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Abstract—In this work the influence of electrode geometric arrangement on the operation of an circular
electrostatic precipitator (ESP) was investigated using Particle Image Velocimetry (PIV) method. The ESP was
a glass circular cylinder (29 mm in diameter, 300 mm long) equipped with a wire discharge electrode and
circular-cylinder collecting electrode. The stainless-steel discharge wire electrode (0.23 mm in diameter,
100 mm long) was mounted either in the centre (concentric case) or off-centre of the cylinder (eccentric case),
parallel to the cylinder axis. The circular-cylinder electrode was grounded. Positive voltage up to 10 kV was
supplied to the wire-electrode through a 10 MΩ resistor. Air flow seeded with a cigarette smoke was blown
axially along the ESP duct with an average velocity of 0.9 m/s. Also the case without forced axial flow was
studied. The results showed that the eccentricity of the wire electrode with regard to the ESP axis is an important
parameter influencing the operation of the circular ESP. Regardless of the discharge current intensity, a small
shift of the wire electrode from the ESP axis (the eccentricity smaller than 8 %) did not change the discharge
current intensity at constant operating voltage. However, when the eccentricity of the wire electrode exceeded
8 %, the discharge current intensity increased with increasing shift of the wire electrode from the ESP axis at
constant operating voltage. But apart from that the discharge current flowing to that part of the collecting
electrode which was nearer to the wire electrode was higher than that of the other part. The intensity of the
discharge current to the closer part of collecting electrode increased with decreasing distance between the
discharge electrode and the collecting electrode. The PIV measurements showed that eccentricity of the wire
position influenced also the structure of the dust particle flow in the circular ESP. When the discharge wire was
set almost ideally along the ESP cylinder axis, the dust particles moved radially towards the collecting circularcylinder electrode. In contrast, an eccentricity in the wire position caused a severe disturbance in the radial
movement of the particles, generating particle flow vortices. This can result in a lower collection efficiency of
the dust particles in the ESP with eccentric wire electrode.
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INTRODUCTION
Recently narrow electrostatic precipitators
(ESPs) (having the cross section of several cm2) have
become a subject of interest because of their possible
application in diesel engines for the exhausted
particulate matter collection [1-9]. Narrow ESPs can
also be used in self-pumped electrohydrodynamic
(EHD) devices for air cleaning [10-14].
The precipitation of particles in the duct of an
ESP depends on fluid flow parameters, dust-particle
properties, electric field and space charge, and
electrode geometry.
The coupling of the two-phase fluid flow fields,
the electric field and the electric space charge field in
the ESP generate the so-called EHD secondary flow in
the ESP duct. Study of such a coupling of several
fields in ESPs is a difficult task. Dozens of papers have
been devoted to the investigations of the field coupling

in ESPs and resulting flow patterns [e.g. 15-21].
The flow patterns in the ESP depend also on the
electrode shape and electrode geometric arrangement.
In our previous experimental studies of the narrow
cylindrical ESP operation we found that the narrow
cylindrical ESPs are particularly sensitive to the
symmetry of wire electrode positioning in regard to the
ESP cylinder. Our experimental observations were
partly confirmed by a computational investigation of
the airflow patterns induced in a circular cylindrical
tube with the discharge wire electrode positioned either
concentric or eccentric [22].
In this paper we present results of the
investigations of influence of the electrode
arrangement in a narrow circular ESP on its operation
regarding the discharge current distribution on the
collecting electrodes and the dust particle flow
patterns.

