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Abstract

Effective control of hypersonic transition is essential. In order to avoid affecting the structural
profile of the aircraft, as well as reducing power consumption and electromagnetic interference, a
low-frequency surface arc plasma disturbance experiment to promote hypersonic transition was
carried out in the ©0.25 m double-throat Ludwieg tube wind tunnel at Huazhong University of
Science and Technology. Contacting printed circuit board sensors and non-contact focused laser
differential interferometry testing technology were used in combination. Experimental results
showed that the low-frequency surface arc plasma actuation had obvious stimulation effects on
the second-mode unstable wave and could promote boundary layer transition by changing the
spectral characteristics of the second-mode unstable wave. At the same time, the plasma
actuation could promote energy exchange between the second-mode unstable wave and other

unstable waves. Finally, the corresponding control mechanism is discussed.

Keywords: plasma actuation, flow control, surface arc discharge, hypersonic boundary layer
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1. Introduction

As one of the key issues in the design of hypersonic vehicles,
hypersonic boundary layer transition control is always a
research hotspot in the aerospace field [1-4]. The huge dif-
ference between the laminar and turbulent flow states caused
by the boundary layer transition affects local aerodynamic
and aerothermal performance, which seriously affects the
performance of aircraft [5].

In the field of boundary layer transition control, the delay
or promotion of transition have their own different back-
grounds. The purpose of delaying transition is to reduce the
friction and heat transfer on the surface of aircraft, protect the
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thermal protection system of the aircraft and improve the
economy and safety of the aircraft [6]. However, in propul-
sion systems, scramjet [7] is the best inspiratory power device
used in hypersonic aircraft. It is hoped that intake air is in a
turbulent state, so that fuel can be fully mixed and burned and
propulsion efficiency can be improved. If the engine intake air
does not turn into a turbulent state, it is necessary to manually
force the transition to meet the requirements of engine start-
up [8].

After decades of development, in response to the
requirements of forcing transition, researchers have made
great achievements in basic issue research and control
mechanisms, including passive control methods such as rough
elements [9—11] and vortex generators [12, 13], active control
methods such as active blowing /suction control [14] and CO,
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injection [15], and other methods. Furthermore, ramp-type
rough element arrays have successfully achieved forced
transition in precursor X-43A and X-51A flight tests [16].
However, inevitably, passive transition devices have the
disadvantage of introducing extra drag under off-designed
conditions.

With the rapid development of hypersonic aircraft, good
flight performance under wide speed conditions has become
the most urgent need. Most importantly, with the change of
incoming flow state and passive control device parameters,
some passive transition devices, including rough elements,
delay the effects of transition in some combination of para-
meters, which is unwanted in terms of improving engine
efficiency [17]. In active transition devices, the blowing/
suction operating system is complex and expensive [18], and
CO, injection is highly dependent on the air source, thus
making it difficult to realise engineering applications [19].

Plasma active flow control technology has various
advantages, including quick response, wide frequency band,
no moving parts, low energy consumption and diversified
layout. Meanwhile, it is easy to adjust actuation parameters
and realise feedback control [20, 21], with the potential to
control the boundary layer [22]. Studies on the combination
of plasma and boundary layer transition appeared as early as
1983 [23]; at that time, glow discharge plasma actuation was
introduced as a disturbance to explore the development of the
boundary layer in supersonic and hypersonic flows [24, 25].
Later, Casper et al used pulsed glow discharge as a controlled
disturbance in hypersonic wind tunnel experiments, aiming to
investigate pressure fluctuation fields below turbulent points
in hypersonic boundary layers [26]. In 2018, Yates et al
achieved accelerated cross-flow transition in a Mach 6 static
wind tunnel using a dielectric barrier discharge plasma
actuation array on a 7° half-angle cone model [27]. However,
relatively speaking, if an actuator’s life is considered, the
dielectric barrier discharge actuator is not promising with
respect to the promoting-turbulence effects of the scramjet
intake, and surface arc discharge may be more favourable.
That is because in supersonic and hypersonic conditions, the
heat flow on the surface of the aircraft changes dramatically,
and wall ablation often occurs; the insulating medium of di-
electric barrier discharge actuator is very vulnerable to
damage.

