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Abstract: Compression corner shock wave/boundary layer interaction (SWBLI) is a typical shock
wave/boundary layer interaction (SWBLI) problem in supersonic/hypersonic flows. In previous
studies, the separation flow is usually caused by a single shock wave. However, in the actual aircraft
surface configuration, two-stage compression or even multistage compression will produce more
complex SWBLI problems. The multi-channel shock structure makes the flow field structure more
complicated and also puts forward higher requirements for the flow control scheme. In order to
explore a flow control method for the double compression corner shock wave/boundary layer
interaction problem, an experimental study is carried out to control the double compression corner
shock wave/boundary layer interaction with a high-energy flow pulsed arc discharge array under
the condition that the incoming flow velocity Ma 6.0 has both noise flow fields and quiet flow fields.
The results show that when Upc = 0.5 kV actuation is applied, the influence range of the hot gas mass
flow direction is about 65 mm, which can weaken the shock wave intensity to a certain extent. When
Upc =1 kV actuation is applied, the influence range of the hot gas mass flow direction extends to
85 mm, and the actuation has a significant control effect on the flow field. Through spatio-temporal
evolution analysis and spatial gradient threshold processing of high-speed schlieren images of
actuated flow fields, the feasibility of controlling the hypersonic double compression corner shock
wave/boundary layer interaction by using a high-energy flow pulsed arc discharge array is verified.
The control law of a high-energy flow pulsed arc discharge array acting on the double compression
corner shock wave/boundary layer interaction is revealed.

Keywords: hypersonic; double compression corner; shock wave/boundary interaction; plasma
actuation; flow control

1. Introduction

In a supersonic flow, the disturbance of the air stream cannot propagate in the direction
of the flow, so shock waves will inevitably exist in the process of deceleration and shock
wave/boundary layer interaction (SWBLI) will inevitably occur in the interaction of the
boundary layer on the surface of the aircraft body [1-3]. When the inverse pressure gradient
induced by shock waves is large enough, the boundary layer will become thicker or even
return inside, resulting in the boundary layer separating from the object surface, which will
directly damage the aerodynamic performance of the aircraft. There are various forms of
shock wave/boundary layer interaction in the outflow of the aircraft, including oblique
shock wave/boundary layer interaction, normal shock wave/boundary layer interaction,
and three-dimensional shock wave /boundary layer interaction, among which Compression
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Ramp-SWBLI is the most typical form of oblique shock wave/boundary layer interaction.
It mainly occurs at the rudder surface of the aircraft [4,5].

At present, studies on CR-SWBLI control at a single compression corner have been
extensive. For example, Verma and Chidambaranathan [6] adopted a stable microjet array
for a single compression corner of 24° and found that jet spacing of 13 d has a better effect
on reducing the size of pressure in the separation region. The 135° jet achieves a better
control effect on the instability of separated shock waves. Verma compared the vortex
generators of two positions and two configurations and found that the closer the interaction
region is, the better the effect of the vortex generator on weakening the instability of
the separation shock wave and reducing the intensity of the separation shock wave. The
vortex generator with the configuration of s = 0 significantly reduces the root-mean-square
value of the separation region. There is relatively little research on double compression
Ramp-SWBLI and it mainly focuses on numerical simulation [7,8]. Durna et al. [9] studied
the influence of the second order wedge angle on the flow field structure under Mach 7
conditions through numerical calculation. The results show that when the first-order wedge
angle = 30° remains unchanged, the vortex structure has a more and more significant effect
on the flow with the increase in the second-order wedge angle. Estruch-Samper et al. [10]
conducted detailed experimental studies on Micro-Vortex generators of different heights,
and the results show that when the height of the Micro-Vortex Generator is relatively small,
it can inhibit flow separation. When the ratio of the height of the Micro-Vortex Generator
to the boundary layer is about 0.3, the separation is effectively suppressed and the large-
scale unsteady characteristics of SWBLI are significantly reduced. Babinsky et al. [11] also
conducted an experimental study on the control details of the separation region through
micro-ramps and found that when micro-ramps were used to disturb the flow field in
supersonic inflow with Ma = 2.5, the flow separation caused by SWBLI could not be
completely suppressed under the control of micro-ramps of all sizes but that micro-ramps
could break the separation region. The space size is reduced to a plurality of broken small
separation regions. Tong et al. [12] conducted a direct numerical simulation of a double
compression corner with Mach number 2.9, the angle of the two stages was fixed at 12°
and 24°, respectively, and studied the influence of the flow direction length L. of the first
stage on the flow field structure. It was found that with the increase in L, the size of the
separation region is significantly reduced, the width of the Gortler vortex is reduced, and
the directional coherence is enhanced [13-15].

As a passive flow control method without moving parts [16-18], plasma actuation
can effectively avoid the increase in aerodynamic drag, flow loss, and other problems
caused by the actuation itself, compared with micro-vortex generators, boundary layer
venting, and other control methods. In recent years, due to the breakthrough of high
repetition, frequency, energy, and array plasma actuation technology, its great potential
in the field of supersonic flow control has been reflected. Preliminary studies have been
conducted on dielectric barrier discharge, plasma synthetic jet, and surface arc discharge
and other forms [19-27], particularly surface arc discharge [20]. In recent years, in the field
of supersonic/hypersonic flow control, surface arc discharge plasma actuation (especially
array-type surface arc discharge plasma actuation) has highlighted the advantages of
strong energy injection, high frequency response characteristics, and flush with the wall
surfaces [28,29]. Breakthrough progress has been made in shock wave control and shock
wave/boundary layer interaction control [30,31].

