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ABSTRACT

The objectives of this research program were to upgrade the
fundamental basis of the existing model of electrostatic precipi-
tation developed under the sponsorship of the Environmental Pro-
tection Agency, to make the computer program which performs the
calculations required by the model more user oriented, and to
fully document those subroutines in the computer program that
perform fundamental calculations or utilize numerical technigues.

In this report, the fundamental mechanisms and limiting
factors involved in the electrostatic precipitation process are
described briefly. The theories and procedures used in the
model to describe the physical mechanisms are discussed. A
general description of the major operations which are performed
in the computer program is given. A listing of the entire com-
puter program and the definitions of all the variables used in
the program are provided.

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, and a new pro-
cedure for predicting the effects of particles on the electrical
conditions.

The computer program 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.

Those subroutines in the computer program that perform funda-
mental calculations or utilize numerical techniques are described
in sufficient detail to provide an understanding of their content
and usage. A detailed flow chart is provided for each of these
subroutines. Input and output variables are described and any
limitations on these variables are noted.

A complete description of the input data to the computer pro-
gram is provided so that the program can be utilized. Modifications
which can be made to the computer program to adapt it to different
computers and to extend its capabilities are discussed.
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SECTION 1

INTRODUCTION

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. The removal of the
collected particulate layer from the collection surface presents
a serious problem in many practical applications since the removal
procedures introduce collected material back into the gas stream
and cause a reduction in collection efficiency. Other practical
considerations which reduce the collection efficiency are non-
uniform 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 recent years, increasing emphasis has been placed on de-
veloping 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 prac-
tical standpoint, a reliable theoretical model for electrostatic
precipitation would offer several valuable applications:

(1) precipitator design could be easily and completely per-
formed 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 pre-
cipitator;

(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 precipi-
tator could be established and the capability to meet
particulate emissions standards could be ascertained; and



(5) an existing precipitator performing below its optimum
efficiency could be analyzed with respect to the differ-
ent 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 upon a limited amount of data
(extensive field testing is not necessary), (2) can predict
trends caused by changing certain precipitator parameters and
thus, in many cases, can prevent costly modifications to a pre-
cipitator which will not 51gn1flcantly improve the performance,
(3) can be 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 (1) large amounts of
information can be generated quickly, (2) it does not necessarily
depend on time-consuming field tests which involve travel, exten-
sive analysis, and plant and precipitator shut-downs, (3) it can
prevent losses in time due to unnecessary or insufficient modifi-
cations to a precipitator, and (4) it can prevent losses in time
due to the construction of an undersized precipitator.

In the present work, a revised model of electrostatic pre-
cipitation developed by Southern Research Institute under the
sponsorship of the Environmental Protection Agency (Industrial
Environmental Research Laboratory, Research Triangle Park) is
discussed. The first version of the model is described in the
publication entitled "A Mathematical Model of Electrostatic
Precipitation."! The present report is separated into two volumes.
Volume 1 contains a description of the physical mechanisms involved
in the electrostatic precipitation process, the physical and mathe-
matical formulation of the model, and a documentation of a computer
program which implements the model. Volume 2 is a user's manual
which describes how to use the model for various purposes. This
volume includes a descrlptlon of input and output data and relates
these quantities to the various applications of the model.

The version of the model described in the present text has
the following features:

(1) it predicts collection efficiency as a function of par-
ticle diameter, electrical operating conditions, and gas
properties;

(2) it can calculate clean-plate, clean-air voltage-current
characteristics for wire-plate geometries;
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(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 elec-
trical conditions under the assumption that effects due
to the particulate layer can be ignored;

(5) it accounts for electrical sectionalization;

(6) it predicts particle capture at the collection electrode
based on the assumptions of completely-random, turbulent
flow, uniform gas velocity, and particle migration ve-
locities which are small compared to the gas velocity;

(7) it employs empirical correction factors which adjust the
particle migration velocities obtained without rapping
losses;

(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 ideally-calculated particle migration
velocities; and

(9) it accounts for rapping reentrainment by using empirical
relationships for the quantity and size distribution of
the reentrained mass.

In its present form, the model has the capability of pre-
dicting trends caused by changes in specific collection area,
applied voltage, current density, mass loading, and particle size
distribution. Comparisions of the predictions of the model with
laboratory-scale precipitators? and full-scale precipitators col-
lecting fly ash from coal-fired boilers!’3’* indicate that the
model can be used successfully to predict precipitator performance.



SECTION 2

CONCLUSIONS

The version of the mathematical model of electrostatic pre-
cipitation presented in this report offers greater predictive
capabilities and is more user oriented than the previous version.
Greater predictive capabilities are provided by allowing for the
calculation of theoretical voltage-current characteristics for
wire-plate geometries, by use of a new method for determining
the effects of rapping reentrainment that is directly related
to full-scale precipitators, by incorporation of a new method for
estimating the effects of particles on the electrical conditions,
and by the use of experimentally-determined, empirical correction
factors for individual particle migration velocities that results
in increased agreement between the theory and field test data.
The computer program which performs the calculations required by
the model is more user oriented than the previous program due to
modifications that make the input data less cumbersome, make the
output data more complete and useful, result in savings of com-
puter time, and allow for the construction of log-normal particle
size distributions. Detailed documentation of those subroutines
which perform fundamental calculations or utilize numerical tech-

niques should provide a firm basis for understanding their content
and usage.



SECTION 3

RECOMMENDATIONS

Although the mathematical model of electrostatic precipitation
presented in this report represents a significant improvement over
the previous version, more work still needs to be performed in
order to improve the fundamental basis and user oriented aspects
of the model.

With respect to the fundamental basis of the model, it is
recommended that the following research be pursued:

1. Theoretical and experimental studies of the effects of
particles on the electrical conditions should be continued in
order to better describe the effect on the electric field dis-
tribution.

2. Theoretical and experimental studies of electrical break-
down mechanisms in the collected particulate layer should be given
greater emphasis in an attempt to acquire the capability of theo-
retical prediction of when electrical breakdown will ensue for a
given resistivity.

3. Since the model underpredicts the collection efficiencies
for fine particles without the use of empirical correction factors,
theoretical and experimental studies should be continued in order
to remove the empiricism. These studies should include a reeval-
uation of the theories presently used in the model and an exam-
ination of those effects which are presently neglected such as
particle charging near corona wires and phenomena due to the gas
flow field.

4, The mathematical model should be restructured to take
into account time-dependent effects. The effects due to the
growth of the particulate layer and the rapping schedule should
be included as a function of time. Although the empirical pro-
cedure employed in the present version of the model represents
a useful interim technique for estimating the effects due to
rapping reentrainment in precipitators, it does not describe
the temporal and dynamic aspects of the rapping process. The
inclusion of time=-dependent effects is necessary in order to
optimize the electrical operating conditions and the rapping
schedule and intensity.



The above research is needed in order to make the model indepen-
dent of empiricism and of the experience and judgment of the user.

With respect to the user oriented aspects of the model, it
is recommended that the following work be performed:

1. Alternative numerical techniques need to be investigated
and implemented in order to make the computer program run signif-
icantly faster.

2. Procedures which edit the input data should be implemented,

3. Documentation of the computer program needs to be included
in abbreviated form in the computer card deck.

The above work is needed in order to continue the transition in

which the model is transformed from a research tool to a production
tool.



SECTION 4

FUNDAMENTAL STEPS IN THE ELECTROSTATIC
PRECIPITATION PROCESS

CREATION OF AN ELECTRIC FIELD AND CORONA CURRENT

The first step in the precipitation process is the creation
of an electric field and corona current. This is accomplished
by applying a large potential difference between a small-radius
electrode and a much larger radius electrode, where the two elec-
trodes 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 elec-
trode is grounded.

At any applied voltage, an electric field exists in the
interelectrode space. For applied voltages less than a value
referred to as the "corona starting voltage", a purely electro-
static 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 molecule, their energies are sufficiently high to cause
an electron to be separated from a neutral molecule. Then, as
the increased number of electrons moves out from the vicinity of
the small-radius electrode, 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 1is established. The positive ions migrate
to the small-radius electrode and the electrons migrate into
the lower electric field regions toward the large-radius elec-
trode. These electrons gquickly lose much of theilr 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 molecule, migrate under the
influence of the electric field to the large~radius electrode
and provide the current necessary for the precipitation process.

Figure la is a schematic diagram showing the region very near
the small-radius electrode where the current-carrying negative
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SMALL-RADIUS ELECTRODE AT
HIGH NEGATIVE POTENTIAL

REGION OF ELECTRON AVALANCHE
WHERE POSITIVE IONS AND ELECTRONS
ARE PRODUCED

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

Figure 1a. Region near small-radius electrode.

SMALL-RADIUS ELECTRODE AT ELECTRIC FIELD EQUIPOTENTIAL
HIGH NEGATIVE POTENTIAL LINES SURFACES

IONS WHICH CONSTITUTE A CURRENT \GROUNDED LARGE-
AND A SPACE CHARGE FIELD RADIUS ELECTRODE

Figure 1b. Electric field configuration for wire-plate geometry.



ions are formed. As these negative ions migrate to the large-
radius electrode, they constitute a steady-state charge distri-
bution in the interelectrode 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" increases.
This leads to a higher average electric field and current density
in the interelectrode space.

Figure 1lb gives a qualitative representation of the electric
field distribution and equipotential surfaces in a wire-plate
geometry which is most commonly used. Although 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.

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 applied voltage and
current density are limited by either electrical breakdown of
the gas throughout the interelectrode space or of the gas in the
collected particulate layer. 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 voltage=current characteristics of
a precipitator depend on the geometry of the electrodes, the gas
composition, temperature, and pressure, the particulate mass
loading and size distribution, and the resistivity of the col-
lected particulate layer. Thus, maximum 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.,%7¢77
These two mechanisms are discussed below.

(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
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due to the charge on the particle and the applied electric field.
In the field charging mechanism, molecular ions are visualized as
drifting along electric field lines. Those ions moving toward the
particle along electric field lines which intersect the particle
surface impinge upon the particle surface and place charge on the
particle.

Figure 2 depicts the field charging mechanism @uring thg
time it is effective in charging a particle. In this mechanism,

ﬂ
only a limited portion of the particle surface (016<;) can suffer

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 3b depicts
the electric field configuration once the particle has attained
the saturation charge. In this case, the electric field lines
circumvent the particle and the ions move along them around the
particle.

Theories based on the mechanism of field charging agree rea-
sonably well with experiments whenever particle diameters exceed
about 0.5 um 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 be-
tween particles and ions which have random motion due to their
thermal kinetic energy. In this mechanism, the particle charging
rate 1s 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 3a depicts the thermal charging process in the absence
of an applied electric field. 1In 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. 1In addition, they work
well for particles less than 0.2 um in diameter regardless of the
magnitude of the applied electric field.
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ELECTRIC FIELD LINES

Figure 2. Electric field configuration during field charging
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NEGATIVE I0NS X, Z- COORDINATE AXES

NEGATIVELY CHARGED
PARTICLE
—-

©

e/ ELECTRIC FIELD LINES

Figure 3a.  Electric field configuration and ion distribution for
particle charging with no applied field.

X, Z - COORDINATE AXES

Figure 3b.  Electric field configuration and ion distribution for
particle charging in an applied field after saturation
charge is reached.
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Figure 3b 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. The
gffect 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 accumulated
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 ther-
mal charging process must be taken into account for fine particles
having diameters between 0.1 and 2.0 um. 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 predicted from
either the field or the thermal charging theories. For these par-
ticles, neither field nor thermal charging predominates and both
mechanisms must be taken into account simultaneously.

In most cases, particle charging has a noticeable effect on
the electrical conditions in a precipitator. The introduction of
a significant number of fine particles or a heavy concentration
of large particles into an electrostatic precipitator signifi-
cantly influences the voltage-current characteristic. Qualita-
tively, 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 "effec-
tive 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 dis-
tribution of the "particulate space charge" results in an electrxic
field distribution which adds to those due to the electrostatic
field and the ionic field to give the total electric field dis-
tribution. It is desirable to determine the space charge re-
sulting from particles because of its influence on the electric
field distribution, especially near the collection plate where,
for the same current, the electric field is raised above the
particle-free situation. In addition, the "particulate space
charge" is a function of position along the length of the pre-
cipitator since particle charging and collection are a function
of length.
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PARTICLE COLLECTION

As the particle-laden gas moves throggh a_precipitator, each
charged particle has a component of velocity dlrec?ed towards the
collection electrode. 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 sus-
pended charged particle. For particle sizes of practical interest,
the time required for a particle to achieve a steady state value
of migration velocity is negligible and, near theacollectlon elec-
trode, the magnitude of this quantity is given by

gE_C

- P
Wp = m ’ (l)

I

where wp migration velocity near the collection electrode of a
particle of radius a fm/sec),

g = charge on particle (coul),
E_ = electric field near the collection electrode (volt/m),
a = particle radius (m),

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

C = Cunningham correction factor, or slip correction

factor® = (1 + A”)/a),

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

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

In industrial precipitators, laminar flow never occurs and
the effect of turbulent gas flow must be considered. The tur-
bulence 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 velocities
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 surrounding
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 um 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 determination of the collection efficiency of a
given particle becomes, in effect, the problem of determining the
probability that a particle will enter a laminar boundary zone
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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'®’ derived an
expression for the collection efficiency in the form

N, = 1 - exp (-prp/Q) , (2)

where N collection fraction for 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 equa-
tion (2) is based are:

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

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

(3) The particle migration velocity near the collecting sur-
face is constant for all particles and is small compared with the
average gas velocity.

(4) There is an absence of disturbing effects, such as par-
ticle reentrainment, back corona, particle agglomeration, or uneven
corona.
Experimental data'® under conditions which are consistent with
the above assumptions demonstrate that equation (2) adequately
describes the collection of monodisperse aerosols in an electro-
static precipitator under certain idealized conditions.

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 be-
tween 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 purposes of modeling,
it appears practical and plausible to assume that the turbulence
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is highly random. For particles larger than 10 um digmeter, the
turbulence does not dominate the motion of these particles due

to their relatively high migration velocities. Unde; these con-
ditions, equation (2) would be expected to upderpred}c? collection
efficiencies. The practical effect in modeling pr§01p1tator per-
formance will be slight, however, since even equation §2) predicts
collection efficiencies greater than 99.6% for 10 um diameter par-
ticles at relatively low values of current density and cgllectlon
area [i.e., a current density of 10 nA/cm? and a collection area
to volume flow ratio of 39.4 m?/(m®/sec)].

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 collected
material must be removed from the precipitator and because the
buildup of excessively thick layers on the plates must be pre-
vented in order to ensure optimum electrical operating conditions.
Material which has been precipitated on the collection plates is
usually dislodged by mechanical jarring or vibration of the plates,
a process calling 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 determined
primarily by the intensity and frequency of the force applied to
the plates. 1Ideally, 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 main gas stream.
The rapping frequency must be adjusted so that a larger thickness
which is easy to remove and does not significantly degrade the
electrical conditions is reached between raps. 1In practice, the
optimum rapping intensity and frequency must be determined by
experimentation. With perfect rapping, the sheet of collected
material would not reentrain, but would migrate down the col-
lection plate in a stick-slip mode, sticking by the electrical
holding forces and slipping when released by the rapping forces.
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SECTION 5

LIMITING FACTORS AFFECTING PRECIPITATOR 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 oper-
ated at the highest useful values of applied voltage and current
density for the following reasons:

(1) high applied voltages 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 par-
ticles 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 wvalues of electric field and particle charge produce
high migration velocities and increased transport of par-
ticles 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 origi-
nate at the collection electrode due to surface irregularities
and edge effects which result in localized regions of high elec-
tric 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 elec-
trode, then the corona current must pass through the particulate
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layer to the grounded, collection electrode. The voltage drop
(V;) across the particulate layer is

v =307t (3)

current density (A/cm?),

where j

o~ resistivity of particulate layer (ohm-cm), and

t

thickness of the layer (cm).

The average electric field in the particulate layer (EL) is given
by
E. = Jo~. (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
(v0.1~1.0 x 10! 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 geom-
etry will determine the operating electrical conditions in such a
circumstance. If the electrical resistivity of the particulate
layer is high (>10'! ohm=-cm), then the applied voltage may not
be high enough to cause a spark to propagate across the inter-
electrode 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 re-
duce 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 there-
fore 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? due to
electrical breakdown of the gases in the interelectrode space.
Consequently, this constitutes a current limit under conditions
where breakdown of the particulate layer does not occur.

Electrical breakdown of the particulate la¥%r has been studied

extensively by Penney and Craig!? and Pottinger and can be in-
fluenced by many factors. Experimental measurements show that
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particulate 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 air, the low breakdown
strength of particulate layers suggests that high localized fields
exist in the particulate layer and produce the breakdown of the
gas in the layer. The presence of dielectric or conducting par-
ticles 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 electrical breakdown strength by changing the
volume of interstices.'*® It has also been found that breakdown
strength varies with particulate resistivity with the higher
breakdown strength being associated with the higher resistivity.

METHODS FOR PREDICTING FLY ASH ELECTRICAL RESISTIVITY

Since the electrical resistivity has a pronounced effect on the
electrostatic collectability of fly ash, it is desirable to have
advanced knowledge regarding the magnitude of resistivity one might
expect from a given coal. Obviously the best source of this infor-
mation would be in situ resistivity measurements made during the
burning of the subject coal in a commercial boiler. If the coal
has not been used commercially, one has the option of burning the
coal in a small scale pilot furnace and measuring the resistivity
in situ or in the laboratory, or one can utilize one of the
methods'®7'%7!'7 for predicting fly ash resistivity.

These methods for predicting resistivity are based on corre-
lations that have been established between resistivity and fly ash
compositions for specific laboratory test conditions. The tech-
niques leave much to be desired. First, although coal ash analyses
can be used, the predictors are based on fly ash analyses. Second,
the predictors do not take into account the effect of environmental
variations. Presently, research'®? is being conducted to develop
a predictive technique that will utilize the chemical composition
of a coal ash and the stoichiometrically calculated flue gas.

NONIDEAL EFFECTS

The nonidealities which exist in full-scale electrostatic
precipitators will reduce the ideal collection efficiency that
may be achieved with a given specific collection area. The non-
ideal effects of major importance are (1) nonuniform gas velocity
distribution, (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 degra-
dation in performance.

Nonuniform Gas Velocity Distribution

Uniform, low-turbulence gas flow is essential for optimum pre-
cipitator performance. Nonuniform gas flow through a precipitator
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lowers performance due to two effects. First, due to the expo-
nential nature of the collection mechanism, it can be shown mathe-
matically 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
formulate a mathematical description for gas flow quality. White'®
discusses nonuniform gas flow and suggests corrective actions.
Preszler and Lajos?? assign a figure-of-merit based gpon'the
relative kinetic energy of the actual velocity distribution com-
pared to the kinetic energy of the average velocity. This figgre-
of-merit provides a measure of how difficult it may be 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
throughout the length of a precipitator and, depending upon the
design of the precipitator and the manner in which it is inter-
faced with other plant equipment, the gas velocity distribution
may improve or degrade.

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
return to the main gas passages between the collection plates.

If there were no baffles, the percent gas sneakage would establish
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 un-
baffled region. The upper limit on collection efficiency 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 increasingly important
for precipitators designed for high collection efficiencies where
only a small amount of gas sneakage per section can result in a
severe limitation on collection efficiency.

Particle Reentrainment

Pgrticle reentrainment occurs when collected material reenters
the main gas stream. This can be caused by several different
effects and, in certain cases, can severely reduce the collection
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efficiency of a precipitator. Causes of particle reentrainment
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, 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"’?! 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
reentrainment of mass was occurring due to factors other than
rapping. These same studies also showed that for high-efficiency,
full-scale precipitators approximately 30-85% of the outlet par-
ticulate emissions could be attributed to rapping reentrainment.
The results of these studies show that particle reentrainment,
especially rapping reentrainment, is a significant factor in
limiting precipitator performance.
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SECTION 6

DESCRIPTION OF THE MATHEMATICAL MODEL

IDEAL CALCULATION OF PARTICLE COLLECTION EFFICIENCY

The mathematical model of electrostatic precipitation is based
on the exponential-type relationship given in equation (2). This
equation was derived subject to several assumptions which have
been stated earlier. In order to use the equation it is necessary
to structure the mathematical model such that the assumptions are
not violated. As discussed earlier, the assumptions are never
completely satisfied in an industrial precipitator but they can
be approached closely.

The assumption that the particle migration velocity near the
collection surface is constant for all particles has the most sig-
nificant effect on the structure of the model. This assumption
implies two things:

(1) The particles are all of the same diameter.
(2) The electrical conditions are constant.

Because the particles entering a precipitator are not all 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 electro-
static precipitation process on the entire particle size distri-
bution.

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
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 precipitator.

In summary, a precipitator is divided into essentially many
small precipitators in series. Equation (2) is valid in each of
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these small precipitators for particles of a given diameter. A
large majority of the time used in the computer program which per-
forms the calculations in the model is devoted to calculating the
values of quantities needed to determine the migration velocity
for each particle diameter in each length increment.

The collection fraction, ni, 50 for the i-th particle size in
14

the j-th increment of length of the precipitator is mathematically
represented in the form

ny,5 =1 - exp ("Mi,3 B39y, (5)

where W 3 (m/sec) is the migration velocity of the i-th particle
7

size in the j-th increment of length and A. (m?) is the collection
plate area in the j-th increment of lengthi

The collection fraction (fractional efficiency) ni for a given
particle size over the entire length of the precipitator is deter-

mined from
. . N. .
anlj 1,17
_ 3

TI- - r (6)
1 Ni1

where Ni 5 is the number of particles of the i-th particle size
7

per cubic meter of gas entering the j-th increment. The quantity

Ni . can be written in the form
7

_ -w, . 1 A._,/0
Ni,j = Ni,j—l exp ( 'i,3=-1 "3=1"%) , (7)

where Ni 1 = Ni . the number of particles of the i-th particle
r 14

size per cubic meter of gas in the inlet size distribution which
is expressed in the form of a histogram.

The overall mass collection efficiency n for the entire poly-
disperse aerosol is obtained from

n= NPy (8)
i
where P:. is the percentage by mass of the i-th particle size in

the inlet size distribution.

In order to determine the migration velocities for use in
equation (5), the electrical conditions and the particle charging
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process in a precipitator must be modeled.

Calculation of Electrical Conditions

If the operating voltage and current are known and a voltage-
current curve is not desired, then the electric potential and
electric field distributions are determined by using a relaxation
technique described by Leutert and BShlen.'’?? 1In this numerical
technique, the appropriate partial differential equations which
describe the electrodynamic field are solved simultaneously under
boundary conditions existing in a wire-plate geometry. ?he equa-
tions which must be solved are written in discrete form in two

dimensions as

APV APV _ _ p 4
axz INCCT » an (9)
AV Ap AV Ap
2 _ SV AP 4 &V op
Pt = Gx 3% T iy By (10)
+ ____E:op (AY ._.._Abe + é\_f_ .__Abe)
be Ax Ax Ay Ay !
where p = space charge density (coul/m®),
b = effective charge carrier mobility (m?/vV-sec),

y = coordinate parallel to gas flow from wire-to-wire (m),

X = coordinate perpendicular to gas flow from wire-to-
plate (m), and

€9 = permittivity of free space (coul/N-m?).

In order to find the solutions for V and p from equations
(9) and (10), the known boundary conditions on applied voltage
and current are held fixed while the space charge density at the
wire is adjusted until all the boundary conditions are satisfied.
For each choice of space charge density at the wire, the procedure
iterates on a grid of electric potential and space charge density
until convergence is obtained and then checks to see if the bound-
ary condition on the average current density at the plate is met
by using the expression

Tp = (bg D7 ey ELO/MN (11)

N
i=1



where Jp = average current density at the plate (A/m?),
b_ = effective charge carrier mobility (m?/V-sec),
p_. = space charge densities for points on the plate
(coul/m?),
E . = electric field strengths for points on the plate
(V/m), and
N = number of grid points in the direction of gas flow.

If the boundary condition on the average current density at
the plate is not met, then the space charge density at the wire
is adjusted and the iteration procedure is repeated.

If the operating voltage and current are unknown or if a
voltage-current curve is desired, then the voltage-current char-
acteristic for a wire-plate geometry is determined by using the
technique described by McDonald et al.?® 1In this technique, the
electric potential and electric field distributions are deter-
mined for each point on the voltage-current curve. Equations
(9) and (10) are solved simultaneously using the same mathematical
procedure employed by Leutert and BOhlen but an alternate set of
boundary conditions is imposed. The space charge density in the
region of ionization near the discharge electrode is calculated
from an arbitrarily chosen value of average current density at
the plate. The space charge density near the wire and the aver-
age current density at the plate provide boundary conditions
which are held fixed while the electric potential at the wire is
adjusted until simultaneous solutions are found to equations (9)
and (10) which satisfy all the boundary conditions,

Calculation of Particle Charge

Particle charge is calculated from a unipolar, ionic-charging
theory formulated by Smith and McDonald.?* 1In this theory, par-
ticle 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 determines
the charging rate in terms of the probability of collisions be-
tween particles and ions. The theory accounts simultaneously for
the effects of field and thermal charging and accounts for the
effects of the applied electric field on the thermal charging
process. According to this theory, the charging rate is given by
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+ KTroZ (K + 2)

TatvN, e
t ——— exp (-ge/AmeyakT) ’ (12)
4megEga® (1 + 2 %%%) , (13)
arccos (q/q) ' (14)

instantaneous charge on the particle (coul),
saturation charge due to field charging (coul),
azimuthal angle in a spherical coordinate system with
origin at the center of the particle (radians),
maximum azimuthal angle for which electric field lines
enter the particle (radians),

free ion density (m™?%),

electronic charge (coul),

permittivity of free space (coul/v-m),

average electric field between the electrodes (V/m),
ion mobility (m?/V-sec),

mean thermal speed of ions (m/sec),

particle radius (m),

Boltzmann's constant (J/°K),

absolute temperature (°K),

time (sec),

dielectric constant of the particle, and
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ro = radial distance along 6 at which the radial component
of the total electric field is zero (m).

For large particles and high applied electric fields, the theory
predicts essentially the same charging rate as the classical field
charging equation. For low applied electric fields, the charging
equation reduces to the classical thermal equation.

Equation (12) can be solved on a computer by simple numerical
techniques. The integral on the right-hand side of equation (12)
is evaluated using Simpson's Rule and the charge as a function
of time is determined by using the gquartic Runge-Kutta method.

In cases where the use of computer time is an important con-
sideration, the computer model for electrostatic precipitation
allows for considerable savings in computer time by providing the
option of using an analytical expression for charge as a function
of time. This expression is given by

dteoakT ezagNo) q;€
= ( e In 4eokT tf_ti + Exp dmegakT

(NObe )(tf—ti) + 1 -1
deg (1-9./9_)
+ q 1 S , (15)
S1 [Nobe (tf-ti) + 1
dey (l_qi/qs)

where dp charge predicted from classical diffusion charging
theory (coul),

dp = charge predicted from classical field charging theory

(coul),

ti = initial time for charging under a fixed set of con-
ditions (sec),

tf = final time for charging under a fixed set of con-

ditions (sec),
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q; = charge on the particle at ti (coul),
and all other symbols are as defined previously.

This equation represents the sum of the charges from clas-
sical field and diffusion charging theories. In principle, the
sum of the charging rates should be added to be physically meaning-
ful; however, fortuitously, equation (15) yields a reasonable pre-
diction of particle charge for particles in the size range 0.09-
1.4 ym in diameter.?® The forms of dp and Ip used in equation

(15) reflect the fact that Ny and E; change along the length of
a precipitator and, in the model, are assumed to remain fixed
only over each incremental length.

Calculation of Space Charge Effects

In the calculation of the electrical conditions, it is as-
sumed that the motion of all the charge carriers can, on the
average, be described by a single "effective mobility". The
presence of particles in the flue gas will cause a reduction in
the "effective mobility" because the particles, which acquire
charge from the ions and are much less mobile than ions, must
carry part of the total current.!’2%727 When the electrical con-
ditions are calculated by using measured values of applied voltage
and current density, the "effective mobility" is determined from*’?2®

b b It
= - : ; r (16)
e 200 3, * 3¢

where be effective mobility for ions and particles (m?/V-sec),

b” = effective ion mobility (m2?/V-sec),
j, = total current density at the plate (A/m?), and
jp = particulate current density at the plate (A/m?).

If the electrical conditions are calculated by generating a
voltage~current curve, then the model employs a different method
for determining the effects of space charge. Since this method
has not been published prior to this writing, it is discussed in
Appendix A in more detail than the other calculations which are
presented. 1In this part of the text, this method will be dis-
cussed only briefly in order to acquaint the reader with the
basic concepts involved in the method.

In.this method, the precipitator is divided into successive
length increments which are equal to the wire-to-wire spacing.
Each Qf these increments is divided into several subincrements.
The first calculation in the procedure involves the determination
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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 calcu-
lated in each subincrement. This allows for the nonuniformity
of the electric field and current density distributions to be

taken into account.

As initially uncharged particles enter and proceed through
the precipitator, the mechanisms of particle charging and par-
ticle collection are considered in each subincrement., In each
subincrement, the average ion density, average particulate den-
sity, 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 order to obtain an average effective mobility for
the increment. Then, for the specified value of applied voltage,
the average effective mobility 1s used to determine the reduced
current for the increment by either calculating a new voltage-
current curve or using an approximation which is discussed in
Appendix A.

In its present state of development, this method provides
good estimates of reduced current due to the presence of par-
ticles. However, it does not 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. This work involves the use of an iter-
ation procedure over each increment in order to obtain self-
consistency.

METHODS FOR ESTIMATING NONIDEAL EFFECTS

Since the model is structured around an exponential-type
equation for individual particle sizes, it is convenient to rep-
resent the effect of the nonidealities in the model as correction
factors which apply to the exponential argument. These correc-
tion factors are used as divisors for the ideally-calculated
effective migration velocities.

Since four types of migration velocities will be referred
to in the following sections, it is important to define the
terminology which will be used. The migration velocity w is a
guantity which is calculated from fundamental principles and
applies only to a given length increment as used in the model.
This quantity represents the actual drift velocity of a particle
toward the collection electrode in the region near the collection
electrode. The effective or length-averaged migration velocity
Yo is a quantity which 1s calculated from fundamental principles

but it applies to the entire length of the precipitator. This
guantity is obtained by replacing wp in equation (2) by Ve and

determining a single value of W which is necessary to produce
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the same collection efficiency over the entire length of the pre-
cipitator that is obtained from the values of W Thg apparent
effective migration velocity w- is a quantity which is obtained

from making an empirical correction (or corrections) to the ef?ec-
tive migration velocity W This quantity bears no relationship

to the actual migration velocities in the rggion.of space a@jacent
to the collection electrode and has no physical 1nterp¥etat19n.
The guantities w, W and wé apply to particles of a given diam-

eter. The precipitation rate parameter wpr is a quantity which

provides a measure of how well the entire mass which enters the
precipitator will be collected. This quantity is obtaiged by
replacing wp in equation (2) by wpr and determining a single

value of Wpr which is necessary to produce the same overall mass

collection efficiency that is obtained from the collection effi-
ciencies for all particle diameters, as determined by the values
of W, or w;, and the inlet particle size distribution.

Calculation of Effect of Nonuniform Velocity Distribution

It is possible to develop an approach to estimating the de-
gradation of performance due to a nonuniform velocity distribution
based upon the velocity distribution, the ideal collection effi-
ciencies, and the exponential-type collection equation.! 1In
this approach, it is assumed that equation (2) applies to each
particle size with a known effective migration velocity and that
the specific collecting area and size of the precipitator are
fixed.

For any practical velocity distribution and efficiency, the
mean penetration obtained by summation over the point values of
velocity will be higher than the penetration calculated from the
average velocity. If an effective migration velocity for a given
particle size is calculated based upon the mean penetration and
equation (2), the resulting effective migration velocity will
have a value lower than the value necessary to obtain the same
mean penetration from a summation of point values of penetration.
The ratio of the effective migration velocity determined by the
summation of point values of penetration to that determined by
equation (2) is a numerical measure of the performance degradation
caused by a nonuniform 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 point values of penetration and solving
for the required correction factor, which will be a divisor for
the effective migration velocity obtained from equation (2).

Whether the correction factor obtained from the above pro-
cedure correlates reasonably well with statistical measures of
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velocity nonuniformity is yet to be established. A limited
number of traverse calculations which have been performed seem
to indicate a correlation between the correction factor and the
normalized standard deviation of the velocity traverse. Based
upon a pilot plant study,?® the following empirical relationship
between the correction factors Fi’ the normalized standard de-

viation of the velocity distribution Og, and the ideal collection
fractions ny for the i-th particle size under consideration has

been obtained:?

_ 1.786 _
F; =1+ 0.766 n;o, +0.0755 ¢ In (1/1-nj).  (17)

In simulating the performance of a particular precipitator, the
preferred procedure would be to obtain the relationship [Fi =

Fi (ni, Og)] between Fi' Uy and Og for the conditions to be

simulated from a velocity traverse at the entrance to the pre-
cipitator. If this cannot be done, equation (17) can be used,

but only in the sense of obtaining a rough estimate of the effects
of a given nonuniform velocity distribution.

Calculation of Effect of Gas Sneakage

If the simplifying assumption is made that perfect mixing
occurs following each baffled section, then an expression for the

penetration PNS of a given particle size from the last baffled

section which is corrected for gas sneakage can be derived! in
the form

Ng = s + (1-8) (1-n )M Ne)s (18)

where S is the fractional amount of gas shneakage per baffled sec-
tion and NS is the number of baffled sections. Estimations based

on equation (18) indicate that, for high efficiencies, the number
of baffled sections should be at least four and the amount of
sneakage should be held to a low percentage. With a high per-
centage of sneakage, even a large number of baffled sections

fail to help significantly.

Gas sneakage factors Bi can be defined in the form of divi-

sors for the effective, or length-averaged, migration velocities
in the exponential argument of equation (2). The factors B.l are

obtained by taking the ratio of the effective migration velocities

LN under ideal conditions to the apparent effective migration
14

velocities wé i under conditions of gas sneakage so that
14
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\" 1n (l—ni) 1n (l_”i) (19)

» 7
1 woo. in P N ln [S + (l—S)(l-ni)l/NS]

where the subscript i refers to the different particle diameters,

The foregoing estimation of the effects oﬁ gas sneakage is
a simplification in that the sneakage gas passing the baffles
will not necessarily mix perfectly with the main gas flow and the
flow pattern of the gas in the bypass zones will not be uniform
and constant. Equation (18) has been formulated to help in de-
signing and analyzing precipitators by establishing the order of
magnitude of the problem. Considerable experimental data will
be required in order to evaluate the method and to establish
numerical values of actual sneakage rates.

Calculation of Effect of Reentrainment Without Rapping

Although it is difficult to quantify the complex mechanisms
associated with particle reentrainment due to (1) the action of
the flowing gas stream on the collected particulate layer, (2)
sweepage of particles from hoppers caused by poor gas flow con-
ditions or air inleakage into the hoppers, and (3) excessive
sparking, the effect of these nonideal conditions on precipitator
performance can be estimated if some simplifying assumptions are
made. If it is assumed that a fixed fraction of the collected
material of a given particle size is reentrained and that the
fraction does not vary with length through the precipitator, an
expression can be derived which is identical in form to that
obtained for gas sneakage:!

Np = [R + (1-R) l—ni)l/NR] Np (20)

P . . . . .
where NR is the penetration of a given particle size corrected

for reentrainment, R is the fraction of material reentrained, and
Np is the number of stages over which reentrainment is assumed to

occur.

Since equations (18) and (20) are of the same form, the ef-
fect of particle reentrainment 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 (20) provides a means of esti-
mating the effect of particle reentrainment without rapping on
precipitator performance.
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Since the equation which is obtained for calculating the
correction factors for particle reentrainment without rapping is
of the same form as that obtained for calculating the correction
factors for gas sneakage, only equation (19) is used in the model.
Thus, only a value of S is used as input data for the model. How-
ever, the value of S represents the combined effects of the frac-
tional amount of gas sneakage per baffled section and the frac-
tional amount of collected material which is reentrained per
baffled section without rapping.

No-Rap Calculations

~ The combined nonideal effects of nonuniform gas velocity dis-
tribution, gas sneakage, and particle reentrainment without rapping
are taken into account by reducing the ideally calculated effective

migration velocities w, ; by the correction factors F, and B;.
14

Apparent effective migration velocities wé ; are determined from
14

w

-~ — e,i
Ye,i T F, B, ’ (21)
1 1

where the subscript i refers to the different particle diameters.
Corrected fractional collection efficiencies are calculated using
equation (2) and the values of the w; ie
14

The apparent effective migration velocities and corresponding
collection efficiencies obtained from equation (21) may be referred
to as "no-rap" migration velocities and collection efficiencies.
These quantities are of practical interest because they can be
measured by turning the rappers off, whereas ideal quantities can
never be truly measured.

Calculation of Effect of Rapping Reentrainment

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 upon
studies performed on six different full-scale precipitators col-
lecting fly ash.® 1In these studies, outlet mass loadings and
particle size distributions were measured both with rapping losses
and without rapping losses. Based on these data, outlet mass
loadings and particle size distributions which can be attributed
to rapping were obtained.

The rapping emissions obtained from the measurements on the
six precipitators are graphed in Figure 4 as a function of the
amount of dust calculated to have been removed by the last elec-
trical section. The dust removal in the last electrical section
was approximated by

n"/section = l-exp(-X7/N.) ’ (22)
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Figure 4. Measured rapping emissions versus calculated particulate
removal by last electrical section. These curves are a

result of work sponsored by the Electric Power Research
Institute.
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where X = -1n(1l-n,), (23)
Noe = 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 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. This
would be expected due to reduced dust adhesivity at higher tem~
peratures. Data 2a and 2b are for a cold-side unit operating at
normal and approximately one-half normal current density, re-
spectively. The decrease in current density at installation 2
resulted in a significant increase in rapping emissions due to
the increased mass collected in the last field and smaller elec-
trical holding force for the same rapping intensity.

The simple exponential relationships

0.905

(0.155)X (24)

¥y
and

0.894

Yo (0.618)X (25)

can be used for interpolation purposes in determining the rapping
emissions (mg/DSCM) for a given calculated mass removed by the
last field (mg/DSCM) for cold- and hot-side precipitators, re-
spectively. In constructing Figure 4, the calculated mass re-
moved in the last field was determined by using the measured
overall mass collection efficiency during normal operation of the
precipitator. This was 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. 1In
principle, the no-rap efficiencies should be used to calculate
the mass removed in the last field and this is what is done in
the mathematical model. Obviously, the limited amount of data
obtained thus far is not sufficient to validate in general the
approach presented here. However, this approach gives reason-
able agreement with the existing data and offers a quantitative
method for estimating rapping losses.

The apparent size distribution of emissions attributable to

rapping at each installation was obtained by subtracting the
cumulative distributions during non-rapping periods from those
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with rappers in operation, and dividing by the total emigsions
(based on impactor measurements) resulting from rapping in order
to obtain a cumulative percent distribution. Figure 5 contains
the results of these calculations. Although the data indicate
considerable scatter, an average particle size distribution has
been constructed in Figure 6 for use in modeling rapping puffs.
In the mathematical model, the data in Figure 6 are approximated
by a log-normal distribution with a mass median diameter of 6.0
um and a geometric standard deviation of 2.5.

In summary, the mathematical model determines a "rapping
puff" by using either equation (24) or (25) to obtain the outlet
mass loading due to rapping and by using a log-normal approxi-
mation to the data in Figure 6 to represent the particle size
distribution of the outlet mass loading due to rapping. This
"rapping puff" is added to the "no-rap" outlet emissions to obtain
the total outlet emissions as a function of mass loading and par-
ticle size distribution. Then, the model generates migration
velocity, collection efficiency, penetration, and AM/AlogD (rate
of change of mass over a given size interval) as a function of
particle diameter for the "no-rap", "rapping puff" and "no-rap"
plus "rapping puff" outlet emissions.

Although rapping is an important part of the electrostatic
precipitation process, the present version of the model does not
take into account the temporal and dynamic nature of the rapping
process. The time-dependent aspects of the rapping process are
of significance because different electrical sections are rapped
at different time intervals and the thickness of the collected
particulate layer changes with time. The dynamic aspects of the
rapping process are of significance because (1) a suitable me-
chanical force must be applied to a collection electrode in order
to remove the collected particulate layer, (2) the force which is
necessary to remove the collected particulate layer from the col-
lection electrode depends on such variables as the electrical
forces in the layer, the cohesiveness and adhesiveness, etc.,
and (3) the reentrained particles are recharged and re-collected
as the gas flow carries them downstream. Although the empirical
procedure employed in the present version of the model represents
a useful interim technique for estimating the effects due to
rapping reentrainment in precipitators, it is important that
models be developed in the future to describe the temporal and
dynamic aspects of the rapping process.

EMPIRICAL CORRECTIONS TO NO-RAP MIGRATION VELOCITIES

Comparisons of measured apparent effective migration velo-
cities for full-scale precipitators under "no-rap" conditions with
those predicted by the model indicate 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
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Figure 5. Apparent rapping puff size distribution for six full-scale
precipitators. These data are a result of work sponsored
by the Electric Power Research Institute.
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Figure 6. Average rapping puff size distribution for six full-scale
precipitators. These data are a result of work sponsored
by the Electric Power Research Institute.
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into the model." This correction factor is shown in Figure 7.

The empirical correction factor accounts for those effects
which enhance particle collection efficiency but are not included
in the present model. These effects include particle charging
near corona wires, particle concentration gradients, and flow
field phenomena. 1In future work which is planned, efforts will
be made to develop theoretical relationships to describe the
above effects and to incorporate them into a more comprehensive
model for electrostatic precipitation.

ESTIMATION PROCEDURE FOR CALCULATING PARTICLE COLLECTION
EFFICIENCIES

The mathematical model for electrostatic precipitation allows
for the use of estimation procedures for calculating particle
collection efficiencies. Use of these procedures results in con-
siderable savings in computer time since involved numerical tech-
niques are not extensively employed. These procedures can be used
to advantage when only gross trends in precipitator performance
are required or when an estimating technique is desired in order
to approximate the specific collection area required for a chosen
overall mass collection efficiency so that a starting point for
the more rigorous calculation can be easily obtained.

In the case where the operating applied voltage and current
are known, particle charge, average electric field at the plate,
and space charge effects are only estimated. Particle charge is
calculated by using equation (15). The average electric field
at the plate is calculated by dividing the applied voltage by
the wire-to=-plate spacing and scaling this value down by a factor
of 1.75. This method of determining the average electric field
at the plate is based on the examination of the results from
model simulations of several full-scale precipitators which were
collecting fly ash. Space charge effects are determined by re-
ducing the free ion density and effective charge carrier mobility
in the same procedure which leads to equation (16).

In the case where the operating applied voltage and current
are not known, a voltage-current curve must be generated up to
some specified operating applied voltage. The voltage-current
calculation also determines the average electric field at the
plate which is used in the estimation procedure. Particle charge
is calculated by using equation (15). Space charge effects are
determined by applying the new procedure discussed earlier and
in Appendix A.

It must be emphasized that these procedures are not expected
to give results which will always be reasonable estimates. For
any given set of conditions, these procedures may lead to pre-
dictions of precipitator performance which are in considerable
error. However, in most cases, they should yield reasonable
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estimates of precipitator performance and their judicious use
can lead to considerable savings in computer time.
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SECTION 7

COMPUTER PROGRAMING OF THE MATHEMATICAL MODEL

DESCRIPTION OF THE COMPUTER PROGRAM

A computer program has been written in Fortran IV language
in order to perform the mathematical operations associated with
the model of electrostatic precipitation discussed in Section 6,
Although the program has been developed using a Digital Equipment
Corporation, PDP 15/76 computer, efforts have been made to make
the program sufficiently generalized so that it can be easily
implemented on other computers which have a Fortran compiler.
Due to the lack of sufficient storage capacity on the PDP 15/76
computer, the program contains some duplication because the use
of arrays for storing the values of certain variables is avoided
and the values of these variables are recalculated each time
they are needed in the program. Appendix B contains a list of
the symbols used in the program along with their definitions and
Appendix C contains a listing of the entire program. The pro-
gram consists of a main program and 20 subroutines. Excluding
job control language (JCL) cards, the program card deck contains
2,240 cards.

The following is a sequential list of the major operations
which are performed by the computer program in order to determine
fractional collection efficiencies and overall mass collection
efficiency.

1. Data which are necessary to characterize precipitator
performance are read into the main program.

2, If the inlet size distribution is known, it is read into
the main program in the form of a histogram and it is "fit" to a
log-normal distribution in subroutine LNFIT. Alternatively,
parameters characteristic of a log-normal distribution can be
read into the main program and a histogram is constructed in sub-
routine LNDIST in order to represent the inlet size distribution.

' 3. The number of particles in each size band of the inlet
size distribution is calculated.

4, The precipitator is divided into specified incremental
lengths.
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5. 1If the operating applied voltage and current are not
known, then subroutine EFLD2 is used to generate a clean-plate,
clean-gas, voltage-current curve up to a spec1f1ed value of
operating applied voltage, to determine the free ion densities
and charging fields for particle charging, and to calculate the
electric field at the plate. If the operating applied voltage
and current density are known, then subroutine SPCHGl is used to
calculate the amount of material removed per increment and the
"particulate space charge" in each increment based on an esti-
mated overall mass collection efficiency, to determine an effec-
tive charge carrier moblllty, and to establish a reduced free

ion density in each increment for use in determining particle
charge.

6. If the operating applied voltage and current are known,
then the average charging field is calculated using the applied
voltage and the wire-to-plate spacing and the electric field at
the plate is calculated in subroutine EFLDI. ‘

7. The charge on each particle size at the end of each in-
crement or subincrement of length is calculated in either CHARGN
or by using equation (15), whichever is specified. In order to
save computer time, the program contains a procedure which by-
passes the charge calculation for a given particle size whenever
the charge on that size does not change by more than 0.5% in two
successive length increments in the same electrical section. Also,
if the charge calculation for a given particle size has been by-
passed in the last increment of a given electrical section and
the applied voltage in this section is equal to or greater than
that in the next section, then the charge calculation for this
particle size will be bypassed in each increment in the next
section.

8. If the operating applied voltage and current are unknown,
then subroutine SPCHG2 is used to determine the "particulate space
charge"”, the effective charge carrier mobility, and the operating
current density.

9. A migration velocity for each particle size is calculated
at the end of each length increment using equation (1).

10. The number of particles removed in each size band after
each length increment of travel is calculated using equation (2).

11. After the required calculations have been performed in
all length increments, an overall mass collection efficiency is
calculated. If the operating applied voltage and current are
known, then the calculated overall mass collection efficiency is
compared with the input estimated efficiency. If the difference
is greater than 0.05%, the program returns to the first length
increment and repeats all calculations using the newly computed
overall mass collection efficiency. Usually, only one iteration
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is required. If the calculation of the overall mass collection

efficiency has been based on a generated vo}tage-current curve,
then no iteration over incremental lengths is performed.

12. After the overall mass collection efficiency has been op-
tained, an "effective" migration velocity is calculated for each
size band and a precipitation rate parameter is computed based op
the overall mass collection efficiency and equation (2).

The above operations complete the calculation of ideal per-
formance that would be expected under a given set of input con-
ditions and based on those physical mechanisms which are included
in the model. 1In the following operations which are performed in
subroutine ADJUST, corrections are made to the ideal projections
by operating on the "effective" migration velocity for each par-
ticle size in order to account for unmodeled and nonideal effects,

13. For a given value of normalized gas velocity standard
deviation, a correction factor is calculated for each "effective"
migration velocity using the ideal efficiency for a given particle
size and equation (17).

14. Using assumed values of number of stages and the percent
loss per stage from reentrainment without rapping and/or gas
sneakage, a correction factor is calculated for each "effective"
migration velocity using the ideal efficiency for a given par-
ticle size and equation (19).

15. An "apparent" effective, no-rap migration velocity is
obtained for each particle size by dividing the ideal values by
the product of the two correction factors described above and a
no-rap collection efficiency is calculated for each particle size
using equation (2).

16. Using the correction factors given in Figure 7, sub-
routine WADJST corrects the "apparent" effective, no-rap migration
velocities in order to account for unmodeled effects and "adjusted
no-rap efficiencies are determined. An "adjusted" no-rap overall

mass collection efficiency and precipitation rate parameter are
calculated.

17. Losses in collection efficiency due to rapping reentrain-
ment are obtained by reducing the mass collected in each size
band under "adjusted" no-rap conditions according to either equa-
t?on (24) or (25) and Figure 6. A collection efficiency and
migration velocity with rapping are calculated for each particle
size. An overall mass collection efficiency and precipitation

rate parameter which account for losses due to rapping are calcu-
lated.

18: No-rap and no-rap + rap outlet size distributions are
determined and outlet emissions are characterized by calculation
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of AM/AlogD for each size band for the "rapping puff" and no-rap
and no-rap + rap conditions.

19, No-rap and no-rap + rap outlet size distributions are
"fit" to a log-normal distribution.

20. All input data and relevant parameters which have been
calculated are printed.

In Figure 8, a simplified flow chart for the main program
is given. This flow chart shows the major operations and logic
branches and all subroutine callings. The input and output data
for the computer program, along with the various uses of the pro-
gram, will be discussed in detail in Volume 2 of this report. In
the following subsection, the subroutines which are called by
the main program will be discussed in detail.

DESCRIPTIONS OF THE SUBROUTINES

Subroutine SPCHG1

This subroutine determines the effect of "particulate space
charge" in each increment of length by using the procedure leading
to equation (16) in order to calculate an "effective" charge
carrier mobility and average reduced ion density for particle
charging. Figure 9 shows a detailed flow chart for this sub-
routine. All information which is transmitted between the main
program and this subroutine is transferred through calling argu-
ments. The following is a sequential list of the calling argu-
ments and their descriptions.

SW = Estimated sum of material removed in successive incre-
ments of the ESP (kg/m?).

ROVRI - Ratio of total charge density to ionic charge density
in a given increment of the ESP. Initialized to 10.0
to start procedure.

OROVRI = Ratio of total charge density to ionic charge density

in previous increment of ESP. Initialized to 20.0 to
start procedure.

XS = Computed value of exponential argument in equation (2)
for the estimated overall efficiency.

ETAPF -~ Computed estimated overall collection fraction per
given length increment.
DW(I) - Computed estimated amount of material removed in a
given length increment (kg/m?).
QSAT (J) = Saturation charge on a given particle size (coul).
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( STAR;WGWd ) START LOOP OVER
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Figure 8. Simplified flow chart for the entire program (Sheet 1 of 4).
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CALC. NO. OF PARTICLES ENTERING
NEXT INCREMENT
-
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END OF MAIN
PROGRAM

CALC. OVERALL MASS
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Figure 8. Simplified flow chart for the entire program (Sheet 4 of 4).
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C START SUBROUTINE ) ( START LOOP OVER )
PARTICLE SIZES

| REAL: LINC I
CALC. SUM OF CHARGE DENSITIES

IN INCREMENT {sum)

DIMENSION: DW, QSAT,
XNO, LSECT
END LOOP OVER
‘PARTICLE SIZES
YES
| = 1
CALC. RATIO OF PART. CURRENT TO
TOTAL CURRENT X200 (ZC)
NO ‘
SW = 0.
ROVRI 10. CALC. RATIO OF TOTAL CHARGE
OROVRI = 20. DENSITY TO IONIC CHARGE DENSITY (ROVRI)

CALC. REDUCED FREE
ION DENSITY (AFID)

CALC. VALUE OF EXPONENT IN
EQ. (2) FOR EST. EFFICIENCY (XS)

CONVERT REDUCED FREE ION

—
DENSITY TO #/ecm3 (AVGFID)

CALC. EST. EFFICIENCY PER
LENGTH INCREMENT (ETAPF)

CONVERT CURRENT DENSITY
TO nA/cm?2 (XCD)

CALC. AMOUNT OF MATERIAL
REMOVED IN INCREMENT (DW(l)}

CALC. EFFECTIVE
MOBILITY (UEQ)

IEUM WEIGHT REMOVED (SW)]

I CONVERT ETAPF TO
A PERCENT (XPI)

( END SUBROUTINE ’

CALC. FREE ION
DENSITY (FID)

Figure 9. Flow chart for subroutine SPCHG1.
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XNO (J)

W

LSECT (K)

TC

VG

ETAO

FID

AFID

AVGF1D

XCD

UEQ

NSECT

LINC

PL

CD

ERAVG

Number of particles per unit volume of gas of a given
particle size entering a given length increment (#/m?).

Weight of material per unit time (mass flux) in a given
length increment (kg/sec).

Number of length increments in a given electrical sec-
tion.

Total current in a given electrical section (A4).

Gas volume flow rate in a given electrical section
(m?®/sec).

Estimated overall mass efficiency of ESP (%).

Computed free ion density in a given electrical section

(#/m?) .

Computed reduced free ion density for particle charging
in a given electrical section (#/m?).

Reduced free ion density (#/cm?).

Average current density at the plate in a given elec-
trical section (nA/cm?).

Ion mobility in a given electrical section (m?/V-sec).

a given length in=-
lower limit of
avoid convergence
EFLD1.

Effective charge carrier mobility in
crement (m?/V-sec). Restricted to a
1 x 10~* m?/V-sec in main program to
difficulties when used in subroutine

Index specifying the given length increment. Can not

exceed a value of 50.

