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ABSTRACT 

This work involves utilization of an established computer code to 

determine the potential of electrostatic precipitator designs to 

remove fine particles from the exhaust stream of an experimental high 

temperature coal fired MHD power generation system. Properties of the 

particulate and exhaust gas are discussed. Relationships of precipi 

tator size to performance for different values of precipitator plate 

spacing, particle size distribution, and electrical operating con 

ditions are determined. These are evaluated to determine the precipi 

tator size required to meet New Source Performance Standards in each 

case. 

The electrical operating conditions are predicted to have the 

most significant effect on performance. This is due to a low par 

ticulate layer resistivity and a phenomenon called ion quench related 

to the particle load and distribution. Precipitator size requirements 

ranging in SCA from 300 to 450 ft^/10^ acfm are predicted primarily as 

a result of possible variations concerning electrical conditions. 

The results of this study are applicable not only to coal fired 

MHD topping cycle systems but also to other processes (coal burning or 

otherwise) in which the effluent contains high loading of particles 

with layer resistivity in the range of 10^ to 10^ ohm-cm, particular 

ly where a portion of these particles are submicron in size. 
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I. INTRODUCTION 

In an era of dwindling supply of available energy, accompanied by 

the degradation of earth's environment, more efficient use of our 

natural resources is essential. One method which shows promise for 

improving utilization of our coal resource is adaptation of the mag-

netohydrodynamic (MHD) generator to coal fired power production. 

The advantages of successfully implementing an MHD process in 

combination with a coal fired electrical power plant are unquestion 

able [1]. The efficiency (i.e., overall thermodynamic efficiency) of 

the modern plant is, as in other power cycle devices, limited by the 

maximum temperature at which heat is input to the process. Over the 

years, transition to the use of pulverized coal and better combustor 

designs have raised obtainable furnace temperatures to the point that 

the maximum temperature is limited by the other properties of the 

equipment, in particular, the maximum temperatures that can be 

withstood by heat transfer surface materials. 

An MHD generator can increase the cycle efficiency of coal fired 

steam facilities by taking the hot gases from coal burned at nearer 

optimum conditions, removing work in the form of electrical power and 

passing this effluent to the boiler at an energy state compatible with 

efficient steam production. 

By injecting a seed material, usually a salt of potassium or 

cesium into the combustor, ionization is induced in the hot combustion 



gases [2]. The resulting plasma is a conducting medium which, when 

passed through a magnetic field, generates electrical power directly. 

The MHD topping process as it is called, however, produces some 

special problems for the downstream components designer. One of the 

major obstacles relates to the need to recover the seed material from 

the ejdiaust stream and the necessity of meeting environmental stan 

dards. Tlie addition of the seed to the combustion of a very finely 

pulverized coal produces, at downstream stations, an effluent con 

taining a high quantity of particulates, a significant portion of 

which are in a submicron size range and are difficult to remove from 

the stream. 

The electrical properties of these particulates suggest electro 

static precipitation may be the method of choice for removing them. 

The principal advantage of an electrostatic precipitator, or ESP, is 

that very little pressure drop is usually incurred across the length 

of the equipment. While an ESP designed to perform comparably to a 

ba^ouse filter method of particulate removal applicable to the same 

process will usually require greater capital outlay, operating costs 

of a well designed precipitator will sometimes be low enou^ to make 

it economically attractive. 

Currently, research is in progress at UTSI to determine whether 

an ESP is suitable to meet MHD system requirements. "Hie studies are 

being conducted at the Coal Fired Flow Facility (CFFF), an experimen 

tal MHD facility located at The University of Tennessee Space 



Institute (UTSI), Tullahoma, Tennessee. The work is being conducted 

by the Energy Conversion Research and Development Programs (EC?) 

organization at UTSI and with funding from the United States Depart 

ment of Energy. 

The objective of the computations described in the sections that 

follow has been to provide information to support and define the 

selection of a pilot model ESP for the CFFF and to point out several 

critical areas of adjustment that will be required in order to attain 

the peak operating conditions of the precipitator once installed. The 

study forms a basis for future work to determine first cost and oper 

ating cost for full scale power plants from which comparisons can be 

made with other particulate removal devices. 



II. THE WIRE-PLATE PRECIPITATOR 

Principles of Operation 

Most ESP designs used In commercial power plants today are the 

wire-plate type, as shown In Figure 1, consisting of tall narrow ducts 

with a series of vertical wires In the center of the duct, evenly 

spaced downstream. The wires, which are supplied with pulsing nega 

tive direct current power, usually obtained from an unflltered rec 

tified alternating current, are called the emitting electrodes. 

Grounded sldewalls of the ducts form the collecting electrode plates. 

The plate surfaces are usually shielded In some manner, such as that 

shown In Figure 1, to reduce the likelihood that accumulated particles 

will be re-entralned Into the effluent stream by the scrubbing effects 

of the stream. 

An operating voltage, typically on the order of 20 to 50 kv. Is 

applied between the wires and plates of an electrostatic preclpltator. 

The electric field Is very Intense near the wire and Initiates lonlza-

tlon by means of a corona discharge. This process Is depicted In 

Figure 2. The result Is that a large number of negative Ions are 

created In the "quiescent zone" (In electrostatic terminology) between 

the corona region and the plates by means of electron attachment to 

electronegative molecules such as SO2, O2, and CO2. Note that the 

region of corona glow Is exaggerated In Figure 2, and usually repre 

sents only about one percent of the Interelectrode area. 
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The field drives the negative ions outward where many impinge on 

particulates in the gas stream. The particulates accumulate suf 

ficient electric charge for the field to drive them to the collecting 

electrodes. 

Electric forces cause the charged particles to form a layer on 

the collecting electrode plates. The plates are rapped or hammered 

cyclically, typically at one minute intervals, so that the outer 

portion of the particulate layer will detach from the plate and fall 

in a "slip-stick" manner down the plate into a hopper below for 

removal. 

