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We investigate the discharge and flow characterizations of a double-side siding discharge plasma actuator driven by
different polarities of direct current (DC) voltage. The discharge tests show that sliding discharge and extended discharge
are filamentary discharge. The irregular current pulse of sliding discharge fluctuates obviously in the first half cycle,
ultimately expands the discharge channel. The instantaneous power and average power consumptions of sliding discharge
are larger than those of the extended discharge and dielectric barrier discharge (DBD). The flow characteristics measured by
a high-frequency particle-image-velocimetry system together with high-speed schlieren technology show that the opposite
jet at the bias DC electrode is induced by sliding discharge, which causes a bulge structure in the discharge channel.
The bias DC electrode can deflect the direction of the induced jet, then modifying the properties of the boundary layer.
Extended discharge can accelerate the velocity of the starting vortex, improving the horizontal velocity profile by 203%.
The momentum growth caused by extended discharge has the largest peak value and the fastest growth rate, compared with
sliding discharge and DBD. However, the momentum growth of sliding discharge lasts longer in the whole pulsed cycle,
indicating that sliding discharge can also inject more momentum.

Keywords: plasma, double-side sliding discharge, induced velocity, induced vortex, momentum analysis

PACS: 47.32.C—, 47.65.Md, 52.30.—q, 52.50.Nr

1. Introduction

Plasma flow control is a burgeoning active flow control
technology.!!! Roth from the University of Tennessee firstly
used the one-atmospheric-pressure uniform glow discharge
(OAUGDP) to research boundary layer control, airfoil separa-
tion and turbulence flow drag reduction.!>?! Since then, many
teams have carried out research on the aerodynamics of plasma
technology. Plasma flow control is effective in controlling the
boundary layer, [*1 separation flow, [*-®! shear flow,*! increase
of drag reduction,'”) and plasma anti-icing.['"! Compared to
conventional flow control technology, plasma flow control has
no mechanical components, low energy consumption and fast
response speed, and can use minor and local disturbances to
achieve large-scale and global control.!!>13]

As the core component of plasma flow control, the perfor-
mance and structure design of plasma actuators are the key to
achieve flow control. The mostly conventional actuators cur-
rently are direct current (DC) corona discharge plasma actua-
tors, plasma synthetic jet (PSJ) actuators and dielectric barrier
discharge (DBD) plasma actuators. Among them, the dielec-
tric barrier discharge plasma actuators could generate the low-
temperature plasma by setting two parallel electrodes on both
sides of the dielectric material. The charged particles, driven
by electromagnetic field force, can induce and control the gas
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on the surface of the dielectric, and then apply aerodynamic
actuation to the boundary layer.!?! Although the flow control
form of DBD is effective in restraining stall separation, re-
ducing flow resistance and suppressing aerodynamic noise, it
still has some disadvantages such as small discharge area, in-
sufficient intensity and uncontrollable direction of the induced
jet, which all greatly restrict the development of plasma flow
control.['4]

Further research has shown that two opposite jets can be
induced by a symmetrical two-electrode DBD actuator. The
vortex in the reverse direction can enhance the mixing abil-
ity of the flow field and inject more momentum. The jet in
the same direction of the incoming flow can accelerate the air-
flow, and the vortex can enhance the mixing ability and ac-
celerate the airflow simultaneously. On the other hand, in or-
der to increase the interaction area, Moreau ef al.['! added
another exposed electrode to the conventional DBD configu-
ration, generating a tri-electrode sliding discharge plasma ac-
tuator. An unbalanced electric field is generated between the
three electrodes. The flow visualization results showed that the
flow characteristics were completely different from the typ-
ical DBD actuators. Therefore, to improve the induced air-
flow velocity and to increase the interaction area, a double-side
sliding discharge plasma actuator (DSDPA) is adopted in the
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present study. Based on the symmetrical plasma actuation and
the large-scale surface discharge driven by high DC voltage,
DSDPA can enhance the body force, and generate two groups
of unsymmetrical large-scale vortex coherent structures. %! If
the bias electrode is connected to a high negative DC volt-
age, plasma discharge will be enlarged significantly. In this
case, the negative DC voltage could induce new vortices and
jets to hinder the mainstream. Eventually the collision of two
horizontal ionic winds with same intensity, and the opposite
directions will form a new synthetic jet with a controllable
direction.'>-17] The discharge filaments across the whole gap
can be observed between high voltage electrode and the neg-
ative DC high voltage. This type of actuation is called slid-
ing discharge.!'®) When the bias electrode is connected to the
positive DC voltage, the induced electrohydrodynamic (EHD)
force would be enhanced. Additionally, the structure of the
induced flow field could be strengthened.!'®?°! The positive
DC voltage has a little effect on the plasma region and this
discharge morphology is similar to that of DBD, so that it is
called extended discharge./*!!

