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Abstract: The double-wedge configuration is a typical characteristic shape of the rudder surface
of high-speed aircraft. The impact of the shock wave/boundary layer interaction and the shock
wave/shock wave interaction resulting from the double wedge on aircraft aerodynamics cannot be
ignored. The aerodynamic performance of the aircraft would be seriously affected. Accordingly, to
reduce the wave drag, and to relieve the thermal load and pressure load, flow control is required for
the shock wave/shock wave interaction and the shock wave/boundary layer interaction induced by
the double-wedge configuration. In this paper, double-wedge shock wave/shock wave interaction
is controlled by a high-energy surface arc discharge array and observed by high-speed schlieren
flow field measurement at Mach 8. The 30-channel discharge array is set on the primary wedge
plane, and actuation is generated. Hypersonic V shock wave/shock wave interaction is effectively
controlled by the shock wave array induced by the high-energy surface arc discharge array, which
makes the shock wave/shock wave interaction structure disappear or intermittent. The potential
control mechanism is to reduce strong shock wave interaction by transforming the type of shock wave
interaction. Therefore, the ability of plasma array actuation to control complex shock wave/shock
wave interaction is verified, which provides a new method for hypersonic shock wave/shock wave
interaction control.

Keywords: hypersonic; surface arc discharge; plasma actuation; flow control; experimental research

1. Introduction

Shock wave/shock wave interaction and shock wave/boundary layer interaction
are widespread problems in high-speed flows, which are key problems restricting the
development of a new generation of aircraft [1,2]. The double-wedge configuration is
a prominent feature of high-speed aircraft, appearing in numerous areas, such as the
control rudder surface, air body–wing joint, and multi-inclined compressed inlet [3–5].
Shock wave/boundary layer interaction and shock wave/shock wave interaction occurring
within these hypersonic double-wedge flows induce a range of complex flow phenomena,
including boundary layer separation and reattachment, unstable shear layer, supersonic jet,
nonlinear shock wave oscillation, and hysteresis phenomenon. These phenomena are major
obstacles that restrict the development of a new generation of aircraft [6]. The two kinds
of interaction induce extreme thermal loads and pressure loads, and the complex flow
environment further leads to load fluctuations, resulting in component damage or even
loss of control of the aircraft in serious cases [7,8]. Consequently, in order to reduce wave
drag and relieve thermal load and pressure load, it is necessary to carry out flow control for
shock wave/shock wave interaction and shock wave/boundary layer interaction induced
by the double-wedge configuration [9,10].
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Complex shock wave/shock wave interaction and shock wave/boundary layer inter-
action under the condition of high-speed incoming flow bring about severe aerodynamic
thermal loads and drastic changes in flow parameters, bringing serious challenges to the
aircraft body structure and thermal protection [11,12]. The current passive protection
measures cannot easily ensure the safety of aircraft, but if the load can disappear or tem-
porarily rest by changing the wave system structure, it is expected to bring new ideas for
the thermal protection design of high-speed aircraft [13,14]. Therefore, a control method
that can effectively change the structure of a shock wave system without changing the
surface characteristic shape of aircraft is needed.

Plasma flow control is a method to control fluid flow by using plasma technology,
which belongs to active flow control means. It is mainly divided into dielectric barrier
discharge, synthetic jet and surface arc discharge. Especially in the hypersonic field,
surface arc discharge is widely used in solving shock wave/shock wave interaction and
shock/boundary layer interaction, and lots of research has been carried out by scholars in
the field.

