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In this paper, aerodynamic actuation characteristics of radio-frequency (RF) discharge plasma are studied and a
method is proposed for shock wave control based on RF discharge. Under the static condition, a RF diffuse glow dis-
charge can be observed; under the supersonic inflow, the plasma is blown downstream but remains continuous and stable.
Time-resolved schlieren is used for flow field visualization. It is found that RF discharge not only leads to continuous
energy deposition on the electrode surface but also induces a compression wave. Under the supersonic inflow condition, a
weak oblique shock wave is induced by discharge. Experimental results of the shock wave control indicate that the applied
actuation can disperse the bottom structure of the ramp-induced oblique shock wave, which is also observed in the extracted
shock wave structure after image processing. More importantly, this control effect can be maintained steadily due to the
continuous high-frequency (MHz) discharge. Finally, correlations for schlieren images and numerical simulations are em-
ployed to further explore the flow control mechanism. It is observed that the vortex in the boundary layer increases after the
application of actuation, meaning that the boundary layer in the downstream of the actuation position is thickened. This is
equivalent to covering a layer of low-density smooth wall around the compression corner and on the ramp surface, thereby
weakening the compressibility at the compression corner. Our results demonstrate the ability of RF plasma aerodynamic
actuation to control the supersonic airflow.

Keywords: radio-frequency (RF) discharge plasma, surface discharge, flow control, aerodynamic actuation

PACS: 47.40.—x, 47.40.Ki, 52.70.Gw, 52.80.Pi

1. Introduction

Plasma flow control (PFC) has become an effective
method for active control mode in recent years. Previous stud-
ies have shown that plasma aerodynamic actuation can effec-
tively improve the structure of a supersonic flow field, such as
controlling boundary layer transition, reducing flow instability
and sonic boom mitigation.!'* Shock wave control has also
drawn increasing attention, mainly focusing on reducing the
shock wave drag on aircraft, improving the shock wave struc-
ture of the inlet at off-designed state, achieving thrust vector
control by inducing an oblique shock wave, ezc.!>0!

Leonov and Yarantsev employed quasi-direct-current sur-
face arc discharge to examining discharge characteristics and
supersonic flow control. Under the supersonic condition, an
oblique shock wave was induced by plasma actuation, and
flow parameters were greatly affected by the loading power.
At the same time, the angle of oblique shock wave dropped
from 60° to 45° after the application of actuation during
the ramp-induced shock wave control, and the surface resis-
tance in downstream of the actuation position also decreased
significantly.[”) Menier et al. carried out the experiments on
controlling the supersonic flow field by direct current (DC)
discharge plasma aerodynamic actuation and concluded that
pressure distribution on the plate surface and shock wave an-
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gle are dependent on the polarity of the electrode. Hence, it
can be inferred that the action mechanism of plasma actua-
tion included both the heating effect and kinetic momentum
of the charges.[®! Joussot et al. analyzed the control mech-
anism and established that the effect of heating wire on the
oblique shock wave was about half of that under plasma ac-
tuation. This also indicates that ionization effect of plasma
plays an important role in flow control.l”) Jin et al. explored
the evolution of plasma synthetic jet under static condition by
means of time-resolved schlieren photography and found that
the jet velocity can reach up to 100 m/s. After applying the
actuation an oblique shock wave can be induced under super-
sonic inflow with a Mach number of 2.1'% Nishihara et al.
focused on the control of cylinder-detached shock wave by us-
ing ns-DBD plasma actuator, which is installed on the surface
of cylinder. Using a supersonic inflow at a Mach number of
5, the detached distance of the detached shock wave under
plasma actuation was enhanced by 25%, which corresponds
to the shock wave weakening.!'"'?! Lashkov e al. showed
that detached shock wave can be controlled by microwave dis-
charge plasma. Both schlieren images and pressure measure-
ments demonstrated that the actuation led the shock wave to
move upstream, the detached distance to increase, and the in-
tensity to weaken.!!3] Wang et al. investigated the instabil-
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ity of shock wave/boundary layer by using array synthetic jet
discharge. Multiple discharging circuits were arranged for in-
creasing spanwise disturbance. Under the application of actu-
ation, the separation zone of shock wave decreased in size and
the separated and reattached shock waves moved upstream. ['4]