Watanabe Y. et al. [32] examined the effect of the Reynolds number on plasma-assisted
flow control. A linear dependency was found between the ramp pressure change per
averaged plasma power and the Reynolds number. In addition, the effect of near-surface
discharge on supersonic flow near 15° compression surface is studied by experiments and
simulations [33]. Further simulations attempted to find an optimal range of plasma power
and position in terms of achievable effect, effectiveness of the method, and response time
of the system to the plasma actuation. Tang et al. [34] studied the evolution characteristics
of high energy arc discharge actuation under a low pressure environment and used high-
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energy plasma actuation to effectively weaken the shock intensity of bow shock in front of
a cylinder. In the incident shock wave /boundary layer interaction control, Luo et al. [35]
found that both 5 kHz and 10 kHz high-frequency arc discharge actuation can weaken the
intensity of separated shock waves and 5 kHz actuation can suppress the low-frequency
motion of separated shock waves, while 10 kHz actuation can increase the low-frequency
motion energy. Tang et al. [36] used spanwise array pulsed arc discharge actuation to
achieve forced boundary layer transition and used high-frequency flow pulsed arc dis-
charge array to achieve effective control of the shock wave/boundary layer interaction
induced by the compression corner and proposed the corresponding conceptual model.
Gan et al. [30] also realized the weakening of the intensity of separated shock waves in
the shock wave/boundary layer interaction induced by the compression corner through
high-energy and low-frequency array pulsed arc actuation.

In this paper, experimental studies on the control of double-compression corner
shock/boundary layer interaction flow fields by array plasma actuation under Mach 6
conditions are carried out, and the coupling evolution characteristics of the array surface
arc actuation and hypersonic double-compression corner shock/boundary layer interaction
flow fields are discussed and analyzed. The ability of plasma actuation to regulate the
shock wave/boundary layer interaction is verified under Mach 6 conditions, and the
corresponding control rules are finally summarized.

2. Experimental System and Model
2.1. Hypersonic Quiet Wind Tunnel and High-Speed Schlieren System

The experiment is conducted in the $300 mm hypersonic quiet wind tunnel of the
Hypervelocity Aerodynamics Institute of China Aerodynamics Research and Development
Center. The experimental medium in the wind tunnel is air or nitrogen. The maximum
design total pressure is 2.0 MPa, the maximum total temperature is 537 K, and the nozzle
outlet diameter is 320 mm. The stable operation time of the wind tunnel is greater than
10 s, the duration of the static flow field is not less than 7 s, and the cycle of a single
platform is 150~200 ms. The wind tunnel uses a Laval nozzle, and a special boundary
layer suction device is set up in the upstream of the nozzle to realize the switch between
the quiet flow field and the noise flow field. In quiet mode, the noise level of the Mach 6
flow field is 0.05~0.1% (adjustable), and the average Mach number is 6.03~6.15. The Mach
number 8 flow field noise level is 0.07~0.1% (adjustable); that is, the sound pressure level
is adjustable, the average Mach number is 7.90~7.95, and the uniform region diameter is
not less than 240 mm. At the same time, the wind tunnel can operate in the conventional
hypersonic Ludwig wind tunnel mode, and the noise level of the flow field is 2~3%, similar
to that of the conventional hypersonic wind tunnel. The average Mach number is about
5.90, and the diameter of the uniform region is 200 mm. The main performance parameters
of the wind tunnel are shown in Table 1, and the actual picture of the wind tunnel is shown
in Figure 1. The actual flow conditions of the experiment are shown in Table 2, where
the first row is the flow parameters of the static flow field and the second row is the flow
parameters of the noise flow field.

Table 1. Main parameters of ®300 mm hypersonic quiet wind tunnel.

Ma Nozzle Diameter/m Py/MPa To/K Re/L x 10° tls Ma Flow Field Noise
6 0.32 0.1~0.45 387~422 1.28~5.99 10 6.03~6.15 0.05~0.1% air
8 0.32 0.1~0.45 478~515 0.47~1.86 10 7.90~7.95 0.07~0.1% Nitrogen

Table 2. Main parameters of incoming stream.

Maco Re/m U 14 P() Tg PS TS N
(Ueo/c) (pUc/W) (m/s) (kg/m®) (MPa) (K) (Pa) (K)
6.10 5.74 x 10° 899.76 0.012 0.328 457 178.68 54.09 2%

5.90 9.38 x 10° 896.11 0.017 0.410 457 286.98 57.35 0.1%
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Maeo, Re/m, U, p, Po, To, Ps, Ts, ¢, and N represent the incoming Mach number, unit
Reynolds number, free flow velocity, incoming density, total pressure, total temperature,
static pressure, static temperature, sound velocity, and the noise level.

