Pumping effect measured by PIV method
in multi-layer spike electrode EHD device for air cleaning
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Abstract — Dust particles can be harmful for human health
when inhaled. Especially dangerous are submicron dust
particles, which can contain traces of toxic elements and can
easily penetrate into human respiratory system. Thus, new
devices for air cleaning are needed. In this work the flow velocity
field patterns measured by Particle Image Velocimetry (PIV)
method in an electrohydrodynamic (EHD) device for air cleaning
are presented. The EHD device had stressed electrodes with
spike tips and grounded plates, and was similarly to those
proposed by A. Katatani and A. Mizuno [J. Inst. Electrostat.
Jpn., 34, 4 (2010)]. The parametric study of the flow velocity
patterns was made for a different electrode arrangements.
Index Terms — electrohydrodynamics, electrostatic
precipitators, fluid flow measurement, electrohydrodynamic
pump, PIV, flow patterns.

I.

INTRODUCTION

When a strong electric field is generated between a sharp
high voltage electrode and a grounded electrode, a corona
discharge occurs resulting in an ionization of gas molecules.
The ion flux along the electric field lines induces ionic wind,
also known as the electrohydrodynamic (EHD) flow [1]-[6].
When the electrode arrangement results in an asymmetric
electric field, an unidirectional gas flow can be produced
(EHD gas pumping). However, in despite of that many
electrode configurations were tested [7]-[10] the flow rate of
the gas pumping in the investigated EHD pumps was
unsatisfactory.
Recently, interesting results concerning EHD gas pumping
were published by A. Katatani and A. Mizuno [11]. In their
paper a self-ventilated multi-layer spike electrode electrostatic
precipitator (ESP) was presented. The primary air flow
(usually generated by conventional fans) was generated in this
ESP by the EHD air flow induced by the corona discharge.
A. Katatani and A. Mizuno performed many measurements in
order to determine how the electrode geometry and position
influence the induced flow velocity. They found that in
general the gas flow velocity increased with rising applied
voltage and with enlarging the distance (“G”) and shift (“X”)
between high voltage and grounded electrodes (see Fig. 2).
However, when the shift “X” was 30 mm, 50 mm and 90 mm
a drop of the air flow velocity was observed for the high

applied voltages. To understand the airflow generation in
such a multi-layer ESP it is important to investigate the flow
patterns produced close to the spike tips of the high voltage
electrodes. Therefore, we decided to perform 2D particle
image velocimetry (2D PIV) investigations in the EHD device
(similar to that proposed by A. Katatani and A. Mizuno). The
results of our investigations are presented below.
II.

EXPERIMENTAL SET-UP

The experimental set-up for measurements of the flow
patterns in the multi-layer spike electrode EHD device is
presented in Fig. 1. It consisted of the EHD device, the high
voltage supply and apparatus for flow measurements by the
2D PIV method.
The duct of the investigated multi-layer EHD device was
made of a transparent acrylic box (600 mm long, 150 mm
wide and 150 mm high). Inside this box in the middle of its
length, a frame for sustaining spiked high voltage (HV) and
grounded electrodes was placed. In the frame two sets of
spiked high voltage and grounded electrodes made of 1 mm
thick aluminium were mounted. The smooth, grounded
electrode and spiked HV electrode were 124 mm wide and
150 mm long. The one of the edges of the HV electrode was
ended with 20 spikes. These spikes were 10 mm long. The
distance between neighbouring spike tips was 6 mm. The
frame sustaining electrodes allowed mounting the HV and the
grounded electrodes one above another, thus forming
multi-layer electrode arrangement (Fig. 2). The distance G
between the HV and the grounded electrodes could be
changed. The electrodes could be also shifted in the x
direction to change the electrode shift X between the edges of
the neighbouring electrodes. For the distances G = 15 mm and
G = 20 mm the flow patterns near the electrode spikes and the
average velocity of the unidirectional flow in the EHD device
duct were measured (using 2D PIV method) for the following
electrode shift values: X = 8 mm, 15 mm and 50 mm.
When the distance G was 20 mm, an electrode set with
3 HV electrodes and 4 grounded electrodes was mounted in
the EHD device. In the case of G = 15 mm, an electrode set of
4 HV electrodes and 5 grounded electrodes (like in Fig. 1)
was formed.
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Fig. 1. Experimental set-up for the 2D PIV measurement of the airflow generated in the multi-layer spike electrode EHD device

applied to compute 100 instantaneous flow velocity fields.
Next, the time-averaged flow velocity field was calculated
from the 100 instantaneous flow velocity field. The
interrogation window for the cross-correlation procedure was
32 pixels  16 pixels (horizontal  vertical). The overlap of
neighbouring interrogation windows was 25%.