Based on the discharge mode, the plasma aerodynamic
actuation can be classified as arc discharge actuation, dielec-
tric barrier discharge actuation, plasma synthetic jet actua-
tion, efc.; based on the discharge power frequency, it can
be classified as direct discharge, ns-pulsed discharge, radio-
frequency (RF) discharge actuation and microwave discharge
actuation, efc. Compared with other discharge styles, RF
discharge exhibits several advantages including high heating
efficiency, strong discharge stability, and convenient power
adjustment.'>1%] In particular, previous studies also con-
firmed the favorable thermal effect of RF-DBD.!'"1 All of
these suggest that RF plasma has great potential in shock wave
control. However, due to shortcomings such as unfocused dis-
charge energy and low induced velocity for DBD, the shock
wave control effect by RF DBD is very weak, which has been
confirmed in previous studies.[!8! Hence, to overcome these
limitations, RF surface discharge actuator is proposed for its
potential in higher concentrated discharge energy. Further-
more, RF surface discharge may impose a persistent distur-
bance on shock wave due to the high-frequency sine voltage
waveform, which means that its discharge stability may be
better than the pulse surface discharge stability. In this study,
the aerodynamic actuation characteristics of RF surface dis-
charge plasma are first investigated, including the discharge
and flow field characteristics. Then, the experimental investi-
gations of induction of shock wave and ramp-induced oblique
shock wave control by aerodynamic actuation are performed.
Finally, the control mechanism is analyzed from correlations
and numerical simulations, along with the acquisition of flow

field parameters such as density and wall pressure before and
after the actuation.

2. Experimental system
2.1. Supersonic wind tunnel

Figure 1 shows the structure of a supersonic wind tunnel
with a Mach number of 2, which mainly consists of rectifi-
cation, supersonic nozzle, test section, diffuser and vacuum
pump. Prior to starting the experiment, the tunnel is set up
until working pressure decreases to 5 kPa. When the tunnel is
started, the polyethylene(PE) film fixed on the nozzle exit is
broken down and stable operation of the wind tunnel can be
maintained for 2 s—3 s. Multiple shielding nets are arranged in
the rectification to ensure uniform distribution of airflow in the
test section. The specimen is placed in the test section. Images
of discharging process and flow field are acquired through the
vertical and horizontal optical inspection windows. Table 1
shows the detailed flow conditions of the wind tunnel. The to-
tal pressure of the incoming flow in the wind tunnel is P, the
total temperature is Ty, Ps and Tg are the static pressure and
static temperature, respectively, the unit Reynolds number of
the wind tunnel is Re~!, p and u.. are the density and velocity
of incoming flow, respectively.

" Wt
. test section diffuser

- l Vatcu m ||
L

Fig. 1. Supersonic wind tunnel with Mach number of 2.

Table 1. Detailed flow conditions of wind tunnel.

Parameters P/kPa T/K

Pi/kPa Ts/K

Ma p/(kg/m®) Uso/(m/s) Re™!

Value 95.6 296 12.218

164.4

2 0.259 514.1 1.19 x 107

2.2. Circuit system

As shown in Fig. 2, the discharge circuit is mainly com-
posed of an RF power supply, impedance matching circuit,
plasma actuator and discharge diagnostic systems. The RF
power supply (AG 1071L, T & C) operates in a frequency
range of 10 kHz—10 MHz, and the maximum power in contin-
uous operation can reach up to 500 W. The impedance match-
ing circuit is designed to add as much as load power into the
actuator as possible, and is connected between the RF power

supply and the surface discharge actuator. The discharge volt-

age and current waveform are measured with a high-voltage
probe and current probe. The voltage probe used in this paper
is Tektronix P6015 A with an attenuation ratio of 1:00, which
can test dc 20 kV and pulse 40-kV voltage. The current probe
is Tektronix TCPOO30A with 120-MHz bandwidth, which has
a wide range of test. The test signal is displayed and recorded
by Tektronix DPO4104 digital oscilloscope. This oscilloscope
has four acquisition channels with sampling frequency up to
5 GHz/s, and has the function of an output trigger signal,

which can fully meet the requirements for the experiment.
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Fig. 2. Schematic diagram of circuit system.
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Fig. 3. (a) Plate-ramp experimental specimen, and (b) physical model.

