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Abstract

Quantitative observations of che charging, transport, and
precipitation processes in a laboratory-scale electrostatic precipitator,
excited either by a DC or AC voltage source, are reported. The dimensions
and experimental parameters used were: plate-spacing, 2H=3 cm, corona
wire diameter, D=0.015 cm, precipitator length, L=1.5 m, axial air flow
velocity, U=1.5-8.9 m/sec, characteristic applied voltage magnitude,
Vo ~8 KV RMS, electric field strength, Egv3 x 105 v/m, corona current
density, Jgow1 ua/cma, and excitation frequency, f=20-500 Hz (along with
DC). AC excitations were biased so as to supply zero time-average corona
current to the ground plates. An aerosol of DOP (Dioctyl Phthalate)
particles of diameter, 2R =1 ym, was used.

With the corona wires aligned in the axial (ie., air-flow)
direction, particles charged in positive or negative DC coronas attained
mobilities, |bp| m3;x10'7 m2/v+sec. The mobility spectra of particles
that were charged in a low-frequency (f<50 Hz) AC corona of the same RMS
voltage were characterized by an RMS spread in mobility of similar
magnitude, and a small mean mobility. The RMS spread in mobility decreased
with rising frequency, and the magnitude of the mean mobility increased.
The particle charge (and hence, mobility) bias was shown to be influenced
strongly by the spatial distributions of the positive and negative
coronas.,

Measurements are presented of the corona wind, induced by electric
field forces on the corona ions. Velocities of the order of 1 m/sec were
measured with both DC and AC excitations. The induced transverse flow
velocity decreased with increasing frequency, for a fixed value of the RMS
excitation voltage, falling to a low level for frequencies above roughly
300 Hz.

A new technique for measuring the effective flow diffusivity was
developed, making use of the longitudinal mixing of a stream of particles
charged in a sinusoidal corona electric field. Values of the diffusion
coefficient, D¢ inferred from the experiments, ranged from
1-17 x10-3 m2/sec, for flow velocities of 2.5-7.5 m/sec, respectively.

The overall collection efficiency of the precipitator was measured.
With positive and negative DC voltages of magnitude, V, 8 kV, the
measured effective precipitation velocities, Wegg = (UH/L) 1n(1-n), where
n is the collection efficiency, were 5.6 and 12.5 cm/sec, respectively.
With an 8 kV RMS 60 Hz AC excitation, the effective precipitation velocity
was about 3.5 cm/sec. The performancs of the device with AC excitations
was not significantly affected by the addition of a thin insulating
coating over the collection plates.

A model was developed for the charging, migration, turbulent mixing,
and precipitation of particles in a time-varying corona. It is shown that
the complete-mixing limit of this model (which accounts for the finite
particle charging rate due to ion impaction, but not for effects of
non-uniform electric fields, finite ion migration rates, or nen-uniform
ion fluxes) is able to predict the overall precipitation efficiency with
AC excitations in terms of the measured results with positive DC coronas.
It is also able toc predict some of the particle charging statistiecs for
low-frequency excitations (<150 Hz). The predictions deviate
significantly from the observed results of the charging experiments for
higher frequencies.
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Chapter 1

Introduction

1.1 Motivation for Research on AC Electrostatic Precipitation

There are both practical and scientific reasons for preforming
research in the area of electrostatic precipitation. First, from a
practical standpoint, it is an efficient, cost-effective means by which
to remove particulate from gas flows in a wide range of situations. A
good understanding of the phenomena which occur during ESP
(Electrostatic Precipitator) operation allows the development of design
rules for more reliable, more efficient, and less costly devices. At the
same time, these phenomena are of interest in a purely scientific sense.
Careful study of the charging and collection processes in an ESP under
well-controlled conditions can provide insight into the
electrohydrodynamics of particle charging and migration in turbulent
flows. Although most present-day ESP's are relatively insensitive to the
exact conditions of flow between the collecting plates, it is argued
later in this chapter that the collection efficiency of a precipitator
can be made to be a strong function of both turbulent mixing in the main
flow and the characteristics of the boundary layers at the electrode
surfaces.