In 2020, Li et al introduced high-frequency glow dis-
charge (105 kHz) as an artificial disturbance in a hypersonic
flat boundary layer. The simulation results indicated that glow
discharge plasma disturbance has significant effects on the
second-mode unstable wave and can effectively trigger
boundary layer transition [28]. The purpose of the introduc-
tion of high-frequency artificial disturbance is to experimen-
tally explore the nonlinear mechanism of second-mode and
the first-mode waves in the transition process of the hyper-
sonic plate boundary layer. The team also introduced the
lower-frequency (17-39 kHz) artificial glow discharge dis-
turbance, and found the harmonic relationship between the
first-mode unstable wave and the second-mode unstable
wave, and the phase-lock phenomenon between them [29].

It is obvious that the ability to generate controlled dis-
turbances with adjustable frequencies makes glow discharge a
popular method for adding artificial disturbance. Glow dis-
charge is essentially a kind of plasma disturbance, and it
reflects the advantage of the wide frequency band of plasma
actuation, which also inspires us that plasma actuation can not
only provide a controllable disturbance source in studies on
the evolution of transition processes, but also serves as a
direct means of controlling the transition acting on the
boundary layer.

However, glow plasma discharge [30] is a discharge
mode with weak intensity and very small current (generally
1-100 mA), thus resulting in limited aerodynamic effects and
limited effective regulation results on the hypersonic bound-
ary layer. As regards forced transition, it is difficult to achieve
an effective turbulence capacity to ensure normal start-up of
the hypersonic inlet. In addition, in practical applications, the
high-frequency power supply is more complex and larger in
volume and weight, so it causes acute problems such as
electromagnetic interference and incompatibility, which may
even affect the normal work of other systems of the aircraft.
Moreover, from the perspective of energy and power supply
design, it is difficult to achieve high-frequency and high-
energy actuation. Increasing injection energy under high-
frequency conditions will pay a greater price. Therefore, if
lower-frequency excitation can also promote transition, the
cost-effectiveness of plasma actuation will be improved.

At present, in the field of hypersonic boundary layer
transition control, there are few related experimental studies
on lower-frequency active flow control methods. In this
paper, in a Mach 6 conventional noise wind tunnel, a low-
frequency surface arc plasma actuation was applied to a 7°
half-cone sharp cone and the effects of promoting transition
were obtained, which could provide a new method for
transition control.

2. Experimental methods and design

The experiment was conducted in the ©0.25 m double-throat
Ludwieg tube wind tunnel at Huazhong University of Science
and Technology. Detailed descriptions of wind tunnels can be
found in [31].

A 7° half-angle cone with a blunt head of 50 ym and a
length of 400 mm was selected. Five 132B38 printed circuit
board (PCB) sensors were arranged at five flow direction
positions, namely x = 232.24mm, x = 257.05mm, x =
312.62 mm, x = 337.43 mm and x = 362.99 mm, to describe
the relative process of transition from the perspective of
pressure pulsation. At the same time, focused laser differential
interferometry (FLDI) was also used to capture the unstable
waves in the hypersonic boundary layer from the perspective
of spatial density fluctuations. Details of the FLDI test system
are given in [32].

The actuator is located at x = 141.05 mm, and the metal
electrode profile is consistent with the cone. The electrode
generates arc plasma actuation through an AC millisecond
power supply, and the detailed parameters of the power
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Table 1. Main parameters of the incoming flow.

Ma(U/C) Re ' (pUs/p)  Us(ms™)  p(kgm™?)

Py (MPa)

To (K) Ps(Pa) T5(K) p(Pas)

6.0 7.283 x 10° 884.22 0.029

0.71

443 449.687 54.024 03521 x 107°

Mas, C, Re™ ', Us., ps Po, To, Ps, Ts and p stand for the free-stream Mach number, the velocity of sound, the unit Reynolds number, the
free-stream velocity, the free-stream density, the total pressure, the total temperature, the static pressure, the static temperature and viscosity

coefficient.

osition

Actuation
x=161.2mm

L) )
PCB and FLDI measurement point
x=232.24mm x=257.05mm x=312.62mm x=337.43mm x=362.99mm

Figure 1. Surface arc actuator and measurement point distribution.

supply are described in [33]. The PCB sensor and actuator
arrangement at the actuation position are displayed in
figure 1.

3. Statement of results and analysis

Considering the disturbance mechanism and turbulence-pro-
moting ability of surface arc actuation in supersonic flow [34],
the expected transition position is located near the back of the
model. By changing the total temperature and pressure of free
incoming flow, Ty = 443K, Py = 0.71 MPa and the unit
Reynolds number Re ' = 7.283 x 10° m~" are determined
through repetitive experiments. The parameters of incoming
flow are exhibited in table 1.