As shown in Fig. 3, the discharge actuator is installed in
the groove on the surface of plate-ramp experimental speci-

signal from wind tunnel

men. The surface discharge actuator consists of a ceramic di-
electric flat plate and two tungsten electrodes each with a di-
ameter of 2 mm, which are arranged in a spanwise pattern. The
electrodes are vertically embedded in the dielectric plate with
spacing of 10 mm, and it is installed 10 mm away from the
front edge of the ramp. The width of the flat plate is 80 mm
and the inclination angle of wedge-shape part in the front is
15°. The distance between the leading edge of the plate and
the compression corner of the ramp is 170 mm, and the incli-
nation angle of the ramp is 10°. In order to minimize the exper-
imental error the surface of the actuator and plate are subject
to mirror polishing.

2.3. Schlieren system and synchronization system

In this study, a schlieren system with typical Z-shaped
structure is used to observe the flow field. The system con-
sists of a white xenon light source, two concave mirrors each
with a focal length of 300 mm, a vertical knife edge, and a
high-speed camera (Phantom V2511). The sampling rate of
the high-speed camera is set to be 4 x 10* Hz, the exposure
time is set to be 1 ps, and the pixel array is 1280 x 400.

Figure 4 shows the synchronization system, which was
included a wind tunnel, high-speed camera and power supply.
The pressure signal from the starting of the wind tunnel is used
for triggering the oscilloscope. Because the supersonic wind
tunnel in the laboratory needs about 0.2 s to stabilize the flow
field after starting up, the time delay is set to be 0.5 s to ensure
that the power supply is triggered for discharging after the gen-
eration of a stable flow field. Accordingly, both the reference
flow field and the flow field after the application of actuation
are captured by the high-speed camera.

CCD camera

Y

oscilloscope [ delay genetator

0.5 s delay

waveform generator

radio frequency
generator/amplifer

Fig. 4. Schematic diagram of synchronization system.

3. RF discharge plasma aerodynamic actuation
characteristics

3.1. Discharge characteristics under RF discharge plasma
aerodynamic actuation

Figures 5(a) and 5(b) show the waveforms and images
acquired during RF surface discharge under the static and su-
personic conditions, respectively, and Table 2 presents the de-
tailed experimental conditions. From the voltage and current
waveform, it can be concluded that the peak current drops
from 2.2 A to 1.8 A, whereas peak voltage increases from

2350 V to 2600 V under the supersonic airflow. This trend
is similar to the scenario of RF-DBD discharge.'® From the
surface DC discharge theory,!”! it can be inferred that charged
particles around the electrode are blown away by supersonic
airflow, leading to a drop in the concentration of charged par-
ticles and a subsequent decline in discharge current. The in-
crease in the voltage peak can be explained by the fact that
a greater breakdown voltage is required under lower particle
concentration according to the theory of reduced electric field
E/N.
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Fig. 5. Voltage—current waveforms and discharge image in (a) quiescent air and (b) supersonic airflow
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Table 2. Experimental conditions. The unit 1 Torr=1.33322x 107 Pa.

Parameters Output power/W

reflective power/W

Frequency/MHz Operating pressure/Torr Ma

Value 150 90

1.30 100 2

Under the static condition, the discharge mode is referred
to as a diffuse glow discharge. The plasma on the electrode
surface is white in color while the surrounding is violet blue.
In contrast, under the supersonic condition the plasma is blown
downstream and turned pink. Earlier studies showed that the
surface discharge mode is mainly determined by operating
pressure and power.!!'”) Obviously, the operating pressure on
the surface of electrode is different in the case with incoming
flow from that in the case without incoming flow and the gas
flow also has an influence on the density of the charged par-
ticles. These factors may result in different discharge modes
and colors.

3.2. Flow field characteristics under RF surface discharge

plasma aerodynamic actuation

Surface discharge plasma imposes disturbance on the su-
personic flow field by generating compression waves and en-
ergy deposition in the rapid heating process.!!>2% Therefore, it
can be inferred that similar actuation characteristics may exist
in the RF surface discharge process. In this study, the genera-
tion and propagation of RF discharge plasma are recorded by
using the time-resolved schlieren technique and the effect of
operating pressure (20 Torr~ 100 Torr) on flow field charac-
teristics is investigated. From the schlieren images, it can be

observed that the RF discharge can indeed cause energy de-
position on the electrode surface and induce a compression
wave as shown in Fig. 6. Under the same operating pres-
sure, the compression wave uniformly spreads all around in
the air and the boundary of compression wave becomes grad-
ually blurry, suggesting the gradually weakening intensity. At
the same time, the compression wave becomes more obvious
under higher operating pressure as a result of greater air den-
sity. The velocity of the compression wave changes under dif-
ferent operating pressures, suggesting that the intensity is not
constant.