Figure 1. $300 mm hypersonic quiet wind tunnel.

2.2. Schlieren System

A schlieren display technique is used to capture the flow junction in the experiment.
Compared with the traditional schlieren system, the slit and knife edge of the optical
system adopts the same side structure of the off-axis projectile target. The experimen-
tal schlieren system adopts the same side structure of the off-axis parabolic mirror, and
the optical path of the Schlieren system is different from the traditional Z-type optical
path. The optical path diagram is shown in Figure 2. The core of the system consists of
four mirrors that reflect light. The maximum resolution of the experimental camera is
2048 pixel x 2048 pixel, the target size is 20.48 mm x 20.48 mm, the pixel size is 10 um,
and the schlieren frame frequency is 5 k. According to literature [37], in the same wind
tunnel test, under Mach number 8, an exposure time of 5 ps is selected. In the discharge
characteristic experiment, shockwaves and hot gas masses generated by plasma actuation
can be obviously observed. In this experiment, under Mach number 6, the incoming flow
velocity is lower, the brightness of the field of view is guaranteed, and a lower exposure
time is selected to reduce the schlieren integration effect and field of view sharpness.

’>] Plane mirror Plane mirror [{Q
\ I
\ /

Collimating parabolic mirror Schlieren parabolic mirror

Figure 2. The diagram of schlieren light path.

2.3. Experimental Model and Actuator Setup

The experimental model was installed in the wind tunnel test section and bolted to the
bottom support frame. The experimental model used in this research is shown in Figure 1,
which is divided into two parts: bottom plate and double compression corner. The diagram
of the assembled flat-double compression corner is shown in Figure 3a. Figure 3b shows
the actuator used in the experimental research of this paper, which is formed by three arc
plasma actuators in series. Each discharge can generate three plasma actuations along the
flow direction to expand the actuation range of the flow direction. Figure 3¢ shows the
schematic diagram of the double compression corner model. The angles of the two folds are,
respectively, 30° and 45°, and the total length is 55 mm. In order to meet the requirements
of the strength check, it is necessary to control the overall weight of the experimental model,
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so the spanwise width of the corner model is designed to be 40 mm, while avoiding the
side wall effect.

(b) Three-channel streamwise pulsed arc

setastor (c) Double compression corner

Figure 3. The diagram of the experimental model.

Before studying the control effect of a high energy drive, the discharge characteristics
of the plasma arc discharge should be analyzed. Figure 4 shows the voltage and current
waveform driven by high energy at a low voltage. As can be seen from the figure, the
discharge time of a single pulse is not more than 20 ps, and when the voltage reaches a
peak of about 8 kV, it will quickly drop to 0.8 kV. Compared with the voltage, the current
rises and falls slightly behind, rapidly reaching a peak value of 110 A and then smoothly
transiting to the initial value at the peak. Due to the presence of capacitors, it will decay at
a relatively slow rate, and the discharge time will be extended. Finally, by integrating the
current and voltage, it can be calculated that the single pulse discharge energy of the high
energy arc is about 496 mJ.

10 ' ' ' — 1125
— [

81 — 7 1100

01 175
>
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%4 F50 =
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Figure 4. Volt-ampere characteristic curve.

3. The Reference Flow Field of Double Compression Corner Shock Wave/Boundary
Layer Interaction at Ma 6.0

Firstly, schlieren measurements of a Ma = 6.0 noise flow field and quiet flow field are
carried out. Compared with a Ma = 2.0 incoming flow condition [13], the corner leading
edge under hypersonic conditions has a larger separation region. Figure 5a shows the
instantaneous schlieren image under the noise flow field. It can be seen from the Figure
that a typical SWBLI flow field structure and shock wave/shock wave interaction flow field
structure are formed near the double compression corner. In Figure 5a, the flat boundary
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layer upstream of the corner is in a laminar flow state of linear growth, and the thickness of
the boundary layer becomes obviously thicker along the flow direction. At the position of
100 mm in the flow direction, the boundary layer rises obviously, and a weak separation
shock wave also appears outside the boundary layer here. From here to the point of impact
between the boundary layer and the corner model is defined as the length of the separation
region [9]. It is worth noting that the separation shock wave is not a clear straight line in
the schlieren diagram, but there are weak compressed Mach waves in the plane region.
Some research in the literature has simulated the separation region structure of an SWBLI
compression corner at Ma 2.0 supersonic inflow by numerical simulation and found that
the separation region is not strictly a two-dimensional structure but has certain three-
dimensional characteristics. It is speculated that the shape of the separation region at Ma
6.0 is similar to it and also has certain three-dimensional characteristics. At the impact point
between the boundary layer and the corner, a strong reattachment shock wave appears due
to airflow compression, the separation shock wave passes through the reattachment shock
wave, and there are more complex reflections behind the wave. At the leading edge of the
second corner, as the turning angle of the airflow increases by 15° from the first corner to
the second corner, the airflow is strongly compressed, and a second intense shock wave is
formed here. When the first reattachment shock wave collides with the second shock wave,
strong mutual interaction occurs. On the one hand, they intersect to form a stronger shock
wave, and on the other hand, a weaker reflected shock wave is formed downward. There is
a slip line between them. The slip line here is clear and obvious, indicating that the speed
difference between the two regions is large.