EXPERIMENTAL PROCEDURE AND SETUP
The ESP used in the present work was a narrow
cylindrical glass tube in which a wire discharge
electrode and a circular-cylinder collecting electrode
were mounted (Fig. 1). The stainless-steel discharge
wire electrode (0.23 mm in diameter, 100 mm long)
was mounted either in the centre (concentric
configuration, Fig. 2a) or off-centre (eccentric
configuration, Fig. 2b) of the circular-cylinder
collecting electrode, parallel to the axis of the
electrode. The eccentric configuration (Fig. 2b) was
realized by parallel displacing the wire electrode from
the collecting electrode axis toward the collecting
electrode surface. The eccentricity (ε) of the wire
electrode was changed from 4 % to 47 % (the
eccentricity is defined as the ratio of the wire
displacement from the cylinder axis to the cylinder
radius). Two stainless-steel circular-cylinder collecting
electrodes (25.5 mm in diameter, 200 mm long) were
used in this experiment. The first was cut
longitudinally, as shown in Figs. 1a and 2, the second transversely (Fig. 1b). The first collecting electrode
consisted of two circular half-cylinders: A and B
(Figs. 1a and 2). The second collecting electrode was
formed from two shorter circular-cylinders, each
having a length of 100 mm (Fig. 1b).

Fig. 1. Circular ESP with longitudinally (a) and transversely (b)
cut collecting circular cylinder-electrodes.

Fig. 2. Transverse cross section of the narrow circular ESP (with
the longitudinal cut). a) Concentric configuration, b) Eccentric
configuration.

Fig. 3. The experimental setup for the measurement of EHD flow
patterns in the transverse cross section of ESP using PIV.

The first ESP with two collecting half-cylinders
A and B (Figs. 1a and 2) was used in the measurements
of the total discharge current division to the electrodes
A and B, when the wire electrode was displaced
parallel to the ESP axis. A high-voltage DC power
supplier model SL50PN300 (Spellman High Voltage
Electronics Corporation) was used to run the discharge.
Positive voltage up to 10 kV (always measured
between the wire-electrode and the collecting
electrode) was supplied to the wire-electrodes through
a 10 MΩ resistor. The half-cylinders were grounded
through two amperemeters Metex model M-4650CR.
The discharge currents flowing to electrodes A and B
were measured using these amperemeters.
The second ESP with two shorter collecting
cylinders (Fig. 1b) was used for PIV measurements of
the transverse flow patterns in the ESP. A short gap
distance between both cylinders (2 mm) enabled
introducing a laser plane beam (called the laser sheet)
between the shorter cylinders, perpendicularly to the
wire and the cylinders, whereby the PIV measuring
was possible. The experimental apparatus for the
measurement of flow patterns (Fig. 3) used in the
present work consisted of the ESP with two shortercylinder collecting electrodes, high voltage supply and
standard 2D PIV equipment [23].
PIV method enables determining the flow
velocity vectors in a selected cross-section of the flow,
called the observation plane. The observation plane is
fixed in the flow by introducing into it a laser plane
beam, called the laser sheet. If the laser sheet is
assumed to be infinitely thin, a single CCD camera is
used for monitoring the observation plane. This
enables measuring two components of the velocity
vectors which are parallel to the observation plane (the
so-called 2D PIV case). The measurement of velocity
vector field is based on the observation of the
movement of flow seeding particles that cross the
observation plane. The particle movement is
determined by monitoring the laser sheet light
scattered by the particles. The scattered laser light
forms the flow image that is recorded by the CCD
camera. From two successive images of the
observation flow the velocity vector field of the
seeding particles can be determined. When the seeding
particles follow the gas flow, the seeding particle

velocity field is assumed to be mapping the gas flow
velocity field. In the other case, PIV method delivers
the seeding particle velocity field in the flow.
The velocity fields presented here describe two
cases. The first concerns instantaneous velocity fields.
The other is a result of averaging of 100 measurements,
which means that in this case each velocity map is
time-averaged. The time used for capturing 100
measurements was 33 s.
In most experiments presented here, air flow
seeded with cigarette smoke particles was axially
blown along the ESP duct with an average velocity of
0.9 m/s. However, also the case without any forced
axial flow was studied.
RESULTS AND DISCUSIONS
A.

Discharge current division

A.1 Without forced axial air flow

Here we present the case when there was no axial
air flow forced in the ESP.
The time-averaged discharge current-voltage
characteristics for two selected positions of wire
electrode (in the centre of the ESP (concentric case)
and at 0.5 mm from the axis of the ESP, i.e. for
ε = 4%) are shown in Fig. 4.