Motivations for the study of electrostatic precipitation u=ing AC
electrical excitation may be stated more specifically. One of the major
applications of ESP's today is to collect fly ash produced by the
combustion of pulverized coal in power plants. Virtually all commercial
ESP's used for this purpose employ a DC (or, at least, unipolar)
electric field both for particle charging and collection. If the sub
micron particulate is highly resistive, accumulations of charge on the
collected 1layer can produce intense electric fields across it.
Electrical discharges which occur in the layer generate positive ions
and cause a phenomenon Kknown as "back corona" which greatly reduces the
ESP collection efficiency. Conventional solutions to the problem, such
as hot-side precipitators and flue-gas conditioning, each entail

additional disadvantages of their own.
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A precipitator that uses both positive and negative electric
fields to collect particles could be designed so as to pass no net
current to the collecting electrodes, presumably eliminating problems
with charge accumulation and back corona. Therefore, the concept of an
AC ESP is of great interest as a possible means of avoiding the
conductivity dependence of conventional precipitators.

If an AC ESP could be run with 60 Hz excitation, an additional
benefit would be elimination of the need for rectification of power from
the AC line. This could conceivably result in a net cost reduction in AC
precipitators over their DC counterparts.

From a scientific standpoint, the AC precipitator is capable of
providing valuable insight into some of the basic processes of
electrostatic precipitation. It offers a sensitive means for comparison
of the charging characteristics of positive and negative coronas. Under
certain 1limiting conditions (such that the time-average particle
migration velocities are very small), it allows experimental study of
the socalled "corona wind" by observation of particle motions. In the
case of two-stage precipitation of pre-charged particles, the efficiency
of precipitation can be made to be a strong function of both the
turbulent mixing in the core flow and the characteristiecs of the

boundary layer at the collection surfaces.
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1.2 Overview of Thesis

This thesis describes an experimental and theoretical study of
electrostatic precipitation conducted by the author at the Continuum
Electromechanics Laboratory (of MIT) during the calendar years, 1982 and
1983. The focus of this study was a comparison of the particle charging,
transport, and collection mechanisms for AC and DC excitations. A strong
practical motivation behind the work was the desire to obtain an
electrostatic precipitator that could operate with relative immunity to
the resistivity of the collected particulate.

Electrostatic precipitation is a relatively mature technology,
having been introduced near the beginning of the present century.
Section 1.3 presents background information on the operation of a
typical (ie., DC) device. The basic configuration of single-stage
precipitation is examined there. That same section contains a
description of problems encountered during the precipitation of
highly-~-resistive particulate, as well as a brief summary of the various
measures presently taken to alleviate these problems. The number and
diversity of the proposed schemes portrays at once both the great
importance of the problem and the inadequacy of any one of these
"solutions",

The possibility of exciting a precipitator with an AC voltage is
introduced in section 1.4, It is seen there that a bipolar corona
current can charge particles, so that they will migrate in the imposed
electric field, even though the collected particulate layer need conduct
no time-average current. With a wunipolar corona, any attempts to
increase the particle charging rate are made at the expense of a larger
current to be conducted through the layer.

It is not at all obvious, however, that an electrostatic
precipitator that is excited by an AC voltage would collect any
particles. The maximum displacement per cycle of a 1 um diameter
particle in a 60 Hz charging electric field of strength, 106 v/m* is of

the order of millimeters. The plate spacing in a typical precipitator is

*
The imposed electric field is limited by the breakdown strength of air
to roughly this value or smaller
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roughly 25 cm. Two mechanisms of collection in an AC electrostatic
precipitator are proposed. The first utilizes the fact that the flow in
a precipitator with practical dimensions and operating parameters is
highly turbulent. Mixing due to turbulent eddies can be expected to
bring particles to within a short distance of a collection plate, at
which point even small-scale oscillatory migrations would cause them to
precipitate. The second mechanism relies on an interaction which takes
place between the charging and migration mechanisms in a single-stage
precipitator. It is argued that, in a single-stage AC precipitator, the
particles would undergo a net migration toward the collection plates,
despite the continually-reversing fields.

In the general case (DC or AC), electrostatic precipitation
requires the interaction of a number of different mechanisms. Particles
are charged by the corona current, transported by the mean flow,
turbulence, and their own migrations in the imposed electric field, and
precipitate onto collection surfaces. Section 1.5 is a review which
cites the works of authors that have studied these separate mechanisms.
The major topics covered are : (1) particle charging, (2) turbulent
diffusion models for electrostatic precipitation, and (3) models for and
measurements of the corona wind in precipitators.

