03 20. 
681 1960 575.01 206. 877,538 Pul. coal/Tangential Combustion Eng. 89.62 20. 
682 1964 550. 22b.25 846,977 Pul. coal/Tangential Combustion Eng. 89.83 20. 
683 1938 71. 11. 89,000 13 ' w 86.l 25. 
684 1941 71. 15. 126,000 B ' w 84.2 25. 
685 1941 71. l 5. 126,000 B ' w 84.2 25. 
686 1951 72. 31. 262,000 13 ' w 87.6 25. 
687 l 949 112. 5 23. 192,000 B ' w 87.3 25. 
688 1949 112. 5 23. 192,000 B & w 87.3 25. 
689 1955 140. 49. 249,400 B & W 89.51 23. 
690 1959 140. 49. 249,400 B & W 89.51 23. 
691 1963 140. 50. 250,000 Pul. coal/Front B ' w 90.38 18. 
692 1968 218. 75. 380,500 Pul. coal/Front B ' w 90. 41 17. 
693 1947 l 5. 12. 78,000 Pul. coal/Front Foster Wheeler 73 40. 
694 1959 so. 31. 160,000 Pul. coal/Front Foster Wheeler 79. 4 r.. 
695 1970 555. 238. 1,023,530 Pul. coal/Tangential Combustion Eng. PR.44 23. 
696 1971 555. 238. 1,023,530 Pul. coal/•rangential Combustion Eng. 88.44 23. 
697 1972 555. 238. 1,023,530 Pul. coal/Tangential Combustion Eng. 81L44 23. 



'fl\BLE 4 5. (Continued) 

Year Boiler Design Coal Air Flow at Boiler 
*Co. Placed in Generating Consumption, 100% Load, Type of Boiler Efficiency % Excess 
Name Service Capacity, MW tons/hour scf /min Firing Manufacturer at 100% Load Air Used 

698 1973 555. 238. 1,023,530 I'ul. coal/Tangential Combustion Eng. 88.44 23. 
699 1953 137. 5 54. 230,000 Pul. coal/Tangential Combustion Eng. 88.1 23. 
700 1954 137. 5 54. 230,000 I'ul. coal/Tangential Combustion Eng. 88.1 23. 
701 1959 289. 109.7 471,000 Pul. coal/Front Foster Wheeler 88.82 23. 
702 1961 359. 133. 5 574,000 Pul. coal/Front Foster Wheeler 86. 77 23. 
703 1967 549.8 193.5 830,000 Cyclone B & w 89.12 23. 
704 1968 549.8 193.5 830,000 Cyclone D & w 89.12 23. 
705 1950 50.4 217,000 B & w 86.05 23. 
706 1950 50.4 217,000 D & w 86.05 23. 
707 1955 25.0 12.7 59,800 Pul. coal/Front Riley Stoker 85.6 23. 
708 1962 37.5 19.6 91,900 Pul. coal/Tangential Combustion Eng. 86.7 21. 
709 1964 57.8 23.0 97,500 Pul. coal/Tangential Combustion Eng. 88.7 18. 
710 196.6 57.8 23.0 97,500 Pul. coal/'l"angential Conibus Hon Eng. 88.7 18. 
711 1974 90. 37.0 162,000 Pul. coal/Front Riley Stoker 87.3 20. 
712 1952 69. 29.8 149,500 Riley Stoker 87.5 18. 
713 1955 113.636 38.9 191,000 Combustion Eng. 88.6 18. 
714 1950 44. 21. 3 112,800 Pul. coal/Front Riley Stoker Bl. 4 20. 
715 1974 411. 175. Pul. coal/Tangential Combustion Eng. 89.18 

°' 716 1958 152.6 62. 258,000 Pul. coal/Tangential Coml;:iustion Eng. 87.9 21.0 
°' 0 717 1971 306. 175. 690,000 Pul. coal/Tangential Combustion Eng. 86.63 21.'l 

718 1950 69. 30. 134, 114 Pul. coal/Front B & ·w 87.6 25. 
719 1958 185.277 55.8 265,826 Pul. coal/Front B &··w 89.3 18. 
720 1965 570.24 215. 953,872 Pul. coal/Tangential _Combustion Erig. 90.04 23. 
721 1966 570.24 215. 953. 872 Pul. coal/Tangen ti al Combustion Enq. 90.04 23. 
722 1973 522.0 214. 1,278,000 Pul. coal/Tangential Combustion Eng. 89.72 23. 
723 1949 46. 18.75 94,806 Pul. coa I /Tangential Combustion F:ng. BB. 20. 
724 1952 so. 18.75 94,806 P111. coal/Tangential Combustion Eng. 88. 20. 
725 1957 113.636 4'.;. 4 225,000 P111. coal/Tangential Combust"ion Eng. 88.2 20. 
726 1953 120. IJ-1 5 222,500 Compustion Eng. ' 88. 76 20. 
727 1954 120. 44.5 222,500 Combustion Eng. 98.76 20. 
728 1955 130. 45.25 228,100 Combustion Eng. 88.68 ' 20. 
729 1957 130. 45.25 228,100 Combiislion Eng. BB.68 20. 
730 1935 80. 39.3 209,600 (Joll)bustion Eng . !ia_oe 28. 
731 1943 BO. 39.6 . 214, 500 Combustion Eng. 07. 71 30. 
732 1949 80. 37.9 205,200 Combustion Enq. 97.49 30. 
733 1949 80. 38.3 207,500 ColiJbusUon Eng. 99_79 30. 
734 1950 80. 36.3 207,500 Con1bustion Eng. 90.23 JO_ 
735 1968 70. 32.99 164,500 Pul. coal/Front Riley Stoker 87.85 20_ 
736 1968 70. 32.89 164,500 Pul. coal/Front nqey Stoker 87.85 20. 
737 1969 70. 32.99 164,500 Pul. coal/Front Ri l_ey Stoker 97.83 20. 
739 1969 70. 32.89 164,500 Pul. coal/Front Rii~y Stoker 8,1. !15 20. 
739 1931 30. 21.6 150,000 Pul. coal/Front n & w "" 12. 
740 1941 30. 21. 6 150,000 Pul. coal/Front B & w !i4. 12. 
741 1951 60. 48~ 240,000 Cyclone D ,& w ll9.7 12. 



TABLE 45, (Continued) 

Year Boiler Pesign Coal Air Flow at· Boiler 
~co. Placed in . Generating Consumption, 100% Load, Type of Boiler Efficiency % Excess 
Name Service C~pacit:i:: 1 MW tons/hour scf[min Pi ring Manufacturer at 100% J..oad Air Used 

742 1969 330. 133. 650,000 Cyclone B ' w 88.8 12. 
743 1960 113. 6 45. 220,000 Cyclone B ' w 90.0 15. 
74-4 1962 113.6 45. 220,000 Cyclone B ' w 90.0 15. 
745 1954 79.6 49. 250,000 Cyclone B ' w 89.8 15. 

' 746 1955 79.6 49. 250,000 Cyclone B ' w 89.8 15. 
747 190 30. 18.5 130,000 I'ul. coal/Front B ' w 86.3 24. 
748 19.47 30. 20.5 142,000 Pul. coal/Front B ' w 86.2 22, 
749 1949 50. 34. 5 227,QOO Pul. coal/Front B & w 86.2 25. 
750 1951 60. 42.0 227,000 Pul. coal/Front B & w 85.8 25. 
751 1958 75. 45.6 223,000 Pul. coal/Front B & w 88.05 18. 
752 1964 125. 68.0 371, 000 Pu]. coal/Front B & w 87.6 22. 
753 1954 60. 38.7 258,000 Pul. coal/Front B & w 86.2 23. 
754 1960 75. 36.0 252,000 Pul. coal/Front Combustion Eng. 87.7 23. 
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TABLE 46. POWER PLANT AND AIR QUALITY DATA FOR THOSE 
PLANTS WITH ELECTROSTATIC PRECIPITATORS 

Year ESP 
*Co. Type Fly Ash ESP Placed i 11 ESP Design ESP Tested Mass Emission Installed Cost, 
Name Collector** Manufacturer Service Efficiency, % Efficiency, % Rate, lbs/hr $1,000's*** 

1 E Buell 1971 98.5 634. 2,550. 
2 E i'lestern 1972 99.0 2, 30i. 
3 E Western 1972 99.0 .--- 2. 30i. 
4 E Buell 1972 99.5 3,728. 
5 E 97.0 
6 E 97.0 
7 c American Standard/UOP 1954/1957 97.5 93.00 673. 
8 E UOP 1967 99. 99.4 440. 1,668. 
9 E UOP 1968 99. 99. 4 440. 2,453. 

10 E American Standard 1972 99.5 313. 2,025. 
11 E American Standard 1973 99.5 313. 2,700. 
12 E American Standard 1974 99.5 313. 2,700. 
13 E Koppers 1960 90.00 7).00 350. 4'07. 
14 . E Koppers 1958 95. 96.3-96.4 900 . 632. 
15 E Buell 1959 . 95. 96.3-96.4 900. 706. 
16 E Research Cottrell 1969 99. 450. 1,958. 
17 E Research Cottrell 1970 99. 450. . 1, 401. 
18 E Research Cottrell 1971 99. 450. l,•tl7. 
19 E Buell/American Standard 1963/1973 99.5 99.5 53. 2,Hi7. 
20 E 1954/1968 98. 83.00 650. 934. 
21 E 1970 97.5 97.-98.4 950. each G5~. 
22 E 1910 97.5 97.~98,.4 '971. ~ac::h 6~o. 

.. 

23 .E Koppers 1975 99.7 73.6 
24 E Koppers 1974 99.7 " 73.6 
25 E Koppers 1974 99.7 73.6 
26 E Research Cottrell 1969 97. 4080. 4,172. 
27 E Research Cottrell 1970 97. 4080. 4, 172. 
28 E Research Cottrell 1969 99. 97.6-99.9 18 J. $79.7 
29 E Research cottrel 1 1970 99. 97.6-99.9 183. 59'7. 9 
30 E Research Cottrell 1972 99. 97.6-99.9 168. 48{).o 
31 c 1972 99.9 98. 41) 51.1 J96i7 
32 E Western 1961 95. -~- 2424.; 1, 3Sl ~ 
33 E Western 196.7 95. -·-- 2401. 1,351. 
34 E Research Cottrell 1973 99.21 1 BO.; 2, 3 8'9·. 
35 E Research Cottrell 1971 99.0 --- ] 81, 525. 
36 E Buell 1973 99.43 91. 9 1,832. 
37 E Buell 1974 99.48 ] 1)4. 2, 178. 

*The numbers In· the first column correspond to the same plant names in Tables 45 and 46 as they do Jn Table 44. 
**Some plants have a combination meclianical collector - electrostatic precipitator .. Those with an ESP onl,y !lr~ d!i!signa,ted 

as "E" under this heading, and those with a combination collector are designated as "C". .. _ 
••~costs are reported as the original costs recorded on the utility's books of accounts and unitizea as·pre~~ribed in the 

FPC List of Units of Property effective January 1, 196L Certain items called for in this repor·t are ',11ot 13pecifically 
unitized in the referenced list of property units. In this case the most accurate figure available is desired. In the 
case of stacks without foundation, the stack cost plus those added costs essential to the stack ope:ta~ion and· support 
are included. · 
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Year ESP. 
*Co. Type Fly Ash ESP t>hced in ESP Design ESP Tested Mass _Emission Installed Cost, ~ame Collector** f'lanufacturer Service Efficien~ Efficiency, % Rate, lbs/hr $1,000's*** ---------

38 E Buell 1974 99.43 920. 884. 39 E Research Cottrell 1974 99.33 49.6 40 c Buell 1974 99.24 65. 
41 E Research Cottrell i973 99. 44 75. 3,050. 42 c Bue11 • 1975 99.46 87. 43 c UOP 1973 99.00 2,580. 44 E Buell.- 1974 99.59 208. 5,100.8 45 E Buell· 1914 99.5) 380. 7,788.4 46 E UQP 1973 99. 
47 E UOP 1973 99. 
48 E Buell 1')75 99.27 39. 49 E Buell 1975 99.27 39. 50 E Research Cottrell 1974 99.25 51. 1,448.4 51 E Research Cottrell 1973 99.5 99.5 12.0 575. 52 E 
53 E 
54 E 

m 55 E Koppers 1949 95. 107. 66,250. m 56 E Koppers 1949 95. 107. 66,250. w 57 E Koppers 1952 96. 244. }.10. 700. 
58 E Koppers 1958 97. 125. 163,500. 
59 E Western 1973 99.0 . 444. 7 I 991. 
60 E Duell 1972 99.0 569. 5, 031. 
61 E Western 1969 97.1 97.7-98.7 77. 5 640.5 
62 E Western 1969 97.1 97.7-98.7 77.5 640.5 
63 E Research Cottrell 1970 97.1 97.7-98.7 239.6 992. 
64 E Western, 1972 98.0 36.0 569. 
65 E Western 1972 98.0 30.2 569. 
66 E Weste.rn 1972 98.0 40.3 569. 
67 E Western 1972 98.0 41. l 569. 
68 E Koppers 1961 97.0 99.6 749.5 1. 396. 
69 E Research Cottrell 1960 95. 83.2 2423. 
70 E UOP 1976 99.5 290. 2,987. 
71 c Research Cottrell 1960 96.00 400. 535. 
72 E Research Cottrell 1974 99.5 3. l 29. 
73 E Research Cottrell ~974 99.5 3,257. 
74 E Research Cottre11 1973 99.5 3,647. 
75 c Research Cottrell ' 1958 96. 437.7 627. 
76 E Buell 1962 96. 670.l 454. 
77 E Buell 1969 98. 246.1 1,006. 
78 c American Standard 1971 96.0 76.5 500. 
79 c UOP 1968 99.5 256.0 224.1 
BO E American Standard 1974 99.35 133. 7 1, 9.;}2 .. 
81 E 



T1\BI.E 46. (Continued) 

Year ESP 
*Co. Type Fly Ash ESP Placed in ESP Design ESP Tested Mass Emission Installed Cost, 
Name Collector** Manufacturer Service Efficiency, % Efficiency, % Rate, lbs/hr $1,000's*** 

82 E American Standard 1971 97.5 93.00 84. 259.l 
83 E American Standard 1971 91.5 93.00 84. 259.1 
84 E American Standard 1971 97.5 93.00 84. 259.l 
85 E American Standard 1971 97.5 93.00 84. 259.l 
86 c American Standard 1968 97.5 13. 8 128.9 
87 E American Standard 97.5 27.55 94.6 
88 E Research Cottrell 1970 98.0 Bl. 200. 
89 E Buell 1958 95. 576. 424. 
90 c Research Cottrell/Koppers 1958 96. 93.2 200.3 
91 c 1958 96. 93.2 200.3 
92 c Research Cottrell/Koppers 1958 96. 93.2 200.3 
93 c Research Cottrell/Koppers 1958 96. 93.2 200.3 
94 E Research Cottrell 1949 95. 355. 480. 
95 E Research Cottrell 1949 95. 355. 468. 
96 E Buell 1959 97. 608. 543. 
97 E Research Cottrell 1970 99.5 97.1 224. BBB. 
98 E Research Cottrell 1972 99.5 99.5 224. 1,311.4 
99 E Research Cottrell 1941 90. 292. 151. 

C1\ 100 E Research Cottrell 19.41 90. 292. 149. C1\ 

"" 101 E Research Cottrell/Koppers 1951 95. 238. 403. 
102 E Research Cottrell/Koppers 1951 95. 238. 402. 
103 E Koppers 1962 99.4 98.00 llO. 705. 
104 E Research Cottrell 1973 99.3 99.3 408.6 2,752. 
105 E Research Cottrell 1958 99.0 97.5 374.5 ] ,041. 
106 E Research Cottrell 1961 98.0 95.8 500.4 1,359. 
107 E Research Cottrell 1945 92. 93.4 221.1 122. 
109 E Research Cottrell 1953 95 •. 95.8 171. 6 306. 
109 c Western 1949 98. 32.0 715. 
110 c Western 1949 98. 32.0 715. 
111 E Research Cottrell 1959 98.S 90.9 558.3 1,598. 
112 E Research Cottrell 1971 98.0 33.3 365. 
113 E Research Cottrell 1971 98.0 33.3 365. 
114 E Research Cottrell 1966 98.0 147.5 2. 327. 
115 E Research Cottrell 1965 99. 309.2 2,lJS. 
116 E Research Cottrell i965 99. 309.4 
117 E nesearch Cottrell 1966 99. 283.5 1,992. 
118 E Research Cottrell 1%6 99. 283.6 
ll9 E Research Cottrell 1967 98. 94.3 235. 2. 25.l. 
120 E Research CottrPll 1968 98. 94.3 235. 2,089. 
121 E Research Cottrell 1972 99.5 74. 
122 E Research Cottrell 1972 99.5 74. 
123 E Western 1961 98. 93.9 1..41.1 179. 
124 E Western 1955 95. 120.3 977. 
125 E Western 1955 95. 120.3 949. 



TAOLE 46. (Continued) 

Year ESP 
*Co. Type Fly Ash ESP Placed in ESP Design ESP Tested Mass Emission Installed Cost, Name Collector** Manufacturer Service Efficienc~, \ Efficiency, \ Rate, lbs/hr $1,0QO's 111 ** 

126 E Western 1955 95. 120.3 127 E Research Cqttrell 1971 98. 39.2 1,800. 128 E i<oppers ) 958 98. 405. 1,205. 129 E ~oppers 1962 98. 401. 7 1,438. 130 E Western 1955 90. 380.5 394. 131 E nesearch Cottrell 1973 99.0 35.79 3,500. 132 E ·Research Cottrell 1973 98.5 316.25 7,000 133 E Research Cottrell 1963 98. 840.8 1,560. 134 ~ Research Cottrell 1929 96. 100.5 135 E Research Cottrell 1929 96. 100.5 136 E Research Cottrell 1929 96. 100.5 137 E Research Cottrell 1929 97. 72.9 138 E Research Cottrell 1929 97. 72.9 1 39 E Rejiearch Cottrell 1929 97. 72.9 140 E Research Cottrel 1 1938 96.6 74.5 141 E Research Cottrell 1938 96.6 74.5 142 E Re!;earch Cottrell 1938 96. fi 74.5 143 E Research Cottrell 1955 98, 297.6 519. 0\ 144 E Research Cottrell 1962 98. 124.1 1,807. 0\ 
lJ1 145 Western 1953 97. 286.6 962. 146 Western 1953 97. 286.6 962. 147 Research Cottrell 1955 99, 184.6 2,187. 148 Research Cottrell 1957 99. 192.0 2 I 022 • 149 Research Cottrell 1957 99. 192.0 2,079. 150 Research Cottrell 1965 99. 4944. 10,300. 151 E Western 1969 99. 95.2-98.6 63.87 470. l 52 E Western 1969 99. 95.2-98.6 63.87 470. l 53 E Western 1969 99. 95.2-98.6 63.87 470. 154 E We.stern 1968 99. 95.2-98.6 127.75 1,115. 155 E Western 1969 99. 95.2-98.6 127.75 1,115. 156 E Koppers 1959 95. 59.-88. 1328.26 486.5 157 E Koppers 1961 95. 59.-88. 1307. 32 527.5 158 E Western 1971 99. 96.9-97.6 168. l,Jll. 159 E Western 1971 99. 96.9-97.6 168. 1,311. 160 E Koppers 1967 9 5. 89,9 670.8 374.9 161 E Buell 1967 98. 95.5 981.3 595.7 162 E uo~ 1974 99. 5 ) - 27 98"1,. 5 163 E UOP 1974 99.5 11. 95 983.5 164 E UOP 1974 99.5 ] . 39 983.5 165 E UOP 1974 99.5 " - fi3 ] • 610. 166 E uoi? 1974 99.5 8.08 2,212.8 167 E Research Cottrell 1969 99.0 224. 811. 168 E UOP 1974 99.5 3.763 929 .o 169 E UOP 1974 99.5 5.825 929.0 



Tl\BLE 46. (Continued) 

Year ESP 
*Co. Type Fly Ash ESP Placed in ESP Design ESP Tested Mass Emission Installed Cost, 
Name Collector** Manufacturer Service Efficiency, % Efficiency, % Rate, lbs/hr $1,000's*** 