The PSD (power spectral density) of the PCB pressure
sensor under this working condition is illustrated in figure 2. It is
clear that the first four PCB pressure sensors along the flow
direction all caught unstable waves, and the boundary layer on
the cone surface is still a laminar flow. At x = 232.24 mm, the
unstable wave is obvious here. As the unstable wave develops
along the flow direction to the point x = 257.05 mm, the
boundary layer gradually thickens and the unstable wave shows
a left frequency shift; that is, the frequency shows a decreasing
trend, but the amplitude of the unstable wave increases.
According to the relationship between the wavelength of the
second-mode unstable wave and the thickness of the boundary
layer, the unstable wave can be basically determined as the
second-mode unstable wave [35, 36].

When the flow reaches x = 312.62 mm, the frequency of
the second-mode unstable wave continues to decrease, and its
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Figure 2. PSD of the PCB pressure sensors of base flow.

amplitude decreases slightly, but it still maintains the spectral
characteristics of the second-mode unstable wave. On the
other hand, when the flow continues to develop to
x = 337.43 mm, the spectral characteristics of the second-
mode unstable wave gradually disappear, which means that
the boundary layer is in the process of transition at this time.
Furthermore, when the flow develops close to the tail end of
the cone model (x = 362.99 mm), the spectral characteristics
of the second-mode unstable wave disappear completely,
which indicates that the boundary layer flow at this point has
become completely turbulent. Therefore, the transition posi-
tion of base flow is located between the fourth and fifth PCB
sensor positions.

In the same condition, the density pulsation at five PCB
measuring points is measured by the FLDI system. When
each flow direction position x is determined, the FLDI mea-
suring point is located just above the surface of the cone
without shading. The determination of the measuring point
and its location diagram are shown in figure 3.

By analyzing the PSD of different flow direction posi-
tions measured by the FLDI system, it was found that the
development and frequency shift trend of unstable waves
along the flow direction are consistent with the results mea-
sured by the PCB sensor. As for the spectrum obtained by
density pulsation analysis, it can also be judged that the
transition region is located in the x = 337.43-362.99 mm
region, which suggests that the FLDI system can successfully
capture the second-mode unstable wave as a reliable means to
study the hypersonic sharp cone boundary layer.
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Figure 3. Determination of FLDI measuring point position and focus. (a) FLDI test system, (b) position of the FLDI measuring point.
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Figure 4. Comparison of FLDI and PCB spectra at x = 257.05 mm.

Through further analysis of frequency characteristics of
the second-mode unstable wave, it is obvious that the fre-
quency at the peak amplitudes collected by the FLDI system
and the PCB sensor are the same, with a slight difference in
the frequency bandwidth, which further demonstrates the
reliability of the FLDI system. Figure 4 demonstrates the
spectrum comparison of pulsation signals collected by the
FLDI and PCB systems at a certain flow position.

After confirming the plasma discharge stability and its
influence on the signal-to-noise ratio of the FLDI system under
experimental incoming flow conditions, parameter combination
of actuation voltage peak-to-peak value Vpp = 0.88kV and
actuation frequency f= 5478kHz were determined. Stable
discharge, a typical discharge waveform and the corresponding
discharge circuit diagram are displayed in figure 5.

In order to obtain finer boundary layer transition control
effects, seven flow directions along the flow direction (x =
161.2 mm, x = 182.59 mm, x = 207.44 mm, x = 232.24 mm,
x = 257.05mm, x =287.81 mm and x = 312.62 mm) were
selected. The power spectrum of the unstable wave at the
corresponding wall surface was obtained through the FLDI
system. The base flow was first measured at each position,
followed by the measurement of the situation under actuation.
The results are shown in figure 6.