The experiments performed for this thesis were designed not only
to observe the overall performance of an AC electrostatic precipitator,
but to allow closer examination of some of these mechanisms. Chapter 2
gives a brief description of the experimental setup used to provide the
data reported in chapters 4 -~ 6. As might be expected, this setup
includes a laboratory-scale electrostatic precipitator, along with some
diagnostic instrumentation to permit observation of 1its operation,.
Precipitation efficiency measurements are made by means of a
mass-monitor, which determines the particulate mass-loading of the
air-stream leaving the device. In addition, a laser-Doppler velocimeter
(LDV) allows non-invasive measurement of the velocities of individual
particles inside the precipitator, so that flow statistics, migration
velocities, and particle concentration profiles can easily be obtained.

Much of the complexity involved with interactions between particle
motions and their charging results from the spatially-varying electric

fields and corona currents in a practical precipitator. Both the



charging rate and limiting particle charge depend upon its location in
the non-uniform fields. The migration velocity of a particle (and, in
turn, its 1location) thus depends intimately upon its history of
proximity to the ccrcna charging wires. If the electric field and corona
current were uniform, then the particle charging rate would be
independent of its location. A simplified AC charging model, based upon
an assumption of uniform fields, is developed in chapter 3. The major
justification for this model is its simplicity; there were no situations
examined experimentally for which it was strictly valid. The charging
electric fields applied for the experiments of chapters 4 - 6 were
non-uniform. In addition, for AC frequencies above several hundred Hz,
the finite ion transit times would result in spatially varying corona
currents even if the electric fields were uniform. However, this crude
charging and migration model is seen in chapter 4 to be able to
accurately predict the degradation in the effective particle migration
velocity that results from application of a bipolar excitation (as
opposed to a unipolar one).

In chapter 4, the simplified charging model of chapter 3 is
embedded within a model for the effects of turbulent mixing in the
precipitator to predict the collection rate of a single-stage AC device
in terms of its behavior with a DC excitation. In the discussions of
that chapter, it is concluded that only the time-average particle
migration rate is of importance in determining the precipitation
efficiency. Although the turbulence is intense enough to be the dominant
particle transport mechanism in the bulk flow, it is not capable of
bringing particles close enough to the collection plates that their
oscillatory motions alone might precipitate them. The existence of a
linear flow region, with little turbulence, at each collection surface
precludes the possibility of any contribution due to the particle
oscillations. The predicted efficiency is presented in terms of an
effective precipitation velocity, and compared to experimental data
obtained from the laboratory-scale precipitator. It is seen that these
rather crude models can be made to predict the AC data in terms of
mezsurements made with positive DC excitations to within experimental
error.,

Chapters 5 and 6 begin a closer examination of :he individual
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mechanisms which, together, constitute the electrostatic precipitation
process. In chapter 5, the emphasis shifts to two-stage precipitation.
The experiments reported there measured the mobility statistics of
particle 1leaving various corona charging sections. The particles'
mobilities are measured by observation of their response to an imposed
transverse electric field, as described in chapter 2. These mobility
measurements show that the competition between positive and negative
particle charging in an alternating field depends intimately upon the
geometry of the coronas. With electrodes that contain sharp points (such
as pins or barbed wires), the positive and negative coronas are both
restricted to the same locations. Under such conditions, it is seen that
negative corona dominates the charging. For a DC excitation, the
particles attain higher mobilities with negative coronas than with
positive coronas of equal magnitude voltage or current. With
high-frequency AC excitations (ie., > 200 Hz), the particle charge is
biased negatively, even though the simplified models of chapter 3 would
predict a slight positive bias.

With wire electrodes, where the spatial distributions of positive
and negative coronas can be very different’; the negative corona still
dominates the DC charging. With high-frequency AC excitations, however,
the bias is toward positive charging. Some intuitive models are offered
to explain this behavior,

The effects of the fluid flow on particle distributions in the
precipitator are investigated in chapter 6. The experiments reported
there fall into two major categories : (1) measurements of the turbulent
diffusivity of the flow, and (2) corona wind measurements.

For the turbulent diffusivity measurements, the corona pin-charger
that was examined in chapter 5 is used as an experimental tool. It
imposes a charge per particle (in the vicinity of the pins) that varies
sinusoidally with time. Because no electric fields are imposed in the
region between the charger and the mobility measurement section, this

charge simply acts as a passive scalar contaminant in that region.