170 E Research Cottrell 1971 97.3 97.5-97.9 1707. 1,726. 
171 E Research Cottrell 1972 97.3 97.5-97.9 1707. 1,725. 
172 E Research Cottrell 1974 98.6 1570. -1,887. 
173 c Buell 1958 97.5 67.9-93.2 393. 412~ 

174 c Buell 1958 97.5 67.9-93.2 393. 384. 
175 c Research Cottrel 1 1937 95.0 67.9-93.2 873. IJ5. 
176 c Research Cottrell 1954 95.0 67.9-93.2 873. 1J5. 
177 c Research Cottrell 1940 97.0 67.9-93.2 9'73. 134 ._-
178 c Research Cottrell 1954 97.0 67.9-93.2 873. 134. 
179 E Buell 1971 98. 1286. '1, 251. 
180 E Buell 1970 98. 12136~ 1,-486. 
181 E Buell 1972 99.5 321. 4,259. 
182 E Buell 1974 99.5 321. 2;720. 
183 E Research Cottrell 1973 99.5 99.8-99.9 803. 
184 E Research Cottrell 1973 99.5 99.8-99.9 83_8. 
185 E Research Cottrell 1973 99.5 99.8-99.9 857. 
186 E Research Cottrell 1972 99.5 99.8-99.9 321. 862. 

en 187 E Research Cottrell 1972 99.S 99.8-99.9 321. 827. 
en 188 E Research Cottrell 1972 99.5 99.8-99.9 321. 9~6. 
en 1969 189 E Research Cottrell 97.5 s. :-~-

190 c Research Cottrell 19$7 98. 129.i 260. 
191 c Res·earch Cottrell 1959 98. li9.2 i1!!. 
192 c UOP 1970 99.5 98.6 65.0 46L 
193 c Western 1951 98. 98.6-98.9 88. 566. 
194 c Western 1951 98. 98.6-98.9 81i. 566. 
195 c Western 1951 98. 98.6-98.9 88. 5~$. 
196 c western 1951 98. 98.6-98.9 88. 565.-
197 E J\Jllerican Standard 1968 99.6 99.4 33. 455. 
198 E Research Cottrell 1942 23_7; i_o4. 
199 E Research Cottrell 1943 2)7. 203. 
200 E Research Cottrell 194'7 23.7 •. 258. 
201 E Research Cottrell 1940 237. 235. 
2.02 E Research Cottrell 1971 99.6 98.-99. 224 .• . ... 564. 
203 E R,esearch Cottrell 1973 99.6 98.-99. 4,431. 
204 E Research Cottrell 1973 99.6 98.-99. --- 4,826. 
'205 E Research Cottrell 1974 99.6 4,377. 
206 c Western 1967 97.66 96.5-98.5 41. -548. 
207 c Western 1967 97.66 96.5-98.5 41. 54~. 
206 c Western 1957 97.6 ~90. 1. 746. 
209 c Western 195.J 98.l i_oo:-.. . 789. 
210 c Western 1953 98.l 200 .• 789. 
211 c Western 1954 98.l _...;;_ 200. 789. 
212 c Western 1954 98.l 200. 789. 
213 c Research Cottrell 1961 98.3 --.:.. 330. 1,943. 



'l'.\BLE 46. (Continued) 

wpe Fly Ash 
Year ESP 

•co. ESP Placed in ESP Design ESP Tested Mass Emission Installed Cost, NamE! Collector** Manufacturer Service EffJcienc:r'., ' Efficienc:r'.t ' Rate! lbslhr $ltooo•s••• 

214 E Alllerican Standard ) 969 99.6 90.7 140. 3,910. 215 c Research Cottrell 1968 99.6 90.5-90.9 12. 497. 216 c ·Research Cottrell 1960 99.6 90.5-90.9 12. 497. 217 E Research Cottrell 1967 99.0 98.5-98.9 30. 585. 218 E Research Cottrell 1967 99.0 98.5-98.9 30. 585. 219 c Research Cot.trel l 1971 99.0 91. 681. 220 c Research Cottrell 1971 99.0 91. 582. 221 E Research Cottrell/Wm> tern 1973/1959 99.5 107. 4,359./458. 222 E Research Cottrell/Western 1972/1960 99.5 101: 4,359./458. 223 E Research Cottrell/~estern 1973/1961 99.5 107. 4,359./458. 224 E Research Cottrell 1974 99.7 280.2 225 E Buell 1972 99.0 43.3 2,369. 226 E Buell 1972 99.0 43.3 2,369. 227 E Buell 1972 99.0 43.3 2,369. 228 E Buell 1973 99.0 110. 2,175. 229 E Buell l97l 99.0 llO. 2,175. 230 E Buell· 1972 99.0 43.3 2,517. 231 E Buell\ 1972 99.Q 4 3. 3 2,517. 0\ 232 E Research Cottrell 1973 99.0 65.0 1,382. 0\ 
-i 233 E Research Cottrell 1973 99.0 65.0 1,382. 234 E Research Cottrell 1971 99. 98.73 69. 1,008. 235 E Researd1 Cott rel} 1971 99. 98.73 69. 1,000. 236 E· Buell 1972 99.2 99.55 91. 7 2,322. 237 E Research Cottrell 1970 99. , 93. 1,191. 238 E Re$earch Cotfrelt 1970 99. 93. 1,191. 239 E Buell 1973 99. 141. 3,508. 240 c UOP/Buell 1972 99.0 187. 222./2,114. 241 c UOP/Buell 1971 99.0 187. 222./2,114. 242 E Research Cottrell 197;.! 99.7 124.5 4,290. 243 E Research Cottrell 1972 99.7 124.5 4,298. 244 E Buell 1973 99.03 82.7 2,619. 245 E Buell 1972 99.03 82.7 2,619. 246 E Buell 1972 99.06 92.5 2,619. 247 E Buell 1973 99.06 92.5 2,619. 248 E Research Cottrell 1970 99.5 99.4 285.7 1,473. 249 c Research Cottrell 1952 98.l 215.7 378.6 250 c Researc.h Cottrel 1 · l95j 97.9 238.3 370.6 251 c Research Cottrell 1954 97.9 282. 501. 7 252 c 1960 98.3 351. 552.6 253 c Research Cottrell 1942 95.0 235. 185.4 254 c Research Cottrell 1942 95.0 235. 175.1 255 c Research Cottrell 1949 97.5 300. 442.9 256 c Research Cottrell 1950 97.5 300. 477 .6 257 c Research Cottrell 1950 97.5 300. 493.3 



TABLE 46. (Continued) 

Year ESP 
*Co. Type Fly Ash ESP Placed in ESP Design ESP Tested Mass Emission Installed Cost, 
Name Collector** Manufacturer Service Efficiency, % Efficiency, % Rate, lbs/hr $1,000's*** 

258 c Research Cottrell 1956 98.2 450. 711. 3 
259 E American Standard 1973 98.0 50.l 820. 
260 E American Standard 1973 98.0 94.5 1,396~ 
261 E American Standard 1974 96.0 1,100. 
262 E American Standard 1974 96.0 1,100. 
263 E Research Cottrell 1971/1972 98.6 98.7-98.9 146./157. ---
264 E Research Cottrell 1972/1972 98.6 98.7-98.9 151./151. 
265 E Research Cottrell 1972/1972 98.6 98.7-98.9. 151./151. ---
266 E UOP 1970 98.2 3240. 561. 962 
267 E Research Cottrell 1945 90.0 220. 59. 
268 E Research Cottrell 1945 90.0 220. 59. 
269 E Western 1973 99.4 26. 1,063. 
270 E Research Cottrell 1948 90.0 226. 51~ -
271 E Buell 1971 98.7 98.0 1,032~: 
272 E Western 1969 98.0 72. 510~· 
273 E Western 1969 98.0 72. 535; 
274 E Buell 1970 90.4 1,535. 

°' 275 E Research Cottrell 1971 98.0 98.12 1, 270;· 

°' 276 E Research Cottrell 1972 98.0 98.12 _ l,167."· 0) 

277 E Buell 1974 99.0 4,103. 
278 E Buell 1972 99.0 99.3-99.5 '260. 3,496· 
279 E Buell 1972 99.0 99.3-99.5 260. 3,496. 
280 E American Standard 1965 98.0 300. 331. 
281 E Research Cottrell 1967 98.0 360. 510. 
282 E Research Cottrell 1968 98.5 540. 650. 
28J E Buell 1969 98.3 540. 658. 
284 E Research Cottrell 1948 98.0 78.0-94.0 143. 80. 
285 E Research Cottrell 1949 98.0 78.0-94.0 144. BO. 
-286 E American Standard 1964 98.0 78.0-94.0 266. 21"!. 
287 E Buell 1971 98.3 340. LOo6~ 
288 E Buell 1968· 98.J 340. 665. 
289 E Buell 1969 98.3 340. 902, 
~90 E Buell 1970 98.3 374. 824. 
291 E Buell 1968 98.3 374. 816. 
:292 E Buell 1974 99. (} 622. ~; 247. 
293 E Buell 1974 99.0 62:L 2,2H. 
294 E American Standard 1965 98.0 15,3. 283. 

,295 E American Standard 1967 98.0 170. '.'JOG. 
296 E Buell 1968 98.2 94.5 lOG.9' s2i. 
297 E Buell 1969' 98.2 94.5 106.9 462· 
298. E Buell 1970 98.0 93.06 4 jo. 690. 
299 ,E Buell 1973 98.2 94.5 544. 2, 191. 
300 E Buell 1974 .99. 5 ' vLo 1,472,"i 
301 E Buell. 1974 99.5 14; 0 1,327.6 



Tl\Bl.E 46, (Continued) 

\'ear ESP 
*Co. Type Fly Ash ESP Placed in ESP Desjgn ESP Tested Mass Emission Installed Cost, 
Narne Collector** Manufacturer S~n(ice Effioienc~, ' Efficienc}:'., ' Rate, lbs/hr $1,00Q's*** 

302 c western 1954 97. 100. 
303 E ·Research Cottrell 1958 98.5 53. 
304 E Research Cottrell 1973 99. ll2. 1,500. 
305 E Research Cottrell 1974 99. 112. 1,500. 
306 c UOP 1969 97. 97. 150. 
307 E Western 1970 99. 96.63 304. 2,900. 
308 E Western 1973 99. 96.63 69. 1,752.7 
309 E Buell 1974 99.5 19. 1,697. 
310 E Duell 1972 99. 99.16 175. 2,690. 
311 E Buell 1973 99.5 99.50 15.5 1,418. 
312 E Buell 1974 99.5 22.38 1,528. 
31) c Research Cottrell 1972 99.67 99.30 980. 
314 E Buell 1970 99. 99.10 285. 2,200. 
315 c western 1955 96.1 642.8 565. 
316 c Western 1955 96.l 64 2. 0 565. 
317 c Western 1955 96.l 64 2. 8 565. 
318 c Western 1955 96.l 642.8 565. 
319 c Western 1955 96.1 642.8 565. 

"' 320 c Western 1956 96.1 642.8 565. "' U) 321 E Western. l964 90. 65.30 3564. 10,004. 
322 E Research Cottrell 1969 97. 72.2 308.8 
323 E Research Cottrell 1968 97. 72. 2 214.2 
324 E Research Cottrell/UOP 1974 90./98.93 109./21.86 139. 2/2, 522. 6 
325 E Research Cottrell/UOP 1974 90./98.93 108./21.86 
326 c American s·tandard/Research Cottrell 1973 99.78 51.43 2,228.7 
327 c American Standard/Research Cottrell 1973 99.78 51.43 
328 c Western/Research Cottrell 1969 98,9 99.2 51. 7 415. 5 
329 c Wes ter!l/Buell 1971 99.5 99.4 168. 840.89 
330 E Duell·. 1974 99.25 99.-99.5 36.3 1,168.5 
311 c Western/Research Cottrell 1973 99.0 99.-99.5 57.6 706.6 
332 c Western/Research Cottrell 1972 99.0 99.-99.5 57.6 606. 
333 E Buell 1971 99.0 99.-99.5 633. 
314 E Research Cottrell/UOP 1968/1974 98.4 97.00 167.5 718.l/l,559. 
335 E western 1969 97.00 92.00 801. 0 836.0 
336 E American Standard 1973 99. 99.70 26.7 1,314.7 
337 E American Standard 1967 98. 99.10 326. 365. 
338 c Western 1972 99. 32.17 602. 
339 E UOP l.969 9B. 96. 323. 
340 E uop 1970 9B. 107. 386. 
341 E UOP 1970 98. 60. 381. 
342 E UOP 1974 99.3 41. 1,126. 
341 E Buell 1973 99.l 99.4 20.67 850. 
344 E Buell 1973 99.l 99.4 22.29 850. 
345 E Buell 1973 99.2 99.8 23.17 970. 



TABLE 46. (Continued) 

Year ESP 
*Co. Type Fly Ash ESP Placed in ESP Design ESP Tested Mass Emission Installed Cost, 
Name Collector** Manufacturer Service Efficiency, % Efficiency, % Rate, lbs/hr $1,000'$*** 

346 E Buell 1973 99.2 99.8 23.17 970. 
347 E Buell 1972 99.2 99.8 87.5 1,960· 
348 E UOP 1973 99.3 27. 1,324~4 
349 E UOP 1973 99.3 43. 1,603.B 
350 E UOP 1974 99.3 30.9/73.5 . 1,596•8 
351 E UOP 1974 99.3 48.3/115.5 2,036.1 
352 E Western 1973 99.0 99.51 38.2 1,:375. 
353 E Research Cottrell 1972 99. 47.4 2,454. 
354 E Research Cottrell 1972 99. 183.0 l'; 597. 
355 E UOP 1968 98. 257. 367. 
356 E American Standard 1968 97. 50. 2 241. 
357 E Research Cottrell 1966 97. 150.li 245,; 
358 E UOP 1971 99.35 98.82 63.8 350~ 
359 c Koppers 1969 97. 77. 052. 
360 E Buell 1969 99. 290. i,294~ 
361 E Research Cottrell 1964 95. 1527. 440. 
362 E Research Cottrell 1972 99.5 99.5 219. --~ 

363 E Research Cottrell 1972 99.5 99.5 219. ---
°' 364 E Koppers 1970 98.5 97.40 477. l,4!JL. -> 
0 365 E Research Cottrell 1969 98.5. .97. 70 !JOG. 1, 64_1. 

366 E Buell i97J 98.5 97.70 166. 1,675.1 
367 E Research Cottrell 1971 98.0 97.40 HJJ6. 7.59;9 
368 E Western 1973 98.5 345. '.756~· 
369 E Buell 1973 98.5 98.5 43,12 ·I,687;36 
370 E Research Cottrell 1974 99.5 49.4 1.460.5 
371 E UOP 1954 97. 5 96.9-98.0 57.5 105.0 
372 E UOP 1958 97.5 96.9--98.0 60.5 144i1 
373 E Western 1961 97 .5 ~6.9-98.0 60.5 llti.J 
374 f: American Standard 1964 97.5 96.9-98,0 Q4.S l O!L. o 
375 E American Standard l968 97.5 96.9-98.0 ·94,5 p2;0 
376 E UOP 1970 97. 5 .. 96.9-98.0 94. 5 162~0 

377 E UOP 1973 99.5 99.S 75.o 326.21 
378 f: Research Cottrell 1939 97.5 --,:.. 20.l 66.3 

. 379 E Research Cottrell 1939 97.5. 20.i _,66 :,3 
· JOO E Research Cottrell 1949 97.5 99.5 26. 8' 64;2 

381. E Research Cottrell 1951 97.5 99.5 26,il 82.5 
382 E Research Cottrell 1951 97.5 99.5 26.8 82;5 
383 E Research Cottrell 1954 97.5 97.S ~82. 340: 
384 E Research Cottrell 1956 97.S 97. 5. .286. )39. 
385 E Research Cottrell 1958 97.5 97.5 ··~}JJ. 433. 
386 E Research Cottrell 1962 98.5 97.5-99.7 248~ 4.89. 
387 E Research Cottrell i966 98.5 97.5-99.7 3o·:L 503, 
388 E Buell 1969 99.40 99.10 ::(j)j. 899. 
389 E Western 1972 99.4 99.5 l9i. 1,486. 



TABLE 46, (Continued) 

Year ESP 
*Co. Type Fly Ash· ESP Placed in ESP Design ESP Tested Mass Emission lnstalled Cost, 
Name Collector*.* Manufactllrer Service Eff icienc:t 1 ' Efficienc:t, % Rate, lbs/hr $l!OOO's*** 

390 E Western 1974 99.4 99.5 192. 1,709. 
391 E Research Cottrell 1942 96.0 98.1 91. 56. 
392 E Research Cottrell 1942 96.0 98.l 91. 56. 
393 E Research Cottrell 1947 97.5 99.5 169. 188. 
394 E ltesearch Cottrell 1949 97.5 99.5 169. 213. 
395 E Resea;rch Cottrell 1950 97.5 99.5 169. 230. 
396 E Research Cottrell 1952 97.5 99.5 169. 247. 
397 c American Standard 1961 99.5 17.7 810. 
398 E Research Cottrell 1947 94.00 85.90 1350. 60. 
399 E Research Cottrell 1947 94.00 93.50 1350. 60. 
400 c Buell 1958 99.00 97.3-98.2 185. 637. 
401 G Buell 1962 99.00 97.3-98.2 299.6 794. 
402 E Buell 1974 98.5 60. 1280. 
403 E Buell 1965 99.0 93.0 121. 280. 
404 E' Buell 1974 98.7 60. 1280. 
405 c American Standard 1965 97. 89. 75. 
406 c American Standard 1966 97. 89. 75. 

m 407 E American Standard 1975 99.8 12. 555. ..... 408 E Western 1968 98 . 202. 393.5 I-' 409 'f: Western 1973 99.0 97.3 257.2 1728.2 
410 E Research Cottrell 1968 97. 95.2 426.14 1030. 
4ll c Western 1968 98.5 75.98 75. 
412 E Research Cottrell 1969 94.5 95.14 149. 136. 
413 Ei Western 1973 99.8 28.0 1500, 
414 E Western 1973 99.8 28.0 1500. 
415 Ii! Western 1973 99.8 17.0 3000. 
416 E Buell 1971 98. 93.3 218.2 
417 E Buell 1971 98. 93.3 218.2 
418 E Research Cottrell 1953 98. 78.5 218.2 
419 E Koppers 1974 99.5 8. 
420 E Koppers 1974 99.5 9. 
421 E Koppers 1974 99.5 
422 E Koppers 1974 99.5 
423 E Research Cottrell 1955 98. 166. 357.5 
424 E Research Cottrell 1958 98. 99.5 419.8 
425 E Western 1962 99.0 60.8 650. 
426 E Hes tern 1968 99.0 128.5 860. 
427 E American Standard 1968 98.0 191. 650. 
428 E American Standa1rt 1969 98.0 --=- 200. 712. 
429 E American' Standard 1969 98.0 193. 665. 
430 ];: American Standard 1970 98.0 166. 401. 
431 E Western 1969 98.0 44.9 620. 
432 ~ Western 1970 98.0 44.9 583. 
433 E Western 1970 98.0 44.9 584. 
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E 
E 
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E 
E 
E 
E 
E 
E 
E 
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Koppers 

ESP 
Manufacturer 

Research Cottrell 
Research Cottrell 
Research Cottrell 
Research Cottrell 
Research Cottrell 
Research Cottrell 
Research Cottrell 
Research Cottrell 
Research Cottrell 
Research Cottrell 
Research Cottrell 
Research Cottrell 
UOP 
Western 
Western 
Western 
Western 
Western 
UOP 
Western 
Western 
Western 
Western 
Western 
Western 

Buell 
Buell 
Buell 
Buell 
American Standard 
Western 
Western 
Koppers 
Research Cottrell 
Research Cottrell 
Western 
Western 
Western 
Western 
Western 
western 
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Year ESP 
Placed in 
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1974 
1971 
1971 
1972 
1968 
1952 
1954 
1955 
1960 
1972 
1972 
1972 
1972 
1972 
1970 
1970 
1957 
1969 
1969 
1969 
1971 
1972 
1971 
1971 
1971 
1971 
1955 
1955 
1959 
1960 
1961 
1962 
1967 
1969 
1971 
1974. 
1971 
1971 
1972 
1972 
1972 
1971 
1968 
1955 

ESP Design 
Efficiency, % 

99.75 
94. 
94. 
94. 
99. 
97. 
97. 
97.8 
97. 
99. 
99. 
99. 
99. 
99. 
99. 
99. 
99. 
98. 
98. 
98. 
99. 
99. 
99. 
99. 
99. 
99. 
97. 
97. 
97. 
97. 
97. 
91. 
99. 
99. 
99. 
99.75 
98. 5 • 
98 .. 5 
99.5 
99.5 
98.5 
98.5 
96.5 
96.l 

ESP Tes.)::,ed 
Efficiency; % 

98.00 
89.1 
89.1 
95.2 
89.l 

99.00 

94.4-97.5 
94.4-97.5 

;9').8 
'99.8 
99.8 
99:e 
99.8 
99.8 
67.8 
67.8 
ei. 3 
tll. 3 
.81. 3 
:u. 3 
·87 .6 
87.6 
in.6 

94·. 7-97. 7 
94.7-97.7 
94.7-97.7 
94.7-97.7 
94.7-97.7 

Mass Emission 
·Rate, . 1 bs/hr 

52.3 
42. 
4 2. 
56 .. 