The compression wave can only be generated when trig-
gered by the power supply; i.e., no compression wave is gen-
erated in the following continuous discharge cycles. If the
compression wave can be generated in each discharge cycle,
then its time interval should be one period, namely about 1 us.
However, in Fig. 6, it cannot be found that new compression
wave is generated during the compression wave propagation.
This confirms our previous conclusion. As for the reason, in
our opinion, because time delays the temperature of the elec-
trodes and the air around both increase, this leads the pressure
difference between them to decrease. In this case, it is more
difficult to produce a compression wave.
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induced
compressive wave

¢ heat

20 mm

10 mm
volume

20 Torr AT'=25 us 40 Torr AT =25 ps

60 Torr AT'=25 us 100 Torr AT'=25 us
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40 Torr AT'=50 us

20 Torr AT =75 ps 40 Torr AT=75 us

60 Torr AT =50 us 100 Torr AT'=50 us

60 Torr AT'=75 ps 100 Torr AT=75 us

Fig. 6. Generations and propagations of RF discharge plasma under different operating pressures (20 Torr—100 Torr).
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Fig. 7. (a) Variations of compression wave velocity with time at dif-
ferent operating pressure, and (b) variations of RF surface discharge
single-cycle energy with operating pressure.

Figure 7(a) shows the variations of compression wave ve-
locity with time under different operating pressures. Overall,
the velocity of compression wave gradually decreases from its
initial value to approximately 345 m/s in the propagation pro-
cess. At AT = 25 us, the velocity of compression wave under
an operating pressure of 20 Torr reaches a maximum value of
430 m/s, while the compression wave velocities under 60 Torr
and 100 Torr are lowest. A previous study has concluded that
the compression wave velocity is closely related to the instan-
taneous discharge power (single-cycle energy).!?!! In Fig. 7(b)

the variation of RF surface discharge single-cycle energy with
operating pressure is given in the early study.!??! Combined
with the rule above, the relationship between the compres-
sion wave velocity and the operating pressure can be explained
as follows. At the operating pressure below 60 Torr, single-
cycle energy drops gradually with the increase of operating
pressure according to the charge—voltage (Q-V) Lissajous fig-
ure; therefore, it results in the same trend for the compression
wave velocity, as shown in Fig. 7(a). At an operating pres-
sure above 60 Torr, discharge mode changes from diffuse glow
discharge to constricted discharge, single-cycle energy almost
remains unchanged, which leads to the same trend of compres-
sion wave velocity as displayed in the figure.

AT=3.125 ms

AT=0.625 ms

AT=1.25 ms AT=1.875 ms AT=2.5ms

Fig. 8. Evolution of discharge energy deposition with time at 100 Torr.

Due to the continuous discharge characteristics, it is nec-
essary to further investigate the process of discharge energy
deposition. Figure 8 shows the evolution of discharge energy
deposition with time at 100 Torr. As the discharge time in-
creases, the volume of energy deposition induced by RF sur-
face discharge increases constantly, following a semicircular
cross-section. Figure 9 shows the surface temperature distri-
bution measured by a thermal infrared imager, where the max-
imum discharge temperature can reach up to 570 K, which is
indicative of a thermal effect. Accordingly, under supersonic
inflow, continuous discharge can impose disturbance on the
flow field continuously, and thus exhibits the potential for sta-
ble control.
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Fig. 9. Spatial distribution of surface temperature at 100 Torr.

4. Flow control by RF surface discharge aerody-

namic actuation
4.1. Experiments on induction of shock wave by RF dis-

charge plasma under supersonic condition

Although the RF discharge can induce the weak compres-
sion wave and heat air that flows through the electrode surface,
it is still unclear that whether it can disturb the flow field and
how it is achieved. Next, the relevant experiments on the in-
duction of shock wave for detailed analysis are performed.