In numerous current flow control experimental studies, Wang et al. experimentally
verified the control ability of a surface arc plasma actuator to compress corner-inclined
shock waves under Mach 6 flow [15]. Xie et al. used plasma synthetic jet actuation
to achieve effective control of type VI shock wave/shock wave interaction on a double
wedge. In the three working conditions, the longest control time was only 90 µs, the
energy deposited into the flow field was above 4.1 J, and the repetition frequency was
only 1 Hz [16]. However, surface arc plasma actuation shows excellent control effects
in supersonic shock wave control, shock wave/boundary layer interaction, and forced
supersonic boundary layer transition [17–20]. Yang conducted controlling hypersonic
boundary layer transition using a surface arc plasma actuation array. The influence of
three different actuation frequencies (8, 34, and 55 kHz) was studied based on linear
stability theory analysis, and a transition criterion under the control of plasma actuation
was proposed. Finally, the corresponding control mechanism was summarized, and the
transition control mechanization was refined [17]. In addition, Yang experimented on the
stability of the hypersonic plate boundary layer by using a spanwise plasma actuation
array. The experimental results verify the ability of extensional array plasma actuation to
control the stability of the hypersonic plate boundary layer, suggesting that it has great
potential in the promotion of hypersonic boundary layer transition [18]. In addition,
a wind tunnel experiment was carried out under the condition of Mach number 6 to
study the stability adjustment of the hypersonic blade. The results verify the ability of
plasma actuation to stimulate the instability of hypersonic cone boundary layers and
provide technical support for the further development of transition control methods [19].
Kong et al. conducted experiments on the control of double-wedge flow by 10 discharge
actuators under hypersonic conditions and analyzed the interaction evolution process
between plasma surface arc discharge and a flow field in detail [21]. Ding et al. studied
the unsteady control mechanism of pulsed surface arc discharge plasma on hypersonic
compression corner flow by combining numerical simulations and experiments. The
interaction mechanism between arc discharge plasma and hypersonic flow was revealed.
The research reveals that the local Joule heat is created by the surface arc discharge, which
also triggers the separation region near the wall, leading to an increase in local displacement
thickness and the formation of an unsteady virtual wedge that moves along the wall.
Consequently, an oblique shock wave is produced, with the shock angle varying with
time, and an unsteady shock wave/shock wave interaction including shock reflection is
established between the front wedge shock wave. The hot gas mass generated by the
discharge demonstrates a significant capacity to control the oblique back wedge shock
wave [22]. Although the conventional surface arc discharge electrode plays a certain role in
controlling the hypersonic flow field, there is still a more urgent need for plasma discharge
with more paths and larger affected areas, in order to obtain better control effects.
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In order to further improve the ability of surface arc actuation to control complex
shock wave/shock wave interaction and shock wave/boundary layer interaction induced
by a double-wedge configuration in a wide velocity domain, a spanwise and flow-direction
combination array actuator is designed in this paper to broaden the disturbance range and
achieve effective control for typical shock wave interaction induced by a double-wedge
configuration. The ability of array plasma actuation to control complex shock wave/shock
wave interaction is verified.

2. Experimental System

The experiment is conducted in Φ0.5 m conventional hypersonic wind tunnel in the
Hypervelocity Aerodynamics Institute of China Aerodynamics Research and Development
Center. The whole experiment system mainly includes hypersonic wind tunnel, double-
wedge model, plasma actuation system, high-speed schlieren system, synchronous control
system, etc.

2.1. Hypersonic Wind Tunnel and Test System

The experiment was carried out in a hypersonic wind tunnel with a diameter of
0.5 m at the Hypervelocity Aerodynamics Institute of China Aerodynamics Research and
Development Center. The wind tunnel is a conventional hypersonic wind tunnel with
a simulated Mach number of 5–10 and a diameter of 0.5 mm (Mach number 5–8) and
0.6 mm (Mach number 9, 10), respectively. The total pressure range of the wind tunnel
is 0.1–3 MPa, the total temperature range is 301–1073 K, and the unit Reynolds number
is 1.5 × 105~6.0 × 107/m. The wind tunnel test section is shown in Figure 1. There are
relatively few studies on the double-wedge flow control under hypersonic conditions. The
maximum Mach number of wind tunnel operation is Mach 8, and studies on the double-
wedge problem under higher Mach number are more valuable; there are fewer studies on
the double-wedge problem under Mach 8 conditions. Therefore, Mach 8 is chosen as the
experimental condition, and the experimental model is designed under this condition. In
addition, for other flow conditions, considering the high-altitude aircraft environment and
plasma discharge environment, a total pressure of 3 MPa and a total temperature of 410 K
are selected. After determining the total pressure, total temperature, and Mach number,
other test conditions can be determined. The experimental flow parameters are shown in
Table 1.
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Table 1. Main parameters of incoming stream.

