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EXECUTIVE SUMMARY

This research program included as principal objectives the comparison of
various types of electrode systems for charging fine, high-resistivity dusts,
the investigation of techniques for charging high resistivity dusts in a high
current density corona system, performance of a laboratory scale study to
determine the technical feasibility of selected charging systems, and finally
the design, fabrication and testing of a 0.47 m®/sec (1000 acfm) pilot-scale
precharger applicable to a two-stage system for electrostatic precipitation
of high resistivity particulate materials. As a preliminary step, the liter-
ature was reviewed for indications of previous attempts to control back coro-
na resulting from the presence of high resistivity dust in an electrostatic
precipitator. Limited theoretical and experimental investigations were car-
ried out to eliminate impracticable techniques and to develop novel approaches
to the solution of the problem. This work resulted in the derivation of a
new three-electrode particle charging device (precharger) upon which further
developments in this project were based.

The general concept of the three-electrode precharger is that a properly
biased, open mesh screen electrode placed near the grounded plate electrode
in a wire plate system will serve to remove a large portion of the ionms
resulting from back corona, while permitting a reasonably high primary corona
current to pass. This concept was tested in a small laboratory device, where
it was found that back corona effects could be controlled sufficiently well to
permit charging of dusts having electrical resistivit&nabove 10'? ohm-cm ta. .
levels that could be achieved for low and moderate resistivity dusts
(<5 x 10'° ohm~cm) in a conventional corona geometry.

As a consequence of the laboratory scale work, a pilot scale system was
designed and fabricated for testing at a gas volume flowrate of approximately
1000 ACFM. The tests performed on that device demonstrated good charging
results, but also revealed the necessity for improvements in the mechanical
design. Hence a second generation, ruggedized version of the 0.47 m®/sec
charger was designed, constructed and tested. Charging results remained con-
sistent with those of previous tests.

Used with a modified conventional pilot-scale ESP as a second stage
(collector) the precharger was tested as a part of a two-stage system. Meas-
urements of particle size distributions and mass loadings at the inlet and
outlet of the system showed overall collection efficiency above 90% when op-
erated at a specific collection area of 25.2 m?/m®/sec (128 £t2/1000 acfm)
where the dust resistivity was above 10'? ohm-cm.



These tests indicate the feasibility of making substantial size reduc-
tions, with concomitant economic savings, in the fabrication of electrostatic
precipitators applied to the collection of high resistivity dusts.

This report has been submitted in fulfillment of Contract No. 68-02-2193
by Southern Research Institute under the sponsorship of the U. S. Environ-
mental Protection Agency. This report covers a period from September 30,
1976 to July 31, 1978, and work was completed as of September 30, 1978.
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SECTION 1

INTRODUCTION

The presence of high resistivity particulate material in an electrostatic
precipitator tends to degrade the collection efficiency of the system by re-
ducing the rate of particle charging. The problem occurs as a result of a
phenomenon known as ''back corona', which arises from electrical breakdown in
the dust layer on the precipitator collection plates. Breakdown of the dust
layer leads to localized field effects capable of producing ionization of gas
molecules near the breakdown sites. Under these conditions, corona discharges
occur at both the corona wire and the grounded plate electrode, resulting in
a bipolar ion current throughout most of the space between electrodes. When
both positive and negative ions are present the particle charging mechanisms
become ineffective, leading to very poor performance of the ESP.

The electric field strength in the dust layer on precipitator collection
plates depends upon the electrical resistivity of the dust and the current
density passing through it. The thickness of the layer is not a primary factor.
Thus, electrical breakdown and the consequent back corona can occur even where
only an extremely thin dust layer exists. It has been demonstrated that me~
chanical cleaning by rapping, scraping or brushing cannot provide a clean
enough metal surface to prevent back corona. .It is therefore unrealistic to
attempt to defeat the effects of high resistivity dust by application of
mechanical plate cleaning techniques.

Several approaches have been developed to deal with the high resistivity
problem in conventional precipitators. Among these are the use of chemical
additives, operation of precipitators at elevated temperatures and the use of
extraordinarily large collecting surfaces relative to the gas volume flowrate.
There are, however, disadvantages associated with each of these methods. The
use of chemical additives entails the expense of providing an injection system,
as well as the cost of maintaining a regular supply of the reagent to be used.
Operation of a precipitator at elevated temperature (350°C to 450°C) presents
engineering difficulties due to thermal stresses and materials considerations.
Insulation costs for "hot-side'" precipitators increase the capital outlay
required relative to the expense of installing a conventional ESP. The use of
a very large specific collection area (SCA, ratio of total collecting plate
area to total gas volume flowrate) is a fairly reliable approach, since the
overall effect of back corona is to reduce the efficiency of an ESP. But, for
a given application, the installation cost of an ESP is roughly proportional
to the value of the SCA. Thus, each of the techniques currently employed for
the collection of high resistivity dusts by electrostatic precipitation entails
substantial installation or operating costs above those associated with the
collection of dusts having moderate electrical resistivity.
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The principal objective of this project was to investigate possible solu-
tion to the problems associated with the precipitation of high resistivity
particulate matter and to evaluate the results in terms of applicability to
the control of industrial air pollution. The work is based on previous studies
of particle charging with regard to the development of an effective two-stage
electrostatic precipitator system.1

In a two-stage system the charging and collecting functions are separated
inasmuch as it is possible. The first stage, or precharger, is operated at a
relatively high current density to provide a dense ion field for effective
particle charging. The precharger is, physically, a relatively small part of
the system, so it is possible to resort to unusual and relatively expensive
techniques for controlling back corona in the precharger without incurring
prohibitively high costs for the system as a whole. The second stage of the
system serves as a particle collector. The desirable operating parameters in
the collector are high electric field strength and low, uniform, ion current
density at the plate electrodes. The high field provides for maximum migra-
tion velocity, and the low current density permits operation below the thres-
hold for back corona. Operation at zero current density is impractical,
since collection of reentrained particles may require some :additional charg-
ing in the collecting stage.

The focus of this research work has been on the development of an effec-
tive precharger. Several approaches were examined and compared theoretically
and experimentally with regard to feasibility of controlling the effects of
back corona in an environment where the ion current density was well above
the threshold for back corona. As a result of this investigation a three~
electrode system was devised, which, after preliminary study, appearedito:be
superior to the other concepts under consideration. Laboratory scale tests
of the three-electrode system supported the preliminary work, and led to the
development of a small pilot scale precharger capable of handling a gas flow-
rate of 0.47 - 0.94 m®/sec (1000 - 2000 acfm).

Tests of the pilot scale precharger were carried out at Southern Research
Institute and at the U.S. Environmental Protection Agency's Industrial Envi-
ronmental Research Laboratory at Research.Triangle Park, North Carolina. The
results of these tests showed that the precharger could attain charge levels
on high resistivity particles (>10'? ohm-cm) comparable to those achieved for
particles of moderate resistivity (<5 x 10'° ohm-cm) in a conventional ESP.
Measurements of collection efficiency, using a wire-plate device for the
collector stage, showed a marked improvement in efficiency with the pre-
charger energized, compared with operation of the collector alome.

Since the precharger was designed to demonstrate the feasibility of the
concept under consideration, durability was not emphasized in the design.
Thus, having shown that the three electrode precharger could perform well
with high-resistivity dust, the program was concluded by designing and test-
ing an improved device. The new precharger was made more ruggedly, and all
insulating materials were removed from regions through which the dust laden
gas could flow. Results of the tests were favorable. Charging results were
consistent with those achieved by the first pilot precharger. By using
closely-spaced wires and screen discharge electrodes in the collector stage



to maintain low current densities, it was possible to achieve a collection ef-
ficiency above 90% with a collection area less than 25.6 m®/m3/sec. (130 ft2/
1000 ACFM) for dust having electrical resistivity greater than 10'2? ohm-cm.






SECTION 2

SUMMARY AND RECOMMENDATIONS

LABORATORY STUDIES

An investigation of electrode designs and methods for overcoming back
corona was carried out, with the objective of developing a two-stage electro-
static precipitator system capable of collecting high resistivity dusts with
greater efficiency than can be achieved by conventional precipitators. Sev-
eral alternative approaches were subjected to limited theoretical and exper-
imental studies. Among the ideas considered were heated passive electrodes,
a novel technique for injecting liquid or gaseous chemical reagents directly
into the active corona region and various electrode geometries and energiza-
tion schemes. The most promising approach appeared to be a three-electrode
geometry in which a screen electrode is used to trap iomns originating from a
back corona discharge, thus preventing those ions from interfering in the
particle charging process.

The electrode arrangement in the new system consists of parallel plates,
between each pair of which is a corona discharge electrode (a barbed wire in
the prototype system), and a pair of open mesh screens, each located in a
plane parallel to a plate and much closer to the plate than to the corona
wire. The screen electrodes are energized at a voltage having the same polar-
ity, but much lower magnitude than the potential of the corona wire. Iomns
originating at the corona wire are thus deflected away from the metallic part
of the screen, and pass through the holes on the way to the plate electrode.
When high resistivity dust is introduced into the system some small frdction
of the particles will be deposited on the plate electrode, and back corona
can be generated as in a conventional system. The ions originating from the
back corona discharge are, however, attracted to the screen electrode. Since
most of those ions are trapped by the screen, they are not permitted to inter-
fere with the normal particle charging processes in the principal gas stream.
The back corona effects are thus controlled. No back corona discharge occurs
at the screen electrode because virtually none of the primary corona current
is accepted by the screen.

After the principal features of the three-electrode system were tested
in a bench scale mock-up, a small laboratory scale device was designed and
fabricated for the purpose of evaluating control of back corona and high re-
sistivity particle charging effectiveness in a realistic configuration. In
the laboratory scale precharger Teflon spacers and insulators were used to
maintain the electrodes in their proper relative positions. The device was
exposed to redispersed fly ash heated sufficiently to raise the resistivity



above 10'? ohm-cm. Measurements of charge to mass ratio were made on particles
that had passed through the energized precharger. The results compared favor-
ably with calculated values based on primary corona current only, ignoring

back corona. That is, the charging effectiveness of the device was similar to
what would be expected for an ash having low resistivity in a conventional
wire-plate corona system.

PILOT SCALE PROGRAM

In the next phase of the investigation a larger scale precharger was con-~
structed for testing in combination with an existing pilot scale electrostatic
precipitator, which could be used as a downstream collector following the pre-
charger. The system was designed to handle approximately 0.71 m®/sec (1500 acfm)
of simulated flue gas. Included was an automatic control circuit for the voli-
age applied to the screen electrodes. When the precharger was brought into opera-
tion with high resistivity (~10'%Q cm) dust loading the effects of the screen
electrodes in controlling back corona were clearly evident. The primary co-
rona current could be maintained at a constant level as the screen current
fluctuated over a wide range in response to the back corona current. Charg-
ing measurements made on particles sampled on the exit side of the precharger
indicated a charge to mass ratio of the order of 2 x 10™® C/g. Comparisons
were made between the performance of the system in particle collection with
the precharger energized versus the results obtained with the precharger
turned off. Conditions in the downstream collector were maintained as similar
as possible for comparative tests. Collection efficiency was markedly im-
proved by action of the precharger over what could be acieved by the down-
stream collector alome.

Because of mechanical problems in the precharger a second, ruggedized
version was designed and fabricated. The duct dimensions and electrical spac-
ings were kept the same as in the original device. The testing program for
this device was similar to that described in the above paragraph. Results
of collection efficiency measurements made by use of optical particle counters
and mass trains showed improvements in collection efficiency with the pre-
charger on equivalent approximately to doubling the specific collection area
of the ESP serving as the downstreamcollector, in comparison with similar mea-
surements made on the ESP operating alone. In particular, collection effi-
ciencies above 90 per cent were recorded for the two-stage system operating
at an SCA of 128 on a dust having resistivity of approximately 1012Q cm. The
efficiency for the ESP alone under the same conditions was measured at about
70%.

RECOMMENDATIONS

Further developments are required in order to demonstrate that the two-
stage concept can be applied successfully to the requirements of industries
and utilities. The precharger must be complemented by an optimal collecting
device. The small pilot scale system should be tested on an actual pollution
source where electrical resistivity is a problem, and a larger scale system
should be designed and tested to ensure that a practical scale-up is feasible.



Further fundamental studies are also in order to determine whether the
concept can be modified in any way to provide still better particle charging,
and to explore the applicability of such a system to a variety of air pollu-
tion control problems.



SECTION 3
PRELIMINARY STUDIES

In order to evaluate various alternative techniques for counteracting
back corona and space-charge effects in a high current density corona field,
preliminary theoretical studies and limited laboratory tests were carried out.
Among the more promising of the concepts considered in detail were heated pas-
sive electrodes, introduction of chemical conditioning material through a
porous passive electrode, and injection of chemicals directly into the active
corona region at the discharge electrode. The general premise for this study
was that extraordinary means for the control of back corona could be used in
a particle charging device, which could serve as the first stage in a two-
stage electrostatic precipitator (ESP) system. Since saturation charging is
generally reached within a distance of a few inches at ordinary gas velocities
in an ESP the particle charging device, or precharger, would be, physically,
only a small part of the overall two-stage system. Thus the costs of applica-
tion of special techniques or materials in the precharger might be more than
offset by the reduction in collecting area required in the second stage (col-
lector) of the system, due to the enhanced charge on the particles.

In the course of the investigation a novel approach to the control of
back corona was developed. The new concept was based on the use of a third
electrode, whose purpose was to act as a sink for ions generated as a result
of back corona. Because this technique appeared to comprise a more practi-
cable approach to the solution of the back corona problem, it was given prec-
edence for further research, and an application for patent was initiated (U.S.
Serial Number 882,673, dated March 2, 1978). The results of preliminary, work
done on the other approaches, mentioned in the above paragraph, are summarized
in Appendix A.

DESCRIPTION OF THREE~ELECTRODE CONCEPT

The basic idea underlying the three-electrode corona system is to capture
the ions resulting from back corona near their source, rather than attempting
to prevent back corona from occurring. Two of the electrodes used in the sys-
tem are the conventional corona discharge and passive electrodes. The third
is a screen electrode placed near the passive electrode.

Separate power supplies are provided for the corona discharge and screen
electrodes. The passive electrode is set at ground potential. Consider, for
example, a two electrode system where the corona discharge electrodes is at a
high negative potential with respect to the grounded passive electrode. Now,
locate an equipotential surface near the passive electrode and insert a con-
ducting screen coincident with that equipotential surface. If the screenm volt-
age is set equal to the original potential on the surface the electric field
will be practically undisturned on comparison with the original field. Only the
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non-zero thickness of the wires in the screen will cause very localized modi-
fications to the field. A corona current originating at the discharge elec-
trode will be distributed such that a fraction of the total current equal to
the ratio of open area to total surface of the screen will reach the passive
electrode. The remainder of the current will be intercepted by the screen.