The component of charged particle velocity in the direction of 

the plates is of primary importance to the operation of the device. 

This component of velocity is called the electrical drift velocity, or 

migration velocity, and results from the electrical and viscous drag 

forces acting upon a suspended charged particle. The net result of 

these forces can be determined by integrating the equation of motion 

for the particle. The magnitude of this velocity component near the 

collection plate is shown in reference 3 to be 

qEpC 
~ 6nau 

where Wp = migration velocity near the collection electrode of a 

particle of radius "a" (m/sec), 

q = charge on particle (coul), 

Ep = electric field near the collection electrode (volt/ra). 



a = particle radius (m), 

U = gas viscosity (kg/tn-sec), 

C = Cunningham correction factor, or slip correction 

factor = (1 + A'X/a), 

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

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

The variation of theoretical migration velocity with particle 

size is shown in Figure 3 for a prescribed set of operating con 

ditions. It has been established that migration velocity usually 

reaches a minimum for particles with diameters of .2 to .5 um [4]. 

This can be explained by the complex interaction of field and dif 

fusion charging process as described in reference 4. 

Due to electric wind effects and transfer of momentum from the 

particles to the gas, laminar flow never occurs in industrial precipi-

tators and as discussed by White [5], its existence is unlikely even 

in low velocity laboratory tests. The instantaneous gas velocities in 

the turbulent stream are then usually much greater than the average 

migration velocity. Migration velocity for particles smaller than 

about 0.6 ym in diameter is insignificant compared to the turbulent 

fluctuation velocities of the gas. The collection of these small par 

ticles then becomes dependent on transport by turbulent diffusion 

transverse to the mean flow direction. This diffusion thus projects 

them into the region of low velocity flow adjacent the plates where 

capture is assured. 

https://exp(-1.10
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An exponential relationship for collection in a precipitator was 

first observed by Deutsch and Anderson [5]. White explained this 

relationship using probability concepts and defining the effective 

thickness of the boundary "capture-layer" as 

w A1 

6 = w„At = 
P V 

where A1 is a length increment of the precipitator and v is the mean 

flow velocity. A formulation of the equation for collection developed 

by White as described in reference 5 is 

nj„ = 1 - exp(-ApWp/Q), (2) 

Where = the collection fraction in a monodisperse aerosol, 

Ap = collection area (M^), 

Wp = migration velocity near the collection electrode of the 

particles in the monodisperse aerosol (m/sec), and 

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

The simplifying assumptions on which the derivation of equation 

(3) is based are: 

(1) The gas is flowing in a turbulent pattern at a constant, mean 

forward velocity. 

(2) Turbulence is small scale, fully developed, and completely 

random. 

(3) The particle migration velocity near the collecting surface 

is constant for all particles and is small compared to 

average gas velocity. 
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(4) There is an absence of disburbing effect, such as particle 

re-entrainment, back corona, particle agglomeration, or 

uneven corona. 

Faulkner and Dubard [3] make tbe following comments concerning 

the applicability of equation (2); 

"In industrial precipitators, the above assumptions are never 
completely satisfied but they can be approached closely. 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. Although turbulence is not generally a 
completely random process, a theoretical determination of the 
degree of correlation between successive states of flow and 
between adjacent regions of the flow pattern is a difficult 
problem and simple descriptive equations do not presently exist 
for typical precipitator geometries. At the present, for pur 
poses of modeling, it appears practical and plausible to assume 
that the turbulence is highly random. For particles larger than 
10 urn diameter, the turbulence does not dominate the motion of 

these particles due to their relatively high migration veloci 
ties. Under these conditions, equation (2) would be expected to 
underpredict collection efficiencies. The practical effect in 
modeling precipitator performance will be slight, however, since 
even equation (2) predicts collection efficiencies greater than 
99.6% for 10 ym diameter particles at relatively low values of 
current density and collection area " 

Variables Affecting Performance 

A general range of typical parameters of ESP designs from various 

sources [4,6,7 ] is shown in Table I. Specific collection area or SCA, 

which is collection plate area per unit flow volume, is the most com 

monly used means of specifying precipitator size. Caution must be 

used, however, when comparing precipitators on this criterion. For a 

given application, units of equal SCA and of similar type and quality 

11 



Table I 

Typical ESP Parameters 

Parameter Name Dimension 

Discharge Wire Diameter 0.10 - .015 inch 

Wire-Wire Space 4-12 inches 

Plate-Plate Space 8-12 inches 

Specific Collection Area 100-750 ft2/103 acfm 

Current Density 10-100 uA/ft2 

Gas Velocity 2-8 ft/sec 

Collection Efficiency 80-99.9% 

Operating Voltage 20-55 kV average 

12 



may differ from each other only in plate height, length, and/or 

spacing but may not perform similarly. Interrelated effects of such 

variations in electric field, flow velocity, etc., may considerably 

affect collection in some cases and additional structural differences 

such as wire diameter and spacing, method and frequency of rapping, 

and degree of flow stream baffling might add to this difference. 

The importance of the electric operating conditions is stated in 

Reference 3; 

"The performance of a precipitator which has good mechanical 
and structural features will be determined primarily by the 
electrical operating conditions. Any limitations on applied 
voltage and current density will be reflected in the optimum 
collection efficiency which can be obtained." 

The electric field produced by the operating applied voltage directly 

affects the rate and maximum value of charge accumulation on the par 

ticles, and in combination with the field strength, has a correspond 

ing relation to migration velocity and collection efficiency 

(equations (1) and (2)). 

The collected particulate layer has a very significant effect on 

electrical conditions. It is known that in the collection of ash 

materials forming highly resistive layers (>10^^ ohm-cm) such as ash 

from coals with low sodium and sulfur mineral content, a phenomenon 

called back corona occurs. At relatively low applied voltages a 

potential difference develops across the collected particle layer of 

sufficient magnitude to promote ionization in the interstitial spaces. 