Ma∞
(U∞/c)

Re/m
(ρU∞/µ)

U∞
(m/s)

ρ
(kg/m3)

P0
(MPa)

T0
(K)

PS
(Pa)

TS
(K)

8.0 6.16 × 106 874.292 0.036 3 410 307.287 29.710

Ma∞, Re/m, U∞, ρ, P0, T0, PS, TS, c represent incoming Mach number, unit Reynolds number, free flow velocity,
incoming density, total pressure, total temperature, static pressure, static temperature, and sound velocity.

2.2. Double-Wedge Model and Actuator

The model consists of a first-stage wedge, a second-stage wedge, a support, and a
plasma actuator. Among them, because the primary wedge is at the front of the model, it
will be subjected to strong aerodynamic heating in the hypersonic flow field, so alumina
ceramic material is used to prevent its tip from deformation or damage at high temperature.
In the flow field, double wedge will generate separation shock waves, and there are shock
waves on its surface. However, compared with the tip of the first-stage wedge, the surface
of the second-stage wedge is not easily deformed. The second-stage wedge is made of
PEEK (poly-ether-ether-ketone) material. The actuator is embedded in the support, and in
order to prevent the ablation caused by discharge, the whole alumina ceramic is processed.
The model support is made of plexiglass material.

The size of the model is shown in Figure 2. The streamwise direction length is 240 mm,
the normal height is 177 mm, and the angle of the first-stage wedge is 30◦; the angle of the
second-stage wedge is 60◦. The actuator array is located 15 mm upstream of the second-
stage wedge, the electrode gap is 0.5 mm, and the flow distance between the two adjacent
actuators is 9 mm. The arrangement of two columns × 15 channels of flow direction is
adopted, and there are 30 channels of actuators in total. For the driver design, in addition
to the needle electrode at both ends, the middle electrode is U-shaped, and the ceramic
cover plate is used for packaging.
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2.3. The Power Supply System and Schlieren System

The power supply system consists of a nanosecond pulse power supply and a low-
power DC power supply. The input voltage of both power supplies is 220 V and the
input frequency is 50 Hz. The nanosecond pulse power supply is manufactured by China
Xi’an Lingfeng Yuan Electronic Technology Co. The peak voltage range of the nanosecond
pulse power supply is 0–20 kV, and the discharge pulse frequency is 0–20 kHz. The low-
power DC power supply is manufactured by Jiangsu, China of Zhengjie power factory.
DC power output ranges from 0 to 1.2 kV. The electrical parameter-measuring equipment
is composed of an oscilloscope, voltage probe, and current ring. The discharge loop is
connected to a micronormal capacitor, a diode, and a current-limiting resistor. Two power
sources are connected in the circuit, in which the nanosecond pulse power supply can
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provide instantaneous pulse high voltage, quickly break down the discharge gap between
the positive and negative electrodes of the driver, and establish a discharge channel. The
DC power supply charges the capacitor through the resistance, storing the energy in the
capacitor. When the discharge gap is broken down, the capacitor quickly releases the
energy through the discharge channel, producing a high-energy plasma actuation. Under
the operation of this circuit, the peak output current can reach an order of 100 A, and the
deposited energy can reach the order of 1 J.