599. 
26'L 
590·. 
713 • .. 
991. 

30. 
28. 
45. 
88. 
66. 
43. 
43. 

193. 
130. 
12'J. 

30. 
48.3 
48.3 
48.3 
48.3 
70.6 
70.6 

506.8 
S06.8 
617. 
617. 
617. 
617. 
333. 
666. 
666. 
370. 

1511. 
1497. 

95. 
95 .. ·· 

29]. 
295. 

2969. 
642.8 

Installed Cost,· 
$1,000's**• 

1,630. 
105. 
las. 
372. 

1,370. 
233. 
305. 
342. 
346. 

I ,-"4 4 • 
1,444, 
1,789. 
2, :.f51·.: 

in. 
473,• 
473. 
335. 
512. 
463 •. 

l,i9!L 
l,J98. 
l.198. 
1,198, 
l.!169. 
i,8$9, 

362. 
362 .. 

. 396' 
j90. 
414. 

. 435. 
671. 

. i,2,39. 
1, :!JB. 
6,000. 
) , 426. 
J,426. 

·.4,213. 
4,213. 
4,213. 
4,213. 
1,885. 

: 53S. 



'l'ADI,E 4 6. (Continued) 

Year ESP 
*Co. Type Fly Ash ESP Placed in ESP Design Esp Tested Mase Emission Installed Coi;t, 
Name Collector** Manufaotu.rer Service Efficien~ Efficiency, % Rate, lbs/hr $1,000'$*** 

478 c We11tern 1955 96. l 642.8 535. 
479 c Western 1955 96.l 642.8 535. 
480 c Western 1955 96.l 642.8 535. 
481 c Western 1955 96.1 642.8 535. 
4a2 c Buell 1954 96. 95.6 156.8 226. 
483 c Duell 1957 96. 95.6 204.6 218. 
484 c Buell 1959 96. 95.6 204.6 332. 
485 E nuell 1963 96. 95.6 259.1 259. 
486 E Buell 1968 98. 96.10 204.8 388. 
487 E Research Cottrell 1972 99. 99.4-99.7 41. 7 890. 
488 E Research Cottrell 1972 99. 99.4-99.7 26.5 1,060. 
489 E. UOP 1964 97.0 97.4 214. 610. 
490 E American Standard 1974 98.0 1196. 6 363. 
491 E Buell 1955 90. 43.0 
492 E Buell 1955 90. 43.0 
493 E Buell 1955 90. 43.0 
494 E Duell 1955 90. 43.0 

"' 
495 E/f:' Koppers/ 1971/1974 99.4/95. 866./577. __, 496 E/E Koppers/ 1972/1974 99.4/95. 866./577. w 
497 E 1974 99. 33 400. 16,720. 
498 E American Standard 1972 95. 23. 77 ll5. 
499 E American Standard 1972 95. 23.96 115. 
500 E Buell 1969 99.5 99.5 509.6 2,57~1.8 
501 E Buell 1969 99.5 99.5 509.6 2,579.8 
502 E Duell 1970 99.5 99.6 430. 3,406.8 
50] E Buell ] 971 99.5 99.6 430. 3,417.4 
504 E Resea.rch Cottrell 1944 83. 89.-99.l 4 34. 68.3 
505 E Research Cottrell 1944 83. 89.-99.l 434. 68.3 
506 E Research Cottrel.l 1952 98. 89.-99.1 150. 331.3 
507 E Research Cottrell 1952 98. 89.-99.1 150. 331.3 
508 E Research Cottrell 1967 99.5 93.3 430. 2,754.1 
509 E Research Cottrell 1968 99.5 93.3 4 30. 2,738.6 
510 c Research Cottrell 1950 98. 97.6-98.4 112. 8 379.3 
511 c Research Cottrel 1. 1950 98. 97.6-98.4 112. 8 379.3 
512 c Research Cottrell 1957 98. 97.6-98.•1 358. 565.1 
513 c Research Cottrell 1954 95. 89.6-96.4 805. 895.4 
514 c Research Cottrel 1 1954 95. 89.6-96.4 805. 895.4 
515 c Research Cottrell 1959 95. 89.6-96.4 1170. 627.2 
516 c Research Cot tr•, 11 1959 95. 89.6-96.4 1170 627.2 
517 E Research Cottrell 1948 94. 80.9-94. 131. 2 61. 6 
518 E Research Cottrell 1948 94. 80.9-94. 131.2 61. 6 
519 E Research Cottreli 1949 94. 80.9-94. ]/31. 2 61.6 
520 E Research Cottrell 1949 94. 80.9-94. 131. 2 61.6 
521 E Research Cottrell 1967 98. 143.8 322. 



TABLE 46. (Continued) 

Year ESP 
*Co. Type Fly Ash ESP !'laced in ESP Design ESP Tested Mass Emission Installed Cost, 
Name Collector** Mannf acturer Service Efficlency, % Eff iciencl, % Rate, lbs/hr $1,000's*"* 

522 E Research Cottrell 1967 98. 185.9 293. 
523 E Buell 1966 98. 298.8 434. 
524 E Buell 1958 95. 747.4 162. 
525 E Buell 1954 98. 385. 300. 
526 E Research Cottrell/Buell 1961/1966 99. 387. 1,426. 
527 E Research Cottrell 1965 98. 2438. 1,052. 
528 E Western 1969 99.5 8ll. 1,100. 
529 c Research Cottrell 1954 94.3 277. 1. 035. 
530 E Buell 197o 99.5 118. 
531 E Buell 1970 99.5 67. --~ 

532 E Western 1971 99.5 2129. 2,388. 
533 E Western 1973 99.5 388. 2,337. 
534 c Western 1949 70. 439.6 
535 c Western 1949 70. 439.6 
536 c Western 1949 70. 439.6 
537 c Western 1949 70. 439.6 
538 E Research Cottrell 1951 96. 442. 910. 
539 E Research Cottrell 1953 96. 777. 910. 

0\ 540 c American Standard/Western 1959 95. 99.-99.4 173. 990 • .... ,,,. 541 c American Standard/Western 1960 95. 99.-99.4 179. 990. 
542 E Research Cottrell 1947 96.0 ! 95.6 166.3 116. 
543 c Research Cottrell 1952 98.4 96.1 56.rj 177. 
544 E Research Cottrell 1964 97.5 94.9-96.6 847. 456. 
545 E Research Cottrell 1965 97.5 94.9-96.6 847 .. 451. 
546 E Research Cottrell 1959 97.5 90.9-95.9 1759. 465. 
547 E Research Cottrell 1960 97.5 90.9-95.9 175~. 466. 
549 E Research Cottrell 1962 97.5 90.9-95.9 1759. 378. 
549 E Research Cottrell 1970 99.5 98.84 ~--= 695. 
550 E Research Cottrell 1971 99.5 98.84 695. 
551 c Research Cottrell 1949 99.3 87.6 1096. 215. 
552 c Research Cottrell 1950 99.3 87,6 1096. ·215. 
553 t Research Cottrell 1954 99.7 98.l 1(}96. 250. 
554 c Research Cottrell 1956 99.7 98.l 1096. 243. 
555 c UOP 1969 97.5 93.2-97.S 270. 416. s 
556 c UOP 1966 90.0 93.2-97.5 778. 244.6 
S57 c UOP 1965 87.0 93.2-97.5 1200. 4i5.6 
558 E UOP 1965 87.0 315. 237.12 
559 E Western 1965 90.0 1260. 349.73 
560 E Research CottreJl. 1968 94.2 1135. 120.01.· 
561 E Western 1964 87.0 900. 340~53 
562 E Koppers 1968 87.0 1615. 744.0l 
563 E Research Cottrell 1973 3457. 7, Oi:JO ~ 
564 E Research Cottrell 1964 87.o 61.85 567.0 518.98 
565 E Buell 1962 97.0 842. 198.S· 



T.!\BLt: 46. (Continued) 

Year ESP 
*Co. Type Fly Ash ESP Placed in ESP D~aign ESP Tested Mass Emission Installed Cost, 
Name Collector•• Manufacturer · Service EfficienclL-.! tfficienc}'. 1 % Rate, lbs£'.hr $1 1 000's*"• 

566 E Western 1970 99. 91.15-93. 78 7031. 8 1,035. 
567 E ~es tern 1972 99. 91.15-93. 78 7229.8 1,000. 
568 E Buell 1973 98.6 98.8 64.94 874. 
569 E Buell 1971 98.6 98.8 64.94 874. 
570 E Buell 1973 98.6 98.8 64.94 874. 
571 E Western 1969 99. 99. 172. 1,493. 
572 g western 1969 99. 99. 172. l,493. 
573 E He stern 1968 99. 99. 172. 1,493. 
574 E western 1968· 99. 99. 172. 1,493. 
575 E Western 1972 98. 98.-98.6 42.82 
576 E Western 1972 98. 98.-98.6 42.82 
571 E Western 1972 98. 98.-98.6 42.82 
518 E Research Cottrell 1969 98.5 98.5 147. 1, 354. 
579 E· Research cottrell 1968 98. 98.0 407. 819. 
580 E Research Cottrell 1971 98.5 98.5 121. l,i.33. 
581 E Research Cottrell 1970 98.5 98.5 121. 1,181. 
582 E Research cottre:u 1971 98,5 98.5 121. 1,133. 

"' 
583 E Research Cottrell 1969 98. 5, 98.5 121. 1,130. 

-J 584 E UOP 1960 90.0 88.9 537. 259. 
U1 585 E UOP 1968 92.4 97.5 194. 1,112. 

586 E Western 1973 99.5 47.0 4, 185. 
587 E 1974 99.8 200. 
588 E 1973 99.8 300. 
589 E· Research Cottrell 1969 99. 27.5 192. 
590 E Retoearch Cottrell 1959 97.5 95.0 4 05. 358.8 
591 E Research Cottrell 1949 97.5 90.4-95.3 39.4 142.5 
592 E Rf;lsearch Cottrell 1951 97.5 90.4-95.3 42.3 169.7 
593 E Re1;1_earch Cottreil 195) 97. 5. 90.4-95.3 42.3 182.4 
594 E Research Cottrell 1957 97. 5: 90.4-95.3 102.2 217.9 
595 E Western 1974 99.5 420. 13,000. 
596 E Western 1974 99.5 420. 13,000. 
597 E Research Cottrell 1972 99.6 2055, 
598 E Research Cottrell 1972 99.6 3263. 
599 E Research Cottrell 1970 99.6 11801. 
600 E Research Cottrell 1971 99.9 8.2 494.8 
601 E Research Cottrell 1970 99.9 8.9 476.8 
602 E Research Cottrell 1968 99.6 99.0-99.12 31. 5 360.15 
603 E Research Cottreli 1968 99.6 99.0-99.12 48.l 388.69 
604 E Research Cottrc1·1 1969 99.6 99.0-99.12 66.5 447.91 
605 E Research Cottrcil 1970 99. 234.39 736.60 
606 E Research Cottrell 1971 99. 234.39 620.62 
607 E Research Cottrell 1974 99. 330. 1,298. 
608 E American Standard/Pew 1966/1975 98. 39.-50./--- 170. 211. 5/600. 
609 E American S tanda rd/PCI~ 1966/1975 98. 39.-50./--- 170. 211.5/600. 



TABLE 46. (Continued) 

Year ESP 
*Co. Type Fly Ash ESP Placed in ESP Design ESP Tested ·Mass Emission Installed Cost, 
Name Collector** Manufacturer Service Efficiency, % Efficiency, % Rate, lbs/hr $1,000's*** 

610 E Buell 1969 95. 92.1-94.5 662. 177. 
611 E Buell 1970 95. 92.1-94.5 662. 177. 
612 c Western 1973 97.6 99.0 50.l 733. 
613 E Western 1974 99.2B 101.6 1, 611. 
614 E 1973 99.0 300.l 1,535. 
615 E Research Cottrell 1970 9B.6 99.-99.B 600. 2,317. 
616 E Research Cottrell 1971 9B. 6 99.-99.B 600. 2,317. 
617 E Western 1960 95. BOO. 
61B E Western 1960 95. BOO. 
619 E Research Cottrell 1974 99. 99.6 714. 
620 E Research Cottrell 1973 99. 99. 6 .· 714. 

.._ __ 
621 c American Standard 1974 96. 9.5 720.34 
622 c American Standard 1974 96. 13.0 720. 34 
623 c American Standard 1974 96. 10.6 720.34. 
624 E Western 1970 99.0 504. . 540 .. 
625 E Western 1973 99.7B 9B.4 219. 
626 E Research Cottrell 1957 90. 354. ' 250. 

°' 
627 E Research Cottrell 195B 90. 354. ·.· 216. 

..J 62B E Research Cottrell 1960 93. 220.2 325. 

°' (;29 E American Standard 1963 95.5 174.7 249. 
630 E Research Cottrell 1965 9B.5 91. ~ •• 291. 394. 
fi31 E American Standard/Research Cottrell 1967/1974 98.5/99.78 4B4./l83. 567./7,113. 
632 E 1972 99.0 .·97 • .s 216.9 3, 261. .. 
633 E 1971 99.0 . 97. 5 216.9 3, 261. 
634 E 1972 99.0 97.5 216.9 3 .• 261. 
635 E American Standard 1966 99.0 81.00 616. 1,606. 
636 E 1971 97.0 155.3 l,',J82.S 
637 E 1972 97.0 155.j ),982.5 
638 E 1972 97.0 155.3 1,982.5 
639 E 1972 97.0 .. 155.3 1,982.S 
640 E Koppers 1962 90.0 80. 00. .... 4804. 625. 
641 E American Standard 1972 99.0 99.06-99.l 805.4 3,887.5 
642 E American Standard 1973 99.0 99.06-99.l 805.4 3,887.. s 
643 E Research Cottrell 1969 95. 

..., __ 
150. 1,323.B 

644 'E Research Cottrell 1970 95. 150. 1,323.8 
645 E Research Cottrell 1970 95. 295. 1,323.tf 
646 E Research Cottrell 1969 95. 295. 1,.323.8 
647 E 1973 98.5 99.2-99.3 157.7 3,269.4 
648 E 1973 98. 5 99.2-,99.3 157.7 3,269.4 
649 E 1974 99.5 157. 7 3,269.4 
650 E 1974 9B.5 157.7 3,269.4 
651. E 1974 98.5 __ ..,. 1 B(l. 1,.327.3 
652 E 1974 90.5 iBo. 1,327.3 
653 E 1974 98.5 180. 1,321.3 



T~LE 46, (Continued) 

Year ESP 
*Co. Type Fly Ash ESP Placed in ESP Design ESP Tested Mass Emission Installed Cost, Name Collector** Manufacturer· Service Efficienc:t, ' Efficiencl:'., ' Rate, lbs£'.'.hr $1,000's*** 

654 E 1974 98.5 180. 1,327.3 655 E aesearch·Cottrell 1960 95. 84.6 155.2 
656 E Research Cpttrell 1960 95. 84.6 155.2 
657 E Research Cottrell l,960 95. 84.6 155.2 
658 E Research Cottrell 1960 95. 84.6 155.2 
659 E Research Cottrell 1959 95. 112. 217. 6 660 E Research Cottrell 1960 95. 112. 217.6 661 E Research Cottrell 1960 95. 112. 217. 6 662 E Research Cottrell 1960 95. 112. 217.6 
663 E Research·Cottrell 1960 95. 112. 217.6 664 E American Standard 1967 98. 672. 1,441.8 665 E American Standard 1967 98. 672. J.,428.2 666 E American· Standard 1969 98. 829. 2,901.3 667 E Research Cottrell 1970 90. 170. 710.6 668 E Research Cottrell 1969 90. 170. 710.6 669 E Research Cottrell 1969 90. 170. 710.6 670 E Research Cottrell 1969 90. 170. 710.6 671 E Research cottreli 1970 90. 170. 710.6 CJ\ 672 E Research Cottrell 1969 90. 170. 710.6 _, _, 673 E Research Cottrell 1970 90. 170. 710.6 674 E Research Cottrell ino 90. 170. 710.6 675 E Research Cottrell 1969 90. 170. 710.6 676 E Research Cottrell 1969 90. 170. 710.6 677 E Research Cottrell 1969 95.00 95.00 117. 460. 678 E Research Cottrell 1969 95.00 95.00 117. . 460. 
679 E Research Cottrell 1969 95.00 95.00 117. 460. 680 E Research Cottrell 1969 95.00 95.00 117. 460. 681 E Western 1960 95.0!l 50.00 4017. 1,809. 682 E Koppers 1964 90.0 99.00 5119. 648. 683 E western 1970 99.5 97.4-98.7 12. 457. 684 E \'le stern 1971 99.5 97.4-98.7 18. 64 l. 685 E Western 1970 99.5 97.4-98.7 18. 421. 686 c Research Cottrell 1951 98.7 97.4-98.7 151. 310. 687 c Research Cottrell ] 950 97.4 97.4-98.7 248. 24 5. 688 c Research Cottrell 1950 97.4 97.4-98.7 248. 245. 689 c UOP 1955 98.5 156. 578. 690 c UOP 1959 98.8 161. 642. 691 E Western 1963 98.5 101. 4 )9. 692 E western 1968 99.5 95.l 101. 688. 693 c Research Cottrell ] 969 93.8 1250. 1, 325. 694 c Research Cottrell 1959 95.0 91. 0 1700. 353. 695 E Research Cottrell 1970 99.5 96. 161. 6 2,169. 
696 E Research Cottrell 1971 99.5 96, 161. 6 2,669. 
697 E Research Cottrell 1972 99.5 96. 161. 6 2,900. 



TABLE 46. (Continued) 

Year ESP 
*Co. Type Fly 1\sh ESP Placed in ESP Design ESP •rested Mass ,Emission Installed Cost, 
Name Collector** Manufacturer Service Efficiency, % Efficiency, % Rate, lbs/hr $1,000's*** 

698 E Research Cottrell 1973 99.5 96. 161.6 4,538. 
699 E Research Cottrell 1953 97.5 200. 4 25. 
700 E Research CoLtrell 1954 97.5 200. 470. 
701 E Research Cottrell 1959 98.0 97.4 233. 981. 
702 E Research Cottrell 1961 97.5 465. 1,097. 
703 E Research Cottrell 1973 99.6 52. 2,973. 
704 E Research Cottrell 1973 99.6 52. 2 I 912 • 
705 E Research Cottrell 1950 95. 88.5-90.5 502. 263. 
706 E Research Cottrell 1950 95. 88.5-90.5 502. 263. 
707 E Buell 1972 95. 21. 666. 
708 E Buell 1972 95. 46. 1,038. 
709 E Buell 1972 95. 47. 1,026. 
710 E Buell 1972 95. 47. l, 0.1, 7. 
711 E Buell 1974 99.6 72. 1, 045. 
7i2 c Western 1952 97.0 . 298 .6 

713 c Western 1955 97.0 382.2 
714 c Western 1950 97.0 97.0 446. 148.399 
715 E Buell 1974 99.5 ~2~,9 5,000. 