13 



A supply of positive ions is created which flows toward a wire, 

neutralizing negatively charged particles and free ions in stream, 

degrading performance. 

When voltage is applied in collectors where less resistive 

material accumulates, ionization can occur in the layer, but a smaller 

proportion of the voltage drop between plate and wires now occurs 

there. Accompanied by positive ion formation near the layer surface, 

the resulting potential difference across the interelectrode space may 

become large enough that sparks propagate from the layer toward the 

wire. The resulting short duration interruptions of the field are 

known as spark breakdowns or "sparkovers". In collection of layers of 

medium resistivity (10^® to 10^^ ohm-cm) the peak performance applied 

voltage is often limited by the frequency of breakdown, the spark 

rate. 

When layer resistivity is very low, another problem is sometimes 

encountered. The electric forces across the layer affect the cohe-

siveness of the particles to each other as well as the plate. Par 

ticles, especially those of smaller size and ones which do not agglom 

erate well, tend to become re-entrained in the flow stream. 

In Figure 4, plots of particle layer resistivity versus tem 

perature are shown. One set of data was obtained from laboratory 

studies of samples of particulate from two tests made at the CFFF. 

The other data shown represent a moderately resistive fly ash, 

described in Reference [4]. The resistivity of all samples is near 

14 
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peak at a temperature of 350°F, a temperature condition considered 

typical of commercial power plant ESP installations known as, a 

"coldside" condition, in which the precipitator is located downstream 

of the air preheater. For fly ash, the resistivity is bordering the 

level at which back corona can be expected, while for the CFFF samples 

it is in a region in which a high applied voltage can be used. This 

is the main reason for the expectation of good performance from an 

electrostatic precipitator for removing particles in a "coldside" MHD 

application. 

For "hotside" installation conditions of approximately 700°F, the 

fly ash resistivity drops to a more desirable level, while the CFFF 

samples drop well below 10® ohm-cm. The uncertainties encountered in 

low resistivity applications include the possibility of re-entrainment 

and unknown factors concerning optimum electrical conditions required 

for particle collection. For this reason, no attempt has been made in 

the present study to evaluate "hotside" ESP performance for coal fired 

MHD applications. 

Also affecting electrical operating conditions in an ESP are the 

particle load and size. Ions and charged particles produce electric 

fields which add to the electrostatic field in the interelectrode 

space. This is known as space charge. Since a significant portion of 

the current can be carried by the particulate with its low mobility, 

the space charge at the precipitator inlet can be large. Heavy con 

centrations of large particles or moderate concentrations of fine 

16 



particles entering the precipitator may result in a phenomeraon called, 

alternatively, ion quench or corona suppression. The electric field 

in the region of the emitting electrode wire is suppressed by the par-

ticulate space charge to the degree that ionization rate and current 

density are significantly reduced. White [5] cites a case in which 

current density is decreased from clean gas currents on the order of 

milliamps to microamps by the infusion of only a few tenths of a grain 

per cubic foot of particles with diameter of 1 ym or less. As par-

ticulate is removed, a greater percentage of the current is carried by 

gas ions and the space charge effect is reduced. The effect of the 

reduction of dust concentration as particles are collected is to shift 

the voltage-current curves toward a hi^er current for a given 

voltage, as the gas progresses through the precipitator [4]. 

Considerable degradation of performance may occur if the ion quench 

effect is strong in a considerable portion of the precipitator's 

electrical length, i.e., if sufficient particles are not removed in 

initial length increments to reduce the space charge effect. 

Particle size has multiple effects on space charge. As described 

in this section, migration velocity reaches a minimum for particles 

with diameters of .2 to .5 ym. However, the charge obtained per unit 

mass and the resulting space charge for a given mass load increases 

rapidly with decreasing particle diameter. The result of having 

numerous small particles in an exhaust stream is the attachment of a 

considerable portion of the available charge to highly immobile charge 

carriers. 

17 



Also of importance in the determination of electrical conditions 

is the distribution of the electric field. A field distributed such 

that a relatively large portion of the overall voltage drop occurs 

near the emitting wire results in a relatively higher rate of ioniza-

tion and therefore hi^er current density. However, the accompanying 

decrease in field near the collecting plate causes a reduction in 

migration velocity for a given value of particle size and charge. 

This suggests that a more intense electric field near the wire is 

desirable near the entrance of the precipitator, where essentially 

uncharged particles dominate the stream, and a relatively stronger 

field near the plates is needed toward the exit, where the particles 

are nearly saturated with charge [6]. 

The electric field distribution is affected by dimensional 

characteristics of the precipitator, in particular, the wire to plate 

spacing, the wire diameter and the wire to wiring spacing. Use of 

relatively small wire diameters and duct widths result in a more 

intense field in the region of the wires than that seen with larger 

values for these parameters. Field strength near the wire is 

strongest for an optimum spacing between wires, however, this optimum 

value is dependent on plate spacing, wire diameter and exhaust gas 

properties. The degree of these effects is discussed in Reference 4. 

Other factors limiting precipitator performance are combined 

under the term "nonideal effects". The gas flow nonideal effects 

include gas sneakage, which is bypassing of the electric field by the 

18 



flow stream, and nonuniform gas velocity distributions. Both of these 

effects can be diminished by proper baffle design in the equipment 

which leads to uniform velocity fields. 

Re-entrainment, which can become extreme for reasons other than 

the low resistivity condition mentioned, occurs to some degree in all 

commercial precipitators and is increased in proportion to the levels 

of gas flow nonidealities. The intensity and frequency with which the 

plates are hammered are the primary variables which determine the 

magnitude of rapping re-entrainment. Unfortunately, the only appli-

able method for determining optimum values of these parameters and 

the amount of re-entrainment involved is usually by post installation 

experiment with the ESP. Re-entrainment is also the result of 

scouring of the outside of the collected layer by the flow stream, of 

electrical effects related to excessive sparking and of sweepage of 

the material from the hopper back into the flow steam. 