0 25 50 75 100 125 150 175 200 ] o 25 50 75 100 125 150 175 200 |
x/mm +/mm
(a (b)

Figure 5. Schlieren image of noise flow field at Ma 6.0. (a) Instantaneous schlieren of noise flow field;
(b) time-mean schlieren of noise flow field.

Figure 5b is the time-mean schlieren diagram of the noise flow field based on 500 in-
stantaneous schlieren gray value averaging processing, according to which we can carry out
a qualitative analysis of the above flow field structure. It can be seen from the figure that not
only the boundary layer, separation shock wave, reattachment shock wave, and interaction
point can be well presented but also the complex reflection process of the separation shock
wave after the reattachment shock wave can be well presented, which indicates that the
result of the time-mean schlieren has good reliability. Therefore, we can examine the size of
the separation region in the time-mean schlieren. As shown in the Figure, the white dashed
line represents the separation shock wave. According to the definition of the boundary
layer separation region above, it can be concluded that in the Ma 6.0 noise flow field, the
length of the separation region is 62.5 mm.

In the quiet flow field, the basic structure of the flow field is the same as that of the
noise flow field, but the spatial position of each structure does not present a small difference.
As shown in Figure 6a, in the quiet flow field stage, excluding the interaction of external
factors, the separation starting point of the boundary layer at the leading edge of the corner
is greatly advanced, appearing about 85 mm from the flow direction, and the size of the
separation region increases significantly. Not only does the initial position of the separation
shock flow advance but also the height of the normal direction increases. The angle of
the reattachment shock wave decreases slightly, so the normal height of the shock wave
interaction point decreases. The morphological characteristics of the intense shock wave,
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reflected shock wave, and the angle of the slip line produced after the intersection of shock
waves hardly change, but the position and length of the wave do change. Similarly, some
qualitative rules can be obtained by analyzing the time-mean schlieren diagram of the quiet
flow field. As shown in Figure 6, the size of the separation region increases to 90 mm, and
the size of the separation region increases by 44% compared to the noise flow field. It can
be seen that under hypersonic conditions, the size of the separation region in the quiet flow
field will be larger, while in the actual hypersonic flight process it is usually faced with
a small noise flow field with a low Reynolds number, and under the same configuration
conditions, a larger separation region will be generated. Therefore, certain flow control
means are urgently needed to regulate this problem. It should be noted that the size of
the separation region in the quiet flow field is larger, which is not caused by the difference
in Reynolds number. The main reason is that the quiet flow field is mainly laminar flow,
which has a weak ability to resist the reverse pressure gradient and is easy to separate,
while the noise flow field is mainly turbulence, which has a stronger ability to resist the
reverse pressure gradient than the quiet flow field, so the separation scale of the quiet flow
field is larger.

100 125 150

Pl I I | TS ) e | s T | e | e |
175 200(mm) 25 50 75 100 125 150 175 200 (mm)
x/mm

(a) (b)

x/mm

Figure 6. Schlieren image of quiet flow field at Ma 6.0. (a) Instantaneous schlieren of quiet flow field;
(b) time-mean schlieren of quiet flow field.

4. The Actuation Flow Field of Double Compression Corner Shock Wave/Boundary
Layer Interaction at Ma 6.0

4.1. Analysis of the Control Effect

According to previous studies, even if the supersonic flow field can achieve a good
control effect of high-frequency actuation, such as 5 kHz, 10 kHz, 20 kHz actuation, in
the hypersonic flow field, the flow field disturbance frequency is high, far beyond the
common high-frequency actuation range of plasma actuation. In addition, the extremely
harsh incoming flow conditions make the plasma actuation with high frequency and low
energy consumption unable to play a good control effect. Therefore, in order to regulate
the strong SWBLI and shock wave/shock wave interaction in the hypersonic flow field, we
naturally take into account the lower actuation frequency but use high-energy actuation
with greater actuation intensity and more stable discharge. Therefore, in the experimental
study of this section, a high-energy actuator with a capacitance of 1 uF and DC source
voltage Upc = 1 kV is used to control hypersonic noise flow field and static flow field. In
order to reduce the energy consumption of arc discharge plasma actuation, and to expand
the actuation range, the arc plasma actuator is arranged into two-channel streamwise; that
is, two plasma discharge positions are arranged along the flow direction of the flow field.
Since the frame rate of the schlieren shooting was 5000 fps, the actuation frequency was still
set at 480 Hz, and the schlieren images with different phases after actuation are selected to
form the schlieren sequence.

Figure 7 shows SWBLI schlieren sequence of the noise flow field controlled by high-
energy actuation. As shown in Figure 7a, after the discharge channel is established, due to
the low static pressure of incoming flow, the two arc actuation fuse into one actuation and
inject energy into the gas on the surface of the plate to induce a large volume hot gas mass.
Compared with the two smaller hot gas masses separated, this not only enlarges the range
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of actuation but also increases the intensity of actuation and improves the control effect
of actuation.

(@) T=0.2ms (b) T=0.4ms

)/ Shock wave
/ Hot gas mass
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Figure 7. SWBLI schlieren image of noise flow field controlled by high-energy actuation.