Indicator specifying the given electrical section of
the ESP. Can not exceed a value of 10.

Length of each increment in a given electrical section
(m) .

Total electrical length of ESP (m).

Average current density at the plate in a given elec-
trical section (A/m?).
Electronic charge (coul).

Average electric field between the wire and plate (V/m).
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NS - Number of particle size bands in size distribution
histogram. Can not exceed a value of 20.

XPI - Computed estimated overall collection efficiency per
given length increment (%).

Of the above variables, the values of the following must be
provided by the main program: QSAT(J), XNO(J), W, LSECT(K), TC,
vG, ETAO, U, I, NSECT, LINC, PL, CD, E, ERAVG, and NS. The values
of the following variables are determined in the subroutine: SWw,
ROVRI, OROVRI, XS, ETAPF, DW, FID, AFID, AVGFID, XCD, UEQ, and XPI,
In the above arrays, I, J, and K can not exceed 45, 20, and 10,
respectively. The restrictions on I, J, and K limit the number
of length increments, the number of particle size bands, and the
number of electrical sections, respectively.

Subroutine SPCHG2

This subroutine determines the effect of "particulate space
charge" in each subincrement of length by using the new procedure
discussed earlier in this report and in Appendix A to calculate an
"effective" charge carrier mobility. Figure 10 shows a detailed
flow chart for this subroutine. Information which is transmitted
between the main program and this subroutine is transferred through
calling arguments and block common statements. The following is
a sequential list of the calling arguments and their descriptions.

NS - Number of particle size bands in size distribution
histogram. Can not exceed a value of 20.

XNO(J) - Number of particles per unit volume of gas of a given
particle size entering a given length increment (#/m?).

VIS - Gas viscosity in a given electrical section (kg/m-sec).
RAD(J) - Radius of a given particle size (m).

LINC - Length of each increment in a given electrical section
(m) .

E - Electronic charge (coul).

U - Ion mobility in a given electrical section (m?/V-sec).
ERAVG - Average electric field between the wire and plate (V/m).
DNSION - Ion density in the absence of particles (#/m?).

DELTNP - Ngmber @ensity of charges transferred from ions to par-
ticles in a given subincrement of length (#/m?).

SUMMOB - Weighted summation of particle mobilities (m2/V-sec/m?).
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QSTART SUBROUTINE)

REAL: LINC, ND

DIMENSION: XNO, RAD,
CCF, OLDQ, Q

BLOCK COMMON: XDC

l I+ 1 0r \ YES
I 7 1 -
BLOCK COMMON: EAVG, CHFID

CALC. SUM OF PARTICLES PER
VOLUME OF GAS (PNUM)

CALC. CHARGE ACQUIRED BY PARTICLES IN A
GIVEN INCREMENTAL LENGTH (DIFF)

BLOCK COMMON: NREAD, NPRNT

ATE DIFF
NO RECALCUL. .

-
YES CALC. SUM OF CHARGE DENSITIES
—- I 5= 1 TRANSFERRED TO PARTICLES IN A
\ GIVEN INCREMENTAL
0O

N LENGTH (DELTNP)

CALC. VALUE OF EXPONENT IN EQ. (2)
FOR EST. EFFICIENCY (XS) ( END LOOP OVER )

PARTICLE SIZES

-

CALC. WEIGHTED PARTICULATE

CALC. EST. EFFICIENCY PER MOBILITY (PMOB)

LENGTH INCREMENT (ETAPF)

CALC. TOTAL CHARGE NUMBER
DELTNP O. DENSITY OF PARTICLES (TDNSP)
SUMMOB = 0.
PNUM = 0.
RHOP = 0. ESTABLISH DENSITY OF IONS

WITHOUT PARTICLES PRESENT (DNSION)

START LOOP OVER
PARTICLE SIZES CALC. TOTAL CHARGE NUMBER DENSITY

TRANSFERRED TO PARTICLES (DELTNP)

. P ICULATE CHARGE
géklng\??‘:CCHt}i{G) ¢ CALC. REDUCED FREE
1ON DENSITY (RDNSI)

CALC. SUM OF PARTICLE
CHARGE DENSITIES (RHOP)

CALC. WEIGHTED SUM OF PARTICLE
MOBILITIES (SUMMOB)

|

Figure 10. Flow chart for subroutine SPCHGZ2 (Sheet 1 of 2).
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YES

F\’DNSI)/O. —

NO

CALC. RATIO OF CHARGE DENSITY
TRANSFERRED TO THAT AVAILABLE (PIR)

RDNSI = 0.

PRINT ION DENSITY NEEDED TO
MEET CHARGING RATE

ﬂ

REDEFINE REDUCED FREE
ION DENSITY {AFID)

CONVERT REDUCED FREE ION
DENSITY TO #/cm3 (AVGFID)

CALC. EFFECTIVE MOBILITY FOR
IONS AND PARTICLES (UEQ)

CALC. RATIO ION CHARGE DENSITY TO
TOTAL CHARGE DENSITY (RIOVR)

CONVERT ETAPF TO
A PERCENT (XPt)

( END SUBROUTINE )

Figure 10.  Flow chart for subroutine SPCHG?2 (Sheet 2 of 2).
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PNUM

RHOP

TCHRG

PMOB

TDNSP

Total number of particles per unit volume of gas enter-
ing a given subincrement of length (#/m?®).

Total average particulate charge density in a given sub-
increment of length (coul/m?).

Average particle charge density for a given particle
size in a given subincrement of length (coul/m3).

Weighted particulate mobility in a given subincrement
of length (m?/vV-sec).

Total average particulate charge number density in a
given subincrement of length (#/m?®).

RDNSI, AFID - Average reduced ion density in a given subincrement

UEQ

AVGFID

RIOVR

XS

ETAO
PL

ETAPF

CCF (J)

XPI

OLDQ (J)

Q(J)

of length (#/m?).

Effective charge carrier mobility in a given subincre-
ment of length (m?/V-sec).

Average reduced ion density in a given subincrement of
length (#/cm?).

Ratio of ionic charge density to total charge density
in a given subincrement of length.

Index specifying the given length increment. Can not

exceed a value of 45.

Computed value of exponential argument in equation (2)
for the design overall efficiency.

Design overall mass efficiency of ESP (%).

Total electrical length of ESP (m).

Computed design overall collection fraction per given
length increment.

Cunningham slip correction factor for a given particle
size.

Computed design overall collection efficiency per given
length increment (%).

Value of charge for a given particle size acquired
through all subincrements of length up to the subincre-
ment under consideration (coul).

Value of charge for a given particle size acquired
through the subincrement of length under consideration
(coul).
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II - Index specifying the given subincrement of length. Can
not exceed a value of 30,

NSECT - Indicator specifying the given electrical section of
the ESP. Can not exceed a value of 10.

The following is a list of the necessary variables which are
in common with the main program.

XDC (I,J) - Charge on a given particle size at the end of a given
length increment (coul).

EAVG(K) - Average electric field in a given subincrement of
length (V/m).

CHRID (K) - Average ion density in the absence of particles in a
given subincrement of length (#/m?).

NPRNT - Indicator which specifies the logical unit number of
the printer.

Of the above variables, the values of the following must be
provided by the main program: NS, XNO, VIS, RAD, LINC, E, U,
ERAVG, I, ETAO, PL, CCF, OLDQ, ¢Q, II, ND, NSECT, XDC, EAVG, CHFID,
and NPRNT. The values of the following variables are determined
in the subroutine: DNSION, DELTNP, SUMMOB, PNUM, RHOP, TCHRG,
PMOB, TDNSP, RDNSI, AFID, UEQ, AVGFID, RIOVR, XS, ETAPF, and XPI.
In the above arrays, I, J, and K can not exceed values of 45, 20,
and 30, respectively. The restrictions on I, J, and K limit the
number of length increments, the number of particle size bands,
and the number of subincremental lengths in a given length incre-
ment, respectively. If, in a given subincrement of length, there
are not enough free ions available to meet the charging rates of
all the particle sizes, then the subroutine prints out a message
which states the increase in ion density necessary to meet the
charging rates. In this case, the free ion density is defined
as zero and it is assumed that the charging rate was met.

Subroutine CMAN

This subroutine calculates an initial estimate of the elec-
tric potential at each point in a grid which is established in
either EFLD1l or EFLD2 for the purpose of determining the elec-
trical conditions in a wire-plate precipitator. The calculation
is based on an electrostatic solution for a wire-plate geometry.
Thus, this initial estimate does not include the effects of space
charge. The equation which is used to calculate the initial
values of electric potential at the grid points is given by28
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o -
:Z: n cosh 1r(y—2msy)/2Sx —cos(nx/ZSx)]
(26)

Vix,y) = v, me-e | cosh w(y—2mSyY728x +cos(nx/25x)
ii - coshTimSy/Sx)—cos(nrw/zsx) ]
it _cosh(ﬂmsy/sx)+cos(wrw/stT '
where V(x,y) = electrical potential (V),
VW = applied voltage (V),
Sx = wire-to-plate spacing (m),
Sy = one half wire-to-wire spacing {(m),
r, = radius of corona wire (m),

x = coordinate position measured toward plate with the
corona wire as origin (m), and
y = coordinate position measured parallel to plates
with the corona wire as origin (m).
In practice the series converges rapidly and only a few terms
need be evaluated. The sums in equation (26) are performed over
the number of wires in a given gas passage of a given electrical
section.

Figure 11 shows a detailed flow chart for this subroutine.
Information which is transmitted between the main program, other
subroutines, and this subroutine is transferred through calling
arguments and a block common statement. The following is a
sequential list of the calling arguments and their descriptions.

VW - Electric potential at the wire (V).

NX - Number of grid points in the x-direction. Can not
exceed a value of 15.

NY - Number of grid points in the y~direction. Can not
exceed a value of 15.

SX - Wire-to-plate spacing (m).
SY - One-half wire-to-wire spacing (m).

PI - Value of the constant pi.
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CSTART SUBROUTlNE)

REAL: NUM, M, NWIRE

DIMENSION: VCOOP

DETERMINE # OF GRID STRIPS
IN EACH DIRECTION {NXI AND NYI)

CALC. INCREMENT SIZE IN
EACH DIRECTION (AX AND AY)

START LOOP OVER
X-DIRECTION
START LOOP OVER
Y-DIRECTION

CALC. X AND Y
POSITIONS {X AND Y}

Y
ES >

M NWIRE
NUM = 0.0
DENOM - 0.0

CALC. ARGUMENTS FOR COS

VCOOP (I, J) = VW

AND COSH FUNCTIONS IN
EQ. (26) (EI, FI, GI, AND HI]

CALC. COS AND COSH FUNCTIONS
IN EQ. (26) [E2, F2, G2, AND H2]

Figure 11,
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CALC. ARGUMENTS FOR LN
FUNCTIONS IN EQ. (26) [TT AND TB]

CALC. LN FUNCTIONS
IN EQ. (26) [F AND GJ

CALC. SUM IN NUMERATOR
OF EQ. (26} [NUM]

CALC. SUM IN DENOMINATOR
OR EQ. (26) [DENOM]

YES
M < NWIRE M=M+1.-.-®

NO

CALC. POTENTIAL AT
POINT (X,Y]) [V COOP (1, J)]

END LOOP OVER

Y-DIRECTION

END LOOP OVER \ - @
X-DIRECTION  /

( END SUBHOUTINE)

Figure 11. Flow chart for subroutine CMAN (Sheet 2 of 2).
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AC - Radius of discharge electrode (m).
NWIRE - Number of wires per gas passage per electrical section,

The following variable is in common with the main program
and subroutine EFLD2Z.

VCOOP (I,J) - Initial estimate of potential at points in the grid
(V). I and J can not exceed a value of 15,

Of the above variables, the values of the following must be
provided by the main program: VW, NX, NY, S$X, SY, PI, AC, and
NWIRE. VCOOP is determined in the subroutine. The restrictions
on I and J limit the number of grid points in the x-direction
and the number of grid points in the y-direction, respectively.

Subroutine EFLD1

This subroutine calculates the average electric field at the
plate of a wire-plate precipitator. Its usage depends upon mea-
sured or known values of applied voltage and current. The electric
field at the plate is found by solving equations (9) and (10) si-
multaneously and subject to the existing boundary conditions using
a numerical relaxation technique.?®730731r32 1n golving the
egquations, the corona zone surrounding the discharge wire is con-
sidered only as a source of ions and the high values of electric
field intensity existing in this region are not treated in the
calculation. The region outside the corona zone, where the values
of electric field intensity are relatively low, is referred to as
the space-charge zone and is assumed to contain unipolar ions.

Figure 12 shows the basic area of interest in the precipitator
for which equations (9) and (10) are solved., Figure 12 also in-
cludes the geometry and nomenclature used in the numerical anal-
ysis. Due to the symmetry of the problem it is necessary to
integrate only over the rectangle shown in Figure 12 and then
assert that the solutions hold for all similar rectangles within
the duct. In this manner the entire two-dimensional area can be
taken into account. In the actual numerical procedure, occasions
occur when values of V, E, and p from positions outside the
rectangle are used. In this case it is justified to assign to
the functions V, E, and p the same values they had at symmetrical-
ly located points within the area of the rectangle. This is
necessary in order for the integration to include values of V
and p which exist on the boundaries in such a way that they con-
verge toward an exact solution along with the interior points.

In order to employ the numerical technique, the area of in-
terest is divided into a fine rectangular grid as shown in Figure
13. Point "0" is the point of interest for the following dis-
cussion. However, once Vo, Ep, and py are calculated here, the
label "0" is moved to a neighboring point and the calculation
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Figure 12.  Nomenclature used in the numerical analysis of the electrical

conditions in wire-plate precipitators.
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Figure 13.  Partial grid showing nomenclature used in the numerical
analysis of the electrical conditions.
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repeated. Each point in the grid would eventually become point
IIOlI.

From Figure 13,

Ax = zax (V"O - VZ)I
AV, 1
T = 5= (V1 - V3),
Ay 2ay
A2Vy _ V4+V,;-2V,
Ax? ax2 ! (27)
and
2 — -
ﬁygo = Va;V% 2V, (28)
Y

Equations (27) and (28) can be used in equation (9) and the re-
sulting equation can be solved for Vy to give

1 2 2 ax®ay®po
-~ + + + + ____¥___._
Vo z(ax2+ayz) [ay (VZ Vh) dy (Vl V3) €0 (29)

Again, from Figure 13,

AOo — Po—P2 (30)
Ax a,
A —_
A§° = PP, (31)
Y
Abg by-b>
= ’ (32)
Ax a,
and
Abo _ bo-bg
X = . (33)
Yy ay
Equations (30)~(33) can be used in equation (10) and the resulting

equation can be solved for pp, to given

Ppo = - +\fa2+8 , (34)
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where

€9 (2ayboon+2aXboE ox_alszox—axng ol)

2axaybo

and

€o(axonpz"'axEoypa)

a_a
XYy

In subroutine EFLD1, solutions to equationg §29) and (34) are
obtained subject to the following boundary conditions:

(a) V = VW (applied voltage) at the wire;

(b) Jp = known or measured averade current density at the
plate;

(c) V = 0 on the plate (along line CD);

(d) EX = - %% = 0 and Ey = - %% = 0 at points A and B;

(e) EX = - %% = 0 along line AB;

(£) Ey = - %% = 0 along lines BC, CD, and AD.

The boundary conditions
the lines AB, BC, AD, and CD
of simultaneous solutions to
Along the lines AB, BC, AD,
lowing expressions:

greatly simplify equation (34) along
and, in fact, make the calculation
equations (29) and (34) possible.
and CD, o and B reduce to the fol-

€ (2a_ b E - b E
o = 0 ety T APy (35)
AB 2a_a b !
Xy
© (2aYboEoX T ahbE x)
“Bc T “*ap T %cp 2a 2 b , (36)
XY o
e E p
BAB - 0 ;Y 3 , (37)
Y
and
EoEoXp
= = - 2
BBC BAD BCD aX - (38)



In order to initiate the numerical procedure which finds the
simultaneous solutions to equations (29) and (34), it is necessary
to make initial estimates of the values of the electric potential
at all grid points and the space charge density for the corona
region. The initial values of electric potential are estimated
using equation (26) which is evaluated in subroutine CMAN. An
initial estimate of the space charge density near the discharge
electrode is obtained by assuming that the corona region is
cylindrical and using continuity of current. This initial esti-
mate is calculated from the expression

2 S JP
p_ = Y x 1073 , (39)

ﬂbsrwf (3086 + 9 6/rw)

where pg = Space charge density at the outer boundary of the
ionized sheath (coul/m?),
Sy = one-half wire-to-wire spacing (m),
Jp = average current density at the plate (A/m?),
bS = effective charge carrier mobility at the outer boundary
of the ionized sheath (m?/V-sec),
r, = radius of the wire (cm),
f = roughness factor, and
§ = relative density of the gas.

The numerical procedure for finding the solutions to equa-
tions (29) and (34) consists of the following steps.

l. V is computed at every point in the integration grid
using equation (26).

2. p is computed at every point in the integration grid from
equations (34) and (39).

3. V is recomputed at every point in the integration grid
using equation (29).

4, Steps 2 and 3 are repeated alternately until convergence
occurs. Convergence on the potential grid is obtained when the
value of the potential at each point in the grid is within one
volt of the value calculated at that point in the previous it-
eration.
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5. The computed current density (obtained using the re-
lationship J = =-p ( ) b) is compared with the measured current

density. If the computed and measured current densities do not
agree within .1%, then the space charge representing the corona
region is adjusted and steps 1 through 5 are repeated until agree-
ment is obtained.

This procedure iterates on a grid of electric field and space
charge density until convergence is obtained. The major approx-
imation, and one that is seemingly unavoidable in practice, is
the assumption that the motion of all charge carriers can, on the
average, be described by a single effective mobility. The space
charge introduced by the particulate present in flue gas would
reduce the effective mobility. The procedure uses a reduced
mobility which is calculated from equation (16) and is evaluated
in subroutine SPCHGl The reduction in mobility is limited to
a value of 1 x 10~"* m?/V-sec in order to prevent nonconvergence
of the grid under certain conditions.

Figure 14 shows a detailed flow chart for this subroutine.
Information which is transmitted between the main program and
this subroutine is transferred through calling arguments and block
common statements. The following is a sequential list of the
calling arguments and their descriptions.

UEQ - Effective charge carrier mobility (m?/V-sec). Limited
to a lower value of 1 x 10~"% m?/V-sec.

CD - Average current density at the plate (A/m?).
AC - Radius of discharge electrode (m).

VO - Electric potential at the wire (V).

SX - Wire-to-plate spacing (m).

SY - One-half wire-to-wire spacing (m).

NX - Number of grid points in the x-direction. Can not exceed
a value of 15.

NY - Number of grid points in the y-direction. Can not exceed
a value of 15.

TDK - Temperature of the gas (°K).
P - Pressure of the gas (atm).

AEPLT - Average electric field at the plate (V/m).
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(START SUBROUTINE ’
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DIMENSION: RHO, VCOOP, EX, OLDRO,

OLDV, CDNSTY, V, EY
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LINE AD
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LINE AD
START LOOP ALONG
LINE AB

Figure 14. Flow chart for subroutine EFLD1 (Sheet 1 of 3).
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On | l
CALCULATE E,, E, RHO START LOOP OVER
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END LOOP OVER
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Figure 14. Flow chart for subroutine EFLD1 (Sheet 2 of 3).
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. Figure 14.  Flow chart for subroutine EFLD1 (Sheet 3 of 3).
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VERGE - Initial estimate of space charge density at the wire
(coul/m?) .

CVERGE - Final value of sgace charge density at the wire for con-
vergence (coul/m?).

The following is a list of the necessary variables which are
in common with the main program.

VCOOP (I,J) - Initial estimate of potential at points in the grid
(V). I and J can not exceed a value of 15.

NPRNT - Indicator which specifies the logical unit number of
the printer.

Of the above variables, the values of the following must be
provided by the main program: UEQ, CD, AC, VO, SX, SY, NX, NY,
TDK, P, VCOOP, and NPRNT. AEPLT, VERGE, and CVERGE are determined
in the subroutine. The restrictions on I and J limit the number
of grid points in the x-direction and the number of grid points
in the y-direction, respectively. If convergence on the electric
potential grid can not be obtained in 2000 iterations, a message
stating that convergence can not be obtained is printed and the
subroutine returns to the main program with those values which
were calculated in the last iteration. If convergence on the
average current density at the plate can not be obtained in 25
iterations, a message stating that convergence can not be obtained
is printed and the subroutine returns to the main program with
those values which were calculated in the last iteration.

Subroutine EFLD2

This subroutine calculates a voltage-current curve up to a
specified value of operating applied voltage and calculates the
average electric field at the plate for the operating applied
voltage. The voltage-current curve is generated by (1) speci-
fying a starting value of average current density at the plate,
(2) incrementing upward on the average current density, and (3)
determining the applied voltage at each value of current density.
Once a value of current density results in an applied voltage
which exceeds the specified operating applied voltage, an inter-
polation is performed in order to obtain the operating applied
voltage and current density. At the operating applied voltage,
calculations can also be made to give the average current density,

average electric field, and average electric field at the plate
in subincremental lengths.

The equations which are solved and the mathematical technique
which 1is used to solve these equations are the same as discussed
for subroutine EFLDl, The major differences in the two subroutines
are the use of different boundary conditions in solving equations
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(29) and (34) and an added loop in EFLD2 which runs over values
of average current density at the plate.

The boundary conditions imposed on the solutions to equations
(29) and (34) are:

(1) Jp = given average current density at the plate;

(2) p

o space charge density near the wire and hence,

Sl
P =pg = pw at point A for calculations outside of rgi
(3) EsrS = EcrW = constant;
I\ oV _ . ,
(4) EX = s 0 and Ey = iy - 0 at points A and B;
(5) V= 0 on the plate or along line CD;
_ _ AV _ . .
(6) EX = X - 0 along line AB;
(7) E = = A 0 along lines BC, CD, and AD;
y Ay
where r, = radius of the ionized sheath (m),
ES = electric field at the outer radius of the ionized

sheath (V/m),

EC = corona starting electric field (V/m), and

r. = radius of the corona wire (m).

By using the above boundary conditions, solutions to equations
(29) and (34) can be obtained without measured or known data.

The steps in the numerical procedure are outlined as follows:

1. Choose an average current density at the plate which
corresponds to the lowest value desired on a current-voltage curve.

2. Estimate the potential at the wire that would produce the
chosen value of average current density at the plate and calcu-
late V at every point in the grid using equation (26).

3. Calculate p at every point in the grid using equation

(34) , where the space charge density at the wire is given by
equation (39).
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4. Recalculate V at every point in the grid using equation
(29) .

5. Repeat steps (3) and (4) alternately until each value
of V in the potential grid changes negligibly from its previous
value.

6. Check to see if the computed average current density at
the plate equals the chosen value. If they agree, then the so-
lution has been obtained. If they do not agree, adjust the
potential at the wire and start the calculation over at step
(3) above.

7. Choose a larger value of average current density at the
plate and obtain a new solution by starting at step (3) with the
existing potential grid used to estimate the actual potential
grid.

8. Repeat steps (3)=-(7) until the desired current-voltage
curve is obtained.

In the above procedure, the electric potential at the wire is ad-
justed until solutions are found which satisfy equations (29) and
(34) and the boundary conditions, whereas, in EFLD1l, the space
charge density at the wire is adjusted.

Figure 15 shows a detailed flow chart for this subroutine.
Information which is transmitted between the main program and
this subroutine 1s transferred through calling arguments and
block common statements. The following is a sequential list of
the calling arguments and their descriptions.

UEQ - Effective charge carrier mobility (m?/V-sec).

AC - Radius of discharge electrode (m).

VO - Chosen operating applied voltage (V).

SX - Wire-to-plate spacing (m).

SY = One-half wire-to-wire spacing (m).

NX - Number of grid points in the x-direction. Can not
exceed a value of 15.

NY - Number of grid points in the y-direction. Can not
exceed a value of 15.

AEPLT - Average electric field at the plate (V/m).

TDK - Temperature of the gas (°K).
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Figure 15. Flow chart for subroutine EFLD2 (Sheet 1 of 8).
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Figure 15.  Flow chart for subroutine EFLD2 (Sheet 2 of 8).
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Figure 15. Flow chart for subroutine EFLD2 (Sheet 3 of 8).
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Figure 15.  Flow chart for subroutine EFLD2 (Sheet 4 of 8).
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Figure 15. Flow chart for subroutine EFLDZ2 (Sheet 5 of 8).
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Figure 15.  Flow chart for subroutine EFLD2 (Sheet 6 of 8).
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Figure 15. Flow chart for subroutine EFLD2 (Sheet 7 of 8).
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Figure 15.  Flow chart for subroutine EF LD2 (Sheet 8 of 8).
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P - Pressure of the gas (atm).
RF - Roughness factor for the discharge wire (0.5 < RF < 1.0).

START - Chosen initial current density at which the voltage-
current curve calculation starts (A/m?). Current
densities increment in values of START until a change
is specified.

DSTART - Chosen increment in current densitg which is used in
place of START when specified (A/m“).

CSTART - Chosen increment in current density which is used in
place of DSTART when specified (A/m?).

IFINAL - Indicator which terminates the loop over average current
densities at the plate after IFINAL times.

VSTART - Initial estimate of applied voltage corresponding to
first value of average current density at the plate on
the voltage-current curve (V).

VW - Operating applied voltage corresponding to a given
current density (V).

ACDNTY - Average current density at the plate (A/m?).
NWIRE - Number of wires per gas passage per electrical section.

NEC - Indicator which governs the calculations of average
current density, average electric field, and average
electric field at the plate in subincremental lengths.
The calculations are performed when NEC = 0 and are
not performed when NEC = 1.

EBD - Electrical breakdown strength of the gas (V/m).

JI1l - Indicator which governs the change in the increment on
average current density at the plate from START TO
DSTART. The change occurs on the JIl-th value of
current density.

JI2 - Indicator which governs the change in the increment on
average current density at the plate from DSTART to
CSTART. The change occurs on the JI2~th value of
current -density.

The following is a list of the variables which are in common
with the main program.

EAVG (M) - Average electric field in a given subincrement of length
(V/m). M can not exceed the value of 30.
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CHFID (M) - Average ion density in the absence of particles in a
given subincrement of length (#/m®). M can not exceed
a value of 30.

ECOLL (M) - Average electric field at the plate in a given sub-
increment of length (V/m). M can not exceed the value
of 30.

VCOOP (I,J) - Initial estimate of potential at points in the grid

(VY. I and J can not exceed a value of 15.

NPRNT - Indicator which specifies the logical unit number of
the printer.

Of the above variables, the values of the following must be
provided by the main program: UEQ, AC, VO, SX, SY, NX, NY, TDK,
P, RF, START, DSTART, CSTART, IFINAL, VSTART, NWIRE, NEC, EBD,
JI1l, JI2, and NPRNT. AEPLT, VW, ACDNTY, EAVG, CHFID, ECOLL, and
VCOOP are determined in the subroutine. The restrictions on I,
J, and M limit the number of grid points in the x-direction, the
number of grid points in the y-direction, and the number of sub-
incremental lengths in a given length increment, respectively.
The subroutine calls subroutine CMAN in order to determine VCOOP.

If, for a given current density, convergence on the electric
potential grid can not be obtained in 2000 iterations, a message
stating that convergence can not be obtained is printed and those
values which were calculated in the last iteration are used for
that particular point on the voltage-current curve. If conver-
gence on a given average current density at the plate can not be
obtained in 25 iterations, a message stating that convergence
can not be obtained is printed and those values which were calcu-

lated in the last iteration are used for that particular point on
the voltage-current curve.

There are three possible conditions which will result in
termination of the voltage-current curve at a particular voltage
and current. The curve is terminated if (1) the specified oper-
ating applied voltage is reached, or (2) the number of points on
the curve is equal to value of IFINAL, or (3) the specified value
of electrical breakdown strength near the collection electrode is
exXceeded. If the breakdown strength is exceeded, a message
stating that this is the case is printed.

Subroutine CHARGN

This subroutine calculates particle charge as a function of
rgsidence time, electrical conditions, gas conditions, and par-
ticle characteristics., In order to use this subroutine, statement
function RATE and subroutines ARCCOS and ZERO are required.
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The subroutine determines particle charge by solving equa-

tion (12). Equation (12) is a first-order differential equation
of the form

QJIQ-
bl

= f(x,y) (40)

with initial values x¢ and ¥° and is solved numerically using a
quartic Runge-Kutta method.®® This is a single-step method in
which the value of y at x = X, is used to compute Yoe1 = y(xn+l)

and earlier values yn—l' yn-2' etc. are not used,

The increment for advancing the dependent variable is given

by
Ay = % (k, + 2k. + 2k. + k,) (41)
6 1 2 3 4
where, for a given stepsize h,
ky = hf(x_, y) ' (42)
k. = hf(x_ + =h + 1y (43)
2 n " 2% Yp T2 %1
k, = hf(x_ + =h, y_ + = k.) (44)
3 n 27" In 2 72 r
and
k, = hi(x_ + h, y_ + k) . (45)
The values at (Xn+l’ Yn+l) are given by
*p+1 =~ *n th (46)
and
Yn+1 ~ Yn + Ay * (47)

The subroutine calls the statement function RATE to calculate the
right hand side of equation (12) at the function values specified
in equations (42)-(45).

The numerical procedure for finding solutions to equation
(12) consists of the following steps.
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l. The initial conditions are taken to be g = 0 at t = 0,

2, dq is calculated in the main program using equation (13)

and is supplied to subroutine CHARGN and statement function RATE,

3. For each value of g required in the Runge-Kutta scheme,
a value of 08y is calculated in statement function RATE using
equation (14).

4, The integration over 6 on the right hand side of equation
(12) is performed in statement function RATE using Simpson's Rule,
For each value of 6 which is chosen for this integration, the
radial distance (ry) from the center of the particle and along §
for which the total electric field is zero is calculated using
subroutine ZERO.

5. The three individual charging rates are calculated and
then added in statement function RATE to give the total instan-
taneous charging rate for a particular value of g.

6. The total charging rates necessary for use in equations
(41)-(45) are obtained by subroutine CHARGN and g and t are ob-
tained from equations (46) and (47).

Figure 16 shows a detailed flow chart for this subroutine.
All information which is transmitted between the main program and
this subroutine is transferred through calling arguments. The
following is a sequential list of the calling arguments and their
descriptions.

ECHARG - Value of an electronic charge unit (coul).

SCHARG - Value of saturation charge number from the field charging
equation [see eq. (13)].

NUMINC - Number of increments in the Simpson's Rule integration
over 0. A value of 20 is normally sufficient.

: K-1) . .
CONST = Value of the quantity [2 ( a’Ey] found in equation
(12) [V-m?]. (K+2)

EZERO - Applied electric field strength for particle charging
(V/m) .

2
- . e . .
V - Value of the guantity [ZEE?EET] found in equation (12).
RSIZE - Radius of the particle (m).

. 3
ECONST - Value of the quantity [kﬁEéiZ)] found in equation (12).
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T1 =H * RATE {.ueuee , X, Y)
CALCULATE
T2 = H * RATE {......... , X+ H2, Y +T1/2)
CALCULATE
T3 H* RATE (.......... , X+ H2, Y +T2/2)
CALCULATE
T4 = H * RATE (...... , X+ H, Y +T3)

CALC. CUMULATIVE
INTEGRAL {Y)

INCREASE X BY STEPSIZE

END LOOP OVER
NN STEPSIZES

: ( END SUBROUTINE ’

Figure 16. Flow chart for subroutine CHARGN.
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CMKS - Value of the quantity [4meo] found in equation (12)
(coul?/nt-m?).

. E
RR - Value of the gquantity [e O] found in equation (12)

[m=1].
. k-1)eEga’ . .
FCONST - Value of the guantity [§k+2§§TO ] found in equation
(12) [m?].
mva? . .
FACTOR - Value of the quantity [—=—] found in equation (12)
[m3/sec].
COEFF - Value of the quantity [ ] found in equation (12)
[m?/sec].

AFID - Free ion density for particle charging (#/m®).

RATE - Statement function which must be supplied to subroutine

CHARGN,
H - Increment size for Runge-Kutta integration (sec).
XI - Initial value of time (sec).
YI - Initial value of charge number.

NN - Number of increments in the Runge-Kutta integration.
A value of 10 is normally sufficient.

X - Final value of time (sec).
Y - Final value of charge number.

Of the above variables, the values of the following must be
provided by the main program: ECHARG, SCHARG, NUMINC, CONST,
EZERO, V, RSIZE, ECONST, RR, FCONST, FACTOR, COEFF, AFID, RATE,
H, XI, YI, and NN. X and Y are determined in the subroutine.

For length increments along the precipitator of approximately
0.305 meter or less, the use of 10 increments in the Runge-Kutta
integration and 20 increments in the Simpson's Rule integration
vields solutions to equation (12) which are changed negligibly
by increasing the number of points used. In cases where the use
of computer time is a significant consideration, the use of 5
increments in the Runge~Kutta integration and 10 increments in
the Simpson's Rule integration will result in charge values which
are not severely changed. These values of NN and NUMINC should
be regarded as yielding a lower limit for which reliability can
be expected and they should not be reduced further.
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Statement Function RATE

This statement function calculates the right hand side of
equation (12) for use in subroutine CHARGN., In order to use this
statement function, subroutines ARCCOS and ZERO must be supplied.

The first and third terms on the right hand side of equation
(12) are calculated in a straightforward manner. However, the
third term involves an integration over the angle 6 which must
be performed numerically. The integration is performed by using

Simpson's Rule®" which is given by
X
n h
f y(x)dx’::é— (Yo + 4y1 + 2y2 + 4ys + 2yu + === + 4yn_l+ yn) ’
X9 (48)
where
Xi = XO + ih (i = 0’1,2, AR 1’1) ’ (49)

n is even, and h is the increment size. In the application of
this technigque, there must be an odd number of points.

The subroutine performs the operations indicated in equation
(48) by first calculating the odd-numbered function values and
summing them. Next, the even-numbered function values are calcu-
lated and those between y, and y, are summed. Thus, equation (48)
is applied in the form

Xn N
LO vy (x)dx ?::—3- (y + 4 E Y, + 2 E Y, + yn) . (50)

n even n odd

The lower integration limit 6y in the second term of equation
(12) is determined by calling subroutine ARCCOS. If 6 is less
than or equal to 0.00001 radian, it is set equal to zero. For
each value of 8 in the integration, the radial distance (rg)
from the center of the particle and along 6 for which the total
electric field is zero is determined by calling subroutine ZERO.

If the charge on the particle is equal to or greater than
the saturation charge, the first term on the right hand side of
equation (12) is set equal to zero. Once the three terms on the
right hand side of equation (12) are calculated, then they are
added to give the total charging rate.

Figure 17 shows a detailed flow chart for this subroutine.
All information which is transmitted between subroutine CHARGN
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START STATEMENT
FUNCTION

REAL: INTGRL, NE,
NUMBER, NTIME

CALC. CHARGE ON
PARTICLE {NE)

YES

NUMBER — SCHARG 20

CALL ARCCOS

THZERO 0.

1.57 — THZERO X0

@ - YES

NO

ESTABL!SH STEPSIZE (DELTAX)

CALC. STARTING POINT ON 0 FROM
WHICH ODD NUMBERED FUNCTION
VALUES ARE CALCULATED (THETA)

INITIALIZE SUM OF ODD NUMBERED
FUNCTION VALUES TO ZERO (SUMODD)

—f— @
Figure 17. Flow chart for statement function RATE (Sheet 1 of 5).
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© ]

START LOOP OVER ODD
NUMBERED FUNCTION VALUES

CALC. VALUE OF
@ (THETA)

CALC. PARAMETERS DEPENDENT ON
6 (CTHETA, TCONST, ECOS)

CALC. COEFFICIENTS OF POLYNOMIAL IN
WHICH THE RADIAL COMPONENT OF ELECTRIC
FIELD IS ZERO (Cl AND CO)

CALL ZERO

CALC. ARGUMENT OF EXPONENTIAL FUNCTION
IN CHARGING RATE FOR REGION il {ARG1)

YES
| ARG1 | > 30. - l
NO YVAL = 0.
CALC. FUNCTION
VALUE (YVAL)
1 —

1

SUM ODD NUMBERED
FUNCTION VALUES (SUMODD)

END LOOP OVER ODD
NUMBERED FUNCTION VALUES

Figure 17. Flow chart for statement function RATE (Sheet 2 of 5).
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@ ]

CALC. STARTING POINT ON 6 FROM
WHICH EVEN NUMBERED FUNCTION
VALUES ARE CALCULATED (THETA)

INITIALIZE SUM OF EVEN NUMBERED
FUNCTION VALUES TO ZERO (SUMEVN}

START LOOP OVER EVEN
NUMBERED FUNCTION VALUES

CALC. VALUE OF
0 (THETA)

CALC. PARAMETERS DEPENDENT ON
f (CTHETA, TCONST, ECOS)

CALC. COEFFICIENTS OF POLYNOMIAL [N
WHICH THE RADIAL COMPONENT OF
ELECTRIC FIELD 1S ZERO (C1 AND CO)

CALL ZERO

CALC. ARGUMENT OF EXPONENTIAL FUNCTION
IN CHARGING RATE FOR REGION 1l {ARG1)

|ARG1>YES -

NO

YVAL = 0.

CALC. FUNCTION
VALUE (YVAL)

—®

Figure 17. Flow chart for statement function RATE (Sheet 3 of 5).
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Gr

Y

YES

- IF J = NUMINC

NO

SUM EVEN NUMBERED FUNCTION
VALUES EXCLUDING FIRST AND LAST (SUMEVN)

i

END LOOP OVER EVEN
NUMBERED FUNCTION VALUES

THZERQO = 0. YES e

/

NO CALC. PARAMETERS DEPENDENT ON
8 AT O (CTZERO, TCONST, ECOS)

RZERO = RSIZE

CALC. COEFFICIENTS OF POLYNOMIAL IN
WHICH THE RADIAL COMPONENT OF ELECTRIC
FIELD IS ZERO AT 6 = O (C1 AND C0)

CALL ZERO
-— ]
CALC. ARGUMENT OF EXPONENTIAL FUNCTION
IN CHARGING RATE FOR REGION Il (ARG2)
YES
| ARG2 | >30. . o I
ZVAL = 0.
NO

CALC. FUNCTION
VALUE (ZVAL)

L < »—(2)

Figure 17. Flow chart for statement function RATE (Sheet 4 of 5).
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@_»—\ RATE1 = 0.

O |

CALC. INTEGRAL OVER
REGION 1i (INTGRL)

CALC. CHARGING RATE FOR
REGION H (RATE1)

’

CALC. ARGUMENT OF EXPONENTIAL FUNCTION
IN CHARGING RATE FOR REGION Il (ARG3)

YES

| ARG3 | > 30. >

NO

RATE2 = 0.

CALC. CHARGING RATE IN
REGION Il (RATE2)

t
\YES .

NUMBER — SCHARG 2 0

-

CALC. CHARGING RATE IN

RATE3 = 0.

REGION IHl { RATE 3)

CALC. TOTAL CHARGING
RATE (RATE)

( END STATEMENT FUNCTION D

Figure 17.  Flow chart for statement function RATE (Sheet 5 of 5).
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and this statement function is transferred through calling argu-

ments.

The following is a sequential list of the calling argu-

ments and their descriptions.

ECHARG

SCHARG

NUMINC

CONST

EZERO

\Y

RSIZE

ECONST

CMKS

RR

FCONST

FACTOR

COEFF

AFID

NTIME

NUMBER

Of the above variables,
provided by subroutine CHARGN:

EZERO, V,

and NUMBER.
of equation

function.

Value of an electronic charge unit (coul).

Value of saturation charge number from the field charging
equation {[see eq. (13)].

Number of increments in the Simpson's Rule integration

over 6. NUMINC must be even and 20 is normally suffi-
cient.
Value of the quantity [2 Ei;%; a’Ey] found in equation

(12) [V-m?].

Applied electric field strength for particle charglng
(V/m) .

Value of the quantity [ZEE—EET] found in equation (12).
Radius of the particle (m).
Value of the quantity é%%%%jT] found in equation (12).
Value of the quantity [4meo] found in equation (12)
(coul?/nt-m?).
Value of the quantity [eE°] found in equation (12) [m~!].
Value of the guantity [E%I%%%%ii—] found in equation
(12) [m?].

l\', 2
Value of the quantity [Trva ] found in equation (12)
[m®/sec].

b,
Value of the quantity [4E ] found in equation (12)

[m®/secl].
Free ion density for particle charging (#/m®).
Residence time for particle charging (sec).

Particle charge number (coul).

the values of the following must be
ECHARG, SCHARG, NUMINC, CONST,
RSIZE, ECONST, RR, FCONST, FACTOR, COEFF, AFID, NTIME,
The total charging rate given on the right hand side
(12) is RATE and is determined in the statement
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Subroutine ARCCOS

This subroutine calculates the inverse cosine of a number,
The calculation is performed by using the series expansion given
by * °

x3 1.3 5 1.3.5 7 (5
- EET LT e 1
5.3 " 3.2.5% t31e7 X ¢ ) )

m
COS™ X = 5 = (x +

where x2<1 and 0O<cos~!x <m.

The subroutine is specialized in that the number x is deter-
mined by the ratio A/B of two numbers. This is done because in
the particle charging theory the inverse cosine of the ratio of
the particle charge to the saturation charge must be calculated.
However, the subroutine can be used in general by setting B=1l, so
that A becomes the number whose inverse cosine is determined. The
series in equation (51) is terminated when a term is reached which
is equal to or less than 0.00001.

Figure 18 shows a detailed flow chart for this subroutine.
All information which is transmitted between this subroutine and
other main or subprograms is transferred through calling argu-
ments. The following is a sequential list of the calling argu-
ments and their descriptions.

A - Numerator of the ratio A/B whose inverse cosine is to
be determined.

B - Denominator of the ratio A/B whose inverse cosine is to
be determined.

ACOS - Value of the cos~! (A/B) [radians].

The variables A and B must be supplied to the subroutine and ACOS
1s determined in the subroutine.

Subroutine ZERO

This subroutine determines the radial distance (ro) from the
center of a charged particle and along a given angle 6 for which
thg total electric field is zero. The use of this subroutine re-
quires that subroutine ARCCOS be supplied.

From the particle charging theory, 38 iti
: : 3% the condition that the
total electric field be zero is given éy

3

ne
ro® — |

4me yE, cosB

K-1
)r0+2(m) a* =0 , (52)

where the symbols are defined the same as for equation (12).
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( START SUBROUTINE )

CALC. ARGUMENT OF
INVERSE COS FUNCTION (RATIO)

INITIALIZE VARIABLES:
T=1.

SUM = 0.

TERM = RATIO

SET UP VARIABLES WHICH COMBINE

SERIES EXPANSION OF cos™! 8 (U, v, AND W)

CALC. TERM IN SERIES EXPANSION
oF cos™! 8 (TERM)

SUM TERMS IN SERIES EXPANSION
ofF cos! 9 (sum)

]

T=T+1.

TO GIVE PROPER COEFFICIENTS IN s

’ YES
TERM — 0.00005 >0 -

NG

caLc. cos! (RATIO) FROM
SERIES EXPANSION (ACOS)

( END SUBROUTINE)

Figure 18. Flow chart for subroutine ARCCOS.
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For a given angle 6, this is a cubic equation in ry of the form

x% ~c1x + 2c, =0 . (53)

This type of cubic equation has roots given by

2
cos™! 27cz
-« 3
X = —2V §L cos { 3 o4 n} (54)

Q

3

where n = 0,1,2. For particle charging, the physically meaningful
solution is given for n=1

- ne
Lo = 12megEqcos®  °
-1 K-1\? (4meoa’Egcosd | ®
cos J27 (K+2 — -
cos { 3 + 3= - (55)

The subroutine determines r, from equation (55).

Figure 19 shows a detailed flow chart for this subroutine.
This subroutine is called by statement function RATE and all in-
formation which is transmitted between these subprograms is
transferred through calling arguments. The following is a se-
quential list of the calling arguments and their descriptions.

_ .. q ) .

Ccl Value of the coefficient [4ﬂ€oEoCOSG] of ry in equation
(52) [m].

CO0 - Value of one-half the constant term [(%%%) a’l in equa-
tion (52) [m*/V].

RZERO - Radial distance from the center of a charged particle

and along a given angle 6 for which the total electric
field is zero,

The variables Cl and CO are supplied by statement function RATE
and RZERO is determined in the subroutine.

Subroutine CHGSUM

_ This sgbroutine calculates particle charge as a function of
re51dence't1me, electrical conditions, gas conditions, and particle
characteristics by using equation (15). Although the subroutine
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CSTART SUBROUTI NE)

CALC. ARGUMENT OF cOS™! FUNCTION IN

EQ. (55} [B]

CALL ARCCOS AND CALC.
cos's (C)

CALC. FACTOR IN FRONT OF
COS IN EQ. (55} (D]

\ L

CALC. RADIAL DISTANCE WHERE
ELECTRIC FIELD IS ZERO FROM
EQ. (65) [RZERO]

I

(END SUBROUTINE }

Figure 19. Flow chart for subroutine ZERO.

97



utilizes equation (15) in a straightforward manner, the programing
is involved in that the values of charge at the end of each lengtj
increment due to field and diffusion charging must be kept track
of independent of one another and the charging process must be
incorporated into the incremental or incremental plus subincre-
mental schemes that may be utilized in the main program. Since
the free ion density and electric field change along the length
of a precipitator, the values of charge due to field and diffusion
charging must be saved at the end of each increment or subincre-
ment so that they can be used as initial values for the next
increment or subincrement. Also, provisions must be made to
ensure that the charge acquired due to the field charging term

in equation (15) does not exceed the saturation charge in any
given increment or subincrement.

Figure 20 shows a detailed flow chart for this subroutine.
This subroutine is called by the main program and all information
which is transmitted between the main program and this subrgutine
is transferred through block common statements. The following is
a list with descriptions of those variables which must be trans-
mitted between the main program and this subroutine:
TDK - Temperature of the gas stream (°K).
U - Gas ion mobility (m?/V-sec).
E - Electronic charge unit (coul).
EPSO - Permittivity of free space (coul/Vem).
BC - Boltzmann's constant (J/°K).
VAVC - Mean thermal speed of gas ions (m/sec).
NVI - Indicator which can have the values of 1 and 2. If
NVI = 1, then known or measured operating voltages
and currents are used in the main program and only
incremental lengths are taken. If NVI = 2, then the
opgrating voltages and currents are calculated in the
main program and incremental plus subincremental
lengths are taken.
I - Index which runs over incremental lengths.

SCHARG - Saturation number from field charging theory.

CHRFID - Average free ion density (#/m?).

TIMEI - Time at the start of a given incremental or subincre-
mental length (sec).

TIMEF - Time at the end of a given incremental or subincre-
mental length (sec).
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‘ START SUBROUTINE )

REAL: LINC, LTHICK, JPART, JION

BLOCK COMMON: ZMMDI, SIGMI, NONID,
NRAPD, TDK, NUMSEC, NEFF, NTEMP, GFIT

BLOCK COMMON: VOL, XNO, Q, WS, ITL, DW, AS,
VOS, TCS, WLS, ACS, BS, SYS, VGS, VGASS, TEMPS
VISS, QSAT, U, E, EPSO, PI, ERAVG, BC, TEMP,
EPS, VAVC, OLDQ, OLDXNO, RFS, START1,
START2, START3, VSTAR

v

BLOCK COMMON: TMFP, NVI

BLOCK COMMON: NPRINT, NSECT, SLNGTH, A, VO,
TC, B, AC, WL, CL, CD, ET, SY, VGAS, P, VIS,

W, LINC, XPI, RIOVR, EPLT, AFID, XCD, ZMD,

WT, LTHICK, JPART, JION, I, ROVRI

BLOCK COMMON: SCHARG, CHRFID, TIMEI,
TIMEF, V, FRACTRE, RSIZE, CNUMBER, J,
Il, ITER, OLDQF, OLDQT, SOLDQF, sOLDQT

NVIXYES’ 4@

ITER £ 1 YES

SAVE THE VALUES OF FIELD AND
DIFFUSION CHARGES AT THE START
OF A NEW INCREMENT (SOLDQF AND
sSOLDQT)

-}

NO

ITER >1 AND
=1

RESET VALUES OF FIELD AND
DIFFUSION CHARGES EQUAL
TO VALUES AT THE START OF
AN INCREMENT (OLDQF AND
oLDQT)

INITIALIZE FIELD AND DIFFUSION
CHARGES TO 0 AT T =0: OLDQF{J) = 0.,
OLDQT(J) = 0.

e

Figure 20.  Flow chart for subroutine CHGSUM (Sheet 1 of 3).
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INITIALIZE FIELD AND DIFFUSION
CHARGES TO 0 AT T =0: OLDQFU)} =0,
oLbQT) =0

-

CALC. SATURATION
CHARGE {SATCHG)

oLDOF (I _YES
SATCHG

NO

BYPASS CALC. OF QF
|F SATURATION CHARGE

HAS BEEN REACHED:
QF = OLDQF(J)

CALC. QUANTITIES APPEARING IN
EQ. (15) (CF1 AND CF2)

CALC. CHARGE DUE TO
FIELD CHARGING (QF)

YES
QF > SATCHG

NO

PREVENT QF FROM EXCEEDING
SATURATION CHARGE:
QF = SATCHG

— o
Figure 20.  Flow chart for subroutine CHGSUM (Sheet 2 of 3).
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SAVE VALUE OF QF AT END
OF INCREMENT OR SUB
INCREMENT (OLDQF(J))

CALC. ARGUMENT FOR EXPONENTIAL
FUNCTION IN EQ.{15} (ARG)

YES
ARG >30 -

20>

NO

BYPASS CALC. OF QT

AND SET EQUAL TO
VALUE IN PREVIOUS
INCREMENT OR SUB-
INCREMENT: QT=0LDQT(J)

CALC. CHARGE DUE TO DIFFUSION
CHARGING (QT)

SAVE VALUE OF QT AT END
OF INCREMENT OR SUB-
INCREMENT (OLDQT(J))

-

CALC. TOTAL CHARGE
NUMBER {CNUMBR)

CEND OF SUBROUTINE >

Figure 20. Flow chart for subroutine CHGSUM (Sheet 3 of 3).

101



2
: e
V - Value of the quantity [E?E?EET]'

RSIZE - Radius of a given particle size (m).
CNUMBR - Total charge number due to the sum of field and
diffusional charges.
J - Index which runs over particle sizes.

II - Index which runs over subincremental lengths.

ITER - Counter that indicates which iteration is being per-
formed over subincremental lengths in a given incre-

ment (necessary when NVI = 2).

OLDQF (J) - Value of field charge at the end of a given increment
or subincrement (coul).

OLDQT (J) - Value of diffusion charge at the end of a given in-
crement or subincrement (coul).

SOLDQF (J) - Value of field charge at the start of an increment
which must be saved when NVI = 2 for the iteration
procedure over subincrements in a given increment
{coul).

SOLDQT (J) - Value of diffusion charge at the start of an incre-

ment which must be saved when NVI = 2 for the
iteration procedure over subincrements in a given
increment (coul).

Of the above variables, the values of the following must be
provided by the main program: TDK, U, E, EPSO, BC, VAVC, NVI, I,
SCHARG, CHRFID, TIMEI, TIMEF, V, RSIZE, J, II, and ITER. The values
of the following variables are determined in the subroutine: CNUMBR,
OLDQF, OLDQT, SOLDQF, and SOLDQT. In the above arrays, I, J, and
11 can nqt exceed values of 45, 20, and 30, respectively. The
restrictions on I, J, and II limit the number of length increments,
the number of particle size bands, and the number of subincremental
lengths in a given length increment, respectively.

Subroutine ADJUST

This subroutine performs the following operations: (1) it
takes the ideally-calculated effective migration velocities and
adjusts them in order to account for unmodeled and nonideal effects;
(2) it determines the discrete outlet mass loadings, AM/AlogieD,
for each particle size band for no-rap and no-rap + rap conditions
and.for the rapping puff; (3) it prints out detailed information
of interest concerning precipitator operating conditions and per-
formance; and (4) it prints out a table which summarizes precipi-
tator operating conditions and performance. In order to use this
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subroutine, subroutines WADJST, LNDIST, LNFIT, and PRTSUM must be
supplied.

The first calculation of significance which is performed is

the determination of the unadjusted, ideal overall mass collection
fraction (X). This quantity is determined by using the expression

_ (DXS) .
X = Z [ l/(ONO)jJ * (PCNT);
1

= 2 (EFESR) , + (PCNT) . ’ (56)

i

where (DXS)i the number of particles per cubic meter of gas
in the i-th size band collected over the entire
length of the precipitator under unadjusted,
ideal conditions (#/m?),

(ONO)i = the number of particles per cubic meter of gas
in the i-th size band in the inlet size distri-
bution (#/m?),

(PCNT)i = the fraction by mass of the i-th particle size
band in the inlet size distribution, and
(EFESR)i = the unadjusted, ideal collection fraction for
the i-th particle size band over the entire
length of the precipitator.