Under a flight condition, the flow field around the nearly
cylindrical missile or fighter jet head at a high angle of at-
tack or even stall may show a complex multi-vortex struc-
ture, in which the flow characteristics rapidly change. Even-
tually the aerodynamics and moments become very unstable

r.1*3] Due to the actuator’s structure that could

and nonlinea
generate double-sided discharge, DSDPA can inject the EHD
force on both sides of the actuator. The asymmetric vortex
caused by DSDPA moves in the opposite direction through the
pulling effect of the slender body. This effect can increase the
distance between the cores of the asymmetric vortices, weaken
the interaction, and increase the instability of the vortices.
Currently, sliding discharge and expanded discharge are
mainly researched with the geometry of tri-electrode struc-
ture. Louste ef al.?*! set an exposed electrode driven by high
DC voltage in parallel. This structure is capable of forming
sliding discharge between two exposed electrodes under the
actuation of a negative DC high voltage. Using the schlieren
system, Moreau et al.!>*! conducted an experimental study on
electric wind of surface discharge by adopting the mode of
alternating current (AC) and DC high voltage. It was found
that the structure of the induced flow field could be signifi-
cantly changed, and it was observed that changing DC voltage
could increase the maximum induced velocity by 150%, but
the evolution mechanism of the flow field was not elaborated.

1.4 adjusted the above actuators. They connected

Guo et a
two electrodes on the upper surface of the dielectric material
with the high-voltage diode and the high-voltage power. A
layer of hydrogenated amorphous silicon is filmed on the sur-
face of the dielectric material. Experimental results showed

that the structure of the actuator could increase the thrust by

70% compared with the traditional actuator. We previously
analyzed the rules of formation, evolution and interaction with
t* < 0.1, and further explained the flow and electric charac-
teristics of sliding discharge induced by a double-side slid-
ing plasma actuator.!!”->3! Pang et al.1?*?"! concentrated on the
differences of the characteristics of the discharge generated by
positive pulses and negative pulses, and discussed the underly-
ing physical mechanism by researching the effect of electrode
width and the gap distance on the plasma morphology. Bay-
oda et al.!*®! indicated that this drift is affected by the excita-
tion voltage, whereas the propagation speed of the discharge
increases with the amplitude of the negative DC component.
For sliding discharge, the pressure wave consists of two circu-
lar waves located over the two upper electrodes. Researchers
also paid attention to the three-electrode geometry excited by
a nanosecond pulse and a DC source, finding that the negative
DC voltage can induce a weak circular pressure wave. 22301

To explore the formation mechanism of the induced flow
field of DSDPA and to display the spatial-temporal evolution
of the induced flow field, it is necessary to adopt high-time
flow field observation technology. In this paper, synchronous
actuation is applied on a DSDPA driven by different polari-
ties of DC high voltage. The high-frequency particle-image-
velocimetry (PIV) technology and high-speed schlieren dis-
play technology are used to display the timing characteristics
and structure of the flow field under static atmosphere. This
work aims at improving the theoretical basis of flow control
technology and providing necessary flow field data for the es-
tablishment of thrust enhancement studies.

2. Experimental equipment and system

The experimental equipment and system was mainly
composed of a plasma actuation system, a high-speed
schlieren system and a high-speed phase-locked PIV system.

2.1. Plasma actuation system

2.1.1. Plate electrode configuration

The structure of a double-side sliding discharge plasma
actuator is shown in Fig. 1. The experiment was carried out in
ambient air environment.

Electrode 2

Electrode 1
l Electrode 3

)
|

dielectric

Electrode 4 material

Fig. 1. Structure diagram of double-side sliding discharge plasma actuator.
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The insulating dielectric material is polytetrafluoroethy-
lene with the thickness 1 mm and the dielectric constant 2.17.
Different electrodes are parallel distributed on the surface of
the dielectric material. On the upper surface, all of the elec-
trodes were made of copper foil. The central electrode is elec-
trode 1, connected to the alternating current pulse power sup-
ply. The left electrode is electrode 2, and the right electrode
is electrode 3. Electrodes 2 and 3 are respectively connected
to the DC high-voltage power supply. The dimensions of elec-
trodes 1, 2 and 3 were 100 mm x5 mm x0.018 mm (D; =
5 mm). The distances between them were both 20 mm stream-
wise (D = 20 mm). On the lower surface of the dielectric
material, the package electrode is defined as electrode 4. The
dimensions of electrode 4 was 120 mm x45 mm x0.018 mm.