Several important variables of the precipitation process, 

including those discussed, are shown in Tables II, along with values 

input to a computer model of electrostatic precipitation which will be 

discussed in the following section. 

19 



Table II 

ESP Computer Code Input Variables 

Parameter Type 

Primary 

Constraints 

Particle 

Properties 

Miscellaneous 

Exhaust gas 

Properties 

ESP 

Design 

Parameters 

Variable Name 

gas temperature 

particle load 
flow volume 

flow velocity 

required performance 

particle size 

particle density 
layer resistivity 
layer breakdown strength 

Pressure 

Viscosity 
Ionic mobility 

Wire to plate spacing 

Wire to wire spacing 
Electrical section (fields) 

in direction of flow 

Section Length 
Plate (collection) area 

per section 

Input Value(s) 

350°F 

4.72 gr/ft^ 
8500 cfm 

1-3.5 ft/sec 

99.6% efficiency 
(.4% penetration) 

study variable 

2662 kg/m^ 
3.5 X 10^ ohm-cm 
8.0 X 10^ volts/m 

1 atmosphere 
2.4 X 10"^ kg/m-sec 
2.7 X 10~4 m^/v-sec 

5 and 6 inches 

6-12 inches 

4 

6 ft. 

480 - 1240 ft2 

20 



III. THE ESP COMPUTER MODEL 

The primary tools for completing this study have been "The 

Environmental Protection Agency Electrostatic Precipitator Computer 

Model" and its associated texts,"A Mathematical Model of Electrostatic 

Precipitation, (Revision 3) Volume 1, Modeling and Programming" and 

"...Volijme 11, Users Manual" prepared by Southern Research Institute 

(SRI) of Birmingham for the Environmental Protection Agency. The 

current version of the program, a complete listing of which is found 

in Appendix C of Voliane 1, contains 3600 lines of Fortran code con 

sisting of a main program and 27 subroutines. A description of the 

math model including equations solved and assumptions made, is con 

tained in Section 6 of Volume 1, and programming of the model 

described in the following section. These details will not be 

discussed in the present study. 

Revision 1 of the program, with which work in the present study 

was begun in the spring of 1983, as stated by SRI [8], had the capa 

bility of performing the following operations: 

(1) predict collection efficiency as a function of particle 
diameter, electrical operating conditions, and gas 
properties; 

(2) calculate clean-plate, clean-air voltage-current charac 
teristics for wire-plate geometries; 

(3) determine particle charging by unipolar ions as a function 
of particle diameter, electrical conditions, and residence 
time; 

(4) estimate the effects of particles on the electrical con 
ditions under the assumption that effects due to particulate 
layer can be ignored; 
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(5) account for electrical sectionalization; 

(6) predict particle capture at the collection electrode based 
on the assumption of completely-random turbulent flow, uni 
form gas velocity, and particle migration velocities which 
are small compared to the gas velocity; 

(7) employ empirical correction factors which adjust the par 
ticle migration velocities obtained without rapping losses 
in order to account for unmodeled effects; 

(8) account for the non-ideal effects of nonuniform gas velocity 
distribution, gas bypassage of electrified regions, and par 
ticle re-entrainment from causes other than rapping by using 
empirical correction factors to scale down the ideally calcu 
lated particle migration velocities; and 

(9) account for rapping re-entrainment by using empirical rela 
tionships for the quantity and size distribution of the re-
entrained mass. 

In the intervening periods from the original acquisition of Revi 

sion 1 and initiation and completion of this study, SRI made many 

improvements on the model culminating in a subsequent version. Revi 

sion 3, received in (August) 1984. Revision 3 has many additional 

features, [3,9] however, two are of primary interest: 

(1) a modification of numerical techniques for calculating par 

ticle charges and electrical fields which has resulted in 

about a 90% reduction in program run time. 

(2) an addition of a subroutine based on empirical data obtained 

from precipitators collecting fly ash which provides a 

state-of-the-art correlation between particle layer resis 

tivity and electrical operating points. 
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Of the numerous program options available, two modes of program 

operation were found to be most applicable to this study. These are 

sequence 1 operation and sequence 2 operation in this study and are 

described as follows. 

Sequence 1 Operation 

a. Particle size statistics are read in. These can be in the 

form of either the characteristic parameters of a log normal 

distribution, or the mass percents of particles with diam 

eters smaller than specified diameters. In the latter case, 

the program fits the data to a log normal distribution. 

b. The precipitator is divided into length increments. 

c. Electrical operating conditions are estimated or optimum con 

ditions are generated from the empirical routine and the 

results entered as known operating points. These can be 

entered either as average operating points or specified 

values for each electrical section. 

d. Space charge is calculated. Using an estimated ideal collec 

tion efficiency and known applied voltage and current den 

sity, the amount of material being removed per increment and 

the particulate space charge in each length increment are 

determined. This allows the calculation of a reduced ion 

mobility which results from particles being much less mobile 

carriers of charge than free ions or electrons. 
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e. Electric field distribution is determined from values of 

applied voltage and wire to plate spacing. The charging 

field and the electric field at the plate are calculated. 

Nonuniformity of the electric field is estimated by dividing 

the length increments into many subincrements and making 

iterative calculations over each. 

f. Charge on each particle size at the end of each subincrement 

is calculated. 

g. Migration velocity is calculated. Using equation (1) migra 

tion velocity is calculated for each particle size at the end 

of each length increment. 

h. Particle removal rate is determined. Using equation (3) the 

number of particles removed from each size band is calculated. 

i. A new estimate of overall ideal mass collection efficiency is 

determined. 

j. Space charge is recalculated and the intervening steps are 

repeated. Using newly obtained estimated collection effi 

ciency, iterations are repeated until convergence on ideal 

collection efficiency is obtained. 

k. Adjustments for non-ideal effects are made based on estima 

tions of the effects on nonuniform gas flow distribution, 

sneakage (portion of the flow bypassing the electric field) 

and rapping re-entrainment. 
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Sequence 2 Operation 

In the second program sequence an analytical technique determines 

electrical conditions. 