Instantaneous snapshot by high-speed schlieren is the most commonly used test
method in high-speed flow experiments. It does not interfere with the flow field, maintains
the authenticity and accuracy of the original flow field, and can capture the change in
density gradient in the flow field, thus revealing the detailed structure in the flow field.
In order to observe the flow field structure and wave system of shock wave interaction, a
high-speed schlieren system is used in this experiment. The schlieren light path is set in a
Z-shape light path. The structure of the flow field is captured by a high-speed schlieren
system. The schlieren light path is set in a Z-shape light path. The high-speed camera uses
a Phantom V2512 high-speed CCD camera (Phantom, Vision Research, Wayne, NJ, USA) to
record images at a sampling frequency of 75,000 fps and an exposure time of 9 µs. For the
optical setting, through the early debugging, the coupling effect of exposure time, aperture,
and light source intensity is the best, which better reflects the experimental results.

2.4. Research Methods

A grayscale image is a two-dimensional data structure that represents an image
through the intensity value of each pixel in the range of grayscale values, generally used to
depict information on black-and-white or grayscale intensity but not color. In this experi-
ment, we utilize the mean gray-level processing method to process the spatial gray-level
image. This entails calculating the average intensity value of each pixel in the image time
series. Based on the time-resolved schlieren space gray image, this paper also analyzes
the decomposition through root mean square (RMS) and Snapshot proper orthogonal
decomposition (SPOD). Although schlieren display technology is mainly used for qual-
itative flow field diagnosis, some post-processing methods based on schlieren snapshot
sequences have also been developed rapidly in recent years, which are used to extract
semi-quantitative data from a large number of qualitative schlieren data and then initially
reveal some quantitative flow field results [23]. In this paper, in addition to analyzing the
instantaneous schlieren results, statistical processing is performed on the obtained schlieren
image sequence to obtain its average schlieren intensity field (Imean) and RMS schlieren
intensity field (Irms), which are specifically defined as follows:

Imean =
N

∑
k=1

Ik/N (1)

Irms =

√√√√ N

∑
k=1

(Ik − Imean)
2/N (2)

where Ik is the gray value matrix of pixels in the kth schlieren snapshot; N is the total
sample number of the schlieren snapshot sequence.

The average gray value is the schlieren diagram of the steady flow field. The flow
pulsation state can be obtained by calculating the root mean square of the time series of the
gray level of spatial pixels.

Proper orthogonal decomposition (POD), as a principal component analysis method,
decomposes the flow field into different modes according to the contribution rate of the
flow field, which can filter out the secondary structure and noise in the flow field and obtain
the main flow structure. POD method is widely used in experimental and simulation data
to study turbulence characteristics. Data obtained by PIV technology and LES simulation
method can be processed by POD method to obtain spatial flow topology of velocity and
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vortex structure [24]. Berry et al. [25] used POD method to process time series of time-
resolved schlieren images and studied the characteristic structure of supersonic rectangular
jet. Chaganti et al. [26] processed a time series of color schlieren images and studied the
non-steadiness of shock wave/boundary layer interaction.

However, fast orthonormal decomposition (SPOD) mainly analyzes the correlation
in multiple pictures distributed along the time axis for points in the same position [27].
The modes obtained by SPOD decomposition have the following characteristics: the lower
the mode order, the higher the contribution rate to the flow field; the modes with high
contribution rate represent the dominant structure of the flow field. The first mode has
the highest contribution rate and usually reflects the steady-state information of the flow
field. Steady-state characteristics have been studied in gray mean or root-mean-square
analysis. The advantage of SPOD analysis method is to extract unsteady characteristics of
flow field [26].

In the process of experiment, in order to ensure that statistical results are obtained
under the same number of samples, 300 instantaneous schlieren snapshots after actuation
are uniformly selected as statistical sample values (300 instantaneous schlieren snapshots
are also selected for the base flow field).

3. Study on Base Interaction Flow Field

In order to clarify the structure of the shock wave in the flow field and determine the
type of shock wave/shock wave interaction, the schlieren image is analyzed. As shown in
Figure 3, the instantaneous schlieren snapshot of the base flow field at Mach 8.0 is given,
where the flow direction and normal coordinate scales are dimensionless, processed by the
model length and height, respectively. According to the schlieren display results, the base
flow field of the double-wedge model is the normal intersection of the same side shock
wave at the two Mach numbers. The oblique shock wave AC generated by the first-stage
wedge and the oblique shock wave BC generated by the second-stage wedge intersect at
point C, and the transmitted shock wave CD is generated. The shock angle of CD is smaller
than BC but larger than AC. Subsequently, in order to balance the pressure between regions
4⃝ and 3⃝ behind shock wave CD and shock wave BC, the wave structure CF is induced.