The rest of the subroutine is structured around two major
loops. The outside loop runs over different "rapping puff" size
distributions. The variable NRAPDC is a counter for this loop
and it runs over a number of different "rapping puff" size dis-
tributions which is equal to the specified value of the variable
NRAPD. The inside loop runs over different sets of nonideal con-
ditions of gas velocity nonuniformity, gas sneakage, and particle
reentrainment without rapping. The variable NONCK is a counter for

this loop and it runs over a number of sets of nonideal conditions
which is equal to the specified value of the variable NONID.
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The initial rapping puff size distribution is fixed to be a
log-normal distribution with a MMD = 6.0 um and a Op = 2.5. These

values correspond to the field data discussed previously and were
obtained from Figure 6. Other distributions can be analyzed in
the procedure discussed previously by specifying different sets
of values of the MMD and op in the input data to the main progranm,

For each specified set of MMD and Gp, the subroutine constructs a

log-normal size distribution by calling subroutine LNDIST. The
percentage by mass of each particle size band in the rapping puff
is stored in the array RPCNT(I).

After the rapping puff size distribution is established in
the outer loop, the nonideal conditions of gas velocity nonuni-
formity, gas sneakage, and particle reentrainment without rapping
are established in the inner loop. At this point corrections are
made to the unadjusted, ideal migration velocity for each particle
size band in order to account for unmodeled and nonideal effects.
The unadjusted, ideal migration velocity (WY) for each size band
is calculated from the expression

WY = (VG/ATOTAL)+100+1ln (100/(100-XEP)) , (57)
where VG = total gas volume flow rate (m®/sec),
ATOTAL = total collection plate area (m?), and
XEP = 100-EFESR (%).

However, i1f EFESR > 0.99999, WY is set equal to the value of the
unadjusted, i1deal migration velocity in the last increment of
the precipitator,

The ideal effective migration velocities are corrected first
for gas velocity nonuniformity using equation (17) and then for
gas sneakage and/or particle reentrainment without rapping using
equation (19). The resulting migration velocities are repre-
sentative of unadjusted no-rap conditions. These unadjusted no-
rap migration velocities are then corrected for unmodeled effects
by using subroutine WADJST which applies the size-dependent cor-
rection factor shown in Figure 7 to each particle size band. The
resulting migration velocities (WY) will be referred to as the
no-rap migration velocities. ©No=-rap collection fractions (EFESR)
are determined from the no-rap migration velocities using equation
(2). Again, if EFESR > 0.99999, then WY is set equal to the value
of the unadjusted, ideal migration velocity in the last increment
of the precipitator. The no-rap collection fractions for the
different size bands are used to calculate a no-rap overall mass
collection fraction using the same format as in equation (56).
No-rap penetrations are also calculated.
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The next set of calculations which are performed reduces the
no-rap migration velocities in order to account for the effects
of rapping reentrainment by using the procedure discussed pre-
viously. The total mass which is reentrained due to rapping is
determined by using either equation (24) or (25). The mass
collected in the last section is calculated using the no-rap
overall mass collection efficiency and equation (22). The total
mass which is reentrained due to rapping and the rapping puff
size distribution are used to determine the number of particles
in each size band which is reentrained. The number of particles
reentrained is subtracted from the total number of particles
collected under no-rap conditions to give the number of particles
collected under no-rap + rap conditions. If the number of par-
ticles collected under no-rap + rap conditions is calculated to
be a negative number, the number collected under no-rap con-
ditions is used in its place. The number of particles in each
size band collected under no-rap + rap conditions and the number
of particles in each size band in the inlet size distribution
are used to calculate no-rap + rap collection efficiencies,
penetrations, migration velocities, and overall mass collection
efficiency.

Next, several calculations are made to describe the outlet
emissions under no-rap and no-rap + rap conditions and for the
rapping puff. 1In each case, the size band penetrations are
normalized and the outlet size distribution is obtained. These
size distributions are then fitted to a log-normal distribution
by calling subroutine LNFIT. Also, in each case, the discrete
outlet mass loadings are determined by calculating AM/Alogi oD
for each size band.

The results of the calculations discussed above are printed
out in three different sections: (1) Particle Size Range
Statistics; (2) Unadjusted Migration Velocities and Efficiencies,
and Discrete Outlet Mass Loadings; and (3) Summary Table of ESP
Operating Parameters and Performance. The third section of
printout is obtained by calling subroutine PRTSUM. The output
data from the program is discussed in detail in Volume II and
will not be discussed further here.

Figure 21 shows a detailed flow chart for this subroutine.
This subroutine is called by the main program and all information
which is transmitted between the main program, subroutine PRTSUM,
and this subroutine is transferred through block common state-
ments. The following is a list with descriptions of those vari-
ables which must be transmitted between the main program and
this subroutine.

DIAM(I) - Midpoint of a given particle size band (m).

ONO(I) ~ Number of particles per unit volume of gas for a
given particle size band entering the precipitator
(#/m?) .

105



{ START SUBROUTINE)

DOUBLE PRECISION:
EFESR, DLOG

REAL: LINCS

DIMENSION: RPCNT, DMDLD, WUNCOR, RDMDLD,
CDMDLD, PCTOT, CPCTOT, WSL, PXS, PRCUNR,
RPRCU, PRCUC, EUNCOR

BLOCK COMMON: DIAM, ONO, DXS,
XMV, PCNT, RAD, CCF, PRCU

BLOCK COMMON: LSECT, LINCS, PS

BLOCK COMMON: VG, ATOTAL, DD,
ETAOQ, DL, PL, RHO

BLOCK COMMON: NS

BLOCK COMMON: ZMMDL!, SIGMI, NONID,
NRAPD, TDK, NUMSEC, NEFF, NTEMP, GFIT

BLOCK COMMON: VOL, XNO, Q, WS, ITL, DW, AS, VOS,
TCS, WLS, ACS, BS, SYS, VGS, VGASS, TEMPS, VISS, OQSAT,
U, E, EPSO, PI, ERAVG, BC, TEMP, EPS, VAVC, OLDQ,
OLDXNO, RFS, START!, START2, START3, VSTAR

L BLOCK COMMON: ENDPT, NENDPT J

BLOCK COMMON: ARDS50, ARSIGM,
ASNUCK, AZNUMS, AZIGGY

LBLOCK COMMON: NREAD, NPRNT

BLOCK COMMON: LK, DV, NN, NUMINC, NX, NY, NDATA, NEST,
NDIST, NITER, IFINAL, JI1, JI2, VISKIP, VISAME, US,
FPATH, EBD, NDSET, NWS, D50, SIGMAP

' L

Figure 21.  Flow chart for subroutine ADJUST (Sheet 1 of 12).
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SET DATA SET INDICATOR EQUAL TO 0 (NRUN)

ESTABLISH NUMBER OF ENDPOINTS IN
PARTICLE SIZE HISTOGRAM (NSI)

ESTABLISH NUMBER OF ELECTRICAL
SECTIONS PRIOR TO LAST ONE {NUMSI)

CALC. FACTOR FOR CONVERTING
FROM gr/acf TO mg/DNCM (CONVF)

NRAPDC = 0.
X =

START LOOP OVER
PARTICLE SIZES

CALC. IDEAL COLLECTION
FRACTION (EFESR)

YES

EFESR > 0.999999 &

NO

EFESR = 0.999999

SUM TO CALC. OVERALL IDEAL
COLLECTION FRACTION (X)

END LOOP OVER
\ PARTICLE SIZES

NRAPDC = NRAPDC + 1

NO

——

—t

NRAPDC =1

YES
ARDS50(1) = 6.0

RMMD = ARD50(NRAPDC)
RSIGMA - ARSIGM(NRAPDC)

ARSIGM(1) 25

RMMD = 6.0

RSIGMA 25
L

—l—a

Figure 21.  Flow chart for subroutine ADJUST (Sheet 2 of 12).
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CALL LNDI
DISTRIBUT

ST: DETERMINE LOG-NORMAL
ION FOR RAPPING PUFF

START LOOP OVER
PARTICLE SIZES

RPCNT(I)

RPCNT(1}+100

END LOOP OVER
PARTICLE SIZES

NONCK =0

B—e—

NONCK

NONCK + 1

SNUC

ZIGGY AZIGGY(NONCK)
ZNUMS - AZNUMS(NONCK)

K = ASNUCK(NONCK)

PRINT OUT HEADING FOR DATA
OUTPUT SECTION

PRINT OUT WHICH SET OF NONIDEAL
CONDITIONS {S BEING CONSIDERED

PRINT OQUT HEADINGS
FOR TABLE

0.0

START LOOP OVER
PARTICLE SIZE

CALC. IDEAL COLLECTION
EFFICIENCY (EFESR)

YES
EFESR > 0.999999

NO

EFESR ='0.999999

CONVERT EFFICIENCY
TO PERCENT (XEP)

XEP > 99.9999 YES

—il ]

NO

>

XEP = 99.9999

SET IDEAL M
EQUAL TO THAT AT END OF LAST
INCREMENT OF ESP (WY)

IGRATION VELOCITY

CALC. IDEAL MIGRATION
VELOCITY (WY)

4

Figure 21.  Flow chart for subroutine ADJUST (Sheet 3 of 12).
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. YES
ZIGGYS/O i ]
NO SET CORRECTION FACTOR FOR

VEL. DIST. EQUAL TO 1. (F1)

CALC. CORRECTION FACTOR
FOR VEL. DIST. (FI}

<\YES

SNUCK

y

——-
.

SET CORRECTION FACTOR FOR

NO SNEAKAGE EQUAL TO 1. (F2)

CALC. CORRECTION FACTOR
FOR SNEAKAGE (F2)

-

CALC. MIGRATION VELOCITY
CORRECTED FOR SNEAKAGE (WYS)

CALC. MIGRATION VELOCITY
CORRECTED FOR VEL. DIST. (WYV)

CALC. COMBINED
CORRECTION FACTOR (ZNLFF)

CALC. MIGRATION VELOCITY CORRECTED
FOR SNEAKAGE AND VEL. DIST. (WYSV)

STORE UNCORRECTED IDEAL
MIGRATION VELOCITIES {(WUNCOR)

éTORE UNCORRECTED IDEAL
EFFICIENCIES (EUNCOR)

CALL WADJST: ADJUST NO-RAP MIGRATION
VELOCITY AND EFFICIENCY {WYSV AND EFESR}

®

Figure 21. Flow chart for subroutine ADJUST (Sheet 4 of 12).
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YES
EFESR > 0.999999 o
NO EFESR =]o.999999
-
CONVERT EFFICIENCY
TO PERCENT (XEP)
YES
XEP > 99.9999 e
NO XEP = 99.9999

CALC. ADJUSTED NO-RAP
MIGRATION VELOCITY (WY)

SET ADJUSTED NO-RAP MIGRATION
VELOCITY EQUAL TO UNADJUSTED
IDEAL VALUE AT END OF LAST
INCREMENT OF ESP (WY)

-

CALC. NO. OF PARTICLES COLLECTED UNDER
ADJUSTED NO-RAP CONDITIONS (PXS}

SUM TO CALC. ADJUSTED NO-RAP
OVERALL COLLECTION FRACTION {Y)

END LOOP OVER
PARTICLE SIZE

IDC =0
SPO = 0.
SCPO = 0.
IX =0
-
SCOREF = 0.
IDC  IDC + 1
>
Figure 21.
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Flow chart for subroutine ADJUST (Sheet 5 of 12).
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START LOOP OVER | CALC. PARTICLE
PARTICLE SIZES

PENETRATION (PENTR)

IX =1X + 1 CALC. FRACTION PENETRATING
ESP (PCTOT)
CALC. ADJUSTED NO-RAP VES
EFFICIENCY (EFESR) <>1>_.___.(:)
NO
YES CLPTLS =0. |
EFESR > 0.999999
START LOOP
NO ~ EFESR =0.999999 COVER NUMSI SECTIONS)

CONVERT EFFICIENCY
TO PERCENT (XEP)

SUM LENGTH OF ESP UP
TO LAST SECTION (CLPTLS)

YES END LOOP
XEP 2 99.9999 OVER NUMSI SECTIONS

NYX =0

XEP = 99.9999
O—>-

NYX = NYX + 1

YES

EFESR 2> 0.99999 -
YES
NYX =2 = @
NO SET ADJUSTED NO-RAP MIGRATION /
VELOCITY EQUAL TO UNADJUSTED NO
IDEAL VALUE AT END OF LAST
INCREMENT OF ESP (WY) XEFF Y

CALC. ADJUSTED NO-RAP
MIGRATION VELOCITY (WY)

EXPRESS INLET SIZE

FRACTIONS AS PERCENTAGES (XY)

Figure 21. Flow chart for subroutine ADJUST (Sheet 6 of 12).
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YES
NEFF =2

NO

XEFF = X

-—

CALC. VALUE OF EXPONENT (N EQ.(2)
FOR CHOSEN EFFICIENCY (EXPONT)

CALC. MASS ENTERING
LAST SECTION (XMELS)

CALC. MASS COLLECTED IN
LAST SECTION (XMCLS)

CALC. MASS LEAVING
LAST SECTION {XMLLS})

CONVERT XMCLS TO

mg/DNCM
NTEMNEE_.
NO CALC. RAPPING LOSS
FOR COLD ESP (RAPLOS)
-— I
YES
NTEMP = 2 e ]
NO CALC. RAPPING LOSS

FOR HOT ESP (RAPLOS)

Figure 21. Flow chart for subroutine ADJUST (Sheet 7 of 12).
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©re— 1

CALC. VALUE OF EXPONENT IN EQ.(2)
FOR NO-RAP EFFICIENCY (EXPONT)

CALC. MASS ENTERING
LAST SECTION (YMELS)

CALC. MASS COLLECTED IN
LAST SECTION (YMCLS)

CALC. MASS LEAVING
LAST SECTION (YMLLS)

CONVERT YMCLS TO
mg/DNCM

©® -« P

CALC. NUMBER OF PARTICLES
FOR A GIVEN SIZE BAND IN
THE RAPPING PUFF (RNS)

WYSV = WY

CALC. PARTICLE COLLECTION EFFICIENCY
WITH RAPPING LOSS (EFFWR)

CALC. NO. OF PARTICLES
COLLECTED AFTER
RAPPING {CRNP)

. YES
CRNPL O
EFFWR EFESR
- ]
YES
EFFWR > 0.999999 —l>
SET NO-RAP MIGRATION VELOCITY
NO

CORRECTED FOR RAPPING LOSS
EQUAL TO NO-RAP VALUE (WYP)

CALC. MIGRATION VELOCITY CORRECTED

FOR VEL. DIST., SNEAKAGE, AND
RAPPING (WYP)

L

- —©®
Figure 21.

Flow chart for subroutine ADJUST (Sheet 8 of 12).
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CALC. CORRECTED PERCENT
EFFICIENCY {COREFF)

SUM TO CALC. CORRECTED OVERALL
COLLECTION EFFICIENCY (SCOREF}

CALC. CORRECTED PERCENT
PENETRATION (CPENTR)

CALC. CORRECTED FRACTION
PENETRATING ESP (CPCTOT)

YES
IDC'#1 P

NO

SUM NO-RAP PARTICLE SIZE FRACTIONS &
PENETRATING ESP (SPO)

SUM NO-RAP + RAP PARTICLE SIZE
FRACTIONS PENETRATING ESP (SCPO)
L

I -
CALC. NUMBER OF PARTICLES !

PENETRATING ESP (SL)

CALC. MASS PENETRATING
ESP (WSL)

IDC = 1 @

NO

CALC. NO-RAP PERCENT IN
OUTLET SIZE DISTRIBUTION (PCTOT)

CALC. NO-RAP + RAP PERCENT IN
OUTLET SIZE DISTRIBUTION (CPCTOT)

—

Figure 21.  Flow chart for subroutine ADJUST (Sheet 9 of 12
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D

CALC. d(LOGD) FOR PRINT ADJUSTED NO-RAP EFFICIENCY AND FITTED |
SIZE BAND (DLD) MMD AND 0, OF INLET SIZE DIST.
(Y, ZMMDI, AND SIGMI) !

CALC. NO-RAP dM/d(LOGD) FOR
SIZE BAND (DMDLD) YES
NDI87 —

NO
CALC. RAP dM/d(LOGD) FOR
SIZE BAND (RDMDLD) PRINT GOODNESS OF FIT FOR
' INLET SIZE DIST. (GFIT)
CALC. NO-RAP + RAP dM/d(LOGD) —
FOR SIZE BAND (CDMDLD)

INITIALIZE CUMULATIVE % FOR THE
XEP, WY, PENTR, COREFF, WYP, AND ) '

CPENTR IN TABLE

- INITIALIZE CUMULATIVE
@ % SUM (SUMNR}

END LOOP OVER
PARTICLE SIZE

START LOOP OVER
PARTICLE SIZE BANDS

YES

NO SUM CUMULATIVE PERCENTS FOR THE
OUTLET NO-RAP SIZE DIST. (SUMNR)

CONVERT OVERALL NO-RAP COLLECTION
FRACTION TO PERCENT (Y)

ESTABLISH CUMULATIVE PERCENTS UP TO
A GIVEN PARTICLE SIZE (PRCUNR(I})

CONVERT OVERALL IDEAL COLLECTION |
FRACTION TO PERCENT (X)

END LOOP OVER
PARTICLE SIZE BANDS

PRINT STATED OR DESIGN EFFICIENCY AND
IDEAL EFFICIENCY (ETAO AND X)

T

Figure 21.  Flow chart for subroutine ADJUST (Sheet 10 of 12).
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END LOOP OVER

CALL LNFIT: FIND FITTED MMD AND 0,0 OF
PARTICLE SIZE BANDS

NO-RAP EFFLUENT AND GOODNESS OF FIT

PRINT FITTED NO-RAP OUTLET SIZE DIST. MMD CALL LNFIT: FIND FITTED MMD AND 0, of
AND 0, AND GOODNESS OF FIT (ZMDL, SIGMO, NO-RAP + RAP EFFLUENT AND GOODNESS OF FIT
AND ZGFIT)

A PRINT NONIDEAL PARAMETERS

CALC. OVERALL NO-RAP + RAP (ZIGGY, SNUCK, ZNUMS)

MIGRATION VELOCITY {COREFW)

PRINT TEMPERATURE INDICATOR, AND RAPPING

CALC. OVERALL ADJUSTED NO-RAP :‘lJ\IFDF SS'|ZGEM[;')ST- MMD AND 0, (NTEMP, RMMD,
MIGRATION VELOCITY (W2) R
PRINT NO-RAP PRECIPITATION PRINT NO-RAP + RAP EFFICIENCY, FITTED MMO

AND 0, AND GOODNESS OF FIT (SCOREF, CZMDL,
(CSIGMO, AND CGFIT)

RATE PARAMETER (WZ)

INITIALIZE CUMULATIVE % FOR THE
SMALLEST PARTICLE SIZE BAND IN THE
OUTLET NO-RAP + RAP SIZE DIST. (PRCUC(1))

PRINT NO-RAP + RAP PRECIPITATION
RATE PARAMETER (COREFW)

INITIALIZE CUMULATIVE % SUM (SUMC) SET UP TABLE HEADINGS

START LOOP OVER START LOOP OVER
PARTICLE SIZE BANDS PARTICLE SIZE

PRINT WUNCOR, DMDLD, RDMDLD,

SUM CUMULATIVE PERCENTS FOR THE CDMDLD AND DIAM IN TABLE

OUTLET NO-RAP + RAP SIZE DIST. (SUMC)

END LOOP OVER
ESTABLISH CUMULATIVE PERCENTS UP TO ' PARTICLE SIZE BANDS

A GIVEN PARTICLE SIZE {PRCUCII))

Figure 21. Flow chart for subroutine ADJUST (Sheet 11 of 12).
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NRUN = NRUN'+ 1

CALL PRTSUM: PRINT OUT
SUMMARY TABLE

NONCK < NONID

RAPDC < NRAPD

C END SUBROUTINE)

Figure 21. Flow chart for subroutine ADJUST (Sheet 12 of 12).
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DXS (I)

XMV (I)

PCNT (I)

CCF (I)

LSECT (J)

LINCS (J)

PS(J)
VG
ATOTAL
DD
ETAO
DL
PL
RHO

NS

ZMMDI

SIGMI

NONID

NRAPD

TDK

Number of particles per unit volume of gas for a
given particle size band which are removed from the
gas stream under unadjusted, ideal conditions (#/m%) .

Unadjusted, ideal migration velocity for a given par-
ticle size band (cm/sec).

Fraction by mass of a given particle size band in the
inlet particle size distribution.

Cunningham correction factor for a given particle
size band.

Number of increments to be taken in a given electrical
section.

Incremental length size to be taken in a given elec-
trical section (ft).

Gas pressure in a given electrical section (atm).
Gas volume flow rate (m®/sec).

Total collection plate area (m?).

Mass density of the particles (kg/m?).

Estimated or design efficiency (%).

Inlet mass loading (kg/m?®).

Total electrical length of the precipitator (m).
Resistivity of collected particulate layer (ohm-m).

Number of size bands in inlet particle size histogram.

Fitted mass median diameter of the inlet particle size
distribution (m).

Fitted geometric standard deviation of the inlet par-
ticle size distribution.

Total.number of sets of nonideal conditions of gas
vgloc1ty nonuniformity and gas sneakage and/or par-
ticle reentrainment without rapping to be considered.

Total number of rapping puff size distributions to
be considered.

Temperature of the gas stream (°K).
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NUMSEC

NEFF

NTEMP

GFIT

VOS (J)
TCS (J)

ENDPT (K)

NENDPT

ARDS50 (L)

ARSIGM (L)

ASNUCK (M)

AZNUMS (M)

AZIGGY (M)

NPRNT

Number of electrical sections in the direction of
gas flow.

Indicator which can have the values of 1 and 2. If
NEFF = 1, then the total mass reentrained at the
outlet due to rapping is determined from the mass
collected in the last field under adjusted no-rap
conditions., If NEFF = 2, then the total mass re-
entrained at the outlet due to rapping is determined
from the mass which would be collected in the last
field under unadjusted, ideal conditions.

Indicator which can have the values of 1 and 2. If
NTEMP = 1, then the mass reentrained due to rapping

is calculated based on equation (24) for a cold-side
precipitator. If NTEMP = 2, then the mass reentrained
due to rapping is calculated based on equation (25),
for a hot-side precipitator.

Log-normal goodness of fit parameter for the fitted
inlet particle size distribution.

Applied voltage in a given electrical section (V).
Total current in a given electrical section (A).

Endpoints of the particle size band intervals in the
inlet particle size histogram (um).

Number of endpoints in the inlet particle size dis-
tribution histogram.

Specified mass median diameter used to describe a
log-normal particle size distribution for the rapping
puff (pm).

Specified geometric standard deviation used to de-
scribe a log-normal particle size distribution for
the rapping puff.

Specified fraction of gas flow which bypasses the
electrified region in each baffled stage of the pre-
cipitator and/or fraction of the mass collected in
each stage of the precipitator which is reentrained
due to factors other than rapping.

Specified number of baffled stages in the precipitator.

Specified normalized standard deviation of the inlet
gas velocity distribution.

Indicator whose value must be that which designates
the print unit for a given machine.
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SCOREF - Overall mass collection efficiency under no-rap +
rap conditions (%).

CZMDL -~ Fitted mass median diameter of the outlet particle
size distribution under no-rap + rap conditions (um).

CSIGMO - Fitted geometric standard deviation of the outlet
particle size distribution under no-rap + rap con-
ditions.

NRUN - Indicator that specifies which set of nonideal con-
ditions is under consideration.

SNUCK - Particular value of ASNUCK(M).
72IGGY - Particular value of AZIGGY (M).
RMMD = Particular value of ARD50(L) [um].
RSIGMA - Particular value of ARSIGM(L).
D50 - Same as ZMMDI {(um).
SIGMAP - Same as SIGMI.

Of the above variables, the values of the following must be
provided by the main program: DIAM, ONO, DXS, XMV, PCNT, CCF,
LSECT, LINCS, PS, VG, ATOTAL, DD, ETAO, DL, PL, RHO, NS, ZMMDI,
SIGMI, NONID, NRAPD, TDK, NUMSEC, NEFF, NTEMP, GFIT, VOS, TCS,
ENDPT, NENDPT, ARD50, ARSIGM, ASNUCK, AZNUMS, AZIGGY, NPRNT, D50,
and SIGMAP. The values of the following variables are determined
in the subroutine: SCOREF, CZMDL, CSIGMO, NRUN, SNUCK, ZIGGY,
RMMD, and RSIGMA. The values of these variables must be supplied
to subroutine PRTSUM. In the above arrays, I, J, K, L, and M
can not exceed values of 20, 10, 21, 10, and 15, respectively.
The restrictions on I, J, K, L, and M limit the number of par-
ticle size bands, the number of electrical sections, the number
of particle diameters in the inlet particle size distribution,
the number of rapping puff particle size distributions, and the
number of sets of nonideal conditions of ¢ and S, respectively.

Subroutine WADJST

This subroutine adjusts the no-rap migration velocities by
applying the empirical correction factors given in Figure 7.
These correction factors and their corresponding particle sizes
are tabulated for 24 particle diameters between 0.2 um and 4.5 um
in data statements. Table 1 shows the particle sizes and cor-
rection factors which are tabulated. Correction factors for
no-rap migration velocities for particle diameters in the range
0.2 ym - 4.5 ym are found by interpolating the table. No-rap
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TABLE 1. PARTICLE SIZES AND CORRECTION FACTORS FOR
NO-RAP MIGRATION VELOCITIES TABULATED
IN SUBROUTINE WADJST

Particle Correction Particle Correction
Diameter (um) Factor Diameter (um) Factor
0.20 2.430 0.80 1.790
0.25 2.325 0.85 1.760
0.30 2.240 0.90 1.740
0.35 2.170 0.95 1.710
0.40 2.110 1.00 1.685
0.45 2.050 1.50 1.500
0.50 2.000 2.00 1.370
0.55 1.965 2.50 1.270
0.60 1.920 3.00 1.180
0.65 1.885 3.50 1.115
0.70 1.850 4.00 1.050
0.75 1.820 4.50 1.000
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migration velocities outside this range are left unchanged. Based
on the adjusted no-rap migration velocities, the subroutine cal-
culates for each particle size an adjusted no-rap collection
fraction and the number of particles removed.

Figure 22 shows a detailed flow.chart for this subroutine.
This subroutine is called by subroutine ADJUST and all information
which is transmitted between these subprograms is transferred
through calling arguments. The following is a sequential list
of the calling arguments and their descriptions.

DIAM(I)

Midpoint of a given particle size band (m).
I - Index which specifies the different particle diameters,

WY - Enters the subroutine as a no-rap migration velocity
and returns as an adjusted no-rap migration velocity

(cm/sec) .
ONO(I) - Number of particles per unit volume of gas for a ?iven
particle size band entering the precipitator (#/m°).
PXS(I) - Number of particles per unit volume of gas for a given
particle size band which are removed from the gas
stream under adjusted no-rap conditions (#/m?).
ATOTAL - Total collection plate area (m?).

VG - Gas volume flow rate (m®/sec).

EFESR

Enters the subroutine as a no-rap collection fraction
and returns as an adjusted no-rap collection fraction.

All of the above variables must be supplied by subroutine ADJUST.
The values of WY and EFESR are replaced by new values for particle
sizes in the range 0.2 - 4.5 uym. In all of the uses above, I can
not exceed a value of 20. The restriction on the value of I
limits the number of particle size bands.

Subroutine LNDIST

This subroutine constructs a particle size distribution
histogram for a specified log-normal distribution. For specified
particle diameters, the fraction in each particle size band and
cumulative fraction less than each particle size are determined.
In order to use this subroutine, subroutine QTFE must be supplied.

The log-normal distribution function [f (z)] is given by
the expression L-N
£ (z) = 1 gxp |- {2z2)% 58)
L-N o, yom 2022 ! (
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(START SUBROUTINE)

DOUBLE PRECISION: EFESR

REAL:

INCR

DIMENSION: DiAM, ONO, PXS,

CFACT, DCHECK

DATA: CFACT, DCHECK

(ESTABLISH TABLE OF CORRECTION
FACTORS FOR THE NO-RAP MIGRATION

VELOCITIES)

DIAM(N< 2 X 107
OR DIAM(I).> 4.5 X 108

NO

PA

START LOOP OVER
RTICLE SIZE

AND
DIAM

DIAM({I} > DCHECK(L}

{1) £ DCHECK(L + j

NO

END LOOP OVER
PARTICLE SIZE

O——

|

YES

CALC. CORRECTION
FACTOR (WFACT)

CALC. CORRECTED
MIGRATION VELOCITY (WY)

CALC. CORRECTED
EFFICIENCY (EFESR)

CALC. CORRECTED NUMBER OF
PARTICLES REMOVED (PXS)

EF

CALC. CORRECTED

FICIENCY (EFESR)

CALC. CORRECTED NUMBER OF
PARTICLES REMOVED (PXS)

& END SUBROUTI NQ

Figure 22. Flow chart for subroutine WADJST.
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where

g, = ln op ' (59)
z = 1n d ’ (60)
z = ln ds, y (61)
and
d = particle diameter (um),
ds, = mass median diameter for the distribution (um),
Op = geometric standard deviation for the distribution,
z = independent variable for the log-normal distribution,.
Zz = mean value of z, and
o, = standard deviation of =z.
fL_N(z) dz represents the amount of mass (or other variable if

desired) in the range between z and z + dz. The distribution is

completely described by specifying the values of dso and o_.
The subroutine constructs the log-normal distribution histo-

gram by (1) determining the total mass contained between z; =

In 0.01 and z = In 1000.0, (2) calculating the mass contained

in each size band specified by the user, and (3) calculating the
ratios of the mass contained in each size band to the total mass.

The total mass (M) contained in the distribution is obtained in
cumulative steps in the form

Z2 Z3 Zy
M = f £, (2)az +f £,y (2)dz +f £, g (2)az
Z1 Zo Z3
“n-1 n
fooee ot jﬁ fL_N(z)dz + jr fL_N(z)dz . (62)
Zn-2 “n-1

The integrals in equation (62) are evaluated numerically by
calling subroutine QTFE which utilizes the Trapezoidal Rule. Each
integration is performed by dividing the size band into 99 inter-
vals and evaluating the integrand at 100 points. The value of
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each integral is stored as well as the cumulative sum. The user
specifies the particle diameters in um which correspond to the
values of z from z, to Zo -1 where z, > -4.605 and z < 6.908

n=-1
(d, > 0.01 and dn_l < 1000.0).

The mass fractions (Fi) for the size bands in equation (62)
are obtained from the expressions

Zy

F, = (f fL_N(Z)dZ) /M

Z1

Z3

F, = (f fL_N(z)dz)/M

Z2
[ ]
*

2
n

Fn—l = f fL_N(z)dz /M , (63)

Zn-1

where there are n-l1 size bands. Since the size bands specified
by the user are contained in the range from z, to 2 -17 the

excess mass fractions in the size bands z, to z; and z _; to

z, are added to the mass fraction in the size band Z. 9 to z2.-1
for the histogram which is returned from the subroutine. This
is done to ensure that the size distribution used in the model
accounts for 100% of the mass.

The cumulative mass fractions (Si) for the specified diameters
and size bands are obtained from

Sz=F1
2

S3 = E: F‘i
i=1
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i=1
n-1 n-1

S._1 = E F, + 1 - E F. ’ (64)
i=1 i=1

where the cumulative mass fraction less than -the largest specified
diameter is constrained to be a value of 1 by adjusting the mass
fraction in the size band from z to z .

n-2 n-1

Figure 23 shows a detailed flowchart for this subroutine.

This subroutine is called by the main program and subroutine ADJUST,
Information which is transmitted to and from this subroutine is
transferred through calling arguments and block common statements.
The following is a sequential list of the calling arguments and
their descriptions.

D50 - Specified mass median diameter for a log-normal dis-
tribution (um),

SIGMAP - Specified geometric standard deviation for a log-normal
distribution,
PRCU(I) - Cumulative mass fractions for the log-normal distri-
bution, and
PCNT (J) - Mass fraction in a given size band of the log-normal

distribution.

' The following is a list of the necessary variables which are
in common with the main program and subroutine ADJUST.

NS - Number of specified particle size bands in the histogram
for the log-normal distribution,

ENDPT (I) - Specified endpoints of the particle size band intervals
in the histogram for the log-normal distribution (um),
and

NENDPT - Specified number of endpoints in the histogram for the
log-normal distribution.

Of the above variables, the values of the following must be
provided by the calling program or subprogram: D50, SIGMAP, NS,
ENDPT, and NENDPT. PRCU and PCNT are determined in the subroutine.
I and J can not exceed values of 21 and 20, respectively. The
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‘ START SUBROUTINE '

DIMENSION: Y, 2, AREA,
PRCU, PCNT

BLOCK COMMON: NS

BLOCK COMMON: ENDPT,
NENDPT

SPECIFY VALUE OF 7

DEFINE o,

ESTABLISH NO. OF PARTICLE
SIZES USED TO CONSTRUCT
HISTOGRAM FROM (N)

ESTABLISH NO. OF POINTS AT WHICH

TO EVALUATE LOG-NORMAL DISTRIBUTION
FUNCTION FOR INTEGRATION OVER THE
DIFFERENT SIZE BANDS {NINC)

INITIALIZE CUMULATIVE MASS FRACTION
SUMMATION EQUAL TO O (ASUM)

SET INDEX OVER SPECIFIED SIZE
BANDS EQUAL TO O (K)

START LOOP OVER PARTICLE
SIZE BANDS IN HISTOGRAM

DEFINE VALUE OF z NEXT
TO THE LARGEST AND THE
LARGEST VALUE (X1, X2}

DEFINE SMALLEST VALUE OF Z
AND NEXT VALUE UPWARD (X1, X2)

DEFINE UPPER AND LOWER VALUE OF
2z FOR A GIVEN SIZE BAND {X2, X1}

L

!

ESTABLISH STEPSIZE FOR INTEGRATION
OVER A GIVEN SIZE BAND (DX)

®

Figure 23.  Flow chart for subroutine LNDIST (Sheet 1 of 3).
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(D———a I >

ESTABLISH LOWER LIMIT YES
OF INTEGRATION (D)

NO

EVALUATE THE QUANTITY .
1/lo,4/2m) [SGT1] K=K+1 '

EVALUATE THE QUANTITY

20,2 (SGT2) ESTABLISH MASS IN A

GIVEN SIZE BAND (AREA)

SIZE BANDS IN HISTOGRAM

( START LOOP OVER )
INTEGRATION POINTS ( END OF LOOP OVER PARTICLE )

EVALUATE LOG-NORMAL DISTRIBUTION

FUNCTION AT INTEGRATION POINTS (Y)
START LOOP OVER SPECIFIED
SIZE BANDS

ESTABLISH NEXT POINT AT WHICH
TO EVALUATE THE FUNCTION (D)

CALC. FRACTION IN EACH
SPECIFIED SIZE BAND

SIZE BANDS

(END OF LOOP OVER >
INTEGRATION POINTS < END LOOP OVER SPECIFIED)

CALL QTFE: INTEGRATE TO FIND MASS
IN A GIVEN SIZE BAND

INITIALIZE CUMULATIVE SUM OVER

SPECIFIED SI1ZE BANDS TO 0 (SUM)

SUM MASS CONTAINED IN A

SUCCESSIVE SIZE BANDS {ASUM)
START LOOP OVER SPECIFIED
SIZE BANDS

JLN NO —
CALC. CUMULATIVE SUM OVER
YES SPECIFIED SIZE BANDS

CALC. CUMULATIVE FRACTION ? CALC. DIFFERENCE BETWEEN 1

LESS THAN A GIVEN PARTICLE AND THE CUMULATIVE SUM

SIZE (PRCU) OVER THE SPECIFIED SIZE

l BANDS (CHECK1)
——

-0

Figure 23.  Flow chart for subroutine LNDIST (Sheet 2 of 3).
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ADJUST FRACTION IN LAST SPECIFIED
SIZE BAND TO ENSURE CUMULATIVE
SUM OF 1 (PCNT(NS))

CALC. DIFFERENCE BETWEEN 1
AND THE CUMULATIVE SUM
OVER ALL SIZE BANDS USED
IN THE PROCEDURE (CHECK2)

ADJUST LAST SPECIFIED CUMULATIVE
FRACTION TO 1 (PRCU(NENDPT))

‘ END OF SUBROUTINE )

Figure 23. Flow chart for subroutine LNDIST (Sheet 3 of 3).
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restrictions on I and J limit the number of particle diametgrs in
the inlet particle size distribution and the number of particle
size bands, respectively.

Subroutine QTFE

This subroutine performs the integration of an equidistantly
tabulated function by the trapezoidal rule.?®’ Cumulative integral
values (Zi) are determined by

X
i
2, = 2,00 = [ yeoax : (65)
a
where X, = a + (i=-1)h and i=1,2,¢*+*,n. The function values Y,

are tabulated at the equidistant points X where h is the incre-

ment size for the integration. Starting with the integral value
Z, = 0, successive integral values Zi (i=2,3,+**+*+,n) are computed

by using the trapezoidal rule in the form

_ h
Z, =Z; 4t 5 (y; +y; ) . (66)

1 1=

In applying the trapezoidal rule, it is assumed that the function

to be integrated is continuous and can be differentiated at least
twice.

This subroutine is called by subroutine LNDIST. Figure 24
shows a detailed flow chart for this subroutine. All information
which is transmitted between subroutine LNDIST and this subroutine
is transferred through calling arguments. The following is a
sequential list of the calling arguments and their descriptions.

DX - Increment size for the integration.

Y (I) - Table of function values at the equidistant points
used in the integration procedure.

Z(I) - Cumulative integral values.

NINC Number of points at which the function to be integrated

is evaluated.

Of the above variables, the values of DX, Y, and NINC must be

provided by the calling program (subroutine LNDIST). The values
of Z are returned from subroutine QTFE.
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‘ START SUBROUTINE)

DIMENSION: Y, 2

INITIALIZE CUMULATIVE
INTEGRAL TO 0 (SUM2)

>0

CALC. HALF-INCREMENT
SIZE {DDX)

START INTEGRATION
LOOP

CALC. (i-1)-TH CUMULATIVE
INTEGRAL (SUM1)

CALC. i-th CUMULATIVE
INTEGRAL (SUM2)

STORE (i-1}-TH CUMULATIVE
INTEGRAL (&(1-1))

END OF INTEGRATION
LOOP

CALC. FINAL CUMULATIVE
INTEGRAL {(Z(NINC))

-

-

< END OF SUBROUTINE)

Figure 24. Flow chart for subroutine QTFE.
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Subroutine LNFIT

This subroutine fits a measured or calculated particle size
distribution to a log-normal distribution. A mass median diameter,
geometric standard deviation, and fit parameter are determined in
order to describe the fitted log-normal distribution. In order
to use this subroutine, subroutine CFIT must be supplied.

Using equation (58), we can write the cumulative fraction

(S(X)) up to a given particle size for a log-normal distribution
in the form

S (X)

I
=
'—h

N

=z
ot
N

X — .
=1 f EXP [- (—S%‘-Z-z)—i’ dz (67)
ozﬁ oo 2

where the symbols are as previously defined. By making a change
in variable of the form

z-2

(—r
I
Q
>
[00)

2

and
dz = ¢ dt , (69)

we can write equation (67) in the form

s(t”) = L f mxp ["%i] dt . (70)

The cumulative fraction (Q(t”))

_ greater than a given particle
size can be expressed in the form

[e¢]

1
V21t

2
t7) = £
Q(t”) :

EXP [- ]dt . (71)

S(t”) and Q(t”) are called inverse Gaussian (Normal) integrals.

The variable t“(Q) can be approximated by the expression?®
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ag +ar ¢ + ax ¢?
1+ by ¢ + by ¢2 + by ¢3 !

t7(Q) = ¢ - % (72)

where the error in t“(Q) is equal to or less than 0.00045 and

ag = 2.515517, a; = 0.802853, a; = 0.010328, b; = 1.432788, by =
0.189269, and by = 0.001308. The approximate expression for t~(Q)
is valid for 0<Q(t”) < 0.5. The variable ¢ is defined as

¢ = 4/1In (57) . (73)

Since S(t”) + Q(t?) = 1, equation (72) can be used for t~(S)
where 0.5 < S(t”)<1l. 1In this case,

o = yin (gt = YIn @ . (74)

Due to the symmetry of the Gaussian (Normal) distribution function,
S(=») =0, s(0) = 0.5, and S(v) = 1.0. 1In addition, we may employ
the relationship

t7(Q =u) = - t7(Q = 1-u) ’ (75)
where 0 <u < 1.

The variable t”(S) which is related to a true log-normal dis=-
tribution can be determined from equations (72), (74), and (75)
for any given cumulative fraction S. Inspection of equations (67),
(68), and (70) shows that the variable t° corresponds to the
natural logarithm of a quantity which is linearly related to the
natural logarithm of a given particle size. 1In the procedure
used to fit the actual cumulative distribution to a log-normal
distribution, the value of t~ and the natural logarithm of the
actual particle size (z”) are determined for each actual cumulative
fraction S. The set of points (z7,t”) constitute a function that
can be plotted on log-log axes. If the actual distribution is a
log=normal distribution,

-zl ozl
tT == = (76)
for all z” and t~ and the points (z7,t”) will lie on a straight
line which has a slope of %— and a t“-intercept of - g—. The

z Z
points (z~,t”) are fitted to a straight line of the form
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t“ = A + Bz~ (77)

by calling subroutine CFIT which uses a linear least squares fit
procedure.

Since t~ = 0 at the point where 50% of the distribution has
been accumulated, the fitted, actual ds, can be obtained from

0 =A+Bz” =A+ B 1ln ds, . (78)
Thus,
dso = EXP (- A/B) . (79)

In order to obtain the geometric standard deviation (op) of

the fitted log-normal distribution, it is recognized from equations
(76), (77), and (79) that ‘

__z _ _ A
A=-5= s " Bino (80)
Z 4
or
o, = EXP (1/B) . (81)

Figure 25 shows a detailed flow chart for this subroutine.
This subroutine is called by the main program and subroutine ADJUST.
Information which is transmitted to and from this subroutine is
transferred through calling arguments and block common statements,

The following is a sequential list of the calling arguments and
their descriptions.

PRCU(I) = Measured or known cumulative mass fractions.

D50 - Mass median diameter obtained from the fit of the
actual distribution to a log-normal distribution (um).

SIGMAP Geometric standard deviation obtained from the fit of

the actual distribution to a log-normal distribution.

GFIT

Goodness of fit parameter for the log-normal fit.

. The following is a list of the necessary variables which are
in common with the main program and subroutine ADJUST.

ENDPT (I) - Particle diameters corresponding to the measured or
known cumulative mass fractions (um).

NENDPT - Number of points in the measured or known distribution.
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GTART SUBROUTINE) DETERMINE THE VALUE OF
¢ IN EQ. (74) (XYY)

DIMENSION: Z, Y, PRCU

CALC. THE VALUE OF t'(Q)
FROM EQ. (72) {Y({J))

BLOCK COMMON: ENDPT, NENDPT

YES

PRCU >50.0 »
SET INDICATOR WHICH DETERMINES VA /
NO

THE NO. OF POINTS IN THE CURVE
FIT EQUAL TO O (NSTAG)

Y{J) =-Y{J)

SET INDICATOR WHICH SEQUENCES
THE POINTS IN THE CURVE FIT l NSTAG NSTAG + 1

EQUAL TO O {J) @ -
®

END LOOP OVER POSSIBLE
POINTS IN THE CURVE FIT

CALL CFIT: FIT THE POINTS

START LOOP OVER POSSIBLE
POINTS IN THE CURVE FIT

-

ES (Y, Z) TO A STRAIGHT LINE
PRCU (N1€0
CALC. MASS MEDIAN DIAMETER OF
NO FITTED CUMULATIVE % CURVE (D50)
J=J+1

CALC. GEOMETRIC STANDARD DEVIATION OF
FITTED CUMULATIVE % CURVE (SIGMAP)

PRCU(I} 299.0

{ END OF SUBROUTINE)

YES

PRCU(I} > 50.0

NO

' CONVERT ACTUAL CUMULATIVE %
TO A FRACTION (XY}

N

EMPLOY SYMMETRY OF

GAUSSIAN FUNCTION AND
CONVERT ACTUAL CUMULATIVE >
% TO A FRACTION (XY)

Figure 25. Flow chart for subroutine LNFIT.
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Of the above variables, the values of PRCU, ENDPT, and NENDPT
must be supplied by the calling program. D50, SIGMAP, and GFIT
are determined in the subroutine. I can not exceed a value of 21,
The restriction on I limits the number of particle diameters in
the particle size distribution.

In the calculations, all points which have an actual cumu-
lative fraction of zero are ignored. Since measured cumulative
particle size distributions may tend to flatten out for the larger
particle sizes, the calculation is cut off at the point where 99%
of the distribution is accumulated. This is done in order to
keep the curve fit from being prejudiced towards the flat portion
of the curve even though the majority of the distribution is log-
normal. The cumulative fractions and corresponding particle dia-
meters should be stored in arrays PRCU and ENDPT, respectively,
in order from smallest to largest values. If the goodness of
fit parameter GFIT, which is determined in subroutine CFIT, is
nearly 1, the actual distribution is very close to a log-normal
distribution and the fitted ds, and Op are meaningful quantities.

If GFIT is much less than 1, the actual distribution should be
examined in order to determine if the fitted dsy and o_ are
meaningful gquantities. P

Subroutine CFIT

This subroutine fits a set of data goints to a straight line
by using a least squares fit procedure.? If the data points
(x,y) are to be fitted to a linear relationship of the form

y = a + bx ’ (82)
the problem is to find the undetermined coefficients a and b such
that the line is a good fit to the data. 1In this case, appli-

cation of the principle of least squares results in two normal
equations of the form

ma + ijb = Zyj (83)

and

ij a + ng b = ijyj , (84)

where (Xj’yj) are the data points and m is the number of data

pointg. Eguations (83) and (84) form a system of two simultaneous
eguatlons in two unknowns. The solutions of this system of equa-
tions are
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=3 L(ZYJ) (ng) - (e (ij) (89)

b= | m (ijyj) - (Zyj) (ij) , (86)

and

where

A =m (ng) - (ij)z : (87)

With the above determination of a and b, the least squares fit to
the data is obtained.

A linear-correlation coefficient r can be constructed in order
to measure the degree of linear correlation or the probability
that a linear relationship exists between the two observed vari-
ables x and y. Since we are interested in the interrelationship
between the variables x and y, we can equally well consider x as

a function of y and ask if the data correspond to a straight line
of the form

-

Xx =a + b’y . (88)
The values of the coefficients a” and b~ will be different from
those of a and b in equation (82), but they are related if the
variables x and y are correlated.

The inverse slope b~ is determined in the same manner as b

b" =L | (EXij) " <Zyj) (EXJ’) e
= EE

If there is no correlation between the variables x and y, the
least-squares fit must yield a horizontal straight line and b =
b) = O.

If there is complete correlation between x and y, there
exists a relationship between the coefficients a and b of equation
(82) and the coefficients a” and b” of equation (88). From
equations (82) and (88),
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y = - %7 + %7 x =a+ bx . (91)
Equating coefficients gives
a=-¢ (92)
and
b =iz . (93)

If there is complete correlation, we see that bb” = 1. If
there is no correlation, both b and b” are 0. Thus, the guantity

r = bb~ (94)

is defined as the linear-correlation coefficient and is used as a
measure of the degree of linear correlation. The value of r
ranges from 0, when there is no correlation, to 1, when there is
complete correlation.

In the context of the model of electrostatic precipitation,
r is called the goodness of fit parameter. If r is much less
than 1, the coefficients a and b, which are also used in sub-
routine LNFIT, may not lead to meaningful information for the
user.

This subroutine is called by subroutine LNFIT. Figure 26
shows a detailed flow chart for this subroutine. All information
which is transmitted between subroutine LNFIT and this subroutine
is transferred through calling arguments. The following is a
sequential list of the calling arguments and their descriptions.

A - Constant term in the fitted linear relationship.

B - Coefficient of the independent variable in the fitted
linear relationship.

R - Linear correlation coefficient (goodness of fit para-

meter).
NSTAG - Number of data points.
Z(I) - Measured or known values of the independent variable.
Y(I) - Measured or known values of the dependent variable.

Of'the above variables, the values of NSTAG, Z, and Y must
be provided by the calling program (subroutine LNFIT). The values
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( START SUBROUTINE j

r DIMENSION: 2, Y l

INITIALIZE VALUE OF DATA
POINT COUNTER TO O (XN)

INITIALIZE SUM OVER VALUES OF
THE INDEPENDENT VARIABLE
TO O {SUMX)

INITIALIZE SUM OVER VALUES
OF THE DEPENDENT VARIABLE
TO O (sumY)

INITIALIZE SUM OVER THE VALUES OF
THE PRODUCT OF THE INDEPENDENT
AND DEPENDENT VARIABLES TO

O (SUMXY)

INITIALIZE SUM OVER THE VALUES OF
THE SQUARE OF THE INDEPENDENT
VARIABLE TO O (SUMXX)

INITIALIZE SUM OVER THE VALUES OF
THE SQUARE OF THE DEPENDENT
VARIABLE TO O (SUMYY)

1

START LOOP OVER
DATA POINTS

CALC. VALUES OF SUMX, SUMY,
SUMXY, SUMXX, SUMYY, AND XN

END LOOP OVER
DATA POINTS

CALC. COEFFICIENT OF THE
INDEPENDENT VARIABLE FOR
THE FITTED LINEAR
RELATIONSHIP (B)

CALC. CONSTANT TERM FOR THE
FITTED LINEAR RELATIONSHIP (A)

|

CALC. LINEAR-CORRELATION COEFFICIENT
(GOODNESS OF FIT PARAMETER) FOR THE
LINEAR FIT OF THE DATA (R)

( END SUBROUTINE )

Figure 26. Flow chart for subroutine CFIT.
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of A, B, and R are calculated in the subroutine. The index I can
not exceed a value of 21. The restriction on I limits the number
of particle diameters in the particle size distribution.

Subroutines PRTINP, PRTINC, PRTCHG, and PRTSUM

Subroutines PRTINP, PRTINC, PRTCHG, and PRTSUM perform the
function of printing out information of importance to the user.
Since these subroutines do not involve operations based on physi-
cal principles or numerical techniques, they will not be discussed
in detail. However, the output from these subroutines is discussed
in detail in Volume 2. Briefly, PRTINP prints out all the input
data to the program, PRTINC prints out the results of calculations
which are a function of incremental length through the precipitator,
PRTCHG prints out information concerning the charge on each par-
ticle size in each incremental length through the precipitator,
and PRTSUM prints out a summary table of precipitator performance
and operating parameters.
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SECTION 8

DESCRIPTION OF INPUT DATA

GENERAL DESCRIPTION

The format of the original computer program which performs
the calculations in the model for electrostatic precipitation
has been re-structured to make the inputting of data less cumber-
some. The number of cards which is necessary to input data has
been reduced significantly by allowing different operating
conditions to be analyzed from one basic set of input data. Due
to the fact that several options are available in using the model,
the number of cards and type of information in the input data may
vary from one set of data to the next. Thus, it is necessary for
the user to familiarize himself with the logic associated with the
input data in order to ensure that the desired operations will be
performed.

Some of the input variables are read into the program in
British units whereas others are in MKS units. All input data
which are in British units are converted to MKS units prior to
performing the calculations. The input variables and format
specifications are discussed in detail in the following subsection.

CONSTRUCTION OF THE BASIC DATA SET

The following is a sequential listing of the variables in
the first group of data which is read in, along with the de-
scriptions of the variables and the format specifications.

(1) NENDPT is the number of discrete points on a cumulative per-
cent versus particle diameter curve. NENDPT is
specified by the user and must have a value of at
least 1 but not greater than 21. If NENDPT has a
value of 99, the program terminates. If 21<NENDPT<99,
the program will terminate abnormally during execution.
NENDPT is read in with an I2 format and must be right
justified in columns 1-2.

(2) NDATA is an indicator which tells the program to look for a
certain type of data set. NDATA can have four possible
values which will cause the program to look for the
following data set types:
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A complete data set must be inputted. NDATA must
have this value on the first data set.

Only cards 1 and 2 and data concerning size distri-
bution information must be inputted. All other data
remain as defined in the previous data set. NDATA
can have this value only after a basic data set has
been run. This value of NDATA allows one to examine
the effects of particle size distribution on precipi-
tator performance with all other variables held fixed.

only cards 1 and 2 and information concerning the gas
volume flow and gas velocity must be inputted. All
other data remain as defined in the previous data set.
NDATA can have this value only after a basic data set
has been run. This value of NDATA allows one to
examine the effects of specific collection area (SCA)
on precipitator performance with all other variables'
held fixed.

Only cards 1 and 2 and information concerning the
applied voltage and current must be inputted. All
other data remain as defined in the previous data

set. NDATA can have this value only after a basic
data set has been run. This value of NDATA allows

one to examine the effects of the electrical conditions
on precipitator performance with all other variables
held fixed.

NDATA is read in with an I2 format and must be right
justified in columns 3-4. If NDATA # 1,2,3, or 4, an
error message will be given by the computer at the point
in the program where NDATA is used in a "computed go

to statement" (line 64). Depending on the particular
computer, the program may or may not terminate at this
point. If the program continues to execute, it may

terminate abnormally at a later point in the program

due to incorrect usage of the input data. If the pro-
gram terminates normally, the calculations may or may not
be correct, depending on the input data and the action
taken by the computer.