2.1.2. Excitation power supply and discharge parame-
ters test system

The pulse power supply of CTP-2000 K was used for dis-
charge. The carrier frequency was fixed at 11 kHz. The pulse
frequency was fixed at 5 Hz. The duty cycle could range from
1% to 100%, and the maximum power is 1000 W. The voltage
Uac was measured by using a high voltage probe of Tektronix
P6015A, and the current I, I, I3 were measured by using the
current probe of TCPO030A. The electrical signals of the volt-
age and current were recorded by an oscilloscope of Tektronix
DPO4104B (1 GHz bandwidth, sampling rate 5 GS/s). In our
test, the duty ratio was 50% for the analysis of the unsteady
flow.

' camera

\

oscilloscope //AO\pulsed power supply
{ — / VS
Lt / \
i / \
hig}l{voltage \
y probe i
Vac \ —n
plasma plasma \ I3 feurrent probe
— —
—1 4
s —_

L e

high-voltage DC power supply

high-voltage DC power supply

Fig. 2. Experimental setup and measurement system.

2.2. High-speed schlieren system

The experimental system consists of the following com-
ponents: light source (xenon lamp), a pair of convex lenses, a
pair of plane mirrors, a pair of spherical mirrors, and a knife
edge. The image is taken by a PCO-Dimax HS1 high-speed
camera with a resolution of 1000 x 1000. The maximum im-
age capture rate can reach 180000 fps. In my experiments, the
shooting rate is 22735 fps, the resolution is 502 x 402, and the
system layout is shown in Fig. 3. The experimental tempera-
ture was 15 °C and atmospheric pressure was 1 x 10° Pa.

plasma

camera
actuator

plane mirror

convex
lens

plane mirror

light source

concove
mirror

Fig. 3. High-speed schlieren system.

2.3. High-speed phase-locked particle image velocimetry
system

The high-speed phase-locked PIV system consists of the
following components: high-frequency laser (Photonics In-
dustries DM series laser), high speed camera (Phantom V711)
with an image resolution of 1280 x 800 and the maximum ac-
quisition rate of 7500 Hz, programmable timing unit (La Vi-
sion), smoke generator, computing platform, and image post-
processing software (Davis7.0).

The axis of the high-speed camera is perpendicular to
the laser plane with an appropriate distance to ensure the ad-
justable shooting field and focal length. A resin glass cover
is employed to ensure the stability of the flow field. In the
experiment, the capturing frequency is 1000 Hz. Ultimately
the instantaneous flow field can be obtained by time-averaged
processing of PIV data at the same phase. The layout of the
velocity-measuring system is shown in Fig. 4.

By using the Dynamic Studio software for cross-
correlation processing, the flow field velocity vector distribu-
tion results are obtained. The diagnostic window is 32 pixels
%32 pixels, and the overlap ratio is 75%. In order to ensure
the two-dimensional characters of the flow field, the strongest
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position of the laser beam is set at 50% of the electrode. The

plane of the laser beam is perpendicular to the exhibition of

the electrode. The camera shooting area is 105 mm x 63 mm.
The time interval between the two laser pulses is 100-300 us.
The total acquisition time is 1 s. The calculation results are
based on the initial data collected by PIV, and no filtering and
smoothing were performed.

isolation can

control
acquisition
system

S

Fig. 4. Layout chart of high-speed PIV system.

synchronous L
controller

3. Experimental results and analysis

3.1. Electrical characteristic analysis for DSDPA
3.1.1. Voltage and current characteristic analysis for
DSDPA

The discharge images of DSDPA under different polari-
ties of DC voltage were observed and compared. The experi-
ments focused on the effects of different polarities of DC volt-
age and tried to research the advantages of sliding discharge
and extended discharge compared with DBD in discharge and
flow characteristics, so the current experiments did not apply
DC voltage to electrode 3. However it is necessary for elec-
trodes 1 and 3 to be both connected by the DC high-voltage
power supply. The actuation parameters and modes are listed
in Table 1.

GND( i )

(b)

Table 1. Test conditions for DSNP plasma actuator discharge charac-
teristics.

Electrode 1 Upc  Electrode 2 Upxc  Electrode 3 Upc

Case 1 0kV 13 kV 0kV
Case 2 -8 kV 13kV okV
Case 3 +8 kV 13 kV 0kV

Different polarities of DC voltage were applied to elec-
trode 1. The voltage and current waveforms were syn-
chronously collected through the oscilloscope while the dis-
charge images were taken. The discharge images obtained are
shown in Fig. 5.