1. A clean plate current density is computed for a specified 

value of applied voltage and the electric field is prescribed 

by this routine. Ihe applied voltage is the average value 

for the length of the precipitator. 

2. From the field conditions the particle charge is detennined 

in the same manner as before but prior to the space charge 

calculation. Thus, the order in which the calculations are 

performed is altered (i.e., to c,e,f,d) with some special 

differences: 

2.1 Average operating voltage must be specified and may be 

somewhat arbitrary while the empirical routine of 

sequence 1 operation predicts optimum conditions. 

2.2 For sequence 2 operation of results are not biased by 

properties applicable only to fly ash collectors. 

2.3 In addition to wire to plate spacing, sequence 2 opera 

tion considers specific wire diameters, wire spacings, 

and plate sizes, whereas the empirical mode of 

sequence 1 operation essentially gives data for a preci 

pitator with average values of these parameters. 

3. Of special significance for this study is the space charge 

determination which is performed in sequence 2 as outlined 
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in Appendix A of Reference 1. It has the feature that if 

the calculated charge accumulated by the particles individ 

ually (Step f), in a given subincrement of length is in 

excess of the total available, the program indicates that an 

insufficient ionization situation exists in the specified 

length increment; this reflects the physical phenomenon 

called ion quench. 

4. An estimate of "dirty gas" average operating current is 

obtained for the precipitator. In this mode of program 

operation, however, it has no bearing on the ensuing effi 

ciency calculations. 

5. The migration velocity determination, using equation (1) is 

based on the assumption that charging rates have been met, 

i.e., ionization deficiencies are negligible. Particularly 

important is that even if the space charge routine indicates 

ion quench exists a considerable number of length increments 

into the percipitator calculation still proceeds on this 

assumption. 

From this point calculation continues much as in sequence 1 

operation, the only difference being that there is no iteration over 

efficiency needed. This is because the space charge calculation does 

not require estimated efficiency as an initial condition. 
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IV. PROCEDURE 

The object of the study was to evaluate the capability of a 

variety of standard wire-plate precipitator designs to meet the par-

ticulate removal requirements at the CFFF, The approach was to calcu 

late values of collection efficiency - percent of total particle mass 

removed from the stream - for relevant ranges of flow conditions, par 

ticle properties, and precipitator design criteria using the "EPA 

Electrostatic Precipitator Computer Model" to perform the deter 

minations. The particulate removal requirement was based on EPA New 

Source Performance Standards. 

The main thrust of parametric variation was narrowed to manipula 

tion of four variables; particle size distribution, electrical oper 

ating conditions, wire to plate spacing, and overall precipitator 

size. The decision to focus the study on the effects of changes in 

the four parameters was based on consultation with SRI personnel, 

recommendations found in reference 5, 6 and 9, constraints provided by 

CFFF conditions, and preliminary evaluations using the model. 

Difference in Wire to Plate Spacing 

Wire to plate spacings of 5 inches (10 inch duct) and 6 inches 

(12 inch duct) were chosen from ranges for typical commercial power 

plant applications given in Reference 6. 
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Variation of Particle Size Distribution 

Two particle size ranges were used and these were chosen among 

extremes from CFFF samples showing reasonably good fit to log normal 

curves. Plots representing the curves to which these were fit are 

shown in on log scale in Figure 5. More recent test results indicate 

that the distribution obtained from test I^FlC-3, with 1.1 mass median 

diameter and 2.8 geometric standard deviation, is more representative 

of typical CFFF effluent stream conditions. 

Range of Electrical Operating Conditions 

Electrical operating conditions used in this study were deter 

mined by two methods. These were selected after the discovery that 

efficiency values obtained using sequence 2 operation would very 

likely be invalid. This belief resulted from running the model in 

sequence 2 operation and noting that ion quench was indicated for 

practically designed precipitators collecting CFFF ash. In fact, 

these early runs indicated that the condition would exist in a con 

siderable portion of the precipitator except when specific collection 

area approached 900 ft^/10^ acfm, on the order of three times that of 

collectors used in typical power plant installations. 

The basic procedure for both methods was to estimate one set of 

operating electrical conditions which reflected negligible quench 

reduction in operating current and another in which the quench effect 
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was dominant. The two sets of operating conditions were then utilized 

in sequence 1 program operation to determine best and worst cases of 

reduction in performance due to quench. The method for estimating the 

conditions labeled method 1 determination and method 2 determination 

in this study, are described below. 

Method 1 Determination 

Electrical conditions for a best case of negligible quench effect 

were calculated using the empirical electrical condition generating 

routine supplied with "ESP Computer Model..." Revision 3 [3,9]. Using 

a recommended design condition of four electrically isolated sections 

or fields in the direction of flow and a layer resistivity of 

3.5 X 10^ ohm-cm, current and voltage operating points were determined 

for each section. The current-voltage plots are shown in Figure 6, 

and the "adjusted" operating points generated by this method are tabu 

lated in Table III. 

To develop worst case electrical conditions resulting from ion 

quench, a distortion of the voltage-current relationship was estimated 

based on recommendations by SRI personnel. The distortion in the 

first section, where the greatest number of particles and as a result 

the greatest quench effect would be seen, was estimated by shifting 

the curve to the right a distance equivalent to the voltage difference 

between sections 1 and 3. The final section was assumed to see no 

quench effect and intervening sections were ploted proportionally be 

tween the two as shown in Figure 7. Quench (worst case) adjusted 
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Table III 

Empirically Calculated Operating Points 

Applied Unadjusted Quench Reduced 
Voltage Current Density Current Density 

Section (kV) (yA/ft2) (pA/ft^) 

1 63.74 43.51 16.84 

2 62.16 67.73 34.81 

3 57.47 54.71 36.74 

4 55.82 73.05 73.05 
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operating current conditions were then found (continuing with Figure 

7) by projecting the previously determined optimum voltages to the 

newly generated relationships. The operating points for these con 

ditions are also tabulated in Table III. 

