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ABSTRACT

The objective of this research was to investigate particle
charging in positive and negative corona discharge as a function
of temperature from 38°C to 343°C in order to establish, especial-
ly at hot-side precipitator temperatures, the relative effective-
ness of the two possible methods of charging.

In positive corona discharge, only positive ions can partic-
ipate in the particle charging process. In negative corona
discharge, there is the potential for both negative ions and free
electrons to participate in the particle charging process. Thus,
since different charging mechanisms are possible for positive and
negative corona discharge, the values of particle charge obtained
under similar electrical operating conditions for the two cases
might differ.

The values of charge on individual particles exiting two
different laboratory precipitators have been measured in an exper-
imental apparatus which utilizes a Millikan cell. The measurement
system was capable of obtaining data on particles with radii down
to approximately 0.2 pym. Measurements were directed at fine
particles with radii approximately between 0.3 um and 1.5 um.
Measurements were obtained for redispersed fly ash particles
carried in air at temperatures from 38°C to 343°C. The electrode
geometries and electrical operating conditions utilized in the
experiments are typical of full-scale precipitators.

At comparable voltages and currents for positive and negative
corona discharges, the data show that the ratio of the values of
negative to positive charge for radii in the range 0.6-1.3 um
increases from a value of approximately 1 to a value of approxi-
mately 2 as the temperature increases from 37°C to 343°C. The
predictions of a mathematical model of electrostatic precipitation
which employs an ionic charging theory show good agreement with
all the positive charging data, but show good agreement with the
negative charging data only at temperatures below 37°C. The
differences in the measurements and the model predictions are con-
sistent with the postulation of free electron charging at elevated
temperatures in negative corona discharge.
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NOMENCLATURE

F net downward force, nt

3 mass of the particle, kg

ay downward acceleration, m/sec?

q charge on the particle, coul

E electric field, V/m

g acceleration due to gravity, m/sec?
Fd drag force acting on the particle, nt

G density of the particle, kg/m?

p, density of the gaseous medium, kg/m3

a particle radius, m

n viscosity of the gaseous medium, nt-sec/m?

vy downward velocity of the particle, m/sec
(1+A2/a) Cunningham correction factor,
2 molecular mean free path, m
=1.257 + 0.400 exp (-1.10 a/%)

net upward force, nt

az upward acceleration, m/sec?

Vi upward velocity of the particle, m/sec

S distance over which the particle moves, m

tD time to fall the distance S, sec

tu time to rise the distance S, sec

E V/D electric field between two parallel plates, V/m
V voltage applied across two parallel plates, V

D spacing between the parallel plates, m



METRIC CONVERSION FACTORS

To convert from TO Multiply by
ft m 0.3048
in. cm 2.54
pya/ft? nA/cm? 1.075
ft/sec m/sec 0.3048
gr/act gm/m? 2.28

To convert from °F to °C: °C = E_i%@ - 273.3

xi



SECTION 1

INTRODUCTION

In the electrostatic precipitation process, particles sus-
pended in a moving gas stream are charged as the gas is passed
through a corona discharge. The particles are charged due to
collisions with molecular ions and, possibly, free (unattached)
electrons in the case of negative corona discharge. Since the
force which drives a charged particle to a collection electrode
is proportional to the charge on the particle, the mechanisms
involved in the particle charging process and the attainable
values of particle charge under various operating conditions are
of fundamental importance with respect to understanding and uti-
lizing the electrostatic precipitation process.

In the positive corona discharge, the electrons created in
the avalanche process near the discharge electrode migrate to the
discharge electrode leaving behind positive molecular ions which
migrate through the interelectrode space toward the collection
electrode. 1In this case, the interelectrode space, exclusive of
the relatively small region near the discharge electrode where
active gas breakdown occurs, consists of neutral gas molecules
and positive molecular ions. Therefore, for the positive corona
case, only positive ions can participate in the particle charging
process.

Evidence and conjecture of the presence of free electron
charging has been documented in the literature for laboratory
charging experiments with small-scale charging devices at room
temperature.!’? The mechanism by which free electrons charge
particles could be quite different than that for ionic charging.
Intuitively, the extent of free electron charging should depend
on the electrode geometry (especially the spacing between the
discharge and collection electrodes), applied voltage, gas tempera-
ture, and gas pressure. At the present, the mechanisms by which
electrons would charge particles have not been described theoret-
ically, and no experimental data are available that truly isolate
electron charging from ionic charging. 1In applying fundamental
principles to full-scale precipitators, effects due to free elec-
trons are generally neglected.



The purpose of the work presented here was to make charge
and radius measurements on individual fly ash particles in a
typical full-scale, electrode geometry at various temperatures
up to that which is typical in a hot-side precipitator. The
values of charge and radius of individual particles exiting two
different laboratory precipitators have been measured with an
experimental apparatus which utilizes a Millikan cell. Measure-
ments were obtained for redispersed fly ash particles at tempera-
tures from 38 to 343°C at various voltages and current densities
typical of full-scale precipitator operating conditions.