"' 716 E Lodge Cottrell 1974 97. -0 74.2 7,00Q. 
-J 717 E Buell 1971 96.0 lse. 914. 
m 

718 E Western 1973 99.38 99.7-99.75 4i,6 1,595. 
719· E Western 1973 99.38 99.7-99.75 19.o 2,193. 
720 E Research Cottrell 1973 99.83 110. 5. 9,748. 
721 E Research Cottrell 1973 99.83 110. 5 9,37 •• 
722 E Research Cottrell 1973 99.2 85.00 660.0 4,608. 
723 E Resea·rch Cottrell 1949 95.0 9.88 184. 
1i4 E Research Cottrell 1952 95.0 9.88 UQ. 
725 E Research Cottrell 1957 97.5 19.76 . 310. 
726 E Research Cottrell 1970 99.5 911. 73 72. _......,;-... 
727 E Research Cottrell 1970 99.5 99. 73 1?, 1,575_,. 
728 E Research Cottrell l967 99.0 98.4 .: 12; ~el~-

729 E Research Cottrell 1967 99.0 98.4 1i • .. 600. 
730 E Research Cottrell 1967 99.2 42. ·534, 

131, E Research Cottrell 1968 99.2 42. 4il6. 
732 E Research Cottrell 1967 99.2 42. 513. 
733 E Research Cottrell 1965 99.2 42. 474. 
134 E Research Cottrell 1966 99.2 42. 510. 
735 E Research Cottrell 1968 99.0 98.43-99.36 47. 
736 E Research Cottrell 1968 99.0 91L 4 3-99. 36 47. 643. 
n1 E Research Cottrell 1969 99.0 -98.43-99.36 47. ~---
738 E Research Cottrell 1969 99;0 98.43-99.36 47. 586. 
739 E Research Cottrell 1951 90.0 150. 126. 
740 E Research Cottrell 1951 90.0 150; 126. 
741 t Research Cottrell 1973 99,5 9.3 2,000. 



TABl.E 4 6. (Continued) 

Year ESP 
*Co. Type Fly ¥\sh ESP Placed in ESP Desig,n ESP Tested Mass Emission Installed Cost, 
Name Collector•• Manufacturer Service Efficienc~, ' Ef f ic ienc~:. ' Rate, lbs/hr $1,000's*•• 

742 E Buell 1969 99.0 118. 854. 
743 E Research Cottrell 1974 99.5 114. 0 2,400. 
744 E Research Cottrell 1974 99.5 114. 0 2,400. 
74 5 E Research Cottrell 1971 99.5 8.6 1,350. 
746 E Research Cottrel~ 1972 99.5 8.6 1,350. 
747 E Research Cottrell 1973 98.0 76.1 713. 
748 E Research Cottrell 1974 98.0 37.9 760. 
749 E Research Cottrell 1974 97.0 205.7 970. 
750 E Research Cottrell 1951 90.0 88.3 258.6 237. 
751 E Western 1958 92.0 98.5 296. 
752 E· Western 1974 97.0 220.1 1,632.2 
753 E Western 1972 99.0 99.7-99.B 10.8 1, a 57. 
754 E Western 19?2 99.0 99.7-99.8 9.9 1,220. 



APPENDIX B 

CASCADE IMPACTOR STAGE PARAMETERS -
ANDERSEN MARK III STACK SAMPLER, MODIFIED 
BRINK MODEL B, MRI· MODEL· 1502, SIERRA . 
MQDEL 226 ~·. AND UNIVERSITY OF . WASHINGTON 
MARK III 

680 



TABLE 47. 

CASCADE IMPACTOR STAGE PARAMETERS 

ANDERSEN MARK III STACK SAMPLER 

D.-Jet S-Jet Cumulative Frac-
] to Plate Jet tion of Impac-

Stage No. of Diameter Distance s Reynolds Velocity tor Pressure Drop 
O'I Nd; Jets (cm} (cm) D. Number (rn/sec) at each stage 
CD ) 
...... 

l 264 .1636- . 254 1.55 45 0.4 o.o 
2 264 .1253 .254 2.03 59 O.B 0.0 

3 264 .0948 .254 2.68 78 l.J o.o 

4 264 .0759 .254 3.35 98 2.0 0.0 

5 264 .0567 .254 4.49 131 3.6 0.0 

6 264 .0359 .254 7.08 206 9.0 0.2 

7 264 .0261 .254 9.73 284 17.l 0.3 

B 156 .0251 .254 10.12 500 31. 5 1.0 



TABLE 47. (Continued) 

CASCADE IMPACTOR STAGE PARAMETERS 

MODIFIED BRINK MODEL B CASCADE IMPACTOR 

Dj-Jet S-Jet Cumulative Frac-
to Plate Jet ti on of Impac-

Stage No. o-f Diameter Distance s Reynolds Veloaity tor Pressur~ Drop 
No. Jets (cm) (cm) . 0:- Number (m/sec) at each s.ta9e -

J 

0 1 .3598 1.016 2.82 3_26 1. 4 o.o 
0\ 
co 1 l .2439 0.749 3.07 481 3.0 o~o 

"' 2 l .1755 0.544 :3.10 669 6.0 o.o 

3 1 .1375 0.424 J.08 853 9.1 . 0. 0 

4 1 .0930 0.277 2.98 1263 21.2 0.065 

5 l .0726 0.213 2.93 1617 35.J 0~25~ 

6 1 .0573 0.191 J.33 2049 58.B 1.600 



TABLE 47. (Continued) 

CASCADE IMPACTOR STAGE PARAMETERS 

MRI MODEL 1502 INERTIAL CASCADE IMPACTORS 

Dj-Jet 
S-.Jet Cumulative Frac-

to Plate Jet tion of Impac-
Stage No. of Diameter Distance s Reynolds Velocity tor Pressure Drop 
.·Nd. Jets (cm) (cm) D. Number (m/.sec) at each stage 

"'' J 
00 
w 

I 8 0.870 0.767 .88 281 0.5 0.0 

2 12 0.476 0.419 .88 341 1.1 o.o 

3 24 0.205 0.19i .96 411 3.2 0.0 

4 24 0.118 0.191 1. 61 684 8.9 0.0 

5 24 0.084 0.191 2.27 973 18.2 0.045 

6 24 0.052 0.191 3.60 1530 45.9 0.216 

7 12 0.052 0.191 3.60 3059 102.3 1.000 



TABLE 47. (Continued) 

CASCADE IMPACTOR STAGE PARAMETERS 

SIERRA MODEL 226 SOURCE SAMPLER 

W-Jet Jet S-Jet Jet cumuiat.ive Frac-
Slit Slit to Plate ReyRolds v~1ocity tion of lmpaa.,.. 

Stage Width Length Distance s Number (m/sec) tor Press·l,ire Drop 
No. (cm) (cm) (cm) w (@14.16 lprn) (@14 .16 lpm) at each S~a9e 

1 1).3590 5.156 0.635 1. 77 602 1. 3 o.o 

°' 2 0.1988 5.152 0.318 1.60 602 2.3 o.p 
00 
~ 

0.(( . 3 0.1141 J.882 0.239 2.08 800 5.4 ..... 
. ,.· 

4 0.0627 3.844 0.239 3.81 808 10.1) . 0 .154 

5 0.0358 3.869 0.239 6.68 802 17.4 o~::ioa 

6 0.0288 2.301 0.239 0.30 1348 36.9 ~.·(loo 



TABLE 47. (Continued) 

CASCADE IMPACTOR STAGE PARAMETERS 

UNIVERSITY OF WASHINGTON MARK III SOURCE TEST CASCADE IMPACTOR 

o.-Jet S-Jet Cumulative Frac-
J to Plate Jet tion of Impac-

stage No, of Diameter Distance s Reynolds Velocity tor Pressure Drop 
m No. Jets (cm} (cm) D. Number (m/sec) at each Stage 
00 J 
Ul 

1 1 1.842 1.422 .78 1073 0.9 o.o 

2 6 0 .577 0.648 1.12 565 1.5 0.0 

3 12 0.250 0. 316 1.27 653 4.1 0.0 

4 90 0.0808 0.318 3.94 269 5.2 0.019 

5 110 0.0524 0.318 6.07 340 10.~ 0.057 

6 110 0. 0333 Q.318 9.55 535 25.4 0.189 

7 90 0.0245 0. 318 12.98 929 60.0 1. 000 
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00 
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State 

Alabama 

Alaska 

Arh:ona 

Arkansas 

California 

Colorado 

Connecticut 

TABLE 48. PARTICULATE ~ATTER, SULFUR OXIDE, AND NITROGEN OXIDE EMISSION 
LIMlTS FOR COAL-FIRED POWER BOILERS IN THE UNITED STATES 1 • 2 

Particulate Matter 

0.12 lb/10 6 Btu for existing sources 
with input > 250 x lo' Btu/hr 
0.10 lb/lO' Btu far new sources 
with input > 250 x 10 5 Btu/hr . 

0.05 grains/scf except 0.10 grains/ 
scf prior ta 7/1/72 

Emission Rate= 11.00°·~ 12 for 
input ' 4200x10 6 Btu/hr 
Emission Rate= 1.020°· 769 for 
input < 4200xl0 6 Btu/hr 

Emission Rate= 17.31P 0 • 16 for input 
' 60,000 lbs/hr after July, 1973 
where P = process weight, tons/hr 

Sulfur Oxides 

Category I Counties/1.8 lb S0 2 /10 6 

Btu heat input-existing, 1.2 lb-new 
Category II Counties/4.0 lb 80 2/10 6 

Btu heat input-existing, 1.2 lb-new 

500 ppm as S0 2 

o.eo lb so 2;10' Btu heat input -
new 
1.0 lb S0 2 /10 6 Btu heat input -
existing 

0.2 ppm S02 for any 30 min. avg. 
beyond source premises 

Nitrogen Oxides 

0.7 lb NOx/10 6 Btu 
for new > 250 x 10 6 Btu/hr 

No standards 

0.7 lb NOx/10 6 Btu heat.input 
for new sources (maximum 2 hour 
average) 

No standards 

Each county has own regulations. See Table 4a for sununary from counties responding to SoRI survey. 

0.10 lb/10 6 Btu for units with input 
> 500 x 10 6 Btu/hr 

0.10 lb/10 6 Btu heat input - new 
0.20 lb/10 6 Btu heat input existing 

500 ppm 

Fuels restricteu to maximum s 
Content of 0.5% by weight 

0.7 lb NOx/10 6 Btu heat input 

0.7 lb NOx/10 6 Btu - new 
above 250 x 10 6 Btu/hr input 
0.9 lb NOx/10 6 Btu - existing 
above 250 x 10 6 Btu/hr input 

1 The Electrostatic Precipitator Manual by the Mcllvaine Co., Chapter XIII, Section 4.1, pp. 53.1-54.0, August, 1977. 

2 Survey of all state air pollution agencies by Southern Research Institute in 1978. 



. 'fABLE 48. (Continued} 

state 

Delaware 

Florida 

Georgia 

Hawaii 

: Idaho 
(I) 

Illinois 

Indiana 

Iowa 

Particulate Matter 

0.10 lb/10 6 Btu heat input for new 
sources > 250 x 10 6 Btu/hr 

0.1 lb/10 6 Btu for new sources > 
250 x 10 6 Btu/hr (maximum 2 hour 
average) 

0.1 lb/10 6 Btu for new sources ,> 
250 x 10 6 Btu/hr 

No standards 

0.10 lb/10 6 Btu for new sources > 
250 x 10 6 Btu/hr 
0~12 lb/10 6 Btu for existing (before 
12/5/74) sources > 10,000 x 10 6 Btu/hr 

0.10-lb/10 6 Btu for new and existing 
sources > 250 x 10 6 Btu/hr in any 
one hour 

ci.10 lb/10 6 Btu for new sout·ces •> 
250 x 10 6 Btu/hr 
0.6 lb/10 6 Btu for new sources < 
250 ~ 10 6 Btu/hr 

0.6 lb/10 6 Btu for new sources 
0.8 lb/10 6 Btu for existing outside 
SMSA* 
Q.6 .lb/10 1 Btu for existing inside 
SMSA* 

*Standard metropolitan statistical area. 

Sulfur Oxides 

Fuel restricted to 1% S by weight 
.B lb S02/l0 6 Btu for sources > 
250 x 10 6 Btu/hr 

1.2 lh/10 6 Btu for new sources > 
250 x 10 6 Btu/hr (maximum 2 hour 
average) 
1.5 lb/10 6 Btu for existing ' 250 
x 10 6 Btu/hr 

1.2 lb/10 6 Btu for new sources ' 
250 x 10 6 Btu/hr (maximum 2 hour 
average) 

No standards for coal 

coal limited to 1% sulfur by 
weight :..·existing 
1.2 lb/10 6 Btu for new sources > 
250 x 10 6 Btu/hr 

1.8 lb S0 2 /10 6 Btu in any one hour 
for major metro areas - existing 
1.2 lb S02/l0 6 Btti new sources > 
250 x 10 6 Btu/hr 

1.2 lb S0 2/10 6 Btu for new sources 
> 250 x 10 6 Btu/hr 

1. 2 lb SOz/10 6 Btu for n·ew sources 
> 250 x 10 6 Btu/hr 

Nitrogen Oxides 

0.7 lb NOx/10 6 Btu for new sources 
> 250 x 10 6 Btu/hr 

0.7 lb NOx/10 6 Btu heat input 
(maximum 2 hour average) 

0.7 lb NOx/10 6 Btu heat.input for 
sources > 250 x 106 Btu/hr 

No standards 

0.7 l~/10 6 Btu for new sources> 
250 x 10 6 Btu/hr 

0.7 lb/10 6 Btu new sources:.; 250 
x 10 6 Btu/hr (maximum 1 hour period) 

0.7 lb/10 6 Btu new sautc~s > 250 
x 10 6 Btu/hr 

No standards 



°' Cl) 

\0 

Kansas 

Kentucky 

Louisiana 

Haine 

Mary laud 

Massachusetts 

Michigan 

Minnesota 

Mississippi 

Missouri 

T#\DLE 48. (Continued) 

Partic.ulate Matter.: 

0.12 lb/hr/JO' Btu for input ~ 10,000 
;c 10 6 Btu/hr .· 

0.10 lb/10' Btu for input ~ 250 x 10' 
Btu/hr · 

0.6 lb/lo' Btu heat input for new·· 
and existing not subject to Federal 
Regulations 

0.1 lb/10 6 Btu for ·input > 250 x 10 6 

Btu/hr 

0.03 grains/scf for input> 250 x 10 6 

Btu/hr (new and existing sources) 

0.05 lb/10 6 Dtli for new sources > 
250 x 10 6 Btu/h~ . 
0.15 lb/10 6 Btu for existing 

For pulverized coal equipment rated 
larger than 10 6 lb steam/hr or other 
modes of fi.ring coal raten larger 
than 3 x 10s lb steam/hr, nne must 
apply to commission for spe~ific limits 

0.1 lb/10 6 Btu for new sources > 25Q 
x 10 6 Btu/hr for most of the state 

0.19 lb/10 6 Btu for input ' 10,000 x 
10 6 Btu/hr 

0.18 lb/10 6 Btu for sources ' 10,000 
x 10 6 Btu/hr 

Sulfur: Oxides 

1.5 lb/10 6 Btu/hr for i~put > 250 
x 10 6 Btu/hr 

1.2 lb/10 6 Btu/hr for input of 
250 x 10 5 Btu/hr 

2000 ppm by volume 

0.8 lb/10 6 Btu for input ' 250 x 
10 6 Btu/hr 

Fuel limited to 1% suifur in Areas 
r, III, rv 
3.5 lb/10 6 Btu for input of 100 x 
10 6 Btu/hr for Areas II, V, VI 

0.28 lb SOx/10 6 Btu in some areas, 
0.55 lb sulfur/10 6 Btu in others 

Ii sulfur coal as of 7/1/78 

1.2 lb SOx/10 6 Btu for new sources 
> 250 x 10 6 Btu/hr for most of 
state 

4.8 lb SOx/10 6 Btu heat input for 
sources > 250 x 10 6 Btu/hr 

l 000 lb SOz/hr 

Nitrogen Oxides 

0.90 lb/10' Btu/hr for input ~ 250 
x 10 6 Btu/hr 

0.7 lb/IO' Btu/hr for input> 250 
x 10 6 Btu/hr 

No standards 

No standards 

0.5 lb/10 6 Btu (maximum 2 hour 
average) for new sources > 250 x 
10 6 Btu/hr 

0.3 lb NOx/10 6 Btu for ~ew sources 
> 250 x 10 6 Btu/hr 

No standards 

0.7 lb NOx/10 6 Btu for new sources 
> 250 x 10 6 Btu/hr 

No standards 

No standards 



State 

Montana 

Nebraska 

Nevada 

New Hampshire 

Particulate Matter 

0.1 lb/10 6 Btu for new sources 
(maximum 2 hour average) 

0.1 lb/10 6 Btu for new sources 
·(maximum 2 hour average) 

O~l lb/10 6 Btu for new sources > 
250 x 10 6 Btu/hr 

0.10 lb/10 6 Btu for new sources > 
·250 x 10 6 Btu/hr and 0.19 for 
·existing sources > 10,000 x 10 6 

8tu/hr 

°' New Jersey 
\0 

iooo lb/hr for source of 10,000 x 
10 6 Btu/hr 

0 

New Mexico 

New York 

O.OS lb/10 6 Btu for new sources > 
250 x 10 6 Btu/hr 
Flne particulate emissions (<2 
microns) cannot exceed 0.02 lb/ 
i'o 6 Btu 

O~l lb/10 6 Btu for new sources 
(maximum 2 hour average) 

North Carolina O.lQ lb/10 6 Btu for sources > 
10,000 x 10 6 Btu/hr 

North Dakota If. 8 lb/lOs Btu for existing 
-0.1 lb/10 6 Btu for new sources > 
250 x lo' Btu/hr 

Ohio 0.1 lb/10 5 Btu for new and existing 
> 1,000 x 10 6 Btu/hr in Priority 1 
regions, .15 lb/10 6 Btu ·in Priority 
2 and 3 regions 

TABLE 48. (Continued) 

Sulfur Oxides 

1.2 lb S02/l0 6 Btu 
(maximum 2 hour average) 

1.2 lb S02/10 6 Btu 
(maximum 2 hour average) 

0.6 lb sulfur/10 6 Btu for new 
sources > 250 x 10 6 Btu/hr 

1.5 lb sulfur/10 6 Btu for new 
2.8 lb sulfur/10 6 Btu for existing 

0.2% by weight of sulfur in coal 
with several exceptions 

0.34 lb 502 /10 6 Bt~ for new and 
1.0 lb so2/l0 6 Btu for existing 
> 250 x 10 6 Btu/hr- input 

0.60 lb sulfur/10 6 Btu for new 
sources > 250 x 10 6 Btu/hr for 
most areas 

1. 6 lb S0~/10 6 Btu. for new sources 
2.3 lb S0 2 /10 6 Btu for existing 

1.2 lb S02/l0 6 Btu for new sources 
> 250 x 10 6 Btu/hr 

1.0 lb S02/l0 6 Btu, new and 
existing 

Nitrogen·Oxides 

0.7 lb NOx/10 6 Btu 

0.7 lb NOx/10 6 Btu 

0.7 lb NOx/10 6 Btu for new sources 
> 250 i lb 6 Btu/hr 

No standards 

No standards 

0.45 lb Noli10 6 Btu for new sources 
> 250 x 10 Btu/hr arl;d o. 7 lb N.ch/ 
10 6 Btu for existing · 

0.7 lb NO>t/10 6 Btu for new sources 
> 250 x 10~ Btu/hr 

1. 3 lb NO;z/10 6 Dt;u for sources.; 
~ 250 x 10 6 Btu/hr 

.No standards 

0. 9 lb Nbx!f.O' Btu for: new sources. 
> 250 x 10 6 ~tu/hr 



TABI.E 48. (Continued) 

state 

Oklahoma 

Oregon 

Pennsylvania 

Rhode Island 

Particulate Ma.tter 

0.1 lb/10' Btu:for new and existing 
> 1,000 x 10 5 Btu/hr 

0.1 lb/10 6 Btu for new sources 
0,2 lb/10 6 Btu for existing 

O.l lb/10 5 Btu for new sources 
> 600 x 10 6 Btu/hr 

O.lo lb/10 6 Btu for sources > 
250 x 10 6 Btu/hr 

South Carolina For sources ~ 1, 300 x lo' Btu/hr · . 

