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Abstract

In the present research, the performance of the electrohydrodynamic force in an asymmetric surface dielectric barrier dis-
charge actuator has been investigated at different bias voltages. The effects of DC, AC plus DC (DC-offset), and sinusoidal
bias voltages on the force generation have been studied through measuring the electric wind velocity profiles, surface poten-
tial, and electric field. The results showed that applying DC and DC-offset biases to the lower electrode instead of connect-
ing it to the ground in a typical case increased the charge deposition on the dielectric surface and consequently reduced the
electrohydrodynamic force generation. This effect was also observed in case of exchanging these voltages with AC sinusoidal
voltage of the upper electrode. In addition, as a new idea, two-phase shifted AC voltage was applied to the electrodes and
the resulting changes have been studied. The obtained results at 180° phase difference were very noticeable and showed 46%
improvement in the maximum velocity of the induced flow relative to the grounded electrode with the same input power.
Using this technique, a certain wind velocity can be obtained at relatively lower voltages and input powers compared to
the conventional case of grounding the lower electrode. Such a capability is significant in aerodynamic applications, where
applying large values of the high voltages may disturb the operational systems.

Keywords Asymmetric surface dielectric barrier discharge - Electric wind - Electrohydrodynamic force - Surface potential

Introduction

In the recent decades, atmospheric pressure plasma espe-
cially the dielectric barrier discharge (DBD), which consists
of a dielectric material between the electrodes to form a
stable and uniform discharge, has been known in a variety
of applications such as surface treatment, air pollution con-
trol for the removal or decomposition of pollutant particles,
sterilization, and medical area [1-6]. Recently, DBD has
been employed in a new specific structure that was suggested
by Roth [7]. This is an asymmetric surface dielectric bar-
rier discharge (ASDBD) in which the plasma extends over a
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dielectric surface that covers the lower electrode. The upper
electrode, which is placed asymmetrically with respect to
the lower one, is exposed to air and powered by an AC high
voltage, while the buried electrode is grounded. As the result
of plasma-accelerated ion interactions with the air neutral
molecules, the momentum transfers to the surrounding air
and a secondary flow, which is called the ionic wind or elec-
tric wind, will be induced. The effect of ASDBD in injecting
momentum to the flow is noticeable in aerodynamic flow
control applications, so a lot of experimental and numerical
studies have been done to improve its operation efficiency
[8—12]. Porter et al. [13] investigated the phenomenology
of the momentum transfer to air by measuring the tempo-
ral and time averaged body force. Mahdavi et al. [14] have
done another study in body force production by introducing
a new supplementary theory named nonlinear body force.
Morea et al. [15] enhanced the mechanical efficiency of the
electrical wind by optimizing the corona discharge proper-
ties. Corke and Thomas [16, 17] also made valuable efforts
to optimize the ASDBD performance. Since the mechanism
of the surface DBD plasmas is mainly determined by the
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charges deposited on the dielectric surface, some researchers
have studied its effect on the EHD force performance. Font
et al. [18] measured the surface potential distribution of the
ASDBD by a V-dot probe. Enloe et al. [19] and Nicolas et al.
[20] also used the same technique for the surface DBD to
find out the electric field structure in the plasma and study
the spatiotemporal evolution of the surface potential at low
pressures. Recently, Cristofolini et al. [21] have investigated
the effect of charge surface deposition on the induced flow
by using three different geometrical configurations. Young
et al. also [22] designed thin foil, blade, wire, and copper
mesh configurations of the upper electrode and drove it by an
AC high voltage and DC biases to investigate the relevancy
of surface potential to the mechanical characteristics.