The overall format for this group is (2I2). The data con-

tained in this group is on the first card and this card must
be the first card in each new data set.

‘ Data group 2 is for specifying information which will
identify the data set which is under consideration. All or part
of columns 1-80 on data card 2 can be used in identifying the

data set.

The overall format for this card is {40A2). This data

group must be the second card in each new data set.
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At this point, the third and successive data groups depend
on the choice of the value of NDATA. The basic data set must be
read into the program before shortened data sets can be used.
For NDATA=1, the program reads in the data groups in the basic
data set in the sequence discussed below.

The following is a sequential listing of the variables in
data group 3, along with the descriptions of the variables and
the format specifications.

(1) NEST
(2) NDIST
(3) NVI
(4) NX

is an indicator which can have the values of 1 and 2.
If NEST = 1, the program will perform extensive, detailed
calculations in order to determine precipitator per-
formance. If NEST = 2, estimation procedures are used
to determine precipitator performance. Both of these
options have been discussed in detail in Volume 1. Use
of the estimation procedure will result in considerable
savings in computer time and can be used to establish
trends or to establish ranges over which to apply the
more rigorous calculations. NEST is read in with an

I2 format and must be right justified in columns 1-2.

is an indicator which can have the values of 1 and 2.

If NDIST = 1, the user must supply the inlet particle
size distribution. If NDIST = 2, the program will
construct a log-normal particle size distribution

based on parameters provided by the user. The technique
used to construct the log-normal size distribution is
described in Volume 1. NDIST is read in with an I2
format and must be right justified in columns 3-4.

is an indicator which can have the values of 1 and 2.

If NVI = 1, the user must supply known or measured
values of the operating applied voltage and current.

If NVI = 2, the program will construct a voltage-
current curve (or curves) for a specified wire-plate
geometry up to a voltage which is specified by the user.
Both of the techniques for determining the electrical
conditions are discussed in Volume 1. NVI is read in
with an I2 format and must be right justified in columns
5-6.

is the number of grid points in the x-direction
(perpendicular to the gas flow) which is used in the
numerical techniques that determine the electrical
conditions. NX can not exceed a value of 15. If

NVI = 1, sufficient accuracy can normally be obtained
with NX > 11. If NVI = 2, NX should be set equal to
15. NX is read in with an I2 format and must be right

justified in columns 7-8.
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(5) NY

(6) NITER

(7) NCALC

is the number of grid points in the y-direction
(parallel to the gas flow) which is used in the
numerical techniques that determine the electrical
conditions. If NVI = 1, sufficient accuracy can
normally be obtained with NY > 9. If NVI = 2, NY
should be set equal to 15. NY is read in with an I2
format and must be right justified in columns 9-10.

is an indicator which serves two different purposes.

If NVI = 1, the value of NITER determines the maximum
number of iterations the program will make on a loop
which converges on overall mass collection efficiency.
If the overall mass collection efficiency converges
within 0.05% before NITER iterations, the calculation
of collection efficiencies is completed at this point.
NITER serves the purpose of cutting the calculation off
in a reasonable amount of time when convergence requires
more iterations and computer time than is warranted.
For normal inlet mass loadings and particle size dis-
tributions a value of NITER = 2 is sufficient. For
high inlet mass loadings or very fine particle size
distributions a value of NITER = 3 or 4 may be necessary
to provide sufficient accuracy. 1If NVI = 2, the value
of NITER determines the number of iterations which will
be performed over each incremental length of the pre-
cipitator in order to obtain self-consistent solutions
for the electrical conditions. In its present stage
of development, the calculation procedure yields the
same results for all values of NITER. Thus, in this
case, set NITER = 1. The calculation procedure is
discussed in Appendix A of Volume 1. NITER is read

in with an I2 format and must be right justified in
columns 11-12.

is an indicator which can have the values of 0 and 1.
If NCALC = 0, particle charge is determined by using
equation (12) in Volume 1. Due to the number of times
particle charge must be calculated and the use of
numerical techniques in order to solve the charging
equation, the particle charging calculations for

NCALC = 0 take a considerable amount of computer time.
If NCALC = 1, particle charge is estimated empirically
by using the sum of the charges predicted from classical
field and thermal charging theories [see equation (15)
in Volume 1]. 1In this case, particle charge can be
determined very rapidly from analytical expressions.
Thus, in those cases where a significantly shorter run
time is more important than the best accuracy possible,
NCALC should be set equal to 1. If NEST = 2, particle
charge will be performed as if NCALC = 1 regardless of
the value of NCALC. NCALC is read in with an I2 format
and must be right justified in columns 13-14.
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(8) NRAPD

(9) NEFF

(10) NTEMP

is an indicator which specifies the number of rapping
puff particle size distributions which will be utilized
by the program in predicting the effect of rapping
reentrainment on overall mass collection efficiency-
NRAPD must have a value of at least 1 and can not exceed
a value of 10. If NRAPD = 1, the program will deter-
mine the rapping puff particle size distribution based
on the average of data obtained from several field tests
on full-scale precipitators. These tests yield an
average rapping puff particle size distribution with a
mass median diameter (MMD) of 6.0 um and a geometric
standard deviation (op) of 2.5. The technique which is
used to predict rapping losses is discussed in Volume 1.
If NRAPD is greater than one, the user must supply a MMD
and op of a log~-normal distribution corresponding to each
value of NRAPD greater than 1. The program will determine
the rapping puff particle size distribution based on .
the specified combinations of MMD and op. The case for
NRAPD = 1 will always be performed. Each rapping puff
particle size distribution is used in conjunction with
the same basic ideal calculation and its effect is
determined with very little expenditure of computer
time. NRAPD is read in with an I2 format and must be
right justified in columns 15-16.

is an indicator which can hawve the values of 1 and 2.
If NEFF = 1, the total mass reentrained at the outlet
due to rapping is determined from the mass collected
in the last field under adjusted no-rap conditions.
If NEFF = 2, the total mass reentrained at the outlet
due to rapping is determined from the mass which would
be collected in the last field under unadjusted ideal
conditions. NEFF should normally be taken to be 1
since this case is physically meaningful. A value of
NEFF = 2 will result in rapping losses which are
significantly greater than for NEFF = 1. Thus, a
value of NEFF = 2 should only be used when a precipi-
tator design which is conservative with respect to
rapping losses is desired. NEFF is read in with

an I2 format and must be right justified in columns
17-18.

is an indicator which can have the values of 1 and 2.
The mass reentrained due to rapping will differ for
cold-side and hot-side precipitators. If NTEMP = 1,
the mass reentrained due to rapping is estimated based
on an equation for cold-side precipitators. If

NTEMP = 2, the mass reentrained due to rapping is
estimated based on equation for hot-side precipitators.
NTEMP is read in with an I2 format and must be right
justified in columns 19-20.
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(11) NONID

is an indicator which specifies the number of com-
binations of normalized gas velocity standard deviation
(64) and gas bypassage fraction and/or particle re-
en%rainment fraction without rapping (S) which are to
be used to simulate the possible nonideal conditions.
The procedures used to account for these nonideal
effects are described in Volume 1. NONID must have a
value of at least 1 and can not exceed a value of 15,
Each set of nonideal conditions is used in conjunction
with the same basic ideal calculation and its effect
is determined with very little expenditure of computer
time. NONID is read in with an I2 format and must be
right justified in columns 21-22.

The overall format for this data group is (11I2) and all the
data are contained on the third data card.

The next data group which is read in depends on the values
of NCALC and NVI. If NCALC = 0, the rigorous charging theory is
used. In this case, the following is a sequential listing of
the variables in the next data group which is read in, along
with the descriptions of the variables and the format specifi-

cations.
(1) NN
(2) NUMINC

is the number of increments in the Runge-Kutta inte-
gration of equation (12) in Volume 1. If NVI = 1,

a value of NN = 10 normally provides sufficient accuracy
when the precipitator is divided into incremental
lengths of approximately 0.305m or less. If NVI = 2,

a value of NN = 5 normally provides sufficient accuracy.
NN is read in with an I2 format and must be right
justified in columns 1-2.

is the number of increments in the Simpson's Rule
integration over 6 in equation (12) in Volume 1.
NUMINC must be an even number and a value of NUMINC =
20 normally provides sufficient accuracy. In order to
speed up the calculations, NUMINC can be reduced to a
value as low as 10 without causing too great a change
in the results. The use of values of NUMINC which are
less than 10 is not recommended. NUMINC is read in
with an I2 format and must be right justified in
columns 3-4.

The overall format for this data group is (212) and all the
data are contained on a single card. If NCALC = 1, the above

data group

is not read into the program.

I£f NVI
In this cas

= 2, the model must calculate a voltage-current curve.
e, the following is a sequential listing of the variables

in the next data group which is read in, along with the descrip-
tions of the variables and the format specifications.
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(1) IFINAL

(2) JI1I1
(3) J12
(4) VISKIP
(5) VISAME

is an indicator which causes the calculation of suc-
cessive points on the voltage-current curve to cease
after IFINAL points. This indicator allows the user
to have the V-I calculation terminated at a point
before the specified operating voltage is reached
whenever it is taking an excessive number of points to
reach the specified operating voltage. IFINAL is read
in with an I2 format and must be right justified in
columns 1-2.

is an indicator which allows the initial increment

size on current density in the calculation of the
voltage-current curve to be changed after JIl-1

points are determined on the curve. Since the voltage-
current calculation finds the applied voltage corre-
sponding to a specified value of current density, this
indicator allows the user to cover a large range of
current densities without using an excessive number

of points. JIl is read in with an I2 format and must
be right justified in columns 3-4.

is an indicator which allows the second increment size
on current density in the calculation of the voltage-
current curve to be changed after JI2-1 points are
determined on the curve. JI2 serves the same function
as JI1l and JI2 must have a value greater than JIl for
proper usage. JI2 is read in with an I2 format and
must be right justified in columns 5-6.

is an indicator which may have the values of 0 and 1.
If VISKIP = 0, a voltage-current curve will be calcu-
lated up to a specified operating voltage for each
successive length increment of the precipitator. If
VISKIP = 1, only the operating current density which
corresponds to a specified operating voltage will be
calculated based on an estimation procedure discussed
in Volume 1. 1In most cases, the user will want to set
VISKIP = 1 since this will result in a prediction of
the operating current density in each increment of
length of the precipitator without using the large
amounts of computer time required by the calculation of
a voltage~-current curve. Only extremely detailed
analysis would warrant setting VISKIP = 0. VISKIP is
read in with an I2 format and must be right justified

in columns 7-8.

is an indicator which may have the values of 1 and 2.
The proper use of VISAME can result in significant
savings in computer time whenever the applied voltage
is the same in each electrical section. If the applied
voltage is the same in each electrical section, set
VISAME = 1 and only one "clean" voltage-current curve
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will be calculated. If VISAME = 1, as many data sets

as desired can be read into the program and all calcu-
lations will be based on the one "clean" voltage-
current calculation. The use of VISAME = 1 is especially
beneficial in studying hypothetical cases due to the
large savings in computer time. If the applied voltage
differs from one electrical section to the next, the
user must set VISAME = 2. Whenever the operating voltage
and current are unknown and the user must specify the
use of the voltage-current calculations (NVI = 2), the
quickest run time will occur when VISKIP = 1 and

VISAME = 1. The longest run time will occur when

VISKIP = 0 and VISAME = 2. VISAME is read in with an

I2 format and must be right justified in columns 9-10.

The overall format for this data group is (5I2) and all data
are contained on a single card. If NVI = 1, the above data group
is not read into the program.

The following is a sequential listing of the next data group
which is read in, along with the descriptions of the variables and
the format specifications.

(1) DL
(2) PL
(3) ETAO
(4) DD
(5) EPS

is the inlet particulate mass loading in units of
grains/ft®. DL is read in with a F8.0 format and
must be left justified in columns 1-8.

is the total electrical length of the precipitator
in units of feet. PL is read in with a F8.0 format
and must be left justified in columns 9-16.

is the overall mass collection efficiency in units

of percent and it has two different interpretations
depending upon the value of NVI. If NVI = 1, ETAOQ
represents the measured or estimated overall mass
collection efficiency and is used as a test for con-
vergence in an iteration loop on overall mass collection
efficiency. If NVI = 2, ETAO0 simply represents the
desired design efficiency and is not used in the
calculations. ETA0 is read in with a F8.0 format

and must be left justified in columns 17-24.

is the density of the particles in units of kg/n’.
DD is read in with a F8.0 format and must be left
justified in columns 25-32.

is the dielectric constant of the particles for use in
the particle charging calculations and is dimensionless.
Values of EPS must be equal to or greater than 1. 1In
most industrial applications, the flue gas is sufficiently
humidified so that the particle surface becomes con-
ductive and a value of EPS = 100 can be used to simulate
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(6) VRATIO
(7) Us
(8) FPATH
(9) EBD

a conductor. EPS is read in with a F8.0 format
and must be left justified in columns 33-40.

is the ratio of the peak voltage to the average voltage
and is dimensionless. In the calculation of particle
charge, it is assumed that the particles will charge

to an extent determined by the peak voltage rather than
the average voltage. For industrial applications,
VRATIO has a value around 1.2. VRATIO is read in with
a F8.0 format and must be left justified in columns
41-48.

is the ionic mobility at standard temperature (273°K)
and standard pressure (1l atm) and is in units of
m?/(V-sec). This mobility is referred to as the
"reduced mobility". Values to use for reduced ionic
mobilities for flue gas compositions are not well-
established at the present time. The reduced ionic
mobility for air is in the range 1.2-2.1 x 10~ *m?/(V-sec).
Reduced ionic mobilities for flue gas compositions have
been reported that are considerably larger than those
reported for air. These values cover the range of
2.2-5.4 x 10~ "m?/(V-sec). Some reported values of
reduced ionic mobility for various gas compositions

are given in Table 2. Since the ionic mobility has

a strong influence on the electrical conditions through
the current and electric field distributions, this is
an important parameter in determining precipitator
performance. A value of 3.0 x 10-"m®/(V-sec) should
provide a representative value to use for flue gases
emanating from coal-fired boiler applications. US is
read in with a F8.0 format and must be left justified
in columns 49-56.

is a parameter which is used in the field charging
equation and is dimensionless. FPATH represents the
number of ionic mean free paths over which the momentum
of the ions will persist and allow the ions to reach
the surface of the particle even though the saturation
charge has been reached. The effect of this parameter
is to increase the saturation charge. FPATH normally
should have a value in the range 0-2. It is recommended
that FPATH be assigned a value of 1. FPATH is read in
with a F8.0 format and must be left justified in
columns 57-64.

is the electrical breakdown strength of the gas or the
particulate layer in the region near the plate and is
in units of V/m. The value of this parameter is a
strong function of the resistivity of the collected
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TABLE 2

REDUCED EFFECTIVE NEGATIVE ION MOBILITIES FOR VARIOUS GAS COMPOSITIONS

Reduced Effective

Gas Composition Ion Mobility
(Volume Percent) (cm? /V-sec)
N, CO O, 802  HyO
100.0 0.67 + 0.17%
100.0 2.46 + 0.06b
100.0 1.08 + 0.03"
100.0 0.35°
. d
(Laboratory Air) 1.03
(Laboratory Air) 1.26 - 1.96°
79.4 14.7 4.6 0.2 0.6 5.39f
73.5 13.6 4.2 0.2 8.4 2.93f
65.9 12.2 3.8 0.2 17.8 2.23f
71.0 11.2 3.7 0.0 14.0 2.35f
75.7 11.6 3.2 0.0 9.4 3.02f
75.1 11.5 3.2 0.1 9.9 2.74f
78.5 10.9 3.6 0.0 7.0 3.36%
78.3 19.8 3.6 0.1 7.0 2.67f
77.9 10.8 3.6 0.3 7.0 2.70f
77.6 10.7 3.7 0.7 7.0 2.43f
a. J. J. Lowke and J. A. Rees, Australian J. Phys. 16, 447 (1963).
b. E. W. McDaniel and H. R. Crane, Rev. Sci. Instru. 28, 684 (1959).
E. W. McDaniel and M. R. C. McDowell, Phys. Rev. 114, 1028 (1959)
. B.Y.H. Liu, K. T. Whitby, and H.H.S. Yu, J. Appl. Phys. 38,
1592 (1967). -
e. J. Bricard, M. Cabane, G. Modelaine, and D. 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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particulate layer and the condition of the collection
plates. At present, mathematical techniques which are
based on physical principles do not exist for pre-
dicting the value of EBD under differing conditions.
Thus, experimental data and prior experience must be
used to choose appropriate values of EBD. In practical
applications, EBD fails in the range of 2-15 kV/cm.

A value of 2 kV/cm should provide a conservative
estimate of EBD whereas a value of 15 kV/cm would in
most cases provide the most optimistic value. The
value of EBD is used whenever NVI = 2 and a voltage-
current curve is generated. If the field at the

plate exceeds the value of EBD at any point on the
curve, a message to this effect is printed out with
the V-I calculation terminating at the corresponding
applied voltage and current density. These values of
voltage and current are then used in the projection of
precipitator performance. EBD is read in with a F8.0
format and must be right justified in columns 65-72.

(10) RHO is the resistivity of the collected particulate layer
and is in units of ohm-cm. The resistivity to be used
must be determined experimentally by either in situ
or laboratory methods. RHO is used in the model only
to estimate the average electric field in the collected
particulate layer. It is not used to determine allow-
able electrical operating conditions. The effect of
RHO on the allowable electrical operating conditions
must be reflected in the input data for the operating
voltages and currents. RHO is read in with a E8.2
format and must be right justified in columns 73-80.

The above data group has an overall format of (9F8.0, ES8.2)
and is contained on a single data card. This data set must be
read in with each basic data set, i.e. when NDATA = 1.

The next data group which is read in depends on the value
of NRAPD. If NRAPD is greater than 1, the following is a
sequential listing of the variables in the next data group,
along with the descriptions of the variables and the format
specifications.

(1) ARD50(I) is an array containing the mass median diameters in
um for log-normal particle size distributions of the
different rapping puff distributions which will be
utilized in the model. The values of this variable
are read in with a F4.0 format and must be left
justified in columns 1-4, 9-12, 17-20, 25-28, 33-36,
41-44, 49-52, 57-60, 65-68, and 73-76.

(2) ARSIGM(I)is an array containing the geometric standard devia-
tions for log-normal particle size distributions of
the different rapping puff distributions which will
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be utilized in the model. Values of ARD50(I) and
ARSIGM(I) with the same index are used together to
construct a log-normal particle size distribution.
The values of this variable are read in with a F4.0
format and must be left justified in columns 5-8,
13-16, 21-24, 29-32, 37-40, 45-48, 53-56, 61-64,
69-72, and 77-80. ARSIGM(I) can not have a value
less than 1.

The above variables must be read in for I=2 up to I=NRAPD
where NRAPD can not exceed a value of 10. The overall format for
this data group is (10(2F4.0)) and is contained on a single data
card. If NRAPD=1, this data group is not read in. In this case,
only one rapping puff particle size distribution will be considered
where ARD50(1) = 6.0 in um and ARSIGM(l) = 2.5. This case is
built into the program and relates to experimental data discussed
in Volume 1.

The following is a sequential listing of the variables in the
next data group which is read in, along with the descriptions of
the variables and the format specifications.

(1) ASNUCK(I) is an array containing different fractions of gas
flow which bypass the electrified region in each
baffled stage of the precipitator and/or different
fractions of the mass collected in each stage of
the precipitator which are reentrained due to
factors other than rapping. The values of this
variable are read in with a F4.0 format and must
be left justified in columns 1-4, 13-16, 25-28,
37-40, 49-52, and 61-64 of the first two data cards
in the group and in columns 1-4, 13-16, and 25-28
of the third data card in the group. ASNUCK(I)
must lie in the range 0.0 to 1.0.

(2) AZIGGY(I) is an array containing different normalized standard
deviations for the inlet velocity distribution of
the gas flow. The values of this variable are read
in with a F4.0 format and must be left justified in
columns 5-8, 17-20, 29-32, 41-44, 53-56, and 65-68
of the first two data cards in the group and in
columns 5-8, 17-20, and 29-32 of the third data card
in the group. AZIGGY(I) must be equal to or greater
than 0.0.

(3) AZNUMS (I) is an array containing the number of baffled stages
in the precipitator. The values of this variable
are read in with a F4.0 format and must be left
justified in columns 9-12, 21-24, 33-36, 45-48,
57-60, and 69-72 of the first two data cards in the
group and in columns 9-12, 21-24, and 33-36 of the
third data card in the group. The values of AZNUMS(I)
must be whole numbers.
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The values of ASNUCK(I), AZIGGY(I), and AZNUMS(I) with the
same index are used together to simulate one set of nonideal
parameters and to produce one set of no-rap efficiencies. The
values of I are determined by NONID which must have a value of
at least 1 and can not exceed a value of 15. Thus, at least one
set of these parameters must be read in. It is recommended that
the user take the first set of these variables to be ASNUCK(l) =
0.00, AZIGGY(l) = 0.00, and AZNUMS (1) = actual number of stages
so that efficiencies under ideal conditions will be obtained. 1In
practical situations, a well-operating precipitator will have
values of ASNUCK and AZIGGY of approximately 0.1 and 0.25,
respectively.

The overall format for this data group is (6(3F4.0)) and the
data group is contained on 3 or less cards. For NONID < 6,
6<NONID < 12, and 12<NONID < 15, the number of data cards necessary

are 1, 2, and 3, respectively. This data group must be read in-
with each basic data set.

The next data group which is read in consists of a single
array- The description of this array and its format specifica-
tion are given below.

(1) ENDPT(I) is an array containing values of particle diameters
corresponding to points on a curve of inlet mass
cumulative percent versus particle diameter. The
number of diameters that must be read in depends on
the value of NENDPT which can not exceed a value of
2]1. The diameters must be inputted in order from
smallest to largest in units of um. The smallest
diameter can not be less than 0.01 uym and the
largest diameter can not exceed 1,000 upm. These
diameters are used to construct particle size intervals
and a particle size histogram. The midpoints between
successive particle diameters constitute NENDPT-1
average particle diameters which are used in the
program to characterize the different particle size
bands. In constructing the particle diameters to
be used in the calculations, it is recommended that
greater resolution be built into the fine particle
size range of 0.1-3.0 um since the lower efficiencies
are obtained in this size range. The values of
ENDPT(I) are read in with a F8.0 format and must
be left justified.

The overall format for this data group is (10F8.0) and the
data group is contained on 3 or less data cards. For NENDPT < 10,
10<NENDPT < 20, and NENDPT = 21, the number of data cards
necessary are 1, 2, and 3, respectively. This data group must
be read in with each basic data set.
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The next data group which is read in depends on the value
of NDIST. 1If NDIST = 2, the following is a sequential listing
of the variables in the next data group, along with the descrip-
tions of the variables and the format specifications.

(1) D50 is the mass median diameter of a log-normal inlet
- particle size distribution and is in units of um.
The value of D50 must lie between 0.01 and 1,000 pm.
The value of D50 is read in with a F8.0 format and
must be left justified in columns 1-8.

(2) sSIGMAP is the geometric standard deviation of a log-normal
inlet particle size distribution and is dimension-
less. The value of SIGMAP must be equal to or
greater than 1. The value of SIGMAP is read in
with a F8.0 format and must be left justified in
columns 9-16.

The program uses the values of D50 and SIGMAP to construct a
log-normal particle size distribution over the range and size bands
determined by the values of ENDPT(I). Any mass which is not in
the size range determined by ENDPT(I) will be put into the size
band with the largest midpoint. This must be done to ensure that
the sum over all size bands of the percentage of total mass in
each size band will equal 100%.

The above data group has an overall format of (2F8.0) and is
contained on a single data card. This data set is not read in if
NDIST = 1.

If NDIST = 1, the next data group which is read in consists
of a single array-.- The description of this array and its format
specification are given below.

(1) PRCU(I) is an array containing values of cumulative percents
corresponding to points on a curve of inlet mass
cumulative percent versus particle diameter. The
number of cumulative percents that must be read in
depends on the value of NENDPT which can not exceed
21. The cumulative percents must match the particle
diameters specified in the array ENDPT(I). The
cumulative percents are inputted in units of %.

The first value of PRCU(I) must be 0% and the last
value must be 100%. The program determines the
percentage by mass in each particle size band from
the values contained in ENDPT(I) and PRCU(I). The
user must supply values of PRCU(I) based on measured
or known particle size information for the particular
application under consideration. The values of
PRCU(I) are read in with a F8.0 format and must be
left justified.
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The overall format for this data group is (10F8.0) and the
data group is contained on 3 or less data cards. For NENDPT < 10,
10<NENDPT < 20, and NENDPT = 21, the number of data cards necessary
are 1, 2, and 3, respectively. This data group is not read in if
NDIST = 2.

The following is a sequential listing of the variables in the
next data group which is read in, along with the descriptions of
the variables and the format specifications.

{1) NUMSEC is the number of electrical sections in the
direction of gas flow. The value of this variable
is read in with an I2 format and must be right
justified in columns 1-2.

(2) LSECT(I) 1is an array containing values of the number of
incremental lengths to be taken in each electrical
section in the direction of gas flow. These values
are determined by the user with increasing values of
I corresponding to electrical sections moving from
the inlet to the outlet of the precipitator. The
maximum number of electrical sections which can be
accounted for in the program listed in Volume 1 is
10 (I < 10). Also, the maximum total number of
incremental lengths which can be taken is 45

(% LSECT(I) < 45). Procedures for increasing the

number of electrical sections and incremental lengths
are discussed in Section 5. The values of this
variable are read in with an I2 format and must be
right justified.

The overall format for this data group is (I2, 10I2) and the
data group is contained on a single data card. This data group
must be read in with each basic data set.

The following is a sequential listing of the variables in
the next data group which is read in, along with the descriptions
of the variables and the format specifications.

(1) AS(NSECT) is the total collection plate area for a given
electrical section and is in units of square feet.
The values of this variable are read in with an
Ell.4 format and must be right justified in
columns 1-11.

(2) VOS (NSECT)is the applied voltage in a given electrical section
and is in units of volts. 1If NVI = 1, the value
of VOS (NSECT) corresponds to a measured or known
value. If NVI = 2, VOS(NSECT) corresponds to an
applied voltage up to which a voltage-current curve
will be calculated. Then, this applied voltage
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(3) TCS (NSECT)

(4) WLS (NSECT)

(5) ACS (NSECT)

(6) BS (NSECT)

(7} NWS (NSECT)

(8) SYS (NSECT)

along with the corresponding current will be used
in the calculation of precipitator performance.
The values of this variable are read in with an
El1l.4 format and must be right justified in

columns 12-22.

is the total current in a given electrical section
and is in units of amperes. If NVI = 1, the value
of TCS (NSECT) corresponds to a measured or known
value. If NVI = 2, TCS(NSECT) has no meaning in
terms of input data since it will be calculated in
the program. In this case, the appropriate columns
on the data card can be left blank or any arbitrary
number can be entered. The values of this variable
are read in with an El11.4 format and must be right
justified in columns 23-33.

is the total effective wire length in a given
electrical section and is in units of feet. The
values of this variable are read in with an
Ell.4 format and must be right justified in
columns 34-44.

is the corona wire radius in a given electrical
section and is in units of inches. The values of
this variable are read in with an El1l1.4 format
and must be right justified in columns 45-55.

is the wire-to-plate spacing in a given electrical
section and is in units of inches. The values of
this variable are read in with an El11.4 format and
must be right justified in columns 56-66.

is the number of discharge electrodes per given
electrical section per gas passage and is dimen-
sionless. The values of this variable normally
should not exceed 20. If the values do exceed 20,
use 20 in the program. These values are used to
determine the number of terms in a series summation
which determines the electrostatic electric field
distribution and 20 terms are more than sufficient
to reach convergence. The values of this wvariable
are read in with an E11.4 format and must be right
justified in columns 67-77.

is one-half of the wire-to-wire spacing in a given
electrical section and is in units of inches. The
values of this variable are read in with an Ell.4

format and must be right justified in columns 1-11.

156



(9) VGS (NSECT) is the total gas volume flow rate in a given
electrical section and is in units of actual
ft? /min. The values of this variable are read
in with an E1l1.4 format and must be right justi-
fied in columns 12-22,.

(10) VGASS (NSECT) is the gas velocity in a given electrical section
and is in units of ft/sec. The values of this
variable are read in with an Ell.4 format and
must be right justified in columns 23-33.

(11) TEMPS (NSECT) is the gas temperature in a given electrical
section and is in units of °F. The values of
this variable are read in with an El11.4 format
and must be right justified in columns 34-44.

(12) PS(NSECT) is the gas pressure in a given electrical section
and is in units of atmospheres. The values of
this variable are read in with an El1.4 format
and must be right justified in columns 45-55.

(13) VISS(NSECT) is the gas viscosity in a given electrical section
and is in units of kg/(m-sec). Table 3 gives
values of viscosity for different temperatures
and water contents for a gas composition whose
components are those of air. This table provides
values of viscosity which cover most cases found
in practice although some extrapolation is
necessary for those cases involving hot precipi-
tators where temperatures are greater than 300°C.
The values of this variable are read in with an
El1l.4 format and must be right justified in
columns 56-66.

(14) LINCS (NSECT) is the incremental length size which will be
taken in a given electrical section and is in
units of feet. If NVI = 1, LINCS(NSECT) should
be given a value of approximately one foot
although larger values can be used with some
loss in accuracy in order to save computer run
time. If NVI = 2, LINCS (NSECT) must be given a
value equal as near as possible to the wire-to-
wire spacing in order for the numerical proce-
dure to be valid. In any case, the product of
LSECT(NSECT) and LINCS (NSECT) must equal the
total length of the given electrical section.
The values of this variable are read in with an
Ell.4 format and must be right justified in
columns 67-77.

The overall format for this data group is (7(E11.4)) and the
data group is contained on two data cards. This data group must
be read in with each basic data set.
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8GT

100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300

TABLE 3. VALUES OF VISCOSITY FOR AIR AT VARIOUS TEMPERATURES AND WATER CONTENTS*
Percent H;,0
0 1 2 3 4 2 6 7 8 2 10
1.767 1.758 1.748 1.739 1.730 1.721 1.712 1.702 1.693 1.684 1.675
1.810 1.801 1.792 1.783 1.774 1.765 1.755 1.746 1.737 1.728 1.719
1.854 1.844 1.835 1.826 1.817 1.808 1.799 1.790 1.780 1.771 1.762
1.900 1.887 1.878 1.869 1.860 1.850 1.841 1.832 1.823 1.814 1.805
1.938 1.929 1.920 1.911 1.902 1.892 1.883 1.874 1.865 1.856 1.847
1.979 1.970 1.961 1.952 1.943 1.934 1.925 1.916 1.907 1.898 1.888
2.020 2.011 2.002 1.993 1.984 1.875 1.966 1.957 1.948 1.939 1.930
2.059 2.050 2.042 2.033 2.024 2.015 2.006 1.997 1.988 1.979 1.970
2.099 2.090 2.081 2.072 2.063 2.054 2.046 2.037 2.028 2.019 2.010
2.137 2.129 2.120 2.111 2.102 2.093 2.085 2.076 2.067 2.058 2.049
2.175 2.167 2.158 2.149 2.140 2.132 2.123 2.114 2.105 2.097 2.088
2.213 2.204 2.195 2.189 2.178 2.169 2.161 2.152 2.143 2.135 2.126
2.250 2.241 2.232 2.224 2.215 2.207 2.198 2.189 2.181 2.172 2.164
2.286 2.277 2.269 2.260 2.252 2.243 2.235 2.226 2.218 2.209 2.201
2.321 2.313 2.304 2.296 2.288 2.279 2.271 2.262 2.254 2.245 2.237
2.356 2.348 2.339 2.331 2.323 2.315 2.306 2.298 2.289 2.281 2.273
2.390 2.382 2.374 2.366 2.358 2.349 2.341 2.333 2.325 2.316 2.308
2.424 2.416 2.408 2.400 2.392 2.383 2.375 2.367 2.359 2.351 2.343
2.457 2.449 2.441 2.433 2.425 2.417 2.409 2.401 2.393 2.385 2.377
2.489 2.482 2.474 2.466 2.458 2.450 2.442 2.434 2.426 2.418 2.410
2.521 2.513 2.506 2.498 2.490 2.482 2.475 2.467 2.459 2.451 2.443
2.552 2.545 2.537 2.530 2.522 2.514 2.507 2.499 2.491 2.483 2.476
2.583 2.575 2.568 2.560 2.553 2.545 2.538 2.530 2.523 2.515 2.507
2.613 2.606 2.598 2.591 2.583 2.576 2.569 2.561 2.554 2.546 2.539
2.642 2.635 2.628 2.621 2.613 2.606 2.599 2.592 2.584 2.5717 2.570
2.671 2.664 2.657 2.650 2.643 2.636 2.628 2.621 2.614 2.607 2.600
2.699 2.692 2.685 2.678 2.671 2.664 2.657 2.650 2.643 2.636 2.629
2.727 2.720 2.713 2.706 2.700 2.693 2.686 2.679 2.672 2.665 2.658
2.754 2.747 2.740 2.734 2.727 2.720 2.714 2.707 2.700 2.694 2.687
2.780 2.773 2.767 2.761 2.754 2.748 2.741 2.734 2.728 2.721 2.715
X 107% kg/ (m-sec)
*Calculations according to:
C.R. Wilke. A Viscosity Equation for Gas Mixtures. J. Chem. Phy., 18(4):517-519 (April, 1950).



NVI.

The next data group which is read in depends on the value of

If NVI = 2,

the following is a sequential listing of the

variables in the next data group which is read in, along with the
descriptions of the variables and the format specifications.

(1)

RFS (NSECT)

START1 (NSECT)

START2 (NSECT)

START3 (NSECT)

VSTAR (NSECT)

is the roughness factor for the wires in a given
electrical section and is dimensionless. In
precipitation practice, if the wires are scratched
or dirty but not completely coated with air, then
the values of RFS (NSECT) lie in the range 0.5-
1.0. A value of 1.0 corresponds to wires which
are in perfect condition. The effect of decreas-
ing the roughness factor is one of increasing the
current that can be achieved at a given voltage
level. 1If the wires are completely covered with
dirt, then the effect may be one of increased
wire diameter with a roughness superimposed.

This situation would lead to compensating effects.
The values of this variable are read in with an
El1.4 format and must be right justified in
columns 1-11.

is the chosen initial current density at which
the calculation of a voltage-current curve starts
in a given electrical section and is in units of
A/m?. 1In generating the voltage-current curve,
the current density increments in steps of START1
(NSECT) until a change is specified. The values
of this variable are read in with an Ell.4 format
and must be right justified in columns 12-22.

is a chosen increment in current density which

is used in place of STARTI1 (NSECT) when the JIl-th
point on the voltage-current curve is reached and
is in units of A/m“. The values of this wvariable
are read in with an E1l1.4 format and must be
right justified in columns 23-33.

is a chosen increment in current density which is
used in place of START2(NSECT) when the JI2-th
point on the voltage-current curve is reached and
is in units of A/m*. The values of this variable
are read in with an El1ll1.4 format and must be
right justified in columns 34-44.

is an estimate of the applied voltage correspond-
ing to the first point on the voltage-current
curve as defined by START1(NSECT) and is in units
of volts. If VSTAR(NSECT) is close to the actual
applied voltage, the calculation will be performed
faster. However, whatever the choice of VSTAR
(NSECT), it will not affect the accuracy of the
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calculation. The values of this variable are
read in with an El1l1.4 format and must be right
justified in columns 45-55.

The overall format for this data group is (7(E1ll.4)) and

the data group is contained on a single data card. If NVI = 1,
this data group is not read in.

The data input starting with AS (NSECT) above must be repeated
for each electrical section of the precipitator, proceeding from
the inlet to the outlet of the precipitator. Thus, the data
group containing AS (NSECT) and possibly the data group containing
RFS (NSECT) must be read in NUMSEC different times.

At this point, the basic data set has been entered into the
program and precipitator performance will be projected based on
the inputted data. The last card in the data section must have
a 99 in columns 1-2. This causes the program to terminate normally.

CONSTRUCTION OF SHORTENED DATA SETS

Once the basic data set is processed, then all the parameters
which are needed by the program to calculate precipitator perfor-
mance are stored in memory. By using values of NDATA equal to 2,
3, or 4, shortened data sets can be entered after the basic data
set in order to analyze the effects of particle size distribution,
specific collection area, and electrical conditions on precipitator
performance. In the shortened data sets, the values of a small
number of variables which are stored in memory are changed to
new values in order to produce a new set of data.

In each shortened data set, the first two data groups and
data cards which are read in are the same as those discussed for
the basic data set. The value of NDATA on the first data card
determines the variables in memory that will be changed. The
effects of particle size distribution on precipitator performance
can be analyzed by setting NDATA = 2. 1In this case, the third
data group which is read in depends upon the value of NDIST which
is stored in memory. If NDIST = 2, an inlet mass median diameter
(D50) and geometric standard deviation (SIGMAP) must be read in
according to the same specifications discussed for the basic
data set. If NDIST = 1, cumulative percents (PRCU(I)) correspond-
ing to the particle sizes (ENDPT(I)) stored in memory must be read
in according to the same specifications discussed for the basic
data set. After the third data group is read in, the shortened
data set is complete. By repeating this type of shortened data
with different choices of D50 and SIGMAP or PRCU(I), the effects

of particle size distribution can be analyzed with the use of
only a few data cards.

The effects of specific collection area (SCA) on precipitator
performance can be analyzed by setting NDATA = 3. 1In this case,
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the following is a sequential listing of the variables which
are inputted in the third data group, along with the descriptions
of the variables and the format specifications.

(1) VGS (1) is the total gas volume flow rate in a given
electrical section and is in units of actual
ft} /min. The values of this variable are read
in with an El11.4 format and must be right justi-
fied in columns 1-11, 23-33, and 45-55.

(2) VGASS (I) is the gas velocity in a given electrical section
and is in units of ft/sec. The values of this
variable are read in with an Ell.4 format and
must be right justified in columns 12-22, 34-44,
and 56-66.

The overall format for this data group is (3(2E1l1.4)) and
the data group is contained on 4 or less cards depending on the
value of NUMSEC which is stored in memory. For NUMSEC < 3,
3<NUMSEC < 6, 6<NUMSEC < 9, and NUMSEC = 10, the number of data

cards necessary are 1, 2, 3, and 4, respectively.

After this data group is read in, the shortened data set is
complete. By repeating this type of shortened data set with
different choices of VGS(I) and VGASS(I), the effects of specific
collection area can be analyzed with the use of only a few data
cards.

The effects of applied voltage and current on precipitator
performance can be analyzed by setting NDATA = 4. In this case,
the following is a sequential listing of the variables which are
inputted in the third data group, along with the descriptions of
the variables and the format specifications.

(1) vos(1) is the applied voltage in a given electrical
section and is in units of volts. If the value
of NVI stored in memory is 1, the value of VOS(I)
corresponds to a measured or known value. If the
value of NVI stored in memory is 2, VOS(I) corre-
sponds to an applied voltage up to which a voltage-
current curve will be calculated. Then, this
applied voltage along with the corresponding
current will be used in the calculation of pre-
cipitator performance. The values of this variable
are read in with an El11.4 format and must be right
justified in columns 1-11, 23-33, and 45-55.

(2) TCS(I) is the total current in a given electrical section
and is in units of amperes. If the value of NVI
stored in memory is 1, TCS(I) corresponds to a
measured or known value. If the value of NVI
stored in memory is 2, TCS(I) has no meaning in
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terms of input data since it will be calculated
in the program. In this case, the appropriate
columns on the data cards can be left blank or
any arbitrary number can be entered. The values
of this variable are read in with an Ell.4 format
and must be right justified in columns 12-22,
34-44, and 56-66.

The overall format for this data group is (3(2El1l.4)) and
the data group is contained on 4 or less cards depending on the
value of NUMSEC which is stored in memory. For NUMSEC < 3,
3<NUMSEC < 6, 6<NUMSEC < 9, and NUMSEC = 10, the number of data
cards necessary are 1, 2, 3, and 4, respectively.

After this data group is read in, the shortened data set is
complete. By repeating this type of shortened data set with
different choices of VOS(I) and TCS(I), the effects of voltage
and current can be analyzed with the use of only a few data cards.

By using the shortened data sets in different combinations
and in a judicious order, much information can be generated
with only a relatively few number of cards. Figure 27 contains
a flow-chart which shows the logic involved in inputting the
data and the data that are read in.
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/ READ: NENDPT, NDATA /'

NO

TERMINATE
PROGRAM

HEAD NEST, NDIST, NVi, NX,
NY, NITER, NCALC, NRAPD,
NEFF NTEMP, NONID

CALC=10
READ (vOs(i), TCs(1), READ: (VGS(l), VGASS(I),
1, NUMSEC) I =1, NUMSEC)

READ: IFINAL, JI1, JI2
VISKIP, VISAME

Figure 27. Flow chart for the input data logic (Sheet 1 of 2).
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YES

READ: DL, PL, ETAO, DD, EPS, NDATA>1
" VRATIO, US, FPATH, EBD, RHO
NO
READ: NUMSEC, (LSECTI{I},
NRAPD >3 NO | =1, NUMSEC)
YES
START DO LOOP OVER THE NUMBER
READ: (ARD5O0(l), ARSIGM(1}, OF ELECTRICAL SECTIONS
i 2, NRAPD)
—
READ: AS, VOS, TCS, WLS, ACS, BS, NWS,
READ: (ASNUCK(1), AZIGGY(l), SYS, VGS, VGASS, TEMPS, PS, VISS, LINCS
AZNUMS(1), | = 1, NONID)

/ READ; (ENDPT(), 1 = 1, NENDPT / Nv,ﬂ\ >
—~—(2)

&
READ: RFS, START1, START2,
START3, VSTAR
-t

NO

ND:S&

YES

/READ: D50, SIGMAP/
(END DO LOOP OVER THE NUMBER)

OF ELECTRICAL SECTIONS

NDIST\/\ NO 7. —-—4——@
YES
®

1, NENDPT) /

/ READ: (PRCU(),

—

Figure 27. Flow chart for the input data logic (Sheet 2 of 2).
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SECTION 9

MACHINE-DEPENDENT ASPECTS OF THE COMPUTER PROGRAM

The computer program, presented and discussed in this report,
has been developed on a Digital Equipment Corporation (DEC) PDP
15/76 computer. By changing only two statements, the program has
been executed successfully on an IBM 370/158 computer and on a
UNIVAC 1100 computer. By changing the same two statements and
certain output formating, the program has been executed success-
fully on a Control Data Corporation (CDC) 7600 computer. Although
the program should compile successfully with only minor changes on
most computers with a FORTRAN compiler, there are certain
machine-dependent aspects of the program that should be discussed.
These machine-dependent properties can be utilized to make the
usage of the program more general and to extend the application
of the program.

In order to use the program on most computers, the first two
executable statements in the program must be changed. These state-
ments define the input (read) and output (write) unit numbers.

The value of the variable NREAD specifies the input unit number
and the value of NPRNT specifies the outlet unit number. These
two changes should normally be all the modifications which are
necessary to allow successful compilation of the program. However,
in order to execute the program on the CDC 7600 computer, it was
also necessary to change single quotes to double quotes in output
format statements. The approximate times required to compile the
entire program on the DEC PDP 15/76, IBM 370/158, UNIVAC 1100, and
CDC 7600 computers were 1575, 51, 95, and 5 seconds, respectively.
Although these times can not be compared directly due to software
differences and the fact that an overlay was necessary on the DEC
PDP 15/76, they do give some indication of the relative compile
times.

Once the program is compiled, it will execute provided that
enough core is available to store the program. The total core
requirements on the DEC PDP 15/76 are 86,334 octal words (36,060
decimal words) for the program plus 10,276 octal words (4,286
decimal words) for system software necessary to implement the
program. Table 4 lists the various segments of the program and
their core requirements.
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TABLE 4.

RESIDENT CODE

ESPM
CMAN
BLK1
BLK2
BLK3
BLK4
BLK5
BLK6
BLK7
BLKS
BLK9
BLK10
BLK11
BLK12
BLK13
BLK14
BLK15
BLK16
BLK17
BLK18
BLK19
BLK20

System Software

Octal Decimal
Words Woxrds
11,113 4,683
573 379
502 322
62 50

1o 14

1 1

15 13
1,354 748
3,410 1,800
170 120
74 60

74 60

53 43
202 130
702 450

3 3

71 57

5 5

2 2

17 15

57 47
263 179
7,515 3,917

LINK1

SPCHG1
EFLD1

LINK2

SPCHG2
EFLD2

LINK3

ADJUST
WADJST
CFIT
LNFIT
QTFE
LNDIST
PRTSUM

System Software

LINK4

CHARGN
RATE
ARCCOS
ZERO

System Software

LINK5

PRTINC
PRTCHG
PRTINP
CHGSUM

System Software
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Octal Decimal
Words Words
407 263
13,663 6,607
732 474
15,774 7,164
7,156 3,694
610 392
467 311
616 398
160 112
1,567 887
1,540 864
437 287
343 228
1,244 676
200 128
130 88
12 10
1,744 996
1,562 882
5,113 2,635
1,115 621
110 72



Due to the fact that the particular DEC PDP 15/76 which has
been used to develop the program has only approximately 55,714
octal words (23,500 decimal words) of core that can be accessed
at any given time, it was neceSsary to overlay subroutines in
order to fit the program into core. The main program (ESPM) and
subroutine CMAN were kept in resident core and the overlay was
established by setting up the following five links:

LINK1 = SPCHG1l, EFLD1

LINK2 = SPCHG2, EFLD2

LINK3 = ADJUST, WADJST, CFIT, LNFIT, QTFE, LNDIST, PRTSUM
LINK4 = CHARGN, RATE, ARCCOS, ZERO

LINK5 = PRTINC, PRTCHG, PRTINP, CHGSUM

With the above overlay, the required core is 55,633 octal words
(23,451 decimal words) including system software. The core require-
ments were determined by the core utilized in resident core and

the largest link (LINK2). In this particular overlay, LINK2

had 4,707 octal words (2,503 decimal words) of core which were

not utilized. Also, the link table required an additional 323

octal words (211 decimal words) of core.

In order to get the program to execute on computers with
small storage capacities, an overlay similar to the one discussed
above may be possible. On computers with large memories such
as the IBM 370/158, UNIVAC 1100, or CDC 7600, no such action is
necessary.

Without changing the fundamental operations of the program,
the dimensions of certain arrays can be decreased or increased
if necessary. The dimensions of these arrays may be decreased
in order to fit the program on a small computer or they may be
increased to give greater flexibility on a large computer. In
the version of the program presented in this report, the following
quantities determine array sizes which may be changed:

+ number of increments along the length of the precipi-
tator

* number of particle size bands

+ number of electrical sections in the direction of gas
flow

+ number of grid points used in the calculations of
electrical conditions

« number of rapping puff particle size distributions
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« pnumber of sets of nonideal conditions of nonuniform gas
velocity distribution and gas sneakage and/or particle
reentrainment without rapping.

The above quantities have maximum values of 45, 20, 10, 225, 10,
and 15, respectively-

The number of increments along the length of the precipitator
that can be utilized can be changed by changing the dimension of
DW and the dimension of the first subscript of XDC. DW appears
in COMMON/BLK6/ and XDC appears in COMMON/BLK7/. COMMON/BLK6/
appears in the main program and subroutines PRTINP, CHGSUM, PRTINC,
PRTCHG, ADJUST, and PRTSUM. COMMON/BLK7/ appears in the main
program and subroutines SPCHG2 and PRTCHG. DW also appears in the
dimension statement in the subroutine SPCHGl. If the storage
capacity of the computer is large enough, the program should be
modified to handle more than 45 increments. Although 120 incre-
ments should be sufficient to handle most cases, as many as 180
increments may be necessary in certain cases.

The number of particle size bands that can be utilized can be
changed by changing the dimension of CHKSUM, DIAM, ONO, DXS, XMV,
PCNT, RAD, CCF, VOL, XNO, Q, WS, OSAT, OLDQ, OLDXNO, XDC, OLDQF,
OLDQT, SOLDQF, SOLDQT, YY, RPCNT, DMDLD, WUNCOR, RDMDLD, CDMDLD,
PCTOT, CPCTOT, WSL, PXS, EUNCOR, and AREA. In addition, changes
must be made to those variables which depend on the number of
particle diameters in the particle size histogram. These variables
must have a dimension which is a value of 1 greater than those
which depend on the number of size bands. These variables include
PRCU, ENDPT, PRCUNR, RPRCU, PRCUC, Z, and Y. CHKSUM appears in
the dimension statement in the main program. DIAM, ONO, DXS, XMV,
PCNT, RAD, CCF, and PRCU appear in COMMON/BLK1l/. VOL, XNO, Q, WS,
QSAT, OLDQ, AND OLDXNO appear in COMMON/BLK6/. XDC appears in
COMMON/BLK7/. ENDPT appears in COMMON/BLKll/. OLDQF, OLDQT, SOLDQF,
and SOLDQT appear in COMMON/BLK20/. COMMON/BLK1l/ appears in the
main program and subroutines PRTINP, PRTCHG, and ADJUST. COMMON/
BLK6/ and COMMON/BLK7/ appear in those locations previously
designated. COMMON/BILK1l/ appears in the main program and sub-
routines PRTINP, ADJUST, LNFIT, and LNDIST. COMMON/BLK20/ appears
in the main program and subroutine CHGSUM. QSAT and XNO appear in
the dimension statement in subroutine SPCHGl. XNO, RAD, CCF,
OLDQ, and Q appear in the dimension statement in subroutine SPCHG2.
YY appears in the dimension statement in subroutine PRTCHG.

RPCNT, DMDLD, WUNCOR, RDMDLD, CDMDLD, PCTOT, CPCTOT, WSL, PXS,
PRCUNR, RPRCU, PRCUC, and EUNCOR appear in the dimension state-
ment in subroutine ADJUST. DIAM, ONO, and PXS appear in the
dimension statement in subroutine WADJST. Z and Y appear in the
dimension statement in subroutine CFIT. 2%,Y, and PRCU appear in
the dimension statement in subroutine LNFIT. AREA, PRCU, and
PCNT appear in the dimension statement in subroutine LNDIST. In
changing XDC, it is the second subscript which accounts for the
maximum number of size bands which can be considered.
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The number of electrical sections in the direction of gas
flow that can be utilized can be changed by changing the dimension
of LSECT, LINCS, PS, AS, VOS, TCS, WLS, ACS, BS, SYS, VGS, VGASS,
TEMPS, VISS, RFS, START1, START2, START3, VSTAR, and NWS.

LSECT, LINCS, and PS appear in COMMON/BLX2/. AS, VOS, TCS, WLS,
ACS, BS, SYS, VGS, VGASS, TEMPS, VISS, RFS, STARTl, START2,
START3, and VSTAR appear in COMMON/BLK6/. NWS appears in
COMMON/BLK19/. COMMON/BLK2/ appears in the main program and in
subroutines PRTINP and ADJUST. COMMON/BLK6,/ appears in those
locations previously designated. COMMON/BLK19/ appears in the
main program and subroutines PRTINP, PRTCHG, and ADJUST. LSECT
appears in the dimension statement in subroutine SPCHG1.

The number of grid points that can be utilized in the calcu-
lation of electrical conditions can be changed by changing the
dimensions of VCOOP, RHO, EX, OLDRO, OLDV, CDNSTY, V, EY,

EAVGS, CHFIDS, ECOLLS, EAVG, CHFID, and ECOLL. VCOOP appears

in COMMON/BLK13/. EAVG and CHFID appear in COMMON/BLKS8/. ECOLL
appears in COMMON/BLKY9/. COMMON/BLK3/appears in the main pro-
gram and subroutines CMAN, EFLD1l, and EFLD2. COMMON/BLKS8/ appears
in the main program and subroutines SPCHG2, EFLD2, and PRTCHG.
COMMON/BLKY9/ appears in the main program and subroutine EFLD2.
RHO, EX, OLDRO, OLDV, CDNSTY, V, and EY appear in the dimension
statement in subroutine EFLD1l. RHO, EX, OLDRO, OLDV, CDNSTY, V,
EY, EAVGS, CHFIDS, and ECOLLS appear in the dimension statement
in subroutine EFLD2. VCOOP, RHO, EX, OLDRO, OLDV, CDNSTY, V,

and EY are doubly subscripted variables with the first subscript
referring to the number of grid points in the direction perpen-
dicular to the gas flow and the second subscript referring to

the number of grid points in the direction parallel to the gas
flow. EAVG, CHFID, ECOLL, EAVGS, CHFIDS, and ECOLLS are singly
subscripted variables whose dimension must be a value of two less
than twice the dimension of the second subscript in the variables
VCOOP, RHO, EX, OLDRO, OLDV, CDNSTY, V, and EY.

The number of rapping puff particle size distributions that
can be utilized can be changed by changing the dimension of ARD50
and ARSIGM. ARD50 and ARSIGM appear in COMMON/BLK12/. COMMON/
BLK12/ appears in the main program and in subroutines PRTINP
and ADJUST.

The number of sets of nonideal conditions of nonuniform gas
velocity distribution and gas sneakage and/or particle reentrain-
ment without rapping that can be utilized can be changed by
changing the dimension of ASNUCK, AZIGGY, and AZNUMS. These
variables appear in COMMON/BLK12,/. COMMON/BLK1l2/ appears in
those locations previously designated.