It was anticipated that by making the above measurements
two questions of importance could be answered. The first ques-
tion relates to how positive and negative coronas compare in
effectiveness for charging particles. Higher voltages and cur-
rents before sparkover may result with one type of corona
discharge and may lead to significantly higher values of particle
charge. The possibly different charging mechanisms in the cases
of positive and negative coronas may result in significantly
different values of particle charge under similar operating con-
ditions. The second question relates to whether free electrons
in the case of negative corona significantly enhance particle
charging at higher temperatures (and/or reduced pressures).
Recent field data from a hot-side precipitator collecting fly ash
indicate enhanced collection efficiencies for particles with
radii between 0.5 and 1.5 uym®. These collection efficiencies
were predicted by using the measured operating voltages and cur-
rent densities in conjunction with an ionic charging theory and
were significantly lower than those measured. In this case, free
electron charging may have been prominent in the electrostatic
precipitation process.



SECTION 2

SUMMARY AND CONCLUSIONS

The apparatus and technique described for measuring particle
radius and charge are capable of providing reliable data on indi-
vidual particles charged in an electrostatic precipitation device.
For temperatures up to 343°C (650°F), the measured values of
charge acquired in positive corona by particles with radii in the
range between 0.3 um and 1.5 uym are in good agreement with those
predicted by an ionic charging theory. For temperatures less
than 37°C (100°F), the measured values of charge acquired in nega-
tive corona by particles with radii in the range between 0.3 um
and 1.5 um are in good agreement with those predicted by an ionic
charging theory. For temperatures of 232°C (450°F) and 343°C
(650°F), the measured values of charge acquired in negative corona
by particles with radii between 0.6 uym and 1.3 um are significant-
ly higher than those measured for positive corona under similar
conditions and those predicted from a completely ionic charging
theory. These data indicate that the charging mechanisms for
positive and negative corona differ as temperature increases.

The enhanced values of particle charge for negative corona at
elevated temperatures are consistent with the postulation of a
free electron contribution in the particle charging mechanism.
Thus, a general theory for particle charging in negative corona
must contain ionic and electronic charging mechanisms whose rela-~
tive contributions are temperature dependent. The data indicate
that, even in a full-scale precipitator utilizing negative corona,
the effect of free electrons on the charging process can not be
ignored for typical temperatures between 148°C (300°F) and 371°C
(700°F) .



SECTION 3

RECOMMENDATIONS

Since the results of this work indicate that at temperatures
greater than 148°C (300°F) particle charging in full-scale elec-
trode geometries with negative corona is more effective than with
positive corona and that the values of particle charge obtained
in negative corona at these temperatures can not be predicted by
an ionic charging theory, it is recommended that further work be
done to better describe these results. Since possible free elec-
tron charging in negative corona offers the only significant
physical difference between positive and negative corona, it is
recommended that particle charging due to free electrons be
investigated in the future. Presently, no data are available that
truly isolate free electron charging from ionic charging. There-
fore, it is recommended that experiments be designed and performed
to study isolated free electron charging of particles as a func-
tion of electron density, particle residence time, electric field
strength, particle diameter, gas pressure, and gas temperature.
Also, since there is no adequate free electron charging theory
presently available, it is recommended that work be performed to

develop such a theory.



SECTION 4

MEASUPEMENT TECHNIQUE AND APPARATUS

The technique utilized for simultaneously determining the
charge and radius of a particle is based on the downward and
upward motion of a charged particle in an insulating gas under
the influence of a uniform, reversible electric field. When the
gravitational force and the force due to the electric field act
on the charged particle in the same direction, then the charged
particle will experience a net downward force given by

F.=ma,.=-QqE - mg + F

D D d

- qE - (pp - pa)(%naa)g + (6ﬂnavD)/(l + Af/a), (1)

F, = net downward force (nt),

m = mass of the particle (kqg),
ap = downward acceleration (m/sec?),

q = charge on the particle (coul),

E = electric field (V/m),

g = acceleration due to gravity (m/sec?),
F. = drag force acting on the particle (nt),
p_ = density of the particle (kg/m?),

Py = density of the gaseous medium (kg/m?3),
a = particle radius (m),

n = viscosity of the gaseous medium (nt-sec/m?),

v., = downward velocity of the particle (m/sec),



(1+A2/a) = Cunningham correction factor,
2 = molecular mean free path, (m), and
A =1.257 + 0.400 exp (-1.10 a/2).

Similarly, the force acting on the charged particle due to the
electric field can be made opposite to that of the gravitational
force in such a manner that the charged particle will experience
a net upward force given by

Fu = mau qE - mg - Fd

gE - (op - oa) (%ﬂa3)g - (61rnvu)/(l + AL/a), (2)

where
F, = net upward force (nt),
a, = upward acceleration (m/sec?),
vy = upward velocity of the particle (m/sec),

and all other symbols are as previously defined.

Assuming that the terminal velocity of the particle is

reached instantaneously, then a, =ay*= 0 and

vy = S/tD (3)
and

vy = S/tu’ (4)
where

S = distance over which the particle moves (m),

tD = time to fall the distance S (sec), and

tu = time to rise the distance S (sec).

Adding equations (1) and (2) yields

- (31a%) (b, = 09 + [(6TnaS)/ (1 + AL/a)] (= - £ = 0. (5)



Subtracting equations (1) and (2) yields

- 2 gE + [(6mnas)/(1 + At/a)] (& + i) = 0. (6)
D u

Equations (5) and (6) can be solved simultaneously to obtain
expressions for a and q.