Studies indicate that the electrical characteristics of the
ASDBDs certainly affect the electric wind production.
Benard et al. [23] compared the effects of sinusoidal, square,
positive and negative ramp input voltage waveforms on the
body force production. Abe et al. [24] also investigated the
role of the negative and positive part of the sinusoidal wave
and its corresponding slop in momentum transfer. In 2015,
Borghi et al. [25] measured the electric wind velocities of
the ASDBD, which was supplied by a high-voltage—high-
frequency multilevel generator. The induced flow of the
ASDBD, which was driven by ns-HV pulses superimposed
on a DC or low frequency sinusoidal voltage, was investi-
gated by Opaits et al. [26]. Recently, Yon et al. [27] studied
the effects of applying DC bias voltage to the exposed elec-
trode on the induced EHD force, while the lower electrode
was connected to AC sinusoidal voltage. In this paper, we
also studied the effects of the input electrical parameters on
the ASDBD performance.

In the first part of the paper, we investigated the effects
of applying different bias voltages to the lower electrode
instead of connecting it to the ground in a typical structure.
(The AC voltage is applied to the upper electrode and the
lower one is grounded.) The bias voltages were DC voltage
and a new type of the voltage waveform, named DC-offset,
which is in fact an AC sinusoidal voltage superimposed to
a DC bias. The studies were done through measuring the
electric wind velocity profile, the surface potential and the
electric field at different distances form the upper electrode
edge. Further experiments were carried out by exchanging
the applied DC, DC-offset, and ground voltages of the lower
electrode with the AC sinusoidal voltage of the upper one.

Since the results of applying DC and DC-offset voltages
to the electrodes in our experiments indicated no significant
improvement in the induced electric wind velocity, we con-
sidered an alternative case of applying voltage. In this case,
we studied the effect of applying an AC sinusoidal voltage
to the lower electrode, which was synchronized, with the
sinusoidal voltage applied to the upper one. For this purpose,
we designed a new switching circuit using a microcontroller
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element to produce two independent sinusoidal voltages with
an adjustable phase difference. The experimental results of
applying two sinusoidal voltages with zero phase difference
to the upper and lower electrodes encouraged us to study
the phase difference of two AC voltages as a new parameter,
which to the best of our knowledge has not been studied yet
in the ASDBD performance. We carried out similar meas-
urements of the previous cases for different values of the
phase differences.

This article is organized as follows:

In Sect. 2, the methods and apparatuses of the experi-
mental measurements are explained, in Sect. 3 the results
of the experiments concerning applying DC/DC-offset bias
voltages to the lower electrode, exchanging the upper and
lower electrode voltages and applying the phase differ-
ence between the voltages of the electrodes are presented.
In the last section, the conclusions of the experiments are
discussed.

Materials and measurement methods
Experimental setup

Two aluminum foils with 0.08 mm thickness and 6 cm
length were used as the electrodes of the ASDBD. The upper
electrode was exposed to air, and the lower one was covered
by a 2 mm PMMA plate as the dielectric layer. To prevent
unwanted discharges, the lower electrode was encapsulated
by another 3 mm PMMA plate, as shown in Fig. 1. The
width ratio of the upper and lower electrodes was equal to
%, and they were placed asymmetrically with zero overlap
distance.

In the first part of the experiments, three kinds of high-
voltage waveforms were used: An AC sinusoidal voltage,
a DC voltage, and an AC sinusoidal voltage superimposed
to a DC one to make a DC-offset waveform. In order to
investigate the role of applying DC and DC-offset voltages
to the lower electrode instead of connecting it to the ground,
the AC sinusoidal voltage at the frequency and voltage of
5.5 kHz and 19 kV ,, was applied to the upper electrode
and the DC and DC-offset voltages from 0 to + 9 kV were
applied to the lower one. Moreover, to study the effects of
exchanging the upper/lower electrode voltages on the EHD
force performance (the electric wind velocity, thrust force,
surface potential and electric field), we applied the sinusoi-
dal voltage to the lower electrode and connected the upper
electrode to one of these three cases: ground, DC and DC-
offset voltages. In this case, to shield the DC circuit from
the sinusoidal AC discharge currents we put the electrode
in series with a 1 MQ resistor. Furthermore, to isolate the
AC power supply and the SDBD from DC signals, the upper
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Fig. 1 Schematic picture of the ASDBD structure

electrode is grounded through two series capacitors, which
is shown in Fig. 2.