Now, if the potential on the screen electrode is made more negative the
field near the screen will become distorted in such a way that negative ions
from the discharge electrode will be repelled from the screen wires and forced
toward the open area, through which they can proceed to the plate. If we
introduce high resistivity particulate material into the system it is certain
that depositions will occur on both the plate and the screen electrodes.
Since negative ions from the discharge electrode are being repelled by the
screen it must have a lower current density than the plate, and hence corona
from the screen electrode would probably not occur. If back coroma occurs,
the positive ions from the passive electrode would be attracted to the screen
electrode, where many would be captured and removed from the system. If most
of the positive ions resulting from back corona can be captured by the screen
electrode, the ion field between the screen and the discharge electrode would

be essentially unipolar, providing an effective particle charging region.
BENCH-SCALE TESTS

Experimental tests were run to verify the basic concepts involved in the
three-electrode system discussed in the preceding paragraphs. The apparatus
used was as shown in the schematic diagram, Figure 1. The system was enclosed
in an oven maintained at 150°C, and a continuous flow of redispersed fly ash
was introduced. The current for each electrode was monitored separately.
(Discrepancies in current sums can be accounted for by losses to the oven
walls.) Effectiveness of the concept is interpreted in terms of the relative
magnitudes of the three current measurements. When back corona occurs the
plate current should rise significantly. If the screen grid is effective in
removing ions resulting from back corona, there should be a rise in screen
current consistent and commensurate with the rise in plate current, and the
discharge electrode current should remain nearly constant.

Figure 2 shows the results of an experiment where the behavior was near
that predicted. After an overall initial drop in current at all electrodes
(cause uncertain, possibly because of development of a space charge) back co=
rona apparently set in rapidly. The plate current rose from 50 pA to 350 HA
in about six minutes. The screen current increased quite consistently from
about 5 UA to 250 UA. The corona discharge current rose also, but by less
than 50%, compared with a seven-fold increase in plate current. A disturbing
aspect of the experiment is that there appears to be no tendency toward ap-
proaching a steady-state operating condition. The average current density at
the plate was very high, however, being well over 1000 nA/cm?.

In a second experiment, the negative voltage on the screen was reduced
by about 6% so that the screen tended to repel positive ions and accept nega-
tive ions. The behavior of the system was virtually inverted, in agreement
with theoretical expectations. The screen current was opposite from its di-
rection in the previous experiment, and with the apparent onset of back

9
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corona, the plate and discharge electrode currents rose together, while the
screen current remained constant. These effects are shown in Figure 3.

Figure 4 shows the system behavior with the grid electrode removed, which
is quite similar to the result depicted in Figure 3. The rate of increase in
current as back corona apparently develops is approximately the same in the two
experiments.

Another experiment in which the screen voltage was adjusted to accept posi-
tive ions repeated the results obtained in the first. This test was of longer
duration. Again, the screen and plate currents increased simultaneously, as
shown in Figure 5. After about 30 minutes sparking occurred between the screen
and plate, forcing a reduction in screen voltage. When that adjustment was
made the screen and plate currents continued to increase consistently but a
more rapid increase in primary corona current also occurred.

The experiments performed with a three-electrode corona system thus indi-
cated possible utility under some conditions where back corona is present. The
additional degree of freedom resulting from the addition of a third electrode
might complicate electrical control of the system. Improved behavior may be
achieved by optimizing screen wire spacing and screen-to-plate separation. In
a more realistic system the current density at the plate would be more uniform
than in a point-plane apparatus. Under such conditions the peak current den-
sity would be smaller, and back corona effects easier to control.

Further tests of the three~electrode concept were carried out in order to
investigate the possibility of operating at steady-state conditions after the
onset of back corona. The discharge electrode was a sharp point, spaced 3 cm
from a plate electrode. A wire screen electrode, 84% open area and 0.62 cm
wire spacing was located parallel to the plate electrode at a distance of
1.0 cm.

The experiment progressed as shown in Figure 6. Fly ash was injected over
the plate in a dry oven at a temperature of 150°C. With 15kV on the discharge
electrode and 8kV on the screen, a sharp rise in both screen and plate current
occurred after approximately 4 minutes. After about 8 minutes the screen and
plate currents had risen by a factor of about 8, and occasional sparking
occurred. A relatively small change in the current at the discharge electrode
occurred. At this time the screen voltage was reduced to 7.8kV. At t = 10
min. the screen voltage was further reduced to 6.5kV and the corona discharge
electrode voltage was reduced to 13kV. During the following 20 minutes the
primary corona current remained essentially constant, and the current at both
of the other electrodes drifted slowly toward a steady value.

Finally, at t = 30 min., the discharge electrode voltage was returned to
its original value of 15kV. The primary corona current rose slightly and the
current at the other two electrodes settled to a lower value, approximately
three times the discharge electrode current.

Throughout the experiment the screen current followed the variations in
‘the plate current quite consistently, indicating that ions resulting from back
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corona were intercepted by the screen electrode. Variations in current levels
show a strong dependence upon the voltage applied to the screen electrode.

LABORATORY SCALE PRECHARGER

In order to examine the three-electrode concept in a more realistic con-
figuration a small laboratory scale device was designed in a parallel wire-
plate arrangement. A photograph of the precharger is shown in Figure 7. The
height of the plates in this device is about 30 cm (12 in.), the enclosure is
made of Teflon to isolate the electrodes from external effects. The plate-to-
plate and screen-to-plate spacings were made variable so that the effects of
changing those parameters could be examined. The screen electrodes were per-
forated plates with 0.635 cm hexagonal openings (797% open area).

After preliminary current-voltage (I-V) measurements were made at ambient
conditions, the precharger assembly (Figure 7) was installed in the test sec-
tion of an existing dry wall pilot scale electrostatic precipitator in order
to evaluate its performance under conditions of elevated temperature and dust
loading. The effect of elevated temperature (130°C) is indicated in Figure 8.
The increase in current is probably a direct result of the increased mobility
of ions at higher temperatures,

The three-electrode system with a corona electrode-to-plate spacing of
8.89 cm and a screen electrode-to-plate spacing of 1.0 cm was the initial pre-
charger configuration studied under conditions of both high temperature and
dust loading. The cdrrent-voltage relationships for this geometry, when sub-~
jected to a dust loading of approximately 3.5 g/m3 of redispersed fly ash
(resistivity of N10'3 Q-cm) at 1309C, revealed that back corona was not con-
trolled. The occurrence of back corona is indicated by a significant rise in
the plate current. If the screen electrode is effective in removing ions re-
sulting from back corona, there should be a similar rise in the screen current,
and the discharge electrode current should remain nearly constant. Failure to
suppress back corona also occurred inan experiment with the coroma electrode-
to-plate spacing reduced to 3.81 cm and all other parameters held constant.

The performance of the system seems to be quite sensitive to the position
of the screen relative to the other electrodes. The screen-to-plate separa-
tion was increased from 1.0 cm to 2.5 cm, with the corona electrode~to-plate
separation held at 8.89 cm. The difference in I-V characteristics at the two
spacings is shown in Figure 9. With a dust loading of approximately 3.4 g/m3
of redispersed fly ash and at a temperature of 130°C this configuration
controlled back corona temporarily until the screen voltage required to main-
tain a constant discharge electrode current exceeded the value obtainable
with the screen electrode power supply.. Similar results had been encountered
in the intermediate stages of the earlier investigation of the three-electrode
system.

Investigation of the three-electrode geometry laboratory scale charger
continued under various conditions. Tests were conducted at 125°C or 130°C.

In all cases, the corona electrode-to-plate separation was held at 8.89 cm,
and the grid electrode-to-plate spacing was 2.6 cm. The corona electrode
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Figure 7. Laboratory scale precharger assembly in the three-electrode
configuration.
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used was a 0.028 cm diameter stainless steel wire and the grid electrodes used
were perforated plates with 797 open area.

Figure 10 shows the results of one test where the charger was subjected
to a dust loading of approximately 3.4 g/m at a temperature of 125°C. The
charger grids and plates were continually rapped with pulsed solenoids at a
rapping frequency of 2 sec~!. Back corona is evident in the sharp increase in
the plate current. The grid voltage was adjusted throughout the experiment to
maintain the corona current at its initial value. In this case, the grid elec-
trode effectively suppressed the back corona for the duration of the test. The
random fluctuations in the grid and piate currents could be a result of uneven
dust feeding, an effect related to the rapping of plates and grids, or some
combination of the two.

A series of experiments was conducted which included a determination of
the charging effectiveness, as well as the back corona suppression capability
of the laboratory scale charger. The particle charging measurements were made
by collecting fly ash on an isolated silver filter which was placed immediately
downstream from the charger. The filter was connected to an electrometer so
that the integrated charge could be monitored for a sample of fly ash which had
passed through the charger. The collected fly ash was then weighed and the
charge/mass ratio was calculated.

An example of the results of an experiment in which the charging effec-
tiveness measurement was made is shown in Figure 11. In this test, a dust
loading of 3.4 g/m and a temperature of 125%9C were the conditions under which
the charger was operated. The corona discharge electrode current was held
constant throughout the test, indicating successful back corona suppre331on.
The charge/mass (Q/m) ratio obtained in this experiment was 4.35 x 10-° c/g.
This compares to a Q/m value of less than 1 x 10-® C/g obtained in previous
experiments with a conventional wire-plate precharger at a similar dust load-
ing and a comparable resistivity.

The dust loading was increased to approximately 6.8 g/m® and the above
experiment was performed with all other parameters the same. The results
(Figure 12) show much higher grid and plate currents. The corona electrode
current began to increase after eight minutes, which indicates an increasing
difficulty to suppress the back corona generated at this higher dust loading.

ELECTRODE GEOMETRY STUDIES

The general electrode configuration used in the laboratory scale studies
proved successful in achieving control of back corona, but only limited work
was done in seeking an optimum geometry. Thus, as a preliminary step leading
to the design of a pilot scale device, a combined theoretical and experimental
investigation was made in order to provide a data base for selecting design
parameters.

A computer simulation comparing the electrical performance of wire-plate

corona systems having a wide range of geometric parameters was successfully
employed to provide a set of theoretical current-voltage characteristics which
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match a set of experimental electrical measurements obtained from a single
laboratory setup. In order to find a theoretical current-voltage curve which
would match a particular experimental result, the effective plate width was
adjusted. Other gecometric parameters including wire-to-plate spacing and

wire diameter remained fixed at actual experimental values. An ion mobility
of 2.4 x 10™* meter?/volt-second was used in the simulation and coincides with
previous experimental determinations of mobility. Figures 13 through 18 pre-
sent the results of matching theoretical and experimental electrical charac-
teristics for six wire-plate configurations. The decreasing accuracy of the
theoretical curve fits as the current increases may result from variations in
the ion mobility due to the changing electric fields which were not accounted
for in the computer model. The ratio of the effective plate width to the
actual plate width was compared with the ratio of the actual plate width to
the wire-to-plate separation, as shown in Figure 19. This curve was used to
predict the effective plate widths required to match the theoretical and ex-
perimental current-voltage curves for two wire-plate geometries for which
experimental data existed. The effective plate widths which produced the best
fits to the experimental curves differed by 0% and 207% from the predicted
values. Thus, an approximate computer model may be obtained for any wire- .
plate configuration by using the effective plate width indicated in Figure 19.

The I-V characteristic of a wire-plate system with a single wire dis-
charge electrode is not strongly dependent upon plate width. The sparkover
voltage becomes smaller, however, if the plate width is reduced to less than
approximately the wire-plate separation. Figures 20 through 25 are an experi-
mentally generated family of curves for wire-plate corona systems. In gen-
eral a drop in maximum current occurs, often sharply, as the wire-plate sepa-
ration is increased beyond the distance equal to the plate width.

Discharge Electrodes

In order to produce large electric field strengths necessary for corona
generation, field lines must converge strongly at the corona discharge elec-
trode. A very thin wire thus serves effectively as a discharge. But in ap-
plications in a severe environmment a fine corona wire does not have the struc-
tural strength to perform for long periods of time.

Barbed wire electrodes have been employed in many electrostatic precip-
itators in order to provide an electrode with both good structural strength
and strong field convergence regions for good corona production. Since each
barb serves as a corona point, a maximum corona current can be achieved by
using as large a number of points as possible. If, however, the barbs are
too closely spaced an interference will occur which can reduce the total co-
rona current in the following manner: convergence of electric field lines at
a corona point causes a reduction irn field strength on the discharge electrode
a short distance away from the corona point. Upon inception of a corona cur-
rent the transverse component of the current causes a further reduction in
field in the region outside the corona on the discharge electrode due to the
space charge associated with the corona current. 1In a linear array of corona
points, it would thus be possible for a corona discharge to occur only at
every other point if the points are too closely spaced.
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characteristics for a wire-plate configuration
with 11 cm plate width and 3 cm electrode separation.

27



|o4':r LI UL B L L O NN LN O O S O L B L O B
; o -
i ° i
s O -
o
; ':'
= -
102 - —
< - -
a, = -
B PLATE WIDTH =l cm ]
. ELECTRODE SPACING = 2¢cm
= — -
w
=
> IO =
O - :
- N .
b~ -
P - -y
o
[ - - -
| = —
- © 3
- ]
o.l | I l i1 1 1 .t 1. 111 I L4 Lt 1 1.1 l ) I
o 0] 20 30
APPLIED VOLTAGE, kV
Figure 15- Comparison of theoretical and experimental I-V

characteristics for a wire-plate configuration

with 11 cm plate width and 2 cm electrode sepa-
ration.

28



|o4llll'llll'r—lllllill[lllllllT]'lIrI

F 3

X ]

i o i

O

103 |~ o) -

- .

- -

g. IO?' — 3

- F PLATE WIDTH = 5.5 cm .

% - ELECTRODE SPACING = S5¢m

G i

(1 of L. -
p |
(&

10 -

- - -

< = -

- B -

o = -

- - -

i . 1

| = —

- .

r -

o.l L1 1 I 1 .1 1 1 l [ | l L 1 11 l L. i1 1.1 I L1 11 I L.t 1 1
0 0 20 30 40 50 60 70

APPLIED VOLTAGE, kv
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Figure 23. Electrical characteristics of a parallel
wire-plate corona electrode system for five
values of electrode spacing. Plate width is
11 cm, and wire diameter is 0.79 mm,
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Figure 24, Electrical characteristics of a parallel
wire-plate corona electrode system for
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width is 5.5 cm, and wire diameter is 0.79 mm.
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As the corona points on a barbed wire electrode are brought closer to-
gether, it would therefore be expected that the total corona current per unit
length of electrode would increase to some maximum value. Bringing the points
closer together would force a quenching of the corona on alternate points,
thus reducing the total current. This conjecture has been borne out by exper-
iment, as shown in Figure 26. A barbed wire electrode along the axis of a
14 cm diameter cylindrical conductor was used as a corona discharge electrode.

A maximum total coroma current is found for a barb spacing of approximately
0.7 cm.

A similar effect is shown in Figure 27 for a discharge electrode made up
of a set of discs spaced along a rod on the cylinder axis. In this example
the current per disc is plotted as a function of the disc separation distance.
The rapid change in current per disc where the separation is close is similar
to the barbed wire results.

The number of possible configurations for discharge electrodes is prac-
tically limitless; however, most can be derived from a set of sharp points or
sharp edges supported by a rigid structure. Since many discharge electrode
Structures are complicated geometrical figures or contain discontinuities at
the surface analytical treatment is generally impracticable. Comparative
empirical studies using a fixed passive electrode offer the best means of
evaluating discharge electrode types.