Fig. 4. Discharge current-voltage characteristics for two selected
position of the wire electrode (concentric - ε = 0% and eccentric ε = 4%).

Fig. 5. Total discharge current (to electrode A and B) as a function
of voltage for five eccentricities of the wire electrode.

It is seen in Fig. 4 that the total discharge currents
(to the electrode A and B) were the same for the
concentric (ε = 0 %) and eccentric (ε = 4 %) cases.
However, the eccentricity of the wire electrode
affected the intensity of the individual discharge
currents flowing to the each of separated half-cylinders
(the current to the half-cylinder A and to the halfcylinder B). For the same voltage applied to the wire
electrode the individual discharge current to the
electrode A (that being nearer to the wire electrode)
was higher than that to electrode B.
The total discharge current (to electrode A
and B) as a function of applied voltage for five
eccentricities of the wire electrode are shown in Fig. 5.
It is seen from Fig. 5 that for the eccentricities of the
wire electrode up to 8 % (i.e. the displacement of the
wire electrode from the axis of the ESP up to 1 mm)
the total discharge current remained constant.
However, when the eccentricities was longer than 8 %
the total discharge current increased with increasing
value of the eccentricity. For example, for positive
polarity voltage of 10 kV the total discharge current
was about 27 % higher for the wire electrode placed
5 mm from the ESP axis (ε = 40 %) than that for
concentric case (ε = 0).
The individual discharge currents to electrodes A
and B as a function of voltage for five eccentricities of
the wire electrode are shown in Fig. 6. As can be seen,
the individual discharge current to the half-cylinder A
(the nearer to the wire electrode) was higher than that
to half-cylinder B. Furthermore, the individual
discharge current to the half-cylinder A increased with
decreasing distance between the discharge wire
electrode and collecting electrode.
Fig. 7 shows the top view images of the corona
discharge in the circular ESP with the wire electrode
placed either ideally (ε = 0 %) along the ESP cylinder
axis or 2.5 mm off the ESP axis (ε = 20 %). Usually
the positive corona is manifested as a plasma
uniformly distributed along the wire electrode. When
the corona occurs in air, the homogeneous plasma
shines blue.
As can be seen in Fig. 7a the corona discharge in
the concentric-configuration ESP was uniformly
distributed over the entire surface of the wire electrode.
However, in the eccentric-configuration ESP the
distribution of corona discharge was different. More
discharge was located on this surface of the wire
electrode that was closer to the collecting electrode
(half-cylinder A), exhibiting stronger glow on that part
of wire electrode (Fig. 7b). The brighter glow wire
surface which is closer to electrode A is consistent
with the higher individual current to electrode A.

a)

b)

Fig. 6. Individual discharge currents to electrode A (a) and B (b)
as a function of voltage for five eccentricities of the wire
electrode.

Fig. 8. Total discharge current as a function of time in the circular
ESP with wire electrode placed along the ESP axis (ε = 0 %).

For the former case the total discharge current
did not change in the time course of the measurement.
However, without axial air flow the total discharge
current increased by about 2 % in 30 minutes after the
discharge onset. This could be caused by heating
effects which must have occurred due to lack of the
heat convection in the absence of axial air flow.
The result in Fig. 8 show that total discharge
current intensity was depends on concentration of the
seed particle concentration. The increase of the seed
particles concentration in the flow resulted in
a decrease of the total discharge current intensity. This
is consisted with earlier results presented in [24].
B.

Flow velocity field patterns

B.1 Without forced axial air flow
B.1.1 Concentric configuration

Fig. 7. Top view images of the corona discharge on the wire
electrode in the circular ESP: a) Concentric configuration
(ε = 0 %), b) Eccentric configuration (ε = 20 %).

A.2 With forced axial air flow
Here we present the results for the case when
seeded or unseeded air was flowing with an average
velocity of 0.9 m/s along the ESP. The results are
compared with those obtained in the ESP with no axial
flow (unseeded air).
Fig. 8 shows the total discharge current as
a function of time in the circular ESP with the wire
electrode placed ideally along the ESP cylinder axis
(ε = 0). One can see that in the case with forced axial
flow the total discharge current decreased of about
10 % in comparison with the case without forced axial
flow.