The voltage and current measurements were carried out
by using a high-voltage probe (Tektronix P6015A.Tektronix,
Inc.) and a Pearson probe (Pearson Electronics model 4100),
which were recorded by a digital oscilloscope (Tektronix
DPO, 2012, Tektronix, Inc.).

—

Surface potential

An electrostatic voltmeter (USSVM model made by a Lab.
Inc) was used to measure the average potential on the dielec-
tric surface. The probe was held at 2.54 cm from the dielectric
surface, and the potential was measured across the width of
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Fig.2 A schematic picture of applying DC (a) and DC-offset (b) voltages to the upper electrode
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the covered electrode. Plasma was run for 30 s, and immedi-
ately after it was turned off, the potential was measured on the
dielectric surface. For each case, the potential measurements
were conducted for four times and the average results were
reported. The voltmeter probe also measures the electric field
above a charged insulator plate with no ground plane under it.
Therefore, we estimated the value of the electric field in the
region downstream of the covered electrode width.

Electric wind velocity measurement

The average velocity of the electric wind was measured by
using the pitot tube technique which is a usual procedure to
measure the velocity of an incompressible flow. The pitot tube
used in the measurements connected to a micro manometer of
Kimo Inc. model MP110, from — 1000 to 1000 Pa with 1 Pa
resolution. Since a commercial Pitot tube is made of stainless
steel, it may lead to spark at distances near the discharge sur-
face, so we used a glass capillary tube with the inner diameter
of 0.5 mm to measure the total pressure. A 2D x—z positioner
with 0.01 mm accuracy was employed to displace the glass tube
along the horizontal and vertical axes. The differential pressure
read from the micro manometer was inserted in the velocity
relation of our pitot tube to calculate the electric wind velocity.

Experimental results

Applying DC and DC-offset voltages to the lower
electrode

In order to examine the effects of applying different voltage
waveforms to the electrodes on the characteristics of the

—— Applicd Voltage

Voltage(Kv)

T
0.0

-0.2 -0.1
Time(ms)

(a)

Discharge Current

Current (A)

EHD force, three types of voltages were utilized. The DC
voltage and a new type of the voltage waveform, called DC-
offset, were applied to the lower electrode, while the upper
electrode was powered by an AC sinusoidal voltage. The
amplitude and frequency of the AC voltage were fixed at 19
kV,, and 5.5 kHz, respectively. The +/— DC-offset wave-
form is made of the superposition of an AC waveform with a
+/—DC one. The mean value of the +/— DC and DC-offset
waveforms varied from 0 to + 9 kV, where the case of DC-
offset waveform also included a sinusoidal AC voltage with
0to 2.5 kV, at the frequency of 5.5 kHz. The typical volt-
age characteristics of these waveforms are shown in Fig. 3.

Investigations were carried out by measuring the electric
wind velocity, the dielectric surface potential and the electric
field. The results of these experiments are discussed below.

The electric wind velocity profile

Figure 4 indicates the measurement results of applying DC
and DC-offset voltages to the lower electrode. In order to
investigate the effects of these bias voltages the results of
connecting the lower electrode to the ground (typical case)
were also shown. We observed that the electric wind velocity
decreased by increasing the DC and DC-offset voltages of
both positive and negative polarities. This reduction for the
positive polarity of the DC voltages was more considerable
than the negative polarity. In contrast, for the case of the
DC-offset voltages, the velocity fluctuations were significant
in the negative polarity and they were relatively small in the
positive one. The negative polarity of DC-offset voltage also
induced higher electric wind velocities with more exten-
sion than the positive one in all distances downstream of the
upper electrode. The average of the electric wind velocity
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Fig.3 Voltage characteristics of the sinusoidal (a) and DC-offset (b) voltages
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Fig.4 The electric wind velocity profile for the case of applying (a) DC/ground and (b) DC-offset/ground voltages to the lower electrode and AC

sinusoidal voltage to the upper one

and the maximum velocity for each bias voltage are available
in Tables 1 and 2.