Among those tested, including helix, ribbon, barbed wire and disc elec-
trodes those producing the greatest total current were barbed wire and stacked-
'disc electrodes. Figure 28 shows a comparison of these two types, along with
a straight wire electrode. Sharpedged discs, 5 cm in diameter and spaced ap-
Proximately 5 cm apart produced the largest total current. The barbed wire
electrode also exhibits better performance than the straight wire. The barbed
wire also has the advantage of causing less obstruction to the flow of gas
‘through the system than does a system of disc electrodes.
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SECTION 4

PILOT SCALE PRECHARGER

The results of the laboratory scale work were sufficiently encouraging to
permit proceeding with the development of a pilot scale three-electrode pre-
charger capable of handling a minimal gas flowrate of approximately 0.71 nd/sec
(1500 acfm). Such a device was designed and fabricated by Southern Research
Institute. Figure 29 is a photograph of the precharger lying on one side.

The top of the precharger is shown at the left-hand side of the picture. The
three thick rods protruding from the top of the device are rapping rods, which
are welded to the top edge of the plate electrodes. A pair of spring-loaded
supports can be seen flanking each of the rapping rods. The arrangement of
the electrodes can be seen in more detail in Figure 30, which also shows the
shape of the corona discharge electrodes. The discharge electrode-to-plate
spacing is 9.2 cm and the screen electrode-to-plate spacing is 2.0 cm.

INITIAL PILOT TEST PROGRAM

The device was installed in the test section at the inlet of an existing
conventional pilot scale ESP at SoRI. Current-voltage (I-V) characteristics
for the charger at ambient conditions and at elevated temperature were deter-
mined (Figure 31). There is approximately a two-fold increase in current with
elevated temperature and a 10kV decrease in breakdown voltage. This result is
expected because of the increased ion mobility at higher temperatures.

Tests of precharger performance under conditions of high resistivity dust
loading were undertaken using redispersed fly ash. Temperatures ranging from
75°C to 130°C were used, and measured values of dust resistivity were in the
range of 10'2 to 10!'® ohm-cm. The fly ash was injected into the system by
means of a sandblasting gun, at a rate controlled by the air pressure applied.

Impactor measurements were made to determine the size distribution of the
redispersed fly ash. Operatin§ the sandblaster at a pressure of 138 Pa (20 psi)
injects approximately 1.88 g/m’ into a 0.71 m®/sec (1500 ft®/min) stream of gas.
The particulate mass median diameter at the inlet of the precharger has been
determined to be about 25 um. Figures 32-35 show the results of particle size
distribution measurements.

Preliminary tests were conducted to determine the effectiveness of the
screen electrode in the prevention of back corona, using a particulate loading
of l.88g/m3 at a temperature of 130°C, and humidity controlled at 1.2% (by
volume). Ash resistivity under these conditions was determined to be approx-
imately 10'? ohm-cm. These tests were performed without plate rapping. Fig-
ures 36, 37, and 38 illustrate three back corona suppression tests. The
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Figure 29.

View of the pilot scale charger on its side.
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Figure 32. Results of the dust loading characterization at the precharger inlet
with the sandblasting gun at 138 Pa (20 psi).
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Figure 34. Results of the dust loéding characterization at the precharger inlet
with the sandblasting gun at 138 Pa (20 psi).
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Results of the dust loading characterization at the precharger inlet
with the sandblasting gun at 138 Pa (20 psi).
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procedure in each of these experiments is as follows: 1) the voltage

on the corona discharge electrodes 1s adjusted to give the total corona current
corresponding to the desired current density with the screen electrodes voltage
simultaneously adjusted to give zero screen current; 2) the ash injection sys-
tem is turned on at time t = O; and 3) the screen electrodes voltage is adjusted
throughout the duration of the experiment in order to maintain the total corona
current constant. In each of the tests shown, the total corona current could
not be kept constant for the entire .time due to excessive sparking at the screen
electrodes' voltage required to hold the corona current down. When this condi-
tion occurred the corona current was held at the lowest stable value.

Further tests were performed to determine the charging effectiveness of
the precharger, using the same general procedure described in the above para-
graph to control the voltages on the precharger electrodes. The measure of
charging effectiveness was taken to be the ratio of charge to mass, Q/m on a
sample of particulate matter extracted downstream from the precharger. The
particles are collected on a silver mesh filter mounted in an insulated plas-
tic filter holder, fitted with a nozzle for isokinetic sampling. The filter
is connected to an electrometer so that the charge accumulation can be moni-
tored during the collection process. A foil shield, grounded through a 10
Megohm resistor, is wrapped around the body of the plastic filter holder to
prevent a buildup of surface charge on the insulating material. The mass of
the collected particulate is determined at the conclusion of the experiment
and the Q/m value is calculated.

Tests of the precharger's back corona suppression capability and charging
effectiveness were conducted with the gas stream temperature equal to 130°cC,
the moisture content in the §as stream equal to 1.2% (by volume), a dust load-
ing of agproximately 1.88g/m?, and an average volume flowrate of 0.71 m®/sec
(1500 ft*/min). The fly ash used in the experiments under these conditions
has a measured resistivity of 1.2 x 102 Q-cm. The result of a typical test
at these conditions is shown in Figure 39. The passive electrodes were rapped
manually every five minutes during this experiment. The average value of Q/m
obtained from four tests at 130°C is 3.8 x 10~% C/g. The current-voltage
(I-V) characteristics of the precharger at 130°C with the electrodes clean and
the electrodes dirty (Figure 40) show that back corona is being produced at
the current level maintained during the experiments.

Additional tests of the precharger's performance were conducted at 75°C,
with the other parameters constant. The fly ash used in these experiments had
a measured resistitivy of 1.4 x 10'2 Q~cm at test conditions. The passive
electrodes were rapped manually every two minutes during the experiments. The
result of one test at 75°C is shown in Figure 41. Control of back corona was
achieved, as shown by the successful maintenance of the corona current at its
initial value. An evaluation of charging effectiveness was made during the
test, as indicated in the figure, and the Q/m value was measured to bg 9.6 x
107% C/g. Successful back corona suppression was maintained during amother

test at these conditions which lasted two hours.
The Southern Research Institute ultrafine particle sampling system with

a Thermosystems, Inc. Electrical Aerosol Analyzer (EAA) was set up at the out-
let test section of the EPA-SoRI pilot scale ESP. Table 1 shows the results
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and Q/m = 9.6 x 10~% C/g. :

57



8¢

Collection Efficiencies

Particle Diameter Collector Precharger + Collector
(nm) ' (%) (%)
0.013 * - 1.01 22.22
0.022 * - 8.22 52.38
0.031 13.10 41.17
0.050 17.98 24.81
0.092 22.51 47.38
0.150 : 21.58 49.55
0.220 21.92 49.34
0.310 21.89 49.71

* Large standard deviations were recorded for the collection efficiencies
corresponding to these two size ranges.

Table 1. EAA data analysis for the following test conditions:
- T = 75°C, % H,0 = 1.2% (volume), p = 1.4 x 10'2Q-cm,

, 2 5 2 =
Jprecharger = 9.4 x 10°nA/m*, Ecollector 2 kv/cm,

dust loading = 1.88g/m3.



of the EAA data analysis for a test conducted at 75°C. The comparative effi-
ciencies of the precharger-collector system and the collectors alone indicate
a more than two-fold average increase in ESP performance with the addition of
the precharger. Optical particle counter data were also acquired during the
test documented above, showing a similar percentage of performance enhancement
for particles of diameters greater than 0.3 micrometers.

The result of a back corona suppression test at 100°C is shown in Figure
42. In this case, the corona current was maintained constant throughout the
test by momentarily turning off the screen and corona discharge electrodes’
power supplies during rapping (the plates were rapped every two minutes). The
absence of the electric field improves the rapping efficiency enough that suf-
ficient fly ash is removed from the plates to allow continuous operation.
The Q/m measured during this test was 3.0 x 10-® c/g. The I-V characteristics
of the precharger at 100°C with the electrodes clean and dirty show in Figure
43 that back corona is evident at the operating current level.

In further experiments a back corona control test was conducted with the
gas stream temperature equal to 75°C and the moisture content equal to 1.2% by
volume. The fly ash had a resistivity of 1.4 x 10'2 Q-cm at these conditioms.
The ash was injected with the sandblaster set at 276 Pa (40 psi) pressure,
or twice the pressure used in previous tests. This corresponded to a dust
loading of 5.97 g/m3. The precharger plates were rapped manually every two
minutes. The results of this experiment are shown in Figure 44,

Automatic pneumatic rappers were installed on the precharger and placed
in service. The test described in the above paragraph was repeated with this
modification made to the system (Figure 45). The rappers were operated at
552 Pa (80 psi) air pressure (25 ft/lbs energy per impact). A charging effec-
tiveness measurement was made during the test, yielding a Q/m value of 8.6 x
10~® ¢/g. 1In addition, a Climet model 208B optical particle counter and a
Tracor-Northern model TN-1705 pulse height analyzer were used to qualitatively
evaluate the downstream collector efficiency enhancement with the precharger
on. The collector was operated at -30 kV potential throughout the experiment.
Data were taken for particles in the range .75 um diameter to 3.3 ym diameter.
The penetration for particles in this diameter range was decreased by 33.7%
with the precharger turned on.

A back corona suppression test was then performed with the gas stream
temperature equal to 100°C and the ash injected at the sandblaster setting
of 414 Pa (60 psi) pressure. All other parameters remained the same as in
the test described above. As can be seen in Figure 46, control of back corona
is more difficult in this case. This is evidenced by the instability of the.
corona electrode current. The I-V characteristics of the precharger at 100°C
before (clean) and after (dirty) this test irndicate back corona is produced
by the dust layer deposited on the passive electrodes (Figure 47).

Figure 48 illustrates a back corona suppression test with a gas temperature
of 100°C and fly ash injected under 345 Pa (50 psi) pressure on the sandblaster.
Other parameters, including moisture content and plate rapping were unchanged
from the preceding test. The decrease in dust loading allowed more stable
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control of the back corona. A charging effectiveness measurement made during
the test gave a Q/m value of 2.86 x 10-° C/g.

The test conditions for successful back corona suppression experiments
are summarized in Table 2. As in the case depicted in Figure 32, there were
other conditions for which back corona control was marginal.

Stress cracks developed on the precharger's passive electrodes due to the
rapping force applied during the experiments. Modifications were made to
remedy this problem and prevent its reoccurrence.

INSTALLATION OF AUTOMATIC SCREEN VOLTAGE CONTROL

An automatic screen voltage control circuit was devised and built to en-
able "hands-off" operation of the precharger. Figure 49 is a schematic dia-
gram of the electronic circuit used for controlling the screen voltage in
response to fluctuations in the primary corona current. The output voltage of
the screen power supply (Spellman model RHR15PN225/RVC/TP/FG) can be controlled
over its entire range by applying a low voltage signal to pin 6 of the remote
voltage control terminal board.

Since adjustments required in the screen voltage depend upon variations
in the primary corona current, the input signal to the control circuit is de-
rived from the ground return line on the corona power supply by means of a
4N25 opto-isolator. The signal is then amplified by a factor of ten by means
of one section of an LM747 dual operational amplifier. The other section of
the LM747 is used as an integrating circuit to even out rapid transient volt-
ages in the control signal. A dc bias voltage, derived from a voltage divider
network, is added to the control signal at the input of the integrating
circuit.

In order to set the system for automatic control, both power supplies are
turned on, and the screen supply is set in the automatic mode. The corona
power supply is set at the desired voltage and current level for clean pre-
charger operation. The 10k potentiometer in the control circuit is then ad-
justed to the point where the screen current falls to zero. No further adjust-
ments are necessary under normal operating conditionms.

When high resistivity dust is injected into the precharger, the effects
of back corona may tend to increase the primary corona current. Such a change
is sensed by the automatic control circuit, which increases the screen voltage
until the primary corona current returns to its original value. The screen
voltage is thus caused to follow the fluctuations resulting from back corona
in such a manner that the primary corona current remains constant.

The automatic control circuit was installed in the screen power supply
cabinet and tested using two different types of corona power supplies. In
both cases the circuit performed as described in the preceding paragraphs.
The primary corona current was held at a very steady level as large fluctua-
tions occurred in the screen current.
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89

TEST CONDITIONS

Alir Pressure to

Gas Stream Fly ash Corona Ash Dispersion Rapping
Temperature Resistivity Current Density Device Mechanism
(°C) (Q—cm) (nA/cm?) (Pa)
130 1.2 x 1012 94 138 manual
100 1.4 x 10'% @ 75°C 94 138, 276 manual
100 1.4 x 102 @ 75°C 94 276, 345 pneumatic (552 Pa)
75 1.4 x 1012 94 138, 276 manual
75 1.4 x 10'2 94 276, 414 pneumatic (552 Pa)
75 1.4 x 1012 121 414 pneumatic (552 Pa)

Table 2. Test conditions for which successful back corona suppression was maintained.
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PILOT TESTS AT IERL/RTP

A series of tests was conducted at the Environmental Protection Agency
Industrial Environmental Research lLaboratory in Research Triangle Park, North
Carolina. The pilot scale precharger was installed in the place of the inlet
test section of the in-house precipitator for these tests. Telescoping.duct
sections with sampling ports had been fabricated and were used to fit the pre-
charger into the ESP inlet test section space.

Tests were performed to make sure the precharger's behavior had not
changed during transportation and/or set-up, and also to check the automatic
screen power supply control circuit's ability to maintain the corona current
constant. An example of a back corona suppression test conducted for these
purposes 1is illustrated in Figure 50. This test was made with a gas tempera-
ture of 93°C (200°F), gas volume flow rate of 5.19 m®/sec (1100 ACFM), pneu-
matic rappers operated at about 310 Pa air pressure, and fly ash, having a
resistivity p 2 1.4 x 10'? Q-cm, injected at a rate equivalent to 1.0 g/m?
(0.44 gr/ft®). The figure shows that despite large variations in the screen
current, the corona current was held constant by the automatic controller.
The screen current rise corresponds to increasing back corona activity on the
plates. The presence of back corona is confirmed by the difference between
clean and dirty plate current-voltage curves shown in Figure 51. A charge-to-
mass ratio measurement was conducted during the back corona test illustrated
in Figure 50 with the resulting value of Q/m = 1.35 x 10-® c/g.

Another back corona suppression test is depicted in Figure 52. The gas
temperature equalled 107°C (225°F) for this test (all other parameters remained
the same as described in the above paragraph). Very large fluctuations in the
Screen current are evident with only two minor disturbances occurring in the

corona current.

Experiments were conducted in conjunction with the downstream collector
in order to determine the efficiencies of the precharger, collector, and the
Precharger-collector system. Particles penetrating the device were extracted
through a sampling nozzle inserted in a sampling port on the outlet test sec~
tion of the ESP, reduced in number concentration with a diluter, and analyzed
with a Climet optical particle counter. A Tracor-Northern multi-channel ana-
lyzer was used to count the particles and provide their size distribution.
The information was then recorded on a DECwriter printer.