South Dakota 

Tennessee 

Texas 

Utah 

E = 57.84P- 0 • 637 , where.E =emission 
rate, P = 10 6 Btu heat input/hr 

0.1 1b/10 6 Btu .. 'for new sources > 
250 x 10 6 Btu/hr 

O.l lb/10 6 .~tu for existing sources 
~ 10,000 x· 10 6 Btu/hr 
u.l lb/1(1 6 a·tu for new sources 2. ·. 
250 x_l0 6 Btu/hr 

0.1 lb/10 6 Btu for new sources > 
250 x 10 6 Btu/hr 
0.3 lb/10 6 Btu.for existing sources 

0.1 lb/10 6 Btu for new sources 2. 
250 x lo':Btu/hr 
85% control and 40% opacity for 
existing 

Sulfur Oxi.des 

1.2 lb SOx/10 6 Btu, new 

l\ by weight sulfur limit 
in fuel 

1.8 lb S0 2 /10 6 Btu for sources 
~ 2,000 x 10 6 Btu/hr (for most 
l;lreas) 

0.55 lb sulfur/10 6 Btu in fuel 
or emissions or" 1.1 lb SOx/10 5 

Btu 

Most counties are 3.5 lb S02/ 
10 6 Btu 

1.2 lb S02/l0 6 Btu for sources 
~ 250 x 10 6 Btu/hr 

1.2 lb S02/l0 6 Btu for new 
sources ) 250 x 10 6 

3.0 lb/10 6 Btu for existing 
1.2 lb S02/l0 6 Btu for new 

1.2 lb S0 2 /10 6 Btu for new 
1% sulfur coal by weight 

Nitrogen Oxides 

0.7 lb NOx/10 6 Btu for new sources 
~ 50 x 10 6 Btu/hr 

No standards 

0.7 lb NOx/10 6 Btu 

No standards 

No standards 

0.7 lb NOx/10 6 Btu 

0.7 lb NOx/10 6 Btu for new sources 
> 250 x 10 6 Btu/hr 

0.7 lb NOx/10 6 Btu for opposed
fired units, 0.5 for front-fired, 
0.25 for tangentially-fired 

0.7 lb NOx/10 6 Btu for new sources 
> 250 x 10 6 Btu/hr 



State 

Vermont 

Virqinia 

Washington 

West Virginia 

Wisconsin 

"' ~ Wyoming 

Particulate Matter 

0.1 lb/10 6 Btu for new and existing 
sources ~ 250 x 10 6 Btu/hr 

O.l lb/10 6 Btu for new sources > 
250 x 10 6 Btu/hr 
0.1 lb/10 6 Btu for existing sources 
> 10,000 x 10 6 Btu/hr 

0.1 grains/scf for new and existing 
$OUrces 

.05 lb/10 6 Btu 

0.10 lb/10 5 Btu for new sources 
> 250 x 10 6 Btu/hr 

o.io lh/10 6 Btu for all sizes of 
new units 

"fl).BLE 48. (Continued) 

Sulfur Oxides 

1.2 lb S02/l0 6 Btu for new sources 
> 250 x 10 6 Btu/hr 

1.2 lb S02/l0 6 Btu for new sources 
> 250 x 10 6 Btu/hr 

1000 ppm S02 for new and existing 
sources 

2.0 lb S02/l0 6 Btu/hr as of 6/30/78 

1.2 lb S0 2/10 6 Btu for new sources 
> 250 x 10 6 Btu/hr 

o.2 lb S0 2 /10 6 Btu for new sources 
> 250 x 10 6 Btu/hr 

Nitrogen Oxides 

0.3 lb NOx/10 6 Btu for new sources 
> 250 x 10 6 Btu/hr 

No standards 

No standards 

No st.;indards 

O. 7 lb NOK/10 ~ Btu for new ·.sources 
> 250 x ~0 6 Btu/hr 

0. 7 I b N0~/1·0 6 Btu for new s9urces 
~ 250 x 1~ 6 ~tu/hi 



"' ID 
w 

County Particulate Matter 

TABLE 48a. COUNTIES 01.'' CALIFORNIA - EMISSION 
REGULATIONS FOR POWER PLANTS* 

Opacity SulfUr Oxides 

Santa Barbara 0,2 grains/ft' for l,000 20\ 

Merced 

Tehama 

Placer 

cf111 source . 
o:ooJS grains/ft' for 
20;000 cfm source 
0.0122 grains/ft' for 
l,S00,000 cfm source 

0.1 grains/scf 

O.J grains/ft 3 

0.3 grains/scf for existing 
O.l grains/scf for new and 
10 lbs/hr of combustion 
contaminants 

North Coast Air Basin -

Del Norte} 
Hu~b<:>ldt 
Tr1n1ty 
Mendocino 
Sonoma 

Plumas 

.23 grains/SCH 
(.10 grains/scf) 

20\ 

40~ (no more than J 
minutes in any hour) 

20\ (no more than 3 
minutes in any hour) 
for new sources 
40\ for existing 

40% opacity (no more 
than 3 minutes in any 
one hour except 20\ in 
Mendocino County 

40% for existing, 20% 
for new sources 

0.2\ ~y volwne 502 

0.2\ by volume and 200 
lbs/hr of sulfur com
pounds 

Nitrogen Oxides 

225 ppm for source input 
) 1,775 x lo' Btu/hr 

140 lbs/hr of nitrogen 
oxides 

*Regulations were obtained from most of the Air Pollution Control District in California and summarized in this table as an 
indication of the emission limits expecienced across the state. Each district has its own regulations. This survey was 
conducted in 1978. 



County 

Fresno 

Kings 

M~;mterey 

Madera 

Particulate Matter 

0.10 grains/scf (0.23 
grains/SCM) 
:lo lbs/hr of co;nbustion 
contaminants 

o_. l grains/scf 

0.10 lb/10 6 Btu for new 
sources ' 250 x 10 6 Btu/ 
hr 

0.1 grains/scf and 10 
lbs/hr of combustion 
ccintaniinants 

Ventura O~l grains/scf 

South Coast - combustion contaminants 
San Bernadino which exceed both 11 lbs/ 
Zone hr (5 kg/hr) and 0.01 

9raihs/scf 
(23 mg/mJ) for new sources 
> SO ~ 10 5 Btu/hr 

Glenn 

Shasta 

Tulare 

o.j grains/scf 

0.10 grains/scf for new 
sources (.05 gr/scf for 
particulate matter < 10 
J)licr<?ns) · 

O.l 9rains/scf 

TABLE 4Ba. (Continued) 

Opacity 

20% 

20% 

20% except 40% allowed 
for 2 minutes in any 
one hour · 

20% except 40% for no 
more than 2 minutes in 
any one hour 

20% 

20% 

40% 

20% 

Sulfur Oxides 

0.2% by volume S02 
and 200 lbs/hr of sulfur 
compounds 

1.2 lb/10 6 Btu 

1. 2 lb/10 6 Btu 

0. 5% sulfur by waight 

0.2% by volume (2,000 ppm) 

1,000 ppm for new sources 

Nitrogen Oxides 

140 lbs/hr of nitrogen 
oxides 

0. 70 :tb/10 6 Btu 

0.70 lb/10 6 Btu 

225 ppm ~Ox 



"' (0 

County 

. Sutter 

El Dorado 

Butte 

Sacramen~o 

Imperial 

U1 Siskiyou 

San Die90: 

Lake 

Yolo-Solano 

Kern 

TABl.E 40a. (Continued) 

Particulate Matter _o~p_a_c_i_t~y~~~~~~~-

0. 3 grains/scf and 10 lbs/ 40% 
hr of combustion contaminants 

0,10 grains/scf and 10 lbs/ 
.hr of combustion contaminants 

0,30 grains/scf 

0.30 grains/scf (expected to 
be changed to 0.10 grains/ 
scf for new sources} 

0,3 grains/scf existing 
o.2 grains/scf new (after 
uu1y i, 19121 

0.3 grains/scf 

0.1 lbs/10 6 Btu for sources 
~ 250 x 10 6 Btu/hr (after 
Augus.t 11, 1971) 

40\ 

40\ (expected to be 
changed to 20% for new 
sources) 

40% existing 
20% new !after July 1, 
l97i) 

40% 

20% except 40% for no 
more than 2 minutes in 
any hour 

No fuel-fired power boilers or associated regulations. 

9.3 grains/scf and 40 lbs/ 
hr of combustion parti~ 
culates - existing 

existing - 0.1 grains/scf, 
Valley Basin 
existing - 0.2 grains/scf, 
Desert Basin 
new - 0.1 grains/scf (3/19/74) 

40% - existing 

·20% for more than 3 
minutes in any one 
hour 

Sulfur Oxides 

0.2% sulfur compounds and 
200 lbs/hr sulfur compounds 

200 lbs/hr sulfur compounds 

0.2\ by volume (expected to 
be changed to Q.5% sulfur 
Jn fuels) 

1.2 lb/10 6 Btu 

0.2% S02 and 200 lbs/hr 
of sulfur compounds -
existing 

0.2% S0 2 by volume 

Nitrogen Oxides 

140 lbs/hr nitrogen oxides 

140 lbs/hr nitrogen oxides 

0.70 lb/10 6 Btu 

140 lb•/hr of nitrogen 
oxides - existing 

140 lbs/hr ~Ox, Valley 
Basin · 
0.7 lb/10 6 Btu, Desert 
Basin (after 8/17/71) 



"' 

County 

San Joaquin 

Bay Area -

Alameda 
Contra Costa 
Marin 
Napa 
San Francisco 
San Mateo 
Santa Clara 
~olano 
Sonoma 

~ Amador 

Particulate Matter 

O.l grains/scf - existin~ 
0.10 lb/10 6 Btu - new 

generally, 0.15 grains/ 
scf - existing 
0.10 lbs/10 6 Btu for 
~ew sources > 250 x 
10 6 Btu/hr 

0.10 grains/scf and 10 lbs 
of combustion contaminants 

TABLE 4Ba. (Continued) 

Opacity 

20% except 40% for 2 
minutes in any one 
hour 

20% except 40% for 
not more than 2 
minutes in any one 
hour 

20% for more than 3 
minutes in any one 
hour 

Sulfur Oxides 

0.2% S02 by volume -
existing 
1.2 lbs/10 6 Btu - new 

1.2 lbs/10 6 Btu for 
new sources 

200 lbs of sulfur com
pounds (calculated as 
sod 

Nitrogen Oxides 

225 ppm - existing 
0.7 lb/10 6 Btu - new 

0.70 lb/10 6 Dtu for 
new sources 

140 lbs of nitt =·<J<c'n 
oxides (calcu!ated as 
NOz) 



TABLE 49. 

REGULATIONS APPLICABLE TO VISIBLE EMISSION ALLOWED FOR FUEL-FIRED BOILERS 

1. Alabama 

2. Alaska 

3. Arkansas 

4. Arizona 

5. California 

6. Colorado 

7. Connecticut 

8. Delaware 

9. Florida 

10. Georgia 

Existing Sources - Limits 

20% opacity or No. 1 on the Ringelmann chart except 60% or 
No. 3 on the Ringelmann chart for not more than 3 minutes in 
any 60 minutes. 

may not exceed 20% opacity for a period or periods aggregating 
more than 3 minutes in any hour. 

may not be equal to or exceed 40% except for not more than five 
minutes in a 60 minute period (3 times in 24 hour maximum). 

may not exceed No. 2 Ringelmann {equivalent to 40% opacity). 

each county has its own regulations. 

may not exceed 20% except 40% for no more than 3 minutes in any 
one hour. 

may not exceed 20% except 40% for a period aggregating not more 
than 5 minutes in any 60 minutes. 

may not exceed either No. 1 on the Ringelrnunn chart or 20% 
opacity for more than 3 minutes in any one hour or more than 
15 minutes in any 24 hour period, 

may not exceed No. 1 of the Ringelmann chart (20% opacity) except 
No. 2 of the Ringelmann chart (40%) shall be permissible for not 
more than 2 minutes in any hour. 

may not have emissions equal to or greater than Ringelmann chart 
(20% opacity) except for emissions up to Ringelmann No. 2 for 



m 
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(Georgia, 
cont'd.) 

11. Hawaii 

12. Idaho 

13. Illinois 

14. Indiana 

15. Iowa 

16. Kansas 

17. Kentucky 

18. µouisiana 

19. Maine 

20. Maryland 

Existing Sources - Limits (continued) 

two minutes in any one hour. This is for fuel burning equipment 
constructed after January 1, 1972. Opacity requirements for 
equipment constructed prior to January 1, 1972, is 40%. 

may not exceed 4 0 %. 

may not exceed No. 2 on the Ringelmann chart (40% opacity). 
The new source standard for Idaho does not allow the emission's 
aggregating more than 3 minutes in any one hour which is greater 
than 20% opacity. 

may not exceed 30% opacity except may have opacity greater than 
30% but not greater than 60% for a period or periods aggregating 
8 minutes in any 60 minute period (limit to 3 times in any 
24 hours). 

may not exceed 40% opacity for more than a cumulative total of 
15 minutes in a 24 hour period. 

may not exceed 40% opacity except for a period or per~ods aggregat
ing not more than 6 minutes in any 60 minute period.· 

may not be equal to or greater than 40% opacity. 

may not be equal to or greater than 40% opacity except for 60% 
for 6 minutes in any 60 minute period. 

may not exceed 20% opacity; 

may not exceed 40% opacity except for periods of not exceeding 
5 minutes in any one hour or 15 minutes in any continuous 3 
hour period. · 

may not exceed 20% opacity except for 40% for a period or periods 
aggregating no more than 4 minutes in any sixty minutes. · 

21. Massachusetts emissions may not be equal to or greater than 20% except 40% for 
~ period or aggreqate period Of:tirne in excess of 6 minutes 
duri~g any one hour. · · 



22. Michigan 

23. Minnesota 

24. Mississippi 

25. Missouri 

26. Montana 

27. Nebraska 

28. Nevada 

Existing Sources - Limits (continued) 

may not exceed 20% except 40% for not more than 3 minutes in any 
60 minute period for no more than 3 occasions during any 24 
hour period. 

may not exceed 20% except 60% for 4 minutes in any 60 minute 
period and 40% for 4 additional minutes in any 60 minute period. 

may not exce'ed 40% except 60% for no more than 10 minutes per 
billion Btu gross heating value of fuel in any one hour per 
24 hours. 

may not be equal to or greater than 40% except 60% for a period 
or periods aggregating not more than 6 minutes in any 60 minutes. 
Kansas City's opacity limit is 20% except 60% for 6 minutes in 
any 60 minutes. 

for equipment built before 1969, may not exceed 40%; after 1969, 
may not exceed 20%. Exception - 60% for 4 minutes in any 60 
minutes. 

may not be equal to or exceed 20%. 

may not be equal to or exceed 20% for a period or periods aggregat
ing more than 3 minutes in any one hou~ 

29. New Hampshire may not exceed 40%. 

30. New Jersey 

31. New Mexico 

32. New York. 

may not exceed 20% except for smoke which is visible for a period 
of not lonqer than 3 minutes in any consecul~ve 30 minute period. 

may not exceed 20%. 

may not exceed 20% except for 3 minutes during any continuous 
60 minute period. 

33. North Carolina mtiy not exceed 40i for an aggregate of more than 5 minutes in 
any one hour or more than 20 minutes in any 24 hour µeriod. 
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Existing Sources - Limits (continued) 

34. North Dakota maximum allowable is 40%. 

35. Ohio may not exceed 20% except 60% for no more than 3 minutes in 
any 60 minutes. 

36. Oklahoma may not exceed 20% except 60% for no more than 5 minutE's in any 
60 minutes or more than 20 minutes in any 24 hour period. 

37. Oregon may not be equal to or greater than 40% for a period aggregating 
more than 3 minutes in any one hour except more stringent for 
special control areas. 

3B. Pennsylvania may not be equal to or greater than 20% for more than 3 minutes 
in any one hour or equal to or greater than 60% at any time. 

39. Puerto Rico may not be equal to or greater than 20% ~xcept 60% for not more 
than 4 minutes in any 30 minutes 

40. Rhode Island may not be equal to or exceed 20%~ 

41. South Carolina may not be equal to or exceed 40% except 60% for 5 minute~ in 
one hour or 20 minutes in a 24 hour period. · 

42. south Dakota may not exceed 20% except 40% is permissible for not more than 
2 minutes in any hou~ 

43. Tennessee may not exceed 40% for more than 5 minu~es aggregate in any one 
hour or more than 20 minutes in any 24 hour period · 

44. Texas may not exceed an opacity of 30% averaged over a 5 minute 
period. 

45. Utah may not exceed 40%. 

46. Vermont may not exceed 40% for more than 6 minutes in.~ny hour. Opacity 
may never exceed 60%. 



Existing Sources - Limits (continued) 

47. Virgin Islands may not be equal to or greater than 40%. 

48. Virginia may not exceed 20% except for brief periods when starting a 
new fire, blowing tubes, or cleaning a fire box. 

49. Washington may not exceed 40% except for 15 minutes in any consecutive 
8 hours. 

50. Washington, D.C. no visible emissions except less than 20% for 2 minutes in 
any 60 minute period and for an aggregate of 12 minutes in any 
24 hour period. 

51. West Virginia may not be equal to or exceed 20% except 10% after June 30, 1975. 

52. Wisconsin 

53. Wyoming 

may not be equal to or exceed 40% except 20% in Milwaukee and 
Lake Micigan AQCR's. Also 80% for 5 minutes in any one hour 
for cleaning or starting new fire in combustion equipment 
(3 times a day maximum). 

may not exceed 40%. 
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LOW TEMPERATURE CORROSION AND FOULING 292 

INTRODUCTION 

Flue gas temperatures which are in the range of 104-121°c 
(220-250°F) may result in corrosion and fouling o: air he~ter 
elements and corrosion of precipitator elements. Operation at 
such low temperatures has caused corrosion and fouling of air 
heater elements in some installations, while others have exper
ienced no difficulty with air heater exit temperatures as low as 
104 °C ( 220°F) . 1m understanding of the factors which cause cor
rosion and fouling problems is important when operating with flue 
gases at low temperatures. The purpose of this appendix is to 
relate corrosion and fouling to fly ash and flue gas composition, 
fly ash resistivity, and temperature. 

SULFURIC ACID OCCURRENCE IN FLUE GAS 

SOx, H2 0, and H 2 SO~ Equilibria 

A knowledge of the S0 3 concentration in the air heater and 
precipitator region of power plant exhaust systems i.s important 
from a standpoint of both corrosion and fly ash resistivity. The 
principal cause of corrosion in air heaters, and the most im
portant factor in determining fly ash resistivity, is sulfuric 
acid, which results from the reaction of S03 with water vapor. 

Most of the sulfur in power plant flue gases appears as S0 2 , 

with typical S0 3 levels ranging from 1 to 2.5% of the S02. However, 
as Figure 301 shows, the equilibrium constant for the reaction 

S02(g) + ~02(g) = S03(g) • 

strongly favors the formation of S0 3 at temperatures below 537°C 
(1000 °F) with 3% oxygen. This graph was calculated from data cited by 
Hedley. 293 The kinetics of the reaction are, of course, unfavorable 
in the absence of a catalyst, but it is thermodynamically feasible 
for S0 3 concentrations to exist at levels much greater than those 
normally encountered. Ratios of 503 to S02 as high as 0.1 have 
been reported. 294 Thus, since the formation of S03 is controlled 

·by catalytic effects as well as the amount of excess air present, 
the concentration of S0 3 resulting from the combustion of a 
particular fuel can only be.estimated in the absence of direct 
measurements •.. 
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The reaction between water vapor and S0 3 is given by 

Figure 302 shows the equilibrium conversion of so 3 to H2 SO,. as a 
function of temperature for a typical flue gas water concentration 
of 8%. At temperatures below 204°C (400°F) essentiallv all of , -
the S03 present is converted to H2 S0 4 at equilibrium. In contrast 
to the formation of S03, the formation of H2 S0 4 occurs rapidly in 
the thermodynamically feasible temperature range. 295 Thus, all 
503 below the air heater in a power plant will exist as H2 SO'+, 
either in the vapor or liquid state. Since corrc~~on problems 
are associated with the presence of liquid phas€ sulfuric acid, the 
determination of the condensation characteristics of sulfuric acic 
from flue gas containing sulfuric acid and water vapor is a neces
sary step in evaluating the corrosion potential of a particular 
stack gas. 