Analyzing the results of measurements reveals that
applying the DC voltages to the lower electrode produce
greater electric wind velocities than the DC voltages with
an AC component. However, grounding the lower electrode

resulted in the best efficiency of EHD force generation rela-
tive to other bias voltages.

We should note that, from the theoretical point of view,
it is expected that the zero DC/DC-offset bias and the
grounded electrode cases should be the same and produce
the similar velocity profiles, but a major difference is seen

i elodtiosof posiiver | Yocone®V) -1 -3 -5 -1 -9 1 3 5 1 09

negative DC-offset bias voltages Velocity(m/s)

;‘;e‘ii’r‘zgztzzag‘? of the exposed Vierage 352 336 325 304 286 289 289 285 252 269
Vinax 4.15 4.15 4.13 3.94 3.86 3.87 3.89 3.71 371 371
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Table2 The average and

. " .. VpckV) -1 -3
maximum velocities of positive/

-5 =17 -9 1 3 5 7 9

negative DC bias voltages in
downstream of the exposed
electrode edge

Velocity(m/s)
\% 3.75

average
V, 4.76

max

3.98
4.73

3.587 3.43 3.38 4.11
4.55

3.87 3.71 3.56
4.77 4.65 4.41

3.59

453 4.45 4.99 4.35

between the results. It may be due to the possibility that the
zero DC/DC-offset voltage was not exactly zero and a slight
ripple was observed in these voltage waveforms.

The surface potential and electric field measurements

In Figs. 5 and 6, the average surface potential measurements
are shown. It is clearly observed that increasing the DC and
DC-offset voltages enhances the magnitude of the surface
potential for both positive and negative polarities.

The comparison of the surface potential and the elec-
tric wind velocity profiles shown in Fig. 4 indicates that
the charge build up on the dielectric surface, weakens the
EHD force generation [11]. This is in agreement with the
previous studies, which had claimed that increasing the EHD
force needs the charge accumulation on the dielectric surface
to decrease [28-31]. During recent years, the authors have
examined different procedures to reduce the charges on the
dielectric surface, e.g., using materials with high permit-
tivity (i.e., a large € value) [28] was the first evidence that
reduction of charges on the dielectric surface is a way for
improving the momentum transfer of the actuator. Consider-
ing a new DBD structure in which just a part of the lower

Il Electric field (kv/im)

I V (10%)

E
[pc okv|pc -1kv][DC -3kv[DC -5KV[DC -7KV]|DC -9KV[ Ground

(a)

electrode was covered by the dielectric material [29, 30] or
utilizing special coatings to increase charge mobility was the
other ideas to decrease the surface charges [31].

Applying the DC or DC-offset bias voltages to the lower
electrode increases the surface potential values up to four
times of the ground case values and resulted in lower elec-
tric wind velocities. As it is obvious in Fig. 4, the maximum
velocity, which is about 6 m/s, is generated when the lower
electrode is grounded.

The sign of the surface potential, when we applied the
sinusoidal voltage to the exposed electrode and connected
the other one to the DC voltages, became positive for the
negative polarity and contrarily negative for the opposite
polarity voltages above 3 kV. Interestingly the same results
were obtained in the case of applying DC-offset voltages
even for the voltage value above which the potential became
negative. In the case of connecting the lower electrode to the
ground, the potential was positive and lower than the values
for the DC and DC-offset voltages.

The electric field measurements were done by the same
probe in downstream region of the encapsulated electrode
width. Since the width of the exposed and covered electrodes
was 10 mm and 30 mm, respectively, the electric field was
measured at 30—60 mm downstream of the exposed electrode

Il Electric field (kV/m)

50 I v (10°)

EJV]E[V]E]V]E]V]E[V]E]V]E]YV
DC 0KV |DC 1KV |DC 3KV|DC 5KV [DC 7KV|DC 9KV| Ground
(b)

Fig.5 The surface potential and electric field in the case of applying AC sinusoidal voltage to the upper electrode and the negative (a)/positive

(b) DC voltages and ground to the lower electrode
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Fig.6 The surface potential and electric field in the case of applying AC sinusoidal voltage to the upper electrode and the negative (a)/positive

(b) DC-offset voltages to the lower electrode

lower edge. A noticeable point was that although the plasma
extends only a few millimeters (maximum extension up to
10 mm), the measured electric field strength, even at the
distance 30 mm far from it, was nonzero.