After applying surface arc actuation, the spectral char-
acteristics of the whole frequency band, especially those near
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Figure 5. Discharge circuit diagram and a typical discharge
waveform.

the low-frequency band and the second-mode unstable wave
band, are significantly different. From x = 161.2mm to
x = 182.59 mm, the frequency spectrum under actuation
reveals that the amplitude of the PSD in the whole frequency
band increases and the second-mode unstable wave shifts
slightly to the left, which indicates that the plasma actuation
injects energy into the boundary layer and thickens the
boundary layer. When the flow continues to develop to
x = 207.44 mm and x = 232.44 mm, it can be observed that
the actuation weakens the characteristics of the second-mode
unstable wave, which suggests that the boundary layer
transition has a tendency to happen earlier with plasma on.
However, in order to understand the influence of surface
arc actuation on the boundary layer and the change of its
development trend, the spectral characteristics at the actuation
position are also very important. Therefore, two FLDI mea-
surement points x = 141.05 mm (the actuation position) and
x = 151.13 mm are added based on the measurement points
selected in figure 7. The characteristics of hypersonic
boundary layer controlled by surface arc actuation are
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Figure 6. Distribution of the PSD of the second-mode unstable wave
at different directions. (a) base, (b) actuation.

explored by analyzing the changes of the PSD characteristics
of these nine flow positions.

Comparison of PSD before and after actuation at these
nine positions is shown in figure 7. The key to obtaining the
plasma actuation regulation effects and characteristics is to
analyze its influence on the second-mode unstable wave, so
only the PSD near the second-mode unstable wave band is
selected for analysis.

Firstly, the position of the actuation location is con-
sidered. After surface arc actuation is applied, the most
intuitive control effect is the increase of the amplitude of the
frequency range studied, in which the PSD peak is increased
by 17.57%, and the corresponding frequency of the peak is
around 350 kHz. The increase of amplitude indicates that the
surface arc actuation injects energy into the boundary layer,
but the actuation does not change the spectral morphology of
the second-mode unstable wave in this direction.

Analysis was continued along the flow direction, and the
PSD results of flow direction position x = 151.13 mm are
shown in figure 7(b). The results show that the increase of
overall amplitude is still observed at this position, and the
actuation still does not change the spectral morphology of the
second-mode unstable wave. At the same time, it can be
obviously found that under the action of surface arc actuation,
the bandwidth of the second-mode unstable wave increases
from 300 to 460 kHz under baseline to 282—450 kHz under
actuation state. However, the actuation does not change the
frequency corresponding to the peak PSD, which is around
340 kHz before and after actuation. Only the peak value of the
PSD curve is increased, and the value is increased by 53.16%
compared with baseline.

As the flow develops to flow direction x = 161.2 mm, it
is found through spectrum analysis that the effect of surface

arc actuation at this flow direction position is similar to that at
the first two flow direction positions, both of which show an
increase in the overall amplitude, increase of the peak PSD
and increase of the bandwidth while basically not changing
the peak characteristic frequency. From the viewpoint of the
first three positions, the characteristic frequency of the sec-
ond-mode unstable wave moves to the left with the increase
of the flow direction distance. Since the length of the second-
mode unstable wave is about twice that of the thickness of the
local boundary layer, the boundary layer thickness increases
with the downstream development of the flow.

When the flow direction x = 182.59 mm, new actuation
regulation characteristics appear. Under the control of surface
arc actuation, the amplitude of the second-mode unstable
wave is increased and its frequency range is shifted to the left.
The characteristic frequency corresponding to the peak PSD
is shifted to the left by 16 kHz; that is, the characteristic
frequency is decreased by 5%. This indicates that the surface
arc actuation not only injects energy to the boundary layer
and promotes the growth of the second-mode unstable wave,
but also thickens the boundary layer through the interaction
between plasma actuation and the boundary layer at a certain
flow distance. For the flow direction position x = 207.44 mm,
the surface arc actuation achieves a similar control effect at
the position x = 182.59 mm.

Moving further downstream, it is found that when the
flow direction reaches x = 232.24 mm, the surface arc
actuation changes the spectral morphology of the second-
mode unstable wave and weakens the characteristics of the
second-mode unstable wave. The PSD curve under actuation
appears to have a ‘platform’ shape, but the amplitude of the
second-mode unstable wave under actuation still increases
compared to that of x = 207.44 mm.

When x = 257.05 mm, the spectral characteristics of the
second-mode unstable wave almost disappear under the
action of surface arc actuation. In terms of amplitude, the
amplitude of the second-mode unstable wave is attenuated at
this position compared with the position of x = 232.24 mm,
indicating that a transition from laminar flow to turbulence is
taking place in the boundary layer under actuation. At this
time, the second-mode unstable wave of base flow is still in
the stage of amplitude increasing, that is, a laminar flow state.

The flow continues to develop along the flow direction
until x = 287.81 mm and x = 312.62 mm. PSD curves are
shown in figures 7(h) and (i). It can be seen that, under
actuation, the power spectrum of low-frequency disturbance
increases and the level of turbulence in the boundary layer
continues to improve. At this time, the amplitude of the
second-mode unstable wave of base flow is still increasing
and the base flow still does not transition.