The exposure time of the discharge image is 1/160 s, and
ISO is set at 4000. There is a threshold voltage (Uac, =
3.72 kV in the experimental state) for the generation of
plasma, and a threshold voltage of 5.22 kV is also required
for DC voltage applied to electrode 1 for sliding discharge.
Driven by the DC high voltage of —8 kV, the discharge inten-
sity is same as DBD. The ion drift is generated at electrode
1 and extends along the interval of electrode 2 driven by the
negative DC voltage, ultimately forming the discharge chan-
nel filled with discharge filaments. The discharge intensity is
distributed uniformly in this channel, indicating that sliding
discharge occurs under the drive of the negative DC voltage.
Meanwhile, a “spot” with uneven luminance was observed at
the edge of electrode 1. The discharge filaments concentrated
at the spot, leading to high luminous intensity. Under the ac-
tuation condition of case 3, there are no luminescence and dis-
charge filaments at electrode 2 driven by a positive DC voltage,
and there is no significant difference in discharge intensity on
both sides of electrode 1. This discharge mode is called ex-

panded discharge.[!"]

GND( —Ih )

(c)

Fig. 5. Discharge diagrams of DSDPA under different DC voltages: (a) Upc = 0 kV, (b) Upc = —8 kV, (¢) Upc = +8 kV.
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Further, the uniformity of dielectric barrier discharge can
be accurately judged by measuring the voltage-current wave-
form. In the filamentary discharge, the current waveform has
several current spikes of the nanosecond level in every half cy-
cle of the sinusoidal waveform, while only a single or multiple
long current pulses discernable in the field of view could be
observed in the uniform discharge.3!!

In Fig. 6, during the first half cycle, the irregular current
pulses fluctuate significantly, and a few of the discharge pulses
have extremely high pulse peaks. Under different polarities of
DC voltage, a large number of tiny irregular current pulses ap-

pear in the interval of 0.024 ms, which are caused by the ions
drift to the downstream under the action of the EHD force. 3]
The number of current spikes driven by the negative DC volt-
age is significantly greater than that of no DC and positive DC
conditions. The maximum value is 3526 mA under the nega-
tive DC condition, the maximum value is 1587 mA under no
DC condition, and the maximum value is 2084 mA under the
positive DC condition. During the second half cycle, the cur-
rent spike driven by the negative DC voltage is significantly

less than that under no DC and positive DC conditions.

37 8 3
] (a)
2
i 4
< 1 1
3 0
- -
5 0 0
—4
—1 - —1
—92 -8 -2
—0.10 0 0.10 —0.10
Time/ms

Time/ms

8 371 8
(b) i (c)
4 21 4 >
11 <
0 z 0 go
0+ =
—4 | 42
- —17 |
8 —921 - —
0.10 —0.10 0 0.10

Time/ms

Fig. 6. Voltage-current waveform of DSDPA under different bias voltages: (a) Upc = 0 kV, (b) Upc = —8 kV, and (¢) Upc = +8 kV.

The above phenomena indicate that the discharge under
different polarities of DC voltage is filamentary discharge. The
short time multi-pulse characteristics of the current in each
half cycle reflect the irregular intermittent advance of charge
between the electrodes of the actuator. The charge accumu-
lates on the surface of the dielectric material and generates an
additional electric field opposite to the applied electric field.
The superposition of the additional electric field and the ap-
plied electric field causes the intensity of the total electric field
decrease, which is manifested as multiple steps of charge in

(23] found sliding discharge

every half cycle. Moreau et al.
mode during one fraction of the positive AC cycle in which
the voltage difference between electrodes enables the ignition
of sliding discharge. In particular, the total current differs from
the capacitive current (such as DBD current, see Fig. 6(b)).
According to the streamer theory, >3] under the influence
of the applied electric field, the electron avalanche develops
and rapidly moves towards the positive electrode. The addi-
tional electric field changes and superposes with the external
electric field, resulting in distortion of the total electric field.
The distorted total electric field further promotes the devel-
opment of electron avalanche and produces a large quantity
of photoionization and a secondary electron avalanche. The
secondary electron avalanche will also move towards the posi-
tive electrode and superpose with the main electron avalanche
to produce a streamer discharge area. Different from the tra-
ditional DBD, the driving of the DC high voltage interferes
with the applied electric field and changes the field intensity
in the interval. In the first half cycle of sinusoidal waveform,
the existence of negative DC voltage increases the field in-

tensity in the gas gap. The negative DC voltage accelerates
the drift of the positive ions and the development of electron
avalanche, thus forming a stable and uniform large area of low-
temperature plasma in the whole electrode interval.[*”! How-
ever, under the action of positive DC voltage, due to the fact
that positive ions play a major role in the charge drift, no stable
sliding discharge zone can be formed in the electrode interval.