The sign and magnitude of the electric field were similar
to the surface potential behavior in all cases of applying DC,
DC-offset, and ground voltages.

Exchanging the applied voltages of the lower
and upper electrodes

Further experiments were carried out by exchanging the
voltages of the upper and lower electrodes in the previous
section and investigating its effects on the EHD force pro-
duction, surface potential and electric field. Thus, we applied
the AC sinusoidal voltage to the lower electrode and the DC,
DC-offset and ground voltages to the upper one. The results
of the measurements are discussed in the following sections.

The electric wind velocity profile

The results of the electric wind velocity measurements in
the case of applying DC, DC-offset and ground voltages
to the upper electrode and connecting the lower one to the
AC sinusoidal voltage are shown in Figs. 7 and 8.

It is inferred from the figures that by increasing the
DC and DC-offset voltages of both positive and nega-
tive polarities, the electric wind velocities decrease. This
reduction was too significant for the DC-offset voltages
in both magnitude and extension of the induced veloci-
ties and especially for the negative ones such that the

maximum velocity was about 2 m/s. In the case of positive
DC voltages, the electric wind velocities decayed fast away
from the upper electrode edge, whereas the DC negative
polarity produced greater wind velocities than the positive
one at those points. Considering the velocity profiles also
revealed that in the region near the exposed electrode edge
(discharge zone), the applied DC and DC-offset voltages
had little effects on the wind velocities, since the differ-
ent values of the DC and DC-offset voltages had nearly
the same velocity profiles. In fact, in this area because
of good electrical conductivity of the plasma the applied
DC and DC-offset biases give rise to a little voltage drop
that causes a less effect on the EHD force [27]. However,
downstream of the discharge area the influences of these
voltages can be obviously seen. It is also inferred from
the velocity measurements that the drift of charged parti-
cles under the effect of DC electric fields in downstream
regions were stronger than that of the DC-offset biases
whether they applied to the upper or to the lower electrode.

In 2015, a similar study was reported by Yan et al., in
which the effect of a DC bias on the EHD force induced by
an AC SDBD actuator was investigated [27]. They applied
the +/— DC voltages to the upper electrode and connected
the lower one to an AC power supply. Based on [27], beyond
the AC discharge plasma area, the negative DC bias leads
to an increase in the induced ionic wind velocity, while
the positive DC bias causes a significant decrease. There
is a good agreement between the measurement results of
our paper and that of [27] for the positive DC polarities,
whereas for the negative DC bias, a discrepancy in the
results was observed. This may be related to the differences
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Fig.7 The electric wind velocity profiles in the case of applying AC sinusoidal voltage to the lower electrode and positive/negative DC and
ground voltages to the upper electrode

of the potential and electric field compared with the bias

voltages.

The sign of the surface potential can be an indication of
the charge type deposited on the dielectric surface and con-
tributes to the EHD force production via discharge memory
effects. The sign of the potential and electric field in the
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Fig.8 The electric wind velocity profile in the case of applying AC
sinusoidal voltage to the lower electrode and positive DC-offset and
ground voltages to the upper one

in electrical circuit design and the characteristic parameters
of two ASDBDs.

The surface potential and electric field measurements

The surface potential measurements, which are depicted
in Figs. 9 and 10, showed that applying bias voltages to
the upper electrode also increased the surface potential in
terms of increasing voltages. Considering the surface poten-
tial measurement results indicated that the case of applying
ground voltage to the upper electrode had the lowest value

@ Springer

experiments of this section almost depended on the polarity
of the applied DC and DC-offset voltages and it was posi-
tive for the ground case. For the positive DC/DC-offset volt-
ages, it was always positive and for the negative DC voltages
above — 1 kV, it was negative.