Fig. 2. Scheme of the EHD device for the air cleaning

Either the negative or positive DC high voltage (Spellman
SL300 high voltage generator) was applied to the HV
electrodes, the corona discharges were generated from each
spike (Fig. 3). Each HV electrode was supplied through a
resistor R = 3,33 M. An average discharge current I and
power supply output voltage U were measured by the meters
installed on the high voltage supply output. Then, the
discharge power P was calculated.
To the inlet of EHD device a PCV pipe (3 m long, 160 mm
inner diameter) was connected. Before each PIV measurement
the pipe and EHD device duct were filled up with cigarette
smoke which was used as a seeding. Since, the EHD device
was not equipped with any external fan, the unidirectional
flow produced in the EHD device duct was induced only by
the corona discharge.
The 2D PIV measurement system consisted of a double
Nd:YAG laser system  = 532 nm), a cylindrical telescope,
two CCD cameras (FlowSense M2 1600 pixels  1186 pixels)
and a PC computer. The PIV investigations were carried out
in the plane fixed by a laser sheet shaped by the cylindrical
telescope. The laser sheet was introduced in the centre of the
EHD device duct, perpendicularly to the electrodes. The
observation areas of the CCD cameras are marked in Fig. 1
with broken lines. The first CCD camera recorded PIV images
of the EHD secondary flow around the spikes of the two
central discharge electrodes. The observation area of the
second CCD camera was placed at the EHD device inlet near
the smooth edges of the electrodes. Basing on the PIV images
recorded by the second camera the average velocity of the
unidirectional flow in the EHD device duct was determined.
100 pairs of PIV instantaneous images of the flow were
taken, and then an adaptive cross-correlation algorithm was

Fig. 3. Image of the corona discharges generated in the investigated EHD
device (front view). The distance G was 20 mm and the shift X was 8 mm.
DC high voltage of + 15 kV was applied. The camera exposure time was 1 s.

III. RESULTS
The current-voltage characteristics of the multi-layer EHD
device for air cleaning were measured for several investigated
electrode arrangements. The current-voltage characteristics
for G = 20 mm and G = 15 mm are presented in Figs. 4 and 5,
respectively. As it is seen in these figures, in both cases the
discharge current increased with increasing electrode shift X.
For low applied voltages the discharge current was higher for
the negative voltage polarity. However, when the applied

voltage increased the discharge current was higher for the
positive polarity. It was pronounced when the distance G
between HV electrodes and grounded electrodes was 20 mm.
In particular, when the positive applied voltage exceeded
13 kV the discharge current was clearly higher than that
measured for the negative voltage polarity. This may suggest
that the positive corona discharge could be unstable, i.e. prebreakdown streamers could occur.

Fig. 4. Current-voltage characteristic of the EHD device, G = 20 mm

Fig. 5. Current-voltage characteristic of the EHD device, G = 15 mm

The 2D PIV measurements of the flow induced in the EHD
device with the different electrode arrangements were
performed. Basing on these measurements the flow patterns
near the spike of HV electrodes and the average flow velocity
induced in the EHD device duct were determined.
Examples of the obtained flow patterns (velocity vector
maps and streamlines) measured near spikes of discharge
electrodes are presented in Figs. 6-9. In Fig. 6 the velocity
vector maps obtained for the distance G = 15 mm and shift