3.1.2. Energy consumption analysis for DSDPA

In order to analyze the discharge energy under different
polarities of DC voltage, the instantaneous power in the sin-
gle cycle of the sinusoidal waveform was studied. The energy
consumption for DSDPA was the superposition of the energy
consumption driven by the AC pulse power supply and that
driven by the DC high-voltage power supply. Here, the to-
tal power and energy consumption of DSDPA were calculated
feasibly by the voltage and current of each electrode partici-
pating in the discharge. The following formula was used to
calculate the instantaneous power of a single cycle:

P =Upci(t) x 11 (1) + Upcs(t) x B(t) + Uac(t) x L(t). (1)

The mean of the single cycle power of the AC voltage:

1 /T
sz/o Pdr. @)

The current Iy, I, Iz were measured by the current probe
and the voltage Uac was measured by the high voltage probe
in the discharge parameters test system. Figure 7 shows the in-
stantaneous power consumption of DSDPA over a single cycle
at different polarities of DC voltage.
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Fig. 7. Single-cycle instantaneous power of DSDPA under different polarities of DC voltage: (a) Upc = 0 kV, (b) Upc = —8 kV, (¢) Upc = +8 kV.

It can be seen that the instantaneous power of different
kinds of discharge driven by AC voltage is mainly concen-
trated in the first half cycle of the sinusoidal waveform, which
is the main area where the plasma is generated. When sliding
discharge occurs, the discharge current pulses increase more
than that of single DBD discharge. Kong er al.!*’! revealed
that the negative DC voltage can make the electric field inten-
sity increase, resulting in the acceleration of ion drift towards
the bias DC electrode, and thus, the fluid is significantly ac-
celerated. This ion drift causes a heat release recombination
process in the bias DC electrode and could induce interacting
aerodynamic effects.

601 23.65%  [_]1DBD
50 6.45% 51.76 [ el)'cz{?ndeéi' di;charge
141.86 JI 44.56 sliding discharge
40 1
2
30
ar
20
101

0kV +8kV —8kV

Fig. 8. Average power consumption of DSDPA under different polarities of
DC voltage.

Further research is needed on the average power con-
sumption. The average power of a single cycle is 51.8 W at
—8kV DC voltage, 41.8 W at no voltage, and 44.6 W at +8 kV
DC voltage. The instantaneous power and average power con-
sumption of sliding discharge are larger than that of extended
discharge and DBD. Bayoda ef al.[*] indicated that sliding
discharge greatly increases the discharge energy deposited on
the surface of the medium. Researchers also found a signif-
icant addition during the formation of sliding discharge, and
clarified that the addition of power consumption is mainly due

to the current pluses. 34l

3.2. The characteristics of flow field induced by DSDPA

Due to the different polarities of DC voltage, slide dis-
charge and extended discharge occur in the double-side slid-
ing discharge plasma actuator. The mode of the induced flow

field changes fundamentally. The timing characteristics and
structure of the induced flow under the positive and negative
DC voltage are analyzed in the following.

3.2.1. The characteristics of induced flow field under
negative DC voltage actuation

The actuation mode in case 2 was adopted, and the
pulsed frequency was 5 Hz. The left side of the actuator was
driven by a negative DC high voltage, forming discharge fil-
aments across the entire electrode interval, known as sliding
discharge.!'8! A high-frequency PIV system and a high-speed
schlieren system were employed to film the evolution of the
flow field. In the image, the high-voltage electrode (electrode
1) of DSDPA is located at x = 0 mm, and the bias DC elec-
trodes are located at Ax = 20 mm (electrode 2 is located at
x = —20 mm, electrode 3 is located at x = 20 mm). The PIV
results and schlieren diagrams from the start of the actuation
to 0.1 T are analyzed in Fig. 8.

It can be observed that at the initial stage of discharge, the
central electrode generated jet under the action of high voltage
alternating current, which induced the starting vortex on both
sides in Fig. 9(a). The generation of the induced vortex can
be clearly seen in the PIV diagram and the schlieren image at
the time of 5 ms. Meanwhile, the opposite jet under the neg-
ative DC high voltage is induced by electrode 2 against the
high voltage electrode. The starting vortex and the opposite
jet move towards each other, and finally collide in the elec-
trode interval, causing the airflow movement to deflect.

