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Influence of low ambient pressure on the performance of a
high-energy array surface arc plasma actuator
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In order to solve the problem of single arc plasma actuator’s failure to suppress the boundary layer separation, the
effectiveness of the array surface arc plasma actuator to enhance the excitation intensity is verified by experiment. In this
study, an electrical parameter measurement system and high-speed schlieren technology were adopted to delve into the
electrical, flow field, and excitation characteristics of the high-energy array surface arc plasma actuator under low ambient
pressure. The high-energy array surface arc discharge released considerable heat rapidly; as a result, two characteristic
structures were generated, i.e., the precursor shock wave and thermal deposition area. The duration increased with the
increase in environmental pressure. The lower the pressure, the wider the thermal deposition area’s influence range. The
precursor shock wave exhibited a higher propagation speed at the initial phase of discharge; it tended to decay over time
and finally remained at 340 m/s. The lower the environmental pressure, the higher the speed would be at the initial phase.
High-energy array surface arc plasma actuator can be employed to achieve effective high-speed aircraft flow control.
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1. Introduction
As fueled by the advancement of aerospace technology

and advanced engine technology, high-speed aircraft is subject
to increasingly sophisticated flow problems.[1,2] Thus, novel
control technologies should be explored to enhance the flight
control performance of high-speed aircraft.[3,4] Effective flow
control methods can be divided into passive control and active
control.[5] Besides, the active control technology is capable
of modifying the control strategy in real time abiding by the
working state of the controlled object; it also exhibits flexible
layout, thereby avoiding the mutual interference between the
actuator and the flow field, as well as additional resistance.[6,7]

It has been extensively adopted to inhibit flow separation,[8]

boundary layer transition,[9] and drag reduction.[10]

Plasma flow control refers to an active flow control tech-
nology complying with the emerging concept of plasma aero-
dynamic excitation. Given a variety of action forms, typical
plasma actuators include dielectric barrier discharge plasma
actuators, plasma synthesis jet actuators, and surface arc
plasma actuators. The dielectric barrier discharge actuator ex-
hibits relatively weak disturbance intensity; besides, the flow
control effect is difficult to enhance, which is not suitable for
high-speed flow control.[11] Pulsed arc discharge plasma ac-
tuators and plasma synthetic jet actuators have been primarily
discussed in most studies on supersonic flow control world-
wide. The plasma synthetic jet exhibits a large excitation in-
tensity, whereas under the physical limitations of the cavity,
a saturation frequency is identified. The need of supersonic
flow for high frequency excitation is difficult to satisfy.[12]

The surface arc plasma actuator exhibits more advantages in
supersonic flow control. Moreover, the technical advantages
have been elucidated. First, the excitation intensity is large, so
shock waves can be generated to satisfy the high-intensity ex-
citation requirements. Second, the electrode is flush with the
wall surface, and no additional resistance is identified.

The surface arc plasma actuator, as an emerging active
flow control technology, has promising applications in high-
speed aircraft flow control for its simple structure, large exci-
tation intensity, and fast response.[13] Samimy et al. in 2004
initially proposed the concept, which was introduced to con-
trol compressible jets. Because of the large excitation inten-
sity, it has been progressively applied in high-speed flow con-
trol research.[14] Bletzinger drew the general control principle
of pulsed arc discharge in his review. The energy deposition in
the excitation zone can enhance the local sound velocity and
down-regulate the Mach number, so the control effect can be
achieved, i.e., the flow field is modified.[15]

The existing surface arc plasma excitation employed for
the flow control of high-speed aircraft is formed as a pulse
arc. With the increase in the excitation frequency, the con-
trol time of the plasma excitation is prolonged. Samimy’s
team experimentally studied controlling shock wave bound-
ary layer interaction by pulsed arc plasma excitation. To
be specific, a group of actuators were arranged in the up-
stream of the shockwave, and the excitation frequency was
in kHz. Shock instability decreased, whereas the frequency
of instability remained unchanged, and the separation was
not suppressed.[16,17] As revealed from the analysis, the main
cause of the poor flow control effect is due to insufficient ex-
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citation intensity and frequency, so a stable control effect is
difficult to form.[18–20] To develop an effective way of stabil-
ity control, the present study proposed adopting a large energy
array surface arc plasma actuator control mode to enhance the
excitation intensity and prolong the duration to satisfy the re-
quirements of high-intensity large-area excitation.