Notice that CE here is not a simple slip line but a supersonic jet. At the same time, it can be
clearly observed that there are two multi-wave points, C and C′, in the interfering flow field.
The results show that Edney’s typification of the shock/shock interaction phenomenon is
also applicable to hypersonic ranges. Therefore, according to a comprehensive judgment,
the benchmark interfering flow field shown in Figure 3 is the type V shock wave/shock
wave interaction.
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4. The Control Effect of Array Plasma Actuation

The interaction flow field induced by a double wedge under the actuation of 30-channel
discharge is shown in Figure 4. Since the discharge arrangement of the actuator is two rows
and 15 channels, 15 shock wave and hot gas cluster arrays can be clearly seen from the
figure, indicating that the discharge is successful at Ma 8. It can also be seen from the figure
that with the generation of plasma actuation, the flow field structure changes, the shape
of the first-stage wedge precursor of the experimental model bends and deforms, and the
type V shock wave/shock wave interaction on the surface of the second-stage wedge is
significantly weakened, which indicates that the arc plasma actuation achieves effective
control of the flow field wave system.
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Through detailed comparative analysis, the control evolution process of a discharge
pulse on a double-wedge flow field can be divided into two stages, namely, the disappear-
ance of the shock wave interaction structure and the reconstruction of the shock wave
interaction structure.

As shown in Figure 4b, at the initial discharge moment (t = 0 µs), 30 arc arrays with
spanwise overlap are observed on the surface of the model. After 6.66 µs, the arc array
develops into a dazzling white light due to energy deposition in a short time. Subsequently,
as shown in Figure 4d, the actuation induced by the plasma bulge makes the impact
shock wave AC appear arched, while the second-stage pre-wedge oblique shock wave BC
disappears. In the next two moments, with the expansion of the plasma bulge, the shock
wave and interaction structure in front of the wedge disappear, leaving only a bow shock
wave. As shown in Figure 4f, the plasma bulge changes into a plasma wedge, and the bow
shock wave in the flow field also changes into an oblique shock wave.

At the time of t = 53.28 µs, as shown in Figure 4e, the second-stage pre-wedge oblique
shock wave BC begins to reconstruct. Then, as shown in Figure 4f, the oblique shock
wave BC appears completely but its shape is distorted, and the interaction structure does
not appear. At the time of t = 93.24 µs, the transmitted shock wave appears, and the
interaction structure begins to rebuild. The flow field returns to the state before actuation
until t = 106.56 µs; then, the control of array plasma actuation flow field ends.

According to the analysis of static discharge results, at Mach 8, the shock wave array
successively forms a plasma bulge and plasma wedge, resulting in shock wave deformation,
while the hot gas mass directly causes the disappearance of the shock wave interaction
structure in the process of downstream expansion, and the array plasma actuation shows
the control ability of double-wedge flow.

4.1. Results of Gray Average and RMS

Firstly, the overall control effect of thirty surface arc actuations on hypersonic interac-
tion flow field induced by a double-wedge is measured by gray average results and RMS
results, as shown in Figures 5 and 6.
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In the gray average results, it is obvious that the intensity of the oblique shock wave BC
generated by the second-stage wedge decreases obviously under the shock wave induced
by the array actuation, while the interaction point of the type V shock wave induced by
the double wedge does not change significantly. In the control effect of RMS, the pulsation
region of the shock wave induced by actuation can be observed. Most importantly, the
pulsation level of a type V shock wave induced by the double wedge is enhanced near
the shock disturbance point. Therefore, the introduction of array plasma actuation has a
positive control effect on the shock disturbance point.
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4.2. Results of SPOD Analysis

SPOD decomposes the flow field into a series of modes to extract the coherent structure
in the flow field. The time series of 300 images of the base flow field is decomposed by SPOD,
and each mode is sorted according to the energy contribution rate from the largest to the
smallest. The lower the mode order, the greater the energy contribution rate to the original
flow field. Thus, 300, 500, and 1000 photos are selected for processing, and the results are
found to be basically the same, so the processing results of 300 photos are displayed.