In Figure 7b, the shock wave induced by actuation changes into a hemispherical hot
gas mass, and the leading edge reaches the foot of the separation shock wave. The hot gas
mass inside the shock wave is coupled with the laminar flow boundary layer, resulting
in increased disturbance. However, the state of separation shock at this phase has not
changed. As shown in Figure 7c, when the hot gas generated by the actuation flows near
the separation region, n the one hand, the separation region of the leading edge of the
corner is completely covered by hot gas masses. Through observation of the state of the
boundary layer, it can be found that the state of the boundary layer has changed, which is
due to the shock wave and hot gas mass generated under the actuation of plasma, which
disturbs the boundary layer. There is a vortex structure in the hot gas mass itself [38,39],
and the interaction with the boundary layer will make the boundary layer also carry a
vortex structure; these vortex structures also accelerate the fusion of the boundary layer and
the main stream. At the same time, the hot gas mass generated by plasma arc discharge will
be accelerated along with the incoming flow. At this time, the hot gas mass will encounter
the boundary layer, especially the fluid with lower speed in the separation region, and
momentum exchange will inevitably occur, making the low-energy fluid accelerate. At
this time, the size of the separation region is greatly reduced, so the separation shock
wave disappears.

In Figure 7d, after the hot gas mass flows through the surface of the plate, it is coupled
with the boundary layer at the outer edge of the separation region and hits the surface of
the angle model at this phase moment. It is found in the schlieren image that the boundary
layer state changes, which is due to the mass, energy, and momentum exchange between
the fluid and the hot gas in the boundary layer, which makes the boundary layer chaos
intensified. However, at this stage, the boundary layer is hit by the hot gas mass and the
boundary layer is in a chaotic turbulent state. The hot gas mass forms a virtual compression
surface connecting the plate and the angle outside the boundary layer. Different from the
traditional model bulge, the virtual compression surface formed by plasma actuation is an
unsteady “bulge” formed by the shock wave and the hot gas mass in the flow field, which
makes the attached shock wave “truncated” by the virtual compression surface and the
shock foot move upward.

At the corresponding phase moment in Figure 7e, the hot gas mass has completely
covered the surface of the corner of the first stage, and the virtual compression face is
compressed ahead of the incoming flow. In addition, the impact point between the bound-
ary layer and the model surface is still within the influence range of the hot gas mass
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and the virtual compression surface still exists, so the intensity of the reattachment shock
waves is greatly weakened and the interaction points of the shock waves are dispersed.
The unsteady motion of the reflected shock wave and the slip line also deviated from the
original trajectory in the above process. Because the hot gas mass did not affect the second
shock wave, the intense shock wave above the interaction point still maintained a large
shock wave intensity.

Figure 7f shows the structural characteristics of the flow field when the hot gas mass
actuated by the plasma passes near the corner of the second stage, as shown in the figure; at
this time, the hot gas mass has passed the corner of the first stage, and the boundary layer
also recovers the reference state, so the separation shock wave reappears and the related
structure of the seconded shock wave also reappears. A complex flow structure appears
behind the attached shock wave. Due to the action of hot gas mass, the second shock wave
is dispersed by the hot gas mass and it is impossible to distinguish the flow structure, such
as the disturbance point and slip line, in the flow field. According to the experimental
results, the plasma arc discharge produces shock waves and hot gas mass, and an impact
effect is one of its characteristics. Through the shock wave, the shock wave is affected and
the intensity is reduced. This also reduces the inverse pressure gradient of the boundary
layer, thereby indirectly reducing the separation region, which also plays an indirect role in
separation control. According to the above analysis, high-energy arc plasma actuation can
play an effective role in regulating SWBLI noise flow field and shock wave interaction.

In the quiet flow field, the incoming flow has a small disturbance. As can be seen in
Figure 8a,b, the hot gas mass and shock wave induced by plasma actuation are similar to
those in Figure 7. However, the coupling effect with the boundary layer does not introduce
a large disturbance to the boundary layer. There is no large-scale vortex structure. At the
corresponding phase moment in Figure 8c,d, the hot gas mass flows near the separation
region. Based on the analysis of the reference state of the quiet flow field above, we know
that the size of the separation region is larger than that of the noise flow field and the range
of the separation shock wave is also larger. In Figure 8e, the upstream separation shock
structure reappears, and the attached shock wave almost completely disappears at this
stage. Only part of the weak compression waves is attached near the corner wall, and the
angle is similar to that of the first corner. The structure of the shock wave after bifurcation is
more regular and there is no large oscillation after plasma actuation. At the corresponding
phase moment in Figure 8f, the hot gas mass flows near the second corner, at which time
the separation region reappears, the complete structure of the separation shock wave has
been established, and the related structure of the attached shock wave foot also reappears,
and the second shock wave is dispersed by the hot gas mass. Since the disturbance in the
flow field is small, the complex flow field structure like that in the noise flow field is not
formed. The Mach wave angle is smaller and closer to the surface of the corner model.

(a) T=02ms : (b)T=0.4ms
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e e el B el |
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Figure 8. SWBLI Schlieren image of quiet flow field controlled by high-energy actuation.