The studies on the characteristics of surface arc plasma
discharge worldwide highlight two aspects, i.e., the structural
parameters (e.g., electrode spacing and size), and the discharge
parameters (e.g., excitation voltage and capacitance).[20–24]

One of the critical factors, the working ambient pressure, how-
ever, is often overlooked.[25–28] In existing studies, the work-
ing ambient pressure as a critical parameter affecting the per-
formance of the surface arc plasma actuator has not been quan-
titatively explored. Since the pressure of supersonic incoming
conditions is associated with the Mach number, the higher the
Mach number is, the lower the local static pressure will be.
For the discharge, the lower the ambient pressure is, the easier
a discharge will be formed, whereas the energy deposited by
the arc discharge into the air is lowered. Accordingly, the am-
bient pressure significantly impacts the surface arc discharge
characteristics.[29–33] Moreover, the response of the perturba-
tion effect exerted by the arc discharge to different pressures
is critical to optimize the actuator performance. The perfor-
mance of surface arc actuators under low ambient pressure re-
quires further determination.

To satisfy the critical requirements of plasma flow control
for the novel generation of supersonic or hypersonic aircraft,
the discharge and flow field evolution characteristics of the
high-energy array surface arc plasma actuator under low am-
bient pressure static state were studied with the electrical pa-
rameter measurement and high-speed schlieren systems. Fur-
thermore, the present study delved into the effects of ambient
pressure and DC voltage on the duration of the thermal depo-
sition and the propagation velocity of the shock wave.

2. Experiment set-up
2.1. Discharge circuit and schlieren system

To generate a robust discharge between the electrodes,
an external circuit was connected in parallel to a microsec-
ond pulsed power supply with a peak voltage of 20 kV and
pulse duration of 2 µs. The external circuit consisted of a
high-voltage DC power supply with an output voltage rang-
ing from 0 to 10 kV, as well as a capacitance of 10 µF. The
high-voltage pulsed circuit induced the gas breakdown, last-
ing for nearly 1 µs. The second step was the energy deposition
from the capacitor to the discharge channel, lasting for a few
microseconds.

In this study, a schlieren system was employed for flow
visualization and measurement; with this system, the flow
field could be characterized distinctly from the variation in the

grey values. A continuous, high-power, bi-xenon head lamp
acted as the light source; via convex lenses, the light was con-
verged to a point. The light path led to the formation of a
“Z” shape (Fig. 1). In the experiment, the exposure time of
the high-speed camera reached 1 µs, and the frame frequency
was 5000 Hz, so the frame interval was 20 µs. The size of
each image is 512× 512 pixels. To ensure unity, the camera
parameters were kept unchanged in all experiments.
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Fig. 1. Schematic diagram of discharge circuit and schlieren system.

2.2. Actuator layout

Figure 2 illustrates the structural layout of the array ex-
citation. The design size of the acrylic plate was 400 mm
(L)× 110 mm (W ). The cylindrical protrusion exhibiting a
height of 20 mm acted as a vertical calibration to determine
the distance traveled by the shock wave, as an attempt to calcu-
late the propagation speed of the shock wave. The cylindrical
protrusion was fixed at the rear edge of the plate. The leading
edge was 285 mm. The first set of arc actuator was 215 mm
away from the leading edge, and three sets of arc actuators
were installed along the center of the flat plate, with a dis-
tance of 30 mm between each other and an electrode spacing of
5 mm. The arc actuator was simple in structure and consisted
of a teflon cylinder and a copper needle (1 mm), as embed-
ded on the plate surface. The discharge circuit was designed
in series, and the three groups of electrodes were connected
in series in sequence. The left-end electrode was linked to the
input end of the discharge circuit, the electrode at the right
end was grounded, and the middle electrode was connected in
sequence.
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Fig. 2. Schematic diagram of actuator layout (unit: mm).
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2.3. Electrical parameters of the test system