Determination Of The Sulfuric Acid Dew Point 

Fly ash particles can influence the apparent dew point, or 
saturation temperature of H2 SO'+ in flue gas, but experience has 
shown that one ccmmits practically no error by neglecting the 
presence of other gases and considering only the system sulfuric 
acid - water. 296 A thermodynamic analysis of the sulfuric acid -
water - flue gas system, ignoring for the present the effect of 
fly ash, provides a theoretical basis for predicting acid dew 
points and condensate composition from vapor-liquid equilibria 
data. 

For the case of ideal or quasi-ideal binary solutions, dew 
points of vapor mixtures composed of the binary solution vapor 
and noncondensable gases can easily be calculated from a knowledge 
of the pure component vapor pressures as a function of temperature. 
The H2 S04-H 2 0 system: presents special problems because: 

the H2 S0 4 and water undergo chemical reaction to form 
the various hydrates of sulfuric acid, and therefore 
the equilibrium relationships are strongly composition
dependent, and 

. H2 S04- has a very low pure component· vapor pressure, thus 
making direct measurements extremely difficult. 

The total vapor pressure of H2 S0 4 at low temperature is essentially 
the partial. pres.sure of· water above the acid solution, and ~his is 
available from the existing literature. In order to determine the 
dew point, however, the H2 S04 partial pressure at low temperature 
must be known, and the literature lacks such data. 296 
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As a result of the experimental difficulties encountered in 
low temperature vapor pressure measurements, efforts have been 
made to calculate the partial pressure from liquid phase thermo
dynamic data. Abel 297 was the first to derive a relationship en
abling the calculation of H2 S04, H2 0, and so 3 partial pressures 
from standard state values of enthalpy, entropy, and heat capacity; 
and partial molal values of enthalpy, entropy, free energy, and 
heat capacity. Miiller, 296 using Abel's calculated data, computed 
dew points of gases with low H2S0 4 concentrations. Gmitro and 
Vermuelen 298 utilized thermodynamic data, which are claimed to be 
more recent and more complete, to calculate H2 S04, S0 3 , and H 2 0 
partial pressures from -50 to 400°C with solutions ranging from 
10 to 100 weight percent H 2S0 4 • Snowden and Ryar~qs have used 
Gmitro and Vermulen's partial pressure data to cor.struct a chart 
which gives the dew point temperature of a gas as a function of 
H2S04 and H20 partial pressures. The composition of the acid 
condensate occurring at a given dew point is also provided. 

The dew points predicted from Abel's data are about 30°F 
higher than those arrived at with Gmitro and Vermuelen's data. 
The difference in these two works lies mainly in the data avail
able for the calculation of the partial pressures. Gmitro and 
Vermuelen had access to much more accurate data and should have 
obtained the more accurate results. However, their results do 
not agree with direct dew point measurements by the condensation 
technique, whereas Abel's partial pressures have been verified 
in part by use of this method. 

A suspect assumption common to predictions of acid dew 
points based on both the Abel and Gmitro calculations is that 
the vapor state is an ideal gas, and that the vapor solution is 
also ideal. A gas mixture may behave nearly ideally volumetri
cally, but a component present in small amounts may exhibit 
significant departure from ideality if that component is assoc
iated in the vapor state. 

Among the limitations of some presentations in the literature 
of the Muller correlation with 10% water vapor is that they do 
not indicate the effect of variations in the water vapor concai.
tration on sulfuric acid dew points. The concentration of the 
condensate is also not provided. Figures 303 and 304 were pre
pared to present this information. 

Figure 303 is a sulfuric acid - water dew point chart~~re
pared from Abel's H2 SO,. partial pressures and Greenewalt's~ 9 

water partial pressures above sulfuric acid solutions·. The. 
partial pressure data were calculated by computer from the fol-
lowing equations: 

B + D(ln Tl + E . T)] 
PH2S04 = exp [2.303(A + T 2.303 (74) 
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and 

B' p = exp [ 2. 3 O 3 (A' - T) J , 
H20 _. . 

(7 5) 

where T is in degrees Kelvin and __ partial pressu-res are in rmn Hg. 
The constants in these equations a-re given by Abel and Greenewalt 
for various sulfuric acid concentrations. It should be noted that 
the range of uncertainty indicated by Abel for the constant B in 
equation 301 results in a dew point uncertainty of 4.45°C (24°F) 
at 10% water vapor. 

The information contained in Figure 303, if it were accurate, 
would be of value in assessing the corrosion pc..::..:;;ntial of a flue 
gas. The dew point temperature can be predict~d from an analysis 
of H 2 SO 4 and water vapor content, and if the gas is cooled .to sof·::: 
temperature below the dew point, the equilibrium-· .. concentration of· 
condensate and the amount condensed can be obtained. It should 
be pointed out, however, that the amount of condensate predicted 
from the use of a dew point chart such as Figure 303 is actually 
a prediction of the amount avaJlable for condensation. The amount 
of-condensate depositing on a metal surface may differ from the 
chart prediction because of mass transfer considerations. 

As an example of the use of the chart, consider a flue gas 
containing 10 ppm H2 S0 4 and 10% H2 0. Condensation would occur 
at about 275°F, and the condensate composition at that point 
would be about 79% H2 S04 by weight. If the gas were cooled to 
250°F, 85% of the H2 S0 4 should be removed from the gas phase, and 
an insignificant amount of the water vapor would also be condensed. 
The condensation, therefore, follows the 10% water line, result
ing in a condensate which would be the equilibrium composition of 
the condensate at 121°C (250°F), assuming the vapor phase is in 
equilibrium with the total liquid condensed. The composition 
change of the liquid is small over the temperature interval given 
as an example, ranging from 79% at 135°C (275°F) to 75% at 121°C 
(250°F). 

It is apparent from Figure 303 that a knowledge of water 
vapor concentration is of fundamental importance. Appreciable 
changes in this variable can have a rather significant effect on 
the predicted sulfuric acid dew point, and if a gas is saturated 
with H2S04, the condensate composition is determined by the water 
vapor content and temperature. Thus, if a surface is maintained 
at a known temperature lower than the sulfuric acid dew point, 
but higher than the water dew point, the concentration of acid 
condensate which occurs can be predicted from Figure 303 if the 
water vapor content of the gas is known. 

In addition to the procedure bas:ed on calculated partial 
pressures, a number of efforts have been made to determine sul
furic acid dew points using instrumental and chemical procedures. 
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TwO methods will be discussed briefly: the condensation method 
and an electrical conductivity method. 

The problem of measuring 80 3 concentration and acid dew 
point has been studied since Johnstone 300 examined the pro-
blem in 1929. Many papers 301

-
312 have been presented which employ 

the electrical conductivity method which Johnstone originated. · 
The British Coal Utilization Research Association (BCURA) desiqned 
an instrurnen~ w~ich has found widespread usage employing Johnstone's 
concept. This instrument, known as BCURA dew point meter, has 
been described in detail by Flint. 301 It is a portable instru-
ment which measures the conductivity of a condensing film. The 
detector element is glass and contains two elect:.·~des mounted 
flush with the surface. A tube inside the glass probe transports 
compressed air which is used to maintain the glass surface of the 
probe at the desired temperature. A thermocouple provides a read
out of the glass surface temperature. 

If an electrically conductive film forms on the detector 
element, a current will flow that is proportional to the magnitude 
of the externally impressed voltage and the conductivity of the 
condensing film. The current flow is measured with a microammeter. 
A dew point is determined by inserting the detector element into 
a gas stream with the instrument temperature held at some value 
above the dew point. The element temperature is then alternately 
increased and decreased slowly to establish the exact temperature 
'at which the increase in conductivity, and thus the dew point, 
occurs. 

The condensation method is widely used for determinations of 
S0 3 in stack gases. The basic procedure employed consists of 
pumping the flue gas through a condenser coil maintained below 
the dew point of sulfuric acid, but above the normal water dew 
point. A heated sampling probe is used to obtain the flue gas 
samoles, and a =ilter is inserted at the probe entrance to exclude 
particulate matter. A fritted glass filter follows the condenser 
to serve as a spray trap. When the sampling pE:riod is concluded, 
the H2 SOi. is washed from the condenser, and the washings are col
lected and titrated. 313 

The condensation of a binary vapor mixture from a noncon
densable gas is normally path-dependent, and the composition of 
the vapor leaving a condenser is not fixed merely by stating that 
the gas is saturated at a particular temperature. This is true 
because the degree of fractionation occurring during condensation 
depends on conditions which exist in the c.ondenser. For the case 
·of HzS0 4 -H 2 0 vapor mixtures in flue gas, however, the water vapor 
is in large excess, and no appreciable change in its concentration 
occurs until the water dew point is reached. The composition of 
the gas is, therefore, not path-dependent, and the state of t~e 
system is fixed if the gas is saturated with H2SOi. at a certain 
temperature and water vapor content. As a result, the condensation 
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method can be used to obtain dew points of H2SOi.-flue gas mixtures. 
Since the gas leaving the condenser is saturated with H2S04 at 
the condenser exit temperature, the.concentration of the exit 
vapor represents the dew point'i·' (Yr .. satUrati.on· ··temperature, of 
the gas. 

Figure 305 presents the results obtained for flue gas dew 
points as a function of H2S011(g) content by various investigators. 
To make an exact comparison, . all of the curves s.hould be for a. 
gas of the same volume percent water vapor. However, reference 
to Figure 303 will indicate that a variation in water vapor concen
trations from 7 to 10% can cause only about a 2.78 to 4.45°C (31 to 
40°F) change in the dew point. Taylor's resultE -·ere obtained with 
the BCURA dew J?oint meter in a mixture of air, ¥:at.er vapor, and 
sulfuric acid. 12 Lisle's aata were obtained using the condensa
tion method, again with a mixture·ofair, .. water·:vapor., ·andsulfur.:.c 
acid. 31 3 The dew point curves of Gm.it:ro, Miill_er,, and from Figu_re 
303, a:::-e based on the previously discussed calculated 'partial · · 
pressures. 

It is obvious from Figure 305 that, except for Lisle and 
Sensenbaugh's checks of the data based on Abel's sulfuric acid 
partial pressu:::-es (Muller's data and Figures 303 and 304), there 
is little agreement between the results of the various investi
gators. The data obtained from calculated partial pressures agree 
in form, which is to be expected since the equations used to calcu
late the partial pressures are also of the same form. The nature 
of the disagreement between the calculated dew point and those 
obtained with the dew point meter suggest there is a sensitivity 
problem with the instrument at low sulfuric acid partial pressures. 

In view of the difficulties with calculations based on liquid 
phase thermodynamic properties and the probable inaccuracy of dew 
point meters at low acid partial pressure, it can be concluded 
that the only reliable method of correlating sulfuric ac_id dew 
points with water and H2S0 4 vapor concentration is a carefully 
planned experimental program based on the condensation method 
employed by Lisle and Sensenbaugh. In the absence of such data, 
the dew points based on Abel's partial pressure data can be used, 
since they have been verified in part by experiment and by the 
operational experience of several power plants. 

Condensation Characteristics 

As stated previously, the amount of acid condensate predicted 
from the use of a chart such as Figure 303 as a result of cooling 
to a temperatu:::-e below the sulfuric acid dew point is a prediction 
of the amount available for condensation. Figure 306 shows that 
the predicted percentage of H2S0 4 condensed increases' and asymp
totically approaches 100% as the temperature is lowered below the 
dew point. However, peak values of acid deposition rates at temper~ 
atures between the water and acid dew points have been observed by 
numerous investigators. 
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The occurrence of such a peak in the condensation rate may 
be ~aused by a change in the diffusivity of the H2S0 4 in the 
region close to the condensing surface. The rate of condensation 
is dependent on the diffusion rate of H2 S0 4 and water vapor to the 
~urface. Small droplets of H2S0 4 will form in the cooled gas ad
Jacent to the surface, and the size of these droplets is likely to 
increase with decreasing temperature. The growth of the droplets 
wo~l~ slow their diffusion to the surf ace and increase the prob
ability that they would be carried forward in the gas stream. Thus, 
a temperature can be reached at which the slowed diffusion becomes 
dominant over the increased amount of condensate available for 
collision with the surface. This explanation is similar to one 
offered by Flint and Kear. 306 A typical conden~a~~ rate curve, 
obtained in a spiral condenser with a vapor mixcure consisting of 
7.5 vol % H20, 69 ppm H2S0 4 , and the balance air, is shown in Fiq1.1:e 
307.314 -

FACTORS INFLUENCING CORROSION RATES 

Acid .. Strength 

If a flue gas is known to be saturated with H2S04 vapor at 
a temperature below the acid dew point, it is possible to predict 
the initial condensate composition as a function of the water 
vapor partial pressure and temperature. Since data are available 
in the literature concerning the corrosion rates of various ma
terials as a function of acid concentrations, it is of interest 
to determine whether there is any relationship between corrosion 
rates measured in flue gas and the acid condensate strength pre
dicted from a gas analysis. 

A study of flue gas corrosion of low alloy steels by Piper 
and Van 'lliet 315 provides data which illustrate the difficulty 
encountered i:1 predicting corrosion rates of metals from acid 
condensate strength alone. The compositions of the low alloy 
steel specimens used in this study are given in Table SO. The 
corrosion tests were conducted by inserting specimens maintained 
at known temperatures into stack gas produced from a pulverized
fuel-f ired steam generator. The average H2S04 content of the 
stack gas was about 30 ppm. Figure 308 gives the predicted sul
furic .acid condensate compositions for the range of stack gas 
water vapor concentrations experienced during the study. 

Figure 309 shows the average corrosion rate of selected 
steel specimens as a function of predicted H2SO,. condensate 
strength. The condensate strengths shown in Figures 308 and 
309 were obtained from the computer printout of partial pressure 
for the H2 S0 4 -H 20 system, using Greenewa.lt's equation (equation 
75) for the partial pressure of water over sulfuric acid solu
tions. The widths of the surface in Figure 309 indicate the 
possible acid concentrations at each temperature over the range 
of water vapor partial pressures encountered in the stack gas. 

713 



... 
.r. --0 
0 
0 .... 
x 
'<:!" 

0 
Cf) 
N 

:::i:: 
O> 

48 

o~ 
--- 0 

32 

/0 0\ 0 

16 

0 

50 75 100 125 150 175 

TEMPERATURE, 0 c 3 5 4 0 ·29-6 

Figure 307. variation in condensation rate with surface 
temperature (From H. D. Taylor). 314 

716 



TABLE 50. COMPOSITION, PERCENT BY WEIGHT, SPECTROGRAPH IC 
ANALYSIS OF SPECIMENS TESTED (from Piper and 
Van Vliet) 3 1 5 

Name Mn Si Cu Ni Cr Zr 

Cor-ten 0. 40 0.38 0.23 0.29 0.61 

NAX-A 0. 85 0.90 0.07 <0.1 0.59 Present 

NAX-B 0. 82 0.79 0.29 <0.1 0.60 Present 

NAX-C 0.53 0.54 0.07 <0.l <0.1 Present 
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Figure 310 is a plot of corrosion rates of steel given by 
M. G. Fontana 316 at 23.4°C (75°F) as a function of acid concen
tration. The corrosion rates for steel specimens immersed in 
acid are orders of magnitude higher than those observed by Piper. 
Since corrosion increases with temperature, the differences be
tween the Fontana and Piper data are even greater than indicated 
because the latter's data were obtained at high temperatures. 

The low alloy steels used in the Piper study would not be 
expected to exhibit greatly different corrosion rates in sulfuric 
acid solution than the ordinary carbon steel on which Fontana's 
data are based. Therefore, the orders of magnitude differences 
in corrosion rates indicated are largely a reflection of the 
differences in environment between the two sit~~tions. Another 
contributing factor is the parabolic nature of the corrosion-time 
relationship usually found in corrosion work. Thus, because of 
the effects of fly ash and condensate deposition rates, it is not 
practical to predict or correlate corrosibn rates of materials in 
flue gas solely on the basis of equilibrium condensate compositions. 

Acid Deposition Rate 

The corrosion rate of metal surfaces in flue gas at tempera
tures well above the water dew point is more strongly related to 
the amount of condensate deposited than to the concentration of 
the condensate. Consider, for example, a steel surface at 126.1°C 
(260°F) exposed to a flue gas with a bulk gas phase concentration 
of 10 ppm sulfuric acid vapor and 10% water vapor. A condensate 
strength of 77% H2 S04 would be expected, and if fly ash neutral
izing ability is ignored, some nonzero rate of corrosion would be 
expected. If the same steel surface were exposed to a similar 
flue gas with 80 ppm sulfuric acid vapor, the predicted conden
sate strength would remain at 77% H2 S04, but the corrosion rate 
would be greater because of the increased quantity of acid conden
sate depositing on the metal. In both cases, decreasing the metal 
surface temperatures.to a value approaching the water dew point 
[37.3 to 42.8°C (100 to 110°F)] of the flue gas would result in 
increased corrosion rates because of the highly corrosive dilute 
acid formed at these temperatures. 

The temperature at which the maximum condensation rate of 
acid occurs has been correlated with the temperature of maximum 
corrosion in flue gases. Figure 311 was taken from a study by 
G. G. Thurlow, in which an air-cooled corrosion probe was exposed 
to flue gas produced from burning a 0.8% sulfur coal. 317 The 
rate of sulfate deposition shows a peak at the same surface tem
perature as the corrosion rate. This peak rate effect is often 
not observed with coal firing, but Black 310 and Clark 311 have 
found this phenomenon quite useful in correlating corrosion of 
air preheaters in oil fired units. The sulfur content of the 
fuel used in these studies ranged from 1.4 to 4.0%. 
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Black and Clark's work was done with the BCURA dew point 
meter, and th7 peak ra~e of acid deposition was indicated by a 
p7ak rate of inc7ease in current, measured as microamps per 
minute. ~he m~ximum corrosion rate is expected to occur in a 
regenerative air preheater at the point where the average metal 
temperature corresponds to the peak rate temperature indicated by 
the ~CURA.meter. B~ superimposing a plot of the dew point meter 
readings in the region of the peak over lines of average metal 
temperature, it was possible to match the peak rate temperatures 
with actual corrosion experience. 

The above authors also found that the BCURA indication of 
the acid dew point was a poor indicator of flue g~s corrosion 
potential, particularly when oil and gas mixtures are fired. This 
observation is not surprising since, as Figure 303 indicates, the 
dew point alone does not specify how much acid is available for 
condensation. The accuracy of the dew point meter may also be an 
important factor, because instructions for use of the meter state 318 

that changes in dew point readings of less than 11°C (52°F) are not 
to be regarded as significant. Referring again to Figure 303, a 
change of dew point at 10% water vapor from 132 to 143°C (270 to 
290°F) indicates a 370% increase in the H2 S0 4 vapor content of 
the flue gas. 

Studies conducted by Lee, Freidrich and Mitchell, 308 in 
which the BCURA meter was employed with flue gas produced from 
burning low sulfur lignite, showed that the meter was unable to 
detect acid dew points with low sulfur coals. In one experiment, 
no acid dew point was detected by the meter in the presence of 
sulfuric acid vapor levels as high as 27 ppm. The author's ex
plantation for this is that the condensed acid was completely 
neutralized by basic constituents in the fly ash. 

Thus, since high fly ash resistivity is associated with low 
sulfuric acid vapor concentrations, the BCURA meter is not likely 
to be of value in assessing the low corrosion potential associated 
with a flue gas containing high resistivity fly ash. 