The first efficiency test was performed with the collector plates spaced
38 cm (15 in.) apart and the wire-to-wire spacing equal to 17.8 cm (7 in.).
Other test parameters were fixed at the following values: gas temperature =
100°C (213°F), gas flow rate = 5.19 m®/sec (1100 ACFM), moisture content =
0.6%, and fly ash, (p 21.4 x 10'2 Q-cm), injection rate = 1.0 g/m® (.44 gr/ft?).
The particle diameter range selected to provide the particle number counts for
the efficiency computation was 1.8 to 5.0 pum. Three values of efficiency, or
decrease in penetration of particles in the selected diameter range, were
measured: 1) the collection efficiency of the precharger; 2) the collection
efficiency of the precharger-collector system; and, 3) the collection effi-
ciency of the collector. The results of this test and a repeat of this test

are summarized beginning on page 75.
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Another set of efficiency tests was performed with the collector plate-
to-plate spacing = 30.5 cm (12 in.), wire-to-wire spacing = 17.8 cm (7 in.),
gas temperature = 92°C (198°F), gas flow rate = 9.44 m¥/sec (2000 ACFM), mois-
ture content = 0.6%, and fly ash (p 2 1.4 x 10'? Q-cm) injection rate =
1.0 g/m® (.44 gr/ft®). Again, the 1.8 - 5.0 um diameter particle range was
used to calculate the following efficiencies: 1) the collection efficiency of
the precharger; 2), 3), and 4) the collection efficiencies of the precharger-
collector system at three different collector field strengths; and 5), 6), and
7) the collection efficiencies of the collector at three different electric
field strengths. The results of these measurements are also included in the
summary.

A third set of experiments was made with a collector plate-to-plate spac-
ing of 20.3 cm (8 in.). All other conditions remained the same as in the
previous tests. The collection efficiencies of the precharger alone, the pre-
charger-collector system at three different collector field strengths, and the
collector alone at three different field strengths were calculated for the
particle size range 1.8 -~ 5.0 ym diameters. The summary also includes these
results.

As indicated by the tabulated results of the efficiency measurements,
the relative electrode positions in the downstream collector have a marked
effect on the system behavior. In the 38 cm plate-to-plate spacing case, the
percentage of collection efficiency enhancement due to the precharger was
found to be negligible. The 30.5 cm plate-to-plate condition showed a very
significant improvement in collection when the precharger was on. The 20.3 cm
plate-to-plate spacing yielded a significant enhancement due to the precharger,
but less of a performance boost than with a 30.5 cm spacing. The differences
in performance of the precharger-collector system at the three plate-to-plate
spacings was possibly due to anomalous electric field effects as the ratio of
plate-to~plate to wire-to-wire separation was varied. These data indicate
that additional experiments on the effects of plate-~to-plate and wire-to-wire
spacing are needed.

A trend in the efficiencies is evident. The percentage enhancement due
to the precharger is less on the second, or repeat experiment at each plate-
to-plate spacing. This 1is probably caused by the absence of rapping in the
collector and the resultant degradation of performance by the deposited dust
layer on the plates.

It should be noted that the collection efficiencies given in the tables
were calculated from comparisons of dust concentration at the outlet of the
precipitator with the precharger on and off, and collectors on and off. The
real system collection efficiency, i.e., outlet concentration versus inlet
concentration, was determined by collecting a mass sample at the ESP outlet
and comparing the dust loading to the predetermined fly ash feed rate. This
measurement was made with the collector plate-to-plate spacing of 20.3 cm.
The decrease in particulate penetration resulting from action of the prechargér,
with the collectors operated at V40 kV was 227 and 9% for the two tests,
which agrees with the number concentration percentages. The overall system
collection efficiency was determined to be 92% and 86%Z respectively at these
conditions.
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SUMMARY OF TESTS RESULTS

I. Plate-to-plate spacing
Gas temperature

0.38 m (15")
100°C (212°F)

Gas flow rate

Moisture content

Dust loading

Particle size range observed

5.19 m®*/sec (1100 acfm)
.6 v/o

1.0 g/m® (0.44 gr/fe?)
1.8 - 5.0 um dia.

a. Collection efficiency of precharger (27 kv, 700 uA)

b. Collection efficiency of precharger (27 kV, 700 uA)
plus collectors (38-41 kv, 0.00-0.04 mA)

c. Collection efficiency of collectors (36-41 kV,
0.00-0.08 mA)

d. Percentage decrease in penetration due to precharger

ITI. Plate~to-plate spacing = 0.305 m (12")
Gas temperature = 92°C (198°F)
Gas flow rate = 944 m3/sec (1000 acfm)
Moisture content = ,6 v/o
Dust loading = 1.0 g/m® (0.44 gr/ft?)
Particle size range observed = 1.8 - 5.0 um dia.
a. Collection efficiency of. precharger (28 kv, 700 uA)
b. Collection efficienty of precharger (28 kV, 700 pA)
plus collectors (29.8 - 30.3 kV, 0 mA)
c. Collection efficiency of precharger (28 kV, 700 mA)
plus collectors (29.6 - 40.6 kv, 0.00 - 0,03 ma)
d. Collection efficiency of precharger (28 kv, 700 uA)
plus collectors (44.0 - 46.0 kv, 0.05 - 0.18 mA)
e. Collection efficiency of collectors (29.9 - 30.3 kV,
0 mA)
f. Collection efficiency of collectors (40 kv,
0.00 - 0.01 mA)
g. Collection efficiency of collectors (43.8 - 45.1 kV,
0.03 - 0.29 mA)
h. Percentage decrease in penetration due to precharger
1) with collectors at 30 kV
2) with collectors at 40 kV
3) with collectors at 45 kV
III. Plate-to-plate spacing 20.3 cm (8'")

92°C (198°F)

9.44 m®/sec (2000 acfm)
.7 v/o

YA g/m3 (1.0 gr/fta)
1.8 - 5.0 ym dia.

Gas temperature

Gas flow rate

Moisture content

Dust loading

Particle size range observed

a. Collection efficiency of precharger (27.8 kV, 700 uA)
b. Collection efficiency of precharger (27.8 kv, 700 uA)
plus collectors (30.0 - 30.3 kV, O mA)
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9.8%,
33.9%,

32.4%,
2.3%,

1810%,

28.9%,

39.7%,

50.8%,
13.0%,
25.4%,
26.8%,
18.0%,

19.5%,
32.7%,

19.9%,

24.9%,

-3.1%
35.8%

37.1%
-2.2%

21.3%
23.9%
15.2%

10.9%
15.1%



c. Collection efficiency of precharger (27.8 kv, 700 A)

plus collectors (34.8 - 35.1 kv, 0.05 - 0.35 mA) = 26.8%, 19.2%
d. Collection efficiency of precharger (27 kV, 700 A)

plus collectors (36 - 40 kv, 0.5 - 2.25 mA) = 45.5%, 28.3%
e. Collection efficiency of collectors (30.0 - 30.1 kv,

0.00 - 0.04 mA) = 11.47%, 12.7%
f. Collection efficiency of collectors (34.8 - 35.0 kV,

0.08 - 0.63 mA) = 13.6%, 16.3%
g. Collection efficiency of collectors (31.0-40.0 kV,

0.93 - 2.25 mA) = 30.3%, 19.0%
h. Percentage decrease in penetration due to precharger

1) with collectors at 30 kV = 15.3%, 12.0%

2) with collectors at 35 kV = 15.2%, 3.5%

3) with collectors at 0 kV = 21.7%, 11.4%

The test results detailed in the above summary show that the use of the
precharger can produce a substantial improvement in the collection efficiency
of the system. The overall values of collection efficiency were, however,
quite low. It was concluded from these results that improved performance of
the system would require optimizing the electrical configuration of the pilot
scale ESP that served as the downstream collector.

SECOND GENERATION PILOT PRECHARGER

Although the electrical performance of the prototype pilot scale pre-
charger was good, there were some design problems that required correction if
adequate performance was to be expected in a field environment. The spacers
holding the screen electrodes were fabricated of glass-filled Teflon. Be-
cause these spacers were located in the gas stream, they became coated rapidly
with fly ash, which tends to degrade the insulating properties of the material.
Teflon is also susceptible to heat damage.

A redesign of the precharger was undertaken with the objective of remov-
ing all insulating materials from the gas stream and providing a generally
more rugged structure. The design features of the precharger are shown in
Figure 53, The gas flow baffles serve to inhibit gas sneakage around the
precharger electrodes. The passive electrodes, supported and edged all around
by .95 em (.375 inch) diameter rod, are rapped with pneumatic springless im-
pactors. The screen electrodes are made of .635 cm (.25 inch) hexagonal open-
ing, 79% open area perforated sheet steel and are framed and mounted on tubu-
lar supports. The corona discharge electrodes are barbed wire with a 2.5 cm
(1.0 inch) barb-to-barb spacing.

The precharger was taken to the IERL precipitator facility,at Research
Triangle Park, where it was installed, along with a sampling section, in the
test section location of the in-house ESP. The objectives of the tests con-
ducted with the system were to examine various downstream collector electrode
geometries for their potential application, to evaluate the precharger's charg-
ing effectiveness, and to determine the effect of the precharger on the collec-
tion efficiency of the precipitator.

The precipitator sections were set up with 22.86 cm (9 in.) plate-to-
plate spacings. Section 1 was initially configured with .3175 cm (1/8 in.)
diameter wires spaced 22.86 cm apart. Section 2 had a 2.54 cm (1 in.) mesh
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discharge electrode. Section 3 was set up with .3175 cm diameter wires spaced
2.54 cm apart. Section 4 was arranged with .635 cm (1/4 in.) diameter wires
with a 5.08 cm (2 in.) wire-to-wire spacing. This variety of collector dis-
charge electrode configurations was selected so that comparisons between the
voltage-current characteristics of the different designs might contribute to
the determination of the most appropriate discharge electrode for the col-
lector section. The I-V curves for the four sections are shown in Figure 54.

The discharge electrodes in Section 1 were replaced with a 2.54 cm mesh
discharge electrode. The mesh electrode provides the high electric field and
low current density combination desirable in the collector of a two-stage pre-
cipitator. The small wire diameter and large wire~to-wire spacing configura-
tion is clearly inferior in this respect. Figures 55 and 56 show the I-V
curves of the downstream collector sections as configured for the collection
efficiency tests and at the operating temperature.

The current-voltage characteristic of the precharger is shown in Figure
57. The alignment of the screen and passive electrodes required several ad-
justments before problems with the relative spacing of the electrodes were
eliminated as operating limitations.

The precharger-collector system was operated at 150°C (302°F) for the
tests. Steam injection was not used and the moisture content measured at the
operating conditions was 1.147 by volume. These values of temperature and
moisture content of the gas stream contribute to a resistivity of the redis-
persed fly ash of approximately 5 x 10'2 ohm-cm. The fly ash was injected
into the system at a rate of approximately 1.15 g/m3 (.5 §r/ft3). The total
gas volume flowrate through the system was held to 0.47 m®/sec (1000 ACFM)
for the tests.

The precharger charging effectiveness was tested under the conditions
described above. The precharger was operated with corona voltage = 21 kV,
corona current = 700 pA, grid voltage = 7.2 to 8.2 kV, and grid current = 2500 to
20,000 pA. The fluctuations in the grid voltage and current were the result
of intense back corona from the passive electrodes. The passive electrodes
were rapped 21 times per minute with 5.6 x 10" kg/m2 (80 psi) air pressure on
the pneumatic impactors. Sparking from the grids to the passive electrodes
occurred throughout the charging test. A charge/mass ratio was determined
under these conditions to be -1.89 x 107° C/g.

Another test of particle charging was made with continuous sparking on
the grid; 6-11 kV applied voltage on the grid, 10-25 mA grid current, 16 kV
corona voltage, and 1000 yA corona current. The Q/m value measured in this
case was -2.06 x 16~% C/g and -2.46 x 10~° C/g. These values of charge-to-mass
ratio have an average of -2.1 x 10~® c/g, which is equivalent to the Q/m
values obtained in tests with the original 0.47 m*®/sec precharger.

The next phase in the precharger evaluation was to determine the effect
of the precharger on the efficiency of the downstream collector-precharger
system. The collector sections were set up as described earlier and operated
with a total current of 0.01 - 0.05 mA per section. This current setting cor-
responded to an applied voltage of 20-35 kV per section.

78



4 T I T T T | ! 1 '
3
3 -
|
g o -
- 2
’—
5 2r -
o
1 o
=
(&
4
I~ -
- -
0 ] | L 1 1 ] 1
0 10 20 30 40 50

VOLTAGE , kV

Figure 54. I-V curves of the downstream collector section with dirty wires
and plates, no dust flow, and 300°F,
1) 0.312 cm diameter wires spaced 22.9 cm apart
2) 2.54 cm mesh
3) 0.312 em diameter wires spaced 2.54 em apart
4) 0.635 cm diameter wires spaced 5.08 cm apart
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Figure 55. I-V curves of sections 1 and 2 of the downstream collector with
’ dirty 2.54 cm mesh discharge electrodes, dirty plates, no dust
flow, and 149°C.
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Figure 56. I-V curves of sections 3 and 4 of the downstream collector with
dirty wires, dirty plates, no dust flow, and 149°C.
3) 0.318 cm wire diameter and 2.54 cm wire spacing
4) 0.635 cm wire diameter and 5.08 cm wire spacing
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An optical particle counter system (OPCS) was used to monitor the particle
concentration as a function of particle diameter at the outlet of the precharger-
collector system. The measurement system is shown schematically in Figure 58.
The concentrations of particles in the range of 1.5 to 5.0 um diameters were
monitored during the efficiency tests.

The first attempt to evaluate the precharger—-collector system was made
by monitoring the particle concentration for the particle diameter region of
interest with the precharger on and off and the collector sections held to
0.01 - 0.05 mA current in both cases. An average of 7234 particles/sec was
observed with the collector on and the precharger off. With the collector on
and precharger on the number of particles/sec measured was 2566. Therefore,
the precharger effectively decreased the penetration of particles in the 1.5 -
5.0 ym diameter range by 64.5%.

The results of another test of particle concentration vs. particle diam-
eter for the precharger-collector system is shown in Figure 59. The curves
indicate concentration vs. diameter for particles in-the range of 1.5 to
5.0 um diameters for three conditions: 1) precharger off/collector off,

2) precharger off/collector on, and 3) precharger on/collector on. The dif-
ferences in particle concentration for the three conditions are consistent

for all particle diameters in the region of interest. Condition 1 measurements
yielded an average value of 15,936 particles/sec for the entire particle diameter
region of interest. The average for condition 2 tests was 6,632 particles/sec.
From these two values, the collector alone accounts for a decrease in penetra-
tion of particles in the range of interest of 58.4%. The addition of the
precharger in condition 3 measurements further decreased the particle concen-
tration in the region of interest to 2,797 particles/sec. This corresponds to
an overall system penetration decrease of 82.4% over the condition 1 case, or
-an improvement in performance attributable to the precharger of 57.8%.

It should be emphasized that the measurements of particle concentration
in condition 1 tests were taken at the outlet end of the collector. There-
fore, the decreases in penetration due to the collector and the collector with
precharger do not necessarily represent collection efficiencies. Mass train
measurements taken at the outlet and inlet of the precipitator indicated a
mass collection efficiency of approximately 70% for the collector alone.
Assuming this is directly related to the particle concentrations measured with
the OPCS, an additional 12% collection efficiency due to settling can be added
to the OPCS measured penetration decrease of 58.4% for the collector. Further,
adding the settling percentage to the penetration data for precharger with
collector gives a system collection efficiency of 94%.