Under the discharged actuator, a highvoltage probe

(P6015A, Tektronix) linked to the highvoltage end of the elec-

trode was adopted to determine the discharge voltage wave-

form. A current loop (Pearson 6600) was adopted to mea-

sure the discharge current waveform. The resulting voltage

and current data were recorded on an oscilloscope (DPO4104,

Tektronix) under a sampling frequency of 1 GHz. The vari-

ation of the instantaneous power of the discharge over time

could be expressed as P(t) =U(t) · I(t). The energy in a single

pulse discharge could be calculated by integrating the instan-

taneous power over time Ec =
∫ t

0
p(t)dt.

3. Results and discussion
3.1. Discharge characteristics

Figure 3(a) presents the voltage and current evolution of

the high-energy array surface arc actuator instantaneous dis-

charge. The environmental pressure was 20 kPa. The DC volt-

age was 4 kV. As suggested by this figure, under low pressure,

the breakdown voltage of the arc discharge was up to 4.5 kV,

the discharge current reached 1.5 kA, and the time scale of

discharge was nearly 45 µs. The variation in voltage com-

plied with the process of breakdown arcing, and the energy
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Fig. 3. Discharge characteristics: (a) voltage–current waveform,
(b) power waveform.

deposition after breakdown was consistent with the change

of the current. Figure 3(b) presents a waveform diagram of

the discharge power P(t) calculated from the voltage and cur-

rent data. The single discharge energy Ec could be deter-

mined by integrating it with time as 36.9 J, and the over-

all discharge energy could be defined as the energy initially

stored in the capacitor E0 = 1/2CU2
DC. The energy stored in

the capacitor was 80 J. The discharge energy conversion rate

η0 = Ec/E0 = 46%.

Figure 4 presents the discharge voltage and current wave-

form under the changed DC voltage. As suggested by this fig-

ure, under the DC voltage of 1 kV, the breakdown voltage that

forms the arc discharge was 3.1 kV, the discharge current was

16 A, and the time scale of discharge was about 40 µs. The

breakdown voltage and discharge current between the elec-

trodes were positively related to the DC voltage. With the

rise of the DC voltage, the capacitor was charged with more

charge, so a single pulse could release more energy and cor-

responding more power. It is therefore revealed that the DC

voltage is one of the main circuit parameters determining the

strength of the actuator.
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Fig. 4. Discharge waveforms at different DC voltages: (a) voltage wave-
form, (b) current waveform.

3.2. Typical flow field evolution

To analyze the flow field structure generated by the high-

energy array surface arc excitation under the low ambient pres-
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sure, the ambient pressure was set at 20 kPa, and the DC volt-

age was set at 4 kV. Figure 5 illustrates the flow field evolution

structure of the three groups of actuators. At t = 40 µs, the

precursor shock waves generated by the three sets of actuators

simultaneously formed a precursor shock wave train, propa-

gating upward at the identical diffusion speed. The precursor

shock waves interfered with each other to develop a complex

wave system. At t = 1080 µs, the thermal deposition area be-

gan to diffuse, and the squeeze vortex structure was formed as

impacted by the interaction between the two adjacent thermal

deposition areas. Moreover, the internal structure of the ther-

mal deposition area began to fall off and float upward. After

3600 µs, the bottom layer of the thermal deposition area began

to dissipate into a small-scale vortex structure, and the depo-

sition area began to display a slow growth. Accordingly, the

area affected by the arc discharge could be determined.