X = 50 mm are shown. The applied high voltage U of positive
polarity was +11 kV, +15 kV and +17 kV. As it is seen,
behind the HV electrode spikes a jet-like flow was generated.
On general, the flow velocity of this jet was higher for higher
applied voltages. But, an increase in the applied voltage from
+15 kV to +17 kV did not increase the jet velocity.
The jet-like flow induced vortices between the high voltage
and the grounded electrodes. These vortices are easily visible
when observing the streamlines of the produced flow. Figs. 7
and 8 show examples of the obtained streamlines in the EHD
device for G = 15 mm and G = 20 mm (X = 8 mm, 15 mm and
50 mm). In these cases applied voltage was 15 kV (positive
polarity for G = 15 mm, Fig. 7 and negative for G = 20 mm
Fig. 8). As it is seen in these figures significant vortices
between the spikes and the grounded electrodes were formed.
For X = 8 mm, the vortices seems to fill almost the whole
space between the HV and the grounded electrodes. For
X = 15 mm the vortices are slightly smaller than for
X = 8 mm, however, the smallest vortices were observed for
X = 50 . The vortices diameter seems to be independent of
voltage polarity. One may expect that strong vortex structures
found in the EHD device are capable of hindering the
induction of airflow in the EHD device. To check this
supposition the average velocity of the unidirectional flow
generated in the EHD device for various electrode
arrangements was determined.
For this purpose, the flow patterns at the EHD device inlet
were measured and then the velocity profile was determined at
40 mm before the rear edges of the HV electrodes. Basing on
this velocity profile, the average velocity of the induced air
flow was calculated. The dependence of the average flow
velocity on applied voltage for G = 20 mm and G = 15 mm
are shown in Figs. 9 and 10, respectively. As it can be seen,
the average flow velocity increased with increasing applied
voltage (with a tendency to saturation). However, the drop of
the flow velocity reported by A. Katatani and A. Mizuno was
not observed. The lowest average flow velocity was found for
the X = 8 mm and the highest one for X = 50 mm (as we
expected after the streamlines analysis). It seems that in the
case of X = 8 mm the majority of applied electrical power was
consumed for creating the vortex structures.
The obtained average velocities of the unidirectional air
flow (Figs. 9 and 10) were slightly higher for negative voltage
polarity. The difference in the average flow velocity for the
negative and positive polarities was more pronounced for
higher voltages (Figs. 9 and 10). Thus, the electrical
efficiency of the unidirectional flow generation the in the
EHD device was higher for the negative voltage.
We have also found that from the electrical efficiency point
of view a slightly better electrode arrangement was for
G = 20 mm (3 HV electrodes and 4 grounded electrodes) than
for G = 15 mm (4 HV electrodes and 5 grounded electrodes)
(Fig. 11).

Fig. 6.

Flow patterns (velocity vector map) measured by 2D PIV method in
the area near the spike tips of the HV electrodes for the electrode
arrangement with G = 15 mm and X = 50 mm. The applied positive
high voltage was + 11 kV (a), + 15 kV (b), + 17 kV (c).

Fig. 7.

Flow patterns (streamlines) measured by 2D PIV method in the area
near the spike tips of the HV electrodes for the electrode
arrangements with G = 15 mm, X = 8 mm (a), X = 15 mm (b),
X = 50 mm (c). The applied positive high voltage was + 15 kV.

Fig. 9.

The flow average velocity induced in the EHD device duct for
G = 15 as a function of the applied voltage

Fig. 10. The flow average velocity induced in the EHD device duct for
G = 20 as a function of the applied voltage

Fig. 8.

Flow patterns (streamlines) measured by 2D PIV method in the area
near the spike tips of the HV electrodes for the electrode
arrangements with G = 20 mm, X = 8 mm (a), X = 15 mm (b),
X = 50 mm (c). The applied negative high voltage was - 15 kV.

Fig. 11. The average velocity of air flow induced in the EHD device for
G = 20 as a function of the discharge power

IV. SUMMARY
In this paper the pumping effect in the multi-layer spike
electrode EHD device for gas cleaning was investigated using
2D PIV method. The results revealed generation of complex
air flow patterns near the spike electrodes and a net
unidirectional air flow in the EHD device.
The obtained flow patterns showed that jet-like air flow
behind the tips of the spike electrodes was generated. The
jet-like flow induced significant vortices between the spiked
electrodes and the grounded electrodes. The diameters of the
vortices depended on spiked electrode shift X in relation to
the grounded electrode. When the electrode shift X was 8 mm
vortices filled the whole space between the HV electrodes and
the grounded electrodes. When, the electrode shift X was
50 mm only small vortices near the grounded electrodes were
observed. We suggested that the reduction of vortices could
be beneficial for inducing strong unidirectional flow in the
EHD device duct. The results of the measurements of the
average flow velocity at the EHD device inlet confirmed our
suggestions.
The average velocity of the unidirectional flow increased
with increasing applied voltage. For higher discharge powers
the induced flow velocity increased slower that at lower ones
with a tendency to saturation. However, the drop of the flow
velocity reported by A. Katatani and A. Mizuno was not
observed. The maximum average flow velocity of 0.6 m/s was
obtained at a voltage of U = -17 kV for two electrode
arrangements i.e. with G = 15 mm, X = 50 mm and with
G = 20 mm, X = 50 mm.
The effect of the flow velocity saturation was stronger case
for the positive polarity of the applied voltage. Presumably,
this was caused by changes in the corona discharge character
at higher voltages. The current-voltage characteristics seems
to confirm this conclusion. When the applied voltage was
higher than + 15 kV a rapid increase in the discharge current

was observed. Such a discharge current increase could result
by the formation of pre-breakdown streamers, which are
probably disadvantageous for the gas flow generation.
Our research showed that investigated EHD device could
be useful for a gas pumping. Further experiments will be
performed to determine other factors that influence the flow
generation in this EHD device. Also experiments concerning
air cleaning in the EHD device will be carried out.
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