Equation (5) can be rewritten in the form

2 9ns 1 1
a‘ + (AL)a + — (— - ) =0, 7
4(pp ) 9 g, ty (7)
Solving for a yields
Ins 1 1
AZL? - (- &)

- (p, - p.) g 't t

a = ALl + 5 P a u D . (8)

Solving equation (6) for q yields

q =g [(3mas)/(1 + ag/a)] (g + 1, (9)
D u
where
E = V/D,
V = voltage applied across two parallel plates (V), and
D = spacing between the parallel plates (m).

A technique and apparatus have been developed for measuring
the radius and charge on individual particles which have been
treated in an electrostatic precipitation device. The technique
consists of extracting a sample of gas from the precipitation
device and directing part of this extracted sample into a modi-
fied Millikan measurement cell. A single particle can then be
isolated, and its transit times in a uniform electric field can
be utilized in equations (8) and (9) to determine its radius and
charge.

A drawing of the measurement apparatus with its insertion
into a precipitator is shown in Figure 1. The gas sample is
extracted. through two-inch diameter tubing. At temperatures less
than 204°C, the tubing can be made of teflon or metal with equiv-
alent results. This tubing contains two bends and is electrically
grounded through a spiral wire which runs along the inner surface
of the tubing. The tubing runs upward from the measurement cell
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of particles.



and makes a right angle bend so that the tubing can enter a sam-
pling port. The second bend in the tubing is made so that the
tubing will be antiparallel to the gas flow and so that the
entrance to the tubing can be located inside the electrified reg-
ions although the port is located downstream from these regions.
The tubing leading down to the measurement cell contains a butter-
fly valve which can be opened to allow a sample to be drawn into
the measurement cell and can be closed to prevent the gas sample
from being drawn back into a precipitation device which has nega-
tive pressure inside and to prevent air flow disturbances during
the measurements. Below this valve and below the measurement
cell there is a connection to a pump. With the valve open, the
pump is operated and particles are drawn into the measurement
cell. When a sufficient number of particles is obtained in the
measurement cell, the pump is turned off with simultaneous clos-
ing of the valve. Once the pump is turned off and the valve is
closed, the particles very quickly cease to have any motion due
to gas flow. At this point, only the gravitational field, vis-
cous drag, and electric field which can be imposed across the
parallel plates of the measurement cell have any influence on the
motion of the particles.

In those cases where the particle concentrations are too
large for easy isolation of individual particles, the extracted
gas sample can be diluted. Filtered, outside air can be mixed
with the extracted sample by means of a bleed valve preceded by
a filter.

The Millikan measurement cell is cylindrical in shape with
a diameter of 3.8 cm and a plate spacing (or approximate height)
of 0.5 cm. Gas enters the cell through a small hole in a conical
depression in the top plate. The particles are illuminated by a
high intensity microscope lamp and are viewed through a micro-
scope attached to the measurement cell. The distance traveled
by the particles is determined by a graticule which is mounted
near the focal plane of the obijective lens of the microscope.
Measurement of the particle transit times was performed with a
stopwatch. Voltages on the order of 3 to 15 volts were applied
across the plates to produce the electric fields necessary to
generate the data presented in this report. The temperature of
the gas in the measurement cell was determined by means of a
thermocouple.

In the system described here, particles with radii down to
approximately 0.2 um can be observed. Measurements were con-
cerned primarily with fine particles with diameters approximately
between 0.3 uym and 1.5 ym since (1) they are the most difficult
to collect in a precipitator, (2) their behavior in a precipitator
is the most difficult to model, and (3) their escape into the
atmosphere offers the greatest health hazard. Measurements on
smaller particles can be readily obtained by allowing the larger



particles to settle out. By waiting approximately three minutes
after a new sample is introduced into the measurement cell, only
particles of approximately 0.5 um or less in radius will remain
in the field of view. Measurements on the larger particles can
be readily made by choosing those particles which fall the fast-
est under the influence of gravity. The measurement system also
has the capability of determining the magnitude and sign of the
charge on a particle. Thus, the system has the potential to be
used to analyze the effects on particle charge of back corona
and rapping reentrainment. In addition, particles can be suc-
cessfully extracted and analyzed from electrified regions at
different locations in a precipitation device.

10



SECTION 5

EXPERIMENTAL PROGRAM, DATA, AND RESULTS

The capability of the technique and apparatus to make
accurate measurements of the radius and charge of particles
treated in an electrostatic precipitator has been demonstrated
in previous work. Measurements were performed under essentially
idealized conditions in laboratory Precipitator A. This precip-
itator has one gas passage, four electrical sections which are
0.76 m (2.5 ft) long, plates which are 38.1 cm (15 in.) high, a
25.4 cm (10 in.) plate-to-plate spacing, a 12.7 ecm (5 in.) wire-
to-wire spacing, and a 0.24 cm (0.094 in.) discharge electrode
(wire) diameter. The normalized standard deviation of the gas
velosity distribution and the gas sneakage per baffled electri-
cal section were both measured to be less than 10%. For the
experiments in laboratory Precipitator A, low mass concentrations
of dioctylphthalate (DOP) droplets were generated by an aerosol
sprayer and were carried through the precipitator by air at ambi-
ent conditions. Since (1) the particles were spherical, (2)
particle reentrainment could not exist, and (4) gas sneakage was
minimal, the results of the measurements could be interpreted
with little ambiguity.