Figure 5 suggests that surface arc discharge released con-

siderable heat rapidly and formed two characteristic structures,

i.e., a precursor shock wave and a thermal deposition area.

The precursor shock wave was generated by sudden temper-

ature rise, and thermal expansion of the gas. The shock wave

exhibited a fast speed and a large instantaneous thrust. The

main shock effect was generated by the flow field. The arc that

was heating the local air generated the thermal deposition area

and carried considerable heat. It lasted for a long time and

spreaded around over time. The disturbance area was large,

and the thermal effect was applied to the boundary layer of the

flow field. The propagation speed of the shockwave formed by

arc discharge was fast, and its evolution soon went beyond the

observation range of the existing field of view. The thermal

deposition area formed by arc discharge was free to spread

around without directivity. As compared with a plasma syn-

thetic jet actuator, the high-energy array surface arc actuator

was capable of maximizing the energy release. As suggested

from the above analysis, the surface arc plasma excitation that

adopted an array layout and high-energy discharge exerted an

effect on the whole area.

thermal 
deposition area

precursor 
shock wave

squeeze vortex

20

40

60

80

100

120

d/mm

(a)  t=40 ms (b)  t=80 ms (c)  t=120 ms 

(f)  t=3600 ms (e)  t=1080 ms (d)  t=180 ms 

(g)  t=6000 ms (h)  t=8400 ms (i)  t=9600 ms 

Fig. 5. Flow field evolution.
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To delve into the characteristics of the thermal deposi-
tion area, an image processing method was introduced to ob-
tain the duration of the thermal deposition area. In brief, a
rectangular monitoring matrix was set in view (the coverage
of the monitoring matrix selected in the present study was
242×272). When there was no discharge, the gray value ma-
trix of the monitoring matrix was A242×272. After applying
the discharge, the gray value matrix of the monitoring matrix
was B242×272. Through the mentioned two parameters, the av-
erage gray value difference in the monitoring area could be
expressed as

Q =
1

242×272

272

∑
j=1

242

∑
i=1

∣∣Bi j −Ai j
∣∣,

where Q denotes a comprehensive evaluation parameter that
can reflect both the duration of the thermal deposition zone
and its deposition energy intensity. The larger the difference
is, the more obvious the variation would be in the monitor-
ing area. The larger corresponding deposition energy and the
change curve of Q over time could be exploited to obtain the
duration of the thermal deposition zone. In Fig. 6, the blue
rectangular frame in the figure represents the monitoring area.
The change curve of the Q value is suggested to be stepwise.
Before 440 µs, the thermal deposition area was hemispherical
and close to the wall surface, so it maintained a high intensity
in the monitoring area. Subsequently, the average gray-scale
difference value decreased to nearly 14 and remained stable,
revealing that the monitoring area was stably covered by ther-
mal deposition. The second sudden variation in the monitored
Q value occurred at about 3600 µs, demonstrating that the
thermal deposition in the monitored area began to weaken. Af-
ter 6600 µs, the average gray value difference became stable
again and maintained at a low level, revealing no significantly
thermal deposition within the monitoring area at this time. As
revealed from the results, the thermal deposition effect in the
monitoring area was obvious before the average gray value
difference Q decreased for the second time. Thus, the critical
state of the thermal deposition zone phenomenon was set to
50% of the second falling edge. Under this discharge condi-
tion, the duration of the deposition energy characteristic was
4200 µs.

Figure 7 presents the evolution of the flow field structure
under different pressure conditions (6 kPa, 10 kPa, 20 kPa,
50 kPa) at different time (40 µs, 440 µs, 1080 µs, 1680 µs).
The DC voltage was 4 kV. At t = 40 µs, the size of the thermal
deposition zone was close under different pressures. Though
the size was not significantly different, the energy deposited
in the air increased with the rise in the pressure. Moreover,
the strength of the shock wave was weak under low pres-
sure. After discharge, the thermal deposition area tended to
float slightly upward for its small density. By comparing the

schlieren images under different ambient pressures, the ther-
mal deposition area produced under the 6 kPa ambient pres-
sure was dark, and the outline was unclear. The main reason
was that the energy deposition should have a medium. The
lower the ambient pressure, the lower the gas density would
be. The corresponding medium for absorbing energy was re-
duced, so the energy deposition appeared to decrease. Un-
der high pressure, significant turbulent and vortex structures
were generated in the thermal deposition area, and the bound-
ary contour was clearer.
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Fig. 6. Difference of mean gray value in monitoring area.

