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Abstract: The control of a shock wave produced by a ramp (ramp shock) in Ma3 supersonic flow using
a two-electrode Spark]Jet (SPJ]) actuator in a single-pulse mode is studied experimentally. Except for
schlieren images of the interaction process of SPJ with the flow field, a dynamic pressure measurement
method is also used in the analysis of shock wave control. In a typical experimental case, under the
control of single-pulsed SPJ, the characteristic of ramp shock changes from “short-term local upstream
motion” in the initial stage to “long-term whole downstream motion” in the later stage. The angle
and position of the ramp shock changes significantly in the whole control process. In addition,
the dynamic pressure measurement result shows that the ramp pressure is reduced by a maximum
of 79% compared to that in the base flow field, which indicates that the ramp shock is significantly
weakened by SPJ. The effects of some parameters on the control effect of SPJ on the ramp shock are
investigated and analyzed in detail. The increase in discharge capacitance helps to improve the
control effect of SPJ on the ramp shock. However, the control effect of the SPJ actuator with medium
exit diameter is better than that with a too small or too large one. In addition, when the SPJ exit is
located in the separation zone and outside, the change in the ramp shock shows significant differences,
but the control effect in the case of medium ramp distance is better when the SPJ exit is located outside
the separation zone.

Keywords: SparkJet actuator; shock wave control; supersonic flow; schlieren images; dynamic
pressure measurement

1. Introduction

Gas discharge plasma technology has been developing rapidly and applied in many fields by
researchers including medicine, material science, food science, aerospace science and so on in recent
years. Its application in aerospace is very promising, mainly involving deicing [1-3], engine ignition
and combustion [4,5], flow control [6-9] and so on. Plasma flow control refers to a method to apply
effective disturbance to the flow field through the movement of plasma or the pressure, temperature,
etc., changes due to plasma under the action of electromagnetic field force or gas discharge. It has
wide application prospects in improving vehicles/engine aerodynamic characteristics, of which shock
wave control is an important part.

Shock wave is a unique aerodynamic phenomenon in the era of supersonic flight. Effective control
of the shock wave can improve the performance of supersonic flight in many aspects, such as reducing
drag and heat, reducing the sonic boom of vehicle, generating thrust vector and regulating the capture
flow rate and total pressure loss of ram inlet and so on. In order to control shock waves, researchers
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have adopted various passive/active flow control methods. The gas discharge plasma control method is
anew kind of active flow control technology developed rapidly in recent years. It has many advantages,
such as no moving parts or fluid supply device, fast response, wide working frequency band, etc.
The SparkJet (SPJ) actuator, also called plasma synthetic jet actuator, is a new kind of plasma flow
control method proposed by Grossman in 2003 [10]. It has very simple structures composed of an
insulated cavity with a small exit and a pair of electrodes. A high voltage is applied between the
two electrodes for the breakdown of cavity gas, and the gas in the small, insulated cavity is rapidly
heated and pressurized. As a result, high-temperature, high-speed SPJ and a strong compression
wave (also called “precursor shock” or “blast wave”) [11,12] are formed at the exit of SPJ actuator
(SPJ exit), which can then be used for flow control. The authors have studied the characterization
of SPJ in quiescent air [12]. For a typical SP], schlieren image results showed that SPJ took on a
typical mushroom shaped jet structure and gradually became a fully developed continuous turbulence.
A strong blast shock wave and some weak reflected waves are formed in front of SP]. Through
calculation, with input energy of about 10.5 ], the velocity of “blast shock wave” is maintained at about
350 m/s, that is, the local sound velocity, so the blast shock wave is actually a strong compression
wave propagating at the sound velocity. While the velocity of SP] tends to decrease with multiple
peaks over time, of which the peak velocity is about 300 m/s [12]. After SPJ is ejected, SPJ actuator
will aspirate the air in the environment to prepare for the next discharge. The whole process takes
only a few hundred microseconds. The SPJ actuator has been a hot research topic in plasma flow
control field for the past 17 years [13-18]. On the one hand, the researchers conducted a detailed
parametric study of SP] actuator [19-23]. On the other hand, a large number of studies focused on
the working characteristic [24-26], efficiency improvement [27,28] and structure optimization [29-31]
of SPJ actuator. In addition, SPJ actuator has also been used for aerodynamic control [32,33], mixing
enhancement [34] and separation control [35-38].

At present, the SPJ actuator has been preliminarily applied in supersonic flow field shock wave
control. Cybyk et al. [39] proved that PSJ can penetrate the boundary layer of the supersonic flow
field (Ma = 3) through numerical simulation, which causes the transition of the transverse main flow
boundary layer. This is the first time to verify the control authority of PSJ actuator in supersonic flow.
Phase-locked schlieren imaging was used by Narayanaswamy et al. [40] to estimate the strength of PS]
in Mach 3 transverse flow, and the penetration distance measured is 1.5 boundary-layer thicknesses.
In his later publications, he used SPJ to control shock wave boundary layer disturbance and achieved
good results [41,42]. Wang et al. [43] studied how the transverse SPJ interacted with the shock induced
by the 24° ramp in a supersonic flow with Mach number 2. The schlieren images showed that the shock
was significantly modified by SPJ] with an upstream motion and a reduced angle. Huang et al. [44]
found that a shock-on-shock interaction occurred when the SPJ shock intersected with the shock
induced by a 20° compression ramp in Mach 2 flow. Research by Zhou et al. [45,46] proved that SPJ
can significantly weaken the ramp shock both in supersonic and hypersonic flow.