Measurements were made at precipitator operating conditions
consisting of negative corona, an average applied voltage of
44.2 kv, an average current density of 21.5 nA/cm? (20.0 pA/ft?),
and a gas velocity of 1.5 m/sec (4.9 ft/sec). The data obtained
at the precipitator outlet from the measurements on 486 individual
particles are shown graphically in Figure 2 and are tabulated in
Table 1. The data on each individual particle were obtained from
the average values of three measurements each of the time required
for the particle to travel downward a distance of 0.129 cm under
the influence of an electric field and of the time required to
travel the same distance upward. The bars on the average data
points are one standard deviation and are not necessarily repre-
sentative of the error in the measurement technique but, instead,
they are more representative of the expected spread in charge on
a particle with a given radius due to the fact that different
particles travel different paths through the precipitator and
experience different charging electric field strengths and ion
densities. Also, particle radii in a narrow band have been
grouped together with a radius given by the midpoint of the band.

11
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Figure 2. Theoretical and measured particle charge as a function of particle radius
at the outlet of laboratory Precipitator A at ambient temperature.

12




MEASURED AND PREDICTED VALUES OF
PARTICLE CHARGE AT THE OUTLET OF
A LABORATORY PRECIPITATOR

TABLE 1.

Radius No. Mean Min Max Ng§:2é;§2d Predicted
Size Range Part Charge Charge Charge Deviation Charge

(10-%m) (coul) (coul) (coul) (coul)
0.25-0. 35 3 1.28x10"'7 4.20x10-'® 1.82x10"!7 0.481 1.61x10" "7
0.35-0.45 35 1.98x10°'7 5.22x10°'® 3.82x10"'7 0.270 2.62x107!7
0.45-0.55 57 2.88x107'7 1.96x107'7 6.03x10"}’7 0.265 3.81x10717
0.55-0.65 46  4.54x10"'7 2.76x107!'7 1.17x107!'® 0.346 5.16x10™ 7
0.65-0.75 68 6.71x10°'7 3.74x10 !7 1.04x10 !§ 0.234 6.75x10 !7
0.75-0.85 80 9.10x10 !7 4.16x10°!7 1.58x10 !¢ 0.271 8.49x10™ !7
0.85-0.95 66 1.21x10 '® 6.41x10 !7 1.87x10 !¢ 0.280 1.05x10 '€
0.95-1.05 56 1.43x10 !¢ 6.08x10 !7 2.68x10° !® 0.330 1.26x10" '®
1.05-1.15 42 1.64x10 '® 8.09x10 !7 2.94x10 !¢ 0. 306 1.48x10 16
1.15-1.25 20 1.82x10 '® 1.16x10 !¢ 3.17x10 '® 0.289 1.75x10 %
1.25-1.35 5 3.32x10 '® 2.39x10 '® 4.39x10 !¢ 0.237 2.02x10° 16
1.35-1.45 6 2.61x10 !¢ 1.48x10 '® 4.93x10 !¢ 0.438 2.31x10 '®
1.45-1.55 2 4.30x10 '® 3.95x10 !6 4.59x10 ! 0.748 2.61x10 6

13



The solid curve is a model® prediction of charge as a function of
particle radius at the outlet of the precipitator. The model
employs an ionic charging theory.?®

In a wire-plate geometry, the electric field does not vary
significantly over a major portion of the interelectrode space
and it varies rapidly only over a small high field region near
the discharge electrode.® Thus, one would expect that the
majority of the particles of a given radius exiting the precipi-
tator would have essentially the same charge but there would be
a spread in charge lying in a range determined by the minimum and
maximum values of the electric field. These expectations are
evidenced in the data in that the normalized standard deviations
are small. One might also expect that a certain percentage
(possibly 5-10%) of the smaller particles (less than 0.5 pm in
radius) would pass through high electric field regions near the
discharge electrodes and would acquire charges which are signifi-
cantly higher than those predicted by the average electric field
used in the model. Although values of the electric field in the
high field region should be up to 8.5 times the average value of
electric field used in the model, the ratios of measured charge
to predicted charge did not exceed a value of 2.8. It was also
observed that, while it was relatively easy to find particle
charges significantly larger than that predicted by the model for
radii greater than approximately 0.7 um, very few particles were
found to have a significantly higher charge than predicted by the
model for radii less than approximately 0.7 uym. In fact, in the
range of radius between 0.2 and 0.8 um, only one particle out of
289 measured had a charge which was over a factor of 1.6 times
the predicted charge. In addition many samples were observed in
which the particles larger than 0.5 um in radius were allowed to
settle out in order to determine if highly charged submicron
particles were present. In all these samples, the remaining par-
ticles all moved with essentially the same velocity in an applied
electric field. Thus, they all had approximately the same value
of charge. Measurements made on gas samples taken from the
middle of the inlet electrical section also produced the same
results.

The limited data shown in Figure 2 and Table 1 indicate that
the measurement technique is reliable and that the model predic-
tions are in good agreement with the average measured value of
particle charge. The higher theoretical predictions for particle
radii less than 0.6 um are inherent in the approximate theory at
the values of electric field which were utilized in the experi-
ment. The use of an average electric field determined by divid-
ing the applied voltage by the wire-to-plate spacing and of a
particle residence time determined by dividing the precipitator
length by the average gas velocity appears to be adequate for
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predicting particle charge. Also, an ionic charging theory
appears to be adequate for describing the data.