Before starting the measurements of velocity
field patterns in the circular ESP for the case without
forced axial flow, the ESP was filled with uniformly
seeded air (the seed particles will be called by us the
dust particles since they are collected by the ESP).
Results of the time evolution of particle flow
patterns in the circular ESP with wire electrode placed
in the ESP centre (ε = 0 %) without forced axial flow
are shown in Fig. 9. The typical instantaneous records
of the laser light scattered by the dust particles are
presented in the left column, while the right column
shows flow patterns (i.e. flow streamlines and velocity
field), both in the transverse mid-plane (the y-z plane)
of the ESP for different time elapses. The laser light
scattered by the dust particles illustrates the presence
or absence of the particles in a given volume. If the
particles are present in the given volume, they scatter
the laser light and camera (or an eye) records this
volume as a bright area (green in this case, because the
laser light is green). The volume with no dust particles
is recorded as a black area (no scatter). The bright
(green) and black areas show where the dust particles
are present and where are absent, respectively.

Fig. 9. Time evolution of the structures of the dust particle flow after applying high voltage in the concentric circular ESP (ε = 0 %)
without forced axial flow (v = 0 m/s). Instantaneous recordings of the laser green light scattered by dust particles - left column.
Instantaneous flow patterns (velocity field, velocity streamlines) - right column. Positive voltage of 10 kV. Average total discharge
current 190 μA.

The particle flow patterns in the circular ESP
measured without applied voltage (Fig. 9a, left and
right columns) show that there was no movement of
the dust particles in the y-z plane. In this case the dust
particles are motionlessly suspended in the air. After
applying the high voltage of 10 kV, particle flow
patterns started to develop around the wire electrode.
The dust particles are pushed from the wire electrode
outwards by the electric force which is strongest
around the wire electrode (Figs. 9b-d, left and right
columns). The dark areas around the wire electrode,
seen in Figs. 9b-d, are the areas from which the
particles have been removed (the brightness of an area
image is higher for higher dust particle concentration,
dark areas show places with no dust particles). With
elapsing time "the particle removal wave" moves
farther outward, making the dark particle–free areas
around the wire electrode larger. After a time of
240 ms almost all of the particles suspended between
the wire and the collecting electrode were removed
from this space and deposited on the collecting
electrode surface.
Generally, in the circular ESP with wire
electrode placed along the ESP axis (concentric case),
the particles move radially from the ESP centre to the
the collecting electrode (see the velocity field in
Figs. 9b-d). It can be found from Figs. 9b-d that the
particle migration velocity changed from 8 cm/s in the
axial region of the ESP to 0 cm/s near the collecting
electrode.

particles move towards the right side of the collecting
electrode (the side being nearer to the wire electrode).
The flow streamlines in the Fig. 10c (right column)
illustrate the motion of the dust particles in the form of
two regular spiral vortices. At 120 ms after applying
the voltage the migration velocity ranged from 0.7 m/s
in the discharge region to below 0.01 m/s near the
collecting electrode. Starting from about 180 ms after
applying the voltage (Figs. 10d-f), the transverse dust
particle transport became chaotic. This resulted in
irregular and turbulent flow patterns of the dust
particles. Despite of the flow irregularity the migration
velocity of some particles reached values up to 1.5 m/s.
With elapsing time the density number of dust particles
in the ESP continuously decreased. Finally, after
480 ms all of the particles were deposited on the
collecting electrode.
In the circular ESP with eccentricity of wire
electrode ε = 47 % (Fig. 11) the flow patterns was
similar as in the circular ESP with eccentricity of wire
electrode ε = 20 %, however the migration velocities of
the dust particles were higher. Moreover, the pair of
spiral vortices occurred earlier (60 ms after applying
the voltage) and the dust particles were confined in the
space between the wire and the collecting electrode
longer (even at 1.3 s after applying the voltage).
The flow patterns described above are consistent
with that predicted theoretically in [22].