If any changes are made that affect arrays, it should be
pointed out that these changes will also affect the limitations on
the input data discussed in Section 8. The limitations on the in-
put data discussed previously are only applicable to the version
of the program presented in Appendix C of Volume 1. If changes are
made, new limitations on the input data must be established.
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APPENDIX A

DEVELOPMENT OF NEW PROCEDURE FOR
DETERMINING SPACE CHARGE EFFECTS
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When particles are introduced into a precipitator, the mech-
anisms of particle charging and particle collection come into play.
In order to account for the dynamics of these mechanisms, it is
necessary to determine the ion density and electric field distri-
butions to which the particles will be subjected. These are ob-
tained for the flue gas without particles by calculating a voltage-
current curve using the technique discussed earlier. The reli-
ability of this calculation will depend to a large extent on the
choice of ion "effective mobility", used to represent clean flue
gas, and the condition of the discharge electrodes. Representative
values of ion "effective mobility" should be obtained from in situ
measurements, or laboratory measurements made on gases of similar
composition in the proper environment.*? The condition of the
discharge wires with regards to roughness is accounted for by a
roughness factor f.*! This factor normally lies in the range of
0.5-1.0 and has a significant effect on the space charge density
near the discharge electrode.

For the desired operating voltage and current which are ob-
tained from the "clean" voltage-current curve, the corresponding
current density and electric field distributions are used to de-
termine average current densities ?2 and average electric fields

El for n incremental lengths A% contained in wire-to-wire spacings

centered on the wires. This formulation is depicted in Figure 28.
The incremental lengths A2 are the same size as the grid spacings
in the direction of gas flow used in the calculation of the
electrical conditions. Using symmetry considerations, we can
obtain all the information shown in Figure 28 from calculations
based on the area enclosed in the dashed lines. Although this
formulism does not provide a complete positional description, it
does allow for the effects of nonuniform current density and elec-
tric field on particle charging and. particle collection.

The values of the ?R and Ez and the designated particle
charging equation are used to calculate the charge q; , on each
14
particle size i at the end of the 2-th incremental length. In

the regions midway between wires, the particle charging rate will
be lowest due to lower values of jl and E,. As uncollected par-

ticles move toward regions directly between a wire and the plate,
the charging rate will tend to increase due to higher values of

]2 and EQ.

The average charge density ER due to the total particulate

loading in the 2-th incremental length is given by

Py = zi:oi,z = ; Xy 0 95,8 (95)
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where Ei'£ = average charge density for the i-th particle size
at the end of the %2-th incremental length (coul/m?),
and
X, = number of particles per unit volume of gas of the
i-th particle size entering the 2-th incremental
length (m~?%),.

A weighted particulate mobility BR due to all particles in
the 2-th incremental length can be defined as

2

o1 a0 9, Gyl (0mHay)

2
%:Xi,l

= = (96)

Cunningham correction factor for the i-th particle

|
=y
0]
R
]
Q
'_l.
I

size,
U1 = viscosity of the gas (kg/m-sec),
a. = radius of the i-th particle size (m), and
XQ = total number of particles per unit volume of gas
entering the #%-th incremental length (m~3%).

The average ionic charge density BE with a mass loading in

the 2-th incremental length is obtained from
Pe = 57E, ~ (Pp T Ppep)

Py - Apg , (97)



where b~ = molecular ion "effective mobility" (m?/V-sec),
EE = average ionic charge density without mass loading in
the f#-th incremental length (coul/m®), and
AEQ = average charge density shifted from molecular ions to

particles in the 2-th incremental length (coul/m3),

e

L
the 2-th incremental length is found from

An effective mobility b, due to both ions and particles in

_ byt by ey (98)
Py T Py

b

=

Since a certain number of particles will be removed from the
gas stream in the f#-th incremental length, it is necessary to
calculate collection efficiencies for the different particle sizes.
The collection efficiencies are calculated using equation (5),
where the migration velocities are calculated from

=p
_ 95,0 By Gy
6ﬂaiu

W,
i,48

(99)

and EE is the average electric field at the collection plate in

the 2-th incremental length. Thus, the size distribution entering
the (2+1)-th incremental length is obtained from

X = (1 -

i, 041 ) X, . (100)

”i,z 1,8

An "effective mobility" bi is calculated for each of n suc-
cessive incremental lengths over a total length equal to the wire-

to-wire spacing. Then, the "average effective mobility" b€ for
ions and particles over a length equal to the wire-to-wire spacing

is calculated from
n
} : e
bQ . (101)
=1

e .
The value of b~ is used to generate a voltage-current curve
for the particular wire-to-wire length under consideration in order

o
il
S
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to describe the effect of particles on the electrical conditions.
In this calculation, it is assumed that over several wire-to-wire
spacings symmetry in the electric field and space charge density
distribution is essentially preserved. Also, strictly speaking,
it is not valid to generate the entire voltage-current curve with

a constant value of b° when particles are present. This is because

b° is a function of applied voltage and current density since it

depends on particle charging and particle collection. However, at
the operating applied voltage, the correct current density will
be predicted and, in fact, the entire voltage-current curve will

be approximately correct since b€ normally will not vary enough
over practical voltage ranges to produce significant differences.
In any case, the generation of a voltage-current curve can be
viewed as a systematic procedure for searching for the current
density that would exist at the operating applied voltage.

In lieu of using the time-consuming, voltage-current calcu-
lation, it is possible to estimate the operating current density
for a given applied voltage from a simple relationship, provided
certain considerations are made. If particles are introduced into
a precipitator and the applied voltage is held fixed, then the
current density at any location and the effective charge carrier
mobility will be lowered. Since the product of total space charge
density and electric field strength at any location is equal to
the ratio of current density to effective mobility, the product
tends to remain constant. If it is assumed that the limited
regions of jionization near the corona electrodes are unchanged
by the presence of particles, then, even though charge is trans-
ferred to particles in these regions, the space charge density
and electric field near a wire will both remain essentially
constant. Thus,

Jw/b” = Ju/p® , (102)
where
3& = average current density near the wire without particles
(A/m?), and
3; = average current density near the wire with particles

(A/m?) .

The average current density at the wire is related to the average
current density at the plate by

Iy = (Bg/BY) Iy ' (103)
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where

Aé = collection plate area receiving current from a single
wire (m?),

Aw = surface area of a single wire (m?), and

?p = average current density at the collection plate without

particles (A/m?).

Using equations (102) and (103),

—. e P
Jp = (b”/b )Jp ’ (104)

where 3~ (A/m?) is the average current density at the collection

plate with particles present. Equation (104) provides a simple
way to estimate the reduction in current density at the plate due
to the presence of particles.

The operating current densities are determined for successive
wire~to-wire spacings throughout the length of the precipitator.
Since the space charge scheme incorporates the dynamics of the
precipitation process, particle collection efficiencies are pre-
dicted as well as operating voltages and current densities. In
this scheme, no estimate of overall mass efficiency is necessary
as is the case in the procedure using equation (16) and this is
advantageous in designing a new precipitator.

Figures 29-35 show some theoretical trends predicted by using
the new space charge scheme. In these figures, the ion "effective
mobility", at standard temperature and pressure, and the roughness
factor were taken to be 2.2 x 10~"% m?/V-sec and 1.0, respectively.
The parameters used in the calculations are typical of full-scale,
cold-side precipitators. The electrode 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 particle size distribution (MMD =
25 um, Gp = 2.8) is characteristic of fly ash obtained from the

combustion of Eastern coal.

Figures 29-31 show the variation of average current density
along the length of the precipitator for different inlet mass
loadings, specific collection areas, and voltage levels. The
different specific collection areas were obtained by leaving the
plate area fixed and varying the volume flow rate. Near the inlet
of the precipitator, the curves show a minimum in the average
current density at the plate. This behavior might be expected
since the "effective mobility" should initially decrease due to
the charging process and then, as the charging process slows down
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and charged particles are collected, it should reach a minimum
and begin to increase.

Figures 32-35 show results obtained by dividing the pre-
cipitator into four electrical sections and calculating voltage-
current characteristics for each section. The calculations are
for an inlet mass loading of 9.16 x 10-® kg/m® and a range of
specific collection areas. The curves indicate the effect of
particulate space charge on the operating voltage-current char-
acteristics in different electrical sections of the precipitator,.

In Figure 36, the predictions of the model with the new
space charge scheme are compared with field test data from a
full-scale precipitator with wire-duct geometry and the predic-
tions of the model with the old space charge scheme. The figure
also shows the effect of the roughness factor in determining
current density and collection efficiency. The results indicate
that the condition of the wire plays a very important role in
the theoretical determination of voltage-current characteristics.
A roughness factor of 0.9 yields an average operating current
density of 25 nA/cm® at the operating voltage of 33 kV. The
actual average operating current density was 20 nA/cm?. The
roughness factor could be adjusted to yield 20 nA/cm? but this
refinement would probably not be meaningful due to the uncertainty
in the ion mobility of the flue gas which was taken to be 2.2 x
10-% m?/Vesec at standard temperature and pressure. A roughness
factor of 0.9 would not be unreasonable since the electrodes were
known to be in good condition at the time of the test. If the
wires are specked with dirt or scratched, then it is appropriate
to use a roughness factor. However, if the wires are uniformly
coated with a layer of dirt, then the effect is one of increasing
the radius of the discharge electrode which has a different
effect on the voltage-current characteristics.
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APPENDIX B

DEFINITIONS OF VARIABLES USED IN
THE MAIN PROGRAM AND SUBROUTINES
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NWIRE

LTHICK

JPART

JION

LINC

NWS (I)

LINCS(I)

VISKIP

VISAME

CHKSUM (K)

DIAM (K)

ONO (K)

DXS (K)

LIST OF VARIABLES, DEFINITIONS, AND UNITS
FOR THE MAIN PROGRAM OF THE ELECTROSTATIC
PRECIPITATOR PERFORMANCE MODEL

Number of wires per electrical section per gas
passage in a particular electrical section

Thickness of the collected particulate layer in a
particular increment of length (mm/min)

Current density due to particles in a particular
increment of length (A/m?)

Current density due to ions in a particular incre-
ment of length (A/m?)

Length of the increments taken in a particular
linear electrical section (m)

Number of wires per electrical section per gas
passage for the different linear electrical sections

Lengths of the increments taken in the different
linear electrical sections (ft)

Indicator which determines whether or not a dirty-
gas voltage-current curve is calculated in each
increment of length

Indicator which determines whether or not a clean-
gas voltage-current curve is calculated for each
of the electrical sections or just the first elec-
trical section

Fractional increase in charge from one increment to
the next for the different particle sizes
Diameters of the different particle sizes (um and m)

Initial number of particles per cubic meter of gas
in each particle size band (#/m?®)

Total number of particles removed per cubic meter of

gas in each particle size band under ideal conditions
and with no empirical corrections (#/ma)
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XMV (K)

PCNT (K)

RAD (K)

CCF (K)

PRCU (L)

LSECT (I)

PS(I)

VG

ATOTAL

DD

ETAO

DL

PL

RHO

NS

ZMMDI

SIGMI

Effective migration velocities for the different
particle sizes under ideal conditions and with no
empirical corrections (m/sec)

Percentage or fraction by mass in the inlet particle
size distribution of the different size bands (% and
decimal)

Radii of the different particle sizes (m)

Cunningham correction factor for the different
particle sizes

Cumulative percent by mass up to each particle size
in the inlet particle size distribution (%)

Number of length increments in the different linear
electrical sections

Gas pressure in the different electrical sections
(atm)

Gas volume flow rate in a particular electrical
section (m?®/sec)

ToEal collection plate area of the precipitator
(m*)

Mass density of the particles (kg/m?)

Estimated or design overall mass collection
efficiency (%)

Inlet mass loading (grains/ft® and kg/m?)

Total electrical length of the precipitator (ft
and m)

Resistivity of the collected particulate layer
(ohm-cm and ohm-m)

Number of different particle size bands in the inlet
particle size distribution

Specified or fitted mass median diameter of the
inlet particle size distribution based on a log-
normal distribution (um)

Specified or fitted geometric standard deviation of

the inlet particle size distribution based on a log-
normal distribution
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NONID

NRARD

TDX

NUMSEC

NEFF

NTEMP

GFIT

VOL (K)

XNO (K)

Q (K)

WS (K)

ITL (M)

DW (J)

AS(I)

VOS(I)

TCS(I)

WLS (I)

Number of nonideal conditions of gas velocity non-
uniformity and gas sneakage and/or particle reen-
trainment without rapping to be considered

Number of rapping puff particle size distributions
to be considered

Temperature of the gas in a given electrical sec-
tion (°K)

Number of linear electrical sections in the precip-
itator

Indicator which determines whether the unadjusted,
ideal or adjusted, no-rap efficiency is used to
determine the mass reentrained due to rapping

Indicator which specifies whether the precipitator
is cold or hot side

Linear-correlation coefficient obtained in the log-
normal fit of the inlet particle size distribution

Total volume of particles per cubic meter of gas
in the different size bands (m®/m®(gas))

Number of particles per cubic meter of gas in each
size band at the start of each increment (#/m?)

Charge on each particle size at the end of a partic-
ular increment (coul)

Total weight of material per cubic meter of gas
removed in each size band in a particular incre-
ment (kg/m?)

Identifying label for the calculations

Amount of material removed per increment on a total
weight basis (kg)

Collection plate areas for the different linear
electrical sections (m?)

Applied voltages for the different linear electrical
sections (V)

Total current for the different linear electrical
sections (A)

Total wire length for the different linear electri-
cal sections (ft?)
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ACS (1)

BS (1)

SYS (1)

VGS (1)

VGASS (I)

TEMPS (I)

VISS(I)

QSAT (K)

EPSO
PI

ERAVG

BC

TEMP

EPS
VAVC

OLDQ (K)

OLDXNO (K)

Corona wire radii for the different linear electri-
cal sections (in.)

Wire-to-plate spacing for the different linear
electrical sections (in.)

One-half the wire-to-wire spacing for the different
linear electrical sections (in.)

Gas volume flow rate for the different linear
electrical sections (ft3/min)

Gas velocity for the different linear electrical
sections (ft/sec)

Gas temperature for the different linear electrical
sections (°F)

Gas viscosity for the different linear electrical
sections (kg/m-sec)

Saturation charge for the different particle sizes
(coul)

Ion mobility adjusted for temperature and pressure
(m?/V-sec)

Elementary charge unit (coul)
Permittivity of free space (coul?/nt-m?)
Value of the constant T

Average electric field used for particle charging

(V/m)
Boltzmann's constant (J/°K)

Gas temperature in a particular linear electrical
section (°R)

Relative dielectric constant of the particles
Root mean square velocity of the ions (m/sec)

Charge on the different particle sizes in the incre-
ment prior to the one under consideration (coul)

Number of particles per cubic meter of gas in each

size band at the start of the increment prior to
the one under consideration (#/m?)
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RFS (I) - Roughness factor for the corona wires in the dif-
ferent linear electrical sections

START1(I) - Specified initial current density at which the
calculation of a voltage-current curve starts in
a given electrical section and the initial current
density increment size (A/m?)

START2 (I) - Specified increment in current density which is
used in place of START1(I) when the JIl-th point
on the voltage-current curve is reached (A/m?)

START3 (I) - Specified increment in current density which is
used in place of START2(I) when the JI2-th point
on the voltage-current curve is reached (A/m?)

VSTAR(I) - Estimate of the applied voltage corresponding to
the first point on the voltage-current curve as
defined by START1(I) (V)

XDC(J,K) - Charge on each particle size at the end of each
increment (coul)

EAVG (N) - Average electric fields for particle charging in
subincremental lengths (V/m)

CHFID(N) - Average free ion densities for particle charging
in subincremental lengths (#/m?)

ECOLL (N) - Average electric fields at the plate in subincre-
mental lengths (V/m)

ECLEAN (N) - Average electric fields at the plate for clean gas
in subincremental lengths (V/m)

ENDPT (L) - Particle diameters in the inlet cumulative percent
by mass distribution (um and m)

NENDPT - Number of particle diameters in the inlet cumulative
percent by mass distribution
ARD50(II) - Rapping puff mass median diameters (um)
ARSIGM (II) - Rapping puff geometric standard deviations
ASNUCK (JJ) - Fractions of gas sneakage and/or particle reentrain-
ment without rapping
AZNUMS (JJ) - Number of stages over which gas sneakage and/or

particle reentrainment without rapping occur
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AZIGGY (JJ)

VCOOP (KK, LL)

TME'P

NVI

NPRINT

NSECT

SLNGTH

A

VO

TC

AC

CL

CD

ET

SY

VGAS

Normalized standard deviations of the gas velocity
distribution

Values at different grid points of the electric
potential in a wire-plate geometry under conditions
of no space charge (V)

Ionic mean free path multiplied by a factor (m)
Indicator which specifies whether to base the elec-
trical calculation on known voltages and currents

or on calculated voltage-current characteristics

Indicator which designates when to print certain
sectionalized data

Indicator which keeps track of which electrical
section the calculation is in

Length of a particular electrical section (m)

Collection plate area of a particular linear elec-
trical section (m?)

Applied voltage in a particular linear electrical
section (V)

Total current in a particular linear electrical
section (A)

Wire-to-plate spacing in a particular linear elec-
trical section (m)

Corona wire radius in a particular linear electrical
section (m)

Total wire length in a particular linear electrical
section {(m)

Total current per length of corona wire in a partic-
ular linear electrical section (A/m)

Average current density at the plate in a particular
linear electrical section (A/m?)

Average electric field in the deposited particulate
layer in a particular linear electrical section (V/m)

One-half the wire-to-wire spacing in a particular
linear electrical section (m)

Gas velocity in a particular linear electrical sec-
tion (m/sec)
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VIS

XPI

RIOVR

EPLT

AFID

XCD

ZMD

WT

ROVRI

NCALC

NI

VRATIO

NF

NREAD

Gas pressure 1in a particular linear electrical
section (atm)

Gas viscosity in a particular linear electrical
section (kg/m-sec)

Total weight of particles per second passing into
a particular linear electrical section (kg/sec)

Overall mass collection efficiency per increment
based on the estimated or design efficiency (%)

Ratio of the ionic space charge density to the total
space charge density

Absolute value of the average electric field at the
plate in a particular length increment (V/m)

Average reduced free ion density for particle
charging in a particular length increment (#/m?)

Average current density at the plate in a particular
length increment (nA/cm?)

Interpolated mass median diameter of the collected
particulate layer (m)

Total weight of material per cubic meter of gas
removed in all garticle size bands in a given length
increment (kg/m”)

Index which runs over the different incremental
lengths in its major usage

Ratio of the total space charge density to the ionic
space charge density

Indicator which determines whether to use equation
(12) for particle charging or the sum of the clas-
sical field and diffusion charges

Number of subincremental lengths into which the
incremental length is divided

Ratio of the peak applied voltage to the average for
use in particle charging

Number of increments taken along the length of the
precipitator

Indicator which specifies the unit number of the
input device for reading data into the program
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NPRNT

SCOREF

CZMDL

CSIGMO

NRUN

SNUCK
ZIGGY
RMMD
RSIGMA

LK

DV

NN

NUMINC

NX

NY

NDATA

NEST

NDIST

Indicator which specifies the unit number of the out-
put device for printing data from the program

Overall mass collection efficiency under no-rap +
rap conditions (%)

Fitted log-normal mass median diameter of the outlet
particle size distribution under no-rap + rap
conditions (um)

Fitted log-normal geometric standard deviation of
the outlet particle size distribution under no-rap
+ rap conditions

Indicator that specifies which set of nonideal
conditions is under consideration

Particular value of ASNUCK((JJ)
Particular value of AZIGGY (JJ)
Particular value of ARD50(II) [um]
Particular value of ARSIGM(II)

Indicator which determines whether or not the input
data are printed at a certain location in the program

Total volume per cubic meter of gas occupied by
particles [m?®(particles)/m?(gas)]

Number of increments in the Runge-Kutta integration
of equation (12)

Number of increments in the Simpson's Rule integra-
tion over O in equation (12)

Number of grid points in the x-direction for the
numerical calculations of electrical conditions

Number of grid points in the y-direction for the
numerical calculations of electrical conditions

Indicator which determines the type of data set that
is to be read into the program

Indicator which specifies whether to use extensive
calculations or estimation procedures in determin-
ing precipitator performance

Indicator which specifies whether the user is to sup-
ply the inlet particle size distribution or the pro-
gram is to calculate a log-normal distribution
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NITER

IFINAL

JIl

JI2

Us

FPATH

EBD

NDSET

D50
SIGMAP

SCHARG

CHRFID

TIMETI

TIMEF

FACTRE

Indicator which determines the maximum number of
iterations over a loop that converges on overall
mass efficiency or the number of iterations that
will be performed over each incremental length of
the precipitator in order to obtain self-consistent
solutions for the electrical conditions

Indicator which causes the calculation of successive

points on the voltage-current curve to cease after
IFINAL points

Indicator which allows the initial increment size

on current density in the calculation of the voltage-
current curve to be changed after JIl-1 points are
determined on the curve

Indicator which allows the second increment size on
current density in the calculation of the voltage-'
current curve to be changed after JI2-1 points are

determined on the curve

Ion mobility at standard temperature and pressure
(reduced ion mobility)

Factor which scales the ion mean free path
Electrical breakdown strength of the gas near the
collection electrode or the collected particulate
layer (V/m)

Counter which keeps track of the number of the
particular set of nonideal conditions which is under
consideration

Same as ZMMDI (um)

Same as SIGMI

Saturation charge number from the field charging
equation

Average free ion density for particle charging

(#/m?)
Initial value of time for particle charging (sec)
Final value of time for particle charging (sec)

Value of the quantity [e?/4meoakT] found in equa-
tion (12)

Value of the quantity [tva?/2] found in equation
(12) [m?®/sec]
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RSIZE

CNUMBR

IT

ITER

OLDQF (K)

OLDQT (K)

SOLDQF (K)

SOLDQT (K)

CMKS

KA

ZWT

RATIO

INDEX

NCOOP

Radius of a particular particle (m)

Charge number of a particular particle at time TIMEF
Index which runs over different particle size bands
Index which runs over subincremental lengths

Counter which keeps track of the number of itera-
tions which is limited by NITER

Value of field charge on the different particle sizes
at the end of a given increment or subincrement
(coul)

Value of diffusion charge on the different particle
sizes at the end of a given increment or subincre-
ment (coul) :

Value of field charge on the different particle
sizes at the start of an increment which must be
saved for the iteration procedure over subincrements
in a given increment (coul)

Value of diffusion charge on the different particle
sizes at the start of an increment which must be
saved for the iteration procedure over subincrements
in a given increment (coul)

Value of the quantity [4meo] found in equation (12)
[coul?/nt-m?]

Index which runs over the different linear electrical
sections

Total weight of material per cubic meter of gas
removed up to a given increment (kg/m?)

Value of the quantity [(K-1)/(K+2)] found in the
particle charging equations

Value of the quantity [K+2] found in the particle
charging equations

Indicator which keeps track of how many increments
the calculation is into a particular linear electri-
cal section

Indicator which allows certain calculations to be

made only at the start of a new linear electrical
section
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SX

RF

START
DSTART
CSTART
VSTART

ZMFP
VAVG

vVC

FACTRC

COEFFC

TINC

DTINC

RR

RG

VW

UEQ

NEC

Wire-to-plate spacing in a particular linear electri-
cal section (m)

Roughness factor for the discharge wires in a partic-
ular linear electrical section

Particular value of STARTI(I) [A/m?]
Particular value of START2(I) [A/m?]
Particular value of START3(I) [2/m?]
Particular value of VSTAR(I) [V]

Ionic mean free path (m)

Root mean square velocity of the ions (cm/sec)

Value of the quantity [e?/kT] found in the charging
equations (coul/V)

Value of the quantity [mv/2] found in the charging
equations (m/sec)

Value of the quantity [ewb] found in the charging
equations (coul-m?/V-sec)

Time interval for the gas to travel one increment
(sec)

Time interval for the gas to travel one subincrement
(sec)

Index which runs over the different particle size
bands

Value of the ?uantity [eE¢ /KT (K+2)] found in equa-
tion (12) [m™ "]

Value of the quantity [eE,/kT] found in equation
(12) [m™ ']

Same as RR

Operating applied voltage corresponding to a spec-
ified current density (V)

Effective charge carrier mobility (m?/V-sec)
Indicator which determines whether or not the average
current density, average electric field, and average

electric field at the plate are to be calculated in
the subincremental lengths
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AEPLT

ACDNTY

Nz

CDCLN

USUM

WSSUM

RHOSUM

SW

OROVRI

XS

ETAPF

FID

AVGFID

PROT

SERAVG

XIPC

Average electric field at the plate in a particular
increment (V/m)

Average current density at the plate in a particular
increment (A/m?)

Index which runs over subincremental lengths

Average current density at the plate when the gas
is clean (A/m?)

Sum of effective charge carrier mobilities over the
subincremental lengths in a particular incremental
length (m2?/V-sec)

Total weight of material per cubic meter of gas
removed in a particular size band in a particular
subincrement (kg/m?)

Sum of the ratio of the ionic space charge to the
total space charge over the subincremental lengths
in a particular incremental length

Cumulative sum of estimated amount of material
removed per second in successive length increments

(kg/sec)

Ratio of total charge density to ionic charge dens-
ity in increment prior to the one the calculation
is in

Computed value of the exponential argument in the
Deutsch equation for the estimated or design overall
mass collection efficiency

Overall mass collection fraction per increment based
on the estimated or design efficiency

Average free ion density (#/m?)

Average reduced free ion density for particle charg-
ing (#/cm?)

Total charge density due to particles that remain
after passing through a given increment (coul/m?)

Average electric field in a particular increment

(V/m)

Initial value of charge number on a given particle
size at the start of a new increment
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H - Increment size for the Runge-Kutta integration of
equation (12) [sec]

DCONST - Value of the quantity [(K-1)a®/(X+2)] found iﬁ
equation (12) [m?)

CONST - Value of the quantity [2(K-1)a’Ey/(K+2)] found in
equation (12) [V-m?]

S - Value of the quantity [3a] found in equation (12) [m]

ECONST - Value of the quantity [3eEya/kT(K+2)] found in
equation (12)

FCONST - Value of the quantity [(K-1l)eE¢a’/kT(K+2)] found in
equation (12) [m?]

COEFF - Value of the quantity [bgs/4eo] found in equation '(12)
[m®/sec]

CTIME - Time at the end of a given increment (sec)

EMV(K) - Unadjusted, ideal migration velocities for the dif-
ferent particle sizes in a given increment (m/sec)

X - Exponent used in the Deutsch equation to determine
the unadjusted, ideal collection fractions for the
different particle sizes in a given increment

EFF - Unadjusted, ideal collection fraction for a given
particle size band in a given increment

DXNO - Number of particles per cubic meter of gas removed
from a given particle size band in a given incre-
ment (#/m?)

DNSION - Ion density in the absence of particles (#/m3)

DELTNP - Number den81ty of charges transferred from ions to
particles in a given subincremental length (#/m?)

SUMMOB - Weighted summation of particle mobilities (m?/V-sec/
3
m>)

PNUM - Total number of particles per unit volume of gas
entering a given subincremental length (#/m?)

RHOP - Total average particulate charge density in a given
subincremental length (coul/m?)

TCHRG - Average particle charge density for a given partlcle
size in a given subincremental length (coul/m?)
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PMOB

TDNSP

RDNST

SUMCD

SUMVO

SKIP

SIGMA

VERGE

CVERGE

ZTM

CZA

CZB

TL1

Weighted particulate mobility in a given subincre-
mental length (m?/V-sec)

Total average particulate charge number density in a
given subincremental length (#/m?)

Average reduced ion density in a given subincremental
length (#/m?)

Sum of the average current densities at the plate from
the different increments in a particular linear elec-
trical section (A/m?)

Sum of the applied voltages from the different incre-
ments in a particular linear electrical section (V)

Electric field at the plate in the increment prlor
to the one the calculation is in (V/m)

Difference between the ratio of the total space
charge density to the ionic space charge density in
the (I+1)-th and I-th increments

Initial estimate of the space charge density at the
corona wire to start the calculation of the electric
field at the plate (coul/m?®)

Converged value of the space charge density at the
wire in calculating the electric field at the
plate (coul/m?)

Cumulative sum of the weight of material per cubic
meter of gas collected up to a given particle size
in a given increment (kg/m?)

Ratio of the partial sum of the weight of dust re-
moved per cubic meter of gas up the K-th particle
size in a given increment to the total weight of
dust removed per cubic meter of gas in a given
increment

Ratio of the partial sum of the weight of dust re-
moved per cubic meter of gas up to the (K-1l)-th
particle size in a given increment to the total
weight of dust removed per cubic meter of gas in
a given increment

Difference between CZA and CZB for use in interpolat-

ing to find the mass median diameter of the collected
dust

204



TL2 - Difference between 0.50 and CZB for use in interpolat-

ing to find the mass median diameter of the collected
dust

KJ - Index which runs simultaneously with the index which
runs over the different particle sizes and keeps
track of the (K-~1l)-th particle size

ETC - Ideal, unadjusted overall mass collection efficiency
for the entire precipitator (%)

DIFF Difference between the calculated ideal, unadjusted
overall mass collection efficiency and the estimated

value
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LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS
FOR SUBROUTINE PRTINP USED IN THE ELECTROSTATIC

LK

NPRNT

NDSET

DL

DLB

PL

PLB

RHO

RHOCGS

NCARD

NENDPT

NDATA

ITL (M)

NEST

NDIST

PRECIPITATOR PERFORMANCE MODEL

Indicator which determines whether or not the input
data are printed at a certain location in the program

Indicator which specifies the unit number of the
output device for printing data from the program

Counter which keeps track of the number of the
particular set of nonideal conditions which is
under consideration

Inlet mass loading (kg/m?)

Inlet mass loading (grains/ft?)

Total electrical length of the precipitator (m)

Total electrical length of the precipitator (ft)

Resistivity of the collected particulate layer
(ohm-m)

Resistivity of the collected particulate layer
(ohm-cm)

Counter which keeps track of the number of each
successive imput data card

Number of particle diameters in the inlet cumulative
percent by mass distribution

Indicator which determines the type of data set that
is to be read into the program

Identifying label for the calculations

Indicator which specifies whether to use extensive
calculations or estimation procedures in determin-
ing precipitator performance

Indicator which specifies whether the user is to

supply the inlet particle size distribution or the
program is to calculate a log-normal distribution
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NVI - Indicator which specifies whether to base the elec-
trical calculation on known voltages and currents
or on calculated voltage-current characteristics

NX - Number of grid points in the x-direction for the
numerical calculations of electrical conditions

NY - Number of grid points in the y-direction for the
numerical calculations of electrical conditions

NITER - Indicator which determines the maximum number of
iterations over a loop that converges on overall
mass efficiency or the number of iterations that
will be performed over each incremental length of
the precipitator in order to obtain self-consistent
solutions for the electrical conditions

NCALC - Indicator which determines whether to use equation:
(12) for particle charging or the sum of the clas-
sical field and diffusion charges

NRAPD - Number of rapping puff particle size distributions
to be considered

NEFF - Indicator which determines whether the unadjusted,
ideal or adjusted, no-rap efficiency is used to
determine the mass reentrained due to rapping

NTEMP - Indicator which specifies whether the precipitator
is cold or hot side

NONID - Number of nonideal conditions of gas velocity non-
uniformity and gas sneakage and/or particle reen-
trainment without rapping to be considered

NN - Number of increments in the Runge-Kutta integration
of equation (12)

NUMINC - Number of increments in the Simpson's Rule integra-
tion over 0 in equation (12)

IFINAL - Indicator which causes the calculation of successive
points on the voltage-current curve to cease after
IFINAL points

JI1 - Indicator which allows the initial increment size
on current density in the calculation of the voltage:
current curve to be changed after JI1-1 points are
determined on the curve
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JI2

VISKIP

VISAME

ETAO

DD
EPS

VRATIO

us

FPATH

EBD

ARD50(II)
ARSIGM(II)

ASNUCK (JJ)

AZIGGY (JJ)

AZNUMS (JJ)

NDCARD

ENDPT (L)

Indicator which allows the second increment size on
current density in the calculation of the voltage-

current curve to be changed after JI2-1 points are

determined on the curve

Indicator which determines whether or not a dirty-
gas voltage-current curve is calculated in each
increment of length

Indicator which determines whether or not a clean-
gas voltage-current curve is calculated for each
of the electrical sections or just the first elec-
trical section

Estimated or design overall mass collection
efficiency (%)

Mass density of the particles (kg/m?)
Relative dielectric constant of the particles

Ratio of the peak applied voltage to the/average for
use in particle charging

Ion mobility at standard temperature and pressure
(reduced ion mobility)

Factor which scales the ion mean free path
Electrical breakdown strength of the gas near the
collection electrode or the collected particulate
layer (V/m)

Rapping puff mass median diameters (um)

Rapping puff geometric standard deviations

Fractions of gas sneakage and/or particle reentrain-
ment without rapping

Normalized standard deviations of the gas velocity
distribution

Number of stages over which gas sneakage and/or
particle reentrainment without rapping occur

Indicator which determines how the arrays ENDPT(L)
and PRCU(L) should be printed

Particle diameters in the inlet cumulative percent
by mass distribution (um and m)
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D50

SIGMAP

PRCU(L)

NUMSEC

LSECT (1)

AS(I)

VOS (I)

TCS(I)

WLS (I)

ACS(I)

BS(I)

NWS (I)

SYS(I)

VGS (1)

VGASS (1)

TEMPS (1)

PS(I)

Specified or fitted mass median diameter of the
inlet particle size distribution based on a log-
normal distribution (um)

Specified or fitted geometric standard deviation of
the inlet particle size distribution based on a log-
normal distribution

Cumulative percent by mass up to each particle size
in the inlet particle size distribution (%)

Number of linear electrical sections in the precip-
itator

Number of length increments in the different linear
electrical sections

Collection plate areas for the different linear
electrical sections (m?)

Applied voltages for the different linear electrical
sections (V)

Total current for the different linear electrical
sections (A)

Total wire length for the different linear electri-
cal sections (ft?)

Corona wire radii for the different linear electri-
cal sections (in.)

Wire-to-plate spacing for the different linear
electrical sections (in.)

Number of wires per electrical section per gas
passage for the different linear electrical sections

One-half the wire-to-wire spacing for the different
linear electrical sections (in.)

Gas volume flow rate for the different linear
electrical sections (ft3/min)

Gas velocity for the different linear electrical
sections (ft/sec)

Gas temperature for the different linear electrical
sections (°F)

Gas pressure in the different electrical sections
(atm)
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VISS(I) -~ Gas viscosity for the different linear electrical
sections (kg/m-sec)

LINCS(I) - Lengths of the increments taken in the different
linear electrical sections (ft)

RFS(I) - Roughness factor for the corona wires in the dif-
ferent linear electrical sections

START1 (I) - Specified initial current density at which the
calculation of a voltage-current curve starts in
a given electrical section and the initial current
density increment size (A/m?)

START2(I) - Specified increment in current density which is
used in place of START1(I) when the JIl-th point
on the voltage-current curve is reached (A/m?)

START3(I) - Specified increment in current density which is
used in place of START2(I) when the JI2~th point
on the voltage-current curve is reached (A/m?)

VSTAR(I) - Estimate of the applied voltage corresponding to

the first point on the voltage-current curve as
defined by STARTL (I) (V)
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LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS
FOR SUBROUTINE SPCHGl USED IN THE ELECTROSTATIC

SW

ROVRI

OROVRI

ETAO

XS

LINC

PL

ETAPF

DW (J)

CD

PRECIPITATOR PERFORMANCE MODEL

Index which runs over the incremental lengths
Cumulative sum of estimated amount of material
removed per second in successive length increments
(kg/sec)

Ratio of the total space charge density to the ionic
space charge density

Ratio of total charge density to ionic charge dens-
ity in increment prior to the one the calculation
is in

Estimated overall mass collection efficiency (%)
Computed value of the exponential argument in the
Deutsch equation for the estimated overall mass

collection efficiency

Length of the increments taken in a particular
linear electrical section (m)

Total electrical length of the precipitator (m)

Overall mass collection fraction per increment based
on the estimated efficiency

Total weight of particles per second passing into
a particular linear electrical section (kg/sec)

Amount of material removed per increment on a total
weight basis (kg)

Average current density at the plate in a particular
linear electrical section (A/m?)

Elementary charge unit (coul)

Ion mobility adjusted for temperature and pressure
(m?/V-sec)
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ERAVG

FID

SUM

NS

QSAT (L)

XNO (L)

LSECT (I)

NSECT

TC

VG

ZC

AFID

AVGFID

XCD

UEQ

XPI

Average electric field used for particle charging

(V/m)
Average free ion density (#/m?)

Total particulate charge density in a given incre-
ment based on saturation charges (coul/m?)

Number of different particle size bands in the inlet
particle size distribution

Index which runs over the different particle size
bands

Saturation charge for the different particle sizes
(coul)

Number of particles per cubic meter of gas in each
size band at the start of each increment (#/m?)

Number of length increments in the different linear
electrical sections

Indicator which keeps track of which electrical
section the calculation is in

Total current in a particular linear electrical
section (&)

Gas volume flow rate in a particular electrical
section (m?®/sec)

Ratio of the particulate charge density to the ionic
charge density (ratio of 200 times the particulate
current to the total current)

Average reduced free ion density for particle
charging in a particular length increment (#/m?®)

Average reduced free ion density for particle
charging (#/cm?)

Average current density at the plate in a particu-
lar length increment (nA/cm?)

Effective charge carrier mobility (m?/V-sec)

Overall mass collection efficiency per increment
based on the estimated efficiency (%)
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LIST OF NECESSARY VARIABLES,

DEFINITIONS, AND UNITS

FOR SUBROUTINE SPCHG2 USED IN THE ELECTROSTATIC

ETAO

XS

LINC

PL

ETAPF

DELTNP

SUMMOB

PNUM

RHOP

XNO (J)

XDC(I,J)

TCHRG

PRECIPITATOR PERFORMANCE MODEL

Index which runs over the incremental lengths
Design overall mass collection efficiency (%)
Computed value of the exponential argument in the
Deutsch equation for the design overall mass col--:

lection efficiency

Length of the increments taken in a particular
linear electrical section (m)

Total electrical length of the precipitator (m)

Overall mass collection fraction per increment
based on the design efficiency

Number density of charges transferred from ions to
particles in a given subincremental length (#/m?)

Weighted summation of particle mobilities (m?/V-sec/

m?)

Total number of particles per unit volume of gas
entering a given subincremental length (#/m?)

Total average particulate charge density in a given
subincremental length (coul/m?)

Index which runs over the different particle size
bands

Number of particles per cubic meter of gas in each
size band at the start of each increment (#/m?)

Charge on each particle size at the end of each
increment (coul)

Average particle charge density for a given part-
icle size in a given subincremental length (coul/m?)
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CCF (J)

VIS

RAD (J)

DIFF

Q(J)

OLDQ (J)

PMOB

TDNSP

CHFID(II)

DNSION

RDNSI

PIR

NPRNT

AFID

AVGFID

UEQ

Cunningham correction factor for the different
particle sizes

Gas viscosity in a particular linear electrical
section (kg/m-sec)

Radii of the different particle sizes (m)

Difference between the charge on a given particle
size in the (I+1l)-th and I-th increments (coul)

Index which runs over the subincremental lengths

Charge on each particle size at the end of a partic-
ular increment (coul)

Charge on the different particle sizes in the incre-
ment prior to the one under consideration (coul)

Weighted particulate mobility in a given subincre-
mental length (m?/V-sec)

Total average particulate charge number density in
a given subincremental length (#/m?)

Average free ion densities for particle charging
in subincremental lengths (#/m?)

Ion density in the absence of particles (#/m?)

Average reduced ion density in a given subincremental
length (#/m?)

Ratio of the total charge density which can be
accepted by particles in a given subincrement to
the available free ion density

Indicator which specifies the unit number of the
output device for printing data from the program

Average reduced free ion density for particle
charging in a particular length increment (#/m?)

Average reduced free ion density for particle charg-
ing (#/cm?®)

Ion mobility adjusted for temperature and pressure
(m?/V=-sec)
Elementary charge unit (coul)

Effective charge carrier mobility (m?/V-sec)
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RIOVR - Ratio of the ionic space charge density to the total
space charge density

XPI - Overall mass collection efficiency per increment
based on the design efficiency (%)
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LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS

NX

NX1

NY

NY1

SX

AX

SY

AY

Y
VW

VCOOP (I,J)

NWIRE

FOR SUBROUTINE CMAN USED IN THE ELECTROSTATIC

PRECIPITATOR PERFORMANCE MODEL
Number of grid points in the x-direction for the
numerical calculations of electrical conditions

Number of grid intervals in the x-direction for the
numerical calculations of electrical conditions

Number of grid points in the y-direction for the
numerical calculations of electrical conditions

Number of grid intervals in the y-direction for the
numerical calculations of electrical conditions

Wire-to-plate spacing in a particular linear elec-
trical section (m)

Interval size in the x-direction (m)

One-half the wire-to-wire spacing in a particular
linear electrical section (m)

Interval size in the y-direction (m)

Index which runs over grid points in the x-direction
Index which runs over grid points in the y-direction
Value of x used in equation (26) [m]
Value of y used in equation (26) [m]

Electrical potential at the wire (V)

Array containing the values of electric potential
%éyen equation (26) at the different grid points

Number of wires per electrical section per gas
passage in a particular electrical section

Series sum in equation (26) is taken from -M to M
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NUM

DENOM

PT

El

Fl

Gl

H1

E2

F2

G2

H2

TT

TB

Sum in the numerator of equation (26)
Sum in the denominator of equation (26)
Value of the constant w

Arguments for the hyperbolic cosine functions in
the numerator of equation (26)

Arguments for the cosine functions in the numerator
of equation (26)

Arguments for the hyperbolic cosine functions in
the denominator of equation (26)

Arguments for the cosine functions in the denom-
inator of equation (26)

Hyperbolic cosine functions in the denominator of
equation (26)

Cosine functions in the denominator of equation (26)

Hyperbolic cosine functions in the denominator of
equation (26)

Cosine functions in the denominator of equation (26)

Argument for the logarithmic function in the num-
erator of equation (26)

Argument for the logarithmic function in the denom-
inator of equation (26)

Logarithmic function in the numerator of equation
(26)

Logarithmic function in the denominator of equation
(26)
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LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS
FOR SUBROUTINE EFLD]l USED IN THE ELECTROSTATIC

VO

PI
EPSO
AC
RO

ROC

TDK

RELD

EORO

Cbh

UEQ

VERGE

QZERO

NX

PRECIPITATOR PERFORMANCE MODEL
Applied voltage (negative value used in calculations)
[v]

Value of the constant 7

Permittivity of free space (coul?/nt-m?)
Radius of the corona wires (m)

Radius of the corona wires (m)

Radius of the corona wires (cm)
Roughness factor for the corona wires
Temperature of the gas stream (°K)
Pressure in the gas stream (atm)
Relative air density [6 = (To/T) (P/Py)]

Product of the corona starting electric field and
the wire radius

Average current density at the plate (A/m?)
Effective charge carrier mobility (m?/V-sec)

Initial estimate of the space charge density at the
corona wire to start the calculation of the electric
field at the plate (coul/m?)

Space charge density at the corona wire (coul/m?)

Index which runs over grid points in the x-direction

Number of grid points in the x~direction for the
numerical calculations of electrical conditions

Index which runs over grid points in the y-direction
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NY

MOBILT(I,J)

MAXJ

MINJ

NX1

NY1

SX

AX

SY

AY
AXS
AYS
ASP

ASS

VCOOP (I,J)

v(I,J)

1Z

NPRNT

Number of grid points in the y-direction for the
numerical calculations of electrical conditions

Array containing the values of effective charge
carrier mobility at the different grid points (m?/
V-sec)

Upper limit that the calculated average current
density at the plate cannot exceed (A/m?)

Lower limit that the calculated average current
density at the plate cannot fall below (A/m?)

Number of grid intervals in the x-direction for the
numerical calculations of electrical conditions

Number of grid intervals in the y-direction for the
numerical calculations of electrical conditions )

Wire-to-plate spacing in a particular linear elec-
trical section (m)

Interval size in the x-direction (m)

One-half the wire-to-wire spacing in a particular
linear electrical section (m)

Interval size in the y-direction (m)

Value of the quantity [axz] (m?)

Value of the guantity [ayz] (m?)

Value of the quantity [(ax2+ay2)/€o] (m*-nt/coul?)
Value of the quantity [l/2(axz+ay2)] (m=?)

Counter which keeps track of the number of times
the calculation iterates due to lack of convergence
in the average current density at the plate

Array containing the values of electric potential
given equation (26) at the different grid points
(V)

Array containing the value of the electric potential
at each point in the grid during an iteration (V)

Same as 2

Indicator which specifies the unit number of the out-
put device for printing data from the program
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LL

RHO (I, J)

EX(I,J)

EY(I,J)

OX

Q2

Q3

Q4

Q5

Q6

Q7

08

Pl

P2

Counter which keeps track of the number of times
the calculation iterates due to lack of convergence
in the electric potential at each point in the grid

Array containing the value of the space charge
density at each point in the grid during an itera-
tion (coul/m?)

Array containing the value of the component of the
electric field intensity perpendicular to the plates
at each point in the grid during an iteration (V/m)

Array containing the value of the component of the
electric field intensity parallel to the plates at
each point in the grid during an iteration (V/m)

Value of the quantity [2bi 1] along the line AD

where bi . is the effective charge carrier mobility
7

which is a function of position (m?/V-sec)

Value of the quantity [2b ax] along the line AD
(m®/V-sec)

Value of the quantity [2b a. ] along the line AD
(m?®/V-sec) tr1y

Value of the quantity [2b a a_] along the line AD
XYy
(m*/V-sec)

Value of the guantity [—eoEX(Zbi,lay‘aybi_lll)]

along the line AD (coul?/nt-sec)

v £ t ’E,” (2b, -a_b. 2
alue of the quantity [eo ( 3y aybl—1,1) ]

I
along the line AD (coul /ntz—sec )

. 2
Value of the guantity [4bi,1axay eoExpl_ ] along

the line AD where P i3 is the space charge density
at the different grld points (coul?-m?/v2-sec?)

Value of the gquantity [-v/Q6+Q7] along the line AD
(coul-m/V-sec)

Value of the quantity [2b .] along the line AB
(m?/v-sec)

Value of the quantity [2b

aX] along the line AB
(m?/V-sec)

']
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P3

P4

P5

P6

p7

P8

R1

R2

R3

R4

R5

R6

R7

R8

D1

D2

Value of the quantity
AB (m?/V-sec)

Value of the quantity
AB (m"“/V-sec)

Value of the quantity

[2b .a_] along the line
1,3 Y

[2b ,jaxay] along the line

[-eoB, (2b sa -ab . )]

along the line AB (coul?/nt-sec)

Value of the quantity

2 2 - 2
[eo Ey (2b1,jax aXbl,j—l) 1

along the line AB (coul"/nt?-sec?)

Value of the quantity

2 2
[4b1,jax aYEOEYpl,j—l] along

the line AB (coul?-m?/vZ-sec?)

Value of the quantity
(coul-m/V-sec)

Value of the quantity
(m2/V-sec)

Value of the quantity
(m3/V-sec)

Value of the quantity
(m®/V-sec)

Value of the guantity
BC (m“/V-sec)

Value of the quantity

[-/P6+P7] along the line AB

[2b.

1,NY] along the line BC

[2b, ] along the line BC

i, NY X

[2b, ] along the line BC

i, NY v

[2bl NYaxa ] along the 1line

[-eoE, (2by Ny3y7ayPi-y, ny)!

along the line BC (coulz/nt—sec)

Value of the quantity

[eo” E, (Zbl NY?y yb1-1,NY)]

along the line BC (coul”/ntz—sec )

Value of the quantity

[4bl aa eoF Py ,NY] along

NY Y

the line BC (coul?-m?/V?-sec?)

Value of the gquantity
(coul-m/V-sec)

Value of the guantity
the grid (m?/V-sec)

Value of the quantity
in the grid (m?®/V-sec)
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[-YR6+R7] along the line BC

[2b j] for interior points in
I

[2a b, j] for interior points



D3

D4

D5

D6

b7

D8

OLDV(I,J)

OLDRO(I,J)

CDNSTY (I,J)

ACDNTY

EPLT

AEPLT

CVERGE

Value of the quantity [2a b ] for interior points
in the grid (m?/vV-sec)

Value of the quantlty [2axa bl 1 for interior pointg
in the grid (m */V-sec) Y J

Value of the quantity [-g, (E (2ay i, J—aybl 1,]) +

E (2a b . b. ))] for interior points in the

r] Ox i, j-
grld (coul /nt- sec)

Value of the quantity [D5°+D5] (coul”/nt?-sec?)

. 2
Value of the quantity [4bi,jaxay€°(ayExpi—1,j

axEypl ;- )] for interior points in the grid (coul?-
m?/v2-sec )

Value of the quantity [-vD6+D7] for interior points
in the grid (coul-m/V-sec)

Array containing the value of the electric potential
at each point in the grid during the previous itera-
tion (V) .

Array containing the value of the space charge dens-
ity at each point in the grid during the previous
iteration (coul/m?)

Array containing the value of current density at
each point in the grid (aA/m?)

Average current density at the plate (A/m?)

Sum of the values of the electric field intensity
at the plate (V/m)

Average electric field at the plate (V/m)
Converged value of the space charge density at the

wire in calculatlng the electric field at the
plate (coul/m?)
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LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS
FOR SUBROUTINE EFLD2 USED IN THE ELECTROSTATIC

IVCK

VO
VSTART

VW

AC
RO

TDK

RELD
ROC
RF

EORO

NX

NY

UEQ

PRECIPITATOR PERFORMANCE MODEL

Indicator which terminates the calculation of points
on the voltage-current whenever the specified applied
voltage is reached and interpolated upon

Specified operating applied voltage (V)

Particular value of VSTAR(I) ([V]

Operating applied voltage corresponding to a spec-
ified current density (V)

Radius of the corona wires {(m)

Radius of the corona wires (m)
Temperature of the gas stream (°K)
Pressure of the gas stream (atm)
Relative ailr density [§ = (To/T) (P/Py)]
Radius of the corona wires {cm)
Roughness factor for the corona wires

Product of the corona starting electric field and
the wire radius (V)

Index which runs over grid points in the x-direction

Number of grid points in the x-direction for the
numerical calculations of electrical conditions

Index which runs over grid points in the y-direction

Number of grid points in the y-direction for the
numerical calculations of electrical conditions

Effective charge carrier mobility (m?/V-sec)
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MOBILT (I,J)

PI
EPSO
START
SSTART

MINJ

MAXS

NX1

NY1

SX

AX

SY

AY
AXS
AYS
ASP
ASS

IFINAL

1T

JIl

Array containing the values of effective charge
carrier mobility at the different grid points (m%/
V-sec)

Value of the constant

Permittivity of free space (coul?/nt-m?)
Particular value of START1 (I) [A/m?]

Initial value of START which is saved (A/m?)

Lower limit that the calculated average current
density at the plate cannot fall below (A/m?)

Particular value of current density on the voltage-
current curve (A/m?)

Number of grid intervals in the x-direction for the
numerical calculations of electrical conditions

Number of grid intervals in the y-direction for the
numerical calculations of electrical conditions

Wire-to-plate spacing in a particular linear elec-
trical section (m)

Interval size in the x-direction (m)

One-half the wire-to-wire spacing in a particular
linear electrical section

Interval size in the y-direction (m)
Value of the quantity
Value of the quantity (m?)

Value of the quantity [(a 2+ay2)/€o] (m"*-nt/coul?)
Value of the quantity [l/2(axz+ay2)](m'2)

Indicator which causes the calculation of successive
points on the voltage-current curve to cease after
IFINAL points

Index which runs over the different current densi-
ties to be used on the voltage-current curve

Indicator which allows the initial increment size

on current density in the calculation of the voltage-
current curve to be changed after JIl-1 points are
determined on the curve
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DSTART

JI2

CSTART

MAXJ

QZERO

NWIRE

VCOOP (I,J)

V(I,J)

17

NPRNT

LL

RHO(I,J)

EX(1,J)

EY(I,J)

Particular value of START2(I) [A/m?)]

Indicator which allows the second increment size on
current density in the calculation of the voltage-
current curve to be changed after JI2-1 points are
determined on the curve

Particular value of START3(I) [A/m?]
Upper limit that the calculated average current
density at the plate cannot exceed (A/m?)

Space charge density at the corona wire (coul/m?)

Number of wires per electrical section per gas
passage in a particular electrical section

Counter which keeps track of the number of times
the calculation iterates due to lack of convergence
in the average current density at the plate

Array containing the values of electric potential
given equation (26) at the different grid points
(V)

Array containing the value of the electric potential
at each point in the grid during an iteration (V)

Same as 2

Indicator which specifies the unit number of the
output device for printing data from the program

of times
convergence
in the grid

Counter which keeps track of the number
the calculation iterates due to lack of
in the electric potential at each point

Array containing the value of the space charge
density at each point in the grid during an itera-
tion (coul/m?)