The objective of the present experimental program was to
make charge and radius measurements in a typical full-scale,
electrode geometry under both positive and negative corona at
various temperatures up to that which is typical in a hot-side
precipitator. 1In these experiments, the gas stream entering the
precipitator was laboratory air containing low resistivity,
redispersed fly ash particles. In principle, although sparkover
may occur at a different applied voltage for positive corona than
negative corona in laboratory air at atmospheric pressure near
sea level, the clean air, clean plate, voltage-current curves for
the two cases should be nearly the same up to sparkover for typi-
cal full-scale plate spacings since the starting voltages and
effective ion mobilities do not differ appreciably. Thus, for
low mass loadings of low resistivity fly ash particles, compari-
sons of particle charging capabilities of positive and negative
corona might be made where essentially the same applied voltages
and currents are utilized in both cases. Any significant differ-
ences in particle charging capabilities under these conditions
would indicate different charging mechanisms for the different
types of corona.

At higher temperatures (and/or reduced pressures), the mean-
free-paths of ions and electrons increase. Thus, in the case of
negative corona, free electrons can penetrate further into the
interelectrode space and possibly can have an increased effect on
voltage-current characteristics and particle charging. Compari-
son of voltage-current characteristics and particle charging for
both positive and negative corona at higher temperatures should
provide further insight into the effect, if any, of free elec-
trons. If significant penetration of free electrons occurs in
the interelectrode space, this might be evidenced in a larger
difference in positive and negative voltage-current character-
istics than would be obtained if only ions carried the current.
However, even if differences in voltage-current characteristics
can not be firmly established, differences in particle charging
capabilities may still exist.

The effect of temperature on particle charging was examined
in laboratory Precipitators B and C. Precipitator B has one gas
passage, four electrical sections which are 91.4 cm (36 in.) long,
plates which are 91.4 cm (36 in.) high, a 25.4 cm (10 in.) plate-
to-plate spacing, a 22.9 cm (9 in.) wire-to-wire spacing, a
0.32 em (0.125 in.) discharge electrode (wire) diameter. Precip-
itator C has one gas passage, four electrical sections which are
1.22 m (4 ft) long, plates which are 1.22 m (4 ft) high, a
25.4 cm (10 in.) plate-to-plate spacing, a 22.9 cm (9 in.) wire-
to-wire spacing and a 0.32 cm (0.125 in.) discharge electrode
(wire) diameter. Measurements at 38°C (100°F) were performed at
the outlet of Precipitator B, while measurements at 148°C (300°F),

15



232°C (450°F), and 343°C (650°F) were performed at the outlet of
Precipitator C.

Figures 3-5 show typical real time voltage-current traces
obtained from Precipitator C for clean air, wires, and plates at
three different temperatures. All these curves were obtained
sequentially over a relatively short time period. Under these
conditions and with good electrode alignment, it can be seen that
voltage-current curves which are nearly coincident are obtainable.
Figures 6-8 show some typical average voltage-current curves
obtained when the air stream contained fly ash particles and when
the wires and plates were somewhat dirty. The data in Figure 6
represent an average over Precipitator B. The data in Figures 7
and 8 were obtained from Precipitator C with curves from all the
electrical sections shown in Figure 7 and an average over the
entire precipitator shown in Figure 8. All data with particles
in the air stream obtained at 343°C (650°F) from Precipitator C
were acquired agproximately four months prior to that at 148°C
(300°F) and 232°C (450°F). During the later measurement period,
the precipitator was not operating as well as before, and the
voltage-current curves with particles for positive and negative
corona were widely separated. Since the inlet mass loading was
nominally on the order of 1.14 gm/m® (0.5 gr/acf) and the parti-
cle size distribution was rather large, the effect of particles
on the voltage-current curves could not be attributed entirely
to a particulate space charge effect in the gas. The observed
behavior of the voltage-current curves might have been due to
deposits of a high resistivity ash on the wires and plates
acquired during other experiments performed just prior to these
measurements. In any event, it was often observed that the
addition of particles caused the positive and negative voltage-
current curves to separate to a larger extent than anticipated.

Figures 9-11 show particle radius and charge measurements
made at the outlet of Precipitator B at 38°C (100°F) with an
average gas velocity of approximately 1.5 m/sec (5.0 ft/sec).
These and additional data are tabulated in Tables 2-5. Model
predictions for the different conditions are also shown for
comparison with the data. The data in Figure 9 were obtained
with a constant average current density of 15 nA/cm? (13.9
pA/ft?) and average applied voltages for positive and negative
corona of 38.0 kV and 34.5 kV, respectively. The data in
Figure 10 were obtained with a constant average applied voltage
of 35.0 kV and average current densities for positive and
negative corona of 9 nA/cm? (8.4 uA/ft?) and 15 nA/cm? (13.9
uA/ft?), respectively. The data in Figure 11 were obtained for
negative corona only at average applied voltages of 34.5 kV and
38.0 kV, corresponding to average current densities of 15 nA/cm?
(13.9 pA/ft?) and 36 nA/cm? (33.4 pA/ft?), respectively. For
all the data at 38°C (100°F), the theory and data show good
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Figure 3. Clean air, wire, and plate voltage-current curves for Precipitator C
at ambient temperature.
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Figure 4. Clean air, wire, and plate voltage-current curves for Precipitator C
at 1480C (300°9F).
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Figure 6. Average voltage-current curves with particles for
Precipitator B at 38°C (100°F).
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particles for Precipitator C at 1480C (300°F).
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Figure 9. Measured positive and negative particle charge versus measured
radius and comparison with theory at 389C (100°F) and 15 nA/em2
(13.9 uA/ft2).
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Figure 10. Measured positive and negative particle charge versus measured radius
and comparison with theory at 389C (1009F) and 35 kV.
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Figure 11. Measured negative particle charge versus measured radius and
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(13.9 uA/ft2) and 36 nA/cm? (33.4 pA/ft2),
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TABLE 2

PARTICLE CHARGE FOR POSITIVE CORONA
AT 38°C, 37-39 kv, 15 nA/cm?