The PIV diagrams in Figs. 9(c) and 9(d) show that the
starting vortex of sliding discharge increases more slowly than
that of DBD. Although electrode 1 continuously injects the
EHD force to both sides, the opposite movement of the op-
posite jet hinders the horizontal movement of the starting vor-
tex, and the momentum exchange also accelerates the starting
vortex caused by the collision of the starting vortex and the
opposite jet.

Further, the PIV diagram of the induced flow field at
15 ms was selected and the horizontal velocity profiles at dif-

ferent positions were analyzed.
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Fig. 9. PIV diagram and schlieren diagram of the flow field in sliding discharge at (a) 5 ms, (b) 10 ms, (c) 15 ms, and (d) 20 ms.
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Fig. 10. The velocity profiles of case 2 at 15 ms: (a) the velocity profiles induced by the high-voltage bias electrode and the none-voltage bias

electrode, (b) sliding discharge, (c) DBD.

Under the same actuated condition, the starting vortex is
simultaneously induced on electrode 1. The velocity profiles
at the x =5 mm and x = —5 mm are symmetrically distributed.
However, at x = —10 mm and x = —15 mm, the horizontal ve-
locity profiles induced by electrode 2 is towards to the right,
indicating that the opposite jet exerts additional disturbance to
the flow field, and the disturbance of the opposite jet mainly
occurs in the region of the electrode interval. The presence
of a negative DC voltage on the left side attracts positive ions

to drift toward electrode 1, while secondary electron emission
also occurs on the surface of the bias electrode and produces
negative ions. The drift of the negative ions under the EHD
force produces a negative EHD force at the bias electrode,
which appears as an induced jet emerging from the side of
the bias electrode. Due to the presence of the opposite jet, the
horizontal movement of the starting vortex is hindered, so that
the horizontal velocity profile at the positions of Ax = 10 mm
and Ax = 15 mm is biased to right. The momentum change
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between the starting vortex and the opposite jet also slows the
growth of the starting vortex driven by electrode 1. The peak
value of the velocity profile in sliding discharge is basically
located at the height of y = 6.8 mm. It is much higher than the
peak value of DBD, which is basically located at the height
of y = 3.8 mm. The jet changes the evolution of the velocity
profile. At the same time, the height of the jet is also increased.

The collision between the starting vortex and the oppo-
site jet caused the flow field to deflect.['®! With the voltage of

40
30
20

y/mm

101

y/mm

—40 —20 0 20 40
z/mm

electrode 2 increasing, the angle of the deflection was further
increased. When the DC voltage was —10 kV, the induced
flow field was vertically upward. The above results indicate
that the existence of electrode 2 can deflect the direction of
the flow field. It is helpful for the actuator to apply directional
disturbance to the external flow field. The aerodynamic char-
acteristics of the flow field provide methods to improving the

ability of flow control and improving efficiency.
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Fig. 11. High-speed schlieren diagram of flow field of sliding discharge under different DC voltages at 0.27'.

3.2.2. The characteristics of induced flow field under
positive DC voltage actuation

The actuation mode in case 3 was adopted, and the left
side of the actuator was driven by a positive DC high volt-
age to generate extended discharge.>!! The dynamic evolution
process of the starting vortex was observed by the high-speed
PIV system, and the detailed evolution of the flow field from
the start of the actuation to 0.17 was analyzed. The PIV results
and schlieren diagrams of the flow field are shown in Fig. 12.

The pulsed discharge under the duty ratio makes the in-
duced flow field unsteady. In Fig. 12(a), electrode 1 gener-
ated the EHD force, and two starting vortexes moved away
from electrode 1. It can be clearly observed that under the
plasma actuation, the starting vortex gradually spreads under
the viscous dissipation with the effect of atmosphere damp-
ing. The horizontal velocity profile of the starting vortex in
extended discharge is obviously faster than that in DBD dis-
charge. It can also be known that extended discharge has a
larger disturbance range in the horizontal direction.*>! The
vortex promotes momentum mixing with the boundary layer
more efficiently and the airflow moves closer to the dielectric
surface, which is important for the jet acceleration.**! There-
fore, extended discharge shows the better potential ability for
flow control.