In addition to the transverse comparison before and after
actuation at each position, from the longitudinal comparison
of the flow direction position, the amplitude of the base flow
keeps increasing while the characteristic frequency keeps
decreasing. The surface arc actuation does not change this
trend, but the amplitude of the second-mode unstable wave is
decreased at the earlier flow position, as seen in figure 8.
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Figure 7. Comparison of the PSD of the second-mode unstable wave in different directions. (a) x = 141.05 mm, (b) x = 151.13 mm, (c)
x = 161.2 mm, (d) x = 182.59 mm, (e) x = 207.44 mm, (f) x = 232.24 mm, (g) x = 257.05 mm, (h) x = 287.81 mm, (i) x = 312.62 mm.

There are several important stages in the transition pro-
cess of the tip cone boundary layer. First, the amplitude of the
second-mode unstable wave increases linearly for a long time,
and then after a short nonlinear growth, it tends to be satu-
rated and broken into isolated turbulent patches. Finally, the
turbulent patches develop and fuse into complete turbulence.
It can be concluded that surface arc actuation has the ability to
regulate the hypersonic boundary layer and make the trans-
ition happen earlier.

In addition, although the surface arc actuation can lift the
spectrum for each direction position, the PSD peak of the base
flow is larger than that of actuation state in the whole direc-
tion position. This indicates that the surface arc actuation
injects energy into the unstable waves in a wide frequency
band in the boundary layer, and promotes the energy
exchange and mixing between the second-mode and other
unstable waves as well as the growth of the second-mode
unstable wave.

According to the linear stability theory, the second-mode
unstable wave can be further focused and its spatial growth
rate can be calculated according to the test results of two
adjacent FLDI measuring points to further verify the effect of
surface arc actuation on the second-mode unstable wave.
Figure 9 shows the corresponding growth rate results of the
five flow direction positions, which are x = 146.09 mm,
x = 156.165mm, x =219.84mm, x = 244.645mm and
x = 300.215 mm.

Obviously, the surface arc actuation increases the growth
rate of the unstable wave (including the second-mode
unstable wave band) in a wide frequency range in the first
three flow directions, which also indicates that the growth rate
of the second-mode unstable wave is accelerated under
actuation. At the fourth direction position x = 244.645 mm,
the growth rate of the second-mode unstable wave spectrum
corresponding to baseline is still maintained at a higher level,
while the growth rate under actuation has dropped to a very
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At present, there are very few experimental studies on the
control of the hypersonic boundary layer based on surface arc
actuation, and analytical sensor data are few. In this research

Figure 9. Spatial growth rate around the characteristic frequency of
the second-mode unstable wave at different flow positions. (a)

x = 146.09 mm, (b) x = 156.165 mm, (c) x = 219.84 mm, (d)

x = 244.645 mm, (e) x = 300.215 mm.
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respect, the application of flow display technology and
corresponding numerical simulation work are also lacking.
Therefore, it is difficult to intuitively obtain and summarize
the internal control mechanism. However, we can carry out
effective discussion and extraction based on the original
understanding and consensus on the characteristics of the
plasma actuator, the influence of some physical parameters on
hypersonic boundary layer and the macro and micro combi-
nation of plasma generation, so as to guide the subsequent
experimental research and simulation work.

The first is the shock wave effect (impact effect) [37].
Surface arc actuation can induce shock waves in supersonic
and hypersonic flow fields. This is due to the temperature and
pressure rise generated at the moment of breakdown, and the
shock wave can produce coherent structure coupling with the
supersonic/hypersonic boundary layer.

In the experimental study of promoting transition in
supersonic flow, we have preliminarily revealed the mech-
anism combined with flow display technology. The core of
the internal control mechanism is that the plasma actuation
has the ability to induce an artificial hairpin vortex with the
development of an induced shock wave. The hairpin vortex
structure induced by surface arc actuation plays a crucial role
in the process of promoting boundary layer transition. The
conceptual model of hairpin vortex generation and evolution
was proposed, which preliminarily revealed the physical
process of the boundary layer transition promoted by surface
arc actuation, which can be divided into three stages: gen-
eration and lifting of high vorticity region, formation of A
vortex and evolution of hairpin vortex [38]. In the case of
hypersonic flow, we will reveal this process by means of
high-precision flow field display technology in a subsequent
investigation.