Average Average
Median Number of Charge/ Standard Number
Radius of Particles Particle Deviation Normalized of
Size Band in (10717 (10=1!7 Standard Charges/
(microns) Size Band coulombs) coulombs) Deviation Particle
0.3 15 2.155 0.7507 0.35 135
0.4 23 2.733 0.8730 0.32 171
0.5 23 3.705 0.8348 0.23 232
0.6 28 5.419 1.750 0.32 339
0.7 14 6.777 1.692 0.25 424
0.8 16 9.745 3.122 0.32 609
0.9 7 12.00 4.430 0.37 750
1.0 7 13,71 1.423 0.10 857
1.1 5 16.91 2.786 0.16 1057
1.2 1 16.85 - -— 1053
1.3 2 30.56 2.295 0.08 1910
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TABLE 3

PARTICLE CHARGE FOR NEGATIVE CORONA
AT 38°C, 34-35 kv, 15 nA/cm?

Average Average
Median Number of Charge/ Standard Number
Radius of Particles Particle Deviation Normalized of
Size Band in (10”17 (10717 standard Charges/
(microns) Size Band coulombs) coulombs) Deviation Particle
0.3 2 1.777 0.3136 0.18 111
0.4 15 2.644 0.7142 0.27 165
0.5 39 3.314 0.6943 0.21 207
0.6 25 4.662 1.755 0.38 291
0.7 31 6.551 1.758 0.27 409
0.8 17 8.765 1.888 0.22 548
0.9 12 12.28 5.462 0.44 768
1.0 3 13.85 3.261 0.24 866
1.1 3 19.62 2.307 0.12 1226
1.2 -—- - -——— - -——
1.3 1l 24,78 -— -—- 1549
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TABLE 4

PARTICLE CHARGE FOR POSITIVE CORONA
AT 38°C, 35 kV, 9 nA/cm?

Average Average
Median Number of Charge/ Standard Number
Radius of Particles Particle Deviation Normalized of
Size Band in (ro~1!7 (10-17 Standard Charges/
(microns) Size Band coulombs) coulombs) Deviation Particle
0.3 34 1.761 0.5945 0.34 110
0.4 l6 2.639 0.8297 0.31 165
0.5 15 3.556 1.116 0.31 222
0.6 19 4,268 1.018 0.24 267
0.7 10 7.860 3.071 0.39 491
0.8 4 7.926 0.5088 0.06 495
0.9 3 8.799 1.056 0.12 550
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TABLE 5

PARTICLE CHARGE FOR NEGATIVE CORONA
AT 38°C, 38 kV, 36 nA/cm?

Average Average
Median Number of Charge/ Standard Number
Radius of Particles Particle Deviation Normalized of
Size Band in (10"17 (10-17 Standard Charges/
(microns) Size Band coulombs) coulombs) Deviation Particle
0.3 20 1.278 0.3608 0.28 80
0.4 32 2.219 0.5699 0.26 139
0.5 38 3.623 1.048 0.29 226
0.6 28 4.808 1.125 0.23 301
0.7 17 7.110 2.450 0.34 444
0.8 9 9.251 2.890 0.31 578
0.9 4 15.25 4.337 0.28 953
1.0 3 14.30 1.345 0.09 894
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agreement. Since the least amount of data was acquired for the
smallest and largest radius bands, the agreement with theory
should be expected to be less for these particle radii.

Figure 12 shows particle radius and charge measurements made
at the outlet of Precipitator C at 148°C (300°F) with an average
gas velocity of approximately 1.4 m/sec (4.5 ft/sec). These and
additional data are tabulated in Tables 6 and 7. The average
applied voltage and current density for negative corona were 25.7
kv and 31.0 nA/cm? (28.8 uA/ft?), respectively. The average
applied voltage and current density for positive corona were 33.0
kv and 18.0 nA/cm?® (16.7 pA/ft?), respectively. During measure-
ments with both positive and negative corona, it was difficult to
maintain constant electrical operating conditions. Wide fluctua-
tions in applied voltage and current occurred with intermittent
sparking. Thus, these data are not useful for comparing positive
and negative particle charging under comparable conditions. How-
ever, the data give an illustration of the capability of the
measurement system to detect adverse charging conditions.