Figure 10 shows the disturbing supersonic inflow by RF
discharge, and figures 10(a) and 10(b) indicate the flow field
without and with actuation, respectively. After applying the
actuation, it can be observed that an oblique shock wave ap-
pears around the electrodes. Therefore, the plasma can be
treated as a virtual profile.!”! Furthermore, the induced oblique
shock wave is stable and can be observed at the subsequent
time intervals, which may be inferred to be the caused by the
high-frequency continuous discharge, based on the evolution

of the discharge energy deposition that is shown in Fig. 8.

20 mm

10 mm

induced shock
wave

—

Fig. 10. Time-resolved schlieren visualization of the disturbing super-
sonic inflow (a) without and (b) with actuation.
To further investigate the control rules of the induction of
shock wave by RF discharge plasma, the relationship between

RF discharge plasma and the mainstream is determined as

shown in Fig. 11. Furthermore, the angle of discharge-induced

shock wave mainly relates to discharge power and the Mach

number of mainstream and can be expressed as follows: [>]

2o (V) _y—114W
tan (9)_(8)6 oy mzxpV’ M
_ 2 win?
an(B—0) = 2+ (y—1)xM=sin“f 1 @

(y+1)xM?sinf xcosf ~ /M2—1

where 6 denotes the inclination angle of the virtual profile,
B is the angle of discharge-induced shock wave; x and z rep-
resent the maximum length and thickness of the plasma vir-
tual profile, respectively; M refers to the Mach number of the
supersonic inflow, W is the mean discharge power, V is the
mainstream velocity, and P is the static pressure. It should be
noted that energy transformation ratio is not considered and W
should be replaced by nW.

induced oblique
shock wave

_electrode

Fig. 11. Scheme of formation of induced oblique shock wave

To validate these equations, the variation of § with W is
fitted by experimental data. As shown in Fig. 12, the theoreti-
cal fit is in good agreement with experimental data, suggesting
that the loading power can significantly determine the control
effect. The experimental data are sourced from schlieren im-
ages, as shown in Fig. 13. Table 3 shows the detailed val-
ues of various parameters in Eqs. (1) and (2). The schlieren
images are obtained by performing mean gray processing on
4000 original images, thereby ensuring the accuracy of the ex-

perimental data.

40
—— theoretical fit

o —e— experimental data
~

2L

2

s 35

¢

)

3

<

1]

B

g 30+

ol

=

0 100 200 300

Power/W

Fig. 12. Theoretical fit to experimental data of induced shock wave
angle.
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gradient of the pixel intensity of the coordinate (x, y) in the

(b)  induced oblique
shock wave

schlieren image. Figure 15(b) shows the processed results on
the datum flow field in Fig. 15(a), where the oblique shock

'\32-8" wave is more evident. Since the airflow velocity is low at the

bottom of the shock wave and around the wall, pixel intensities
are unchanged and only sparse black points are observed at the
corresponding positions. Additionally, no installation wave is
observed in Fig. 15(b) since it is relatively weak.

Fig. 13. Schlieren photos of the induced shock wave at (a) baseline, (b)
71 W, (c) 132 W, and (d) 196 W.

Table 3. Parameters for theoretical fit.

Parameters P/kPa X,z/mm M V/(m/s) n

Value 12.218 10,3 2 514 0.2

4.2. Experiments on controlling ramp-induced oblique
shock wave under RF discharge plasma aerodynamic
actuation
Figure 14 shows the evolution process of the ramp-

induced oblique shock wave control under RF discharge

plasma actuation. Since the compression ramp has a small
inclination angle, the oblique shock wave almost exhibits no
separation. At AT = 25 us, discharge-induced oblique shock
wave with a height of HI is observed at the bottom of ramp-
induced oblique shock wave. However, the compression wave
is not observed, suggesting that the compression wave imposes
minor effect on the flow field. At AT = 50 ps, discharge-

) ) Fig. 14. Time-resolved schlieren visualization of the ramp-induced oblique
induced shock wave further propagates to a height of H2, and shock wave control process with plasma actuation at (a) AT = 25 s, (b)
AT = 50 ps, (c) AT =75 ps, (d) AT = 100 ps, (e) AT = 125 us, (f)

the structure at the bottom of oblique shock wave begins to be AT — 150 us, (2) AT — 175 ps, and (h) AT = 200 ys.

scattered. Subsequently, from AT =75 ps to AT = 175 us, the
discharge-induced oblique shock wave extends to a height of B0 mm
H3 and converges with the ramp-induced oblique shock wave.
The boundary point of the scattered shock wave gradually ele- 20 mm
vates and is finally maintained at the same height. This change
in ramp-induced shock wave structure is similar to the result 10 mm

demonstrated by Leonov et al.**! and Falempin et al.>!