The effects of phase differences
between the applying voltages

Experimental setup

The third case of applying voltages that we considered
was applying an AC sinusoidal voltage to the lower elec-
trode at the same frequency of the upper one. The phase
difference between the voltages was an important param-
eter in this case. To produce and control this parameter,
we designed a new switching circuit, which includes a
microcontroller, model PIC16F887, to produce two inde-
pendent sinusoidal voltages with an adjustable phase dif-
ference for a wide range of frequencies (1-40 kHz, see
figure Al in the appendix). Since the existing of noises
is a key parameter in the design of high-voltage circuits,
we used PIC microcontroller series, which have a large
resistance against noises. In this circuit, two signals are
required so we exploited a processor that has two PWM
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Fig.9 The surface potential and electric field for the case of applying AC sinusoidal voltage to the lower electrode and the negative (a)/positive

(b) DC and ground voltages to the upper electrode
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Fig. 10 The surface potential and electric field for the case of apply-
ing AC sinusoidal voltage to the lower electrode and the positive DC-
offset and ground voltages to the upper electrode

modules. These modules should have the capability to
apply time delay with respect to each other up to 180°
phase difference.

The experiments were carried out by utilizing the
same structure of the ASDBD explained in Sect. 2—1. We
applied the sinusoidal voltages with three different values
of phase differences to the upper and lower electrodes, i.e.,
Ap=0",Ap =90 and Ag = 180° (see Fig. 11). To inves-
tigate the effects of phase difference between two applying
AC voltages, the frequencies of them must be equal. In the

experiments of this section according to new circuit design,
the frequencies were fixed at 26 kHz.

The measurement results

In order to study the effects of phase difference between the
applied voltages on the characteristics of the EHD force, the
electric wind velocity measurements were carried out by
using the pitot tube probe described in Sect. 2-3.

For the case of A¢p =0°, two synchronized sinusoi-
dal voltages at the same frequencies and voltage ampli-
tudes were applied to the electrodes. As it was expected
by increasing the voltages, no plasma sheet was formed
between the electrodes. Since the upper and lower electrodes
have the same potential, the potential difference between
two electrodes is always zero, and the electric field is not
strong enough to initiate an electrical breakdown. Therefore,
the electric wind velocity measurements indicated no wind
production.

Phase difference cases of A¢p = 90" and A¢ = 180° were
examined at equal input switching powers with the voltages
V1. = Vo, = 8V and the currents I}, = I,; = 0.16 A. The cor-
responding values of output high voltages, Vy,, and V,,,
of 8.2 kV and 6.8 kV were applied to the lower and upper
electrodes, respectively.

The results of the electric wind velocity measurements
are shown in Fig. 12. In order to investigate the effects of
the considered phase differences, the measurement results
of the typical structure of an ASDBD, where the lower elec-
trode was grounded and the upper one was powered by a sin
voltage (with Vpp = 6.8kV), were shown in this figure, too.
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Fig. 11 The voltage—time characteristics of the applied voltages to the upper and lower electrodes with (a) zero, (b) 180" and (c) 90° phase differ-

ence

The electric wind velocity measurements indicated
that the magnitude and the extension of the wind velocity
induced by applying 90° phase difference to the voltages of
the upper and lower electrodes were obviously smaller than
the cases of A¢p = 180" and ground. However, the results of
applying a sinusoidal voltage to the lower electrode with
A¢ = 180° with respect to the upper one were so notice-
able. In this case, a flow induction with considerably higher
velocities than the ground case was obtained, such that the
maximum wind velocity of the 180" phase difference was
about 3.8 m/s, whereas it was 2.6 m/s for the ground case.
This 46% improvement in the wind velocity is very excit-
ing, which can be beneficial in the flow control applications.
Employing the same input power of the cases with phase
difference for the typical structure led to a greater high volt-
age. This apparently would alter the discharge mode and
may disturb the performance of the actuator.