Figure 13 shows particle radius and charge measurements
made at the outlet of Precipitator C at 232°C (450°F) with an
average gas velocity of approximately 1.4 m/sec (4.5 ft/sec).
These and additional data are tabulated in Tables 8 and 9. The
average applied voltage and current density for negative corona
were 28.1 kV and 28.0 nA/cm? (26.0 uA/ft?), respectively. The
average applied voltage and current density for positive corona
were 31.5 kV and 17 nA/cm? (15.8 pA/ft?), respectively. After
the measurements at 148°C (300°F), the wires and plates of the
precipitator were cleaned by brushing. This resulted in more
favorable and stable electrical operating conditions. For the
operating conditions during the measurements, the theory predicts
essentially the same charge versus radius relationship for the
positive and negative corona conditions. While the theory agrees
well with the data obtained with positive corona for all particle
radii, it clearly underpredicts negative particle charge for radii
between approximately 0.7 um and 1.2 um. In this range of radius,
the ratio of the average measured negative charge to the predicted
charge varies from 1.25 to 1.59, increasing with increasing diameter.
These data indicate that negative corona is more effective than
positive corona in charging particles with radii between 0.7 um
and 1.2 um at 232°C (450°F). Comparison of these data with the
theoretical predictions and the information in Figures 2-5
suggests that the use of a completely ionic charging theory to
describe negative particle charging at 232°C (450°F) is inade-
quate. Since the only major physical difference between the
positive and negative corona process is the free electron pene-
tration into the interelectrode space in the negative corona
case, the enhanced particle charge with negative corona at 232°C
(450°F) might be due to increased free electron charging.
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Figure 12. Measured positive and negative particle charge versus measured
radius and comparison with theory at 148°C (300°F).
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TABLE 6

PARTICLE CHARGE FOR POSITIVE CORONA
AT 148°C, 33.0 kv, 18 nA/cm?

Average Average
Median Number of Charge/ Standard Number
Radius of Particles Particle Deviation Normalized of
Size Band in (10”17 (10717 Standard Charges/
(microns) Size Band coulombs) coulombs) Deviation Particle
0.3 5 1.428 0.1032 0.081 89
0.4 15 2.342 0.5156 0.2202 146
0.5 19 3.243 0.8471 0.2612 203
0.6 18 4,743 0.8260 0.1741 296
0.7 27 6.115 1.840 0.3009 382
0.8 19 8.470 1.994 0.2354 529
0.9 23 8.498 2.058 0.2421 531
1.0 13 11.31 3.769 0.3333 707
1.1 6 12.32 0.6139 0.0498 770
1.2 6 15.02 1.938 0.1291 939
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TABLE 7

PARTICLE CHARGE FOR NEGATIVE CORONA
AT 148°C, 25.7 kV, 31 nA/cm?

Average Average
Median Number of Charge/ Standard Number
Radius of Particles Particle Deviation Normalized of
Size Band in (10~17 (10°17 Standard Charges/
{microns) Size Band coulombs) coulombs) Deviation Particle
0.4 14 1.447 0.6014 0.4156 90
0.5 28 2.426 0.6695 0.2759 152
0.6 36 3.799 1.544 0.4064 237
0.7 30 4.627 1.513 0.3270 289
0.8 10 6.710 2.195 0.3271 419
0.9 16 7.773 1.381 0.1777 486
1.0 7 8.862 1.827 0.2061 554
1.2 3 23.09 11.043 0.4516 1443
1.3 4 25,62 7.145 0.2788 1601
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Figure 13. Meqsured positive and negative particle charge versus measured
radius and comparison with theory at 2329C (4500F).
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TABLE 8

PARTICLE '-CHARGE FOR POSITIVE CORONA
AT 232°C, 31.5 kv, 17 nA/cm?

Average Average
Median Number of Charge/ Standard Number
Radius of Particles Particle Deviation Normalized of
Size Band in (10”17 (10°17 Standard Charges/
(microns) Size Band coulombs) coulombs) Deviation Particle
0.3 9 1.405 0.2762 0.1966 88
0.4 10 2.461 0.5891 0.2393 154
0.5 19 2.938 0.8750 0.2978 183
0.6 29 3.886 0.9217 0.2372 243
0.7 17 5.201 1.118 0.2150 325
0.8 23 7.027 2.891 0.4114 439
0.9 17 9.857 3.555 0.3607 616
1.0 13 9.925 2.020 0.2036 620
1.1 4 15.36 4.012 0.2612 960
1.3 2 20.78 6.675 0.3213 1299
1.4 2 17.00 8.368 0.4922 1063
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TABLE 9

PARTICLE CHARGE FOR NEGATIVE CORONA
AT 232°C, 28.1 kV, 28 nA/cm?

Average Average
Median Number of Charge/ Standard Number
Radius of Particles Particle Deviation Normalized of
Size Band in (1017 (10"17 Standard Charges/
(microns) Size Band coulombs) coulombs) Deviation Particle
0.4 5 2.568 0.3808 0.1483 161
0.5 32 3.959 0.9971 0.2518 247
0.6 32 5.413 1.470 0.2715 338
0.7 24 7.989 2.372 0.2967 499
0.8 21 10.62 3.506 0.3303 664
0.9 14 12.85 4.321 0.3362 803
1.0 4 17.64 4.570 0.2591 1102
1.1 9 20.57 6.723 0.3268 1286
1.2 5 22.89 5.570 0.2434 1431
1.3 3 20.88 4.038 0.1934 1305
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Figures 14-16 show particle radius and charge measurements
made at the outlet of Precipitator C at 343°C (650°F) with an
average gas velocity of approximately 1.4 m/sec (4.5 ft/sec).
These and additional data are tabulated in Tables 10-13. The
precipitator had been cleaned thoroughly prior to these measure-
ments. During the measurements, the electrical operating condi-
tions were extremely stable. The data shown in Figure 14 were
obtained for a current density of 30 nA/cm? (27.9 uA/ft ) for
both positive and negative corona with essentially the same aver-
age applied voltages of 26.5 kV and 27.5 kV, respectively.