B.1.2 Eccentric configuration

Results of the 2D PIV measurements for three
selected position of wire electrode (in the centre of the
ESP, i.e. for ε = 0 %; for 2.5 mm from the axis of the
ESP, i.e. for ε = 20 %; and for 6 mm from the axis of
the ESP, i.e. for ε = 47 %) are shown in Figs. 12-14,
respectively. They show averaged records of the laser
light scattered by the dust particles and averaged flow
patterns (i.e. averaged flow streamlines and flow
velocity field) in the transverse mid-plane of the ESP
when the air flowed along the ESP with a velocity of
0.9 m/s (forced axial air flow case).
The transverse particle flow patterns in the
circular ESP (concentric and eccentric configurations)
measured without applied voltage (not presented here)
showed a slight movement of the dust particles in the
y-z plane, i.e. transversally to the axial air flow. This
was caused by the axial air flow. However, the y- and
z-velocity components were very low (below
0.01 m/s). In this case the submicron particles of the
seed (called by us the dust particles) followed the axial
air flow, and had the x-velocity component almost
equal to the axial air flow velocity [20].
After applying the high voltage to the wire
electrode (Figs. 12-14), the EHD forces generated by
the corona discharge induced a transverse flow in the
y-z plane, i.e. transversely to the flow duct.

Results of the time evolution of the particle flow
patterns in the circular ESP for two selected
eccentricity of the wire electrode (ε = 20 %,
corresponding to a distance of 2.5 mm from the ESP
axis and ε = 47 %, i.e. 6 mm from the ESP axis)
without forced axial flow are shown in Figs. 10-11,
respectively.
Figs. 10-11 show, similarly as in the case of the
concentric configuration (Fig. 9), typical instantaneous
records of the laser light scattered by the dust particles
(left column), and the flow patterns (i.e. flow
streamlines and a velocity field, right column) in the
transverse mid-plane (the y-z plane) of the ESP for
different time elapses.
In both cases of the ESP with eccentric
configuration (ε = 20 % and ε = 47 %) the dust
particles were motionlessly suspended in the air before
the high voltage was applied to the wire electrode.
After applying the high voltage of 10 kV the transverse
particle flow started to develop.
When the eccentricity ε = 20 %, at a time of
60 ms after applying the voltage the removal wave of
the dust particles was circular (dark circular area,
Fig. 10b) and had developed at a rate of 0.7 cm/s. With
elapsing time the removal wave (dark area) of the dust

B.2 With forced axial air flow

Fig. 10. Time evolution of the structures of the dust particle flow after applying high voltage in the eccentric circular ESP (ε = 20 %)
without forced axial flow (v = 0 m/s). Instantaneous recordings of the laser green light scattered by dust particles - left column.
Instantaneous flow patterns (velocity field, velocity streamlines) - right column. Positive voltage of 10 kV. Average total discharge
current 240 μA.

Fig. 11. Time evolution of the structures of the seed particle flow after applying high voltage in the eccentric circular ESP (ε = 47 %)
without forced axial flow (v = 0 m/s). Instantaneous recordings of the laser green light scattered by dust particles - left column.
Instantaneous flow patterns (velocity field, velocity streamlines) - right column. Positive voltage of 10 kV. Average total discharge
current 480 μA.

Fig. 12. Averaged recording of the laser
green light scattered by dust particles (a)
and flow patterns (velocity field, velocity
streamlines) (b) in the concentric circular
ESP (ε = 0 %) with forced axial flow
(v = 0.9 m/s). Positive voltage of 10 kV.
Average total discharge current 140 μA.
- shows the direction of the forced axial
flow

Fig. 13. Averaged recording of the laser
green light scattered by dust particles (a)
and flow patterns (velocity field, velocity
streamlines) (b) in the eccentric circular
ESP (ε = 20 %) with forced axial flow
(v = 0.9 m/s). Positive voltage of 10 kV.
Average total discharge current 220 μA.
- shows the direction of the forced axial
flow