*With positive corona, the current tends to be distributed uniformly
over the length of the wire. With negative voltages, however, the corona
is concentrated at discrete "brushes", separated by distances on the
order of cm.
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Measurements are made of the Fourier component of particle mobility at
the corona charging frequency, for various locations downstream of the
pins, using the migration plate (as in chapter 5). The decay in this
Fourier componen of mobility with increasing downstream distance
provides a measure of the degree to which the turbulence is capable of
eliminating gradients in the particle charge function. A model is
proposed to predict the sinusoidal steady-state distribution of a
convected scalar contaminant that is constrained in magnitude at one
boundary and subjected to a uniform diffusivity for points downstream of
the boundary. The spatial rate of decay of the contaminant is expressed
in terms of an equivalent diffusivity for the flow, which can then be
determined from experimental measurements of the actual decay. This
model, referred to as the "longitudinal turbulent diffusion model”, is
fitted to the experimental data to yield crude estimates of the
effective diffusivity of the flow in the laboratory-scale precipitator.

Although the flow in the tunnel was turbulent even in the absence
of corona excitation, the application of a corona current increased the
turbulence significantly. The flows induced by effects of the electric
field force on the current-carrying ions in the precipitator are
referred to here as "corona wind". Measurements of the corona wind
variation with position in the tunnel and with different AC and DC
electrical excitations are presented with 1little comment (and no
modeling) .

Two major issues are addressed in the concluding chapter, chapter
7. The first is the wvzalidity of the crude charging, transport, and
precipitation models of chapters 3 - 6. The second is the practicality
of AC electrostatic precipitation as a viable option for the collection

of highly-resistive particulate.
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1.3 Background on Conventional Electrostatic Precipitation

This section presents a brief summary of basic concepts that are
helpful in wunderstanding the electrostatic precipitation process.
Section 1.3.1 describes the operation of a conventional device, and
gives approximate values for those parameters which characterize its
behavior. Some of the problems that occur during the collection of
highly-resistive particles are discussed in section 1.3.2. Finally,
section 1.3.3 contains comments on each of several proposed (and
implemented) solutions to these problems. The interested reader is

L2 3 for further background information

7

referred to White and Melcher

pertaining to the fundamentals of precipitator operation, to White for
details of the (back corona) problems involved with precipitation of
highly-resistive particles, and to Lausen10 for a review of pulsed

electrostatic precipitation (described in section 1.3.3).

1.3.1 Fundamentals of DC Electrostatic Precipitation

A configuration typical of conventional electrostatic
precipitators is shown schematically in Fig. (1). It consists of two
grounded parallel plates with a set of thin wires that are suspended
parallel to the plates and halfway between them. The wires are held at a
high electric potential which can, in principle, be either positive or
negative. As a practical matter, negative voltages are normally used,
and such will be assumed for this example. The asymstric geometry of
the electrodes (ie., the thin wires, in comparison to the flat plates)
results in a highly non-uniform electric field in the region between the
plates. The electric field intensity is much greater in the vicinity of
the wires than it is near the plates. Thus, there exists a range of
applied voltages for which the fields at the wires are intense enough to
cause electrical breakdown of the air there, yet farther away the fields
are not sufficiently strong to allow propagation of catastrophic arcs
from wires to plates. For such excitations, a stable corona is created
near the wire, in which ion-pairs (ie., positive ions and electrons) are
continuously created. With a negative applied voltage, the positive ions

follow the electric field 1lines directly into the wire, while the
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Fig. 1.1. Schematic illustration of a single-stage
electrostatic precipitator. Particulate
enters at left, connected by air-flow.
Particles are charged in corona current
and migrate toward collecting plates,
where they accumulate in thin layers.
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electrons move backwards along these same field lines, toward the
plates. Once they leave the region of very intense electric field, the
electrons attach to neutral molecules to form more slowly-moving
negative ions.

Air, laden with particles to be removed, flows between the plates
[from left to right in Fig. (1)]. As they are convected past the wires,
the particles intercept some of the ions that are migrating toward the
plates. The particles, themselves, become negatively charged and migrate
toward the plates, collecting in a thin layer there. In a practical
device, the entire arrangement of wires and plates is held in a vertical
plane [so that thé direction into the page in Fig. (1) is actually
down]. Hammers, referred to as '"rappers", strike the plates
periodically, knocking off pieces of the collected layer into hoppers
below, from which the particulate matter can later be removed.