The version of the computer model FORTRAN subroutine modified by 

the author to generate, in addition to the original curves and 

operating points, the adjusted curves and operating points is included 

in Appendix A. 

The primary disadvantage of this approach relates to its reliance 

on data obtained from studies of cold-side fly ash collection. Note 

also in Table III that the operating current determined in Section 2 

for the no quench condition is higher than in section 3, a seemingly 

unlikely physical situation. This result is not obtained when 

resistivities more typical of fly ash are input to this routine. 

Secondly, the method 1 routine presents data for an essentially 

geometrically average precipitator, with plate spacing being the only 

parameter dimensional input, while several other parameters are known 

to have a considerable effect on optimum electrical conditions [5]. 

Method 2 Determination 

In the second method for estimating a range of possible electri 

cal operating conditions, the ideal electrical conditions were deter 

mined as before and an alternate approach was used for estimating the 

quench adjusted values. To estimate the quench reduced operating con 

ditions, sequence 2 operation was performed only for the purpose of 
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obtaining a reduced operating current and the efficiency determination 

ignored. As described previously the selection of the average applied 

voltage value in this sequence is arbitrary and the value chosen was 

the 63.74 kv input identical to that found optimum for the first sec 

tion by the empirical method. The voltage value and the determined 

average current were then directly inserted as electical inputs for 

sequence 1 operation. Advantages of this method over method 1 are 

that precipitator geometry played an integral part of the deter 

mination. Emitting electrode diameter and spacing and, most impor 

tantly, precipitator size are taken into account. 

The variation of average electrical conditions vs. SCA generated 

by this method are listed in Table IV along with the method 1 values. 

As precipitator size is increased, a proportionally smaller fraction 

of the precipitator sees the quench effect and average current density 

rises. As can be seen in Table IV, method 2 models this effect while 

method 1 does not. 

Doubts concerning the reliability of the reduced operating 

current values obtained from sequence 2 operation and the arbitrary 

selection of optimum operating voltage are the primary detractors to 

the method 2 approach. Use of average electrical conditions rather 

than specific operating conditions for each section may also be a fac 

tor. 
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Variation in Preclpltator Size 

The precipitator size parameters predominantly used in the study, 

ranging in SCA from 225 to 600 ft^/10^ acfm in increments of 75, were 

chosen somewhat arbitrarily to overlap the range of values normally 

seen in coal fired applications. Note that SCA was not an input 

variable to the model and the described size variations were achieved 

by varying the input plate area and hence the cross sectional area for 

a fixed exhaust gas volime and precipitator length. 

Selection of Base Test Case 

A "base test case" was developed consisting of negligible quench 

operating condition, a plate spacing of 12 inches shown to be pre 

ferable in studies by Foote [7], and the particle size distribution 

from test LMFlC-3 seen in Figure 4, page 29. The latter was origin 

ally chosen with the expectation that this would represent a worst 

performance case since the mass median diameter was only slightly more 

than half that found in some former tests. More recent studies at the 

CFFF have actually shown this distribution to be representative. 

Efficiency calculations were performed for the "base test case" 

and values of percent of particle penetration through the precipita 

tor, which is defined as 100 minus collection efficiency, were deter 

mined for each increment of specific collection area. Comparisons 

were then made of this case with others calculated using different 

combinations of values for the three independent parameters. 
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V. RESULTS 

Data from the performance calculation of the base test case are 

shown in Figures 8 through 11 as a dashed line compared to a solid 

line representing an efficiency requirement of 99.6% based on EPA New 

Source Performance Standards. 

In Figure 8 the performance is compared for precipitators with 

different plate spacings. A unit with the basic 12 inch duct (6 inch 

wire to plate) is seen to meet requirements at an SCA of 310 while the 

narrower spacing requires at about 330. This is estimated to be pri 

marily the result of the 20% increase in velocity (or decrease in par 

ticle residence time) in the latter case for the fixed length, fixed 

flow volume decrease in plate spacing. The current densities gener 

ated from empirical correlation here are identical for both spacings 

and the effect of plate spacing on the electric field is not con 

sidered a major factor in these plots. 

Figure 9 shows the performance for the two relevant particle size 

distributions with an SCA decrease of only about 10 ft^/10^ cfm for 

the larger mass median diameter distribution. The reason for the 

insensitivity of the SCA to these two mass median diameter values is 

seen from Figure 5 where the portion of particles contained in the 

difficult-to-collect size range below .6 micron is essentially the 

same for both distributions. 

This emphasizes a very important concept for designers of down 

stream components for which electrostatic precipitation is applicable. 
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The concept is that the mass of particles in the subraicron diameter 

ranges has the most degrading effect on performance and this cannot be 

accounted for merely by the smallness of the log mean or median 

diameter. Therefore the particle size distribution as well as mean 

diameter will need to be taken into account for proper equipment 

selection. 

Figures 10 and 11 show estimated best case and worst case size 

requirements resulting from ion quench using electical conditions 

generated from methods 1 and 2 respectively. As previously stated, 

case negligible quench conditions were developed identically in both 

methods and are exhibited by the "base test" case dashed line. 

Efficiency calculations using the empirical method 1 determination 

electrical operating conditions resulted with the worst case requiring 

about a 25% larger precipitator than the unadjusted case. The results 

of analytical method 2 determination, shown in Figure 11, indicated a 

possible requirement of 450 ft^/10^ cfm or nearly 50% higher than the 

negligible effect case. 