Array containing the value of the component of the
electric field intensity perpendicular to the plates
at each point in the grid during an iteration (V/m)

Array containing the value of the component of the

electric field intensity parallel to the plates at
each point in the grid during an iteration (V/m)
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Q1

Q2

Q3

Q4

Q5

Q6

Q7

Q8

Pl

P2

P3

P4

P5

P6

P7

Value of the quantity [2bi ] along the line AD
1

[4

where bi 5 is the effective charge carrier mobility
r

which is a function of position (m?/V-sec)

Value of the quantity [2b aX] along the line AD
(m? /V-sec) T

Value of the quantity [2b a.] along the line AD
(m?®/V-sec) tery

Value of the quantity [2b aa ] along the line AD
(m*/V-sec) L1 Y

Value of the guantity [_EOEX(Zbi,lay_aybi— l)]
along the line AD (coul?/nt-sec)
Value of the gquantity [802E 2(2b. a_-a_ b, )21

i, 1%y Ty i-1,1
along the line AD (coul" /ntz—sec2)

. 2 2
Value of the quantity [4bi,1axay EOExpi—1,1] along
the line AD where oy 3 is the space charge density
r
at the different grid points (coul?-m?/v2-sec?)

Value of the quantity [-v06+0Q7] along the line AD
(coul-m/V-sec)

Value of the gquantity [2b1 .] along the line AB
(m?/V-sec) r)

Value of the quantity [2b _.a_] along the line AB
3 - l’J X
m*/V-sec)

Value of the quantity [2b .a_] along the line
AB (m?®/vV-sec) 1,] Y

Value of the quantity [2b .a_a_] along the line
AB (m"/V-sec) 103Xy

Val f the tit -coE_(2b .a_ - .
alue o quantity [-eq y( 1,jax axb1,j-1)]

along the line AB (coul?/nt-sec)

v . 2 2 ) _ . 2
alue of the quantity [e Ey (2b1’jaX axb1,j-1) ]

along the line AB (coul®/nt?-sec?)

Val f th uantit 4b? .a_?a_eyE . lon
alue o e g v [ 1,53 2yfo YQL,J-1] a g
the line AB (coul?-m?/vV?-sec?)
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P8

R1

R2

R3

R4

R5

R6

R7

R8

D1

D2

D3

D4

D5

D6

D7

Value of the quantity
(coul-m/V-sec)

Value of the quantity
(m?/V-sec)

Value of the quantity
(m3/V-sec)

Value of the quantity
(m3/V-sec)

Value of the quantity
BC (m"/V-sec)

Value of the quantity

along the line BC

Value of the quantity

along the line BC

Value of the quantity

[-VYP6+P7] along the line AB

[Zbi,NY] along the line BC

[2b. a ] along the line BC

i,NY

[2b. a__l

i,NY®y along the line BC

[2b ] along the line

i,NY3%%y

[—EoE (2b., |

i, NY y ybl 1,NY

(coulz/nt—sec)

(2b ]

[80 i, NY y ybl—1,NY

(coul”/ntz—sec )

2 2
[4bi,NYaxay€°Exp'

1—1,NY] along

the line BC (coul?-m?/VZ?-sec?)

Value of the quantity
(coul-m/V-sec)

Value of the quantity
the grid (m?/V-sec)

Value of the quantity
in the grid (m?/v-sec)

Value of the quantity
in the grid (m?/V-sec)

Value of the quantity
in the grid (m"/vV-sec)

Value of the gquantity

E (2a b. .-a b, )) ]

N x i,j "x i,j-1
grid (coul /nt- sec)

Value of the quantity
Value of the quantity
AxPyPi, -

m?/V?-sec?)
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)] for interior points in the grid (coul?

[-YR6+R7] along the line BC

[2b. ,j] for interior points in
[zaxbi,j] for interior points
[zaybi,j] for interior points
[2axayb1,j] for interior points
[-eo (E (2aybl,j ybl—1,j) +

for interior points in the

[D5+D5] (coul’/nt?-sec?)

2 E o, .
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D8

OLDV (I,J)

OLDRO (I,J)

CDNSTY (I,J)

ACDNTY

TEST

TEST1

EPLT

AEPLT

EBD

OLDVW

OLDCD

NEC

K

RSUM

ESUM

value of the gquantity [-vD6+D7] for interior points
in the grid (coul-m/V-sec)

Array containing the value of the electric potential
at each point in the grid during the previous itera-
tion (V)

Array containing the value of the space charge den-
sity at each point in the grid during the previous
iteration (coul/m?)

Array containing the value of current density at
each point in the grid (A/m?)

Average current density at the plate (A/m?)

Absolute value of the difference between the calcu-
lated average current density at the plate and the
specified value (A/m?)

One percent of the calculated average current den-
sity at the plate (A/m?)

Sum of the values of the electric field intensity
at the plate (V/m)

Average electric field at the plate (V/m)

Electrical breakdown strength of the gas near the
collection electrode or the collected particulate
layer (V/m)

The value of applied voltage at the point prior to
the one under consideration (V)

The value of average current density at the plate

at tge point prior to the one under consideration
(A/m*)

Indicator which determines whether or not the aver-
age current density, average electric field, and
average electric field at the plate are to be calcu-
lated in the subincremental lengths

Index which sequences the grid strips in the basic
area for which the calculations are performed

Average charge number density in a particular grid
strip (#/m?)

Average electric field intensity in a particular
grid strip (V/m)
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EAVGS (K) Array containing the average electric field inten-

sities in the different grid strips in the basic area
for which the calculations are performed (V/m)

CHFIDS (K)

Array coptaining the average charge number densities
in the different grid strips in the basic area for
which the calculations are performed (#/m?)

NYY - Index which renumbers the grid strips so that by
symmetry the area covered by the half-wire spacing
which was not considered in the calculations can be
taken into account

EAVG (L)

Array containing the average electric field inten-
sities in the different grid strips which cover an
area between successive wires (V/m)

CHFID(L) - Array containing the average charge number densities
in the different grid strips which cover an area
between successive wires (#/m?)

L. - Index which runs over and numbers the first (NY-1)
grid strips in a given wire-to-wire spacing

KK - Index which runs over the different grid strips in
the basic area for which the calculations are per-
formed

M1 - Number of the first grid strip in the last (NY-1)
grid strips in a given wire-to-wire spacing

M2 - Number of the last grid strip in a given wire-to-
wire spacing

M - Index which runs over and numbers the last (NY-1)
grid strips in a given wire-to-wire spacing

LL - Index which sequences the grid strips in the basic
area for which the calculations are performed

NN - Index which runs over points in the y-direction

ECOLLS (LL)

Array containing the average electric field inten-
sity at the plate in the different grid strips in
the basic area for which the calculations are per-
formed (V/m)

L1 - Index which renumbers the grid strips so that by
symmetry the area covered by the half-wire spacing
which was not considered in the calculations can be
taken into account
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ECOLL (L)

L2

Il

I2

Array containing the average electric field inten-
sity at the plate in the different grid strips which
cover an area between successive wires (V/m)

Index which runs over the different grid strips in
the basic area for which the calculations are per-
formed

Number of the first grid strip in the last (NY-1)
grid strips in a given wire-to-wire spacing

Number of the last grid strip in a given wire-to-
wire spacing

Index which runs over and numbers the last (NY-1)
grid strips in a given wire-to-wire spacing
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LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS
FOR SUBROUTINE CHARGN USED IN THE ELECTROSTATIC

H2

YI

XI

NN

ECHARG

SCHARG

NUMINC

CONST

EZERO

PRECIPITATOR PERFORMANCE MODEL

Increment size used in the Runge-Kutta scheme (sec)

One-half the increment size chosen for the Runge-
Kutta scheme (sec)

Time at the start of a given increment or subincre-
ment of the precipitator (sec)

Time at the end of a given increment or subincre-
ment of the precipitator (sec)

Number of charges on a given particle size at the
start of a given increment or subincrement of the
precipitator

Number of charges on a given particle size at the
end of a given increment or subincrement of the
precipitator

Index which runs over the different points spec-
ified for use in the Runge-Kutta scheme

Number of points specified for use in the Runge-
Kutta scheme

Elementary charge unit (coul)

Saturation charge number from the field charging
equation

Number of increments in the Simpson's Rule integra-
tion over O in equation (12)

Value of the quantity [2(K-1)a®E,/(K+2)] found in
equation (12) [V-m?]

Average electric field used for particle charging

(V/m)
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RSIZE

ECONST

CMKS

RR

FCONST

FACTOR

COEFF

AFID

T1

T2

T3

T4

Value of the quantity [e?/4weoakT] found in equa-
tion (12)

Radius of a particular particle (m)

Value of the gquantity [3eE,a/kT(K+2)] found in
equation (12)

Value of the quantity [4meo] found in equation (12)
[coul?/nt-m?]

Value of the quantity [eE /kT] found in equation
(12) [m~']

Value of the quantity [(K-1)eEoa’/kT(K+2)] found
in equation (12) [m?]

Value of the quantity [mva?/2] found in equation
(12) [m?/sec]

Value of the quantity [bgs/4e,] found in equation
(12) [m®/sec]

Average reduced free ion density for particle
charging in a particular length increment (#/m?)

Value of the charge-number rate to the particle
surface at the point (XI,YI) multiplied by the
stepsize H for use in the Runge-Kutta scheme

Value of the charge-number rate to the particle
surface at the point (XI+H2, YI+Tl1l/2) multiplied
by the stepsize H for use in the Runge-Kutta scheme

Value of the charge-number rate to the particle
surface at the point (XI+H2, YI+T2/2) multiplied
by the stepsize H for use in the Runge-Kutta scheme

Value of the charge-number rate to the particle

surface at the point (XI+H, YI+T3) multiplied by
the stepsize H for use in the Runge-Kutta scheme
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LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS

FOR STATEMENT FUNCTION RATE USED IN THE

ELECTROSTATIC PRECIPITATOR PERFORMANCE MODEL

ECHARG

SCHARG

NUMINC

CONST

EZERO

RSIZE

ECONST

CMKS

RR

FCONST

FACTOR

COEFF

AFID

Elementary charge unit (coul)

Saturation charge number from the field charging
equation

Number of increments in the Simpson's Rule integra-
tion over O in equation (12)

Value of the quantity [2(K-1)a’E./(K+2)] found in
equation (12) [V-m?]

Average electric field used for particle charging

(V/m)

Value of the quantity [e?/4meoakT] found in equa-
tion (12)

Radius of a particular particle (m)

Value of the quantity [3eEoa/kT(K+2)] found in
equation (12) [V-m?]

Value of the quantity [4mes] found in equation (12)
[coul?/nt-m?]

Value of the quantity [eEo/kT] found in equation
(12) [m~']

Value of the gquantity [(K-1)eEoa’/kT(K+2)] found
in equation (12) [m?]

Value of the quantity [n¥a?/2] found in equation
(12) [m®/sec]

Value of the quantity [bgs/4e,] found in equation
(12) [m3/sec]

Average reduced free ion density for particle
charging in a particular length increment (#/m?)

233



NTIME

NUMBER

INTGRL

NE

THZERO

DELTAX

THETA

SUMODD

CTHETA

TCONST

ECOS

Cl

CoO

RZERO

ARG1

YVAL

SUMEVN

CTZERO

ARG2

Instantaneous charging time (sec)

Instantaneous number of charges on a given particle
size

Value of the integral appearing in equation (12)

Negative of the instantaneous charge on a given
particle size (coul)

Maximum angle (6,) for field charging in radians

Increment size taken for the integration over the
angle 6 in equation (12)

Values of the angle 6 taken for the integration
over 6 in equation (12)

Sum of the odd terms contributing to the integral
in the Simpson's Rule integration scheme

Index which runs over the different points in the
Simpson's Rule integration

Value of the quantity [cos 6]
Value of the quantity [2(K-1)a®Eocos8/(K+2)] (m2?-V)
Value of the quantity [E¢ cos 6] (V/m)

Value of the quantity [g/4meoEgcos6] found in
equation (52)

Value of the quantity [(K-1)a’/(K+2)] found in
equation (52) [m?®]

Radial distance from the center of a given particle
at which the total radial component of the electric
field is zero {m)

Argument of the exponential function inside the
integral in equation (12)

Integrand of the integral in equation (12)

Sum of the even terms contributing to the integral
in the Simpson's Rule integration

Value of the quantity [cos 6¢]

Argument of the exponential function inside the
integral in equation (12) for the angle 68,
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ZVAL - Contribution to the integral in equation (12) which
depends on the angle 6y

RATEl - Contribution to the particle charging rate due to
the second term in equation (12) [#/sec]

ARG3 - Argument of the exponential function in the third
term in equation (12)

RATE2 - Contribution to the particle charging rate due to
the third term in equation (12)

RATE3 -~ Contribution to the particle charging rate due to
the first term in equation (12) [#/sec]

RATE - Total instantaneous charging rate to the entire
surface of a given particle (#/sec)

235



LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS
FOR SUBROUTINE ARCCOS USED IN THE ELECTROSTATIC

ACOS

RATIO

SUM

TERM

PRECIPITATOR PERFORMANCE MODEL

Numerator of the ratio A/B whose inverse cosine
is to be determined

Denominator of the ratio A/B whose inverse cosine
is to be determined

Value of the quantity [cos=!(aA/B)] (radians)
Value of the ratio A/B

Variable used to generate the different numerical
coefficients in the series representation of the
inverse cosine function

Sum of successive terms in the series representation
of the inverse cosine function

A particular term in the series representation of
the inverse cosine function

Variable used in the generation of the numerical
coefficients in the series representation of the
inverse cosine function

Variable used in the generation of the numerical
coefficients in the series representation of the
inverse cosine function

Variable used in the generation of the numerical

coefficients in the series representation of the
inverse cosine function
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LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS
FOR SUBROUTINE ZERO USED IN THE ELECTROSTATIC
PRECIPITATOR PERFORMANCE MODEL

Cl - Value of
equation

CO0 - Value of
equation

RZERO

at which
field 1is

B - Value of
found in

C - Value of

tion (55)

the quantity [q/4meoE¢cosf] found in
(52)

the quantity [(K-1)a®/(X+2)] found in
(52) [m®]

Radial distance from the center of a given particie

the total radial component of the electric
zero (m)

the argument of the inverse cosine function
equation (55)

the inverse cosine function found in equa-

D - Factor multiplying the cosine function found in

equation

(12)
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LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS
FOR SUBROUTINE CHGSUM USED IN THE ELECTROSTATIC

NVI

1T

OLDQF (J)

OLDQT (J)

ITER

SOLDQF (J)

SOLDQT (J)

E

SCHARG

SATCHG

CHRFID

PRECIPITATOR PERFORMANCE MODEL

Indicator which specifies whether to base the elec-
trical calculation on known voltages and currents
or on calculated voltage-current characteristics

Index which runs over incremental lengths
Index which runs over subincremental lengths

Value of field charge on the different particle
sizes at the end of a given increment or subincre-
ment (coul)

Value of diffusion charge on the different particle
sizes at the end of a given increment or subincre-
ment (coul)

Counter which keeps track of the number of itera-
tions which is limited by NITER

Value of field charge on the different particle
sizes at the start of an increment which must be
saved for the iteration procedure over subincrements
in a given increment (coul)

Value of diffusion charge on the different particle
sizes at the start of an increment which must be
saved for the iteration procedure over subincrements
in a given increment (coul)

Elementary charge unit (coul)

Saturation charge number from the field charging
equation

Saturation charge for a given particle size from
field charging theory (coul)

Average free ion density for particle charging

(#/m?)
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EPSO
TIMEF
TIMET

CF1l

CF2

QF

ARG

RSIZE
VAVC
BC

TDK

QT

CNUMBR

Ion mobility adjusted for temperature and pressure
(m?/V-sec)

Permittivity of free space (coul?/nt-m?)
Final value of time for particle charging (sec)
Initial value of time for particle charging (sec)

Value of the quantity [(Ngobe/4ey) ( t -t )] found in
equation (15)

Value of the quantity [1/(1-q. /q ] found in
equation (15)

Charge on a given particle size in a given increment
or subincrement due to field charging (coul)

Value of the quantity [e?/4meoakT] found in equation
(15)

Value of the guantity [q e/4meoakT] found in
equation (15)

Radius of a particular particle (m)
Root mean square velocity of the ions (m/sec)
Boltzmann's constant (J/°K)

Temperature of the gas in a given electrical sec-
tion (°K)

Charge on a given particle size in a given incre-
ment or subincrement due to diffusion charging
(coul)

Total charge number on a given particle size in a
given increment or subincrement
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LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS
FOR SUBROUTINE PRTINC USED IN THE ELECTROSTATIC

NPRINT

NSECT

NPRNT

ITL

SLNGTH

A

VO

TC

AC

WL

CL

CD

ET

PRECIPITATOR PERFORMANCE MODEL

Indicator which designates when to print certain
sectionalized data

Indicator which keeps track of which electrical
section the calculation is in

Indicator which specifies the unit number of the
output device for printing data from the program

Identifying label for the calculations
Length of a particular electrical section (m)

Collection plate area of a particular linear elec-
trical section (m?)

Applied voltage in a particular linear electrical
section (V)

Total current in a particular linear electrical
section (A)

Wire-to-plate spacing in a particular linear elec-
trical section (m)

Corona wire radius in a particular linear electrical
section (m)

Total wire length in a particular linear electrical
section (m)

Total current per length of corona wire in a partic-
ular linear electrical section (A/m)

Average current density at the plate in a particular
linear electrical section (A/m?)

Average electric field in the deposited particulate
layer in a particular linear electrical section (V/m)
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SY

VG

VGAS

TDK

VIS

VAVC

TMFP

LINC

XPI

NVI

RIOVR

ERAVG

EPLT

AFID

XCD

One-half the wire-to-wire spacing in a particular
linear electrical section (m)

Gas volume flow rate in a particular electrical
section (m?®/sec)

Gas velocity in a particular linear electrical sec-
tion (m/sec)

Temperature of the gas in a given electrical sec-
tion (°K)

Gas pressure in a particular linear electrical
section (atm)

Gas viscosity in a particular linear electrical
section (kg/m-sec)

Ion mobility adjusted for temperature and pressure
(m?/V-sec)

Root mean square velocity of the ions (m/sec)
Ionic mean free path multiplied by a factor (m)

Total weight of particles per second passing into
a particular linear electrical section (kg/sec)

Length of the increments taken in a particular
linear electrical section (m)

Overall mass collection efficiency per increment
based on the estimated or design efficiency (%)

Indicator which specifies whether to base the elec-
trical calculation on known voltages and currents
or on calculated voltage-current characteristics

Ratio of the ionic space charge density to the total
space charge density

Average electric field used for particle charging

(V/m)

Absolute value of the average electric field at
the plate in a particular length increment (V/m)

Average reduced free ion density for particle
charging in a particular length increment (#/m?)

Average current density at the plate in a particular
length increment (na/cm?)
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ZMD

WT

LTHICK

JPART

JION

ROVRI

Interpolated mass median diameter of the collected
particulate layer (m)

Total weight of material per cubic meter of gas
removed in all particle size bands in a given length
increment (kg/m?)

Thickness of the collected particulate layer in a
particular increment of length (mm/min)

Current density due to particles in a particular
increment of length (A/m?)

Current density due to ions in a particular incre-
ment of length (A/m?)

Index which runs over incremental lengths

Ratio of the total space charge density to the ionic
space charge density

242



LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS
FOR SUBROUTINE PRTCHG USED IN THE ELECTROSTATIC

NPRNT

NCALC

NEST

JS

KS

NS

DIAM (J)

NF

NVI

NI

PRECIPITATOR PERFORMANCE MODEL

Indicator which specifies the unit number of the
output device for printing data from the program

Indicator which determines whether to use equation
(12) for particle charging or the sum of the class-
ical field and diffusion charges

Indicator which specifies whether to use extensive
calculations or estimation procedures in determin-
ing precipitator performance

Index which is utilized in dividing the output data
for particle charging into sets of eight columns
each with a column for each particle size band

Index which is utilized in dividing the output data
for particle charging into sets of eight columns
each with a column for each particle size band

Number of different particle size bands in the inlet
particle size distribution
Diameters of the different particle sizes (um and m)

Index which runs over the different particle size
bands

Index which runs over incremental lengths

Number of increments taken along the length of the
precipitator

Indicator which specifies whether to base the elec-
trical calculation on known voltages and currents
or on calculated voltage-current characteristics

Number of subincremental lengths into which the
incremental length is divided

Number of the subincremental strip having the max-
imum values of average electric field and current
density
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TMFP

EAVG (N)

EPS

VRATIO

XDC(I,J)

QSATM

YY (J)

QSAT (J)

Value of the constant =

Permittivity of free space (coul?/nt-m?)

Radii of the different particle sizes (m)

Ionic mean free path multiplied by a factor (m)

Average electric fields for particle charging in
subincremental lengths (V/m)

Relative dielectric constant of the particles

Ratio of the peak applied voltage to the average for
use in particle charging

Charge on each particle size at the end of each
increment (coul)

Saturation charge for a given particle size based
on the last electrical section and the subincre-
mental strip containing the largest values of

average electric field and current density (coul)

Array containing the ratio of the charge on a given
particle size to the saturation charge in the last
electrical section for a given increment

Saturation charge for a given particle size based

on the last electrical section and the average
electric field for the entire section (coul)
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LIST OF NECESSARY VARIABLES,

DEFINITIONS, AND UNITS

FOR SUBROUTINE ADJUST USED IN THE ELECTROSTATIC

NRUN

NS

NSl

NUMSEC

NUMS1

TDK

PS (NUMSEC)

CONVF

NRAPDC

DXS (1)

ONO (TI)

EFESR

PRECIPITATOR PERFORMANCE MODEL

Indicator that specifies which set of nonideal
conditions is under consideration

Number of different particle size bands in the inlet
particle size distribution

Number of particle size bands plus one

Number of linear electrical sections in the precip-
itator

Number of electrical sections less one

Temperature of the gas stream in the last electrical
section (°K)

Pressure of the gas stream in the last electrical
section (atm)

Conversion factor which converts kg/ACM to mg/DSCM

Counter which keeps track of the number of rapping
puff particle size distributions that have been
considered

Ideal, unadjusted overall mass collection fraction
(or efficiency) [no units or %]

Index which runs over the different particle size
bands

Total number of particles removed per cubic meter of
gas in each particle size band under ideal conditions
and with no empirical corrections (#/m?)

Initial number of particles per cubic meter of gas
in each particle size band (#/m°)

Ideal, unadjusted mass collection fraction for a
given particle size
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PCNT (I)

ARD50 (J)
ARSIGM (J)
RMMD
RSIGMA

RPRCU(I)

RPCNT (I)

NONCK

ASNUCK (K)

SNUCK

AZIGGY (K)

ZIGGY

AZNUMS (K)

ZNUMS

NPRNT

XEP

I

Percentage or fraction by mass in the inlet particle
size distribution of the different size bands (% and
decimal)

Rapping puff mass median diameters (um)
Rapping puff geometric standard deviations
Particular value of ARD50 (J) [um]
Particular value of ARSIGM(J)

Cumulative fraction by mass as a function of particle
size for the rapping puff

Percentages by mass in the different particle size
bands for the rapping puff (%)

Counter which keeps track of the number of sets of
nonideal conditions of nonuniform velocity distribu-
tion and gas sneakage and/or particle reentrainment
without rapping that have been considered

Fractions of gas sneakage and/or particle reentrain-
ment without rapping

Particular value of ASNUCK (K)

Normalized standard deviations of the gas velocity
distribution

Particular value of AZIGGY (K)

Number of stages over which gas sneakage and/or
particle reentrainment without rapping occur

Number of stages over which gas sneakage and/or
particle reentrainment without rapping occur for
a particular case

Indicator which specifies the unit number of the
output device for printing data from the program

(or
{no units

Adjusted overall mass collection fraction
efficiency) under no-rap conditions
or %)

Adjusted mass collection fraction for a given
particle size band under no-rap conditions
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XMV (T)

Effective migration velocities for the different
particle sizes under ideal conditions and with no
empirical corrections (m/sec)

WY - Adjusted migration velocity for a given particle
size under no-rap conditions (cm/sec)

VG - Gas volume flow rate in a particular electrical
section (m?/sec)

ATOTAL - Togal collection plate area of the precipitator
(m*)

F1 - Correction factor for the migration velocity of a
given particle size in order to account for non-
uniform velocity distribution

F2 - Correction factor for the migration velocity of a
given particle size in order to account for gas
sneakage and/or particle reentrainment without

rapping

WYS - Migration velocity of a given particle size cor-
rected only for gas sneakage and/or particle re-
entrainment without rapping (cm/sec)

WYV - Migration velocity of a given particle size cor-
rected only for nonuniform velocity distribution
(cm/sec)

ZNLFF - Combined correction factor for nonuniform velocity
distribution and gas sneakage and/or particle
reentrainment without rapping

WYSV - Migration velocity of a given particle size cor-
rected only for nonuniform gas velocity distribu-
tion and gas sneakage and/or particle reentrainment
without rapping (cm/sec)

WUNCOR(I) - Unadjusted, ideal migration velocities for the
different particle sizes (cm/sec)
EUNCOR(I) - Unadjusted, ideal mass collection efficiencies for
the different particle sizes (%)
DIAM(I) - Diameters of the different particle sizes (um and m)
PXS(I) - Number of particles per cubic meter of gas for a

given particle size that are removed by the precip-
itator under adjusted, no-rap conditions (#/m?)
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IDC

SPO

SCPO

IX

SCOREF

XY

PENTR

PCTOT (I)

CLPTLS

IS

LSECT (IS)

LINCS(IS)

NYX

XEFF

NEFF

Indicator which controls when the summation of
outlet emissions over the different particle size
bands will be performed

Total outlet emissions under adjusted, no-rap
conditions (#/m?)

Total outlet emissions under rap + no-rap condi-
tions (#/m?)

Indicator which determines when the total electri-
cal length up to the last electrical section will
be calculated

Overall mass collection efficiency under no-rap +
rap conditions (%)

Percentage by mass in a given particle size in the
inlet particle size distribution (%)

Percentage by mass of a given particle size that
penetrates through the precipitator under adjusted,

o

no-rap conditions (%)

Percentage by mass in a given particle size band

(=)

in the no-rap outlet emissions (%)

Total electrical length of the precipitator exclud-
ing the last electrical section (m)

Index which runs over the different linear electrical
sections

Number of length increments in the different linear
electrical sections

Lengths of the increments taken in the different
linear electrical sections (ft)

Index which starts and terminates a loop in which
the mass loss due to rapping and the mass leaving
the precipitator under no-rap conditions are deter-
mined

Overall mass collection fraction for either unad-
justed, ideal or adjusted, no-rap conditions

Indicator which determines whether the unadjusted,

ideal or adjusted, no-rap efficiency is used to
determine the mass reentrained due to rapping
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EXPONT

DL

PL

XMELS

XMCLS

XMLLS

NTEMP

RAPLOS

YMELS

YMCLS

YMLLS

DD

EFFWR

CRNP

COREFF

Argument of the exponential function in equation
(2) for either the unadjusted, ideal efficiency
or the adjusted, no-rap efficiency

Inlet mass loading (kg/m?)
Total electrical length of the precipitator (m)

Mass entering the last section of the precipitator
from either unadjusted, ideal or adjusted, no-rap
calculations (kg/m?)

Mass collected in the last section of the precip-
itator from either unadjusted, ideal or adjusted,
no-rap calculations (kg/m® or mg/DSCM)

Mass leaving the last section of the precipitator
from either unadjusted, ideal, or adjusted, no-
rap calculations (kg/m?)

Indicator which specifies whether the precipitator
is cold or hot side

Mass contained in the outlet emissions due to
rapping (mg/DSCM)

Mass entering the last section of the precipitator
from adjusted, no-rap calculations (kg/m?)

Mass collected in the last section of the precip-
itator from adjusted, no-rap calculations (kg/m® or
mg/DSCM)

Mass leaving the last section of the precipitator
from adjusted, no-rap calculations (kg/m?)

Mass density of the particles (kg/m?)

Number of particles per cubic meter of gas in a
given size band that are contained in the emissions
due to rapping (#/m?)

Mass collection fraction for a given particle size
containing all corrections and adjustments '

Number of particles per cubic meter of gas in a
given size band ‘that are collected after rapping

(#/m?)
Mass collection efficiency for a given particle
size containing all corrections and adjustments (%)
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WYP

CPENTR

CPCTOT (I)

SL

RAD (I)

WSL(T)

ENDPT (I)

DLD

DMDLD (I)

RDMDLD(TI)

CDMDLD (1)

CCF (1)

ETAO

ZMMDT

SIGMI

NDIST

Migration velocity for a given particle size con-
taining all corrections and adjustments (cm/sec)

Percent penetration of a given particle size con-
taining all corrections and adjustments (%)

Percentage by mass in a given size band contained
in the no-rap + rap emissions (%)

Number of particles per cubic meter of gas of a
given particle size band exiting the precipitator
under no-rap conditions (#/m?)

Radii of the different particle sizes (m)

Weight per cubic meter of gas of particles in a
given size band exiting the precipitator under no-
rap conditions (kg/m?)

Particle diameters in the inlet cumulative percent
by mass distribution (um and m)

Value of the quantity [Alog:,D] for a given particle
size band in the size distribution histogram

Value of the quantity [AM/Alog;¢D] for the different
particle size bands in the outlet emissions under
no-rap conditions (mg/DSCM)

Value of the quantity [AM/Alog; D] for the different
particle size bands in the outlet emissions due to
rapping only (mg/DSCM)

Value of the.quantity [AM/Alog; D] for the different
particle size bands in the outlet emissions under
no-rap + rap conditions (mg/DSCM)

Cunningham correction factor for the different
particle sizes

Estimated or design overall mass collection effic-
iency (%)

Specified or fitted mass median diameter of the
inlet particle size distribution based on a log-
normal distribution (um)

Specified or fitted geometric standard deviation of
the inlet particle size distribution based on a log-
normal distribution

Indicator which specifies whether the user is to
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GFIT

PRCUNR(I)

SUMNR

ZMDL

SIGMO

ZGFIT

COREFW

WZ

PRCUC (1)

SUMC

CZMDL

CSIGMO

CGFIT

supply the inlet particle size distribution or the
program is to calculate a log-normal distribution

Linear-correlation coefficient obtained in the log-
normal fit of the inlet particle size distribution

Cumulative percentage by mass as a function of
particle size for the outlet emissions under no-
rap conditions (%)

Summation over the different particle size bands of
the percentage by mass contained in each size band
for the outlet emissions under no-rap conditions (%)

Fitted mass median diameter of the outlet no-rap
emissions based on a log-normal distribution (um)

Fitted geometric standard deviation of the outlet
no-rap emissions based on a log-normal distribution

Linear-correlation coefficient obtained in the log-
normal fit of the outlet no-rap emissions

Precipitation rate parameter under no-rap + rap
conditions (cm/sec)

Precipitation rate parameter under no-rap condi-
tions (cm/sec)

Cumulative percentage by mass as a function of
particle size for the outlet emissions under no-
rap + rap conditions (%)

Summation oveér the different particle size bands
of the percentage by mass contained in each size
band for the outlet emissions under no-rap + rap
conditions (%)

Fitted mass median diameter of the outlet no-rap
+ rap emissions based on a log-normal distribution

(um)

Fitted geometric standard deviation of the out}et
no-rap + rap emissions based on a log-normal distri-
bution

Linear~correlation coefficient obtained in the log-
normal fit of the outlet no-rap + rap emissions

Index which runs over the different particle size
bands
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NONID - Number of nonideal conditions of gas velocity non-

uniformity and gas sneakage and/or particle reen-
trainment without rapping to be considered

NRAPD - Number of rapping puff particle size distributions
to be considered
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LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS
FOR SUBROUTINE WADJST USED IN THE ELECTROSTATIC

DIAM(I)

WY

ONO(I)

PXS(I)

ATOTAL

VG

EFESR

CFACT (L)

DCHECK (L)

WEFACT

PRECIPITATOR PERFORMANCE MODEL

Diameters of the different particle sizes (pm and m)

Index which runs over the different particle size
bands

Enters the subroutine as the unadjusted, no-rap
migration velocity for a given particle size and
leaves as the adjusted, no-rap migration velocity
(cm/sec)

Initial number of particles per cubic meter of gas
in each particle size band (#/m?)

Number of particles per cubic meter of gas for a
given particle size that are removed by the precip-
itator under adjusted, no-rap conditions (#/m?)

Total collection plate area of the precipitator (m?)

Gas volume flow rate in a particular electrical
section (m®/sec)

Mass collection fraction for a given particle size
under adjusted, no-rap conditions

Correction factors for the no-rap migration velo-
cities of the different particle sizes

Particle diameters corresponding to the different
correction factors given by CFACT (L) [m]

Index which runs over the different values of
CFACT (L) and DCHECK (L)

Interpolated correction factor for the unadjusted,
no-rap migration velocity of a given particle size
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LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS
FOR SUBROUTINE LNDIST USED IN THE ELECTROSTATIC

D50

SIGMAP

PRCU(I)

PCNT (J)

AREA (J)

NS

ENDPT (I)

NENDPT

PT

SIGMAZ

PRECIPITATOR PERFORMANCE MODEL

Specified or fitted mass median diameter of the
inlet particle size distribution based on a log-
normal distribution (um)

Specified or fitted geometric standard deviation of
the inlet particle size distribution based on a log-
normal distribution

Cumulative fractions by mass up to specified particle
sizes

Fractions by mass contained in specified particle
size bands

Values of the log-normal distribution function at
different values of the independent variable for use
in integrating the function over the specified size
bands

Cumulative integrals resulting from the integration
of the log-normal distribution function over a spec-
ified particle size band

Amount of the distribution accumulated in a given
particle size band

Number of particle size bands

Particle diameters specified for use in constructing
the log-normal distribution histogram (um)

Number of particle diameters specified for use in
constructing the log-normal distribution histogram

Value of the constant =
Value of the quantity [1n Op]

Total number of particle size bands used in construct-
ing the log normal distribution histogram
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NINC

ASUM

X2

X1

DX

SGT1

SGT?2

SUM

CHECK1

CHECK2

Number of points used in the Trapezoidal Rule
integrations over the different particle size bands

Value of the integration of the log-normal distri-
bution function over the entire distribution

Index which runs over the NS different particle size
bands specified by the user

Index which runs over the N different particle size
bands used in the construction of the log-normal
distribution histogram

Upper limit of integration for a given particle size
band

Lower limit of integration for a given particle size
band

Stepsize taken for the Trapezoidal Rule integration
of the log-normal distribution function over the
different particle size bands

Value of the integration variable at different points
in a given particle size band

Value of the quantity [l/GZVZN]
vValue of the quantity [2022]

Index which runs over the different points in a
given particle size band in performing the Trape-
zodial Rule integration of the log-normal distribu-
tion function

Total fraction by mass contained in the histogram
specified by the user

Difference between 1 and the calculated total mass
fraction contained in the histogram specified by
the user

Difference between 1 and the calculated cumulative

fraction by mass up to the largest particle size
specified by the user
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LIS

T OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS
FOR SUBROUTINE QTFE USED IN THE ELECTROSTATIC
PRECIPITATOR PERFORMANCE MODEL

- Stepsize used in the Trapezoidal Rule integration
scheme

- Function values used in the integration scheme

- Cumulative integrals resulting from the integration
scheme

- Number of points used in the integration scheme

- Cumulative integral up to a given point in the
integration scheme

- One-half of the specified stepsize

- Index which runs over the different points in the
integration scheme

- Cumulative integral up to the point prior to the
point under consideration
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LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS
FOR SUBROUTINE LNFIT USED IN THE ELECTRISTATIC

PRCU(I)

D50

SIGMAP

GFIT

Z(I)

Y (I)

ENDPT (I)

NENDPT

NSTAG

XY

|

PRECIPITATOR PERFORMANCE MODEL

Known or calculated cumulative percentages supplied
by the user (%)

Fitted mass median diameter based on a log-normal
distribution (um)

Fitted geometric standard deviation based on a log-
normal distribution

Linear-correlation coefficient obtained in the log-
normal fit

Natural logarithm of the actual particle diameters
corresponding to the known or calculated cumulative
percentages

Calculated natural logarithm of the particle diam-
eters corresponding to the known or calculated
cumulative percentages based on a true log-normal
distribution

Actual particle diameters corresponding to the
known or calculated cumulative percentages (um)

Number of particle diameters corresponding to the
known or calculated cumulative percentages

Number of points used in the log-normal fit pro-
cedure

Index which runs over the different particle diam-
eters corresponding to the known or calculated
cumulative percentages

Index which sequences the points which are actually
used in the log-normal fit

Cumulative mass fraction less than a given particle
size
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Square root of the natural logarithm of the square
of the reciprocal of XY

Y-intercept of the fitted straight line

Slope of the fitted straight line
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LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS
FOR SUBROUTINE CFIT USED IN THE ELECTROSTATIC
PRECIPITATOR PERFORMANCE MODEL

A - Y-intercept of the fitted straight line

B - Slope of the fitted straight 1line

R - Linear-correlation coefficient for the straight
line fit

NSTAG - Number of data points that are fitted to the straight

line
Z(I) - Values of the independent variable
Y(I) - Values of the dependent variable
XN - Running sum over the number of data points

SUMX - Summation over all data points of the values of
the independent variable

SUMY - Summation over all data points of the values of
the dependent variable

SUMXY - Summation over all data points of the values of the
product of the independent and dependent variables

SUMXX - Summation over all data points of the values of the
square of the independent variable

SUMYY - Summation over all data points of the values of the
square of the dependent variables

I - Index which runs over the different data points
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LIST OF NECESSARY VARIABLES, DEFINITIONS, AND UNITS
FOR SUBROUTINE PRTSUM USED IN THE ELECTROSTATIC

ATOTAL

VG

SCA

VOSUM

CDSUM

NUMSEC

LSECT(I)

LINCS(I)

VOS (I)

TCS (1)

AS(TI)

AVO

PL

PRECIPITATOR PERFORMANCE MODEL
Total collection plate area of the precipitator
(m?)

Gas volume flow rate in a particular electrical
section (m?/sec)

Specific collection area of the precipitator
(m?/m3/sec)

Sum of the applied voltages in the different linear
electrical sections (V)

Sum of the current densities in the different lin-
ear electrical sections (nd/cm?)

Number of linear electrical sections in the precip-
itator

Number of length increments in the different linear
electrical sections

Lengths of the increments taken in the different
linear electrical sections (ft)

Index which runs over the different linear electri-
cal sections

Applied voltages for the different linear electrical
sections (V)

Total current for the different linear electrical
sections (A)

Collection plate areas for the different linear
electrical sections (m?)

Average applied voltage over the entire precip-
itator (V)

Total electrical length of the precipitator (ft
and m)
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ACD

RHOCGS

NPRNT

NRUN

SCOREF

ZMMDI

SIGMI

CZMDL

CSIGMO

SNUCK

Z2IGGY

RMMD

RSIGMA

Average current density over the entire precipitator
(nA/cm?)

Resistivity of the collected particulate layer
(ohm-m)

Resistivity of the collected particulate layer (ohm-
cm)

Indicator which specifies the unit number of the out-
put device for printing data from the program

Indicator that specifies which set of nonideal
conditions is under consideration

Overall mass collection efficiency under no-rap +
rap conditions (%)

Specified or fitted mass median diameter of the
inlet particle size distribution based on a log-
normal distribution (um)

Specified or fitted geometric standard deviation of
the inlet particle size distribution based on a log-
normal distribution

Fitted log-normal mass median diameter of the out-
let particle size distribution under no-rap + rap
conditions (um)

Fitted log-normal geometric standard deviation of
the outlet particle size distribution under no-rap
+ rap conditions

Particular value of ASNUCK(JJ)

Particular value of AZIGGY (JJ)

Particular value of ARD50(II) [um]

Particular value of ARSIGM(II)
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APPENDIX C

COMPLETE LISTING OF
THE COMPUTER PROGRAM
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154
155
156
157
i58
159
60

D2ODONODOOD

(@)

o

oy oy

Yoot e o g e e o e o e o oy o o o ok O e e ol e ook o o o o

‘E.P,A, ESP MODEL

* *
x ]
L] *
* I.E.R.L.QR‘.T.P. AND SOQR.I' "
* %*
* REVISION T,JAN, 1§, 1978 *
* *
* *

L EEAE SRR RS SRR E SRR RE S LY

REAL. NWIRE,LTHICK,JPART,JION,LINC,NWS,LINES

INTEGFR VISKIP,VISAME

DIMEMSTINN CHKSUM(20)
COMMNON/RLKLI/ZDTAMC20),0N0C20),DXS(20),XMV(20),PCNT(20),RAD(20),
1CCF(20),PROUC2Y)

COMMDN/BLK2Z/LSECT(10),LINCS(10)Y,PSC10)

COMMON/BI K3/VG,ATOTAL,DD,ETAD,DL ,PL,RHD

COMMON/BLK4/NS
COMMON/R|LKS/ZMMDT ,SIGMI ,NONTD,NRAPD, TDK ,NUMSEC ,NEFF ,NTEMP ,GFIT
COMMON/RLKA/VOL (20),XNOC20),0€20),WS(20),ITL(40),nUW(Ud%),AS(C10),
1VOS(10),TCSC10),wWLS(10),ACS¢10Y,RB8¢10),8YS(10),V68(€10),VGASS(10),
2TFMPS(10),VISS(10)Y,08ATc20),U,F,FPSO,PT,ERAVG,RC, TEMP,EPS,VAVC,
30LLhAc20Y,0LDXNOCR20) ,RFS(10),STARTL(10),8TART2(10),STARTZ(10),
UVSTARCI0)

COMMON/RLKT/ZXDC(US,20)

COMMON/RLKA/ZEAVGEIOY,CHEID(30)

COMMON/BLKO/ECOLL(30)

COMMON/BI K1O0/ECLFANC3D)

COMMON/RLKITZENDPT(21),NENDPT
COMMON/BLK12/ARDSO(10),ARSTGM(10),ASNUCK(15),AZNUMS(15),AZIGGY(15)
CAMMDKN/ZRLKIZZVEONP(16,15)

COMMORN/BLK14/THFP NV
COMMON/RLKIS/NPRINT , MSECT,SLNGTH,A,VOD,TC,B,AC,WL,CL,CD,ET,SY,
1VGAS,P,VIS, W, LINC,XPT,RIOVR,FPLT,AFID,XCD,ZMD,
PWT, L THICK, JPART, JION,TI,RNVRY

COMMON/BLK1A/NCALC,NT,VRATIO,NF

COMMOM/RLKLT/NREAD,,NPRNT

COMMDN/RLKLIR/SCOREF ,CZMPL,CSIGMO,NRUN, SNUCK, ZIGGY ,RMMD ,RSIGMA
COMMON/RLKIO/LK, NV, NN, NUMINE ,NX,NY,NDATA,NFST ,NDIST,NITFR,IFINAL,
1J11,J12,VISKIP,VISAME ,US,FPATH,ERD,NDSET ,NWS(10),D50,3IGMAP
COMMON/BLK20/30CHARG,CHRFID, TIMFT,TIMEF,V,FACTRE ,RSIZE,CNUMBR,J,11,
1TTER,NLNAFC20),0LNDAT(20),SNLDAF(20),S0L.0AT(20)

ExTERMAL KATE

NMRFAD=?

NPRNT=2Z

CONSTAMTS

4000

4500

Pl = 3,1415927
E = 1,6E=19
Br=1,3%8F=23%
EPSO 3 R,BRE=12
rMKSs4,«PI*EPSD
CONTINUF

NDSFTz0

READ(NRFAD,S) NENDPY,NDATA
FORMAT(212)

IF(HENDPT»Q9) 4%00,9990,99949
CONT ITNUE
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061
062
063
064
065
066
067
068
069
070
074
072
073
074
078
076
077
078
079
080
081
082
08%
084
085
086
087
088
089
090
091
092
093
094
095
096
097
098
099
100
104
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
148
119
120

jlaNe Re ]

7

9400

4asd

8530
6

8S31
as32

uvr4ao
9d01

8533

8521

BSee

770

Te2

1143

NSENENDPTe]
READ(NREAD,T) ITL

FORMAT(40A2)

60 TO(9400,9401,9402,940%),NDATA

CONTINUE

READ(NREAD,4864) NEST,NDIST,NVI,NX,NY,NITER,NCALC,NRAPD,NEFF,
{NTEMP ,NONID

FORMAT(1112)

IF(NCALCLER,0) READ(NREAD,S) NN,NUMINC

IFINVI, EQ,2) READ(NREAD,8530) IFINAL,JI1,JI2,VISKIP,VISAME
FORMAT(S12)

READ(NREAD,6) DL ,PL,ETAQ,DD,EPS,VRATIO,US,FPATH,ERD,RHQ
FORMAT(9F8,0,ER,2)

CONVERSTON

Pl. 2 PL » 0,308

BL 2 DL w 2,29E=03
RHO 3 RH0/100,0

by = DL /7 DD

IF(NRARD ,GT,1) RFAD(NREAN,B88%4) (ARDSOCY),ARSIGM(T),152,NRAPD
FORMAT({0(2F4,0))

READ(NRFAD,B532) (ASNUCK(I),AZIGGY(I),AZNUMSET),T=1,NONID)Y
FORMAT(6C(3F4,0))

READ(NREAD,4) (ENDPT(I),I=1,NENDPT)

FORMAT(10FB8,0)

DO 4740 1=1,NS
DIAMEIY=(CENDPTCTI)SENDPT(I+1)) /2, %1 ,Em06
RAD(IY=DRTAM(IY /2,

CONTINUE

CONTINUE

IE(NDISTER,2) READ(NREAD,B533) NS0,SIGMAP
FORMAY(2FB,0)

IF(NDIST,EQ,1) READ(NREAD,4) (PRCU(I),I=1,NENDPT)
IF(NDIBTY EQ,2) GO TN RS21

DO 3 I=i,NS

PENT(T)I=(PRCU(CI+1)=PRCUCTI) )1 Fu02

CONTINUE

CALL LNFIT(PRCU,D%0,8IGMARP,GFIT)

IMMDIeDN®0

SIGMY=8IGMAP

GO TO ase?

CONTINUE

CALL LNPISTEDS0,SIGMAR,PRCU,PCNT)

IMMDI=ENS0

BIGMI=STGMAP

CONTINUE

IF(NDATA,GT,1) GO YO 8534 ,

READ(NREAD,770) NUMSEC, (LSFCcTfTY,I=sl,NUMSEC)
FORMAT(Y2,1012)

DO 1143 NSECT=1,NUMSEC

READ(NREAD,762) ASINSECT),VOS(NSECT),TCS(NSECT), WL S(NSECT),
1ACS(NSECT),BSINSECT) ,NWS(NSECT),SYSC(NSECT)Y,VGSINSFCT)

2,VGASS(NSECT), TEMPS(NSECT),PS(NSECT),VIBS(NSECT), L INCS(NSECT)

FORMAT(T7CEL1,4))

JFENVILEQ,1) GO TO 1143

READINREAD,762) RFS(NSELTY,STARTL(NSECT),START2(NSECT),START3
{(NSECT),VETAR(NSECT)

COMTINIE
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9440
9403

8534

17

deue

7h1

760

GO TO AS34

CONTINUE

READ (NREAD,9410) (VGS(I),VGASS(IY,T=1,NUMSEL)
FORMAT (3(2E11.4))

6N TO as34:

CONTINUE

READ(NREAD,9410) (VOS(I),TCSCTY,I=1,NUMSEL)
CONTINUE

LK=z0

WRITE (NPRNT,(T)

FORMATC?1?)

NI = 2a2NY » 2

NF=0

DO 4649 KAZ|,NUMSEC

NF=NF4+l SECT(KA)

COMNTINUE

DQ’I:l,NS

VOL(TY = PCNT(CI) % DV
FONTINUE

NPRTNT=0

IF(NVT EN,1) ITER=0
CONTTMUE

IFE(NVI FN,1) ITER=TTER+!
DN 9 T = 1, NS

DxS(l)=0,

YNACTY = VOLCEIY/ ( 4,/3, % PI + RAD(I)I*%*3 )
ONarTY 3 XMOLT)

CONTTNUF

CALL PRTINP

START INCHKEMENTA| AMALYSTS OF PRFCIRPITATNR

K=y

247=0,
PATIN=(FPSwl )/ (EPS4+2,)
GzEPS4+2,

INDEX=N

NSECTs

NCONP =N

PO 3600 I=t,MF
IF(NVI,ER,2) ITER=0
INPEXZTHNEX+1

IF(I,EN,1) 6D TO 761
TFCINNEX=LSECT(NSECT)Y) 760,7460.761
COMNTINIIE

NENOPZ

NPRINT=Y

IFET.FN,1) GO TO 760
NSECT=MNSECT#+]

INDEX =]

COMTINLE

TF(NCODP,NEL1) GN TD 7Au
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181
182
183
184
18%
186
187
188
189
190
191
192
1913
194
19%
19A
197
198
199
200
201
202
203
20

20%
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
2°3
224
22%
226
227
228
229
230
231
232
233
234
23%
236
237
238
239
240

YOy Y

[ B B |

AZAS(NSFCTI®9 ,3F=0p
VOsVOS(NSECT)
TC=TCS(NSECT)

WL=WL SENSECTI®0,308
ACSACS(NSECT)I*2 ,SUE=nN2
SXSRS(NSECTI*2,SUEm02
SY=SYSI(NSECTI*2 ,S4EwO?2
MWIRF=NWS(NSECT)
VEaVRS(MSECT) %4, 7T3E=04
VGAS=VGASS(NSECLT)» 305
TEMPETEFMPS (NSFCTYI+459,
P=PS(NSECT)
VIS=VISSINSECT)
LIMC=LINCS(HSECTY®N, 305
RFE=RFS(NRFCT)
START=STARTI(NSERT)
NSTART=START2(NSECT)
CSTART=STARTI(NSFCT)
VETART=VSTAR(MSECT)
SINGTHzFLUOAT(LSECT(NSECT)Y ) x| INC
B=§8YX

CALCULATF 10N MEAN FREF PATH

TRKksTEMP /1,8

IMV=H 205F=05%%TDK /P

IMFPa(R 2085F«nNSxTOK)/(1,4104xPIx] ,6E=19%6,02E4+23%%P)
TMFR=ZMFPxFPATH

VAVGESHRT (B, #B T14E+07xTDKY /(3 ,14%32,))
VAVC=VAVG/1N0,

VESEax 2/ (HOCATDK)

FACTRC=(PI#VAVEY /2,

COMPLITE INN MOBILITY CORRFCTEN FOR TEMPERATURE AND PRESSLRE
Us(TDK/273,16)xliSx(1,0/P)

COEFFCaPTxUwE

TINC=LINC/VGAS

IF(NVI EQ,1) GO TO 4675

PYIMC = TINC/FLOAT(NI)
LATS COMTINUE

COMPUTF WEIGHT OF DUST
ko= N owx VG

DO 6993 J=1,NS
CCF(JY=1 4 (ZMFP/RANCIIIN(] , 257+ A*EXP (=1, 1 *RAD(J)/2HFP))
£993 CONTINUE
TF(NVI EQ.2) GN TO 4K76
ERAVG=VN/SX
DO 6989 L=1,NS§
ASATCL)IZ (4 *PINEPSOA(RADCL)+TMFP) % %2 ) %ERAVOR(],+2,%( (EPR=1,)/
1(EPS+2 )% (RANCLY/CRADCLY+TMFPY)*%x3)&VRATID
K989 CNMTIMIIE
R (E*ERAVG)/(RC*TNK&(EPS+2,1)
RRE(FxFRAVG) Z(RC#TNK)
RGZR%G
46TH CONTINUIE
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241 NCOOP=O

242 IF(NVI,EQ,2) GO-TO 4677

3 IF(NEST,EQ,2) GO TO 4478

4 ViWsm] #VD

45 CALL CMANCVW NX,NY,8X,8Y,PT,AC,NWIRE)

26 GO TO 4678

7 4677 CONTINUE

248 UEQ=U

29 NEC=0

50 IF((VISAME-EQul).A”D.(NSECT.GTllj) G0 TO S564
252 WRTTE(NPRNT,7140) NSECT

53 7140 FORMAT(//23X*CLEAN GAS VOLTAGE«CURRENT DENSTTYeFTIELD AT THE PLATE
st 1DSTART,CSTART, IFINAL ,VSTART, VM, ACDNTY,NWIRE,NEC,ERD,J11,012)
57 DN 7610 NZ=1,M1

58 ECLEAN(MZISECOLL (NZ)

59 7919 COMTTHNUF

160 COCL N=ACDNTY

61 5564 CONTINUE

12 VAS(NSFCT)==VW

%3 46T8 CONTINUFE

o4 TF(NVT,FR,2) TC=CDCLN#A

65 C

o6 € COMPUTE CURRENT DENSITY

167 Ch = Te / A

4R c

b9 c

10 c  COMPUTE FLFCTRIC FIELD IN DEPDSIT

T ET = €D % RHO

72 c

n t
14 € COMPUTF CURRENT PER M, OF CORONA WIRE

15 C

16 €L = TC /7 WL

17 C

18 764 CONTTNUE

19 IF(NVI,EN,1) GN TN 4679

0 ITER=TTER+]

A UstiMz0,

2 WSSHMZO,

1 RHNSUM=0,

B GO T0 UpAD

b5 4679 CONTTNUE

% CALL SPCHG1(S%,ROVRT,ORNVRT , XS,ETAPF,DW,NSAT,XNO,w,LSECT,TC,VG,
i LETAD,FID,AFID, AVGFID,XCN, U, UER, 1, NSECT,LINC,PL,CD,E,ERAVG,NS,XP])
8 CHRFIDZAFID

b9 4680 CONTINUE

%0 C

C okt kekhhd o h A dk Wk Aok hhkdeohde ke dr b ko ook ok e ok i e e sl ok o ok ok o e e ok e ol e ok e ok Wk o o

,? C START PARTICLE SIZE LDOP
L4 ¢
“h% Coahdehdkk ko hh kR kA Rk AR ARk Rk Rk Ak bk k kAR Ak A kA kA kA kkh kA k&
9 PRNT=0,0
298 WT = 0,
299 JPART=z0,
100 c
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301 C COMPUTE CHARGE ON EACH PARTICLF AFigx UNE INGKEMENT OF TRAVEL
302 c

30% IF(NVI EQ.1) GO TO 4681
104 I1 = ¢

308 SERAVG = 0,0

3106 6337 CONTINUE

307 IT =11 + 1

308 CHRFIDzCHFID(II)

109 ERAVGZEAVG(IL)

310 SERAVG = SERAVG 4+ ERAVG/NT
314 Do 9130 L=1,NS§

312 NSATCLI=C(U *xPIAEPSOX(RAD(L)+TMFPIXn2)I*ERAVGR () , 42 , % ((FPSey,)/
313 1(EPS+2 YIW(RADCLY/(RADCLI+TMFP))*%x3J)4VRATID
314 9130 CONTINUE

315 R (E+*FRAVGY/(BOXTDKR(EPS+2,))
316 RRa2(FAERAVG)/(BCxTDK)

317 RGzR*G

318 46R1 CONTINIE

119 N 2900 J = 1, NS

320 TFINVI FR,1) GO TO 46R2
321 OLRREIY=0(])

322 IF(IT NEL,1) G TN 426

LY-&) UARZ CNMNTIMUF

124 TF(T,NE, 1) GO TO 426

32% TF(J,6Y7,1) GO TN 428

3126 TIMEI=0,

327 XTPC=0.

328 TFENVI EQ.2) GO TO 4dABRY
129 TIMFF=TTINC

330 TF(NCALL EN,0) H=TINC/NN
3314 GO TO 44kRY

33p BU6RY CONTINUE

333 TIMEF2DTINC

334 IF(NCALC,EQ40) HaNTINL/NN
335 U684 COMTINUE

336 GO TO 428

337 426 CNNTINUF

338 IFINVT EQa,1) GO TO 46BN
139 IFCI,GT,1) GO TO 429

340 TIMET=TIMEF

3u1 IFCCITER,GT 1) AND  (IT,EQ,1)) TIMEISTIMET=TINC
342 TIMEF=TIMEF+DTING

343y IF(NCALC,EQ,0) H=DRTINC/NN
344 429 CONTINUE

348 IF(IT NF1) GO TO AR242

346 XIPC=XNC(I=1,J)/1 ,6Ew]9
347 Go TN 8243

IUR AR42 CONTINLIE

349 XTPC=XNC(Ll,J)/) ,6F=19

350 8243 CNMTINIIE

154 GO TN 4dkB6

152 4e88 CANTINUE

3153 IF(J,GT,1) GO TU 4687

LT TIMEY=zFLOAT(Imd)®TINC

359 TIMEFzF | OAT(I)«TINC

356 IF(NCALCEQ,0) H=sTINC/NN
3157 4687 XIPCEXDC(I=1,J)/1,6E=19
358 4aRE COMTINUE

159 Up8 CAOMTINUE

360 PRIIZFzRAD(I)
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161
162
163
164
165
166
167
168
169
170
171
172
173
174
375
176
377
178
179
180
181
182
183
184
188%
186
187
188
189
190
19
192
193
394
195
196
197
198
199
400
it
402
403
404
405
406
407
408
409
i10
ify
g2
413
14
48
414
i
{18
419
420

OSSO0

o

oy

g e e ]

ELLY|

S6R0
5853

5852

5681

5884

K850

R180

R1R}

5855

SCHARG=QASAT(J)/1,6E=19

DCONST=RATIOXRSTZEw#]

CONST=2 ,*DCONSTRERAVG

8=3,%RSTZE

VeV(C/(RSTZEXCMKS)

ECONST=SHR

FCONST=RG*DCONST

FACTRE=FACTRCHRSTZE w2

COFFFe(COEFFC*SCHARG) /CMKS

IF(T,LE,2) GO TO SA50

IF(NVI,ER,1) 6O TO S8%1

TFCCTTLEQe1) AND.(ITERLEQ,1)) GO TN 58514

GO TO $8%2

CONTINUE

IF(T.EQR,%) GO TO SAS3

IFC¢NSECT . EQ,1) GO TO 5680

TF(CTINDEX EQ 1Y ,AND, (VOS(NSECTY ,GT  VOS(NSFCT=1))) G0 TD 5850
COMT INUFE

IFCCHKSUMOJY LE,N,0D5) GO Tn SAS54

CONTINUE

CHKSUM(II=(XDC(Tw] , J)eXNC(T1=2,J))3/XDC(1wy,.])