If the voltage applied to the wires were positive, then the
electric field lines would point in a direction opposite to that
pictured in Fig. (1). In this case, positive ions would occupy most of
the region between the plates. The particles would acquire a positive
instead of a negative charge. Again, they would migrate toward the
plates. As long as the particles are charged to the same sign as the
corona ions moving toward the plates, then the particle migration will
be in the direction of the plates as well.

The limiting charge that a particle can attain, and the rate at
which it approaches this charge, depend upon the local electric field
strength and corona current density in the vicinity of that particle.
For a given particle radius, R, moving through a gas of viscosity, n,
charged by an electric field strength, Eo, with corona current density,

J , the maximum particle mobility, bsat' is [see eq. (5.4.1)]

o’
W
_ _sat _
bsat = Eo =2 €5 Eo R/n (1.3.1)
where w is the migration velocity of a particle charged to sz.uration

sat
and propelled by an electric field of strength, EO. The characteristic

charging time, T ., is [see eq. (5.4.3)]

E
)
h=8 (1.3.2)

Io

Te

This value for Toh is conservative; a particle is charged to roughly
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half its saturation level in about one-half of this time. For R = 1 um,

2 5
E, =5 x 10° v/m, J_ = 100 nA/em , n = 2 x 107 Kg/m " sec,
2

=7 _m
sat "2 100 T (1.3.3)

b

Teh » 40 msec (1.3.4)

Thus, in a typical precipitator, a particle can reach its saturation
charge in a small fraction of a second. With the given electric field,
the migration velocity of such a particle is

25 L (1.3.5)

W »
sat sec

It is important to note that this electric field charging is normally a
"one-way" process. Ions that strike a particle remain on that particle
until it reaches a collection plate. The only ways that a particle can
be discharged are : (1) by conduction to the collection plate after
precipitation, or (2) by interception of ions of opposite sign to those
that charged the particle originally. Normally, only ions of one sign
are present in the collection volume of a conventional precipitator. It
is seen in section 1.3.2 that this is not always the case during the
collection of highly-resistive particles.

The collection efficiency which results from the migration depends
upon the conditions of the flow in the precipitatoru. For a completely
laminar plug-flow of velocity, U, in a precipitator of plate spacing,
S = 2H, 1length, L, with a particle migration velocity, wsat* the
efficiency of collection, n [defined in section 4.4.1, eq. (4.4.7)]1, is

L/U
n = §7;;;: (1.3.6)

This efficiency is expressed as a ratio of characteristic times; To*

defined as

*It is assumed here, for purposes of analysis, that the migration
velocity is of uniform magnitude and directed toward the plates over the
entire cross-section of the device. This assumption is normally valid
only with two-stage precipitation, in which pre-charged particles are
injected into a region consisting of two parallel plates between which a
large electric potential is imposed.
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L
Tc :U (10307)
being the convection time in the imposed flow, and T defined as
H
T = (1.3.8)
m wsat

being the time required for a particle to migrate from the wire plane to
a plate (referred to here as the "migration time").

For a flow whose turbulence is intense enough to result in
complete mixing of the particles in a plane transverse to the imposed
flow, the efficiency is

L/U

n=1=-c¢ H/ws

at (1'3.9)

where, in this case, it is understood that U is now the mean flow
velocity, upon which turbulent fluctuations are superimposed. The
efficiency of collection of a precipitator in these two limits is
plotted as a function of the collection parameter, rc/rm, in Fig. (2).
For flows with moderate amounts of turbulence, one can model the effects
of turbulent mixing by assigmment of an equivalent diffusivity, Dt' to
the flow, as was done by Leonards. In that case, a third characteristic
time, L defined as

T4 s‘gf (1.3.10)

t

also influences the efficiency [within the limiting cases shown in Fig.
(2)]. Here, the diffusion time, T4 is the characteristic time over
which the turbulent diffusion can eliminate particle concentration
gradients of spatial extent equal to the wire-plate spacing, H. Appendix
3 contains a generalization of Leonard's model, which allows for both

time-average and oscillatory particle migrations.
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Fig. 1.2. Collection efficiency of a conventional
electrostatic precipitator, as a function
of the collection parameter, T /T_, in the
limits of completely laminar and ™ fully
mixed flows.
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1.3.2 Problems Encountered in Precipitation of Highly-Resistive Particles