The tests of the 0.47 m3¥/sec precharger in Eonjunction with the IERL in-
house precipitator show a significant precipitator enhancement capability for

the precharger. The extremely high fly ash resistivity (5 x 10'? ohm~-cm),

very low collector S.C.A (25.6 m?/m®/sec, or 130 £t?/1000 acfm), and the non-
uniformity of the collector sections' discharge electrodes would tend to degrade
the performance of the two-stage system below the normal operation expectations.
Even so, a collection efficiency greater than 90% was obtained with this non~
ideal two-stage system; with a contribution to the overall efficiency of approx-
imately 60% directly attributable to the action of the precharger.
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SECTION 5

CHARGED PARTICLE COLLECTOR

In order to complete the precipitation process it is necessary to provide
a suitable mechanism for collecting the charged particles emerging from the
precharger. Since high resistivity particles may be encountered the problem
of back corona must again be dealt with. It is not necessary, however, to
maintain a high number density of ions in the downstream collector, because
the particles are already charged. On the other hand, if the current density
in the collector were reduced to zero, particles reentrained into the gas
stream by rapping might not be recollected due to loss of charge during con-
tact with the grounded collecting surfaces. It is thus assumed that the opti-
mum current density in the collector should be slightly less than that which
would bring about back corona.

The electric field strength in the collector should be as high as can be
achieved within the constraints imposed by limiting the corona current density.
The maximum field strength would result from the use of a parallel plate ar-
rangement of electrodes in the collector, but that would produce, ideally, no
corona current at all. A conventional wire-plate configuration would have to
be operated at a relatively low applied voltage because of the limit on cur-
rent density imposed by the presence of high resistivity materials. A wire-
plate system could be modified from conventional practice, however. By the
use of large diameter corona wires or by a much reduced spacing between wires
the current-voltage characteristics can be adjusted to provide more desirable
operating parameters.

Because a rectangular geometry offers significant advantages in flexibil-
ity and convenience in design and fabrication as compared to cylindrical or
other type configurations, emphasis in this investigation was placed on a
model employing parallel plate passive electrodes with corona discharge elec-
trodes arranged in the plane midway between adjacent passive electrodes. The
discharge electrodes could be parallel wires, an array of sharp points in the
plane, a screen, or any of several other conceivable constructions. The
screen and parallel wire arrangements were considered most attractive from an
engineering and economic viewpoint.

Computer models of several corona wire diameters and wire-to-wire spac-
ings in the conventional wire-plate precipitator configuration were executed.
Further, a series of bench-scale experiments was performed to evaluate var-
ious corona electrodes. Corona wires of 0.65 cm and 0.32 cm diameters were
tested at several wire-to-wire spacings (see Figures 60 .and 61). Also tested
were 2.54 cm and 1.27 cm square mesh, and 2.54 by 5.08 cm rectangular mesh.
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Figure 62 shows a comparison of current density as a function of spacing
between active and passive electrodes for several wire and screen electrode
configurations. It was found that the 2.54 cm square mesh screen electrode
performed at the highest attainable electric field strength, at a low, con-
trollable current density.

The use of a screen-type discharge electrode provides a periodic struc-
ture for corona activity. It tends to avoid a potential problem that might
exist for closely spaced wires -- the development of localized regions of
enhanced corona discharge spaced unpredictably, and unevenly, along the wire,
resulting in an overall poor distribution of corona current.

In preparation for testing the two-stage concept a downstream collector
was designed for use with the pilot scale precharger. . An assembly drawing of
the collector is shown in Figure 63. Discharge electrodes were 2.54 cm
square mesh screen.

The device was fabricated and subjected to a preliminary testing program.
Current-voltage relationships for the four collector sections were made. The
two parallel gas passages in each section were independently energized to
check the electrical, and thus the mechanical consistency of the electrodes
in each section. Discrepancies between the I-V characteristics of two gas
passages or two sections could be due to the existence of local surface dis-
continuities on the electrodes, electrode misalignment, or the varying prox-—
imity of the discharge electrodes to hopper baffles or other structural
grounds. All of the I-V characteristics taken in this set of tests were at
ambient conditions.

The current-voltage curves corresponding to the two gas passages in sec-—
tion 1 are shown in Figure 64, A maximum of nearly fivefold difference in
current values between the two gas passages occurs in the mild-range of the
voltage values (7.2 YA to 34 pA at 32 kV applied). In the projected operat-
ing range of 50-60 kV applied the difference is markedly less. Careful at-
tention to smoothing the electrode surfaces may alleviate this inconsistency.
Also, some exposed ends of the wire mesh discharge electrode may be present
(in gas passage 2 especially) and leading to atypical I-V characteristics.

Figure 65 shows the current-voltage curves for the two gas passages in
section 2 of the downstream collector. The similarity between the two curves
is much greater in this case.

The I-V curves for section 3 are shown in Figure 66. The agreement
between gas passages is good with the exception of a large difference in
breakdown values (12 kV difference). This disparity may be due to the same
factors discussed in conjunction with section 1 curves. Section 4 I-V char-
acteristics are shown in Figure 67. There is very good agreement between
the curves of the two gas passages in this section.

Figure 68 shows the current-voltage curves for all four sections of the

downstream collector where the two gas passages in each section were electri-
cally connected, as will be the case in actual operation. The sections vary
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Figure 62. Comparison of electrical behavior for various types of

corona discharge electrodes. The wires are in arrays
of five in parallel, spaced at 3.8 cm.
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Small pilot scale precipitator assembly.
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considerably in their electrical characteristics. Mechanical differences
between the four sections will be carefully eliminated, inasmuch as it is pos-
sible. This should normalize the electrical behavior of the sections.

The particle collector, in combination with the pilot scale precharger
will be tested in the field, on a slip-stream taken from the exhaust ducting
upstream of existing control devices at a coal-fired electric power plant.
That test program will be carried out in connection with a separate research
project under EPA Contract No. 68-02-2683, which supports work leading toward
optimization of the downstream collector design.
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SECTION 6

ENGINEERING AND COST ANALYSIS
ESTIMATED COSTS OF FULL SCALE PRECHARGER - COLLECTOR SYSTEMS

The criterion commonly used to estimate the cost of electrostatic pre-
cipitators is the number of square feet of collecting surface required to
meet the design efficiency. Although the cost of the collection electrodes
generally represents only 15-20 percent of the total precipitator cost, it
i1s a reliable yardstick for estimating the capital investment required for
a conventional precipitator installation. In order to approximate the cost
of a full scale precharger-collector system the same criterion will be used
as a base cost factor with additional factors added to estimate the extra-
ordinary expenses required by the hybrid system.

The determination of the collecting surface area required in a full
scale hybrid ESP is made using the data acquired in the pilot scale precharger
performance tests and the collector study. The corona current densities main-
tained in all of the experiments are greater than found in the range of cur-
rent densities (5-75 nA/cm ) used in conventional full-scale fly ash precip-
itators operating under best conditions. The effect of ash resistivity on
the current-voltage characteristics of conventional precipitators has been
described by White. He indicates that the current density would have to be
reduced from .17% to .01%Z of clean plate values in the ?resence of a2 mm
thick deposited layer of high resistivity fly ash (10''-103 {i-cm) to prevent
breakdown, i.e., before back corona formation. Thus, the current densities
maintained in the pilot scale charger tests are 2 to 4 orders of magnitude
greater than could be expected in a conventional precipitator handling
10'2? Q-cm resistivity fly ash.

To determine whether valid theoretical estimates of particle charging
behavior could be obtained with the data from the pilot scale experiments, a
calculation of charge to mass ratio, Q/M, (see Appendix B) for a polydisperse
aerosol simulating the particle size distribution encountered in the experi-
ments was made and the theoretical value compared with experimental Q/m values.
A log-normal particle size distribution was assumed, although this was only an
approximation to the actual size distribution with which the charger was
tested. A MMD, or Dsg, of 19 um was used, and a geometric standard deviation,
0;, of 3.0 was derived from the particle size distribution obtained from actual
impactor data, with the approximation Og"Dso/D1s. The physical conditions
used in the Q/m calculations correspond to those in the precharger test where
the gas stream temperature = 75°C, dust loading = 7.65 g/m?®, fly ash resis-
tivity = 1.4 x 10'? ohm-cm, corona current density = 94 nA/cm? , and Nt =
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8.63 x 10'? sec/m®. An ion mobility of 2.2 x lO'“mzlv-sec, mean thermal veloc-
ity of 500 m/sec, particle relative dielectric constant of 5, and particle den-
sity equal to 2.47 g/cm® were assumed. The theoretical Q/m calculated for this
set of conditions equals 2.90 x 107°C/g. This compares to an average measured
value of Q/m = 2.69 x 10~°C/g at these conditions, or a difference of approx-
imately 77%. Since there is adequate agreement between theoretical and experi-
mental charging values, estimates of expected performance for the pilot scale
precharger-collector system can be drawn from the experimental values of phys-
ical parameters and theoretical values of particle charge.

. The predicted performance of a pilot scale system with a given collecting
surface grea was determined. In order to give a conservative evaluation of per-
formance, the particle diameter which gives the poorest charging characteristic,
.2 uym diameter, was used in calculating the expected efficiency of the precharger-
collector system. A calculation of the efficiency of collection of 19 um diam-
eter particles was also made.

In order to determine the collection efficiency of the pilot scale pre-
charger-collector system the following calculations were made:

1) charge on .2 um and 19 um diameter particles,
2) mobility of charged .2 um and 19 pm diameter particles,
3) migration velocity of .2 um and 19 ym diameter particles at four dif-

ferent collector field strengths, and
4) efficiency of collecting .2 ym and 19 um diameter particles with the
migration velocities determined in 3).

The charge on the particles was determined from the combined theoretical
field and diffusional charging effects and is given by

‘uaE;Nt (k-1
q(a) = Ta4e, lﬁﬁ?ﬁ;figg [1 + ZTE;E%
e
KT avNt
+e In (ﬂﬂ +1)} , ¢D)
= e
where Nt = ion concentration-time product (sec/m?),
E, = electric field strength in the precharger (V/m),
a = particle radius (m),
€o = permittivity of free space (fd/m),
e = electronic charge (C),
k = particle dielectric constant,
U = ion mobility (m*/V-sec),
T = temperature (°K),
K = Boltzman's constant (j/°K),
V = mean thermal ion speed (m/sec), and
q¢a) = charge on a particle of radius a (C).

Values of charging parameters from the gilot scale charging experiments
used in the calculation were Nt = 8.63 x 10'? sec/m®, E = 3.15 x 10° V/m, and
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= 348°K. Other values used were k = 5, u = 2.2 x 10~*m?/V-sec, and v =
500 m/sec. The charge accumulated on the particles was determined to be
q (0.1 x 10~%) = 2.09 x 107'%C and q (9.5 x 107%) = 6.49 x 107! 5cC.

After determining the charge on the particles, their mobility was calcu-
lated using the expression

- 9(a)¢
M(a) 6ma s (2)
where q(a) = charge on a particle of radius a(C),
n = viscosity of the gas (kg/m-sec),
C = Cunningham slip correction factor, and
M(a) = particle mobility (m?/V-sec).

The value of viscosity, 2.1 x 10~ °kg/m-sec, is that for air at 348°K. The
mobilities for the two particle sizes of interest at these conditions are
M(.1 x 107%) = 9.86 x 10" °m?/V-sec and M(9.5 x 107%) = 1.74 x 10~°m?/V-sec.

The mobility is related to the particle migration velocity by the follow-
ing relationship:

W= MEC’ (3)
where E. = electric field strength in the collector (V/m),
M = particle mobility (m“/V-sec), and
W = particle migration velocity (m/sec).

The migration velocity was calculated for four values of E. corresponding to
applied voltages of 30, 40, 50, and 60 kV and an electrode spacing of 9.5 cm
(19 cm duct width) in the collector. The values of the migration velocity
for .2 ym and 19 um diameter particles at these four conditions are listed
in Table 3.

Now that the migration velocity is known, predicted values of efficiency

for monodisperse particles can be determined from the Deutsch-Anderson equation.

n=1-e SV (4

In this equation W = particle migration velocity (m/sec),

SCA = A/V (sec/m),
A = effective collection surface area (m?),
V = gas flowrate (m /sec), and
n = fractional efficiency.

The collection surface area of the pilot scale collector is glven to be

23.78 m?. Assuming a gas volume flowrate of .71 m®/sec (1500 ft? /min), the
SCA used in the calculations of efficiency is 33.62 sec/m (170 £t2/1000 ACFM).
The collection efficiencies for the various calculated migration velocities
are given in Table 3. The projections of collection efficiency were expanded
in detail over the range of particle diameters between 0.1 and 10 um. Figure
69 shows collection efficiency curves for two values of collecting field
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PILOT SCALE PRECHARGER-COLLECTOR SYSTEM
PERFORMANCE PREDICTION

Particle Collection
diameter E Nt q M Sca Ec w Efficiency
(pm) (V/E) (sec/m?) (C) [m? /V-sec) (sec/m) (V/m) (m/sec) %
.2 {3.15 x 10°/8.63 x 10*%|2.09 x 107*%9.86 x 107%| 33.62 | 3.16 x 10° | 3.12 x 102 65.0
4.21 x 10%] 4.15 x 10"2 75.2
5.26 x 10%] 5,19 x 10~? 82.5
6.32 x 105} 6.23 x 102
19 3.15 x 10° 8.63 x 10'2|6.49 x 10%51.74 x 107%] 33.62 | 3.16 x 10%| 5.50 x 10~! ~100
4,21 x 10%) 7,33 x 107! ~100
5.26 x 105] 9,15 x 10~? ~100
6.32 x 10%] 1,10 x 10° ~100
Table 3. Estimated performance of the pilot scale precharger-collector system.
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strength: 3.16 x lOSV/m, corresponding to an applied voltage of 30 kV, and
5.26 x 10°V/m for 50 kV applied voltage. These curves cover the region of
minimum particle mobility. For particles greater than 10 um in diameter the
theoretical collection efficiency is above 99.99%.

If a collection efficiency requirement is specified, the effective col-
lection surface area needed to meet the design efficiency can be determined
from Equation 4 by using the particle migration velocity obtained with the
pilot scale precharger data and the design gas volume flowrate. Values of
Ep = 3.15 x 10°V/m and Nt = 8.63 x 10'2sec/m® for the precharger can be used
to determine the charge acquired by a 2 pym diameter particle. This diameter
particle is chosen to give an estimated effective migration velocity for the
particles passing through the precharger-collector system. The charge is cal-
culated using Equation 1 to be q = 9.3 x 10”17C,

With an operational field strength in the downstream collector of E; =
4.0 x 10° V/m, the particle migration velocity is given by Equations 2 and 3
to be W = 1.02 x 10" 'm/sec. The average gas velocity in the collector is
Vo = 1.5 m/sec and the total gas volume flowrate is given to be 940 m’/sec
(2.0 x 10° acfm). The collection surface area required in order to give 99.952
collection efficiency for 2 um diameter particles can be determined to be
7.0 x 10°m?® (7.6 x 10°ft?). This corresponds to as SCA of 74 m?/m?/sec
(380 £t*/1000 cfm).