Aerospace 2023, 10, 1016

10 of 17

4.2. The Influence of Actuation Energy on Control Effect

In the previous section, discharge parameters of Upc = 1 kV and capacitance 1 pF
were used to control the hypersonic noise flow field and static flow field, and a relatively
ideal control effect was achieved. In this section, the control effect of high-energy actuation
on the hypersonic double compression corner shock wave/boundary layer interaction and
shock wave/shock wave interaction flow field under different actuation intensities will be
explored by adjusting the DC source voltage and capacitance.

Under the condition of noise inflow, due to the large disturbance in the boundary
layer, according to the experimental results of surface arc actuation to control hypersonic
boundary layer transition, applying small actuation disturbance can provide a great control
effect to the boundary layer, playing a “four or two” role. Therefore, firstly, the DC source
voltage is set as Upc = 0.5 kV and the capacitance as 1 pF. The control effect of arc actuation
on the shock wave/boundary layer interaction of the hypersonic double compression angle
and low energy shock wave interaction flow field was investigated. Figure 9 shows the
structural evolution sequence of the flow field after actuation control. Figure 9a,c,e on the
left correspond to the instantaneous schlieren images of the hot gas touching the leading
edge of the corner model, hot gas reaching the boundary layer reattachment point, and
the hot gas covering the shock wave region, respectively. Figure 9b,d,f on the right are
the corresponding images after longitudinal gradient processing. Longitudinal gradient
processing is to enhance the contrast of the longitudinal image in order to better display the
boundary layer and flow field structure. In this section, the three instantaneous images with
representative phase moments are selected for analysis, which will not be described below.

Shock wave
Hot gas mass
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Figure 9. Structure evolution sequence of the flow field controlled by Upc = 0.5 kV high-energy actu-
ation in the noise flow field: (a,c,e) Original schlieren image; (b,d,f) schlieren image after longitudinal
gradient processing.

In Figure 9a, the hot gas mass generated by actuation has a long flow coverage range.
Its leading edge contacts the model at x = 165 mm, and its trailing edge is located at
x =100 mm. The influence range of the hot gas mass is about 65 mm, which is enough to
cover the entire separation region of the leading edge of the corner under the condition
of noise flow. Longitudinal gradient processing is used to observe the fine structure of
the boundary layer and shock waves. As shown in Figure 9b, the structure of the hot gas
mass becomes more chaotic after it is coupled to the boundary layer. At this time, the
separation shock waves disappear, the structure of the secondary shock waves does not
change significantly, and the shock interaction points and slip lines and other structures
do not change. When the hot gas mass flows to the vicinity of the reattachment point, as
shown in Figure 9¢, it is obstructed by the corner, and the hot gas mass piles up into a
bulge here. Then, the attached shock wave foot moves upwards. The density variation in
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the region behind the wave also increases, and the disturbance of the flow field increases.
When the hot gas mass completely covers the shock wave region, as shown in Figure 9e,
the secondary shock wave is dispersed, the region surrounded by the two shock waves is
further reduced, and the interaction point moves down. It can be seen from Figure 9f that
the reflected shock wave generated after the shock wave interaction disappears and the
shock wave interaction is controlled by actuation, but the interaction point still exists and
the main shock wave and the slip line after polymerization are still clear. This indicates
that the actuation strength of the discharge parameter is relatively weak. Although it has a
certain flow control effect on the flow field, its control effect on the shock wave structure
and disturbance effect on the flow field need to be further improved.

When a higher intensity arc actuation is applied to the flow field, as shown in Figure 10,
the output voltage of the DC source is set as Upc =1 kV, and the capacitance is selected
as 4 pF, the flow field structure produces a more intuitive and significant control effect. In
Figure 10a, when the leading edge of the hot gas mass contacts the corner model, the trailing
edge is still at the position of x = 90 mm, and the flow direction influence range is at least
80 mm. Compared with the above actuation intensity, the flow direction influence range of
the hot gas mass has expanded at least 23.1%. It can also be seen from the instantaneous
schlieren diagram that, compared with Figure 10a, under the same phase, the longitudinal
height of the hot gas mass also increased slightly, indicating that the intensity of actuation
greatly increased. As can be seen from the gradient processing diagram, the disturbance to
the boundary layer caused by actuation also increased with the increase in the intensity of
actuation, resulting in a change in the flow structure near the reattachment point. Although
the hot gas mass did not flow to the reattachment shock wave, the shock wave foot already
showed the characteristics of disturbance and deformation. At the phase moment when the
hot gas mass covers the reattachment point, different from Figure 9, the volume of the hot
gas mass is larger after accumulation, almost covering the entire corner of the first stage.
Moreover, the structure of the reattachment shock wave completely disappears, weakening
into several weak compression waves, and the position of the interaction point drops to
almost close to the model surface or even disappears. As can be seen from Figure 10d,
the weakened compression wave kinks together with the second shock wave, and there
is a slip line backwards at the interaction point. At this phase, the secondary shock wave
almost completely disappears, and the strength of the shock wave structure is greatly
weakened. When the hot gas mass flows to the corner surface, all the shock wave structures
are weakened into weak compression waves, as shown in Figure 10e,f. Compared with
small energy actuation, large energy actuation can effectively weaken the intensity of shock
waves in the flow field.