An input data set for the "base test case" is included in 

Appendix B and a set used to generate the method 2 determination 

quench reduced average current density is included in Appendix C. 

Both sets, which have been included for the benefit of model users, 

are for an SCA of 300 ft^/10^. 

Additional work was required with the model in order to find 

practical ways to reduce the quench effect using the sequence 2 
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program operation. Indications were that use of relatively small wire 

diameters and proper selection of wiring spacing, particularly in the 

entering section of the precipitator, may considerably reduce quench. 

Quantification of these results has not been attempted since the 

charge determinations by this method do not include space charge 

effects. 

Attempts to duplicate empirically generated electrical operating 

conditions with the analytical routine, though unsuccessful, demon 

strated some important points. The empirical routine selects oper 

ating current based on an average field strength of applied voltage 

divided by the wire to plate spacing. For example, for a given layer 

resistivity in which optimum operating points were shown for 12 inch 

duct to be 60 kv and 30 ua/ft^, would give the same current value for 

a 10 inch duct and 50 kv applied voltage. Attempts to duplicate this 

with the analytical routine indicated that such a relationship existed 

only if wire spacing and diameter were also proportionally downsized 

and, in fact, differences in clean plate current density on the order 

of 50% were observed when only voltage and plate spacing were reduced. 
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VI. CONCLUSIONS 

The study has pointed out several items of concern regarding 

application of an electrostatic precipitator for particulate collec 

tion at the CFFF. 

1. Ion quench, or corona suppression, will exist in the device 

at normal operating conditions. This is the result of high 

particulate mass load, almost 5 grains/acf, of particles of 

which approximately 1.3 grains/acf are below .6 ym in diameter. 

2. The degree to which ion quench degrades performance will 

depend on the strength of the electric field near the 

emitting wire electrodes, particularly in the early stages of 

collection, the front of the precipitator. This study pre 

dicts ion quench may increase precipitator size requirements 

by as much as 50%. 

3. The electric field near the wire is limited primarily by the 

maximum applied voltage at which the device can operate and 

secondarily on dimensional considerations such as wire 

diameter, wire to plate spacing and wire to wire spacing. 

4. The maximum usable applied voltage is limited by the resisti 

vity of the collected particulate layer. The resistivity 

value determined by laboratory experiments on CFFF samples, 

3.5 X 10^ ohm-cm, suggests the probability that a very high 

applied voltage, on the order of 65 kv, may be used in 

removal of particles from CFFF exhaust. 
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5. The effect of using a wider plate spacing for a precipitator 

of given SCA is to increase performance, primarily by 

increasing particle residence time in the precipitator. A 

decrease in required precipitator size of approximately 7% 

was predicted for a 12 inch duct precipitator as opposed to a 

10 inch duct. This gain will be offset somewhat by reduced 

field strength in the region of the wire for the wider 

spacing. 

6. Expected variations in particle size distributions during 

CFFF operations are predicted to have almost negligible 

impact on performance. 

Present plans for precipitator installation at the CFFF incor 

porate an ability to test a wide range of precipitator sizes by 

varying flow volume over a fixed collection area. The results of this 

study indicate the need to have the additional capability of testing 

over a wide range of applied voltages and also to be able to monitor 

closely the relation of voltage to current in each section of the pre 

cipitator. 

Experiments with the ESP at the CFFF, which will attempt to 

correlate changes in wire diameter and wire spacing to ESP electrical 

conditions, will also be very useful for finding optimum ESP perfor 

mance for general applications in standard coal-fired power producing 

plants. 
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The purpose of this study has been to define the limits of design 

criteria for an electrostatic precipitator for the CFFF and to provide 

insights into the effectiveness of a precipitator applied to a full 

scale MHD power generation plant. A very good method for expanding 

the state-of-the-art in the ESP field will be to continue to use the 

"ESP Computer Model" in the research being conducted by the Energy 

Conversion Programs at UTSI. This work should provide a considerable 

amount of information helpful both to magnetohydrodynamic power gen 

eration research but also to the study of the general electrostatic 

precipitator process. 
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APPENDIX A 

MODIFIED ELECTRICAL CONDITION GEIERATING SUBROUTINE 

DIMENSION AJ(4),BJ(4),AE(4),BE(4),CUR(14),CURR(14>,VOLT(4,U) 
DIMENSION CE(4>,DE(4),AMP13(4),AMP14(4) 
DIMENSION AAMPl4).AAMPP(4),VOS(14) 

R*I» .<•.6. .9. .12.,IG.,20..30..40.,50..60.,70.,80./DATA AO/ 6.455, 6.839, 5.497, 5.718/ 
DATA 8J/-0.5013,-0.5214,-0.3905,-0.4005/ 
DATA AE/-3.5394,-3.4209,-3.1735,-2.3438/ 
DATA BE/ 0.3841, 8.6546, 8.5755, 7.5195/ 
OPEN 1 UN1T=6,NAME-'VI2.DAT',TYPE-'NEW)

C RESISTIVITY - 3.50E+09 OHM-CM 
RHO- 3.5 E+09 
TYPE*,'ENTER WIRE TO PLATE SPACING IN INCHES' 
ACCEPT*,HDUCT 
TYPE*,'ENTER MAXIMUM POWER SUPPLY, IN K.V.' 
ACCEPT*,VMAX 
TYPE*,VMAX 
VMMAX-VMAX 

RHOLOG«ALOG10(RHO> 
HAFDUC-HDUCT*2.54 
VNMAX-0.0 

NHN-0 
4 CONTINUE 

FLDMAX-ALOG10(VMAX/HAFDUC) 
DO 21 K-1,4 
DO 14 N-1,14 
CUR(N>-CURR(N)*1.0764 
AMP-ALOG10(CUR(N)) 
IFIN.EO.13)AMP13(K)-AMP 
IFIN.EQ.14)AMP14<K)-AMP 
EF1ELD-(AMP-AE(K))/8E(K) 
EFlELD-10.0**EFlELD 