For a collection efficiency of 99.57 the collection surface area required,
with all other conditions the same, is reduced to 4.9 x 10*m? (5.3 x 10°ft?).
This is an SCA of 52 m?/m®/sec (265 ft?/1000 cfm).

Although costs among precipitator vendors vary greatly, an average for
the erected cost of conventional precipitators as a function of collecting
surface area is $108/m® ($10/ft?) collecting area?’®. Using a conservative
value of SCA of 59 m?/m®/sec (300 £t?/1000 cmf) for a design efficiency of 99.5%
and a gas volume flowrate of 9.4 x 102 m’/sec gives a total collection surface
area of 5.55 x 10" m? (5.97 x 10° ft?), The basic cost for an erected precip-~
itator of this size is approximately $6 x 10°.

It is necessary to add to this base cost the extraordinary expenses incur-
red by having as the first electrical section the three-electrode precharger
geometry, and by using an unusual discharge electrode in the collector sections
of the precipitator. The estimates of these extra costs are absed on the de-
tailed proposal for fabrication and erection of a 14.2 m’/sec (30,000 cfm) ver-
sion of a two-stage precipitator of this design made by Lodge~Cottrell Division
of Dresser Industries. The precharger costs represented approximately 5% of the
erected precipitator total cost. A very conservative adjustment to the base
cost of the hybrid system to account for the precharger is 20%. The discharge
electrodes in the collector are expected to cost less than 1% more than con-
ventional electrodes. These adjustments in the base cost of $6 x 10° yield a
total capital investment estimate for a 99.5% efficient two-stage ESP using the
SoRI precharger and high field, low current density collector treating 9.4 x
10% m®/sec of flue gas of $7.26 x 10°.
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COMPARISONS OF COSTS WITH CONVENTIONAL PRECIPITATORS

In order to accurately determine the cost effectiveness of a full scale
two—-stage ESP using the three-electrode precharger concept, the costs of con-
ventional electrostatic precipitators for use in the same application and with
the required collection efficiency must be determined. Three sources have
been relied upon to provide cost information for conventional ESPs.

A cost model for ESPs burning low sulfur Western coal was developed by
David V., Bubenick of Research-Cottrell, Inc.* Models for calculating capital
investment and annual operating costs for cold, hot, and cold SO3; conditioned
ESPs were derived. The only parameters required for computation of costs are
volume of gas treated and area of the collection electrodes. For the purposes
of this analysis, the following conditions were applied: 1) low sulfur (.5 -

.7%) coal, 2) gas volume = 940 m’/sec at 163°C (2,000,000 acfm at 325°F), 3)
collection efficiency = 99.5%, and 4) a precipitation rate parameter of 4 cm/sec.
These conditions and the Deutsch~Anderson equation

n=1-e = (5)

= collection efficiency,

area of collection surface,
volume flowrate, and
migration velocity,

where

0P 3
It

give a value for the collection surface of A = 1.25 x 10°m?, or 2.25 times
as large as predicted for the SoRI two-stage ESP. Note that this value for
the collection area does not include such non-ideal effects as rapping, non-
uniform gas flow, sneakage, and aerosol polydispersity. However, the cost
models compensate for this inaccuracy.

Upon substituting A = 1.25 x 10%m® ard Q=940 m®/sec into the
cost model for cold electrostatic precipitators, the total capital investment
and annual operating costs are $13.6 million and $2.5 million, respectively.
This is consistent with the $108/m? of collecting area cost estimate used in the
two- stage ESP case. A detailed cost breakdown is shown in Table 4. The capital
investment is 86 percent higher than is expected with the precharger-collector
hybrid system. Annual operating costs for the two-stage system are not expected
to be greater than the conventional ESP. The power consumption should be no more
that equal to the conventional ESP due to the operating mode of the collecting
sections,

In the case of the hot precipitator model, adjustments to the volume
flowrate and collection area must be made. Due to the temperature increase
from 163°C to 371°C there is a corresponding increase in the gas volume
1160
g5 X Q = 1386 m®/sec. The Research-Cottrell model
also makes an allowance for the collection area of hot precipitators. A
decrease in specific collection area, SCA = A/Q, of } is achieved over that
of a cold ESP. The collection area required by the hot ESP to achieve collec-
tion efficiency of 99.5% is thus determined to be Ay = 9.22 x 10*m®. Sub-
stituting these values of Ay and Qy into the hot precipitator cost model

treated: Qq =
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TABLE 4. COLD ESP COST MODEL

Capital Investment, $*

1.
2.
3.
4.
5.
6.
7‘

8.

Complete collector, flange-to-flange
Typical precipitator accessories
Structural support

Tax and freight

Engineering

Erection and installation
Contingencies

TOTAL CAPITAL INVESTMENT

Annual Cost, S$*

9.
10.
11.
12.
13.
14.

15.

Labor
Maintenance
Power
Administration
Overhead
Capital charges

TOTAL ANNUAL COST

* 1977 dollars

106

5.130 x 10°
7.695 x 10°
8.726 x 10°%
5.420 x 10°
3.000 x 10°%
5.367 x 108
6.490 x 10°
13.63 x 10°
8.88 x 103
6.00 x 10"
3.76 x 108
8.88 x 102
4.45 x 10"
2.04 x 10°
2.53 x 10°8



yields an estimated total capital investment of $11.4 million and an annual
operating cost of $2.2 million (see Table 5 for a detailed cost breakdown).

The cost model for a cold SO3 conditioned ESP is calculated with an SCA
credit allowance of }. That is, the collection surface area required in a gas
conditioned precivltator is } less than an unconditioned ESP requires. There-
fore Ag = 8.34 x 10" m®>. A cost breakdown for a cold SO, conditioned ESP
with this collection area, a gas volume flowrate of 940 m3/sec, and
achieving a collection efficiency of 99.5% is shown in Table 6. The total
capital investment is $10.5 million and the annual operating expense is $2.11
million.

Another estimate of the cost of conventional cold-side electrostatic pre-
cipltators was obtained from a report of the Electric Power Research Institute
(EPRI) Data from four ESP manufacturers describing ten large modern precip-
itators served as a base for cost estimates. ‘The system parameters (the same
as were used for the Research-Cottrell cold ESP model) and cost breakdown are
shown in Table 7. Only initial capital investment is tabulated.

A third source of information concerning costs of electrostatic precip-
itators is a Southern Research Institute report which includes data for cold-
side, hot-side, and flue gas conditioned precipitator costs. These data are
for larger installations than references 4 and 2; however, comparisons can be
drawn. The design parameters and cost information are shown in Table 8.

The costs of conventional electrostatic precipitators for handling high
resistivity particulate matter, whether cold-side, hot-side, or SO3 conditioned,
are significantly higher, as reported from the sources quoted above, than the
estimated cost of an SoRI precharger-collector hybrid precipitator designed
for the same efficiency and same conditions. A very considerable savings in
capital investment seems possible by installing the two-stage ESP where par-
ticles of high resistivity need to be efficiently collected. Specifically,
there appears to be a very substantial advantage at large utility boiler
installations burning low sulfur coal.

Based on the information compiled here, the EPA/SoRI precharger-
collector electrostatic precipitator is very cost competitive with conven-
tional technology in high resistivity particle collection. Tests of the
two-stage system in the field will allow for more accurate estimates of
the system's performance.
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TABLE 5. HOT ESP COST MODEL

Capital Investment, $*

1. Complete collector, flange-to-flange
2. Typical precipitator accessories

3. Structural support

4, Tax and Freight

5. Engineering

6. Erection and installation

7. Contingencies

8. TOTAL CAPITAL INVESTMENT

Annual Cost, §$*

9. Labor
10. Maintenance
11. Power

12, Administration
13. Overhead
14. Capital charges

15. TOTAL ANNUAL COST

* 1977 dollars

108

4.536 x 10°
6.804 x 10°
6.605 x 10°
4,700 x 10°
2.598 x 10°
4,244 x 10°
5.425 x 10°
11.39 x 10°
1.038 x 10"
8.850 x 10"
3.509 x 10°
1.037 x 103
4.497 x 10"
1.709 x 10°
2.20 x 10°



TABLE 6. COLD SO3; CONDITIONED ESP COST MODEL

Capital Investment, $*

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

9.

Complete collector, flange-to-glange

Typical precipitator accessories

Structural support

Tax and freight

Engineering

Erection and installation

Contingencies

Total SO3; conditionirg system
investment

TOTAL CAPITAL INVESTMENT

Annual Cost, $*

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

20.

Labor

Maintenance

Power

Labor (SO3; conditioning)
Maintenance (SO3; conditioning)
Utilities (SO; conditioning)
Sulfur (S03; conditioning)
Administration

Overhead

Capital charges

TOTAL ANNUAL COST

* 1977 dollars

109

3.578 x 10°
5.368 x 10°
5.893 x 10°
3.763 x 10°
2.084 x 1053
3.713 x 10°
4.501 x 10°
1.043 x 10°8
10.495 x 10°
8.880 x 103
6.000 x 10"
2.497 x 10°
3.000 x 10"
3.129 x 10"
3.880 x 10"
6.600 x 0"
3.888 x 103
4.847 x 10"
1.574 x 108
2.111 x 10°



TABLE 7. DETAILED AVERAGE COSTS FOR NEW COLD ESP

Item Cost ($*)
High-voltage power 838,925
Control panels 698,961
Ext. high-voltage system 206,082
Electrical devices 2,576
Casing 1,608,298
Hoppers 1,037,279
Collecting system 1,403,934
High-voltage system 589,051
Rapper system 861, 251
Inlet plenum 283,363
Outlet plenum 266,189
Internal Access 55,814
External Access 121,932
Superstructure 356,350
Ventilation system support 23,184
Operating floor insulation 76,422
Hopper dust control 75,563
Safety interlocks 81,574
Support structure 1,078,725
Access facilities 501,237
Contingencies 2,033,342
TOTAL 12,200,052

*Cost corrected to 1977 dollars by assuming 7% inflation for
1975 and 1976.
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TABLE 8. COMPARISON OF AVERAGE COSTS FOR ELECTROSTATIC PRECIPITATORS
COLLECTING HIGH RESISTIVITY FLYASH

Design Factors Hot-side Cold-Side Flue-Gas
Conditioned
Gas volume, 103ACFM 3,640 2,500 2,500
Temperature, °F 750 300 300
Migration velocity, cm/sec 8.5 4,75 8
Collection area, 10° ft? 1,169 1,411 848
SCA, ft?/10°%ACFM 321 564 339
Plant area required for site, 10°% ft2 28 35 19

Cost, 10% s*

Base, accessories, and plenum 6,420 6,420 4,280
Flues 1,051 396 368
Support structure 708 842 499
Erection 6,146 7,013 4,302
Insulation 2,806 2,248 1,388
Gas conditioning 1,872
Ash handling @ $5350/hopper 257 289 193
Power ($856/kW) 2,009 2,977 2,310
Land € $10,700/acre 6 9 4
TOTAL INVESTMENT 19,403 20,194 15,216

Annual Cost, 10% §*

Fixed charges @ 18% investment 3,493 3,635 2,739
Heat loss @ $1.75/10°Btu 306

Energy loss @ $.02/kwh 304 282 367
SO; 535
Maintenance 82 90 104
TOTAL ANNUAL COST 4,185 4,007 3,745

* Cost corrected to 1977 dollars by assuming 7% inflation for 1976.
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APPENDIX A

INVESTIGATION OF ALTERNATE METHODS

Limited theoretical studies and laboratory tests were applied to the eval-
uation of various techniques for controlling back corona and space charge
effects in a high current density corona field. Practical and economic factors
led to the development of the three-electrode system as described in detail in
the text of this report. Since the alternative methods explored were not pur-
sued beyond the preliminary tests, and therefore did not contribute substan-
tially to the principal goals of the project in a direct manner, the results of
these investigations are included in this appendix rather than in the main
text.

INJECTION OF CONDITIONING REAGENTS

A method for control of high resistivity fly ash by means of injecting
conditioning reagents directly into an electrical corona at the discharge elec-
trode was investigated. The rationale behind this technique is as follows:

In a charging device, both current density and electric field strength must be
high in order to provide adequate particle charging. 1In the presence of high
resistivity fly ash, back corona problems are most severe where the current
density at the passive electrode is greatest. Any method used to control back
corona must therefore be most effective in the precharging section of a two
stage precharger-ESP system. A controlled amount of conditioning material in-
jected through the corona region would become highly charged and driven by the
electric field to the passive electrode. The greatest amount of conditioning
agent would naturally be applied to the region of highest current density on
the passive electrode. Conditioning against high resistivity would thus be
limited principally to the particulate material actually collected in the pre-
charging section. The total amount of conditioning material required should
therefore be much smaller than that required to treat the entire influx of
particles.

Experiments were done in the laboratory to test the injection technique
with the application of various reagents of both liquid and gaseous types.
The theoretical considerations and experimental results are presented in the
following paragraphs.

Gas Injection

Initial experiments involved the introduction of a mixture of S02 and O:
into the corona region. The high electric field strength in the corona should



provide the most favorable environment for conversion to SO3. Furthermore,
the ionization of S0; molecules would provide for their transport to the pas-
sive electrode. The S03; ions would also be directly involved in the charging
process,

Previous studies of the conversion of S0, to SO3; and the effects of this
reaction on high resistivity fly ash have dealt with the SO, as a constituent
of the gas stream.?’?® The present study is based upon the premise that more
efficient use of the reagent can result from direct injection into the corona
region.

Theory of Ion Injection:

In order to provide enough gas to account for a corona current made up
entirely of SO3 ions the minimum requirement of SOz is that which would pro-
vide one molecule for each elementary unit of charge in the corona current.
Thus for a corona current I the required number of moles per second of SO,
is

n = —= (1)

where e is the electron charge in coulombs, and A is Avogadro's number. Since
one mole of gas occupies 22.4 liters under standard conditons, the required
volume flowrate is

U =22

22.4 nT
273 p

b4

where T is the temperature (K), and p is the pressure in atmospheres. Thus,
from equation (1)

U= 22.4 1IT
273 eAp °
or
U = 8.501 x 1077 %} liters/sec (2)

In previous pilot scale particle charging experiments a precharger was
used to charge particles in a total gas flow of about 400 cfm (189 &/sec)
while operating at a total current of approximately 15 mA. The minimum SO»>
gas injection in such a device at 300K and one atmosphere is, from equation
(2), U= 3.83 x 10™% %/sec. Comparing this value with the total gas flow U_,
we have &

U/Ug = 2.02 x 1078,

or about 20 parts per billion. This is an extremely small amount compared to
a level of several parts per million used in conventional conditioning methods
with S03.



The feasibility of applying an ion injection scheme such as that described
in the above paragraphs depends upon SO2 conversion to SO3;, ionization and
transport in the corona current, as well as the nature of the effect of SO; on
the conduction mechanism in a deposited layer of fly ash. Although the amount
of SO, injected would be extremely small, almost all of it would be restricted
to the precharger section of a two stage precipitator, where dust accumulation
would be minimized by aerodynamic design or continuous rapping.