According to a recent EPA manual on the use of electrostatic
precipitators, "The principle factor responsible for variations in the
performance of fly ash precipitators is the resistivity of the ash"6.
Although other effects, such as reentrainment and turbulent mixing, can
affect the collection efficiency in DC precipitators, it is usually the
particulate resistivity which determines whether or not effective
collection will take place. Because the resistivity of fly-ash particles
can range over up to seven orders of magnitude (anywhere from 106 - 1O1u
-cm 7), a precipitator could be expected to show significant variations
in behavior from one sample to the next.

In the discussion of the previous section, no mention was made of
the electrical characteristics of the precipitated layer. In fact, it
was assumed that the layer would behave as a passive extension of the
grounded collection plates. For ash of moderate to low resistivity (pz §
10'% g-cm, p, being the resistivity of the particles in the collected
layer), this is usually the case6. For a single-stage precipitator, if
the layer thickness is significant compared to the wire-plate spacing,
then it can actually cause a slightly higher corona current than with
the same voltage and a clean plate. This is due to the fact that the
voltage is applied over a shorter distance (ie., from the wire to the
edge of the layer, rather than to the plate surface).

If the ash is of high resistivity (pz 2 1011 g-cm), then the
voltage drop across the collected layer- may become large enough to
significantly affect the precipitation process. One of two different
effects can occur, depending upon the exact conditions of the ash and
electrical excitation. The electric field can, to some extent, be
excluded from the collection region by a surface charge on the
precipitated layer. In this case, the corona current for a single-stage
precipitator would be lower than the corresponding clean plate current.
In fact, the corona current could conceivably be shut off if the
electric field in the vicinity of the wires fell below the value
necessary for breakdown.

A more common occurrence is for the electric field in the
interstices between particles in the collected layer to rise beyond the

breakdown strength of air, so that a localized corona discharge occurs
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within the layer itself. This phenomenon, known as back corona, can have
serious effects on the collection process.

Mos.lehi.u9 performed a detailed study of the phenomena which
accompany electrical breakdown of particulate layers. He observed small
discharges, which he referred to as "microsparks", in a layer of fly ash
with the application of macroscopic electric fields of strength,
Eo w2-3 x 105 v/m. According to his experimental results, gross
breakdown occurred when the average potential gradient was roughly
100
when the macroscopic electric field strength in the particulate layer

becomes of the order of 106 v/m6’29.

v/m. This agrees with empirical observations that back corona begins

Back corona, either in its steady or incipient mode, produces
three effects, all of which hinder particulate collection. First, since
it is another source of corona current, it can cause the precipitator to
draw significantly larger currents than those due to the corona wires
alone., Thus, limited power supply capabilities may force operation at
lower voltages to bring the current to within a reasonable range.

The second effect is a reduction (for fixed electrode geometry) of
the excitation voltage at which sparkover occurs. For negative corona,
this reducticn can be to less than 70% of the operating voltage with low
resistivity dusts7. Positive coronas apparently maintain relatively
constant sparkover voltages as the particulate resistivity increases.

The third way in which back corona reduces precipitation
efficiency is by releasing into the collection region ions of sign
opposite to those injected by the primary corona discharge electrode.
With negative corona precipitation, for example, the corona wires are
held at a high negative potential relative to that of the collection
plates. Therefore, the electric field vector generally points away from
the plates so as to direct negative ions (as well as particles charged
by these ions) towards them. Any negative ions produced by back corona
in the collected layer will tend to move towards the adjacent plates,
while positive ions go out into the collection region towards the corona
wires. These positive ions can partially discharge particles that were
previously charged to a negative level by the primary corona. In some
cases, the resultant lowered particle migration velocity can cause the

efficiency to drop to 50% or 1ess7.
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As stated earlier, for ashes of resistivity less than oy 1010

Q-cm, back corona is not normally observed. If the corona excitation
voltage 1s raised indefinitely, the electric fields in the collection
region become intense enough to trigger sparkover. For 1010 Q-cm < Py <
1011 Q-cm, sparkover normally occurs shortly after back corona begins.
If Py > 1011 Q-cm, a stable back corona can be established at low enough
voltages that sparkover does not occur.