For a better visualization of the change of ramp-induced
shock wave structure, the spatial gradient calculations are con-
ducted on the schlieren image, thereby extracting shock wave
structure from the flow field. The spatial gradient of schlieren

image can be extracted as follows: (2]

oI\ 2 oI\ 2 - 10 mm
GG e [

Qo Bl a2 a0

where I denotes the intensity of each pixel in the schlieren . o ) )
Fig. 15. Visualization of baseline flow field: (a) schlieren snapshot and (b)

image (i.e., the density gradient), and I, refers to the spatial intensity gradient in the same schlieren image.
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Y

S

25 us 50 us 75 us 100 pus 125 ps 150 pus 175 ps 200 ps 225 ps 250 ps 275 us AT
Fig. 16. Evolution process of oblique shock wave system under actuation.
Figure 16 shows the extracted shock wave structures at  wall pressure measurement.>’] In order to enhance the cal-

different time intervals according to the previously described
method. From AT = 25 us to AT = 175 us, the discharge-
induced scattered shock wave becomes more prominent as
seen evidently from the black area at the bottom of oblique
shock wave. Thus, it can be concluded that the gradient mag-
nitude is weak. At AT = 200 us, the shock wave structure re-
mains unchanged, indicating that the actuation control reaches

a stable state.

4.3. Control principle of oblique shock wave under RF dis-
charge plasma aerodynamic actuation

The experimental results of the shock wave control by
surface arc actuation under the supersonic condition, given in
previous studies are basically similar to the results obtained in
this paper.[?> Therefore, surface arc discharge has certain ref-
erence significance for the research on the mechanism of RF
actuation control shock wave.

According to the control mechanism of surface arc dis-
charge, the dispersion of shock wave after the application of
actuation is due to the fact that the discharge can rapidly heat
the boundary layer and enhance gas turbulence.!'3! In order to
validate the change of boundary layer induced by RF discharge
plasma aerodynamic actuation, in this study we use a correla-
tion method for calculating the evolution of vortex cluster in

the boundary layer!?”-28]

1 & [1(n) — L) [T (n) — I
ck,(i,j)=NtZI[’(") (;j[cz(”) -

where J;;(n) denotes the pixel intensity at the coordinate (i, j)
in the n-th schlieren image, Ii;(n) the pixel intensity at any a
point (k,l) in the image; [;; and Ij; represent the mean pixel
intensities at the coordinates (i, j) and (k,/) in all images, re-
spectively, o;; and oy, the standard deviations of pixel inten-
sity at the coordinates (i, ) and (k,/) in all images, respec-
tively. In order to use the correlation method, a reference
point is selected in the shock wave or the boundary layer; then,
the correlation with the surrounding flow field is investigated

based on the pixel intensity, of which the result is unlike the

culation precision, 5000 schlieren images with a resolution of
432 x 296 pixels are selected for processing; meanwhile, point
P (266, 275) is set to be the reference point and the related cor-

relation images are generated as shown in Fig. 17.
0.8 (a)
I0.6 7

0.2 _

0 p

-~ & 2

Fig. 17. Correlations when the reference point P (266, 275) (4+symbol)
is at the boundary layer (a) without and (b) with actuation.

By comparing these two images, it can be observed that
after discharge the positive-correlation region around point
P increases marginally, and negative-correlation regions ad-
jacent to both upstream and downstream are also more ap-
parent. This result is consistent with those of earlier stud-
ies where the negative-correlation region is observed near the
positive-correlation region with the reference point upstream
and downstream. In addition, the characteristic structure of
the vortex cluster can be characterized by both magnitude and
size.[15] Hence, it can be concluded that the vortex cluster in
the boundary layer expands after the application of actuation.