Experimental Verification

- A simple point-plane corona apparatus was set up in order to test the
theoretical concepts discussed in the above. The discharge electrode was de-
signed to admit a flow of gas into the corona region. A length of 0.2 mm
nichrome wire was secured to the inside of a piece of 2.4 mm i.d. dielectric
tubing so that the wire extended about 2 mm beyond the end of the tube. The
gas flowing through the tube thus drifts directly into the corona region sur-
rounding the end of the wire. During operation a mixture of two parts SO, to
one part 0; was forced through the tube at a controlled rate with a syringe

pump .

In order to measure the amount of injected material carried over by the
corona current, a petrie dish containing distilled, deionized water was used
as a collecting electrode. A platinum wire immersed in the water served as
a connection to the system ground.

In each experimental run a corona current was established and gas was in-
jected into the corona region. After typically 100 min. running time the
water used as the collecting electrode was analyzed chemically for sulfates by
titration against a barium perchlorate solution.

Two experiments were run with the total gas flowrate set at 0.06 ml/min
at room temperature. According to our theoretical interpretation the excess
gas would remain un-ionized and drift out of the system. After each experi-
ment two aliquots of the solution produced were analyzed for sulfate content.
In addition, control experiments were run under three conditons: (1) corona
current on with no gas flow, (2) corona current on with ambient air replacing
the mixture of S0, and 02, and (3) injection of SO, and 0, with the corona cur-
rent turned off. Only trace amounts of sulfates were found in the control
experiments. The experimental results shown in Table A-1 indicate fairly
effective transport of the selected ion in the corona current. Measured sul-
fate concentrations were 74 to 84 per cent of the theoretical values.

Preliminary tests of fly ash conditioning were made using this system, but
with a flat metal plate used as a collecting electrode. The system was en-
closed in an oven to produce conditions favoring high resistivity in fly ash.

An experiment was run to compare the operation of the system with and without
gas injection at the discharge electrode. First, the clean plate I-V charac-
teristic was determined for a 2.5 cm electrode spacing. Oven temperature was
maintained at 150°C. The result is shown in Figure A-1. The system was then
set to operate at a total current of approximately 300 pA, and a mixture of
two parts SOz and one part Oz was injected at a flowrate of 0.33 uf/sec.
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TABLE A-1l. COMPARISON OF THEORETICAL AND
EXPERIMENTAL DETERMINATIONS OF
SULFATE ION TRANSPCORT

Corona Solution Volume Calculated Normal Measured Normal
Current Recovered Sulfate Concentration Sulfate Concentration
50 uA 25 ml 2.48 x 10-4 N 1.92 x 1074 N
50 uA 25 ml 2.48 x 1074 N 2.08 x 1074 N
100 pA 40 ml 3.11 x 1074 N 2.43 x 1074 N
100 pA 40 ml 3.11 x 1074 N 2.32 x 107% N
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Figure A-1. Comparison of I-V characteristics for a corona system

under dust loading conditions with gas injection on
and similar conditions with gas injection turned off.




Fly ash was blown into the system in puffs through a tube by an elutriator.
When changes in the current occurred after a puff a brief period, about five
to fifteen seconds, was allowed before the next puff so that the conditioning
effect of the gas could restore the original operating condition. Continuing
this procedure for several minutes it was possible to deposit a total of 323
mg of ash on the grounded electrode with essentially no change in the I-V
characteristic. There was no indication that the procedure could not be con-
tinued to deposit still more ash without producing back corona effects. After
the gas flow was turned off and no further ash was applied the I-V character-
istic remained unchanged.

The procedure was begun again with a clean plate, but with no gas injec-~
tion. After the first few puffs of flyash the current rose sharply. The
current was left on, but application of fly ash was suspended. No tendency
toward a drift in current at a fixed voltage was observed over a period of
fifteen minutes; the change in electrical behavior was permanent. The I-V
characteristic was measured for comparison with the previous result. The
curve, shown in Figure A-1, exhibits a rapid rise in current with a voltage
above approximately 12 kV, indicating the presence of back corona. The total
ash accumulated was 67.5 mg, about one fifth of the amount in the previous run.

Further experiments were run after modifications in the apparatus were
made in order to provide a continuous flow of ash laden air and to control the
humidity in the oven containing the corona system.

A mixture of S02 and 02 was injected by syringe pump into the corona
region as previously described. An elutriator, operated by a continuous flow
of air, was used to introduce fly ash into the system when required. Humidity
was controlled in the oven by circulating air from an external bubbler or
desiccator source.

The general procedure used was to operate the corona system as a precip-
itator while observing any changes in current or voltage. Onset of back
corona is normally accompanied by an abrupt increase in corona current.

Injection of a mixture of SO2 and O2 had little effect on back corona
when desiccated air was circulated in the system. A measurable conditioning
effect was observed, however, when moisture was present.

In a particular experiment the moisture level in the oven was maintained
at approximately 10% by volume, and the corona current was held at 50 pA with
an electrode spacing of 5 cm. Air, loaded with approximately 4.3 g/m3 redis-
persed fly ash, was blown into the interelectrode space at a rate of 1.2 1/min.
The experiment was run for 20 min. with a mixture of two parts SO2 to one part
0, injected at the corona discharge electrode at a rate of 0.02 ml/min. No
change in electrical behavior was observed. The I-V characteristic measured
at the end of the experimental run is presented in Figure A-2." A total of
103 mg of fly ash was precipitated during this run.

The experiment was repeated, starting with a clean plate, but without

injection of gas at the corona electrode. After operating for 20 min. the
I-V characteristic was measured, and the precipitated dust was weighed. The
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I-V characteristic, shown in Figure A-2 displays substantially higher current
values than the curve representing the experiment with gas injection. The
mass of fly ash precipitated in the experiment without gas injection was 79 mg.

In this experiment it has been demonstrated that at least some condition-
ing against back corona can be accomplished by injecting SO, and Oz into the

ionizing region of a corona electrode system in the presence of moisture.

Liquid Reagent Injection

Theory

It has been demonstrated that the injection of a gaseous conditioning
reagent into a corona region can provide at least some control of high resist-
ivity fly ash in an electrical corona system. There is, however, a funda-
mental limitation on the rate at which a reagent in the gaseous state can be
delivered to the passive electrode. That limitation is based on the fact that
no more than one ionized molecule of the conditioning agent can be delivered
to the passive electrode for each elementary unit of charge in the corona cur-
rent. If, on the other hand, a liquid were injected into the corona region
the formation of fine charged droplets might be expected to provide a greater
quantity of conditioning reagent at the passive electrode.

The formation of fine, charged liquid droplets in an electrical corona
has been termed electrohydrodynamic spraying. Investigation of the phenomenon
with regard to various applications has led to an explanation of the mechan-
isms for droplet formation. Melcher and Sachar® have presented a discussion
of the phenomenon, summarized in the following paragraphs:

Consider a simple system consisting of a tube with small bore diameter
through which a liquid may be passed at a slow flowrate, opposite a conduct-
ing plate electrode. A voltage is imposed between the tube and plate elec-
trodes. At low voltages, large drops are formed at the end of the tube, as
shown in Figure A-3(a). With the onset of corona, sporadic spitting from the
tip of the liquid stream begins. As the field is increased the droplets
become smaller, but still remain within about a factor of ten of the diameter
of droplets formed with no applied field.

As the voltage is raised still further a significant change in the flow
configuration occurs. Dripping and spitting cease, and a steady stream
appears, which narrows to a very finme jet at the tip of the stream. Figure
A-3(b) illustrates the shape of the flow configuration with a large field ap-
plied. This stream has been observed to be as small as one micrometer in
diameter.

The shape of the stream with a high voltage applied may be explained in
terms of the tangential component of electric field at the liquid surface,
resulting from an electrical current through the stream. When electrical
corona occurs, charge conservation requires an electrical current to flow
through the liquid stream. The field direction in the stream is the same as
the direction of current flow, hence a tangential component of the field exists
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Figure A-3. (a) Liquid droplet formation at the tip of a tube with
no corona current present, and
(b) stream formed by current passing through liquid to
corona point at tip.



at the liquid surface. The presence of electrical charge at the liquid sur-
face produces an acceleration which draws the stream out into a fine jet. It
can also be shown that the polarization forces in the presence of an electrical
current tend to stabilize the stream.

At the point where the stream becomes sufficiently fine, electrical break-
down occurs and the resulting corona discharge carries away the stabilizing
current. The jet then breaks up into highly charged droplets which are driven
by the electric field to the passive electrode. The current-driven jet is a
source of both ions and charged droplets. The droplets are, generally, in the
range of 1 to 50 um diameter.

An orifice is not required to produce a spray of droplets. They may even
be formed from a liquid film on a discharge electrode. Since the corona activ-
ity occurs at the air-liquid interface, clogging and deterioration of the dis-
charge electrode may be avoided.

Experimental Work

Several different liquid reagents were used in experiments where injection
at the corona discharge electrode was tested for conditioning effects on fly
ash. Because some of the liquids used were electrical conductors the corona
discharge electrode and the associated reagent injection system were connected
to electrical ground, and the plate electrode was connected to the high volt-
age terminal of the corona power supply.

The reagents used in the experiments included distilled water and aqueous
solutions of H2S0,, NaOH, NH4OH and Na»CO;. Solution concentrations between
0.1 and 1.0 Normal were used. In all experiments the temperature of the system
was maintained at 150°C.

The initial tests of conditioning effects on fly ash were done by first
precipitating a quantity of ash onto the passive electrode without application
of a reagent. The operating voltage was then adjusted to a level where strong
back corona was evidenced by a current much greater than that which occurred
with a clean plate at the same voltage. The conditioning agent was then in-
Jected through the discharge electrode at a continuous, controlled rate, and,
with the corona voltage held constant, the current was monitored. A decrease
in current at a fixed voltage is interpreted as a decrease in back corona
current.

Solutions of H2S04 more than 0.5 N produced detectable reduction of corona
current when applied at the rate of 0.04 ml/min for several minutes. A 0.1 N
solution required approximately 30 min. to produce a similar effect at the same
flowrate. The total amount of dust treated in these tests was 50-100 mg.
Desiccated air was circulated through the oven during the experiments.

Corrosive effects of H2S0, were noted on both electrodes following exper-
imental runs. Formation of a residue at the end of the discharge electrode
tended to cause clogging, and the surface of the passive electrode was etched.
Lining the discharge electrode with teflon tubing prevented the clogging, but
the problem of erosion at the passive electrode remains.
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Solutions of NaOH and NH4OH, in concentrations of 0.3 to 1.0 N produced
conditioning effects similar to those observed with H2S0,, but with much less
corrosive effect.

Experiments run with H20 and a 1.0 N solution of NaCl produced no condi-
tioning effect. 1In the latter test back corona became more pronounced as
salt crystals formed in the passive electrode. These tests confirmed that
the mere presence of water or an electrically conductive solution is not suf-
ficient to produce the desired reduction of back corona.

Further experiments were done using dust injection at a continuous flow-
rate. An elutriator operated by air from a continuous supply served as the
source of particulate matter. A settling chamber in the line between the
source and the oven removed most of the larger particles. At an air supply
rate of 1.2 1/min the system supplied approximately 5 g/m3 of redispersed fly
ash. Microscopic examination showed few particles greater than 5 pym in dia-
meter.

Using 0.5 N H2S804 injected at 0.04 ml/min back corona was controlled
throughout a 60 min. test. 1I-V characteristics taken at the conclusion of
the experiment were similar to the clean plate characteristic, but with a re-
duced sparkover voltage. Solutions of less than 0.5 N H2S0, were not success-
ful in preventing back corona in similar tests. With a 0.1 N solution back
corona began within 5 min. after dust injection was started.

A 0.3 N solution of NH,OH also reduced the effects of back corona in tests
similar to those run with H»SO,. The I-V characteristic was nearly the same as
the clean plate characteristic except for a reduction in sparkover voltage.

The general result of these experiments indicates that a conditioning
procedure based on injection of reagents at the corona discharge electrode
may be feasible as a method for controlling back corona in a precharger
system.

HEATED PASSIVE ELECTRODE

In general, the resistivity of fly ash increases as temperature rises up
to a maximum resistivity value. Further increases in temperature result in
decreased resistivity.

Experiments done by White®’ indicate that good particle charging perfor-
mance can be accomplished by maintaining the ground electrode temperature
near 300°C. The principal difficulty with this method is the requirement for
a large amount of energy to heat the ground electrodes. White reports a value
of about 4000 to 6000 joule/m® of flue gas treated (2 to 3 kW/1000 cfm).

The amount of heat required to maintain an electrode at a given tempera-
ture depends principally upon the heat losses to the flue gas blowing past
the electrode. Intuitively, it is clear that the electrode surface area in
contact with the flue gas should be made as small as practicable in order to
minimize heat losses. If the surface of the passive electrode is made too
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small, however, the field adjacent to the electrode may become strong enough
to support a corona discharge.

Let us consider, for example, a corona system consisting of parallel rods
and wires with axes perpendicular to the direction of gas flow. The wires
serve as corona discharge electrodes and the rods are at electrical ground.
The rate at which energy must be supplied to the rod electrodes in order to
maintain them at a given temperature above that of the flue gas may be esti-
mated by calculating the rate of heat transfer from a rod to the gas. The
radiative losses are small in comparison with conductive losses.

The heat transfer problem is treated in the standard texts." First,
computing the Reynolds number associated with rod diameter D and gas velocity
V, we have

where v is the kinematic viscosity. The rate of heat transfer per unit area,
q'/A, from a rod at temperature Tr into a gas having temperature T is

q' o Ck oy |
where k is the thermal conductivity of the gas, and C and n are empirical
parameters depending upon the .numerical value of R. Since A = mD1 for a rod

of circular cross section, we can express the heat transfer per unit length
of the rod as

t

q _ Dem _
1 TCkR (Tr T)

or

n
SL = 2! -
1 mCk ( " ) (Tr T)

Now, using a temperature of 300°C at the surface of the rod, the thermal con-
ductivity of the air is 4.5 x 1072 joule/sec m°C, and the gas viscosity is
approximately 5.4 x 10~°m?/sec. For a gas velocity of 3 m/sec and rod dia-
meter between 0.1 and 6 cm we may use C = 0.615 and n = 0.466. Inserting
these values into the above equation yields

T
91— = 14.2 (Tr-T)D0'466

In a practical device the surface of the grounded electrodes might be required
to be 150°C or more hotter than the flue gas temperature. In order to provide
sufficient passive electrode surface area to maintain a reasonable ion current
without developing a corona discharge at the ground electrode, the cylinder
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diameters must be several times greater than the corona wire diameter. It is
unlikely that a cylindrical ground electrode less than about 1.5 cm in diameter
would be useful. The required rate of energy input to maintain the ground
electrode at approximately 300°C in the presence of a flue gas at 150°C would
thus be above 300 watts per meter of electrode length.

If a wire-cylinder separation of 10 cm is used the total gas flow U in
the space between a cylinder one meter long and the adjacent pair of corona
wires at a velocity of 3 m/sec is

U=2x0.1mx 1mzx 3 m/sec
or
U = 0.6 m¥/sec.