Similar to the results obtained at 232°C (450°F), the theory
agrees reasonably well with the data for positive corona but
clearly underpredicts particle charge obtained with negative
corona for radii between approximately 0.6 pym and 1.3 um. In this
range of radius, the ratio of the average measured negative charge
to the predicted charge ranges from 1.27 to 1.94, generally
increasing with increasing diameter. These data again suggest

the possibility of free electrons participating in the charging
process with negative corona.

Figures 15 and 16 contain data showing the effect of elec-
trical conditions on particle charging with positive and negative
corona at 343°C (650°F). Again, the theory agrees relatively
well with the data for positive corona but underpredicts particle
charge obtained with negative corona for radii between approxi-
mately 0.6 um and 1.3 pym. The data show the same trend as the
theory in that larger applied voltages and current densities
result in higher values of particle charge. Also, the ability
for negative corona to acquire a significantly higher voltage
and current density prior to sparkover resulted in a further
increase in particle charge as compared to the positive corona.
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Figure 14. Measured positive and negative particle charge versus measured
radius and comparison with theory at 343°C (650°F) and
30 nA/cm? (27.9 uA/ft2).
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Figure 15. Measured positive particle charge versus measured radius and
comparison with theory at 3439C (6500F) with 15 nA/cmZ2
(13.9 uA/ft2) and 30 nA/cm?2 (27.9 uA/ft2).
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Figure 16. Measured negative particle charge versus measured radius and
comparison with theory at 343°C (6509F) with 30 nA/cm2
(27.9 uA/ft2) and 85 nA/cm?2 (79.0 pA/ft2).
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TABLE 10

PARTICLE CHARGE FOR POSITIVE CORONA
AT 343°C, 26-27 kV, 30 nA/cm?

Average Average
Median Number of Charge/ Standard Number
Radius of Particles Particle Deviation Normalized of
Size Band in (10”17 (1017 Standard Charges/
(microns) Size Band coulombs) coulombs) Deviation Particle
0.3 9 1.598 0.5438 0.34 99
0.4 le6 2.642 1.083 0.41 165
0.5 21 3.582 1.094 0.31 224
0.6 19 4.186 1.349 0.32 262
0.7 28 5.385 1.342 0.25 337
0.8 9 7.255 2.037 0.28 453
0.9 14 7.613 1.130 0.15 476
1.0 12 10.91 2.364 0.22 682
1.1 7 12.30 2.212 0.18 769
1.2 1 25.20 - - 1575
1.3 7 20.42 7.253 0.35 1276
1.4 1 29.38 -— -—— 1836
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TABLE 11

PARTICLE CHARGE FOR NEGATIVE CORONA
AT 343°C, 27-28 kV, 30 nA/cm?

Average Average
Median Number of Charge/ Standard Number
Radius of Particles Particle Deviation Normalized of
Size Band in (Lo~1}7 (r0"17 Standard Charges/
(microns) Size Band coulombs) coulombs) Deviation Particle
0.3 1 1.717 - —-—— 107
0.4 6 3.004 0.5930 0.20 188
0.5 19 4.640 0.9379 0.20 290
0.6 27 6.836 1.550 0.23 427
0.7 32 9.193 3.131 0.34 575
0.8 16 13.69 3.570 0.26 856
0.9 17 14.60 4,116 0.28 913
1.0 12 17.60 3.632 0.21 1100
1.1 7 20.76 3.274 0.16 1298
1.2 5 31.46 4.783 0.15 1966
1.3 4 32.16 4,225 0.13 2006
1.4 2 33.71 0.085 0.002 2107
1.5 1 48.38 -—— -—— 3024
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TABLE 12

PARTICLE CHARGE FOR POSITIVE CORONA

AT 343°C, 25 kv, 15 nA/cm?

Average Average
Median Number of Charge/ Standard Number
Radius of Particles Particle Deviation Normalized of
Size Band in (10717 (10717 Standard Charges/
(microns) Size Band coulombs) coulombs) Deviation Particle
0.3 4 1.463 0.3552 0.24 91
0.4 4 2.235 0.5683 0.25 140
0.5 9 2.787 0.7414 0.27 174
0.6 6 4.018 0.6848 0.17 251
0.7 10 5.572 1.213 0.22 348
0.8 4 6.610 0.9339 0.14 413
0.9 3 7.465 0.7264 0.10 467
1.0 3 9.768 0.0576 0.006 611
1.1 3 11.09 1.097 0.10 693
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TABLE 13

PARTICLE CHARGE FOR NEGATIVE CORONA
AT 343°C, 30-31 kV, 85 nA/cm?

Average Average
Median Number of Charge/ Standard Number
Radius of Particles Particle Deviation Normalized of
Size Band in (1017 (10”17 Standard Charges/
(microns) Size Band coulombs) coulombs) Deviation Particle
0.3 —-——- - -— - -—-
0.4 1 3.943 - - 246
0.5 12 5.533 0.7909 0.14 346
0.6 20 9.137 1.578 0.17 571
0.7 36 12.04 2.256 0.19 753
0.8 26 17.62 3.212 0.18 1101
0.9 27 19.84 3.590 0.18 1240
1.0 11 27.18 4,022 0.15 1699
1.1 7 33.08 5.761 0.17 2068
1.2 2 37.75 1.810 0.05 2359
1.3 2 49.71 7.622 0.15 3107
1.4 2 47.94 7.660 0.16 2996
1.5 1 53.41 -— -— 3338
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