The mentioned results were caused by two reasons. First,
the pressure was high, the density was high, and the intensity
of the discharge was greater. The generated deposition energy
was easy to cause shear dissipation in the deposition area to
form a turbulent structure. The second reason was the deposi-
tion area and the surrounding gas. Shearing was easy to occur,
and vortices were formed. With the decrease in ambient pres-
sure, the shear dissipation decreased, and the thermal deposi-
tion zone gradually exhibited a laminar flow state. Under low
ambient pressure, the energy deposition in the thermal deposi-
tion zone was faster. At 6 kPa, the thermal deposition zone al-
most disappeared after 1080 µs. According to the above analy-
sis, the size of the thermal deposition area was sensitive to the
pressure, and the deposition energy generated by the surface
arc discharge was positively related to the pressure.

Figure 8 illustrates the evolution of the flow field struc-
ture at different DC voltages UDC. The ambient pressure was
20 kPa, and the DC voltage was 1 kV or 4 kV. The shock
wave became more robust with the elevation of the DC volt-
age. Since the ambient pressure was low, the shock wave de-
creased rapidly. The thermal deposition zone turned more ro-
bust with the rise of the DC voltage. With the rise of the DC
voltage, squeeze vortices started to appear between two adja-
cent actuators, demonstrating that free shear started to occur
within the thermal deposition zone, and energy began to dis-
sipate. The discharge characteristics of Fig. 4 are further intu-
itively presented in the schlieren image. The elevation of DC
voltage was conducive to enhancing the excitation effect.
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Fig. 7. The flow field structure of arc discharge under different pressure: (a) t = 40 µs, (b) t = 440 µs, (c) t = 1080 µs, (d) t = 1680 µs.
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Fig. 8. The flow field structure for different DC voltage under ambient pressure of 20 kPa.

3.3. Characteristic research

The thermal deposition zone characterized the feasibil-
ity of surface arc actuators, suggesting that the control effect
of the actuator in the supersonic flow field was usually deter-

mined by the influence range of the thermal deposition area

after the excitation was applied. According to the calculation

method of the duration of the thermal deposition zone defined

above, the duration of the thermal deposition zone under dif-
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ferent pressure conditions was calculated (Fig. 9). Under the
DC voltage of 4 kV, the duration of the thermal deposition
zone was significantly longer than that under the DC volt-
age of 1 kV. According to the voltage-current curve (Fig. 4),
the larger the charging voltage, the more the energy would
be released by the discharge; therefore, the longer the dura-
tion of the thermal deposition zone. The duration extended
slowly with the reduction of the ambient pressure. As the pres-
sure further increased, the duration was extended linearly and
sharply. As revealed from the analysis, the duration of the
thermal deposition zone was extremely sensitive to pressure
changes. The higher the pressure, the greater the gas density
would be. As a result, more ions were released to support the
discharge, which enhanced the intensity and extended the du-
ration.
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Fig. 9. The variation of thermal deposition with pressure.