Furthermore, we applied the AC sinusoidal voltages
with the same peak-to-peak amplitude values to the upper
and lower electrodes. V,,, and V,,,, are set at 7.6 kV, where
the switching voltages and currents are V|, = 6.8 V, V, = 8
V, I, =021 A and I,, = 0.16 A. The electric wind veloc-
ity measurements for A¢ = 90 and A¢ = 180 cases are
reported in Fig. 13. The results of the electric wind velocity
measurements in this case showed the similar behavior with
the previous case of equal input power. It was seen that the
electric wind velocity generated by 180" phase difference
between voltages was greater than that of the ground case
and the induced electric wind by A¢ = 90" was noticeably
smaller than ground and A¢ = 180’ cases.

Another important quantity that should be considered as
the fixed parameter to analyze the performance of the plasma
actuator is the electric wind velocity. Therefore, we chose
two specific velocities at a certain point and compared the
required high voltages and input powers of A¢ = 180" and
ground cases. For this purpose, the required electrical values
to generate the wind velocities of 3.75 m/s and 2.94 m/s
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at 4 mm downstream of the upper electrode edge, for both
cases were measured and presented in Tables 3 and 4.

Investigating the values in Tables 3 and 4 indicates that
for both values of the electric wind velocities, applying 180°
phase difference between the voltages of the upper and lower
electrodes leads to 10% reduction in the amount of high volt-
ages and about 30% decrease in the input switching powers
with respect to the ground case. This means that by applying
A¢ = 180° between the voltages of two electrodes greater
wind velocities and extensions can be obtained by consum-
ing lower values of input powers and high voltages than the
typical case.

This result is valuable in flow control applications
because applying large values of the high voltages may dis-
turb the electrical operational systems. Therefore, reduction
in the applied high-voltage amplitudes is very important in
practical applications.

4.0

3.5 —— Ap=180"

1 —@— Ap=90"
3.04

—A— connecting to ground

2.5

V(m/s)

2.0

X(mm)

Fig.12 The electric wind velocity profile for the typical case of
applying voltage and 90°, 180° phase differences between the voltages
of the electrodes in equal switching voltages
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Fig. 13 The electric wind velocity profile for the typical case of
applying voltage and 90°, 180° phase difference between the electrode
voltages by applying equal high voltages

Table 3 The values of electrical parameters for V=3.75 (m/s) in the
cases of A¢ = 180° and grounding the lower electrode

Vl =3.75 (m/g) Iswitching (A) szitching (V) Vpp—upper/lower electrodes
kV)
A¢ = 180 0.17 9 8.4
Connecting the 0.22 10 9.5
lower electrode to
ground (1)

As the last part of the experiments, the surface potential
and the electric field were also measured, and the results are
depicted in Fig. 14. The measurement results indicate that
applying 180" phase difference to the upper and lower elec-
trode voltages leads to higher values of the surface poten-
tials and electric fields relative to the typical case. Since the
electrodes have equal peak-to-peak voltages with opposite
polarities in the case of A¢ = 180°, the magnitude of poten-
tial difference and consequently the electric field between
the electrodes increase. This also leads to the enhancement
of the surface charge deposition by increasing voltages.

Conclusions

In the first part of this paper, the effects of applying DC
and DC-offset voltage waveforms to the lower electrode on
the EHD force performance was investigated. The reverse
case of applying voltage was also studied, where the voltage
of the lower electrode was exchanged with the AC sinusoi-
dal waveform of the upper one. The electric wind velocity
measurements indicated that applying these bias voltages to
the lower electrode has reduced the EHD force generation

Table 4 The values of electrical parameters for V=2.94 (m/s in the
cases of A¢ = 180" and grounding the lower electrode

V2:2'94 (mlh) Iswilching (A) szilching (V) v
(

pp-upper/lower electrodes
v

A¢ = 180° 0.13 7 6.4

Connecting the 0.18 8 1.5
lower electrode to
ground (1)

20 - E (kV/m)
18 V (10%V)