Figure 13 shows the evolution of the horizontal velocity

profile of extended discharge and DBD at three different posi-
tions of Ax = 15 mm, 25 mm, and 35 mm at the time of 0.17".
The bias electrode is set at the position of x = 20 mm and
x = —20 mm. There are similar horizontal velocities on the left
and right sides at the position of x = 15 mm and x = —15 mm.
However, at the position of x = 25 mm, the horizontal velocity
profile of DBD starts to decrease and the maximum velocity
decreases to about 0.4 m/s, while the horizontal velocity pro-
file of extended discharge on the left side further increases to
0.95 m/s at the position of x = —25 mm. At the position of
Ax = 35 mm, the horizontal velocity profile in extended dis-
charge increases to 1.9 m/s, while there is barely any trans-
verse velocity in DBD at the position of x = 35 mm. Zheng
et al.l'” noted that plasma discharge can cause ions to ab-
normally accumulate on the bias electrode, which can result
in the formation of a secondary electric field, weakening the
primary electric field and reducing the synthetic electric field
on the surface of the actuator. This phenomenon induces ions
to increase the horizontal velocity profile. According to the
evolution at the position Ax = 35 mm, the induced veloci-
ties firstly increase and secondly decrease during the period
of 0.17, which reaches the maximum value at 15 ms. Espe-
cially, the maximum of the induced velocity at different mo-

ments changes basically at the same height.
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Fig. 12. PIV diagram and schlieren diagram of the flow field in the expanded discharge at 5 ms, 10 ms, 15 ms, and 20 ms.
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Fig. 13. Evolution of velocity horizontal component in three different positions of Ax = 15 mm, 25 mm, and 35 mm within the period of 0.17.
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The plasma discharge has a significant acceleration effect
on the nearby boundary layer. Compared with the traditional
dielectric barrier discharge, extended discharge has larger area
and larger intensity, which accelerates the growth of the vor-
ticity.

The results of Soloviev’s research*®! showed that the
EHD force of AC-DBD is mainly caused by the second
half cycle of the sinusoidal waveform, and the origin of the
EHD force is the accumulation of the negative volume charge
carried by the long-life O, and O;. The simulation by
Nishida®”! on the tri-electrode actuator indicated that there is
the negative EHD force on the bias electrode. Driven by the
positive DC high voltage, the electrons triggered ionization to
produce more positive ions. The drift motion of the positive
ions under the EHD force produces the EHD force.

3.2.3. Comparison of induced velocity of extended dis-
charge in different positions

The comparison of induced horizontal velocity between
DBD and extended discharge showed that the induced veloc-
ity of extended discharge obviously increased. According to
the velocity evolution, the velocities induced by extended dis-
charge and DBD are equivalent within the range of x = 0-
20 mm and x = —20-0 mm. In the range of Ax = 2040 mm,
the flow field induced by DBD gradually disappear under the
action of air damping. The velocity induced by extended dis-
charge is further increased under the action of the bias elec-
trode, and reaches the maximum of Vy max = 2.27 m/s at the

position of x = —35 mm.
20 e =235 mm
v =40 mm
15F = 30 mm
o =20 mm
£ s =10 mm
101
E y=4.2mm
R .l > P~
5 % - f: v:'-.
0—2.0 —1.0

=20 mm
=10 mm

y/mm

Fig. 14. Horizontal component of flow field velocity at five different
positions of Ax = 10 mm, 20 mm, 30 mm, 35 mm, and 40 mm at 0.157.

In general, due to the existence of positive DC high volt-
age, the fluid element is accelerated at the bias electrode, in-

Nakail®! ana-

lyzed the mechanism of the positive EHD force generation

creasing the induced velocity up to 203%.

around the bias electrode and the negative EHD force gen-
eration around the central electrode. The drift motion of pos-
itive ions in extended discharge generates the positive EHD
force around the bias electrode. The positive EHD force is
enhanced by negative discharge which appears in the negative-
going voltage phase of AC voltage because extended discharge
is enhanced by supply of high density electrons from the neg-
ative discharge. The negative EHD force generation around
the central electrode is largely contributed by the drift motion
of negative ions generated by negative discharge. Therefore
the unequal energy is injected in the double-side of DSDPA,
which is the reason for inducing asymmetric vortices with dif-
ferent velocities and different vortex strengths.

3.3. Momentum analysis of DSDPA

Applying DC voltages with different polarities signifi-
cantly changes the flow state of the induced flow field, which
is due to the volumetric force on the side of the bias electrode.
The EHD force is too small to measure. Within one pulsed
period, the injection of energy is a mutative process. There-
fore, by integrating the horizontal velocity profile on the PIV
diagram of each moment, the flow momentum M, in the x di-
rection induced by DBD, extended discharge and sliding dis-
charge is obtained.

The control body is set as x = —20-20 mm and y = 0-
10 mm. The effect of the EHD force can be calculated by the
rate of momentum change in the x direction:

F,=dM,/dt. 3)

According to the PIV diagrams, momentum in the x direction
can be calculated by the integral of the horizontal velocity pro-

file in the control body:
M,=p / UdA. @)
A
where the dimension of momentum is kg-m/s or N-s (1 N =
1 kg-m/s?).