This flowrate is equivalent to about 1270 c¢fm. Dividing the power input per
unit length of electrode by the gas volume flowrate we obtain a value of

500 joule/m® (or approximately 240 watts/1000 cfm). The calculated_value is
about one tenth of the power input requirements indicated by White.? These
calculations, however, are based upon a minimal temperature differential
between gas and electrode, and surface area of the electrode has been taken to
be quite small. The calculated value thus represents an extreme lower bound
to energy requirements for heating the passive electrode. It is thus con-
cluded that probable energy expenditures are too great to make the techmnique
feasible.

OTHER TECHNIQUES

Among the other approaches considered for control of back corona effects
were the use of porous collection electrodes, semiconductor coatings on col-
lection electrodes, and wet-wall methods. These methods were generally con-
sidered to provide a low probability of success because of associated tech-
nical complications.

Porous electrodes made of sintered metal or similar material could pro-
vide a means for delivering chemical conditioning agents into a deposited dust
layer. Such chemicals, in gaseous or liquid form, would be forced through the
porous plate into the collected high resistivity material. Problems with this
concept include probable clogging of the porous plates and reduced strength of
the collecting electrodes. '

The use of a semiconductor layer might provide a ballasting mechanism to
distribute current density more evenly in the presence of incipient breakdown
of a high resistivity dust layer. It is likely, however, that the semiconduc-
tor layer would degrade quickly in the harsh flue-gas environment. This tech-
nique would also be very expensive in comparison with others considered.

Wet-wall methods offer a high probability of success in a precharger.

There are, however, some undesirable aspects of such an approach. The liquid
must be well dispersed over the collecting surfaces, leaving no dry areas.
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Depending on the characteristics of the dust, concrete-like deposits might
occur due to the additional moisture concentration in the precharger. For
these reasons further consideration of wet-wall techniques were set aside
against the eventuality that no more practicable methods could be found.

SUMMARY

The search for a practical method for controlling the effects of back
corona in the presence of a large ion current density and high resistivity
dust included a search of the literature, theoretical studies and small scale

laboratory investigations, The most promising techniques evaluated included
the following:

A, Chemical conditioning
1, Injection of chemicals into the active ionization region.
2. Injection of chemicals through porous collection electrodes.

B. Electrical methods
1. Use of a screen electrode to remove ions resulting from
back corona
2. Application of ballasting by means of a semiconductor
layer on collecting electrodes

C. Wet-wall techniques

D. Heated collecting electrodes

Each of these approaches was considered with regard to effectiveness in
controlling back corona, technical feasibility and cost. As a result of
these studies the method involving the use of a screen electrode (described
fully in the text of this report) was developed. The other concepts are

not considered valueless, however. It 1s possible that, for certain applica-
tions, one or more of these techniques may be worthy of further study.
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APPENDIX B

THEORETICAL STUDY OF SPACE CHARGE EFFECTS

The electrical conduction properties of a corona discharge system depend
very strongly upon the distribution of charge in the interelectrode space.
The principal current carriers are ions derived from the gas molecules in the
conducting region. If the corona discharge electrode is negative with respect
to the passive electrode, a free electron contribution to the conduction pro-
cess also exists. Because the electrical mobility of the ions and free elec-
trons is very large and the electrical field strength is, generally, very high
in a corona system, the effects of macroscopic motions of the gas can be
ignored in determining ionic drift velocities.

When suspended particles are present in a corona system they become
charged by ion attachment in accordance with well-known principles. If the
number density of the particles in the interelectrode region is large the
charge on the particles can make a significant contribution to the overall
charge distribution. In contrast with the ions, however, the drift, or migra-
tion velocities of the particles, due to the forces exerted by the electric
field, are ordinarily much smaller than the velocities associated with the
motion of the gas. The motion, and hence the spatial distribution of partic-
ulate matter in an electrostatic precipitator is, therefore, strongly domin-
ated by the presence of any turbulent motion of the gas. This conclusion is
supported by empirical studies which show that the concentration of dust in an
ESP decreases exponentially along the path of the gas flow through the system,
as expressed by models of the form of the Deutsch equation.

An effect of gas turbulence in an ESP is to produce a constant mixing of
the aerosol, which tends to promote a homogeneity in the spatial distribution
of the particles. Statistically, the charging conditions for the particles
may be taken to be uniform. Thus, to the extent that complete and continuous
mixing of the aerosol can be assumed, the space charge associated with the
charged particles can be considered to be uniform along a cross-section of an
ESP. The overall charge distribution in the interelectrode region therefore
consists of a superposition of the mobile ion charge distribution on the rela-
tively fixed and nearly uniform (in a given cross-section) charge distribution
associated with the particles.

PARTICULATE SPACE CHARGE CALCULATION
Given a particle size distribution and a set of physical conditions for
charging, a calculation can be made to yield the ratio of charge to mass for

a polydisperse aerosol. Let T(a) be the probability amplitude of the distri-
bution as a function of particle radius a, and let q(a) be the charge per

B-1



particle of radius a, for given values of electric field strength, ion density,
residence time, ion mobility, gas temperature and particle dielectric constant.
The ratio of charge to mass for the aerosol is

® T
Q/M = f = E(a) (a)da , (B-1)

o sma’pT(a)da

where p is the mass density of the particles. Multiplying the ratio Q/M by the
mass loading yields the space charge density due to the charged particles.

Equation B-1 cannot generally be evaluated in closed form, but will require
the application of numerical integration techniques. The function T(a) may it-
self be difficult to express algebraically for an actual aerosol. However, in
order to demonstrate the application of Equation B-1 to find reasonable space
charge characteristics, we will evaluate Equation B-1 for several log-normal
particle size distributions, defined by

1 R a/a N2
ORE rotl S e ) (3-2)

where agN is the geometric mean of the numerical distribution and Og is the geo-

metric standard deviation. In those cases where the mass median radius agm is

specified, agy is derived from
log agN = log agm - 6.908 log20g . (B-3)
There is a number of charging theories available for prediction of q(a).

A fair approximation is the sum of the classical field charging and diffusion
charging expressions:

_ K-1\ Ea? [mNtey _
ap(a) = (1 + 2 K+2) 4 (1+nNteu) (B~4)
and
_ akT 1 + avme®Nt _
ap(a) = 5= In ( kT ) (8-3)

respectively, where

electron charge

electric field strength

dielectric constant of the particulate material
Boltzmann's constant

= number density of the ions

residence time of the particles

= absolute temperature

mean molecular velocity

ion mobility.
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Now, using q(a) = qF(a) + q.(a) along with Equation B-2, we can evaluate the
overall particulate space cRarge defined by Equation B-1l. This has been domne
for several examples, using an HP-65 calculator to carry out the calculation.
(HP-65 program listed at the end of this appendix.)

Figure B-1 shows values of Q/M calculated as a function of og for four dif-
ferent values of mass median diameter. For all of the curves shown in Figure
B-1 the electric field strength was taken to be 4 x 10°V/m, the ion density-
residence time product (Nt) was set at 1.0 x 10! 3sec/m®, the ion mobility was
1.8 x 10" "m?/Vsec, absolute temperature was 295K and the mean molecular velocity
was 500 m/sec. The particles were assumed to have a relative dielectric con-
stant of 5 and density of 2.25 g/cm®. As the distribution broadens from mono-
dispersity (Og = 1) there is a monotonic increase in Q/M. The significance of
the shape of a particle size distribution can be illustrated by the observation
that the value of Q/M for a particle distribution with mass median diameter of
20 um and Og = 3 is approximately the same as that of a monodisperse aerosol
consisting of 5 um diameter particles.

In Figure B-2 the ratio of charge to mass is plotted as a function of mass
median diameter for log-normal distributions of particles. Five values of Gg
were used in the calculations.

EFFECTS OF PARTICULATE SPACE CHARGE IN AN ESP

The number density N of the ions in the interelectrode region of a corona
system can be calculated in terms of the current density j, the electric field
strength, and the ion mobility as follows:

N = Z%E (B=6)

Because the drift velocity of the particles is much smaller than that of the
ions the charged particle contribution to j can almost invariably be ignored,
even though the space charge associated with the charged particles may be a
substantial part of the overall charge distribution.

In order to compare the ion number density with the particulate space
charge, we shall define the quantities §; and £, as the charge per unit volume
in the conducting region due to ions and particges respectively. For singly-
charged ions

£i = Ne
or
go=k (B~7)

The value of Ep is the product of Q/M by the total mass of particulate material
L per unit volume of aerosol,

£, = %L (B-8)

By way of example, let us consider a full-scale ESP operating at an average
current density of 1.2 x 10~% A/m®, and an electric field strength of 4 x 10°v/m.
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Using a value of 1.8 x 10~"m 2 /vsec for the ion mobility, we obtain from Equation
B-7 an ionic charge density of 1.33 x 10™° C/m3®. These electrical quantities
are consistent with those used for calculated values of particulate charge in
Figures B-1 and B-~2.

Suppose the aerosol passing through the ESP had a dust burden of 3g/m® with
mass median diameter of 10 um and O0g = 2.5. Using Equation B-8 and reading
Q/m = 4.6 x 10”% C/g from Figure B-1, we find that the space charge per unit
volume due to the charged particles is 1.38 x 10-° c/m®, or just slightly
larger than the ionic space charge density.

In attempts to predict the behavior of an ESP on a theoretical basis a
proper accounting of the space charge effects has proven difficult. One approach
is to use an "effective mobility'" derived by taking the measured current to be a
sum of ion and particulate contributions. The effective mobility is then used
in the computation of voltage-current relationships. This approach is based on
the assumption that the motion of the particles depends principally upon the
electrical forces, while ignoring the gas turbulence effects.

In the opposite extreme case the contribution to the measured current due
to the presence of charged particles can be ignored. The space charge may then
be calculated directly from the particle charging theory for a given or assumed
particle size distribution, If the resulting particulate space charge is sig-
nificant the electric field strength may have to be recalculated. Since the
charging conditions depend upon the space charge, and vice versa, a self-con-
sistent solution must ultimately be sought.

HP-65 PROGRAM: Q/M FOR LOG-NORMAL DISTRIBUTION OF PARTICLES

In order to determine the overall ratio of charge to mass in a log-normal
distribution of particles, given the total particulate mass per unit volume of
aerosol, the geometric mean radius a,, the geometric standard deviation Og, and
the charging conditions as defined for Equations B-4 and B-5, a numerical inte-
gration scheme is applied. The particle distribution is divided into logarith-
mic increments, each defined by limits a3 and Bas, where B > 1. The charge per
particle is then computed for the midpoint in each increment (aj = /Eéj) by

- ‘Ua*NtE ajuNe
qy eﬂajC1 {uNt el [ 1+ 2(K+2)] + C2T 1n -al—* +1 }.
CiC2
in accordance with Equations B-4 and B-5 (MKS units), where C; = 4g /e and C; =
k/e.

Now, the number of particles in increment j is
Nj = Y(a}) (B-1),
where (a}) is the amplitude of the distribution,

* 2
Y(a?f)-l = /27 log O_ exp _(log aj/ao)
g Z(log Gg)‘
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Thus, we have for the total contribution to the charge resulting from par-

ticles in the j increment,

Q. =q

1 5 @%) (B-1)

The resulting values of Q

are summed, as are the contributions to mass from

each increment, and a ratlo of the sums over the entire distribution is taken.

User Instructions

Part A
INPUT OUTPUT
STEP INSTRUCTIONS DATA/UNITS KEYS DATA/UNLTS
1 Enter dielectric constant K I A I
2 Enter ion density-time Nt (sec/m?) l RZS IC:::]
3 Enter ion mobility u(m?/v-sec) | R/SII |
4 Enter electric field strength E(V/m) [ R7S|| I
5 Enter temperature T(K) | l :
6 Enter mean molecular speed v(m/sec) | i
7 Enter mean particle radius a (m) LI
8 Enter geo. standard deviation Og | || l
9 Read in Part B new card l, II |
Part B
INPUT OUTPUT
STEP INSTRUCTIONS DATA/UNITS KEYS DATA/UNITS
1 Read in Program B I A l
2 Go to Part C I II
Part C
INPUT OUTPUT
STEP INSTRUCTIONS DATA/UNITS KEYS DATA/UNITS
1 Enter particle density p(kg/m3) L;;;;ll_

2 Read Q/M

L_]L

Q/M (Coul/kg)
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Program Listing

Part A

CODE KEYS CODE KEYS CODE KEYS
23 LBL 42 CHS 33 STO
11 A 05 5 71 X
41 ENT 33 08 STO 8 01 1
41 ENT 84 R/S 35 0
01 1 33 07 ST0 7 02 m
51 - 84 R/S 71 X

35 07 9.x=y /1 X 34 08 RCL 8
02 2 41 ENT /1 X
bl + 41 ENT 34 RCL
81 = 81 R/S 09 9
02 2 71 X 71 X
71 X 35 07 g.x=y 84 R/X
01 1 34 RCL 33 06 STO 6
6l + 09 g /1 X

33 01 ST0 1 bl + 33 02 ST0 2
02 2 81 < 34 07 RCL 7
83 . 33 ST0 34 06 RCL 6
02 2 71 X 81 :
01 1 01 1 34 08 RCL 8
00 0 35 g 81 T
07 7 02 m 34 RCL
43 EEX 33 STO 09 g
08 8 71 X 81 T
33 ST0 01 1 84 R/S
09 9 01 1 /1 X
33 STO 83 ' 33 03 STO 3
/1 X 06 6 00 0
01 1 00 0 33 08 STO 8
08 8 02 2 84 R/S
83 : 42 EEX 33 05 STO 5
06 6 42 CHS 35 08 94
01 1 01 1 33 06 STQ 6
07 7 G9 9 24 RTN
43 EEX




Part B

CODE KEYS CODE KEYS CODE KEYS
23 LBL 71 X 71 X
11 A 02 2 01 1
00 0 81 T 6l +
33 ST0 42 CHS 31 f
09 | 9 32 ! 07 | ™
33 08 ST0 8 07 In 34 04 RCL 4
33 07 ST0 7 34 05 RCL 5 71 X
34 05 RCL 5 31 f 34 02 RCL 2
03 3 08 log 71 X
4?2 CHS 81 : 34 04 RCL 4
35 g 41 ENT 41 ENT
05 yX 34 05 RCL 5 71 X
34 06 RCL 6 &3 : 34 01 RCL 1
/1 X 01 01 71 X
33 04 STO 4 35 g 61 +
23 LBL 05 yX 71 X
12 B 01 1 33 STO
34 04 RCL 4 51 - 61 +
34 05 RCL 5 /1 X 07 7
83 ' 41 ENT 34 05 RCL 5
01 1 41 ENT 03 3
35 9 34 04 RCL 4 35 9
05 yX 03 3 05 yX
71 X 35 g 34 06 RCL 6
33 04 STO 4 05 yx /1 X
34 06 RCL 6 71 X 34 04 RCL 4
81 . 33 STO 35 22 9.x=y
3] ¢ 61 + 12 B
08 log 08 | 8 3501 | e NOP
34 05 RCL 5 35 08 o RY 24 RTN
31 f 41 ENT
08 log 34 04 RCL 4
81 o 34 03 RCL3
|41 | ENT




Part C

CODE KEYS
23 LBL
11 A
41 ENT
35 g
02 m
/1 X
04 4y
/1 X
03 3
81 =
34 08 RCL 8
/1 X
35 9
o4 1/x
34 07 RCL 7
71 X
24 RTN
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APPENDIX C

PRECHARGER
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