As shown in Figure 7, the energy proportion of each unsteady mode analyzed by
SPOD is shown. It can be seen that the energy proportion of the first several unsteady
modes is very high, and the unsteady mode energy accumulation value of the first ten
modes reaches more than 99.94%. Therefore, the first ten modes are selected to analyze the
modal results of the base interaction flow field and the actuation control flow field. The
results are shown in Figure 8.
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From the SPOD results, it can be seen that in the benchmark SPOD results, the obvious
second wedge oblique shock wave and shock disturbance point are observed both in the
steady-state mode (mode 1) and other unsteady modes. Since MOD1 is a steady-state
mode, it can be found that the color of the red region in the actuation flow field is lighter
than that of the base flow field, indicating that the shock wave intensity is weakened under
the condition of plasma actuation, and the plasma arc discharge plays a role in regulating
the shock wave. In the unsteady mode results, mode 2, mode 3, mode 4, and mode 5 are
the actuation modes. The first shock wave structure or the second shock wave structure
can be obviously observed in both the base flow field and the actuation flow field, and
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the energy of the shock wave structure is still dominant. In addition, the shock wave
driven by the array plasma can also be clearly observed from MOD2–5. It shows that
the energy stimulated by the MOD2–5 plasma also occupies a certain dominant position
in the actuation flow field. The latter unsteady mode is the shock wave/shock wave
interaction control mode, and it can be observed that the display degree, which decreases
after the shock wave interaction point, is affected. Therefore, on the basis of the SPOD
analysis results, the display of the double-wedge oblique shock wave controlled by plasma
is reduced after processing, the control effect of the array plasma actuation on the shock
wave/shock wave interaction is verified, and the intensity of the double-wedge oblique
shock wave is weakened.
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Another control effect that needs attention is the 4⃝ region defined in Figure 3, where
each SPOD mode shows that the supersonic jet emitted by point C has been effectively
controlled and has a tendency to develop into a complete slip line. Therefore, it can be
inferred that, by the control of the shock wave/shock wave interaction structure, the final
control mechanism formed by the array surface arc actuation may be to convert the type V
shock wave/shock wave interaction type, with more intense interaction and more complex
flow field into the type VI shock wave/shock wave interaction type during the change in
the shock mechanism.

5. Conclusions

In this paper, a high-speed schlieren flow field test method is used to study the Ma8
hypersonic double-wedge shock wave interaction controlled by a high-energy surface
arc discharge array. As a new type of super multipath discharge, 30 channels are used
in the double-wedge mode. A 30-channel discharge array is set on the first-stage wedge
surface, and actuation is applied to the interaction flow field. The shock wave array and
the hot gas array induced by the high-energy surface arc discharge array develop into a
virtual bulge and wedge in the hypersonic double wedge. Under the action of the virtual
wedge, the complex double-wedge shock disturbance structure evolves into a bow shock
wave or an oblique shock wave. The results show that the ultra-multi-array surface arc
actuation used in this paper can effectively control hypersonic Type V shock wave/shock
wave interaction, making the shock wave/shock wave interaction structure disappear or be
intermittent, and the new surface arc discharge plays a better role in regulating the shock
wave. The potential control mechanism is to mitigate the strong interaction caused by
shock wave/shock wave interaction by transforming the type of shock wave/shock wave
interaction. This verifies the ability of array plasma actuation to control complex shock
wave/shock wave interaction and provides a new type of plasma surface arc discharge
and a new method for hypersonic shock wave/shock wave interaction control.
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