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Abstract: Dielectric barrier discharge (DBD) has been one of the most promising techniques for flow
control, but the practical application needs a large plasma surface. A three-electrode sliding discharge
plasma actuator (SDPA) can generate plasma filling the inter-electrode distance. In this study, the
performance of an SDPA for practical flight at low pressures is reported. When the pressure decreases,
plasma discharge becomes more intensive. Current peaks and power consumption of electrode
1 become higher at low pressure. Sliding discharge is fully developed at 54 kPa, and the plasma
morphology resembles plumes. PIV results show vortex structures and an induced wall jet above
the actuator surface. A ‘potential-arc-discharge’ is observed at 38 kPa, leading to an inhomogeneous
surface temperature distribution and a velocity decrease of the jet.

Keywords: dielectric barrier discharge; sliding discharge; active flow control; plasma; PIV

1. Introduction

Because of the advantages of small size, low weight, fast reaction, and no moving parts,
AC surface dielectric barrier discharge plasma actuators (AC-SDBDPA) have attracted much
attention over the last decades [1–4]. The baseline plasma characteristics of AC-SDBDPAs
have been widely studied. Benard and Moreau [5] investigated electrical aspects, plasma
morphology, body force, and electric wind of an SDBDPA actuated by different waveforms.
Results showed that waveform optimization could be performed according to the objective
of the control strategy. Abe et al. [6] experimentally investigated the momentum-transfer
performance of a DBD plasma actuator for the effects of ambient-gas pressure, ambient-gas
species, and electrode configuration. As a result, the radiating plasma region and the
power consumption of the actuator increase with decreasing air pressure. However, the
momentum-transfer performance does not decrease monotonically with decreasing air
pressure but increases initially and then decreases. Soni and Roy [7] verified the above
results and further studied the effect of dielectric thickness, electric field, and ground
electrode width on low pressure performance of DBD actuators. For different dielectric
thicknesses, the thrust reaches a maximum at a pressure lower than the atmospheric,
and the pressure at which the thrust peaks decrease with the dielectric thickness. The
amplification in thrust at the peak ranges from 75% for 3.17 mm thick Teflon to 675% for
0.25 mm thick Teflon. Debien et al. [8] focused on the force and electric wind produced
by SDBD actuators. They demonstrated that the actuator can produce a mean velocity of
10.5 m/s with a wire-to-plate design. Vortex structures were examined in the case of a
plasma actuator without the presence of a free flow boundary [9]. Wu et al. [10] studied the
optical emission spectra of an SDBDPA under different pressures. Rotational temperature,
electron temperature, and density were used to quantify the plasma characteristics. Geuns
et al. [11] experimentally designed and studied the characteristics of an SDBDPA under
different conditions, including electric field and excited species population found by optical
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emission spectroscopy. The study contributes to characterizing SDBDPA and understanding
plasma physics. Infrared thermography has also been used to characterize SDBD. Joussot
R et al. [12] measured the surface temperature of the dielectric by infrared thermal imaging
while an SDBD actuator was continuously running. Measurements with an external flow
showed that heat dissipation resulted in a drop in the dielectric temperature. Durscher
et al. [13] recorded the surface temperature of the actuator and the visible light emission of
the plasma simultaneously. They found that the saturation effect could be manipulated by
changing the surface temperature of the dielectric. With different infrared cameras, Meng
et al. [14] obtained surface temperature in the still air and the corresponding temperature
distributions over the airfoil model surface during the ice accumulation process. Infrared
temperature contours from Tian et al. [15] indicated that SDBDPA is a promising anti-icing
technique. In addition, similar actuators, such as a fluidic rolling robot using voltage-driven
oscillating liquid [16] and an eccentric actuator driven by stacked electrohydrodynamic
pumps [17], were studied for different applications.

Recently, Lilley et al. [18] demonstrated that DBD plasma actuators recovered quickly
when they were subjected to direct water deposition on their surfaces such as rain con-
ditions, indicating the potential of DBDPA for practical application. However, practical
applications at full scale require a large interaction surface, while the plasma region of an
SDBDPA is limited to a few centimeters. With the third electrode connected to a negative
DC power supply, a three-electrode plasma actuator based on SDBDPA called sliding
discharge plasma actuator (SDPA) can generate plasma, filling the inter-electrode distance.
Bychkov et al. [19] analyzed the potential of sliding discharge in airflow control. Louste
et al. [20] and Moreau et al. [21,22] investigated the electrical characteristics and ionic
wind of SDPA. Particle image velocimetry (PIV) results from Song et al. [23] indicated
that a starting vortex and a quasi-steady near-wall jet were induced by sliding discharge.
Znamenskaya et al. [24] measured PIV velocity fields behind blast wave along two per-
pendicular directions. The results showed that 3D shapes of shock waves produced by
sliding discharge channels were semi-cylindrical, and the flow fields behind them were
homogeneous along the plasma channels directions. Further research showed that the
direction of the induced jet could be adjusted by changing the applied voltage [25–27].
Zheng et al. [28] investigated a double-side sliding discharge plasma actuator and verified
its flow control capability.