Fig. 14. Averaged recording of the laser
green light scattered by dust particles (a)
and flow patterns (velocity field, velocity
streamlines) (b) in the eccentric circular
ESP (ε = 47 %) with forced axial flow
(v = 0.9 m/s). Positive voltage of 10 kV.
Average total discharge current 440 μA.
- shows the direction of the forced axial
flow

B.2.1 Concentric configuration

B.2.2 Eccentric configuration

In the circular ESP with concentric wire
electrode the particle flow towards the collecting
electrode was very regular (Fig. 12).
The strong electric field and the space charge
around the stressed wire electrode caused fast removal
of the dust particle from the zone near the wire
electrode. The dark circular zone around the wire
electrode seen in Fig. 12a is the area from which the
particles have already been removed.
In Fig. 12 similar effect as in the circular ESP
with wire electrode placed in the ESP centre (ε = 0 %)
without forced axial flow (Fig. 9) can be observed:
the particle trajectories moved radially from the ESP
centre (i.e. from the discharge wire-electrode) towards
the collecting electrode. As can be seen from Fig. 12,
the transverse flow confirms the pattern of the particle
flow presented in Fig. 9b. However, the particle
velocities for the concentric circular ESP with forced
axial flow are higher than those for the concentric case
without forced axial flow.

The eccentric configuration of the circular ESP
disturbed the transverse symmetry of the flow typical
of the concentric configuration.
It is seen from Figs. 13-14 that due to the EHD
force the particles flow from the discharge wire
electrode towards the right side of the collecting
electrode (the side being nearer to the wire electrode).
Then, near the cylinder electrode the particles disperse
forming two flows which move along the cylinder
surface in the opposite directions. These two particle
flows meet on the other side of the cylinder and are
forced to move to the cylinder centre and then towards
the wire electrode. As seen from Fig. 14 the charged
particles moving towards the wire electrode are slowed
down by the electric field formed by it. As a result, two
vortices, rotating in opposite directions, are formed in
the y–z plane. Although our measurements were
two-dimensional the analysis of the obtained results
showed that the observed vortices exhibit
three-dimensional character, having the form of
a spiral vortex moving along the ESP. The size and
shape of the vortex depends on the eccentricity of the
wire position.

In the circular ESP with wire electrode placed
2.5 mm from the ESP axis (ε = 20 %, Fig. 13) the
vortices are formed in the region adjacent to the wire
electrode. In the circular ESP with wire electrode
placed 6 mm from the ESP axis (ε = 47 %, Fig. 14) the
vortices are shifted to the left, farther from the wire
electrode.
Moreover, Figs. 13-14 show, that the dust
particles velocity increased with increasing shift of the
wire electrode from the ESP axis at constant operating
voltage. In the first case (ε = 20 %) the dust particles
rotate with the velocity up to 1.75 m/s, whereas in the
second case (ε = 47 %) the dust particles rotate with
the velocity up to 2.5 m/s. These spiral vortices may
decrease the particles collection efficiency.
SUMMARY AND CONCLUSIONS
Our experiment confirmed that the eccentricity
of the wire electrode is an important parameter
influencing the operation of the circular ESP.
Regardless of the total discharge current, a very small
shift of the wire electrode from the ESP axis (the
eccentricity smaller than 8 %) did not change
significantly the discharge current at constant voltage.
However, when the eccentricity of the wire electrode
was higher than 8 %, the total discharge current
increased with increasing shift of the wire electrode
from the ESP axis. In the ESP with separated
collecting electrodes the individual discharge current
was higher for collecting electrode being nearer to the
wire electrode and increased with decreasing distance
between the discharge electrode and collecting
electrode.
The
PIV
measurements
showed
that
an eccentricity of the wire position influenced the
structure of the transverse dust particle flow in the
circular ESP. When the discharge wire was set almost
ideally along the ESP cylinder axis, the dust particles
moved radially towards the collecting circular cylinder
electrode. However, an eccentricity in the wire position
caused a severe disturbance of the radial movement of
the particles, generating flow vortices.
An experiment is planned to find if
an eccentricity of the wire electrode affects the
electrostatic precipitator collection efficiency.
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