Shock wave

¥ Hot gas u).aés‘
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Figure 10. Structure evolution sequence of the flow field controlled by Upc = 1 kV high-energy actua-
tion in the noise flow field: (a,c,e) Original schlieren image; (b,d,f) schlieren image after longitudinal
gradient processing.
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Because we focused on the control effect of actuation on shock waves, only the flow
field image near the corner model was captured for gradient enhancement processing, and
the control effect of the two actuation intensities is further compared. Figure 11 shows the
enhancement diagram of the shock wave structure evolution gradient of the noise flow field
after actuation. The above three pictures show the actuated flow field when the DC power
output Upc = 0.5 kV and the output power is 2000 W, and the following three pictures show
the actuated flow field when the output Upc =1 kV and the output power is 4000 W. In
order to facilitate the observation of the shock structure and the precise observation of the
evolution process, x = 160 mm on the original coordinate axis of Figures 5-10 is set as the
origin of the new X-axis coordinate. Figure 11 shows the enhancement gradient diagram.
Gradient enhancement is one of the means of image enhancement, mainly through the
adjustment of image contrast; that is, the contrast intensity of light and dark. Since the
schlieren image is mainly black and white toned, the gradient enhancement process is
carried out. In addition, the black and white tone replacement is carried out to better reflect
the flow field structure. Figure 11a,d corresponds to the phase moment of the hot gas
mass touching the corner wall. It can be seen from the figure that although there is a small
difference in instantaneous shock wave morphology, the flow field can still be identified
as being in the same state. At this time, the hot gas mass has not had a regulating effect
on the main structure of the flow field. When the hot gas mass flows to the vicinity of the
reattachment point, the structure of the reattachment shock wave is still clear in Figure 11b,
and the location of the interaction point of the shock wave is still clear. However, there
is no structure of the reattachment shock wave in Figure 11e, and only the second shock
wave and the converged shock wave have a clear structure. The structure of the other
compression waves is not obvious, which also indicates that the density changes are small.
The shock wave intensity decreases when the hot gas mass flows to the shock wave region;
although the main flow field structure is no longer prominent in Figure 11c, the shock
wave near the shock wave interaction point is still relatively clear. In Figure 11f, the overall
structure of the flow field weakens and no clear interaction point appears, indicating that
the actuation control effect is better.
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Figure 11. Enhancement gradient diagram of shock wave structure evolution gradient in noise flow
field after actuation: (a—c) Upc = 0.5 kV actuation flow field evolution; (d—f) Upc = 1 kV actuation
flow field evolution.
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When the high-energy actuation is applied to the hypersonic quiet flow field, it is
similar to the noise flow field. The flow field structure of three typical phase moments is
extracted for longitudinal gradient processing, as shown in Figure 12. The three images on
the left are the actuated flow field when Upc = 0.5 kV, and the three images on the right
are the actuation flow field when the output Upc = 1 kV. The control effect of different
actuation intensities under the condition of quiet flow is compared and analyzed.
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Figure 12. Longitudinal gradient processing diagram of shock wave evolution under quiet flow field:
(a—c) Upc = 0.5 kV actuation flow field evolution; (d—f) Upc = 1 kV actuation flow field evolution.

In Figure 12a,b, the coverage range of the hot air mass is slightly different from that
under the noise inflow condition. When Upc = 0.5 kV, the flow range of the hot air mass is
x = 107.5 mm~x = 167.5 mm, and the length is about 60 mm. The flow range of the hot gas
mass increases to x = 90 mm~x = 167.5 mm, and the length is about 77.5 mm. Therefore,
compared with the noise flow field, the influence range of hot gas mass in the quiet flow
field is reduced under the two actuation parameters. Considering that the quiet flow field
and the noise flow field are the same vehicle test, the discharge continues to the quiet
flow field after the noise flow field is actuated. Continuous discharge reduces the output
capacity of the power supply, which in turn reduces the influence range of the hot gas mass.
However, it can be found that the influence range of the hot gas mass decreases slightly,
which decreases by 7.7% and 3.1%, respectively, under the two actuation parameters, so
this attenuation is ignored in this test study.

When the hot gas mass covers the reattachment point, Figure 12c shows that the
control effect of the flow field under quiet actuation Upc = 0.5 kV is similar to that under
noise conditions. The reattachment shock wave moves upward and the interaction point
drops, while the flow structure near the interaction point hardly changes. However, the
control effect of Upc =1 kV actuation on the flow field is slightly different from that under
noise conditions, as shown in Figure 12d. Unlike the shock wave bifurcation in Figure 9d,
the reattachment shock wave here is weakened into a weak compression wave, and the
control effect of actuation on the reattachment shock wave is better.

When the hot gas mass covers the shock wave region, Figure 12e shows that actuation
plays a prominent role in controlling the interaction points, and the interaction points move
down significantly, almost attached to the model. However, the structure of the shock
waves, especially the structure of the secondary shock waves, is still clear. Figure 12f shows
that higher intensity actuation has better control on the shock wave’s structure, no obvious
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interaction points exist, and the slip line almost disappears. The detailed features will be
further analyzed and studied from local gradient enhanced images.