Most of the previous studies on SDPA focused on plasma actuation at atmospheric
pressure. However, the pressure of practical flight is much lower than atmospheric pressure.
The aim of this work is to investigate the characteristics of a sliding discharge plasma
actuator at different operating pressures. Discharge morphologies, electrical characteristics,
surface temperature distributions, and induced flow structures of an SDPA at different
environmental air pressures ranging from 101 to 38 kPa are reported in this study. The study
on the performance of sliding discharge under low pressures is helpful for its application
to practical flow control, such as drag reduction, flow separation control, and anti-icing.

2. Experimental Setup

A schematic of an SDPA is shown in Figure 1a. The dielectric layer was a 2 mm thick
PMMA (polymethyl methacrylate) plate with 200 mm in length and 150 mm in width.
All three electrodes were made of thin copper foils with a thickness of about 0.06 mm
and a span of 100 mm. These electrodes were symmetrically mounted on the dielectric
layer with a lateral spacing of 1 mm. The width of the air exposed (electrode 1 and 3) and
grounded (electrode 2) electrodes were 5 and 58 mm, respectively. The grounded electrode
was encapsulated with two layers of Kapton tape to prevent plasma generation on the
ground side.
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Figure 1. A schematic of the SDPA. (a) w1, w2, w3, d1, d2, hd, and he are 5, 58, 5, 1, 1, 2, 0.06 mm,
respectively; (b) PIV measurement position.

An AC power supply (CTP-2000K, 0~30 kV, 5~25 kHz) and a negative DC power
supply (CTP-2000 KB, −20–0 kV) were connected to electrodes 1 and 3, respectively, while
electrode 2 was grounded. The applied voltage and discharge current of electrode 1 and 3
were measured by a high voltage probe (Tektronix P6015A, 1000:1, 75 MHz) and a current
transducer (Pearson 6600, 0.1 V/A, 120 MHz) connected to an oscilloscope (Tektronix
MSO56), respectively. A Nikon D750 camera with a 6016 × 4016 pixel resolution was placed
0.5 m above the actuator to photograph its discharge morphology. Surface temperature
measurements were obtained with a FLIR T630sc infrared camera in the 7.5~13 µm spectral
range at a room temperature of 10 °C. The camera has a resolution of 640 × 480 pixels.
Infrared emission of the dielectric surface, which is a function of its temperature, was
recorded by the camera. The highest accuracy for T630sc is ±1 % of the reading with the
standard temperature measurement range of −40~150 ◦C. A two-dimensional LaVision
PIV system was applied to investigate the flow induced by the SDPA, see Figure 1b. One
Vlite 2000 laser system was used to generate a pair of light sheets with a wavelength of
532 nm. The particle images were acquired by Imager ProX CCD camera with Nikon AF
NIKKOR 50 mm f1:1.8D lens. The PIV system worked at a frequency of 7 Hz with a time
delay between two image frames of 100 µs. A particle generator was used to seed the flow.
PIV data processing was performed with DaVis 8.1 software. Each image was divided
into a decreasing interrogation window size of 64 × 64–32 × 32 pixels with 50% overlap.
Time-averaged velocity fields were computed with 100 instantaneous velocity fields. A
sealed chamber adjustable in pressure with three optical observation windows mounted on
the side was operated down to 20 kPa by connecting it to an external pump. An infrared
emission transmissible window was embedded on the top plate of the chamber for surface
temperature measurement. A digital manometer was used to measure the internal static
pressure. The size of the pressure chamber was 340 × 340 × 340 mm. The exciting voltage
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and frequency of electrode 1 (V1) were fixed at 15 kV and 7.8 kHz, and the supplied voltage
of electrode 3 (V3) was –15 kV in this work.