The second is the thermal effect [39], the instantaneous
temperature rise generated by surface arc actuation discharge
will inevitably affect the unstable wave characteristics in the
boundary layer. For the control mechanism, the heating effect
causes changes of the boundary layer’s thickness and the
corresponding position of sound velocity line, which will lead
to changes in velocity evolution of the disturbance wave
phase in the boundary layer and migration of synchronous
points, thus achieving the purpose of controlling transition
[40, 41]. In the analysis of the spectral characteristics of the
second-mode unstable wave in this work, it has been specu-
lated that the hypersonic boundary layer thickens after a
surface arc actuation is applied.

Surface arc actuation can quickly heat the boundary layer
[38, 42]. According to verified results [43], the wall heating
causes the boundary layer to be thick, and local heating makes
the transition happen earlier. This seems to be a satisfactory
trend, while the perturbation of the plasma to the boundary
layer is by no means just a simple temperature change.
Plasma is essentially a model of multi-physics coupling.

Finally, investigating the acoustic characteristics closely
related to the second-mode unstable wave, such as discover-
ing if whether AC surface arc actuation can induce acoustic
disturbances [44, 45], may become the key to reveal the
integrated mechanism of transition.

Based on the development of the current research on the
characteristics of plasma actuators, combined with the unique
physical properties in the hypersonic boundary layer [46], the
authors deduced that the steady surface arc actuation used in
the experiment described here can produce acoustic dis-
turbance and it interacts with second-mode unstable waves.

This inference is based on two points. One is that the
actuation used in this experiment is AC-steady actuation and
AC-dielectric barrier discharge actuation has been experi-
mentally confirmed and can produce acoustic disturbances
[44]. The second is that the surface arc actuation of
f=5.478kHz can generate high-amplitude current pulses,
and the energy released by these current pulses will cause
significant changes in the temperature and pressure of the gas
near the actuator. In fact, arc discharge is essentially a process
from glow discharge to spark discharge and finally arc dis-
charge develops. The heat generated by glow discharge cau-
ses pressure changes near the surface of the plasma actuator,
which is likely to form pressure oscillations and finally gen-
erate acoustic disturbance [47], thus creating conditions for
the interaction between plasma actuation and the second-
mode unstable wave, with essentially acoustic perturbation.

The three control mechanisms mentioned above must be
coupled with each other in actual situations, which needs to
be carefully studied in subsequent experiments.

5. Conclusion

Regarding the regulating effects of surface arc actuation on
the hypersonic boundary layer, the characteristics of con-
trolling the hypersonic boundary layer based on low-fre-
quency surface arc actuation can be summarized as follows:

(1) From the perspective of spectral characteristics, low-
frequency surface arc actuation can promote boundary
layer transition by changing the spectral characteristics
of the second-mode unstable wave.

(2) In terms of spatial growth rate, the low-frequency
surface arc plasma actuation has an obvious stimulating
effect on the second-mode unstable wave.

(3) From the perspective of energy exchange, the low-
frequency surface arc plasma actuation not only injects
energy into the second-mode unstable wave, but also
promotes energy exchange between the second-mode
unstable wave and other unstable waves, and finally makes
the second-mode unstable wave destabilize in advance.

(4) The subsequent regulation of the internal physical
control mechanism needs to start from the vortex
structure induced by actuation, the heating effect and
the acoustic disturbance induced by an AC plasma
power supply, and the corresponding experimental
research should be carried out in depth.

The last thing to note is that, limited by the experimental
testing methods, the experimental work in this paper only
corresponds to the development of the second-mode unstable
wave and the transition process of the boundary layer, and
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then the second-mode unstable wave induced by the plasma
actuation is studied on this basis; hence, the ability of surface
arc plasma actuation to induce transition is analyzed quali-
tatively through the development and change of the second-
mode unstable wave. In addition, it cannot be denied that
hypersonic transition is a complex process of multi-mode
interaction. The second-mode unstable wave cannot always
play a decisive and dominant role. The research on other
modes, especially the first-mode wave, cannot be ignored
under low-frequency actuation. Therefore, more research is
needed to focus on the specific interactions between the
second-mode unstable wave and other unstable waves, and
more experimental comparisons between discharge and non-
discharge conditions are also needed to verify the transition
control capability dimension of plasma actuation and develop
plasma actuation methods for transition control.
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