As shown in Figure 13, the local gradient enhanced images of the flow field after
actuation with two kinds of parameters are compared. The structures in Figure 13a,d are
similar, with clear flow structures such as secondary shock wave, second shock wave,
interaction point, main shock wave after convergence, reflected shock wave, slip line, etc.
The two images can be regarded as the state of the reference flow field. There are obvious
contrast differences in the images at the second phase moment. Figure 13b shows that the
flow field barely changes after Upc = 0.5 kV actuation is applied, and only some bending
deformation occurs on the slip line, indicating that the interaction point receives high-
frequency disturbance. Figure 13e shows that the secondary shock wave almost completely
disappears, and the position of the interaction point moves down substantially. The control
effect of the Upc =1 kV actuation is remarkable. When the hot gas mass flows to the shock
wave region, the interaction point is almost attached to the model surface in Figure 13c,
but the structure of the attached shock wave and the main shock wave is relatively clear.
However, in Figure 13f, only one main shock wave can be observed in the whole flow
field, and the other structures are greatly weakened. It shows that the actuation of this
parameter can effectively control SWBLI and the shock wave/shock wave interaction in
the hypersonic quiet flow field.
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Figure 13. Enhancement gradient diagram of shock wave structure evolution gradient in quiet flow
field after actuation: (a—c) Upc = 0.5 kV actuation flow field evolution; (d—f) Upc = 1 kV actuation
flow field evolution.

5. Conclusions

In this paper, the research on dual compression corner shock/boundary layer inter-
action control is extended from supersonic to hypersonic, and an experimental study on
dual compression corner shock/boundary layer interaction controlled by high-energy arc
actuation (Ma = 6.0) is carried out to summarize the control law of dual compression cor-
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ner shock/boundary layer interaction by arc plasma actuation under wide Mach number
conditions. The specific research conclusions are as follows:

)

@)

®)

4)

The flow field structure of noise incoming flow conditions is similar to that of quiet
incoming flow conditions. Compared with Ma = 2.0 incoming flow conditions, the
corner leading edge under hypersonic conditions has a larger separation region, and
the size of the separation region is also affected by the level of incoming flow noise.
By averaging the gray value of schlieren images, it is found that the length of the
separation region is 62.5 mm under the condition of noise incoming flow and 90 mm
under the condition of quiet incoming flow, which may be related to the disturbance in
the incoming boundary layer. In the noise flow field, the disturbance in the incoming
boundary layer is large and contains more vortex structures, which promotes the
energy mixing between the boundary layer and the mainstream region. The ability of
the boundary layer to resist separation is enhanced.

After the application of high energy arc actuation, the double compression corner
shock wave/boundary layer interaction and the shock wave interaction structure
under the two types of flow field can show the control effect of the shock wave
disappearing and weakening under the control of hot gas masses. The hot gas mass
first couples with the separation region near the leading edge of the corner, effectively
promoting the momentum exchange between the boundary layer and the main flow
region, and the separation shock wave weakens or even disappears. Secondly, when
the hot gas mass passes through the reattachment shock region, as the reattachment
region of the boundary layer is impacted by the hot gas mass, the reattachment shock
wave forks and deforms, the shock wave intensity is greatly weakened, and then
the interaction point of the shock wave fluctuates greatly, as well as the slip line and
reflected shock wave. High-energy actuation has an effective control effect on the
interaction flow field of the shock wave.

The evolution characteristics of the flow structures in the noise flow field stage and
the static flow field stage are similar, and the control effect of high-energy actuation
on the separation shock wave and the reattachment shock wave is different. On the
one hand, the separation region in noise flow field is small, and the control effect of
high-energy actuation on reducing the intensity of separated shock waves is relatively
good. However, in the quiet flow field, the separation region is large and the range of
separated shock waves is large, and the effect of actuation is not ideal. On the other
hand, the disturbance in the noise flow field is large. When the hot gas generated
by actuation passes through the reattachment shock wave, the reattachment shock
wave is wavy after bifurcation, while in the quiet flow field the shock wave after
bifurcation is scattered and linear. Plasma actuation plays a good role in controlling
the wave system.

In the two types of flow fields, the higher the discharge energy is, the larger the
influence range of the hot gas induced by actuation is and the better the control
ability of arc plasma actuation on the hypersonic double compression corner shock
wave/boundary layer interaction flow field is. When Upc = 0.5 kV actuation is ap-
plied, the influence range of the hot gas mass flow direction is about 65 mm, which can
weaken the shock wave intensity to a certain extent, and the shock wave interaction
point oscillates; thus, the shock wave interaction can be controlled. Although it has
a certain flow control effect on the flow field, its control effect on the shock wave
structure and the disturbance effect of the flow field need to be further improved.
When Upc =1 kV actuation is applied, the influence range of the hot gas mass flow
direction expands to 80 mm, and the actuation has a significant control effect on the
flow field. Even in the quiet flow field stage, the secondary shock waves almost com-
pletely disappear and the hypersonic double compression corner shock/boundary
layer interaction and shock wave/shock wave interaction can be effectively controlled.
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