Fly Ash Alkalinity 

Although fly ash can cause severe plugging problems in air 
heaters, it is well established that alkaline ashes can neutralize 
a portion of the so 3 and H2 S0 4 occurring in stack gases, thereby 
acting to reduce corrosion. Lee provides data which illustrate 
the interaction of acid condensate with fly ash. Figure 312 illus
trates the effect of surface temperature on acid condensation rate 
when burning a 7% sulfur coal with 3% excess oxygen. The RBU 
plotted on the y axis in the upper graph is a measure of the rate 
of acid condensation when the BCURA dew point meter is maintained 
at the indicated temperatures. Data for the lower graph were 
obtained by isokinetically sampling the flue 9'as an~ co~lecting 
the fly ash and acid condensate in a Teflon vial maintained at 
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82, 100, 118, and 135°C (180, 212, 245, and 275°F). The contents 
of the vial were then extracted, and the extract was analyzed for 
acid ~r base content. If the extract pH was less than 7, the 
solution was titrated with sodium hydroxide, and the results were 
reported as a negative cation content. If the extract was basic, 
the solution was titrated with HCl, and the results were reported 
as an excess cation content, indicating that the condensed sul
furic acid had been completely neutralized. 

The acid neutralizing ability of fly ash with various base 
contents is illustrated in Figure 313 for a flue gas with a typical 
dust loading of 11.4 gm/scm (5 gr/scf). The parallel lines each 
represent a base content of fly ash, expressed a3 ~illiequivalents 
reactive base per gram fly ash. Data obtained on Contract CPA 70-
149 (A Study of Resistivity and Conditioning of Fly Ash) indicate 
that fly ash produced from burning a high sulfur coal has as much 
as 0.6 milliequivalents soluble base (l.7% CaO) per gram fly ash. 319 

This quantity of base is capable of neutralizing 80 ppm H2SOi. in 
the gas phase, assuming that the flue gas has an ash concentration 
of 11.4 gm/scm (5 gr/scf). This is not to say that complete neu
tralization will occur, since the degree of neutralization obtained 
in the flue gas is a function of the rate of transfer of H2SOi. 
to the fly ash particles and the rate of reaction occurring on 
the particle surface. 

Hydrochloric Acid 

Sulfur, chlorine, and alkali metal compounds are associated 
with high temperature corrosion in coal-fired boilers, but low 
temperature corrosion is usually thought of only in terms of sul
furic acid. However, metals with surface temperature below the 
moisture dew point would be subjected to HCl attack if the chlorine 
content of the coal is converted to HCl. Although not all of 
the chlorine in coal appears as NaCl, it is of interest to examine 
the chemical reactior.s undergone by NaCl in the combustion ~recess. 
The following discussion is taken from a study by Halstead 3 ~ 0 in 
which chlor.ide and sulfate deposit .formations were examined with 
'probe tests and by thermodynamic calculations. 

In pulverized coal firing, the NaCl can be expected to evapo
rate and undergo some degree of vapor phase hydrolysis. 

NaCl(g) + H20(g) = NaOH(g) + HCl(g) 

The reactions of the chloride and NaOH with S02 to form Na2SOi. are, 
however, of greater importance. They are 

2NaCl(g) + HzO(g) + S0 2 (g) + ~02(g) = Na2S04(g) + 2HCl(g) 

2NaOH(g) + S0 2 (g) + ~02(g) = Na2S04(g) + H20(g) 
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Halstead calculated the equilibrium partial pressures of 
N~2S01+ ~nd NaCl in flue gases produced from burning the coals 
listed.1~ Table 51 at 5% 02 excess, stoichiometric o2 , and 2% 
02 d~ficient. Thes~ calculations, together with deposition 
studies conducted with a cooled probe, indicate that almost 
total conversion of NaCl to Na 2 S01+ takes place with 3 to 5% ex
c~ss oxygen in large b9ilers with good mixing of fuel and air. 
With lo~er oxygen levels, and when poor mixing and short resi
dence times are encountered, the conversion O·f NaCl to Na 2 S01+ 
may be incomplete. 

Thus, it can be seen that significant concentrations of HCl 
are likely to result from the combustion of chlorine-containing 
coal. The subject of HCl corrosion in flue gases has received 
comparatively little attention in the literature tecause it is 
not likely to occur unless temperatures near the water dew point 
are encountered. Air preheater elements, however, can drop below 
the moisture dew point if excessive water vapor, such as would 
occur from a steam leak, is present. 

··· Figure 314 ~ taken from a study by R. w. Kear, 3 2 1 illustrates 
the effect of HCl in a flue gas on corrosion of a test probe. 
This experiment was conducted using an apparatus which produced 
a synthetic flue gas by addition of S0 2 and Cl 2 to the fuel supply 
of a small laboratory burner. Analysis of the flue gas indicated 
that all chlorine was converted to HCl, resulting in 400 ppm HCl 
by volume. It should be noted, however, that corrosion could be 
caused by the presence of chlorine gas. The assumption that 
Figure 314 is an illustration of the effect of HCl gas is there
fore dependent upon Kear's conclusion that all chlorine is con
verted to HCl in the burner flame. The 503, or H2 S01+, content of 
this gas was reported as 36 ppm. The temperature at which the 
corrosion rate- accelerates corresponds to the water dew point of 
the synthetic flue gas, which is about 7% by volume water vapor. 
When the metal surface temperature is above the water dew point, 
the presence of HCl has no effect on .corrosion, but it can be 
seen from Figure 314 that drastic increases in corrosion occur 
due to HCI a·~ the metal ·surface falls below the water dew· point. 
The corrosion probe was exposed for a 30-minute period in.each 
experiment. 

Data obtained by Piper and Van Vliet 315 confirm Kear's re
sults. Piper's data were obtained by exposing metal condensers, 
which could be cooled to selected temperatures, to flue gas pro
duced from burning a 0.066% chloride coal. Analysis of the flue 
gas showed that HCl concentrations ranged from 16 to 82 ppm, and 
the sulfuric acid vapor concentration averaged 30 ppm. The re
lative rates of corrosion of low_ alloy steel s~ecimens maintained 
at 71, 60, 46, and .30°C (161, 141, 115, and 87 F) for 2-month 

· exposti±·es were 1., 1,, 3, and 66, respectively. The water dew 
point.of the flue gas during the exposure period ranged from 
32 to 40°C· (91 to 104°F) It is thus apparent···that the·rate of 
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Sulfur in 
coal 

% 

0.8 

1. 2 

1. 8 

TABLE 51. SULFUR AND CHLORINE CONCENTRATIONS 
IN FLUE GAS (from Halstead) 320 

Chlorine in Sulfur compounds a Chlor.::..ne compounds a 
coal in flue gas ir. flue gas 

% vol f>pm vol ppm 

0.8 750 680 

0.4 1100 340 

0.07 1700 60 

a. Calculated by assuming complete volatilization of all sulfur 
and chlorine in coal and one atom of sulfur or chlorine present 
in each gas molecule. 
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attack greatly accelerated below the water dew point. This cor
rosion is a result of both H2S04 and HCl, but the importance of 
the effect of HCl is indicated by the fact that at. the water 
dew point, the chemical equivalents of chloride exceeded those 
of sulphate. Another important observation of the Piper study 
was that a vitreous enamel coating on Cor-Ten, which was used 
in a pilot-plant air preheater, was considerably attacked at 
temperatures below the water dew point. 

Since high resistivity fly ash usually occurs in the absence 
of sulfuric acid vapor, it is of interest to consider such a 
situation in which appreciable concentrations of HCl exist. Piper 
analyzed the vapor-liquid equilibria data for the system HC1-H 2o, 
and concluded that, with an HCl vapor concentra:.i")nof 82.pprn, 
the hydrochloric acid dew point w6uld be 3;9°C (39°F) above the 
water dew point. A similar analysis of the water-502 system in
dicated that the sulfurous acid dew point, for a stack gas with 
about 1900 ppm S02 and typical water vapor concentrations, would 
be the same as the water dew point. 

FOULING OF LOW TEMPER.Ji.TURE SURFACES 

Deposit formation, or fouling, in air heater elements is a 
combination of chemical and physical processes. At 600 to 700°F, 
which is the range of temperature normally encountered at the hot 
end of regenerative air ·heaters, the saturation partial pressure 
of the mineral components of fly ash is extremely low. Thus 
deposit formation in this region is not a result of condensation 
from the vapor phase, but is instead a mechanical process in which 
slag and refractory material are carried by the flue gas into the 
air heater elements. These particles can lodge within the passages 
of hot end elements and thereby accumulate additional deposits of 
finer dust particles. 322 Procedures are reported in the literature 
for removing such deposits. 

If the flue gas contai~ appreciable amounts of H2S0 4 , corrosion 
and deposit buildu~ will occur simultaneously in the cooler regions 
of the air heater. 23 The following reaction will occur on steel 
surfaces which are below the H 2 S0 4 dew point. 

The ferrous sulfate can then oxidize to form ferric sulfate. 

An extensive study of regenerative air heater deposits by the 
Bureau of Mines 324 found that deposits built up in thickness at 
the cold end of the air heater, and that this area was the prin
cipal region of corrosion and destruction of the element. All 
deposits found in this area exhibited the following characteristics: 
partial solubility in water, presence of sulfates, and acidity. 
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The solubilities in water of these deposits varied over a wide 
range--13 to 98%. Deposits with highest solubilities were found 
on.preheater test plates which were most severely attacked by 
acid. Some of the variations in deposit solubility were attri
buted to variations in the ability of the deposits to trap fly 
ash. 

Reaction of the ferrous and ferric salts formed during cor
rosion with alkaline compounds sometimes used in washing air heaters 
can produce compounds that will result in additional fouling. 
Ferric sulfate, for example, can undergo the following reactions. 323 

Fe2 (SOi.) 3 + 3Ca (OH) 2 (lime) + 2Fe (OH) 3 -r 3CaSOi. 

Fe2(SOi.) 3 + 6NaOH + 2Fe(OH) 3 + 3Na 2SOi. 

Fe2(S01+) 3 + 3Na2C03(Soda ash) + 3H20 + 2Fe(OH) 3 + 3Na2SOi. 

+ 3C02 

The Fe(OH) 3 (ferric hydroxide) is undesirable because it is a 
sticky, gelatinous precipitate which can cause severe fouling. 
The above reactions. indicate that, in washing air heater elements 
or tubes# removing the soluble sulfates with a neutral water wash 
is desirable prior to a caustic wash. 

It is important to note that deposit formation can occur in 
air heater elements in the absence of significant amounts of H2SOi.. 
Chemical analysis of deposits from air heaters installed in some 
lignite-burnin~ wower stations has revealed no chemical evidence 
of deposition. 2 In one instance, moisture from steam cleaning 
action was fo~d to be responsible. for trapping ash deposits. De
posits formed in this manner are similar to cement and very difficult 
to remove. 

In.the absence of moisture and acid condensate problems, the 
nature of the fouling mechanisms discussed herein suggests that 
lowered cold end temperature would not result in increased deposit 
formation. 

LABORATORY CORROSION STUDIES 319 

Samples of fly ash were obtained for corrosion studies from 
the .precipitator hoppers of two plants with high dust resistivity 
problems. These ash samples have widely different soluble base 
contents, as can.be seen from Table 52. Sulfur contents of the 
coal burned in the two plants range from 0.6 to 1.0%. Laboratory 
experiments were. conducted to determine whether deposited layers 
of these ashes exhibit differing capabilities for neutralizing 
acid and inhibiting corrosion. 
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TAl3LE 52. FLY ASH PROPERTIES 

Soluble Soluble base Mass median 
pH of sulfate as Cao particle 

suspension wt % meg/9: wt % diameter, µ 

Neutral (from Plant 1) 

As received 6.70 0.31 0 0 38 
Following experiment 1. 69 23.4 0 0 

.....J (Experiment 
w 4 I Table 6. 4) 
N 

Basic (from Plant 6) 

As received 12.25 1. 2 2.7 7.6 18 
Following experiment 8.72 23.l Not deter- -
(Experiment 3, 'I' able 6. 4) mined 



. .A scJ:iema~ic diagram of the apparatus used for the experiments 
is given in Figure 315, and the data obtained are presented in Tables 
52 and 53. The corrosion specimen was a 2.54 cm (1 in.) diameter 
mild steel disc, and the amount of corrosion occurring as a result 
of exposure to HzS04 was determined by measuring the weight loss. 

The experiments in Table 53 can be divided into two groups. 
In Experiments 1 through 4, the acid condensation rate on the disc 
was relatively low, but high condensation rates were achieved in 
Experiments 5 through 10 by increasing the strength of oleum used 
as an S03 vapor source and by lowering the temperature of the 
water bath. Water vapor concentrations of 2 - 2.5% by volume were 
provided by the water spargers. Since the air st~eams bearing 
H20 and S03 vapor mix in the heated glass "T", a saturated mixture 
of air and H2SQ4 is formed, and the condensation rate will depend 
on the temperature of the condensing surface and the concentration 
of H2S04 in the gas phase. For both sets of experimental con
~itions, an examination of the corrosion rates (meq basis) and 
acid deposition rates in Table 53 shows thatan excess of acid 
was present with respect to the amount of iron corroded in all 
experiments. 

For the experiments with fly ash, the ash was deposited in 
the sample container in such a manner that the disc was covered 
to a thickness of approximately 0.2 mm. Acid did not sufficiently 
penetrate the ash to reach the underside of the disc in Experiments 
3 and 4, and the penetration rates were calculated on the basis of 
one side only. Corrosion was observed on both sides in all other 
experiments; therefore, the total area of both disc surfaces was 
used as a basis of calculation. 

A comparison of data from Experiment 3 with those from Ex
periment 4 indicates that the basic fly ash was more effective in 
reducing corrosion than the neutral ash. The equilibrium pH values 
of the ash samples prior to and following these experiments are 
given in Table 52. As would be expected, the neutral ash slurry 
is much more acidic than that of the basic ash after both have 
experienced. an equivalent sulfate gain due to H2S04 condensation. 
The fact that the basic ash produced a pH greater than 7 following 
the experiment shows that it was capable of neutralizing all of 

··the condensed acid. Complete neutralization did not occur. until 
the acid-ash mixture was slurried in water, however, as evidenced 
by the measurable degree of corrosion which occurred in Experiment 
3. 

~or the experiments with low acid condensation rates, both 
the neutral and basic ash deposits reduced the weight loss rate of 
the disc, but the penetration rate calculated for Experiment 4 
(neutral ash) is not significantly different from those of Ex
periments 1 and 2 (no ash). These results .are to be expected, 
since the neutral character of the mat.erial from Plant 1 indicates 
that any corrosion inhibiting value which it exhibits is likely 
to be the result of physical rather than chemical factors. 
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'l'ABf.E 53. CQHHOSION RATE EXPERIMENTS 

ll2SO, II 2 SO, H2SO~ 
Vapor Condensate 'l'emporature, oc ( o F) Condensate Reacting 

Experiment Genera t.or, Duration Composition Water Disc Rate Ap7arent Corrosion nate Ash With Disc 
No. % Acid Used II r \vt % 112§0· Ga$ Bath Surfac·e meg/hr I.ayer Wt % 

-~--

~ hr meg/hrb mils/yr 

1 104 2.0 56 195 ( 38 3) 25 (78) 1. 05 0.056 46 None 

2 104 1. 9 52 193 (379) 29 (84) 1. 3 0.90 0.048 39 None 3.7 

3 104 2.1 198 ( 388) 26 ( 79) 1. 5 0.20 0. 011 17a Basic 0.7 

4 l 04 2.0 212 ( 412) 26 (79) 1. 6 0.40 0.022 34a Neutral 1.4 

5 107 1. 0 36 176 ( 34 9) 2.8 (37) 32 ( 90) 5. 0 32 1. 7 1400 None 34 

-.J 6 107 1. 0 40 190 (374) 3.9 w (39) 25 (77) 6.0 32 1. 7 1400 None 28 
lTl 

7 107 1. 0 198 (388) 2.8 (37) 35 (95) 10.l 18 0.97 790 Basic 10 

8 107 1. 0 200 ( 392) 2.8 (37) 30 ( 86) 8.6 17 0.91 740 Basic 11 

9 l 07 1. 0 199 ( 390) 2.2 (]6) 30 (86) 12.4 53 2.8 2300 Neutral 23 

l 0 1,07 1. 0 198 (388) 3.9 (39) n < 0 i l 12.4 41 2. 2 1800 Neutral 18 

a. Based Orj exposure of one side of disc to acid rather than both sides as in all other runs. 

b. Assuming formation of Fe2 (SO,) 3. 



High corrosion rates were obtained in Experiments 5 through 
10 due to increased acid condensation rates and decreased conden
sate composition. The high percentage of H2S04 reacting with the 
disc in these experiments is an indication of the greater corrosive
ness of acid in the 36 - 40 wt % range. Some difficulty was en
countered in maintaining constant experimental conditions, as 
indicated by variations in the disc surface temperatures and the 
acid condensation rate~~ Once again, the data suggest that the 
neutral ash has little corrosion inhibiting value, but signifi
cantly lower corrosion rates were obtained with the basic ash. 
In contrast to the conditions of Experiment 3, an excess of acid 
was present with respect to the base content of the ash layer for 
Experiments 7 and 8. If it is assumed that the same amount of 
base reacts per unit weight of basic ash in bot~ sets of experi
ments, it can be shown that less than 30% of the condensing acid 
could have been neutralized in Experiments 7 and 8. The principa_ 
mechanism by which corrosion rates were reduced in Experiments 7 
and 8 appeared to be the formation of a cement-like 'deposit which 
reduced the amount of acid reaching the metal surface. Such de
posits would be likely to cause plugging of air -heater elements 
in plant operation. 

Generalizations concerning the direct effect of basic and 
neutral fly ashes on corrosion rates from these experiments are 
hazardous because of the complex nature of the corrosion process. 
However, it is possible to draw some conclusions regarding the 
interaction of the fly ash with condensing acid. 

The reduced corrosion rate obtained in Experiment 3 indicates 
that the basic fly ash from Plant 6 neutralized a major portion 
of the acid as it condensed. This is an important observ~tion 
because the data-obtained has revealed the presence of unreacted 
acid on the surface of fly ash containing amounts of water soluble 
base substantially in excess of the apparent surface acidity. Thus, 
basic ash deposited on metal surfaces could conceivably present an 
acidic, and hence corrosive, environment to a metal surface and 
exhibit little or no neutralizing capability. A layer of CaS04, 
formed by reaction between H2S0 4 and CaO, apparently can prevent 
the underlying soluble base from being utilized. The ash from 
Plant 6 contained appreciable sulfate when received from the pre
cipitator hoppe~s (1.2%), but the experimental data presented here 
indicate that the sulfate did not present an impermeable barrier 
to the liquid condensate. 

The neutral ash from Plant 1 would not be expected to pro
vide a significant degree of protection from condensing acid, and 
the experimental data tend to confirm this. However, even a 
neutral ash can reduce the amount of acid available for corrosion 
in a flue gas by adsorbing S0 3 • The small amount of sulfate (0.31%) 
present on the ash from Plant 1 when received indicates that some 
adsorption of S03 at high temperatures occurred. The operatin~ 
temperature of the precipitator at Plant 1 is about 160°C (320 F), 
which is well above the H2S04 dew point. 
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In conclusion, then, the data from these experiments indicate 
that a basic ash such as that from Plant 6 can be of significant 
value in neutralizing condensed acid and reducing air heater cor
rosion rates. However, in the presence of an excess of condensing 
acid, serious deposit formation problems could be expected. The 
neutral ash was of lit~le or no apparent value in reducing corrosion 
rates, but it exhibited a lesser tendency to form cement-like 
deposits than did the basic material. The most important benefit 
to be expected from the presence of a basic fly ash from the stand
point of corrosion is the consumption of S0 3 by the basic material 
in the high temperature region prior to the air heater. Unfortt:nately, 
this also creates a high resistivity problem for precipitators op
erating in the 148°C (300°F) range. 

SUMMARY OF FIELD EXPERIENCE AND PLANT DATA 292 

Table 54 is a compilation of available data from a number of 
power plants concerning fly ash, flue gas and coal composition, and 
fly ash resistivity. The data reported in this table were either 
obtained by SoRI personnel under Contracts CPA 70-149 and CPA 70-166 
sponsored by the U.S. Environmental Protection Agency or made avail
able to SoRI by the utility companies. 

Of all the plants listed in Table 54, only Plants 10 and 9 
have experienced significant air heater corrosion problems. As the 
following discussion will indicate, the factors that result in 
high resistivity fly ash usually indicate that no corrosion pro
blems are to be expected. 