Numerical simulations are performed for precisely ana-
lyzing the structure of shock wave boundary layer and dif-
ferent flow field parameters. The typical plate-ramp mesh
model consists of 962644 cells, where the spacing ratio near

wall is set to be 1.2 and the mesh height at the bottom is
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- power
smoothing of power

1075 m, thereby ensuring y+ < 1. The boundary conditions

single cycle]
B EE———

are identical to the experimental conditions as listed in Ta- 1200
ble 1. The calculation is based on the solutions of Reynolds-
averaged, N-S equations with shear stress transport (SST) k—
® model. During the setting up of the heat source, the in-

stantaneous power curve is smoothed to extract the change in

power as shown in Fig. 18. Obviously, the simulation preci-
sion is enhanced compared with the sine waveforms by Wang

et al."81 A W-shaped single-cycle power curve is observed

. . . t/us
with a frequency of 1.3 MHz and a maximum power density . , . .
: Fig. 18. Experimental instantaneous power waveforms and their sim-
of 5.9 x 1019 W/m?3. plified style for simulating the energy deposition of discharge.
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Fig. 19. RMS schlieren image (a) without and (b) with actuation. Density gradient image (c) without and (d) with actuation. Density
image (e) without and (d) with actuation

To examine the accuracy of the experimental results and Figs. 19(e) and 19(f).

also for validating the reliability of the simulation results, root-

mean-square (RMS) schlieren images are compared with den- 14 - with actuation

sity gradient images as shown in Fig. 19. Each RMS schlieren -~~~ without actuation

image is processed from 4000 schlieren images. From this 12 .

comparison, it is evident that the shock wave structure in den- £ position 1

sity gradient images is similar to that in the RMS schlieren im- 2

ages before and after the application of actuation. The bound- 5 10

ary layer in the downstream of the actuation position is also

significantly thickened after the application of actuation. This

is equivalent to the coverage of a layer of low-density smooth 8 i

wall on the ramp surface, thereby weakening the compress- I S AR AN RN AT AT AT AR
ibility at the compression corner./?>! Moreover, the density of 0-10 0-14 X/m 0-18 0.22
the boundary layer drops noticeably after the application of Fig. 20. Pressure variation along the wall surface with and without ac-
actuation and this confirms the previous analysis, as shown in tuation.
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Figure 20 shows the comparison between the distribution
patterns of wall pressure before (black dashed line) and after
(red solid line) the application of actuation. After discharge,
the pressure at position 1 increases because of the decline in
the local Mach number, whereas the pressure on the surface
of the boundary layer behind the shock wave is lower than the
baseline pressure without actuation. The present conclusions

are consistent with the results demonstrated by Wang et al.[>!]

5. Conclusions

We first performed wind tunnel experiments to investigate
the characteristics of RF discharge plasma aerodynamic actua-
tion and flow control. The control mechanism is then explored
with the help of correlations and numerical simulations. Our
main conclusions are described below.

Under the supersonic condition, diffuse discharge plasma
mass is blown downstream. At the same time, the peak current
drops while the peak voltage increases.

The RF discharge not only produces energy deposition
on the electrode surface but also induces compression wave.
The compression wave exhibits different propagation veloci-
ties under different operating pressures. At an operating pres-
sure of 20 Torr, the velocity of the compression wave reaches
a maximum value of 430 m/s, whereas a minimum velocity is
observed at 60 Torr and 100 Torr. The energy deposition vol-
ume in RF surface discharge has a semicircular cross-section
and gradually increases with time going by. In the energy de-
position process, the maximum discharge temperature reaches
up to 570 K.

Under the supersonic condition, the compression wave in-
duced by RF discharge plasma is distorted under the action
of airflow and an oblique shock wave is generated around the
electrode. The stable oblique shock wave is obtained due to
the continuous RF discharge. The RF discharge plasma scat-
ters the structure on the bottom of the oblique shock wave, and
this effect can also be steadily maintained.

The positive-correlation region corresponding to the ref-
erence point in the boundary layer increases marginally af-
ter the application of actuation, and the adjacent negative-
correlation regions in both upstream and downstream also in-
crease significantly. Accordingly, the vortex cluster in the
boundary layer expands after the application of actuation. The
boundary layer in the downstream of the actuation position
density gradient images and RMS images are thickened no-

ticeably, which is equivalent to the coverage of a layer of low-

density smooth wall on the slope surface. Consequently, the
compressibility at the compression corner is weakened. It can
be observed from the density cloud charts that the density in
the boundary layer after the application of actuation drops sig-
nificantly, which also confirms the previous analysis. The vari-
ation of wall pressure reveals that the discharge can reduce the
local Mach number and increase the pressure. The pressure on
the surface of boundary layer behind the wave is lower than

the datum pressure after application of actuation.
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