3. Results and Discussion

Figure 2 shows discharge morphology photographs under different pressures. A
3 mm discharge region was formed downstream electrode 1 at 101 kPa. It extended to
about 10 mm with several bright spots at electrode 3 when the pressure dropped to 75 kPa.
This plasma extension is consistent with previous studies [6,7]. At 54 kPa, the plasma
region filled the 60 mm gap between electrodes 1 and 3, indicating the formation of stable
sliding discharge. The discharge near electrode 1 was much stronger than electrode 3,
and the plasma region seemed to be divided into a plume shape, which should be the
visual superposition of filamentary discharge during the positive-going cycle and uniform
glow mode discharge during the negative-going cycle. When the pressure was further
reduced to 38 kPa, the discharge became more intense, and the plume division became
more apparent, which could be determined from the stronger light emission. In addition, a
discharge channel connected a bright spot at electrode 3 to the filament at electrode 1. This
discharge channel changed into arc discharge connecting electrode 1 and 3 if the pressure
decreased or the applied voltage rose, making it a ‘potential-arc-discharge’. Consequently,
the sliding discharge was no longer stable because of the transition to arc discharge.

Figure 2. Plasma discharge morphology at different pressures.

Voltage and current curves for a single cycle at different pressures are presented in
Figure 3. Current pulses corresponding to micro-discharges at atmospheric pressure mainly
appear during the positive-going cycle. Most of them have a lifetime of about 10 ns. As the
ambient pressure decreased, the number and amplitude of the current pulses increased,
and the plasma ignited earlier. Abe et al. [6] reported that lower pressure engenders a
shorter pulse height. This difference is due to the discharge at electrode 3. In Figure 3d,
many positive current pulses exceed 100 mA, much higher than that at 101 kPa (Figure 3a),
and the width of a single pulse can reach microsecond level, which is in accord with
the ‘potential-arc-discharge’ in Figure 2. Additionally, noticeable negative pulses emerge
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during the negative-going cycle. Based on the results above, a stronger plasma discharge is
formed. Power consumption per unit length for one cycle can be computed with:

P =
1

T × l

∫
v(t)× i(t)dt (1)

where v(t) and i(t) are voltage and current versus time, respectively, T is the waveform
period, and l is the length of the electrode. The results are shown in Figure 3e. The
maximum is 3.68 W/cm at 38 kPa, while the minimum is 0.35 W/cm at 101 kPa. The power
consumption increases approximately linearly as pressure decreases.

Figure 3. Voltage and current of electrode 1 at (a) 101 kPa, (b) 75 kPa, (c) 54 kPa, (d) 38 kPa, and
(e) power consumption per unit length.
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Figure 4 shows the voltage and current of electrode 3 at different pressures. The time
range of the x-axis in Figure 4 is the same as that in Figure 3a–d. As stated above, the
negative DC supply connected to electrode 3 was fixed at –15 kV in all cases. Thus, only one
voltage curve is shown in Figure 4. At 101 kPa, the actuator worked as a typical 2-electrode
DBD actuator, and no discharge ignited at electrode 3 so that there was no apparent current
pulse on the current curve. At 75 kPa, several bright spots can be seen at electrode 3 in
Figure 2. Scattered current peaks corresponding to these discharge spots appear on the
curve. When the pressure dropped to 54 kPa, the number and amplitude of current pulses
increased during both positive and negative going cycles of V1. At 38 kPa, the current
waveform of electrode 3 changed significantly. Compared with the current curve at 54 kPa,
the current peaks at 38 kPa increased further during the positive going cycle of V1. The
width of one single current pulse of electrode 3 at 38 kPa could reach the hundreds of
nanoseconds level. However, pulses could hardly be seen during the negative-going cycle
of V1, indicating that the discharge almost quenched during the negative-going cycle. Note
that the high-width current pulses of electrode 1 and electrode 3 occurred at the same time
in the current waveform, which indicates a discharge channel with more intensity on the
surface of the actuator. This phenomenon is consistent with the ‘potential-arc-discharge’
presented above.

Figure 4. Voltage and current of electrode 3 at different pressures.

Figure 5 represents the surface temperature contours at 5 s after the actuation for the
SDPA at different pressures. Figure 5a,b show that the temperature decreased gradually
from electrode 1 to electrode 3. At 54 kPa, stable sliding discharge was developed between
the two exposed electrodes, which led to a large area temperature rise covering the inter-
electrode distance. Relative high-temperature spots occurred at electrode 3. The surface
temperature further increased when the pressure was reduced to 38 kPa. However, a
remarkable yellow line connecting the two exposed electrodes can be seen in Figure 5d.
It represents an even higher temperature region than both sides. Additionally, higher
temperature means more intensive discharge. Hence, the discharge in this region should be
much stronger than dielectric barrier discharge and sliding discharge but not as intensive
as arc discharge. Considering its position and shape, this remarkable yellow line is proof of
the ‘potential-arc-discharge’ developed at 38 kPa in Figure 2. It can be explained by the
theory proposed by Durscher et al. [13]. The electron temperature rise causes an increase
in the ionization rate constant, electron number density, vibrational temperature, and
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air temperature. The air temperature rise will finally increase the electron temperature
again. This positive feedback loop can result in an unbounded growth of these parameters
and a contraction of streamers. Consequently, influenced by this phenomenon, a ‘low-
temperature hole’ is produced, resulting in inhomogeneous temperature distribution on
the actuator surface.