Since a major conducting component of fly ash particles is sulfur,
those coals that contain 1little sulfur will tend to produce more
highl y-resistive particulate. Thus, while it is desirable, from the
standpoint of 502 emissions, to burn coals that have a low sulfur
content, this can cause problems in precipitation of the resulting
particles.

Theoretically, the onset of back corona can be avoided by
operation with a sufficiently low value of corona current. The
macroscopic electric field strength in the layer is given by the product

of the corona current density aad the layer resistivity,

E = (1.3.11)

J

2~ P

Where Ez is the macroscopic electric field strength in the collected
layer. Thus, in order to keep E2 below the value necessary for back
corona, one must simply choose an appropriately 1low corona current

density,

g ¢ B (1.3.12)

where EB is the value of the average electric field strength in the
layer at which back corona begins.

For a fixed electrode geometry, reduction of the corona current
requires that the electric field in the charging/collection region be
attenuated as well. It was seen in section 1.2 that the particle
migration velocity is proportional to both the charging and collection
field intensities (or, to E02 in the case of single-stage precipitation
with simple wire-plate geometry). Thus, even assuming that the particles
are charged to saturation, the collection efficiency suffers with a
reduction 1in corona current. Since the corona discharge current

generally rises very rapidly with increasing voltage after the corona is
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first formed, the necessary attenuation may be small, however.

The particle charging time, Toh® also depends upon the value of
Jo’ as is shown in eq. (2). Thus, it is of interest to determine how it
is affected by limiting the macroscopic electric field strength in the
layer. Equation (12) can be combined with eq. (2) to yield a value for

Teh in terms of the electric field quantities.

E
(o]
TcthEO DQE_B- (1.3.13)

The product, €Py is recognized as the electric relaxation time of the
collected particulate layer, Tg* The factor, EO/EB, is about unity
(within a factor of roughly two), so that Toh is approximately an order
of magnitude greater than Tos and can be on the order of seconds for
highly-resistive collected 1layers (pz » 1012—1013 Q- cm). For
precipitators with residence times of this order, the effect of reducing
the corona current to avoid back corona can be a drastic loss of
efficiency. Even precipitators with long residence times can lose some
of the major advantage of single stage collection; the ability to
quickly charge and recollect particles that are entrained into the flow
from the particulate layer.

Another possibly serious consequence of using very low corona
currents (Jo < 10 nA/cmz) is non-uniformity in the distribution of
current from the discharge wires. In negative corora, which is generally
used because of its aforementioned higher sparkover voltage, electrons
are not emitted evenly from all parts of the wires. The discharge tends
to be 1localized to distinct points on the wires, sometimes called
"corona brushes". According to White1. the spacing of these localized
discharges increases as the corona current is decreased. This could
result in non-uniform particle charging for very low currents.
Unfortunately, little quantitative evidence is available relating corona
brush spacing to imposed voltage or current [see Peak8].

In summary, there are four major reasons for the reduction in
collection efficiency suffered by a precipitator when the corona current
is limited by a highly-resistive particulate layer. They are : (1) The
lower particle saturation charge, due to a reduced charging electric
field, (2) a decreased particle migration velocity, due to the added
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effect of the smaller collection electric field* » (3) a longer
characteristic particle charging time, due to the reduced corona current
density, and (4) spatial variations in particle charging, due to
non-uni form distribution of the corona current.

It is difficult to find quantitative documentation of the effects
of particulate resistivity on the overall performance of a precipitator,
because many other parameters of the process, such as the particulate
size or excitation voltage, can vary between different runs. Figure (3),
reproduced from White7, gives a rough idea of how the effective
precipitation rate, Worg? of a commercial device decreases with
increasing particulate resistivity, Py For a precipitator with
wire-plate spacing, H, length, L, and flow velocity, U, the effective

precipitation rate is defined
_ H 1
wef‘f‘ = Utln [ ﬁ] (1-3.1’4)

Thus, Wors is the rate at which the particles would have to migrate in
order that the precipitator have the efficiency, n, in the 1limit of
complete mixing, as is seen by examination of eq. (9).