COMTTHIIFE

IF(NSFCTEQ.1) GO TN %681

IF(CINDEX ENG1),AND, (VOS(NSFCTY,GT ,VOS(NSECT=1))) GO TO 5850
CONTINUFE

IF(CHKSUMCI) ,GT,0,00%) GO TO SARSK0

CONTINLIE

QeI sxnrc(le=1,N

GO TO SAKS

CONTINLIF

TFC(NCALCLEQ,1),0R, (NEST,EG,2)) GO TO R180

CALL CHARGN(E,SCHARG,NUMINC,CONST,ERAVG,V,RSIZE,ECONST,MKS,RR,
1F CONST,FACTREDCOEFF'CHRFIDDRATEleTIMEIOXIPCQNNOCTIME!CNUMBRJ
GN TO ARi81

CONTINUE

CALL CHGSUM

CONTINUE

GJ)=CNIJMRRx1 ,4E=19

IFC(TIMET ER,0.) AND, (CNUMBR GT, SCHARGY) A(J)=SCHARG#) ,6Ew19
CONTINUE

IF(NVI FQ,1) GO TO 2900

COMPUTE MIGRATION VELOCITY FOR BACH SIZE RANGE

EMVE(Q(JI®ECOLLITIN)/Z(6,%xPI%xRADCIIXVIS)

IFCITFR, F,1) EMV2(O(JIXECLEANCIT))Z (6, +xPT*RAD(JIRVIS)
EMVsSCOF (J)wEMY

XMV ¢ JYysEMY

COMPUTE FFFICIENCY FOR EACH SI2ZE RANGE

Xz(wA®EMV) Z(VGE*FLOAT(LSECTINSECTI)*FLOATINI))
EFF = 1, = EXP( X )
COMPUTE NUMBER OF PARTICLFS REMOVED IN EACH STZE RANGE

IF(ITER EG,1) GN TO 3761
TF(TI NEJ1) GO TO 3763
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4e1
422
423
424
428
u2é
427
428
u29
430
431
432
433
434
43y
436
437
43R
430
440
4d1
442
443
aay
4us
44e
Gguy
4ua
a9
450
451
482
4513
454
4589
456
uas7
4s8
459
466
461
462
463
464
4685
dab
us?
468
469
470
a7y
472
473
474
478
476
477
478
479
4890

o

c

€

3761

3763

C

1765

2900

h6T76

376

Ti41

3187

31ARA

3795

1050

913%1

XNO(JYsOLDXNO(J)

GO TO 3763

CONTINUE

IF(IT, NE,1) GO TO 3763
OLDXNOCI)SXND ()

CONTINUE

DXNOEXNN(JY*EFF

IFCITER NENITER) GO TO 3765
DXS(J)=DXS(J)+DXNO
WSSUMaDXNO*® (1 ,33333%PTxRAD(,J)*#%x3)wND
WS (J)I=WS(J)+WSSLIM
WTSHT+WSSUM

ALCULATE THE CURRENT DENSTITY AT THE PLATE DUE TO THE- PARTICULAT|
JPARTZJPART4(FLOATC(LSFCT(NSECT))IAVG#DXNO#QR(JI*FLOAT(NTI)) /A
CONTINUE
XNO €Y= XND (J) =DXNO

CONTINUFE

IF(MVIFR,1Y GN TN 9131

Call. SPCHGR2INS,XMO,VIS,RAD,LINC,E,U,ERAVG,DNSION,
{DELTNP, SUMMOB, PNUM,RHOP, TCHRG,PMOB, TDNSP,RDONST , AFID,UED, AVGFID!
PRIOVR,T,X8,ETAQ,PL ,ETAPF,CCF,XPI,0LDR,0,TI,NSECT)
UsUMslISUM+UEW

RHOSIIMERHOSUM+RINVR

CONTINUE

IFCIT LYLNT) GO TD 6337

UEQ=ISUM/ZFLOAT(NT)

RTOVR=RHOSUM/FLOATINT)Y

IF(T FO,1) GO TO 376

TF(RINVR,GT,0,99) GO 1D 375

CONTIMUE

IF((VISKIP, EQ,1),0R, (NEST,FR,2))Y GO TO 3187

WRITE (MPRNT, 7141y 1 ;
FORMAT(//23X, *DIRTY GAS VOLTAGF=CURRENT DENSITY®FTELD AT THE ¥
f RELATINNSHIP FOR INCREMENT NO, *,127/)

NEC =1

START=STARTI(NSECTI*(UER/LY

CALL EFLND2CUER  AC,VO,SX,8Y,NX,NY,AERPLT,TDK,P,RF,START,
{PSTART,CSTART, TFTNAL,VSTART, VW, ACONTY,NWTRE,NEC,ERD, JTY,J12)
GO Tn 3988

COAOMTTNLUF

ACDNTY=CDCLNX(UEN/ZLY

CONTTINUF

EPLT=el ,*AEPLT

XCDO=ACDNTY*100000,

CONTINUE

IFCITER,NENITEFRY 6O TO 10%p

TF{TMDEX EG,1) SUMCD=0,

IFCINDEX EQ,1) StiMVn=o,

SUMCD=SUMCD+ACNNTY

SUMVNESUMVNe VY

TFCINDEX EQ,LSECT(NSECT)) TCS(NSECT)IS(SUMCD*A)/FLOAT(LSECT(NSE
IFCINDEX,EQN LSECT(NSENTY) VOSENSECTISSUMVO/ZFLOAT(LSECT(NSECT)
COMTTNUE !
IFCITER, LT, NITERY GO 7O 764

JPART=JPART/FLOAT(NI) '

GO TN 4e6AR8 i
COMTINUF -
IFCUFR,LT,1,0F=d)UFR=y,0Fwd
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481
482
483%
484
485
486
187
48 A
489
490
491
492
493
494
495
496
197
198
499
500
501
502
503
504
505
506
507
508
509
590
511
512
513
514
51
516
57
518
519
520
52
522
523
524
525
526
527
528
529
530
83
532
Y]
53
535
336
3}
53
39
4

[ee B B ]

e e e

Y

e R

o
C

£

IFCINDEX,EQ,1) GO TO 377
IF(UEQNE.1,0E=d4) GO TO 9133
IF(UEQ,EQ.14,0E=4)EPLTRSKIF
GO TO 9132

9133 CONTINUE

SIGMASORDVRI=ROVR]
STGMA=ARS(STGMA)
IF(SIGMA,LT,,01) GO TO 9132

377 CONTINGE

IF(NEST ,E0,2) GO TO 8182

CALL EFLD1CUER,CD,AC,VO,SX,8Y,NX,NY, TDK, P, AERLT.VERG
EPLT:-l.*AEPLT' P TTen e ' 'PrAEPLT,VFRGE,CVERGE)

GD TO A1A3

8182 CONTINUE

EPLTGFRAVG/1,7%

R1AY CONTINUE

911%2

c

C

SKIP=gPLT
ORNVPTI=ROVRI
Do 2965 J=1,MS

OMPUTE MIGRATION VELOCITY FOR FACH SIZE RANGF
EMVZ(Q(JYXEPLT)I/Z (6, *PTI*RAD(JIYAVIS)

EMVCCF (J) *EMY
XMV (J)ysEMV

NMPUTE FFFICIENCY FOR FACH STZF RANGE
Xz (mA*FMV)/Z(VGRF OAT(LSECT(NSErT)))

EFF = 1, = FXP( X )

COMPLITE NUMBER OF PARTICLFS REMOVED IN EACH SIZF RANGE

DXNO=XNO(JIYEFF

DXS(JYI=DXS(J) +NDXUNO
WS(IYSDXNDO® (1 ,3333Z4PTI&RAD( 1Y ax3)%DN
XNOCJ)2XND (I =DXNQ

WTSWT+WS(J)

CALCULATE THF CURRFNMT DENSTTY AT THE PLATE NUE TO THE PARTICULATE

JPART=JPART#(FLUATCLSFCTINSECTI)#VGHDXNO*Q(J)) /A

2965 COMTINUF
UARR CONTINUF

oo

DYy Yo

TRrY XD

ZWT22WTeWT

CALCULATE THE CURRENT DFNSTTY AT THE PLATE DUE TO InMS

Ca

CAL

JIOMsCDw JPART

LCULATE THICKNESS NF DUST [AYER IN (MM/MIN)/INCREMENT

LTHICK=(WT*VGxFLOAT(LSECT(NSECT))*6,0E+04)/(1,0E+03%A)

CULATE MMD AND WFIGHT COLLECTED FOR EACH INCREMENY

1TM=0,
PO 2901 J=1,NS



541
Sd2
543
S44
S48
S4s
S47
548
S49
550
551
552
553
554
558
556
567
558
559
560
561
567
561
S64
56S
S6hk
567
568
569
570
S71
572
573
574
57%
576
577
578
879
580
581
582
583
584
58%
586
587
588
PRNG

2901
2902

2910
2911
2912

3000

300

R6R6&

L0
1620
1622

1621

4988

9909

> UK

ZTM=Z2THMeWS ()

CZASZTM/WT
IF(CZAw(,5)2901,2901,2902
CONTYINUE

C2B=2(ZTMmWS(J)Y/WTY

TL 1sCZA=CZR

T.220,50=C28

Ki=]mwd

1F(KJ)2910,2910,2911
IMD=DTAMET)

G 10 2917
ZMDDTAMKIIH(TL2/TLII R (DTAM(IY=DIAMIKT))
COMTINLUE

TF(NVI,EN,2) ERAVG = SERAVG
CALL PRTINC

CONYINUE

ETC=¢ZWT/DLY*IO00,

IF(NVI EN,2)Y GO TO {620
NIFF=FTC=ETAQ
DIFF=ARS(DIFF)
IF(DIFF=0,05)60,300,300
CONTIMIUE

WRTITFE (MPRNT,Ba56) ETAQ,ETC

FORMAT(/* EST, EFFICIENCY =9,FA,2,5X, "UNCORRECTED COMPUTED EFFHS

INCY =2°,F6,2)

IFFITER EQNITFRY GN TO 60
ETAO=FTC

GO0 T0O 308

CONTTINIUF

G TO 14621

COMTINUE

WRITE(NPRNT,1422) ETAQ,ETC

§

§

FORMAT(/? DESIGN EFFTICIENCY =7,F6,2,5X%, UUINCORRECTED COMPUTED EFF

1IENCY =7,F6,2)

CONTINIE

ATNTAL=0,

VGan,

DO 498 T=1,NUMSFC
ATOTAL 2ATOTAL+ASCII*9 ,3F w02
VGsVE+ (VGRS (T x4, 73E=04)
CONTINUE

VEeVG/FLNDAT (NUMSEC)
CALL PRTCHG

CALL ADJUSTY

GNn TO 4000

STOP 11111

END
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F.

04

103
)04
105
)06
307
)08
109
)10
Wi
)2

)16
n?

122
123
led
128
126
127
28
29
130
13
132
133
34

111
5850
5881

S88¢2

5853

S8S4

2000

2001

1000

1001

6000

SUBROQUTINE PRTINP

REAL LINCS,NWS

INTFGER VISKIP,VISAME

DIMENSTION IBLNK(21)
COMMON/BLK1/DIAMC20),0N0(20),DXS(20),XMV(20),PCNT(20),RAD(20),
1CCFt2n),PRCUC2Y)

COMMON/BLK2/LSECT(10),LINCS(10),PS(10)

COMMNN/RLK3/VG,ATOTAL ,DD,ETAO,DL,PL,RHN
COMMON/RLKS/ZMMDY,SIGMI,NONTD,MRAPD, TDK ,NUMSEC ,NEFF ,NTFMP ,GFIT
COMMON/RLKOE/VOL (20),XND(20),0(20),WSC20),ITL(40),DW(45),AS5C10),
1VOS(10Y,TCSC10)Y,WLSCL0),ACSC10Y,RS¢10),8Y5€10),Vv08(10),VGASS5(10),
2TEMPS(10),VISS(10),08AT(20),L',E,FPSO,PT,ERAVG,BC,TEMP,EPS,VAVC,
IOLDAC20),0LOXNNC20),RFS(10),8TARTI(10),START2(10),8STARTI(10),
aVSTAR(1NM)

COMMON/RLKIL1ZENDPT (21),NENDPT
COMMON/RLKI2/Z/ARDROCI0Y,ARSTIGM(10),ASNUCK(18),AZNUMS(15),AZIGGY (1S
COMMON/ZRLKI4/THMFR ,NV]

COMMON/ZBLKIB/NCALC,NI,VRATTQO,NF

COMMON/RLK L 7/NREAD, NPRNT

COMMON/RLKLI9/ZLK, DYV, NN, MUMINE ,NX,NY ,NDATA,NEST , NDTIST ,NITER, IFINAL,
1J11,312,VISKIP,VISAME ,US,FPATH,FBD,NDSET,NWS(10),D50,STGMAP
DATA TRBLNK/21x* ¢/

TFeLky 111,111,160

COMTINUE

WRITE(NPRNT,SH50)

FORMAT (UOX , Phkk ke khk Nk k kb kkkkkhhhdhhahkhbhkiak’)

MRTTE (NPRNT,S5881)

FORMAT (40X, %% ,35X,%*)

WRTYTE (NPRNT,SR82)

FNORMAT(U4OX,*%x*,9%,"E P, A, ESP MODEL*,10X,"**)
WRITE(MPRNT,SB851)

WRITF(NPRNT,5853)

FOPMAT(UOX,?%?,4X,° T ,F R, L,=sR,T,P, AND SO,R,I,”%, 44X, 2")

WRITE (NPRNT,5851)

WRTTE (MPRNT,5854)

FORMATCLOX, *%*,7X, REVISTION T,JAN, 1, 19787,5%,7+°*)

WRITF (NPRNT,5851)

WRTTE (NPRNT,5R50)

NDSFT=NDSET+1

NLRzD./72,29E=03

PLB=PL/0,305

RHOCGSS100,%xRHD

NCAKRD=O

WRTTE(NPRNT,2000) NDSFT

FNRMAT(//* PRINTOUT NF INPUT DATA FOR DATA SET NUMRFR *,12//)
NCARD=MCARD4+

WRITF(HMPRNT,2001) NCARD

FORMAT(//* DATA ON CAPD NUMRER *,13//)

WRTTE (NPRNT,1000) NFNDPT,NDATA

FORMATC(? NENDPT = *,72,2X,* NDATA = *,12)

NCARNENCARDH]

WRITE (NPRNT,2001) NCARD

WRITE (NPRNT,1001) TTL

FORMAT(2X,U042)

GO TNEe000,6001,6002,6002) ,NDATA

CONTTNIUE

NCARD=NCAKD+1

WRITF(NPRNT,2001) MNCARD

WRTTE(NPRNT,1002) NEST,NDIST,NVI,NX,NY,NITER,NCALC,NRAPD,NEFF,
{NTEMP ,NONID

273



061
nee
063
WY
0685
066
067
n68
069
070
07y
072
07%
074
07%
076
077
078
079
080
081
082
083
084
nges
LY
QR7
08AR
0B9
090
N9t
nee
0913
nod
n9s
096
097
098
099
100
101
102
103
104
108
106
107
108
109
110
111
112
113
114
{15
116
117
118
119
120

1002 FORMAT(® NEST = *,12,2X,*NDIST = #,12,2X,"NVI = #,12,2X,*NX = ¢
1p12,2X,*NY = *,12,2X,*NITER 5 *,12,2X,"NCALC = *,12,2X,*NRAPD =
212.2X,‘NEF'F s '.Ia.ax."NTEMP B *,12,2X,"NONID = *,1I2)

IF(NCALC,NE,0) GO TO 1003
NCARD=sNCARD+]
WRITE(NPRNT,2001) NCARD
WRITE(NPRNT,1004) NN,NUMINC
1004 FORMAT (2 NN = *,T72,2X,*NUMINC = *,12)
1003 CONTINUE
IF(MVI,EN,1) GO TN {008
MCARDSNCARDS 1
WRITE (NPRNT,2001) NCARD |
WRITE (NPRNT, 1006 TFINAL,JT1,J12,VISKIP,VISAME |

1006 FORMAT(? TFINAL = *7,72,2X,?J11 = *,12,2%,7J1I2 = *#,12,2X,*VISKLF
17,12,2%,*VISAME = *,12)

1005 COMTINUE

NCARN=MECARD+1
WRTTF (MPRNT,2001) NCARD |
WHITE(NPRNT,1007Y DLR,PLR,FTAQ,DD,EPS

1007 FORMATE? DL = °,FB,5,* GRN/ACF?,2X, PL = *,FB,4," FT°,2X, ETAD |

1°,FR,5,% %%,2%X,°DD = *,FB,2,* KG/Mxx3°%,2%,7EPS = *,1PE10,3/)
WRITE(NPRMT,1008) VRAYIO,US,FPATH,ERD,RHOCGS

1008 FORMAT (s VRATIO = *,FB ,4,2X,°%U8 = *,FB,6,% Myx2/VeSEC’,2X, "FPA

1= ?P,F8,4,2X,"ERD = *,FR, 0, V/MP,2X, PRHOCGS = *,1PEQ,2,7 OHM=(M!
IF(NRAPD,LEN,1) GN TO 1009

MCARDSNCARD#1

WRITF (NPRNT,2001) NCARD

WRITE (NPRNT, 10103 (T,ARDSO(I),T,ARSIGM(IY, =2, NRAPD)

1010 FORMATC" ARDSO(?,12,%) = *,F4.1,° UM?,2X,?ARSIGM(*,12,°) = *,F !
1)

1009 COMTINUFE

NCARDEMNCARD4+]

WRTITE (NPRNT,2001) NCARD

DO 1011 I=1,NONID

TECTLEQ.T) NCARD=NCARDY

TF(T,FQ,7) WRITEC(NPRNT,2001) NCARD

TFCT,EQ,13) NCARD=NCARD41 I
IF(I,EQ,13) WRTITE(NPRNT,2001) NCARD L
WRITEF (NPRNT,6570) T,ASNUCK(TY,T,AZIGGY(T),1,AZNUMSCT)

6570 FORMAT(® ASNUCK(?,12,%) = *#,F4,2,2X, AZIGGY(*,12,7) = *,F4,2,2
1AZNUMS (e, 12,%) = *,F4,1/)

1011 COMTIMUE

NEARDENCARD+1]
WRITE (NPRNT,2001) NCARD i
NOCARPMZP
TF(NENDPT,LE,10) NDCARD=1 I
IF(NEMDPT 6T ,20) NDCARD=Y
GN T0E1012,1013,1014),NPCARD
1012 CONTTHUE B
WRITFE (NPRNT,1015) (TRLNK(I),I,ENDRET(1),1s1,NENDPT) 1
1015 FARMAT(S(IX, AL, FNDPTC?,12,°) = *,FB,3,7 UM?,1X)/)
GN 10 t1016 .
1013 CoNTINUE
WRITF (NPRNT,1015) C(IBLNK(I),T1,ENDPT(I),I=1,10)
NCARN=NCARD+] I
WRITE (NPRNT,2001) NCARD
WRITF (NPRMNT,101%) (IBLNK(I),T,FNDPT(I),I=11,NENDPT)
GO TO {0is
1014 CONTINUE 1
WRITE(NPRNT,1015) (IBLNK(I),I1,ENDPT(I),I=1,10)

I



1016
6001

1018
1017

1020
1023
1021

1022

1024
1019

1025

1026

8570
1027

1029

107%0

NCARDSNCARD+1

WRITE(NPRNT,2001) NCARD

WRITE (NPRNT,1015) (IBLNK(I),I,FNDPT(I),I=11,20)
NCARDaNCARD+

WRITE (NPRNT,2001) NCARD

WRITE (MPRNT,1015) (TBLNK(I),T1,ENDPT(I),I=21,NENDPT)
CONTINUE

CONTINUE

IF(NDIST, EQ,1) GO TO 1017

NCARD=NCARD 4+

WRITE (NPRNT,20013) NCARD

WRITE (NPRNT,1018) N50,SIGMAP

FORMAT(? D50 = *,FB,0," IM?,2X,*SIGMAP = *,F8,4)
CONTINUE

IFC(NDIST,EQ,2) GO TO 1019

NCARDENCARD+1

WRTITE (NPRNT,2001) NCARD

GO T0(1020,1021,1022),NDCARD

CONTINIUIE

WRYTE (NPRNT,1023) (IBLNK(I),T,PRCUCIY,T=1,NENDPT)
FORMAT(R(1X,AL,PRCUL*,12,°%) = *,FR,4,* %*,1X)/)

GO TL {024

COMTTNUF

WRITF (MPRNT,1023) (IBINK(IY,T,PRCUCI),I=1,10)
NCARD=NCARD4+1

WRITE(NPRNT,2001) NCARD

WRITF (NPRNT,1023) (IBLNK(T1),I,PRCUCI),TI=11,HENDPT)
GO TO 1024

CONTINUF

WRITE (NPRNT,1023) (TIBLNK(T),I,PRCU(I),TI=1,10)
NCARD=NCARD4+!

WRTITF(NPRNT,2001) NCARD

WRITF (HPRNT,1023) (IBLNK(IY,T,PRCUCI),I=11,20)
NCARDPD=NCARD+1

WRITF (NPRNT,2001) MCARD

WRTTF (NPRNT,1023) (IBLNK(I)Y,T,PRCU(CTI),I=21,NENDPT)
CONTTINUF

COMTIMUE

IF(NDATAGT 1) GO TO 5009

NCARD=MNCARDS1

HRITE (NPRNT,2001) NCARD

IF(MUMSEC ,GT,5) 60O TO 1026

WRTITE (HPRNT, 1025 NUMSEC, (IBLNK(I),I,LSECTCI),I=1,NUMSEC)
FORMAT(® NUMSFC = *,12,2%,501X,A1,°LSFCT(*,12,*) = *,12))
GO TO 1027

CONTINUE

WRITFE (NPRNT,1025) NUMSEC, (IRLNK(T),T,LSECT(I),I=1,5)
WRITF (MPRNT,B570) (TRLNKCI),T,LSECT(T),I=6,NUMSEC)
FORMAT(/S(IX,A 1, 7LSECT(*,12,°) = *,12))

CONTTINIIE

DO 102R T=1,NUMSEC

NCARDINCARD 1

WRITE (MNPRNT,2001) NCARD

WRITE (NPPNT,1029) TI,ASCI),1,V08(I),1,TCS(1),I,WLS(I)
FORMATC® ASC’,12,%) = *,1PF11,.4,° FT%x27,2X,°V0S8(¢*,12,*) = *,1PF

11.4,% Ve,2X,°TCS(%,12,%) = ¢, 1PEL11,4,% A’ 2X,°WLS(*,12,°) 5 *,{PF
21,4,° FT*/)

WRITF(MPRNT,1030) 1,ACS(I),1,BSCI), T NWS(T)
FORMATC? ACS(*,12,*) = *,1PE11,4," IN®,2X,*BS(*,12,°) = *,1PE1Y,

1,' TN',EX,’NNS('.Ia,') = "lpFiitaJ
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181 NCARDSNCARD+!

{82 WRITE(NPRNT,2001) NCARD

183 WRITE (NPRNT,10%1) 1,8YS(TY,1.VGES(IY,I,VGASS(I),I,TEMPS(T)

184 1034 FORMAT(® SYS(*,72,7) = *,1PE11,4,"* IN®,2X,"VGS(?,12,°) = *,{PE
185 14,° FT**SIMIN'.ZX.‘VGASS('.IE.') B fLIPE1L U," FT/SECT,2X, TEMP
186 E,IE.') s 'nlpgllnal' Fes)

187 WRITE(NPRNT,1032) IAPSCI)pI,VI§S(I)pI;LINCS(I)

188 1032 FARMAT(? PS(’,12,°) = *,1PEYL,4," ATM? 22X, ?VISS(*,12,°) & *,1P
1R9 1.4, KG/M=SEC?,2X,LINCS(?,T2,7) = ?,1PEL]l, 4,7 FT*)

190 TFCNVILER.1) GO TO 1028 [
191 NCARD=NCARD#+1 f
192 WRITE(NPRNT,2001) NCARD !
1973 WRYTE(NPRMT,1033) I,RFS(I),I,STARTI(1),I,START2(])

194 1033 FORMAT(® RFS(®,12,%) = 7, 1PE11,4,2X,"STARTY(*,12,°) = *,(PE1],]
195 | A/MiiZ'.RXp'STA?TZ('aIR.') L4 ':lpﬁlloul' A/Man2? /)

196 WRITF (NPRNT,1034) T,STARTI(1),T,VSTAR(T) 1
187 1034 FORMAT(® STARYI(?,72,7) = ¢, 1PE11.4," A/Maw2f,2X, *VSTARC?, T2,
198 1 fLPEL1.4,% V") l
199 1028 CONTINUE

200 6N TH 5000 t
201 6002 CONTINUE |
202 NEARDENCARD S |
20% WRITE(NPRNT,2001) NCARD

204 No 1039 T=1,NUMSFC

205 IF(I FR.U) NCARDENCARN+Y

206 TF(T.EQ,4) WRITE(NPRNT,2001) NCARD

207 IF(I.EQ,7) NCARD=NCARN#+{

20R IF(I.FA,T) WRITE(NPRNT,2001) NCARD

209 IF(T,EN,10) NCARDSNCARD4]

210 TF(I.EN0,10) WRITE(NPRMT,2001) NCARD

211 IFCNDATA EN,4) LGN TN 1036

212 WRITE¢NPRNT,1037) T,VGS(TY,T,VRASS(]) ,

213 1037 FORMAT(? VGS(°,T2,%) = *,1PF11.4,°% FTxx3/MIN®,2X,VGASS(?,12,"*

214 1 *L1PEV1,4,° FT/SEC*/)

2189 GO0 TO 1035

2léh 1036 COMTINUF

217 WRTTE(NPRNT,1038) T,V0S8(I),T,TeS(])

218 1038 FORMAY(? VOS(?,12,%) = *,IPF11,4," V7 ,2X,*?TCSC*,12,°) = *,1PE!

219 1,° A*/)

220 1038 CONTTNLIE

221 5000 COMTTINUE

222 WRITF ¢NRRNT,1039)

223 1039 FORMAT({H1)

224 160 CONTINUE

225 RETURN

226 END
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SURROUTINE SPCHGY (SW,ROVRI,0ORQOVRI,X8,ETAPF,DW,Q8AT,XNO,W,L SECT,
1TC,V6,ETAD,FID,AFID,AVGFID,XCD,U,UEQ, I,NSECT,LINC,PL,CD,E,ERAVG,
eNS,XPI)

REAL LINC

DIMENSTON DW(4S),ASAT(20),XNQC20),LSECT(10)

IFCI NE,1) GO TD 1286

SWw = 09,0
ROVRI=10,
OROVRYI=20,0
g COMPUTE VALUFE OF EXPONENT IN DEUTSCH EQUATINN FNR THE STATED EFF,
‘ XS=ALOG(100,/7¢100,=ETAD)Y)
CIEBb CONTINUE
E COMPUTE FFFICIENCY PER LENGTH INCREMENT
i ETAPF = {.=EXP(w INC*XS/P|)
E COMPUTE AMOUNT OF MATERTIA| RFMOVED PER INCR,OM A TNTAL WFIGHT BASIS
¢

DAfT) = (Y = SW) » ETAPF
SW = Sw + DW(T)
FIDSCN/(EXUXERAVG)
SuM=z=n 0
NN 1300 L=1,NS

1300 SUM2SUMKASAT(LINXNO(CL)
203200, x(DWCIY /WY (FLOAT(LSECT(NSECT))/TCI%VGASUM
ROVRT=ZC+1,0
AFINSFIN/ROVRI
AVGFID=AFIN*1 ,E=06
Xeh=Chxi100000,

c
€ COMPUTF EFFECTIVE MORILITY
¢
UFN=ll /RAVRT
r
XPIsFTAPF*100,
RETIIRM
EMD

277



001
002
003
004
005
006
no7
008
009
10
nil
012
013
014
01%
BN
017
018
019
neo
nel
ne2
023
024
028
026
ne7
0ea
029
030
031
032
033
N34
N3%
036
037
038R
039
040
041
0a2
043
nd4
nus
04b
na7z
D4R
049
050
081
052

OOy

oy

C
C
c

C

SUBRQUYINE SPCHG2 (NS,XNO,VIS,RAD,LINC,E,U,ERAVG,DNSION,
INELTNP, SHIMMOR, PNUM, RHOP, TCHRG,PMOB, TDNSP,RDNST, AFID,UEQ, AVGFID,
2RIOVR,1,X5,ETAD,P| ,ETAPF,CCF,XP1,0LDA,0,IT,NSECT)

REA] LINC

DIMENSION XNO(20),RAD(20),CCF(20),0LDRC20),R(20)

COMMON/ZRLKT/XDC (45,20)

COMMON/BLKB/EAVG(Z0),CHFIDCT0)

COMMON/BLKYIT/NREAD,NPRNT

IF(T NE,L) GO TO 1286

COMPUTE VALUE OF EXPONENT IN DEUTSCH EQUATION FOR THE DPESIGN EFF,

XS=ALOG(100,/¢100,=ETADY)

1286 COMTINUE

COMPUTF FFFICIENCY PER LEMNGTH INCREMENT

ETAPF = | ,=EXP(wLINCAXS/PL)

DEL TNP=O,

SUMMOR=0,

PNUMSO,

RHOPzO,

no J:i.NS
TCHRGeXNO(I)*XDO(T,.J)
RHOPZRHOP+TCHRG
SUMMORESUMMOB+ (TCHRGXCCF (J))/(6,%3,14159xVIS*RAD(J))
PHLMaPNIIM$XND ()
DIFF=XDCCI,J)

IFCOTT NEQ1)ORG (I NEL 1)) DIFF=REJ)=0LDRACS)
NELTNRPaDEL TNPXND(I)RNIFF
CONTINUE

PMOB2SUMMNAR/PNLIM
TONSP=RHOP/Y hE=19
DNSTIONsCHFID(IT)
DELTHPENFLTNP/Y ,AF=19
FDMNS1=PHNSION=DEL TP
IF(RDNSTYT GT,0,Y GO TO 10
PIR=DELTNF/DNSTON
RDNST=0,

WRITE (MPRNT,11Y PIR,T,1I

11 FOPMAT(1X,* A FACTOR OF *,FB,3,¢ MORE IJONS NEFDED IN INCREMENT

12,7, INTERVAL “,12,* T0O MEET CHARGING RATE®)

10 CONTINUE

AFIDaRDNST

AVGFTN=AFTID=®] E=06

UERz 1'%k AFTDAE+PMNRRRHNOP)I/LAFTIDRE+RHOP)
RIODVRS(AFIDXE)Y/(AFID*E+RHOP)Y
XPTI=FTAPF®x100,

RETURN

END
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001 SUBROUTINE CMAN (VW,NX,NY,SX,SY,PI,AC,NWIRE)

002 c COOPERMAN SERIES DETERMINATIDON FOR VOLTAGE WIRE TO PLATE
003 C FOR SURRQUTINE EFIFLD

004 REAL NUM,M/,NWIRE

00% COMMON/BLKI3/VECOOP(15,15)
006 NX12NXmy

007 NY{=NYwi

008 AX=SX/NXY

009 AY=S8SY/NYI

nio DO 402 I=s1,NX

011 DN 430 J=1,NY

012 X=(Imwi)xAX

013 Ys(J=]1)%xAY

014 TF (X EQ,0,0,AND,Y EQ,0,0) GO TN 440
018 GO TN 4son

016 440 VCONP(T,J)sVW

047 GO TO 430

018 450  COMTTINUE

019 MzmNWIRE

020 NUMz0,_0

021 DENOMzO, 0

nee 490 FI1sPIx(Ye(2,%MrSY))/(2,+8X)
nel F1sPlaX/(2,%*5X)

024 GIsSPT+MaxSY/SX

0es HISPIxAC/(2,%5X)

n2e E2=(FXP(E1)+EXP(=E1)) /2,
27 F2sCOS(F1)

028 G2s(EXP(G1I+EXP(=1)) /2,
neo9 H2=C0NS(H1)

030 TYS(FP=F2)/(E24F2)

0314 TR (G2emH2) /7 (G24+H2)

032 FzALOG(TT)

033 G=ALOGCTR)

034 MUMSKNUM+F

035 LENOM=DEMOMeG

036 IF(M, LT NAIRE)Y GO TO 408
037 GD TO 410

038 4na  MzM+1,0

039 GO TO 490

o4do 410 VCONP(T,J)sVHXNUM/DENOM
0uy 430 CONTINUF

N4e 402 CONTTRUF

043 RETIHRY

ndy EnD
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001

noe
0no3
004
00S
006
007
00B
009
010
011
012
N13
014
018
016
WA
n18
019
neo
nel
022
N2}
024
025%
026
027
02A
029
030
031

n3e
033
034
03%8
036
037
038
039
n4uo0

041

na2
043
0644
045
046
04
0UR
049
050
051

nge
053
054
059
nNSe
057

058
0Se

060

oYY Y

SURROUTINE EFLDY (UEQ,CD,AC,VD,8X,SY,NX,NY,TDK,P,AEPLY,VERGE,

1 CVERGE)
EVALUATION OF FIELDS, SPACE CHARGF DENSITY, POTENTIAL , AND
CURRENT DENSITY FOR A WIREPLATE PRECIPITATOR

REAL MAXJ,MINJ, MOBILT(15,19%)

DIMENSTION RHO(C1S5,15),EX(15,15),.0LDROCIS,15),00LDV(15,158),

TCONSTY(19,18), VOIS, 15),EY(15,1%)

COMMON/RLKI13/VENOP(15,19%)

COMMON/RLKIT/NREAD,NPRNT

DATA RHO/225%0,/,V/225%0,/,EX/2°5%0,/,EY/225%0,/,n.DR0O/225%0,/,

1OLDV/225%0,/,CDNSTY/225%0,/,M0RILT/225%0,/

VD::I.*VD

PI=T, 1416

EPSO=8,R5UE=12

RO = AC

ROC = 100,0%R0

FF = 1.0

RELD = (293,0/TNKY*(P/1,0)

EURD = ROCARF*(30,0«RELD + 9,0«xSQRT(RELD/ROC)I*L,0ENT

COMPLITE TMITTAL ESTIMATE OF SPACF CHARGE DENSITY AT WIRE
VERGE= (=2, 20NDx (1,01 + 0,99)x8Y)/(2,*xFIxUFQ*ENRD)
QAZFRO=VERGE
ho s%0 1s1,NX

PO s50 Js1,NY
MOBTILTC(1,J)=UER

550 CNANTTIMUE

MAXJ=2CDx1,01
MINJ=CD®0,99
NYX1ENX=]

NY{=hMYmy

AX=8X /NX 1
AY=SY/NY 1
AXS=AXwAX
AYSZAYRAY
ASF=({AXS*xAYS)/EPSN
ASS=t /(2,x(AXS+AYS))
z0,

nn 4618 I=1,NX

DN 46185 J=1,NY

06i1S V(T,J)ysvecoorcl, N

1 Z=7+1,
12=7
TF(Z,FN,25) wWRITE(NPRNT,1R6%)

1RAS FORMAT(IX,? CONVERGENCE ON CURRFNT DENSITY CAN NOT BE ORTAINED I

125 TTFRATIONS#)
IF(Z,EN,.25,) GO TO 700
LL=0

300 LL=tL+1

RHD (1, 11=RZFRO

EX(1,1)=0,0

EYei,19=0,0

DR 201 T=g2,NX

FY(T.11=20,
Fx(l,1)=(v(I=1,1)=V(],13)/A%
D122, «MORILT(I, 1)

BP2s]xAY¥X

NlzN1xAY
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064
062
063
964
065
066
167
068
069
070
074
h72
073
074
075
076
077
078
179
080
081
8ae
083
184
h8s
084
087
088
189
190
191
092
0193
094
098
196
197
0198
199
100
101
102
103
(04
108
106
o7
{08
109
(10
I
112
13
{14
118
{16
117
118
119
le0

201l

203

2ne

313

307

Q4eR2xAY
BSEwEPSOREX (I 1)#(A3mAYRMORILT(Iw1,1))
QasN8 NS

Q7RI *RU*EPSOWAYXEX (T, 1)%RHO(TIw],1)
OB==SORT(R6+Q7)

RHOC(T,1)=(A%+Q8) /704

CONTINUE

DO 203 J=s2,NY

EX(!,J):O,
EYClL,1)=2(Vil,J=1 =V (1,J))7AY

Piz2 , xMOBILTC(L,J)

PPsP{xAX

PisPixAY

PusP2xAY
PSzwFPSOXEY (1, )% (P2mAXK*MORTL T (), ml))
PasPExPg
P7=P1xPUXFPSOXAXKEY (), J)%RHACY, I=1)
PAS=SURT(F6+PT)

RHO(1,J)Ys(PS+PR) /PU

CONTINUE

00 202 1s2,NX

EY(I,NY)=O,
ExX(I,NY)=(VI(I=1,NY) )=V (I, NY))/AX

Ri=2 +MNBILTCI,NY)

R2=R1xAX

KIzR1 gAY

RAzRK2xAY

REZwEPSO*EX(T,NY)* (RI«AYXMOBILT(Tm1,NY))
Raz=RE xRS
R72RIARUXEPSO&AYRFX (T, NY)Y*RHO(TI=1,NY)
RAZ=SNORT(RA&+RT)

RHD (T ,NY)S(RS+RBY /R4

COMTIMUF

DN 387 1=22,MX

DD 107 J=2,NY1

EXCT, )=t )&V (T, J)=V(Im], J)1/AX
EY(T,1)2(m1 d%(V(T,])aV(T,Ju1))/AY
Disp ,#MOBTLT(T,d)

PNy xAX

NY=NTxAY

hazn2xAY

NEsmFPSN* (EX(T,J)k(DI3wAY*MOBILT(I®1 ,JIY+FY (I, J)a(N2=AXK*MORILT(], =
IBDEBE|

DesDBxN5

D720 aPAREPSO* (AYREX (T s JIXKRHO(Twl , JISAXKEY (T, J)2RHO(T,Jm1))
DA==SART(D6+DT)

KHOC(T,J)=(DS¢NhARY /DA

COMTINUE

N 30q¢ 1=1,NX1

DO 309 J=1,NY

OLDV(T, )=V (I,J)

OLPROCY, J)=RHOCT, )

IF (T FR 1 AND,J,FA,1) GO TN 301
IFCIFN 1 AND,J,NE,1) GO TO 304

TFCI NE,1,AND,J,EN,1) GO TO 305
TFCIFQ NYY GO TO 600

GO To 306

00 VII,NY)ZASS*(AYS#(V(Tel , NY)4V(T+1,NY))42 *xAXSxV (I ,NYel)4sASPARHO(T,

1NY YD
o TO 301
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121 304

IF(T,EQ,1,AND,J,EQ,NY) 6O TO 350

122 V1, J)=ASSA(2,%AYSHV (2, J)+AXSH(V(1,J+1)+V(1,Je1))¢+ASP*RHO(L,]))
123 GO TO 30t

124 350 V(1 ,NY)=ASSH(2 , *AYSAV(2,NY) 42, #AXSHV (], ,NYm])+ASPRRHO(1,NY))
125 Go TD 3014

126 305 V(I,1)cASSkCAYSHIVII+1,1)4V(TIm1,1))42, %AXSAV(T,2)+ASP*RHO(T,1))
127 GO TO 301

128 306 V(1,J)=sASSw(AYSH(V(I+1,J)+V(Twmt JIYHAXSR(V(I,Jm1)4V (I, Je1))+ASP,
129 10(I,J))

130 Int COMTINUF

134 IF(LL ,EN,2000) WRITE(NPRNT,1Bh6)

132 {Reb FORMAT(IX,* CONVERGENCE ON PNTENTIAL GRID CANM NOT BE NRTAINED 1)
133 1000 TTEFRATIONS?)

134 TFELL ,FN,2000) GO TO 700

135 DO 320 I=1,MX1

136 DO 320 J=i,MY1

137 IFCARS(V(I,J)=DLDV(I,IN LT, 1,) GO TO 320

1348 GO TO 300

139 320 CONTINUE

140 CONSTY (NX 1 ISEX(NX, 1)RMOBTLT(NX, 1) *RHOCNX,1)

141 ACDNTY=CNNSTY(NX, 1)

142 950 D0 9o J=2,NY

143 CONSTY(NX, JISEXINX, JY*MOBILT(NX, JY*RHO(NX,.J)

144 ACDNTY=ACDNTY+HCDNSTY (NX, )

145 200 CONTINUF

146 ACDNTY=ACONTY/NY

147 TECACDNTY GT ,MAX]Y GO TO 910

148 TFC(ACDNTY LT ,MINJY GO TO 920

149 6N TO 980

150 910 BZFROsMINIZACDNTY*NZERD

151 KO TO

152 920 WZERNzMAXJ/ACDNTYXQZERD

153 GO TO 1§

154 980 EPLTEEX(NX,1)

158 Do 1000 J=2,NMY

156 EPL TSP THEX(NX,.T)

157 1000 CONTINUE

158 AEPL TgFPL T /MY

159 700 COHTIMUF

160 CVERPGE=NZERD

161 VNse1  %xVv0

162 PETURHN

163 END

PROG > Uk
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004
002
103
104
008

008

007
408
hoo
010
i
e
013
014
1S
(D)
1Y
048
019
120
024
022
123
024
12S
hes
1e?
028
129
130
034
032
033
134
ILL]
136
137
38

140
LT
b2
j43
44
48
146
Wy
T
T

150
154
152
153
184
158
156

158
159
)

SURROUTINE EFLD2 (UEQ,AC,V0,8X,8Y,NX,NY,AEPLT,TDK,RP,RF,
{18TARY,DSTART,CSTART,IFINAL,VSTARY,VW,ACONTY,NWIRE ,NEC,ERD,JI1,J12)
EVALUATION OF FIELDS, SPACE CHMARGE DENSITY, POTENTIAL , AND
CURRENT DENBITY FOR A WIRE=PLATE PRECIPITATOR
REAL MAXJ,MINJ,MORILTY(15,15),NWIRE,MAXS
DIMENSTION RHO(15,15),EX(15,15),0LDRO(15,1%),0L0V(15,1%),
LCONSTY(15,19),V(15,15),EY(15,1%),EAVGS(30),CHFINS(30),EcOLLS(30)
COMMON/BLLKB/EAVG(30),CHFID(30)
COMMON/BLK9ZECOLL. £30)
COMMON/RLK13/VCOOPCLS,1%)
COMMON/BLKLT/NREAD,NPRNT
DATA RHO/ZZS*O./.V/Z?S*O./:EX/ZBS*O./,EY/ZES*O./,OLDROIEZS*O./.
LOLDV/225%0,/,CONSTY/225«0,/,M0BILT/22500,/
IVCK=0
VOswy %VD
VWze) xVSTART
RO=AR
RELDS(293,/TDK)Y*(P/1,)
ROC=100,*RO
EQORNEROEC*RF* (30 , wRELD+9 , #SART(RELD/ROC) )1 ,E+03
DO S%0 Is),NX
DO S5S50 Jsi,NY
MORILTY(T,JYZUEQ
5850 CONTINUE
PI=3,1416
EFSNSR,BSUE=12
SSTART=START
MINJ20O,
MAXS=0,
NX{=NXwi
NYi®NYwy
AXsSY/NXY
Ay=8y/Ny|
AXS2AX®AX
AVSzAYmAY
ASP=(AXS*AYS)/ERSD
AS821,/7(2,%(AX84AYS))
pa 1001 1121, IFINAL
IF(IT, EQ,JIL) START=DSTARY
IF(II,.6E,J12) START=CSTART
MAXSSMAXS+8TARY
1526 CONTINUE
MaXJsMAXS%1,01
MINJ=MAXS*,99
QZEROS® (2, % (MAXJ+MINIIWSYH] Ew03)/(2,8PI#UEQG#ROCHNRF# (30 ,#RELD+9, »
18QRTERELD/ROCY))
CALL CMANCVW,NX,NY,8X,8Y,P1,AC,NWIRE)
280
DO 4615 Iz1,NX
DN 4615 J=1,NY
461% ve1,2)sve00P(],J)
1 232+
12=2
IF(2,60,2%) WRITE(NPRNT,1R65)
186% FORMAT({X,’ CONVERGENCE ON CURRENT DENSITY CAN NOY BE ORTAINED IN
12% TTERATIAONS?)
IF(2,E6,2%) GO To 700
LiLso
300 LLsLi +1
RHOC1,1)8QZERQ

283



061 V(t,1)2VN

062 EX(1,1)=0,0

063 EY(1,1)=20,0

ned DO 201 I=2,NX

065 EY(I,1)=0,

066 EX(I,1)=(V(ilw),1)eV(I,1))/AX

067 G132, «MOBILT(I,1)

068 N2=01%xAX

069 U3=Q1xAY

070 Da4=02xAY

071 NSmmEPSO*EX (T, 1) R (N3mAYXMOART T(TI=1,1))
072 Ne=05%05

073 Q7201 xQU*EPSO*AY2EX(T, 1 Y%RHN(Iw1,1)
074 GT=ARS(NIT)

nTs NAZ«S5NRT(NA+07)

076 RHEGCT, 112 (0%+0R)Y /004

R 201 CONTINUF

078 DN 203 J=2,NY

079 EX(tt,Iy=0,

08B0 FYe1,J)s(V(l,J=1)=V(1,J))/4Y

nat Pis2 «MNBILT (1,

p8e P2=P1xAX

Nay PIzPixAY

NRY PyusPPaAY

089 PRz=wEPSOXEY (1, J)n(PR2eAXKkMOBY|LT(1,J"1))
086 P&2PRxPS

na7? PYI=P{4xPUxEPSO*AX*EY (1,J)%RHN(1,.0=1)
0RA P7=ABS(PT)

NRY PRz=8ORT(P&+PT)

090 RHO(1,J)=(PS+PR) /P Y

09y 203 CONTINUFE

092 NO 202 T=2,NX

0973 Ev(r,Nny)=0,

N9y EXCT,NYYS(V(Im] NY V(T NY))/ZAX

098 P12 aMDBRILT(I,NY)

096 Re=RixAYX

097 REI=R1xAY

098 RdzRe#AY

099 RSs=FPSO*EX (I ,NY)*(R3=AY*MORTL T(Im1,NY))
too RazRExPG

1019 R72R1 «RUXEPSOwAYXEX (T ,NYIRRHO(T=1,NY)
102 R7=ABS(R7)

103 RA==SNRT(R6+RT)

104 RHO(T ,NY)S(H5+RB) /R4

108 202 CONTTIMUE

106 DN 307 1=z=2,NX

107 NG 307 J=2,NY1

i08 313 EXC(T,T)s(=1, )% (V(I,J)aV(Imwl, J))/AX
109 EY(T,J)s(=1 ) (V(I,J)eV(],Jel))/AY
110 D1=2,xMOBILTCI, )

111 D2=D1xAY

112 N3i=HixAY

113 NUSN2%AY

114 DS==FPSO&(EX(I,JY*(N3mAYAMORILT (Tl ,JIV+EY (I, J)a(N2wAXAMOBILT (T,
115 1130

116 De=NSANS

117 D7D *DUXEPSOX (AYREX (T, JI*RHO(Tw], J)+AXREY (T, J)&%RHO(T,Im1))
118 NT7=ABS(DT)

119 NAz=8SART(DA+NDT)

120 RHO(Y,Jy=(DS+D8) /DU
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121
22
{23
124
(25
{26
{27
{28
129
{30
{3
1352
{33
134
|35
136
137
138
39
140
141
{he
43
(44
148
EL)
147
48
149
150
151
152
153
154
155
156
157
58
159
160
6 1
62
163
o4
168
166
67
(68
169
{70
m
i72
A ]
14
178§
{76
177
(78
{79
180