16 4

E Vv E \% E \% E \%

vpp=6.4kV vpp=7.5kV vpp=8.4kV vpp=9.5kV

Fig. 14 The electric field and surface potential measurement results
for different values of the applied high voltages in the cases of table

compared to the case of connecting it to the ground, which
can be found in a typical structure of an ASDBD. Moreover,
the experimental investigations showed major differences
in the values of the electric wind velocities with exchang-
ing voltages. The velocity measurement results showed that:
(1) Applying the sinusoidal voltage to the upper electrode
and grounding the lower one generated the maximum elec-
tric wind velocity (about 6 m/s) among all the cases, where
DC/DC-offset voltage had been applied to the upper/lower
electrodes. (2) Applying DC/DC-offset voltage and ground
to the covered electrode, when the sinusoidal voltage was
applied to the exposed one, produced higher electric wind
velocities compared to the reverse cases. (3) Comparing the
results of applying DC and DC-offset voltage to one of the
upper/lower electrodes showed that the DC voltage induced
higher wind velocities compared to the DC-offset voltage.
(4) By connecting the exposed electrode to the sinusoidal
voltage and the covered one to the DC voltages, an electric
wind with higher velocities was induced at positive polari-
ties comparing to the negative ones. In contrast, for the case
of applying DC-offset voltages, the electric wind velocity
and its extension for the negative polarity would be greater
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than that of the positive one. (5) In all cases of applying DC/
DC-offset voltages, the electric wind velocity was decreased
by increasing voltage. (6) The effects of applying different
values of DC/DC-offset voltage to either of the lower or
upper electrodes were small in the region close to the edge
of the upper electrode and became more considerable as the
distant was increased.

The order of the measured dielectric surface potential was
comparable with the order of the applied voltages. It can
be concluded that charge deposition on the dielectric sur-
face can modify the external electric field and consequently
the EHD force generation. Comparing the results of surface
potential with those obtained from the electric wind velocity
measurements indicated that increasing the surface potential
would lead to the reduction in the electric wind velocity. The
electric field measurements in downstream of the covered
electrode width indicated that the electric field strength, even
at regions far from the plasma extension, was nonzero.

Furthermore, it was observed that exchanging the
applied voltages to the upper and lower electrodes affected
the sign of the surface potential and the electric field.
When an AC sinusoidal voltage was applied to the lower
electrode and a DC/DC-offset voltage to the upper one, the
sign of the surface potential and the electric field changed
corresponding to the polarity of the latter voltages. In
case of applying an AC sinusoidal voltage to the upper
electrode and connecting the lower one to a negative DC/
DC-offset voltage or to the ground, both of the surface
potential and the electric field were positive at all voltages.
In contrast, for the positive polarity of the DC/DC-offset
voltages above 1 kV or 3 kV, they became negative. In the
ground case, it was always positive regardless of ground-
ing either of the lower or upper electrodes.

In the second part of the paper, the electric wind produc-
tion in the case of applying 180°, 90°, and zero phase dif-
ferences to the voltages of the upper and lower electrodes
was investigated, and the resulting changes were scrutinized.
Applying two synchronized sinusoidal voltages to the elec-
trodes caused no plasma sheet formation above the dielectric
surface. At a certain value of the input (switching) power
or applied high voltages, the values of the electric wind
velocity induced by applying 180° phase difference between
the voltages were considerably higher than those of the
ground case and 46% increase in the velocity was observed.
Moreover, the wind velocity magnitude and its extension for
A¢ = 90" were significantly smaller than the ground case.
The experiments also revealed that applying a sinusoidal
voltage to the lower electrode with 180° phase difference
with respect to the upper one could reduce the amount of the
required high voltage for a specific wind velocity compared
to the typical grounded case. Therefore, the main purpose
of applying the phase difference between the voltages was
successfully fulfilled. Decreasing the amount of the applied
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high voltage to the electrode can be very influential in aero-
nautic applications, where the electromagnetic noises may
damage the operational systems.

The results of surface potential measurements in the case
of applying two sinusoidal voltages with 180° phase differ-
ence to the lower and upper electrodes indicated an enhance-
ment of the charge deposition on the dielectric surface.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.
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