Momentum has significant impact on the actuator’s capa-
bility to induce the EHD force. By selecting an appropriate
control body in the fixed area of the induced flow field, and
integrating the horizontal velocity profile, the x-directional in-
duced momentum M, in the fixed control body can be ob-
tained, where M, = [, VdA in units of N-s. Meanwhile, the
change rate of momentum in the control body also reflects the
change of the EHD force (F, = dM,/dr), which is the effi-
ciency evaluation method of the plasma actuator that is widely
used at present. [>°]

The range of the control body is x = —30-0 mm, and
x = 0-30 mm horizontally, and y = 0-10 mm vertically. M,
in DBD and extended discharge both appear at 7% = 0.15, and
then momentum slowly declines. The peak of M, in extended
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discharge appears near 7* = 0.3, and M, in extended discharge
(M, gx—pBD = 1.96 10~* N-s) is higher than that in sliding
discharge (M, si.—ppp = 1.78 10~* N-s), and the results are
much higher than that in DBD (M, pgp = 0.69 x 10~4 N-s).
Momentum growth is the interaction of plasma actuation and
air damping. Under the driving effect of plasma, the start-
ing vortex accelerates. When there is no plasma any longer,
the induced flow field is mainly affected by air damping, and
the momentum decreases. According to Figs. 12 and 13, the
maximum value and the vertical height of the velocity profile
induced by extended discharge is high. In the same pulsed cy-
cle, the momentum growth has a larger peak value and a faster
growth rate. However, the momentum growth in sliding dis-
charge lasts longer in the whole pulsed cycle, indicating that
sliding discharge can also inject more momentum into the sur-
rounding flow field. Bayoda er al.!*®! observed the propaga-
tion of the ionization channels over the surface of the actuator,
and the ionized channels of sliding discharge expand further.
These measurements by phase provide the basis for the con-
tinuous momentum growth of sliding discharge.

I l'a DBD
| l'e sliding discharge
- 2r ® : ¢ extended discharge
'@ |
g
2 ! :
~ 1F,
| |
=)
— | |
3 I |
= |
0 |
IT"=0.15 | T"=0.50
I 1 1 l 1 1
0 0.2 0.4 0.6 0.8 1.0

Fig. 15. Momentum change under different discharge modes within a
period of 0.4T.

Extended discharge has a higher effect on the velocity
profile than the other two kinds of actuation, and sliding dis-
charge has the characteristics of producing large-area plasma.
With the comprehensive consideration, it can be known that
both extended discharge and sliding discharge can generate
strong aerodynamic efficiency above the surface of the actu-
ator.

4. Conclusion

The high-frequency PIV system and high-speed schlieren
system have been used to research the evolution of the flow
field induced by extended discharge and sliding discharge of
DSDPA. The following conclusions are obtained.

(1) Sliding discharge and extended discharge are filamen-
tary discharge. During sliding discharge occurs, the irregular
current pulses fluctuate significantly, and the discharge pulses
have extremely high pulse peaks. The negative DC voltage ac-
celerates the drift of the positive ions, ultimately forming the

discharge channel having a width of 18 mm filled with high
energy discharge filaments. Under the action of positive DC
voltage, no stable sliding discharge zone can be formed in the
electrode interval due to fact that positive ions play a major
role in the charge drift. The instantaneous power and average
power consumption of sliding discharge are larger than those
of extended discharge and DBD.

(2) Sliding discharge induce the opposite jet at the side of
the bias electrode. The opposite jet moves towards the start-
ing vortex and the collision causes the movement direction of
the flow field to deflect. Secondly, a bulge structure caused
by the opposite jet is formed in the area of sliding discharge.
In general, the existence of the bias electrode can change the
direction of the flow field. It is helpful for DSDPA to apply
directional disturbance to the external flow field.

(3) Extended discharge can accelerate the horizontal ve-
locity profile of the starting vortex by increasing the induced
velocity up to 203%. Extended discharge has the ability of
accelerating the velocity profile. The maximum value and the
vertical height of the velocity profile induced by extended dis-
charge increase.

(4) In the same pulsed cycle, the momentum growth
caused by extended discharge has a larger peak value and a
faster growth rate. Extended discharge has a higher effect on
the velocity profile than the other two kinds of actuation. How-
ever, the momentum growth of sliding discharge lasts longer
in the whole pulsed cycle, indicating that sliding discharge can
also inject more momentum into the surrounding flow field.
Both extended discharge and sliding discharge can generate
strong aerodynamic efficiency above the surface of DSDPA.
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