To delve into the effect of ambient pressure and DC volt-
age via the frame frequency of a high-speed camera and the
position of the precursor shock wave at different instantaneous
cross-sections, this study determined the head propagation ve-
locity of the precursor shockwave in a range of time (Fig. 10).
Initially, the shock wave exhibited a fast propagation speed,
whereas it gradually decreased over time. Under the DC volt-
age of 4 kV, the propagation velocity of the shockwave was
significantly higher than that under the DC voltage of 1 kV.
Combined with the voltage and current curve (Fig. 4), the
higher the charging voltage, the more energy was released dur-
ing the discharge, and the faster the propagation velocity of the
shockwave. Under the DC voltage of 4 kV, no matter how the
ambient pressure changed, at 120 µs, the propagation speed
was close to 340 m/s. Under the DC voltage of 1 kV, no matter
how the ambient pressure changed, at 100 µs, the propagation
speed was close to 340 m/s. Likewise, by combining with the
voltage and current curve (Fig. 4), the higher the charging volt-
age, the more the energy would be released from the discharge,
and the longer the discharge time would be, so the propagation
velocity of the shock wave decreased more slowly.

The shock wave induced by the arc discharge under low
ambient pressure exhibited higher initial propagation velocity,

and its velocity attenuation was sharp as well. Compared with
existing studies,[33] the shockwave obtained in the present
study propagated faster, demonstrating that the shock wave
was more robust. To disturb the supersonic flow field, a certain
impact effect should be exerted first. The high-energy surface
arc array excitation exhibited a robust shock wave strength un-
der low pressure, revealing that it will also have a strong con-
trol ability for the supersonic flow field.
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Fig. 10. The velocity of a shockwave under different pressures.

4. Conclusion
The electrical parameter test system and high-speed

schlieren system were used to study the characteristics of the
high-energy array surface arc actuator under low ambient pres-
sure. The effect of ambient pressure and DC voltage on the
discharge characteristics and excitation effect was obtained.
The effect of ambient pressure and DC voltage on the dura-
tion of thermal deposition area and the speed of shock wave
propagation was also obtained. The present study validates
the feasibility of the high-energy array surface arc actuator as
an active flow control device for high-speed aircraft, and pro-
vides parameter selection for the high-energy array surface arc
exciter to achieve active flow control of supersonic flow field.
The main conclusions are drawn as follows.

(I) When the ambient pressure was 20 kPa and the DC
voltage was 4 kV, the breakdown voltage of the arc discharge
was up to 4.5 kV, the discharge current reached 1.5 kA, and
the time scale of the discharge was about 45 µs. Using the ex-
ternal circuit in this article can improve the discharge current.
The longer duration of the current was the main cause of en-
ergy deposition. The breakdown voltage and discharge current
between the electrodes were positively related to the DC volt-
age. The DC voltage was one of the main circuit parameters
determining the strength of the actuator.

(II) A single discharge induces two structural characteris-
tics in the flow field, i.e., a precursor shock wave and a thermal
deposition area. The shock wave propagation speed decays
over time. The larger the DC voltage, the slower the shock
wave propagation speed decays. The shock wave exhibited a
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fast propagation speed at the initial phase, gradually decayed
over time, and finally remained at 340 m/s. The lower the
ambient pressure, the higher the speed would be at the initial
phase. When the ambient pressure was 6 kPa and the DC volt-
age was 4 kV, the maximum shock wave speed was 1020 m/s.
Under low ambient pressure, the high-energy array surface arc
excitation exhibited a strong shock wave intensity, demonstrat-
ing that it would exhibit robust control ability in the supersonic
flow field.

(III) Ambient pressure significantly impacted the exci-
tation characteristics, especially under low ambient pressure.
The lower the ambient pressure, the faster the thermal deposi-
tion zone would decay. Moreover, the thermal deposition zone
duration was shortened with the reduction of ambient pressure.
Regardless of the variation of ambient pressure, a maximum
impact range was identified in the thermal deposition zone,
hardly varying with the variation of ambient pressure.

(IV) The duration of the thermal deposition area was pro-
longed with the rise of the environmental pressure, and it grew
slowly with the reduction of the ambient pressure. The du-
ration was 4200 µs, and it increased sharply in a linear trend.
The greater the DC voltage, the longer the duration of the ther-
mal deposition zone would be extended.
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