The ash samples for which analyses are given in Table 54 were 
either collected from the precipitator hoppers or obtained with a 
resistivity apparatus at the precipitator inlet. The values of 
pH and free acid obtained in a 95% ethanol slurry, which are given 
for selected samples, are an indiation of acid present on the sur
face of the ash. Samples which show an acidic pH in 95% ethanol 
generally exhibit a minimum pH in water, followed by a rise to a 
basic equilibrium value as the water soluble base is dissolved. 
The presence of significant amounts of unreacted acid on the ash 
surface is thought to be an indication that the fly ash has been 
"conditi.aned" by sulfuric acid. 

Data for S0 2 - S0 3 were obtained by SoRI personnel using 
orocedures described elsewhere. 319 Resistivity data were also 
obtained by SoRI using either a point-plane or cyclone resistivity 
apparatus, with the exceptions of Plants 6 and 11. For these two 
plants, the data were given to SoRI by the operating utilities. 

Plant 6 has successfully overcome a high dust resistivity 
problem by lowering the precipitator operating temperature to 
about 104°C (220°F) at full load. An inspection of the low temper
ature zone of this installation was conducted while the unit was 
off the line for routine maintenance. This plant had nine months 
of operation with low gas temperatures. 
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Tl\BLE 5,1. PROPERTIF:S OF FJ,UE Gl\S /\ND f'LY J\SH 
FOR VARIOUS COAL-FIRED BOILERS 

Fly J\sh Ana 1 _ys i~-------- rlue Gas l\nulysis 
Coal Analysis Water Slurry Ethansil Slurry Precipilator Inlet 

(Dry Basis) Sol base Free acid (Wet Bas TS) 
Plant Sulfur J\sh as Cao Sol so, as 112 so., S02 112 so" vapor 112 0 :Iypica 1 Fly /\sh Resistivity 

Designation % % __r!!_ % % _e!!_ % vol ppm vol ppm vol % n-cm temp c ("Ff 

6 0.7- 8.5 12.2 7. 6 1. 2 >9.1 0 10.7 1. 9 x 101 I 150 ( 302) 
1. 0 1. 0 x 10 ·I 0. 104 ( 220) 

1 0.6 12 8.2 Negligible 0.23 4.6 0.008 375 <1 7.7 1. 9 x 10 l 2 160 (320) 

2a 0.5 5.9 11.1 2.10 l. 50 8.1 0 387 <l 8.9 3.8 x 10 I 2 135 ( 27 5) 

11 0.5 15-25 11. 2 1. 50 0.17 4. 5 x 10 I I 110 ( 230) 

-...) 
8-3a 0.5 8.6 9.4 0.35 0.77 365 <l 7.7 1. 0 x 1012 154 ( 309) 

w 
00 

5 0.95- 15.8- 9.4 0.19 o. 41- 610- 0.8- 7.0 3 1011 _ i24-(256-) x 
1. 90 16.0 0.47 1030 4.4 1. 5 x 10 I 2 160 (319) 

7a 2.1 21. 9 5.1 0 Q.36 1650 8.7 5.7 1. 0 x 10 I 2 160 (319) 
2.0 x 1011 149 ( 300) 

4 3.6 16.4 11.0 1. 65 o. 77 3.8 0.037 2680 15 8.0 1. 0 x 1010 142 ( 287) 

9a,b -3.5 -14 9.8 0.35 1.15 3.9 0.088 1.0 x 10 9 143 (290) 

lOa,b 3.2 11. 2 6.4 0 0.40 4. 4 0.02 

a. Precipitator preceded by mechanical collector. 

b. Corrosion of air heater has occurred. 



The areas examined for evidence of corrosion were the cold 
and intermediate zones of the air heater elements, the plates and 
wires in.t~e precipitator, and the sides of the duct encompassing 
the prec1p1tator assembly- No evidence of corrosion was found in 
the air heater elements. Thin deposits were noted in some areas 
of the cold-end elements, but these were insufficient to cause 
measurable draft losses. Minor corrosion was observed on the 
perforated plate distributors at the precipitator inlet. The 
rusted areas corresponded to regions of low gas velocity caused 
by duct geometry_ The only significant corrosion in the entire 
assembly was found on the under side of the top plate of the 
precipitator housing. The top side of this plate is exposed to 
streams of low temperature bleed air from the pla~t exterior, 
and it is probable that temperatures below the wa~er dew point 
were reached. The purpose of the bleed air is to maintain a 
positive pressure for prevention of dust buildup on the rapper 
bushings. 

There as no direct measurement of 50 3 at Plant 6, but mea
surements from Plant 2, which uses a similar fuel, show that 50 3 

levels above and below the air heater are less than 1 ppm. The 
soluble sulfate content of fly ash taken from the preci~itator 
hoppers of Plant 6, if a dust concentration of 3.4 gm/m (1.5 
gr/ft 3

) is assumed, is equivalent to an 50 3 concentration of 10 
ppm. It is possible, however, that a 'portion of the sulfate 
originated from oxidation of 50 2 on the ash surface rather than 
from 50 3 in the bulk gas phase. Figure 303 shows that the dew 
point of a flue gas with 10 ppm S0 3 and 10.7% water vapor is 
estimated as 135°C (275°F). The minimum cold end average 
temperature of the air heater at Plant 6 is 60°C (140°F). It 
is therefore probable that some acid condensation, and possibly 
corrosion, would have occurred if the basic ash had not been 
present to combine with the 50 3 in the high temperature zone 
prior to the air heater, thus preventing the formation of H2S04 
vapor in the air heater region. Furthermore, the data in Tables 
52 and 53 and the lack of surface acidity indicated in Table 54 
show that any H2 S04 which may form in the air heater region is 
likely to be neutralized. 

In view of the known dependence of fly ash resistivity on 
temperature and the presence of H 2 SOr; on the fly ash surface, 
the hypothesis of negligible H2 S04 in the low temperature zone 
at Plant 6 may seem inconsistent with the decrease in resistivity 
with temperature which occurs at this installation. This apparent 
inconsistency can be qualitatively resolved by attributing the 
resistivity behavior to increasing adsorption of water vapor on 
the fly ash surface with decreasing te.~perature. It is also 
possible that oxidation of 50 2 to S03 occurs on the ash surface, 
and provides surface H 2 so~ for conditioning for a brief time 
period, after which the acid is.-neutralized. The following re
action sequence may be used to represent this hypothesis. 
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503 (g) + H20(g) -+ H2S04 (g) ..;--+ H2S04 (1) 

H2S04(g or 1) + CaO(s) -+ CaSQ4(S) + H20(g) 

Thus, by adsorption of. water and/or surface formation of 80 3, it 
is possible to explain the lowering of resistivity with decreasing 
temperature in the absence of appreciable S03 concentrations in 
the bulk gas phase. 

Plant 11 and Plant 10 are the other plants listed in Table 
54 with lowered cold-end temperatures. Plant 11 ')perates· with 
a low sulfur coal which produced a highly basic fly ash with a 
high resistivity. No corrosion problems have been experienced at 
this installation, as would be expected. Precipitator inlet 
temperatures range from 110-122°C (230-253°F). 

Plant 10 has operated with precipitator inlet temperatures 
from 108-118°C (228-246°F). Excessive deterioration of air heater 
cold end elements occurred wh0n gas temperatu~es were lowered to 
108°C (228°F), and as a result, operating temperature has now been 
raised to ll7-118°C (243-246°F). The reason for lowering the exit 
temperature was said to be a desire to increase boiler efficiency 
rather than a need to lower fly ash resistivity. Fly ash and coal 
samples supplied to SoRI were analyzed and are reported in Table 
540 However, the sulfur content of the coal normally used was 
reported by the utility to be 1.2-1.35%. Analysis of the fly ash 
indicates a neutral ash similar to that from Plant 1, and little 
or no acid neutralizing ability would be expected. The low sulfate 
content indicates that, in spite of the high sulfur content of the 
coal and the relatively low temperature at which the ash was col
lected, a comparatively small amount of H2S04 is collected by the 
ash. From the ash content of the coal, the mass loading at Plant 
10 is estimated, prior to the mechanical collector, as 6.9 gm/scm 
(3 gr/scf), 326 and the sulfate content of the fly ash is equivalent 
to only 6.4 ppm H2S04. It is therefore probable that most of the 
H2S04 formed from the combustion of this relatively high sulfur 
coal remained in the gas phase and was available for condensation. 

Although there are no resistivity measurements from Plant 10, 
it is possible to infer from the coal and fly ash analysis that 
a low resistivity fly ash (significantly less than 2 x 10 10 n-cm) 
is probable at this installation at the precipitator operating 
temperatures. It has been shown from studies of H 2 SO~ conditioning 
under EPA Contract CPA 70-149 at Plant 1 that a sulfate gain of only 
0.1-0.2% due to adsorption or condensation of H 2 SO~ is sufficient 
to lower resistivity by two orders of magnitude for a neutral fly 
ash.325a . 

Plants 9 and 4 normally operate with a high sulfur coal, and 
typical air heater exit temperatures for both units range from 

740 



135-140°C (275-2~5°F). These plants have low fly ash resistivities 
at normal operating temperatures, and at times the resistivity value 
a~ Plant 4 has.been too low for proper precipitator operation with 
high gas velocity. The cold-end portion of the air heaters at 
both of these installations operates below the acid dew point, but 
the corrosion experience has been somewhat different. Plant 4 has 
an average cold-end temperature of about 93°C (200°F), and Figure 
303 shows that most of the H2 SOi. vapor is available for condensation 
at this temperature. Furthermore, measurements of 50 3 before and 
after the air heater have indicated, on at least one occasion, a 
significant drop in S0 3 concentration across the heater. It is 
therefore probable that significant amounts of H 2 SO~ are condensed, 
either on the ash in the cool boundary layer adja~~nt to the metal 
surface, or on the metal surface itself. In spite of this fact, 
the cold-end baskets (made of low-alloy steel) have been in servicr 
for at least ten years at Plant 4 without requiring replacement. 
Table 54 shows that the fly ash at this unit is highly basic, and 
would be expected to have significant acid neutralizing ability. 
However, the presence of surface acidity, as indicated by data 
obtained in a 95% ethanol slurry, suggests that a sulfate layer 
on the ash is preventing a portion of the water soluble base from 
being utilized. 

Plant 9 has required some replacement of cold-end air heater 
elements, but not at an excessive rate. The data in Table 54 
indicate that the fly ash from Plant 9 is less basic than that 
from Plant 4, but the presence of a mechanical collector at Plant 
9 makes a direct comparison of the two fly ash analyses difficult 
because of the difference in particle size distribution. It is, 
however, reasonable to conclude that without the presence of the 
basic fly ashes at both installations, corrosion would have been 
more severe. 

Plant 7 operates at high air heater exit temperatures with 
an intermediate sulfur coal. The resistivity values indicated 
in Table 54 for this plant would be classified as high, but the 
near-neutral character of the ash, together with the presence of 
appreciable concentrations of H2 SOi. vapor in the gas pnase and 

.,the slope of the resistivity temperature curve, suggest that 
· acceptable resistivity values would occur at about 137°C (280°F). 

With an 26°C (80°F) inlet air side temperature, this would give 
a cold-end average of 82°C (180°F) for the air heater. The Air 
Preheater Company's cold-end temperature and material selection 
guide gives a suggested minimum average cold-end temperature of 
about 71°C (160°F) for a coal of 2.1% sulfur content and corrosion
resistant, low-'alloy steel cold end elements. 327 Some degree of 
corrosion may occur because the cold-end metal temperatures fall 
appreciably below the acid dew point, and because the neutral ash 
at Plant 7 could be expected to have no significant acid neutralizing 
ability. However, the experience of the Air Preheater Company as 
represented by their materials and temperature guide, and the lack 
of excessive H2SO~ vapor concentrations found at 148-160°C (300-320°F) 
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are indications that a severe co~rosion problem should not occur 
at Plant 7 with the presently used fuel lf air heater exit tem
peratures as low as 137°C (280°F) were employed. 

The corrosion experience of Plant 5 (Unit 1)- is of interest 
because the average air heater exit temperature· is ·about 126°C ·.> · · 

(260°F). Sulfur content of the coal normarly bux:ned at this unit 
is approximately 1%, and a typical dust· load would be 8.5 gm/scrn ·
(3. 7 gr/scf). Coal composition varied during the time period in 
which resistivity data were taken, and possibly as a result, the 
resistivity data show considerable scatter and no strong vari'ation 
with temperature. Nonetheless, the relatively high resistivity 
values are to be expected on the basis of the co~:. sulfur content 
and the moderately basic character of the fly ash. No corrosion 
problems have occurred at this unit, and none would be expected 
with the relatively low H2S0 4 vapor concentrations which were 
measured. 

Plants 8-3 and 2 are typical of ·installations burning very 
low sulfur coal; that is, no appreciable H 2 SO~ vapor concentrations 
are found in the bulk gas phase, the fly ash produces a basic water 
slurry, and the resistivity is unfavorably high in the normal oper
ating temperature range of 135-148°C (275-300°F). 

If the design of these plants were such that operation in the 
l04-115°C (220-240°F) range were possible, no corrosion problems 
would be expected because of the absence of H2S04 vapor. Unfor
tunately, there is not a sufficient quantitative knowledge of the 
relationship between resistivity and temperature to predict with 
confidence that low temperature operation at these installations 
would produce resistivity below the critical value of 2 x 10 10 Q-crn. 
The fact that the flue gas water concentrations at Plants 2 and 8-3 
are about 30% ~ower than that at Plant 6 is an unfavorable condition 
for achieving lowered resistivity. However, the fly ashes from 
Plants 2 and 8-3, and in particular, that from Plant 8-3, are less 
basic than the ash produced at Plant 6. Data obtained under Con
tract CPA 70-149 indicate that a highly basic ash requires a 
greater gain of H2S04, either by condensation or adsorption, to 
lower resistivity than does a neutral ash. Thus, if lowering of 
resistivity is due to the combined effects of water adsorption and 
the formation of S03 on a fly ash surface discussed earlier, it 
could be argued that the resistivity of the extremely basic ash 
of Plant 6 would show less sensitivity to decreasing temperature 
than the fly ash at Plants 2 and 8-3. Since the variables of ash 
composition and flue gas water concentrations indicate opposing 
effects when comparing Plant 6 with Plants 2 and 8-3, it would 
be hazardous to equate the resistivity-temperature experience of 
Plant 6 with the other two installations. 

METHODS OF ASSESSING CORROSION TENDENCIES OF FLUE GASES 

Introduction 
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A comprehensive discussion of methods developed in England 
~or ~sses~ing the corrosion and fouling potential of flue gases 
1~ ~iven in a bulletin entitled, "Testing Techniques for Deter
mining the Corrosive and Fouling Tendencies of Boiler Flue Gases" 
published by the Boiler Availability Committee. 318 The following 
di~cussion is a brief summary of the purpose and method of oper
ation of those procedures which relate to low temperature corrosion 
and fouling. 

Corrosion Probes 

The purpose of corrosion probes is to measure the amount of 
corrosion produced by acid condensed on metal s~~~aces in a flue 
gas environment. These probes provide a means of supporting a 
prepared metal test specimen in flue gas streams at a selected 
temperature. The BCURA probe is an air-cooled device in which 
the surface temperature of the test specimen is monitored with a 
thermocouple brazed to the body of the probe. Exposure periods 
·of 15-30 minutes are recommended, and the amount of corrosion is 
determined by measuring weight loss of the specimen. 

Probes designed for short term experiments are of value for 
comparing relative effects of variations in operating parameters, 
such as temperature and fuel composition. However, for prediction 
of actual corrosion rates over extended periods, long term tests 
of 100 hours or more are desirable. A liquid-cooled probe has 
been designed by the Sheel Petroleum Company, Ltd., for such ex
tended experiments. 328 

Acid Deposition Probes 

An indirect measurement of the rate of acid deposition on a 
cooled surface is given by the BCURA dew point meter, which has 
been described previously. Since the conductivity readings of 
the dew point meter can be influenced by substances other than 
sulfuric acid, it is of interest to consider a direct means of 
measuring acid.deposition rates. 

Alexander 329 has described an air-cooled deposition probe 
which accomplishes this purpose. The probe consists of an- air
cooled, one-inch diameter stainless steel tube in which the cooling 

·air passes through the tube and discharges into the flue gas. The 
amount of acid depositing on test areas of the probe, the surface 
temperature of which is known, is determined by analysis of de
posits obtained from the test surfaces. 

Gas And Ash Analysis 

An analysis of flue gas for S03, 802, H20, and dust loading, 
along with analysis of the fly ash for soluble components, is 
necessary for a qualitative assessment of the flue gas corrosion 
potential. Procedures used by SoRI for these analyses are described·
in the final report from Contract CPA 70-149. 319 
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SUMMARY AND CONCLUSIONS 

It has been established that. ·the principal cause of corrosion 
in the low temperature zone of power plant exhaust systems is 
condensation of sulfuric acid, either directly onto metal sur
faces or onto fly ash particles which subsequently come in contact 
with the metal. Other acids, in particular h~drochloric acid, can 
be responsible for corrosion at temperatures approaching the water 
dew point of flue gas, but such temperatures are not normally en
countered. 

Fouling in the low temperature zone of air heaters is primarily 
caused by reaction of sulfuric acid with fly as~ ~nd the metal 
surfaces of the heat exchanger. A basic fly ash =an neutralize 
appreciable quantities of S0 3 upstream from the air heater region 
but laboratory experiments suggest that reactiori pf highly basic 
fly ashes with high concentrations of ··H2 so .. ··ii( the low temperature 
zone can result in problems with deposit formation. This conclusion 
is supported by the experience 0£ the Central Electricity Generating 
Board of England, in which medium sulfur coals with alkaline ashes 
have produced fouling, 330 but little air heater wastage accompanied 
the deposit formation. It is also possible to have deposit for
mation in the low temperature zone in the absence of sulfuric acid 
if excessive moisture from steam leaks or soot blowing is present. 

Severe corrosion and fouling problems in regenerative air 
heaters are associated with the temperature at which peak rates 
in acid deposition occur. These peak rates often are not observed 
with coal firing due to the presence of fly ash, but in any case, 
the existence of such a peak is a manifestation of relatively 
high concentrations of free H2S0 4 vapor. Thus, the resistivity 
of fly ash, due to the presence of excessive H2S01+, would be ex
pected to be lower than desirable for proper precipitator operation 
with high gas velocity under these conditions. Resistivity data 
taken at plants burning high sulfur coals with alkaline fly ashes 
have demonstrated that resistivity values below the _critical 2 x 
10 10 ~-cm are obtained at temperatures above 137°C (280°F). There
fore, lowering precipitator operating temperatures is neither 
necessary nor desirable for the case of high sulfur coals, which 
produce relatively high concentrations of H2 S01+ vapor. 

An analysis of the factors which cause corrosion, and the 
operating experience of at least two power plants, have demonstrated 
that low temperature operation of precipitators [104-121°C (220-
2500F) 1 will not cause low temperature corrosion and fouling pro
blems with a flue gas containing a basic fly ash and no appreciable 
concentrations of sulfuric acid vapor. The occurrence of corrosion 
and high fly ash resistivity thus tend to be mutually exclusive 
phenomena. A possible exception to the rule would be a stack gas 
with high (over 100 ppm) HCl concentration. 

For the case of a plant burning a low to medium sulfur coal 
which produces a near-neutral, high resistivity ash at approximately 
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148°C (300°F) and low concentrations of H2 SOq vapor, the occurrence 
of some degree of corrosion as a result of lowered cold-end tem
peratures cannot be rigorously excluded. However, data obtained 
have shown that amounts of sulfuric acid sufficient to "condition" 
a neutral ash can be adsorbed at temperatures well above the 
sulfuric acid dew point. 319 It is therefore probable that an 
acceptable fly ash resistivity could be obtained at a teniperature 
sufficiently high to avoid appreciable condensation of sulfuric 
acid on the cold-end elements of an air preheater. A quantitative 
evaluation of resistivity and corrosion under such circumstances 
would require fly ash resistivity data and relative corrosion rates 
(obtained with a corrosion probe such as described earlie~) as a 
function of temperature in the flue gas. 
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