307 CONTINUE
DO 301 I=1,NX1"
JDQ 301 J=1,NY
OLDV(ET,JYSV(I,J)
OLDRO(I,J)sRHOCI,J)
IFCTEN,1,AND J,EQR,1) GO TO 3014
IF(I.EQ, 1 ,AND J,NE, 1) GO TO 304
IF(T.NE,1,ANDJ,EQ,1) GO TO 305
IFCJLEQG NYY GO TO 600
GO TO 306
600 V(I ,NY)=ASSH(AYSH(V(Tml , NY)4V(T4+1,NY))42, wAXSaV (T, NY=1)4ASPRRHO(T,
1NY))
GO TO 301
I04 IF(I.EQ,1.AND,JLEQ,NY) GO TO 350
V1, J1=ASSH (2, kAYS*V (2, J)+AXSA(V(L,J#1)+V (1, 1)) +ASP*RHO(L,J))
GO 10 30t
350 V(1 ,NY)SASS*,(2,*AYSHV(2,NY)42 *AXS*#V(1,NY®1)+ASPXRHO(1,NY)Y)
Go TN 301
30S V(I 1)=ASSKA(AYSHIVITI+1,1)4V(Tw1,1))42,%xAXS*V(],2)+ASP*RHNC(T, 1))
GN TO 301
Inh V(T ,J)SASSH(AYSH(VIT+L,J 4V (Twt , ) 4AXSH(V T, Jui)aV(T,Js1))+ASP*RH
1001,
301 CONTIMUE
TFOLL ,FR,2000) WRITE(NPRNT,1864)
{Bab FORMAT(1X,? CONVERGENCE Ot POTENTIAL GRID CAN NOT BE ORTAINED IN 2
1000 TTERATIONS?)
IFfLL ,FEQ,2000) GO TO 700
Do 320 I=1,NMX1
DO 326 J=1,NY
IF(ABSEV(I,JI=DLNVET,JI)), LT, 1,y 60O TO 320
GO TN 300
220 CONTINUF
CONSTY(NX, 1)SEX(NX,1)Y&«MOBIL TONY, 1) *RHD(NX,1)
ACDNTY=CDNSTYONX, 1)
950 DO 900 J=2,NY
CANSTY (NX,J)SEX(NX, JIXMORILT(NYX,J)Y*RHO(NX,J)
ACDNTYSACDNTY+CDNSTY (NX,.J)
900 COMYTINUE
ACDNTYSACDNTY/NY
IFEACDMTY GT ,MAXDY GO THh 910
IFCACDNTY LT,MINIY GO TO 920
GO TN QRO
a0 Vw:VW+1,*VW*(MAXJ-ACDNTY)/MAXJ
GO TO 16400
920 szvw+1,*vw*(MIMJ-ACDNTY)/MINJ
1000 COMYIMUE
TEST=ARS(ACDNTYw (MAXJHMINTY /2,
TEST1=0,01xACDNTY
IFCTEST,LT,TFST1) Gn TO 980
GO TO g
980 COMTINUE
FPLT=FX(NX,1)
no 1200 Js2,NY
FPLTSEPL THEX(NX,.J)
1200 COMTINUFE
AEP|L TzgPLLT/MY
700 CONTIMUF
WRITE (NPRMT,RBRRY VW, ACDNTY , AEPLT
BAEB FNRMAT(3AX, VW = *,1PF11,4,2%, ACONTY = ¢, 1PE1],4,2X, "AFPLT = *,(p
tEYL .47/
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181 IFCABSCEX(NX,1)),LT,EBD) GO TO 1480

182 WRITE (NPRNT,1481) VW,ACDNTY

183 1481 FORMAT(* THE BREAKDOWN FIFLD NEAR THE PLATE IS EXCEEDED AT VW g
184 111,4,1%,AND ACDNTY =°,E11,4)

185 GO TO 1525

186 1480 CONTINLUE

187 TFCIVCK,ER,1) GO TO 1825

18R TFCARS (VW) ,EQ,ABS(VNYY GND TN 1825

189 TE(ARS (VW) ,GT,ARS(VO)Y) 60 Tn 1623

190 NLPhVYWaYW

191 OLDEDSACDNTY

192 G TO 1524

193 1523 CONTINUFE

194 MAXS=ACDNTY= (CACONTY=OLDCD) /7 (VWeDLDVHW) IR (VH=VD)
198 V=il PVw

196 IVCK=1

197 GO T 1826

108 1524 CONTINLIE

199 1001 CONTINUE

200 1525 COMTINUF

201 IF(NEC.NF,L,0) GO TO 3000

202 K=1

203 POo3an1 IS, MY

204 KSiiM=0,

205 ESUMz0,

20Ah NN 3002 T=1,NX

207 IF(J,FA,. 1) GO TN 3nas

208 ESUM=ESUME (SART(EX (T, JIww24FY(T,J)*x2)+SART(EX (I, J41)%xx2+
209 TEY(TsJ+12%w2))/(2,%NX)

210 GO TN 300é

211 3005 CONTIHUFE

212 ESUMRFSUM+SARTIEX (T, J+ 1l Y2 *24EY(T,J41)ax2)/(2,%NX)
213 IFCI FR NX)Y ESIMzESIMaVO/ (2, x8X)

214 R006 COANTTMIIE

215 REUM=RSIMe (RHOCT , JI+RHOC(T ,, J41)3 /(2. %1 ,6F=19xNX)
216 3002 CONTINUE

217 EAVGS (K)sESUM

218 CHFINS(KI=RSUM

219 KK+

cen 3001 CONTIMUFE

2el NYYshY

222 NO 300% | =1,NY1

22% FAVGCLYSFAVGS(NYY)

224 CHFIN(LYSCHFIDS((NYY)

225 NYYzhYYmi

2eé 3A03 CONTTNUF

227 KKz

22R M{ZHY ] 41

229 MP=2%NY

230 DO 300y MM, M2

231 FAVGE(MYSEAVLES(KK)

232 CHFIN(MISCHFTDS (KK)

21 KKIKK 41

234 3004 COMTINUE

238 3000 COMTTIHUF

236 LL=1

237 PO 3007 NNs1,NY!

23R FCOLL SOLL)I==(EXINX,NNI$EX(NY,NN41)) /2,
239 LLelL+

240 3007 CONTTINUF
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20414
242
243
204
248
246
247
248
249
250
251
252
253
254
25%
256
PROG

1008

3009

>» 4K

Li1zNYy

RO 3008 L=1,NYY
ECOLLeLY=ECOLLSCLY)
LislLiet

CONTIMUF

L=t

T1sNY1+14

T2=2xNVYy

00 20009 I=11,12
ECOLL ¢TYSECOLLS(L2)
L2=l2+1

CONTINUE

VOz=i,*V0
START=SSTART

RETURN

END
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001
002
003
nod
008
006
007
nos
009
010
011
012
013
014
018
Nia
017
018
019

SURROUTINE CHARGN (ECHARG,SCHARG,NUMINC,CONST,EZERO,V,RSIZE,ECON
*,CMKS,RR,FCONSY,FACTOR,COEFF,AFID,RATE ,H, X, YI,NN, X,Y)

HREH/2,

YzvY]l

X=X

PN 2 I=1,NN

T1=H*RATE(ECHARG,SCHARG,NUMINC,CONST,EZFRO,V,RSTZE,ECONST,CMKS,R
*FLONST,FACTOR,COFFF,ARID,X,Y)

T2=H*RATE (ECHARG ,SCHARG ,NUMINC ,CONST,EZERD,V,RSTZE,FCONST, CMKS,R
*FCONST,FACTOR,COEFF,AFID, X4H2,Y+T1/2,)

T3sH*RATE (ECHARG, SCHARG,NUMINC ,CONST,EZERN,V,R8IZF,ECONST,CMKS, R
*xFCONST,FACTOR,COFFF ,AFID, X+H2,Y4+T2/2,)

T4=H*RATE (FCHARG,SCHARG ,NUMINEC ,CONST,EZERD,V,RSTZF,ECONST,CMKS,R
*FCONST,FACTOR,COEFF ,AFIN,X4H,Y4+T3)

VY4 (T14+2,%T242,2T34T4) /6,

X=X+H
2 CONTINUE

RETURN

END
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7005

7018

7006
7007

7027
7028
7601
7080

7051

FUNCTION RATE (ECHARG,SCHARG,NUMINC,CONST,EZERG,V,RSTZE,ECONST,
*CMKS ,RR, FCONST,FACTOR,COEFF , AFTD,NTIME,NUMBER)

REAL INTGRL,NE,NUMRER,NTIME
NEzwNUMBER®*ECHARG

IF (NUMBER=SCHARG)7005,7006,7006
CALL ARCCOS(NUMBFR,SCHARG,THZFRD)
IF(THZERO,LE,1,E=05) GO TO 7006
IF(1,87=THZERDY 7011,7011,7015

CONTINUF
GO T0O 7007
THZERD=N,

DELTAX= (] ,57=THZFRO)/FLLOAT(NUMINC)

THETASTHZERO®DFL TAX
StiMApN=0,

PO Too0 J=1,NUMINC,?2
THETA=THETA+DELTAX*?2,
CTHETASCOS(THETA)
TCONST=CONSTACTHETA
FOCOSSFZERO%XCTHETA
Cl==NE/(CMKSXECOS)
CNSTCONST/(2,*ECNS)
CalLL ZFRO(C1,CN,RZERN)Y

ARGI == (MUMBERAVHX (RZERO=RSTIZFY/RZFRO+(FCUONSTeRR*RZFRO4FCECONST/RZEROR
142)Y*CTHFTA)Y
TFCARSC(ARGYY GT,30,0) GO 1O 7028

YVALSEXP(ARGI)I*SIN(THFTA)
GO TO 7026

Yval so,

CONTINLE
SUMODDsSHHNDD$Y VAL
CONTINNE

THETA=THZERD

SUMEVNEN,

NO 7na01 J=2,NUMINC,?2
THETA=THFTA+DELTAXR?,
CTHETA=CNS(THETA)
TCONST=CONST*CTHETA
ECOSSFEZ2ERO«CTHETA
Ciz=NF/(CMKSHECQSR)
CNSTCNANST/Z(2,*ECNS)
CAaLL ZERO(CY,CD,RZERD)

ARG1ze (NUMRER*V* (RZERN=RSTIZE) /RZERND+ (ECONSTwRR*RZERO+FCONST/RZERO%

1% 2Y4*CTHETA)

IF(ABS(ARGI),GT,30,0) GO T0 7027

YVALSFXP(ARGI)I*STN(THETA)
GN TN 7n2A

YVAlL=0,

COMTTINUE

IFCILEO, NUMINCY GO TO 7001
SUMEFYNSSUMEYNSYVAL
CONTTINIE

IF(THZFRNLEQR,0,) GN TN 70581
RZERN=RSTZF

GO TO 7n82

CONTIMLUF
CTZFRO2COS(THZERM
TCONST=CONSTXCTZFRN
FCOSsFZFROXCTZERN
Ci==NF/(CMKSXECOS)
COsTCNNST/Z(2,*ELNS)
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061 CALL Z2ERO(C1,CN,RZERD)

ne2 7082 COMTINUE

063 ARG2== (NUMBERWV* (RZERO=RSIZE)/RZERD+ (ECONST=RR¥RZERO+FCONST/RZER
ne4 1%2)%CTZERD)

065 IF (ABS(ARGR2),67,30,0) GO TO 7029

066 ZVAL=EXP(ARG2)*SIN(THZERD)

067 GN TO 7030

N6R 7029 ZVAlL =0,

069 7030 CONTINLUE

070 INTGRLENFLTAX /3 » (4, «SUMOND 42 , «SUMEVN4ZVAL +YVAL)
071 RATE1SIMTGRLXFACTOR®AFIN

072 Gn T 7012

07y 7011 FATEL=0,

074 7012 CONTINUE

07s ARGIzwVxNLIMBER

276 TF(ARSCARGY) ,6T,30,0) GO TO 70731

nN77 RATFR2zFACTOR*EXP(ARG3I)*AFID

078 GO TO 7032

n79 70%1 RATE2=0,

oBo 7032 CONTINUFE

081 TF (NUMRFR=SCHARG)T008,7009,7009

ne2 7008 RATEZ=COEFF»(1 ,=NUMBER/SCHARG)x*2%AFID
083 GO Y0 7010

084 7009 RATE3=z0,

085 7010 CONTINUE

086 RATE=RATEL+RATEZ24RATER

087 RETHRN

0R8 EMD
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001
p0e
003
004
005
006
007
008
009
010
011
012
013
014
018

SUBRDYTIME ARCCOS
RATI0=4/8 (hBaALOS)
T=1,
StiM=0,
TERMzRATIO
UE?.*T-i .
Ve2 a7
We2 , xT+1,
TERMSTERM/VilUknd /WaRA

F g ‘ Y
SUMESUM4+ TERM T0xn2
TeT+y,
iF(TERM-S.EPOSJS.S.l
COS=y,5707963wSUMaR
RETURN ATio
END
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001
002
003
004
008
006
007

SURROUTINE ZERO (C1,CN,RZERQN)
BaSOART( (27 ., #CO*CNY/(CLI*CI%C1))
CALL ARCCOS(B,1,,C)
De=2,4SQRT(C1/3,)
RZERD=DaCOS((C+6,28318)/3,)
PETLIRN

EMD
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51

52

53

g4

55
50

56

10

SUBRNDUTINE CHGSUM

REAL LINC,LTHICK,JPART,JION
COMMON/BLKS/ZMMDT,SIGMI ,NONTID ,NRAPD, TDK,NUMSEC ,NEFF ,NTEMP,GFIT
COMMON/RLK6/VOL (20),XNOC20),0(20),WS(20),TTLC40),DPW(45),A5(10),
1VOS(10),TCSC(10),WL8(10),ACS¢10),BS(10),5Y8(10),VvGS(10),VGASS(10),
2TEMPS(10),V1ISS(10),88AT(20),U,F,EPSO,PT,ERAVG,BC, TEMP,EPS,VAVE,
30LDAC20),0LDXNOC20) ,RFS(10),STARTL(10),8TART2(10),START3(10),
AVETAR(10)

COMMON/RLK14/TMFP,NVI

COMMON /BRI KIS5/MPRINT ,NSECT,SUNGTH,A,VO,TC,R,2C,WL,CL,CD,ET,SY,
1VGAS,P, VIS, W, LINC,XPT,RIOVR, FPLT,AFID,XCD,ZMD,
2WT,LTHICK,JPART, JION,I,ROVRY
COMMON/RLK20/SCHARG,CHRFID, TIMET, TIMEF,V,FACTRE,RSTZE,CNUMBR,J, 11,
1ITER,QLDGBF (20),0LDAT(20),S0LDAF(20),800.DAT(20)

IF(NVTI EQ,1) GO TO S0

TECCTFNLLY AN LTI EQ.1)) GO TO 51

GO TO 8§72

CONTINUE

DLDQAF ¢Jy=0,

aLpaT(Jy=o0,

CONTINUF

IFCITER NEL1Y GO TD 53

TE(IY,GT,.1) GO Tn &9

SOLDPRFcIYSNLDAF ()

SOLDUTCIY=ALDAT (T

CONTINUE

TFCCITER,,GT LY AND  (TT,FQ, 1YY nn TO 54

GO TO 8§5

COMTINIIF

OLPAF (JY=S0LNDAF(J)

OLDRT ¢ IYsSOLDAT )

CANTINUE

COMTINUFE

TF (VT FQ42) GO TN K6

IF(T,.6T,1) GO TO 56

OLPRF cJy=0,

DLDAT(JIYI=O0,

CONTTMIUE

SATCHG=F*SCHARR

TF(OLDAF(J) ,GE ,SATCHG)Y GO TN 1
CFI=((CHRFID®UXEY/ (U, *ERPSDY)x (TTMEF=TIMET])
CF2s1,/(1,=0LDAFEIY/SATCHG)

AF=SATORGX ((CFI+CF2=1,)/(CF1+CF2))

IF(QF ,GT,SATCHGY NF=SATCHG

G0 TO 2

CONTINUF

RF=0LNHRF ()

ConNTTINUF

OLDAF (J)=0F

ARG=(VAOLDAT(JIYY /E

IFCARG, 6T 30,) GO TO 10

NTEC(E/VIRALOGI ((E* %P2 *RSTZEAVAVOXCHRFIDY /(4 #EPSO*RCXTDKY )2 (TIMEF =
ITIMETIY+EXP(ARG))

nLonT (J)=Q7v

GO TN o

COMTINUF

NTeNLDRT I

CAMTINUFE

CNUMRRE (RF+QT) /E

RETURN

EnD
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001

poe
003
0604
00%
006
ony
008
noe
nio
011

012
013
014
01s
016
017
01AR
N9
020
02l
nee
023
024
02%s
N2k
027
028
029
030
031

032
033
034
035
036
037
03%a
039
oun
0

0up
043
044
n4s
nude
047
048
049
050
051

052
053%
054
058
056
0s7
058
059
060

SUBRQUTINE PRYINC
REAL LINC,LTHICK,JPART,JION
COMMOM/BIK3I/VG,ATOTAL,DD,ETAQ, DL ,Fl ,RHD
COMMON/RLKS/ZMMDT, STGMI ,NONID,MRAPD, TDK ,NUMSEC ,NEFF ,NTEMP ,GFIT
COMMON/ZRLKO/VAOL (20),XNO(20),0(20),WS(20),IT.(40),nW(45),AS8(10),
tVaSc10y,TCSC10),WLSCE10),ACS(103,BS(10),SYS(10),VGSC10),VGASS(L10)
2TEMPS(10Y,VISS(10),08ATc20),U,F,EPSO,PT, ERAVG,BC, TEMP,EPS, VAVC,
30L.0NC20),0L0OXNQC20),RFSC€10Y,8TART1(10),5TART2(10),STARTI(10),
4VSTAR(10)
COMMON/BLKI4/TMFR , NVT
COMMOM/BLK1S/NPRINT ,NSECT,SLMGTH,A,VO0,TC,R,AC, WL ,CL,CN,ET,SY,
IVGAS,P,VIS,w,LINC,XPT,RIOVR,EPLT,AFID,XCD,ZMD,
WT ,LTHICK,,JPART, JION,TI,ROVR]
COMMON /BRI K1 T/NRFAD,,NPRNTY
IF(NPRINT NE 1Y GO TO B439
TF(MSECT,GT,1) G0 TN 1585
WRITE(NPRMNT,A6550)
6550 FORMAT(//* TNCREMENTAL ANALYSIS OF PRECIPITATAR PFRFORMANCE®//)
WRTITF (NPRNT,3010) TTL
3010 FORMAT(?P0,40A2/)
1585 CONTTNIF
NPRINT=0
WRTTE (MPRNT,7820) NSECT,SLNGTH
7820 FORMAT(/® CALCULATINN I8 TN SECTION NO, =°,12,% AND THE SFCTION
{NGTH I8 =*,FB,4," M*)
WRTTE (NPRNT,T7715) A,V0,TC
7715 FORMAT(/® COLLECTION AREA =¢,1PF11,3,7 M27,T41,*APPLTEDN VL TAGE
1,E11,3,° VOLTS?,7X,*TnTAL CHURKFNT =7,F11,3,° AMPS?)
WRTITF (NPRMT,7716) B,AC, WL
7716 FORMATC(® WIRE 10 PLATE =¢,1PF11,3,% M*, Tuy,”’CnROMA WIRE RADIUS =
1E11,3,° MP,BX, CORONA WIRE [FNRTH =*,F11,3,¢ M%)
WRTTF (NPRNT,7717) CL,CD,ET
7717 FORMAT(® CUPRENMT/M =°,1PF11,3,° AMP/M?, Tu41, CIIRRENT DENSITY =f,F
1,%,° AMP/M2?,AX,?NEPOSIT F FIELD =7,E11,3,¢ vOolLT/M")
WRITF (NPRNT,7718Y SY,vG,VGAS
7718 FORMAT(? 1/2 WIRE T0O WIRE =¢,4PF11,3,”" M*,Tut,"CAS FI.OW RATE =°,
11,3,° M3/SEC?,RX,"GAS VELOCTITY =°,F11,3,* M/SEC")
WRITF (MPRNT,7731) TDK,P,VIS
7731 FORPMAT(® TEMPERATURE =*,FR,3,* K’,Td1,*PRESSURE =7,FB,3,7 ATM®,{
1,°VISCOSITY =°,1PE11,3%,° KG/MaSEC’)
WRITE (NPRNT,7732) U'VAVCaTMFP
7732 FORBAT(® INON HOBILITY =*,1PF11.,.3,7% M2/VOLT=SFC?,Tal, *MEFAN THERMA
1SPEED =°2,E11,3,° M/SFC?,4%X,?PART, PATH PARAM, 3°,F11,3,7 M)
WRITF (MNPRNT,7733) W,LINC,XPY
7733 FORMAT(® DUST WEIGHT =*,1PEY1,3,* KG/SFC*,T41,’LENGTH INCR, =%,0
190,8,° H42,15X, PINPUT EFF,/INCR., =*,F6,2)
IF(NVT EN,1) GO TN 4689
WRITF (NPRMT,4322)
U322 FNRMAT(//T2,°RT0OVR? ,SX,PERAVGE ,RX,PEPLT* ,BX, *AFTN?  AX,CMCD?, 56X,
IMN?,AX, PWETGHT? , 4X, *DUST L AYER?,3X, *J(PART)?,6X, 2 JCIONY?,3X, " INCI
2 NOLG2/)
G T 4s90
UBHRY CONTTIHUE
WRITF (NPRMT , 4333
4333 FORMAT(//T2, ROVRI?,5%, *FRAVG? ,BX, PEPLT?,8X,  AFID?,6X, CMCD?,6X,"
tMD*  RY, PUFETGHT?, 4%, ?DUST LAYFER?,3IX,*J(PART)*,6X, JCI0NY?, 3%, *INC}
2 MO/
4hO0 CONTTHUE
RUT9 CONTINUE
IF(NVI,ERN,1) GO TO 4k91
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WRITE (NPRNT,4323) RIOVR,ERAVG,EPLY,AFID,XCD,2ZMD,WT,LTHICK,
{JPART,JION,T

UI2Y FORMAT(T2,F6,4,1X,1PE1L,3,1X,E11,4,1%X,E11,4,1X,0PF7,1,1X,1PE10,2,1
IX,E11,3,1X,E11,3,1%X,E10,2,2X,E10,2,6%,12)
GO TO 3000

4691 CONTINUE
WRITE (NPRNT,4334) ROVRI,ERAVG,EPLT,AFIN,XCDH,ZMD,WT,LTHICK,
{JPART, JTION, T

U334 FORMAT(T2,F0.4,1X 1PELL 3, 1%, B 01,4, 1X,E11,.4,1X,0PF7,1,1X,1PF10,2,1
1XOE11nslixlEl1--301x0E10.2;?x1E10.206x112)

3000 COMTINUE
RE TUIRN
END
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not
002
003
004
005
006
007
008
009
010
011
012
013
014
015
nie
017
n18
019
020
net
022
023
024
025
026
027
028
029
N30
034
032
033
034
03%
036
037
038
039
n4o
041
042
043
044
048
N,
047
04n
049
050
051
0s8e
053
054
058
056
087
0S8
059
060

[ Ik B ]

9992

356

1879
1880
18R2
1881

2500

6544
6542

A541

4692

159

SUBROUTINE PRTCHG

REAL NWS

INTEGFR VISKIP,VISAME

DIMENSTAN YY(20)
COMMON/BLKL/DTAM(20),0N0C20),NXS(20),XMVE20),PCNT(20) ,RANC20),
1CCF(20),PREUC2Y)

COMMON/RLKH4 /NS

COMMON/BLKG/VOL (20),XNDC20),0(20),WS(20),1TL(40),DH(45),A8(10),
1V0S€10),TCS(10),WLSC10),ACS(10Y,RS(10),5YS(10),V65(10),VGASS(10)

ZTEMPS(jﬂ)pVISSCIOJaQSAT(aOJ,U;EaEpSOJPIlERAVG:BC|TEM90EPS,VAVC.
3nanr20).OLDXNO(EO),RF&(IO),START1(10).STARTaclo),START3(10),
UVSTARC10)

COMMON/RLKT/ZXDCC4S,20)

CNAMMON/ZBLKB/ZEAVGCIN) ,CHFETD(30)

COMMOM/RLKIU/TMFP NVT

COMMON/RLKIB/NCALC,NT,VRATIO,NF

COMMON/ZRLKLT/HREAD ,NPRNT

COMMAN/ZRLK1G/LK, PV, NN, NUMING ,NX,NY NDATA,NFST NDIST,NITFR, IFINAL
1JI1,J12,VISKIP , VISAMF ,US,FPATH,EBD,NNSET,NW§(10),n50,8TAMAP

OUTPUT FROM CHARGTING ROUTTINF

WRITE (NPRNT,5992)

FORMAT(1H1)

WRITF(MPRNY, 354)

FARMATF /T3, CHARGING RATES FOR PARTICLE SIZES FROM SIHRRAUTIMNE CM
16N DR CHGSUM®Y)

TFCCHCALL ZEi, 1Y, OR (NEST FD,2)Y GO TO 18A&0

WRITE (MPRNT,LRT79)

FORMATE/T3,¢5RT THEORY USED FOR PARTICLE CHARGING*)

10 1881

CONTINUE

WRITF (MPRNT,1BAR2)

FORMAT(/T3,*SUM 0OF CLASSICAL FIFLD AND DTIFFUSYONAL CHARGES USED
1R PARTTICLE CHARGING?)

COMTINUE '

WRTITE (NPRNT,2500)

FORMAT(//T2, PINCREMFNT NO,*,T20,°0Q/05ATF FOR INDICATED PARTICLE
12E8°)

J&=1

KS=R

CONTINDE

IF(kS=NS) 6541,65d42,6%47

CONTINUE

KS=N§

CONTINUE

WRYITE (NPRNT,35%7) (DIAM(J),J=J58,KS)
FORMAT(//TA4,10¢E11.4,2X)7/)

PO 3A0 131,NF

DO 359 J=JSJKS

IFCHVT FAe1) GO TO 4692

N = NT/2

OSATMz (4, *PI*EPSO* (RAD(J) +TMFP)Iww2) #EAVGIN)* (1,42 W ((EPSw1,)/
TCEPS+2 D IN(RAD(CIIV/(RANCIIHTMFPY ) *%xJIXVRATIO
YY(I)eXPC (1, J)/70SATH

GO TN 3189

CONTINLUE

YY(I)=xDOL(T,J)/7Q8AT ()

CONTIMUE

WRITF (MPRMT,35R8) T,(YY(J),J=J8,k8)
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358

360

6543

432

565

6567

6566

425

430
43y

65468

FORMATfTSoIZ;Tb'10(?7.“,6X))
CONTINUE

IF(KS ,FQ,NS) GO TO 6543
J8=J8+8

KS=KS+8

G0 TO 6544

CONTINLIE

WRYITE (NPRNT,9992)

WRITE (NPRNT,432)

FORMAT(/TS,"CHARGE ACCUMULATEN ON PARTICLE SIZES IN EACH INCREMENT

17/7/7%, *INCREMENT?,T20,CHARGF FOR INDICATED PARTICLE SIZES”)
Js=i

KS=8

CONTINUFE

IF(KSmNS) 4566,6567,h547

CONTINIE

KS=NS

CONTINUF

WRTITE(NPRNT,A425) (DIAM(JI),JJ=08,KS)
FORMAT (//TR,10(EY1,4,3X)Y77)

DO 431 I=1,NF

WRTTEfNPRNT,430) IaCXDC(IpJ),J=JS,KS)
FORMAT(TI, 12, TA,10(F13,5,1X))
CONTINUF

IF(KS,FN,NS) GO TO 6568

JS=JS+R

KS=KS+R

GO TO A56S

CONTIMIE

RETURN

FEND
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001

002
00%
004
005
006
007
008
009
010
011
012
013
014
015
016
017
iR
019
020
021
022
023
024
025
026
027
028
nee9
030
031

032
033
034
035
n36
037
038
039
o4do

04t

ndz
04y
044
048
nde
047
04UA
049
050
051

ns2
053
NSy

08%
056
057
088
059
neo

OO OO D

1555
1713

ANT78

6080

4079

SURRNUTINE ADJUST
o e v g e vk ol O o o At e ok ol o ol o o e g e ok o ok ok ke e e ok Rk ke ke kR e

: RAPPING REENTRAINMENT PROCEDURE IN :
: TMIS SUBROUTINF wAS DEVELOPED LNDER :
: THF SPONSORSHIP OF F,P,R,I, BY SO,R,I, :
:*****t*i‘**t******it************t****#***t**:

DOURLE PRECISION FFESR,DLNG,EFFWR

REAL LINCS

DIMENSINN RPCNT(20),DMDLD(20),WUNCORCZ20),RDMDID(20),COMPLD(20),
1PCTOT(20),CRCTNT(20),wSL(20),PXS(20),PRCUNRC2L),RPRCUC2Y),
2PRCUC (21),EUNCORC(20)
COMMON/RLKI/DTAME20),0N0(20),DXS(20), XMV (20),RPCNT¢20Y,RADC20),
1CCF(20),PRCUC2T)

COMMAON/RLK2/LSECT(10),LINCS¢10)Y,PS(10)
COMMON/RLKI/VG,ATOTAL,DD,ETAQ,DL ,PL,RHO

COMMON/RLK4/NS
COMMAN/RLKS/ZMMDT ,SIGMT  NONTID ,NRAPD, TDK ,NUMSEL ,NEFF ,NTFMP ,GFIT
COMMOMN/RIK&/VOL (20),XNO(20),0(20),WS(20),ITLCA40),DW(45),A8(10),
1VoSc10),TCEC10Y, WLSCL10),ACSC10Y,B35€10),5YS(10),VGS€10),VGAS8S5(10)
PTEMPS(10),VISS(10),08AT(20),U,F ,EFSD,PT,ERAVG,RC, TEMP,EPS,VAVC,
0LDACOYL,OLDXNO(P20),RFS(10),8TARTY(10),START2(10),8TART3(10),
UVSTARC1D)

COMMON/RLKT1/ZENDPT(21) ,NENDPT
COMMON/RLKI2/ARDSO(10) 4 ARSIGM(10),ASNUCK(15),AZNUMSC15),AZIGGY (1!
COAMMON/RL K17 /NREAD ,NPRNT
COMMON/RLKIB/SCOREF ,CZMDL ,CSIGMD,NRUN,SNUECK,ZTGGY ,RMMD ,RSTIGMA
COMMOMN/ZREKLIG/LK NV MN NUMINE X, NY NDATA ,NEST , NNTST,NITER, ITFINAL,
1J11,J12,VISKIP,VISAME ,US,FPATH, FRD,NDSET,NWS(10),Nn50,8TOMAP
NELUN = 0

NS1zNS+1

NUMS |1 =NIIMSFCw

CONVF =X ATE+034(TNK/PS(NUMSFCY

NRAPDC=0

Xz0,0

PO 1885 T=1,N§

EFFSR=NXSC(IY/ONOCT)

IF(FFESR,GT,0,999599) EFESR=z0,9899999

XeX+EFFSR&PONT (T

CONTINUF

CONTINUIF

MRAPDC=MHRAPDC +1

TFI(NRARPDC (Ft,1) GD TO 6078

GO TO 4080

CONTTHIE

ARDS(O(1926,0

ARSIGME1Y=2,5

RMMN=zH, 0

RITGMA=Z2,5B

GO T w079

CONTTINUFE

RMMD=ARNPNSO(NRAPEC)

RSTGMAZARSTGMINRAPDC)

CONTTMIIE

CALL LMDTST(RMMD,RSTGMA,RPRCLI,RPLCNT)

DO 7875 T=21,N§

RPCNT(T)sRPCNT(I)x1 ,E4+002
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CONTINUE

NONCK=0

CONTIMUE

NONCK=NONCK+1

SNUCKzASMNUCK (NNNCK)

ZIGGY=AZIGGY (NONCK)

INLIMSEAZNUMS (NONCK)

WRITE (MPRNT, 18)

FORMAT({H1,? PARTICLE SIZE RANGE STATISTICS*/)
WRITF (NPRNT,1848) NONCK

FORMAT¢/* CORRECTIONS FOR NONINDFALTTIES USING SET NO, *,12,° OF CO
{RRECTINN PARAMETERS?/)

FRINT DIAM,, PFRCENT, AND FFFICIENCY FOR EACH STZE RANGF
WRITE(NPRNT, 19)

FORMAT (4X, *STZE’ ,SX, CCF’?,2X,TNLET %7,1X,?0UTLEY %*,1X,*COR, NUTL
1ET ‘4',1X,'M0'9Ap EFF.',‘X,.ND—RAP, W',EX,'MQ-RAP P',Ex,'cnp. EFF.‘,

23X, 7CNR, WP,5X,"CNR, P*)

Yzo0,0

PN 2990 T=1,NS

EFESR=DXS(T)/Z0ONOCI

1F (FFESR ,6T,.,9909009 ) EFESFR =z ,999999

XEPSEFFESR%100,N0

IF (XFP ,GE, 99,9999 ) XEP =z 90,9999
IF(FFESR,,GE,0,990089)WYSXMV(]T)x1n0,
IF(FFESR,LT,0,99990)WY=(VG/ATOTALI®100,4AL0OG(100,/(100 ,=XFP))
IFI71GGY=0,0)4704,4704,470%

Fi=1,
GO TO 4706
CONTINIF

Filisl ,+,76bxEFESK*2IGOY*x1 TRE+, 07SS*7ZTIGEY«DLAG(1 NN/ (1 , DO=EFFSR))
CONTTNLIE

IF(SMNIICKke0,0)4701,4701,4702

Fe=t,

GO TO 4703

FPsDLOG(1 ,»EFESKY/Z(ZNUMBRDLNGI(SMUCK+ (] ,=SNUCK)Y* (1 O=wFFESRY**(],/
1ZH1IMS8Y))

CONTTMUE

WYySBzWY/Fp

WYyv=swy/fF1

INLFF = FlxF?

WYSVe WY /INLFF

WIINCORETISWY

FUMCORC(TI)YSEFESR+10O0,

CALL WADJST(DIAM,I,WYSV,NNO,PXS,ATOTAL ,VG,EFESR)

TF (FFESR ,67,.999999 ) EFFSR = ,999999

XEPSEFFSR*100,D0

IF (XFP ,GE, 99,9999 ) XFP = 99,9999
IF(FFESR,GE,N,99899)YWYSXMY(T)Ix1N0,
IF(FFFSR,LT,0,9999Q)WYS(VGL/ATOTALI*100 ,*ALOGC100,/C100 =XEP))
PXS(T)sFFESR*ONOCT)

Y = Y « EFESR » PCNT(I)

CANTTINUE

IDC=O

§pnap,

SCPOs0,

Ix=n
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1341

1430

1431

1432

7130

CONTINUE

SCOREF = 0,0

IDC=IDC+!

DO 3540 1=1,NS

IXzIX¥+1

EFEFSR=PXS(I)/Z0ONDCI)

1IF (FFESR ,GT,.999999 ) EFESR = ,999999
XEPZEFFSRx100,NN

TIF (XEP ,GE, 99,9999 ) XFP = 99,9999
IFCFFESRLGE ,0,99999)WYSXMV(1)x100,
IF(FFESR,,LT,0,99999 WY (VG/ATOTAL)I*100 *»ALOG(100,/¢100, «XEP))
XYsPENT(I)%100,

PENTR=100,=XEP

PCTOT(T)SPENTR&«PCNT(IV*] Fwn?

IF(IX,6T,1) GO To 713n

CLPTLS=0,

PO 1 18=1,NUMSY
CLPTLS=CLRTLS+FLOAT(LSECT(IS) YL INCS(IS)I»0,308
CONTTMIE

NYXaD

CONTINUF

NYXzMNYX 49

TFINYX EQ.2) GO TO 1431

XEFF=Y

JF(NEFF EQ,2) XEFF=X

EXPONT=ALOGCL,Z7(1 ,=XEFF))

XHELSENL *EXP (= (EXPONT*CLPTLSY/PL)

XML SSXMFLS* (1. .=EXP (= (EXPONTF|I OATCLSECTCMIMSFCY ) %L TNCS (NUMSEC)*

1305)Y/PLY))

XML L S=XMELS=XMLLS

XMELS=XMLLSACONVF

TF(NTFMP EQ,1) RAPLOS=0,155xXMCL S*%0,905

IF(NTFMP EQ,2) RAPLOS=0,618xXMC| S+x0,B894

GO YN 1432

CONTINUE

EXPOMT=ALOGEL /(1 ,=Y))

YMEL SN «EXP (= (EXPONTXCLPTLSY/PL)

YMCL SsYMELS* (1, =FXP (@ (EXPONTAFLOATC(LSECT (NUMSEC) Y wL INCS¢(NUMSEC)*

1308y /PL Y)

YMLL S=YMFLS=YMCLS

YHCL S2YMCLSxCONVF

CONTTIMIUE

IFINYX,EN,1) GN TN 1430

COMTINUE

RNSzf (RAPLOS/(DD®CONVFIIRRPENT(TI) A1 Em02) /0 (3, 18159%DTAM(T)xx3)/

1)

WYySysWy

FFFWRa(ANDC(I)* (1 mEXP (o (ATOTALRXWYSVYI/C100,4VG)Y)1eRNSY/ONDCT)
CRNP 2 ONO(IYa(l =EXP(m(ATOTA| #WYSVYI/Z(100,%YGY)Y)= RNS
IF(CRNP,LE,0,0) FFFWR = EFESR

TF(FFFWR,GT,,999999) FFFWR=_,999999

COREFF=FFFWR»100,D0

IF(COREFFF,GE,99,9999) CORFFFz99,9999

IF(EFFWR,GF ,0,99899) WYPzWYSV

IF(EFFWP LT, 0,99099) WYP=(VG/ATOTALI*100,*ALNG(100,/(100,wCOREFF
SCORFF = SCOREF ¢+ CNAREFF+#PEONT(T)

CPFHTR=100,=COREFF

CRPOTOTEIISCPENTR*PONT (I) %1 ,Fen?

TEOIDC,NER1)Y G TN 1343

SPN=SPALPCTOT(T)
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{82
(83
(84
18%
186
(87
|88
189
(90
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194
195
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197
198
199
200
01
P02
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fr208
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217
e 8
249
p20
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P22
P23
4]
e2s
e
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228
229
230
¢34
232
233
234
218
{236
37
238
239
240

SCPO=SCPN+CPCTOTLI)
1343 CONTINUF
SL=(1,0=EFESRYXONQCI])
WSL(TI)=8L*(1,33333%3,141S0«xRAD(I)I**3) DD
IF(IDC,EQ,1) GO TO 1344
PCTOT¢I)=(PCTOT(T)/SPDY*100,
CPETOT(I)S(CPCTOT(INI/ZSCPOYRY10D,
DLDsALNGIOCENDPT(TI+1))®ALOGIOCFNDPT(]))
DMDLD(TIs(PCTOT(T)wYMLLS*CONVF*1 ,Em02) /DD
ROMDLDCTIS(RPONT(I)%RAPLOS*Y ,E=02)/DLD
COMDLDCETII=NMDLD(T) +RDMDLD(T)
WRITF(NPRNT,2291) DIAMCTI),CCF(T),XY,PCTOTC(I),CPCTOT(I),XEP, WY,
1PENTR,COREFF ,WYP,CPENTR
2291 FORMAT (X, 1PEID,3,1X,0PF6,3,1X,F6,3,2X,F7,4,5%,F7. . 4,4X,FB U4,3X,F7,
13,?X.Fﬂ.a.SX,Fﬂ.ﬂ,BX,F7.3,0x,FB,UJ
1344 CONTINUF
3540 CONTIHUFE
IFCINC,EQ,1) GO TO 1341

Yz¥x100,
X 3 X » 100,
WRITE (NPRNT,2292) ETAQ,X
2292 FORMAT (20 ,4X,EFFICIENCY » STATFD = *,F5,2,5%X,CoOMPUTED =7 ,FR,U
$,SX, "CONVERGENCE DORTAINED®)
xsx/100,
WRITE(NPRNT,3675) VY
IATS FORMAT(//5X,23HADRJUSTEN NDwRAP EFF, = ,FR,U)
WRITE (NPRNT,S5RN2) ZMMDI
Y802 FORMAT(SX,*MMD OF INLET SIZF DISTRIBUTION =2°,1PF11,3)
MRITE (MPRNT,5803) SIGMI
BRO3 FORMAT(SY,?’SIGMAP OF INLET STZF DISTRIBUTION =*,1PF11,3)
IF(MDIST EN,1) WRITE(NPRNT,9250) GFIT
9250 FORMAT(SX, ?LOGeNORMAL GOODNESS NF FIT = *,F6,3)
C
C CALCULATE MMD OF FFFLUFNT UMRER NNwRAP CONDITIOMS
o
PRCUNRC1)Y=0,
SUMMR=PRPCUNRC(Y)
D 1750 T=1,NS
SUMNMR2SIIMHRAPCTOT(T)
PREUNB(T+1)=8UMMNR
17650 CONTYNUE
CALL LMFIT(PRCUNR,ZMDL,SIGMN,ZRFTT)
P9R2 WRITE(MPRNT,2997) ZMDL
2997 FOURMAT(SX, *MMD OF EFFLUENT UNDFR NO=RAP CONDITINNS =°,1PE11,3)
WRITE (NPRNT,5B01) SIGHMOD
5801 FORMAT(SX,?STGMAP OF FFELUFNT UNDER NO=RAP CONDITIONS =7,1PE11,3)
WRITF(NMPRNT,9250) ZGFIT
COREFWs(VG/ATOTAL)*100,%ALOGE100,/(100,«SCOREF))
WZ=(VG/ZATOTALI X100, %ALOGC100,/¢100,=Y))
WRITF (NPRNT,299R) WZ
2998 FORMAT(SX, PRECIPITATION RATE PARAMETER (INDER NOwRAP CONDTTIONS =°*
1,F7,3//)
PROUC(1YS0,
SHUME2RPRRUC (1)
no 1781 T=1,NS
SUMC2SUMC+CPECTOT (T
PRCUCCTI+1)=8UMC
1751 CONTINIIF
CALL LMFIT(PRCUC,CZMDL ,CSIGMN,CGFIT)
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242
243
244
24s
246
247
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249
250
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27
e7e
27%
274
278
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280

WRITE (NPRMNT,4615) ZIGGY,SNUCK,ZNUMS
4615 FORMAT(SX,*SIGMAGE",2X,F7,3,2X, *WITH?,F7,3,* SNEAKAGE OVER’,2X,
1F7,3,2X,?8TAGES")
WRITF(NPRNT,7900) NTEMP
7900 FNRMAT(SX,*NTEMP =7,12)
WRITE (NPRNT,T7901) RMMD
7901 FORMAT(SX,*RMMD =*,F6,2)
WRITE(NPRNT,T7902) RSIGMA
7902 FORMAT(SX,*RSIGMA =7 ,F5,.2)
WRITE(MPRNT,S002) SCOREF
Sn02 FORMAT(RX,?CORR, EFF, = ¢,FR, 1)
WRITE (NPRNT,B352) CZMDL
B362 FORMAT(SYX, *CORRECTEN MMD OF EFFLUENT =°,1PEL1,3)
WRITE (NPRNT,5800) CSIGMD
RBO0 FNRMAT(SX,*CORRECTED SIGMAP OF FFFLUENT =7,1PE11,3)
WRITE(MPRNT,9250) CGFIT
WRITF (NPRNT,S5003) COREFW
5003 FORMAT(5X, *CORRECTED PRFCIPITATION RATE PARAMETER =7,F8,2)
WRITF (NPRNT,A5A5)

ABAYS FNORMAT(IHL,* UNADJUSTED MIGRATINN VELOCITIES AMND FFFICYENCIES, AN

1 DISCRFTF OQUTLET MASS LOADINGS®//)
WRITE (NPRNT,1980)

1980 FORMAT(IX,16HIDEAL UNADJUSTEDR,3X,16HINFAL UNADJUSTED,7X,6HND=RAP,
10X, 12HRAPPING PUFF,6X,15HNORAPLRAP PUFF,SX, 1P2HRAPRPING PUFF,4X,8H
PARTICLF)

WRITE(NPRNT,1981)

1981 FORMAT(1X,1THMIG, VEL ,(CM/SEC),U4X,13HEFFICTENCY (X),4X, 1 7THDM/DLOGD
AMG/DBCM)Y , 2Y L THDM/DLOGD (MG/ZDSCM)Y ,, 2X, 1 THDM/DLOGD (MG /NSCM)Y, 2X, 15HDT
STRIRUTTON(X) ,2X,BHDTAM, (M))

NG 1982 Mz3f NS
WRITE (NPRNT,1983) WUNCOR(MI,,EUNCOR(M) ,DMDLD(MY,ROMDI D(M)Y,
1EDMDINIM) , RPCNT (MY, DTAM (M)

1983 FORMAT(IX,IPELO 3, 4¢10X,1PF10,3),7X,1PE10,3,6X,1PELN,3)

1982 CNMTIMUE
NRUN = NRUN ¢ 1
CALL PRTSUM

TFINOMCK (LT,NONIDY GO TO 1847
IFINRAPNDC LT NRARDY GO TO 1713
RETURN

END
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002
003
004
005
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007
00a
009
010
011
012
013
034

[p Ra X _J

SUBROUTINE QTFE (DX,Y,Z,NINC)
DIMENSTION Y(1),Z¢1)

SuUM2=0,

IP(N;NC L4 1) 003'1

DDXm,SwDX

INTEGRATION LOOP

bo2 I=2,NINC

SUMisS§iIMP
SUM2sSUIMR+DDX R (Y (1) +Y(Imi))
Z(1=1)sSUMY

ZCNINCYaSUMR

RETURN

END
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001 SUBROUTIME LNFYT (PRCU,DS0,STIGMAP,GFIT)

poe c THIS SURROUTIME FITS CUMPERCENMT CURVE TO A LOGNORMAL DISTRIBUTIO
003 DIMENSION 2(21),Y(231),PRCUC21)

004 COMMON/BLKIV/ZENDPT(21),NENDPT

n0% NSTAGsO

006 J=0

007 DOt T=1,NENDPT

NORA TF(PRCUCT) ,LE,0,0)G0 TO 1

noo JuJ+

010 Z(J)=ALOGCENDPT (1))

011 IF(PRCU(I),GE,99,0) GO TO 4

012 IFC(PREUCTIY,GT 50,160 TO 3

013 XY=PRCU(I)/100,

014 2 XYYSSORTCALOG(L,0/XY%%2))

0185 Y(JISXYYm((2,51551740,B0285T34XYY+0,010328wXYYan2)/(1,0+1,432788%
WY 1YY40D 1802694 XYY*%x240,001308uXYYx%3))
017 IFCPRCUCTI)GT,50,360 TO §

niA Y{J)=eY(J)

019 GO 10 %

020 3 XY=1,0=(PRCUCIY/Z100,)

02 L0 T 2

n2e 5 NSTAG=NSTAG+1

023 1 CONTINUE

024 C CALL CURVE FIT ROUTINE

nes 4 CALL CFITC(A,R,GFIT,N8TAG,Z,Y)

026 o CALEULATF NS0 AND SIGHMAP

n27 NROSEXP (mwA/H)

nee SIGMAR=FXP(1,0/8)

029 RETURN

a3n END
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004 SURROUTINE CFIT (A,B,R,N8TAG,Z.Y)

002 c THIS SURRDUTINE FITS A STRAIGHT LINE, Y=A+BX, USING LEAST SOUARES
003 DIMENSION Z(21),Y(21)

904 XN=20,0

009 SUMX=30,0

006 SUMY=0,0

007 SUMXY=0,0

008 SUMXX=0,0

109 SUMYYz0,0

10 PO 6 =1 ,NSTAG

(IR} SUMX=SUMX+Z2(T)

012 SUMYESIMY+Y (1)

013 SUMXY=SUMXY+Z(TInY(T)

14 SUMXXSSUMXX+Z (T wwp

018 SHMYYSSUMYY+Y(T)xw?

16 XMEXN41, 0

017 & CONTINUE

n{8 o CALCULATE A,R

h19 B (XMNuSUMXYuSUMX+SUMY) Z(XNRSUMY XeSUMX x%2)

n2o AS(SUNMXXRSIUMYmSUMXRSUMXY )/ (XNASUMXXeSUMX «u2)
021 ReSART(Rx { (XNASLIMXYuSUMXASUMY) /(XN*SUMYYaSUMYR%2)))
022 RE TURN

023 END
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0014
noe
003
004
008
n06
007
008
009
010
041
012
013
nid
01%
01e
017
018
019
020
021
nee
023
ned
025%
026
027
028
nes
030
031
032
03%
034
035
036
037
038
nio
n4o
N4
04z
043
a4
0ds
HEE]
047
04R
049
080
051
ngp
083
0S84
088
0Se
087
NSRA
0%9
060

SUBRDIUTINE PRTSUM
REAL LINCS
COMMON/BLK2/LSECT(10),LINCSL10),PS(10)
COMMON/BLK3/VG,ATOQTAL,DD,ETAQ,NL,PL,RHOD
COMMON/RBRL.K5/ZMMDT ,SIGMI ,NONID ,NRAPD, TDK ,NUMSEC ,NEFF ,NTEMP ,GFIT
COMMON/RBLKA/ZVDL (20, XNO(C20),0(20),W8(20),ITLCA0),DW(45),ASC10),
1VOS(10),TCS(10),WLE(10),ACS(10Y,B5(10),8Y8¢€10),VGS8(10),VGASS(10),
2TEMPS(10),VISS(10),QS8AT(20),0,F,EPSO,PT,ERAVG,BC,TEMP,EPS,VAVC,
30L.DAC20),0LDXNO(C20),RFSC10),STARTYI(10),START2(10),START3(10),
UVSTARC10D)
CaoMMNN/BRLKIT/NREAD,NPRNT
COMMON/RLKIB/SCOREF ,CZMDL ,CSIGMO,NRLUM, SNUCK,ZIGGY,RMMD,RSTGMA
SCA=ZATORTAL/VG
vOSuM=zo0,
cnstiM=0,
DO 6571 I={,NUMSEC
VASUMsVOS (I XFLOATCLSECTCTIY )X INCSCT)I*0,305+VNSUM
CNSUM= cTCSC(IY/CAS(II %O, BEw0D) Y u ,E4O0SAFLOAT(LSECT(T) YA INCS(I)Iw
10,3054CDSUM
6571 CONTINUF
AVNzVASLIM/PL,
ACD=CDSUIM/PL
RHOCGS=RHO*100,
WRITE (NPRNT, 1994)
1994 FORMAT(1H1)
WRITF (MPRNT,9520)
9820 FORMATCOX ; Pk hh ks kW ok Ak Ak k ke kR A A AR A ARk A AR A Ak kAR kA Wk ARk b &
1tk*****t***t***t****t***t*****i**t***t*t***********t*t*******")
WRITE(NPRMNT, 1040
WRITE ENPRNT,1060)
1060 FORMAT (9X, *%® 114X, *x?)
WRTITF(MPRNT ,2500)
9500 FNRMAT(GX,*+°,39X, ?SUMMARY TAR|F OF ESP OPERATING?,45X,?w*")
WRTTE (NPRNT,9501)
9501 FORMAT(SX, **, 41X, PARAMETFRS AND PERFORMANCE®, 47X, "*")
WRITEF(NPRNT,10A0)
WRYITF (NPRNT,1060)
WRITE (NPRNT, 106N
WRITE (NPRNT,1060)
WRTITF (HPRNT,9502) NRUHN
9502 FORMAT(OX,°%?,46X, *DATA SET NUMRER *,13,49%,"«x")
WRTTE (NPRNT,10A0)
WRITF(NPRNT,1060)
WRITF(NPRNT,9503) SCOREF,SCA
9503 FNRMAT (X, *%*,12X, PESP PERFORMANCES?,SX, "EFFICIENCY = #,FR,4," %'
18X, 75CA = *,1PF10,3,% Mra2/(MxxT/SEC)*,21X,"%*)
WRITE(NPRNT,1060)
WRYITEENPRNT,1060)
WRTITE(NPRNT,9504) AVD
G504 FORMAT(OX,*%?, 12X, *ELLECTRICAL CONDITIONS:*,5X, AVG, APPLIED VOLTAI
1F = 2, 1PE10,3,°% V2,U0X,%%")
WRITF(NPPNT,1060)
WRITF(MNPRNT,9505Y ACD
9505 FORMAT(OX,*%*,39X,7AVG, CURRENT DENSITY = ¢ ,F7,2,* MNMA/CM»#x27?,34X,!
1x)
WRITF(MPRNT,1060)
WRITECMPRNT ,9506) RHOCGS
Q506 FORMAT(9X, *%x*,39X, *RESTISTIVITY = ?,1PF10,3," OHMaCM?, U4X,*x*)
WRITE(MPRNT,1060)
WRITE (NPRNT,1060)
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WRITE(MPRNT,9507) ZMMDI,SIGMI '
9507 FORMAT(OX,*w*,12X,*SIZE DISTRIARUTIONS:*,5X, INLET MMD = *,1PEL0,3,
1f UMe,gx, ?INLET SIGMAP = *,1PE10,3,23X,"x*)
WRITE (NPRNT,1060)
WRITE (NPRNT,9508) CZMDL,CSIGMO
9508 FORMAT(OX, **,36X, OUTLET MMD = *,1PE10,3,* UM’,SX,’0UTLET SIGMAP
12 *,1PE10,3,21X,"%*)
WRITE (NPRNT,1060)
WRITE (NPRNT,1060)
WRITE (NPRNT,9509) SNUCK,ZIGGY
9509 FORMAT(OX,’ **,12X, *NONIDEAL PARAMETERS1*,SX,*GAS SNEAKAGE FRACTION
1 =z *,Fd,2,* /SECTION®,SX,*GAS VELOCITY STGMAG = *,F4,2,9%,’%x*)
WRITE (NPRNT,1060)
WRITE(NPRNT,9510) RMMN,RSIGMA
9510 FORMAT(OX,*#*°,37X, RAPPING MMD = *,1PE10,3,* (JM*,6X, *RAPPING SIGMA
1p = '.1PE10.3,18*.'*'J
WRITE (NPRNT, 10A0)
WRITE (NPRNT,1060)
WRITF (NPRNT,9520)
RETURN
END
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