V0LT(K,N)-EF1ELD*HAFDUC 
14 CONTINUE 

AAMP(K)-AJ{K)+8J(K)*RH0L0G 
C IF(K.EQ.1.AND.AAMP(K).GT.1.4299lAAMP(K)-l.4299 
C IF(AAMP(K).GT.1.7309)AAMP(K)-1.7309 
C IF(AAMPlK)+RHOLOG.GT.13.1761lAAMP{K>-13.1761-RHOLOG 

F1ELD=(AAMP(K>-AE(K))/8E(K) 
IF(FlELD.LE.FLDMAX)G0 TO 2 
AAMP<K>-AE(K)+FLDMAX*BE(K) 
VOS(K)=VMAX 
VNMAX-VMAX 

GO TO 3 
2 CONTINUE 

F1ELD=10.0**F1ELD 
VOS(K)-F1ELD*MAFOUC 
1F{VNMAX.LT.V0S(K)) VNMAX-VOS(K) 

3 CONTINUE 
AAMP{K)=10.0**AAMP(K) 
AAMPP(K)=AAMP(K)/1.0764 

21 CONTINUE 

51 

https://HAFDUC-HDUCT*2.54


 

 

 

 

 

 

 

 

IF{NNN.EQ.I)G0 TO 7 
C WRITE VI CURVE 

WRITE(6,5Q0jer) 
5800 FORMAT!IHI) 

URITE(6,5850) 
5850 FORMAT!40X, 

WRITE!6,585I) 
5851 FORMAT!40X.'*•,35X,'••) 

WRITE!6,5852) 
5852 FORMAT!40X,•••,9X,'E.P.A. ESP MODEL I0X ) 

WRITE!6,585I > 
WRITE!6,5853) 

5853 FORMAT!40X 4X I.E.R.L.-R.T.P. AND SO.R.I. 4X,*•* > 
WRITE!6,585I) 
WRITE!6,5854> 

5854 FORMAT!40X.**M2X,'REVISION I I I',I IX,'*') 
WRITE!6,5851> 
WRITE!6,5850> 
WRITE!6,I25)RH0,HDUCT

125 FORMAT!///' EPRI/SRI 1982 CORRELATION OF COLD SIDE ESP OPERATING ' 
i,'POINTS'//' EPRI CONTRACT RP629-5 DR. R. F. ALTMAN.PROJECT ' 
i,'MANAGER'//' UTSI VERSION OF SUBROUTINE INTERN W/SO.R,I. LINES ' 
4,'#59-61 OMITTED'///' INPUT DATAt RES ISTIVITV',11X,'-',IPE11.2 
4,' OHM-CM'//' WIRE-TO-PLATE SPACING -'.0PF7.2,'IN'I 

7 CONTINUE 

IF!NNN.EQ.I)G0 TO 9 
WRITE!6,8> VMMAX 

8 F0RMAT!//2X,'MAXIMUM ALLOWABLE APPLIED KV.-',F6.2//> 
GO TO 10 

9 CONTINUE 

WRITE!6,11) VMAX 
II FORMAT!/////2X,' FIELD QUENCH ADJUSTED DATA'// 

4 ,2X,'MAXIMUM PREDICTED APPLIED KV.-',F6.2/////) 
10 CONTINUE 

DO 23 K-1,4 

WRITE!6,II5)K 
115 FORMAT!///' V-I CURVE DATA FOR SECTION',12) 

WRITE!6,I16)!VOLT!K,N),N-I,14)
116 FORMAT!//' KILOVOLTSi ',14F6.2) 

WRITE!6,I18)!CURR!N),N-I,14) 
118 FORMAT!//' UA/FT2i ',I4F6.1) 

WRITE!6,1I9>K 
119 FORMAT!//' THE OPERATING POINT FOR SECTION',12,' ISi') 

WRITE!6,I20)VOS!K),AAMPP!K) 
120 FORMAT!//' KILOVOLTSi',F8.2,/' UA/FT2i 

4 ',F8.2) 
23 CONTINUE 

VMAX-VNMAX 

IF!NNN.EQ.I)G0 TO 5 
C 

C USING PREVIOUSLY DETERMINED CURRENT AND VOTAGE VALUES, NEW VALUES FOR 
C AE!J) AND BE!J) ARE FOUND FOR FIRST THREE SECTIONS 
C 

CE!I)-VOLT!I,I4)+V0LT!I,I4)-VOLT!3,I4) 
PROP=!CE!I)-VOLT!4,I4))/!VOLT!I,14)-VOLT!4,14)) 
CE!2)=VOLT!4,I4)+!PROP•!VOLT!2,14)-VOLT!4,14))) 
CE!3)=VOLT!4,I4)+!PROP*!VOLT!3,I4)-VOLT!4,14)))
DE!I)>VOLT!I,I3)+V0LT!I,I3)-V0LT!3,13) 
PR0P=!DE!I)-V0LT!4,13))/!VOLT!I,13)-V0LT!4,13)) 
DE!2)=V0LT!4,I3)+!PROP*!VOLT!2,I3)-VOLT!4,13))) 
DE!3)»VOLT!4,I3)+!PROP•!VOLT!3,I3)-VOLT!4,13))) 
DO 6 J-I,3 
CE!J)=ALOGI0!CE!J)/HAFDUC) 
DE!J)=ALOGI0!DE!J)/HAFDUC) 
BE!J)-!AMPI4!J)-AMPI3!J))/!CE!J)-DE!J)) 
AE!J)=AMPI4!J)-!CE!J)*BE!J)) 

6 CONTINUE 

5 CONTINUE 

NNN=NNN+1 
IF!NNN.EQ.I)G0 TO 4 
STOP 
END 
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