At the lowest resistivity level (pR ¢ 3 x 109 g-cm), the effective
precipitation rate is roughly 13 cm/sec. This resistivity level is low
enough to be considered as one at which no back corona problems exist.
For the highest resistivity level (px v 6.6 x 1011 Q-cm), the effective
precipitation rate is about 3.7 cm/sec, or 28% of that obtained with the
lower resistivity. Very 1little data exists on the commercial

12 o_em [which,

precipitation of ashes with resistivities higher than 10
in itself, implies that precipitation of such particulate is very
difficult]l]. In a study performed for the Electric Power Research
Institute (EPRI), Ensor, et. al.48

rate of a commercial device burning low-sulfur coal with an ash
12

measured the effective precipitation

resistivity of p, » 2.5 x 10

. Q-cm, and obtained Vopp ¥ 2.8 cm/sec.

*
The charging and collection electric fields are one and the same in a
single-stage precipitator
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1.3.3 Methods of Preventing Back-Corona Problems

In a review of the literature concerned with collection of highly
resistive particulate, White7 classified methods of dealing with the
above problems into three major categories: (1) keeping the collection
surfaces free of dust, {2) modifying the electrical properties of the
particulate or gas stream, and (3) altering the electrical excitation.
Each option is discussed very briefly here. The first category was
dismissed as being impractical on a large scale, due to the difficulty
of completely removing a particulate layer from the plates. Even a very
thin remnant can cause back corona, if the particulate resistivity is
sufficiently high.

Included in the second category were flue gas conditioning methods
and operating temperature changes, all of which are designed to lower
the effective resistivity of the particulate. Flue gas conditioning
involves the addition of chemicals to the air stream. These chemicals
are adsorbed by particles and increase surface conduction. The additive
most often used is sulfur-trioxide (303). A primary disadvantage of such
techniques is that much of the conditioning agent escapes collection and
is released into the atmosphere.

Electrostatic precipitators collecting fly ash normally operate
with a gas stream temperature of about 250° - 350° F 6. It is in this
same approximate temperature range, unfortunately, that the combined
effects of surface and volume conduction for the ash typically yield a
maximum effective resistivityT. Improved surface conduction at lower
temperatures or volume conduction at much higher temperatures can lower
the resistivity to a great enough extent that it 1is no longer the
determining factor in collection efficiency.

The necessary cooling for 1low temperature collection can be
provided (at some cost) by enlargement of the boiler inlet air
preheater. However, problems can occur with the condensation of moisture
and acid in the precipitator at such temperatures7.

Hot side precipitators are supplied with a gas stream of
temperature up to 900° F 6, as they are normally located upstream of the
boiler air preheater. This necessitates a larger volume flow-rate than
normal, due to the lower density of air at that temperature, as well as

a much harsher operating environment. A more serious disadvantage,
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however, is the possibility that resistivity problems can re-appear
after a long period of operation (on the order of 100 hours or more)g.
Thus, it seems that even hot side precipitators are not totally immune
to problems with highly-resistive ashes.

Most alternative electrical excitation schemes proposed in the
racent literature10'22 involve the application of a pulsed voltage to
the discharge electrodes. Typical voltage waveforms consist of a steady
minimum bias voltage near the corona onset level, upon which short high
voltage intervals are superimposed. The pulse width can be anywhere from
a fraction of a microsecond to several milliseconds, with a repetition
rate from 25 to over 1000 pulses per second. The peak pulse voltages
used range up to almost three times the DC bias level. All systems
examined in the above references used negative corona. Proponents of
"pulsed energization" claim more uniform distribution of corona current
and higher 1levels of particle charge, resulting in better overall
collection efficiency than with DC excitation under the same conditions
of ash composition and gas flowrate.

Briefly stated, a pulsed precipitator uses the capacitance of a
collected particulate layer to allow application of periodic current
pulses of high intensity, while still maintaining a time-average corona
current density that is within the limits prescribed by eq. (12)'. If
the current pulses occur with a separation in time that is short
compared to tﬁe relaxation time of the material in the particulate
layer, the electric field in the layer can respond only to this
time-average current. An analogy can be made to the response of a
parallel combination of a resistor of resistance, R, and a capacitor of
capacitance, C. A periodic current is applied to the pair, with a cycle
time that is much smaller than the RC time-constant of the circuit. If
the AC component of the current waveform is not much greater than its
time-average value, then the voltage across the resistor and capacitor
will be determined essentially by the time-average current alone.

The limiting particle charge, however, is determined by the peak

'Because pulsed precipitators normally apply voltage pulses of the same
polarity as that of the bias voltage, they must always pass some
time-averag<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>