Figure 5. Surface temperature at (a) 101 kPa, (b) 75 kPa, (c) 54 kPa, and (d) 38 kPa.

The flow structures induced by the SDPA at different pressures are shown in Figure 6.
Electrodes 1 and 3 are located at x = 0 and 60 mm, respectively. A wall jet from electrode 1
to electrode 3, called ionic wind, was developed at 101 kPa and 75 kPa (Figures 6a and 6b,
respectively). Its thickness increased gradually due to diffusion and viscous effects. The
maximum velocity at 75 kPa was 3.3 m/s, higher than at 101 kPa.

When the pressure dropped to 54 kPa, the induced flow changed significantly as
different vortices arose in the flow field. In Figure 6c, Vortex 1 outside electrode 1, Vortex
2 above the wall tangential jet, and Vortex 3 between the main flow and Vortex 2 can be
clearly observed in the measurement plane. The maximum velocity of the wall jet was
3.26 m/s. The maximum velocity barely decreased compared with that at 75 kPa. At
38 kPa (Figure 6d), Vortex 1 had a more extensive interaction area, and the vortex core
moved upstream. The maximum velocity dropped to 3.04 m/s, yet still higher than that at
101 kPa. As pressure decreased, the maximum induced flow speed initially increased and
then decreased. This result is consistent with the studies on DBD plasma actuators at low
pressure [6,7].
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Figure 6. Time-averaged PIV results at (a) 101 kPa, (b) 75 kPa, (c) 54 kPa, and (d) 38 kPa.

As shown in Figure 2, at 101 kPa and 75 kPa, no plasma ignited outside electrode 1.
However, bright plasma ignition could be seen at 54 kPa and 38 kPa. This outer discharge
was responsible for the formation of Vortex 1. At 54 kPa, the inhomogeneous opposite
discharge induced a weak wall jet from electrode 1 to the dielectric plate edge. Combined
with the suction effect and main flow above electrode 1, Vortex 1 was then rolled up. At
38 kPa, the opposite discharge became homogeneous and more intensive. The induced wall
jet attained a higher speed. Hence, Vortex 1 had a larger interaction area. The formation
of Vortex 2 at 54 kPa can also be inferred from Figure 2. The main difference between
the discharge morphology at 54 kPa and 75 kPa was the plasma discharge at electrode 3
under 54 kPa. Meanwhile, the main difference between the flow structures at 54 kPa and
75 kPa was the vortices above the wall jet at 54 kPa. It can be concluded that the opposite
electrohydrodynamic (EHD) force produced by electrode 3 was responsible for forming
Vortex 2. Consequently, Vortex 3 was induced under the friction and compression of the
main flow and Vortex 2. As stated earlier in this work, a ‘potential-arc-discharge’ arose at
38 kPa. This unique phenomenon has spatial and temporal influences on the performance
of sliding discharge. Spatially, the discharge filament formed at the edge of electrodes and
weakened the discharge intensity at the central region of the actuator, including the PIV
measurement plane. Temporally, this discharge occurred during the positive-going cycle of
V1, leading to the discharge quench of electrode 3 during the negative-going cycle. Both
the spatial and the temporal influence weakened the EHD force produced by electrode 3 in
the laser plane. Therefore, there was no sufficient body force to oppose that from electrode
1. The flow between electrode 1 and electrode 3 at 38 kPa was then a wall jet and Vortex 2
and Vortex 3 in Figure 6c disappeared, similar to that at 101 kPa and 75 kPa.

4. Conclusions

This paper aimed to explore the characteristics of sliding discharge plasma actuators at
different operating pressures, including discharge morphologies, electrical characteristics,
surface temperature, and induced flow fields. As ambient pressure decreases, the plasma
extension is elongated. A stationary sliding discharge is formed at 54 kPa, with the plasma
region visually divided into several plumes. The amplitude, width, and number of current
pulses for electrode 1 increase with decreasing pressure, leading to an approximately linear
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increase in power consumption. Vortex structures and a wall jet induced at 54 kPa by
the SDPA prove the advantage of sliding discharge for practical flight flow control at
low pressure. A ‘potential-arc-discharge’ generated at 38 kPa causes a velocity decrease
compared to 54 kPa and an inhomogeneous surface temperature distribution composed
of a high-temperature line and a ‘low-temperature hole.’ Methods of preventing ‘pre-arc-
discharge’ need further investigation.
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