Overall, in the current study of shock wave control using SPJ, schlieren images are mainly used
for qualitative observation of the change in the controlled shock. Although to a certain extent, this
method can explain the attenuation of the shock wave, but it is relatively rough and lacking in a more
credible and quantitative conclusion. In addition, detailed parameter studies of shock wave control
using SPJ are also lacking. Therefore, in this paper, the control of shock wave produced by a ramp
(ramp shock) in Ma3 supersonic flow using a single-pulsed SP] actuator is studied experimentally
both using schlieren images and dynamic pressure measurement method. The effects of different
parameters on the control effect of SP] on the shock wave are also studied.
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2. Experimental Setup

2.1. Supersonic Wind Tunnel

This experiment was carried out in KD-2 supersonic wind tunnel of National University of Defense
Technology. As shown in Figure 1, the wind tunnel mainly composites of transition section, stable
section, nozzle, experimental section, expansion section and vacuum tank. The experimental section
measures 200 mm (width) X 200 mm (height) X 400 mm (length) and has large optical windows for
flow visualization in all four directions. The experimental results show that the experimental section
has a good laminar flow. In detail, the maximum fluctuation error of the transient velocity is less than
1%, and the absolute error of the nozzle outlet Mach number distribution is less than 2%. The basic
flow parameters in the experimental section in this experiment are shown in Table 1. [47].

Transition section

Optical windows Expansion section

Manual valves

Stable section Nozzle

Experimental section
Vacuum tank

Figure 1. Schematic diagram of KD-2 supersonic wind tunnel.

Table 1. Flow parameters in the experimental section.

Parameters Value Unit
Mach number 3 -
Velocity 622.5 m/s
Sound velocity 207.5 m/s
Total temperature 300 K
Static temperature 107.1 K
Total pressure 101 kPa
Static pressure 2.8 kPa
Density 0.0983 kg/m3
Viscosity coefficient 7.43 x 1076 Ns/m?
Unit Reynolds number 7.49 x 106 1/m
Running time >20 S

2.2. Experimental Model

The experimental model for shock wave control using transverse SPJ is shown in Figure 2a.
The center plate was installed in the experimental section by the four brackets and was calibrated
with a level meter during installation. The ramp was installed on the center plate to generate ramp
shock. The width and height of the ramp are, respectively, 15 and 20 mm. Angle of the ramp shown
in Figure 2a is 60°, and the ramp distance (the distance between SPJ exit and the root of the ramp)
is 50 mm. A pressure measuring hole is on the ramp surface at a height of 15 mm from the center
plate and is connected with the dynamic pressure sensor. The SPJ actuator was installed under the
center plate and was mounted by a fixed seat. The structure of SPJ actuator is shown in Figure 2b.
The discharge cavity is cylindrical, with radius and height of 5.4 and 10.8 mm, respectively, and the
volume is 1000 mm?3. The cover plate can be tightly connected with the actuator mounting hole on the
center plate. The cover plate and the actuator shell were fixed and sealed by silicone rubber to form a
discharge cavity. Two tungsten electrodes were inserted into the discharge cavity for gas breakdown.
In order to avoid leakage of electricity, an actuator sleeve was added outside the actuator shell to
form the electrode—conductor connection groove, which was filled with insulating sealant. The agreed
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coordinate system in the experiment is shown in Figure 2, the coordinate system origin is located at the
center of SPJ exit. When the actuator was in operation, a capacitor was connected in parallel at both
ends to speed up discharge. The voltage used for discharge came from a high-voltage pulse power
supply, which can supply voltage up to 10 kV.

are sensor Height 10.8mm 7
€

R 5.4mm 7|

actuator sleeve ectro nductor

groove
\“-ackets &

(a) (b)

Figure 2. Schematic diagram of experimental model; (a) experimental model installation; (b) SparkJet
(SPJ) actuator section view.

2.3. Measurement System

The voltage was measured using a high-voltage probe (Tektronix P6015A, 75 MHz, 0-20 kV).
The voltage signals were recorded by an oscilloscope (Tektronix DPO3014, 100 MHz, 2.5 Gs/s).

The pressure change in the supersonic flow field ramp wall under the control of SparkJet is
extremely fast, and the time is very short, so the pressure needs to be measured by a dynamic pressure
sensor with high response frequency. In this experiment, kulite XTL-190, with range of 170 kPa
(absolute pressure) and the inherent frequency of 240 kHz, was adopted. The kulite sensor is very
small, so it is easier to be mounted into the ramp. In addition, the kulite sensor has high sensitivity
and can measure dynamic pressure and static pressure of the flow field at the same time.

Interaction processes between SPJ and ramp shock were acquired using high-speed schlieren
imaging. A standard Z-type schlieren setup was used in this experiment. The frame rate of the camera
was set to 50 kHz, so the time interval between two images is 20 ps.

2.4. Experimental Cases Set

Casel is the reference case, with discharge capacitance of 640 nF, SPJ actuator exit diameter of
5 mm, ramp distance of 50 mm and ramp angle of 60°. To study the effects of different parameters
on the control of ramp shock using SP] actuator, 10 cases are set as shown in Table 2. Casel, case2
and case3 are set for comparing the effect of discharge capacitance. Case4, case5 and case6 are set for
comparing the effect of actuator exit diameter. Casel, case5, case?, case8, case9 and casel0 are set for
comparing the effect of ramp distance. Any other parameters that are not listed in Table 2 are the same
in all the 10 cases, for example the volume of the discharge cavity remains 1000 mm3. The SPJ actuator
operation was in a single-pulse mode in all the 10 cases in this paper.
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Table 2. Experimental cases set.

Parameters Discharge Capacitance Exit Diameter Ramp Distance Ramp Angle
Casel 640 nF 5 mm 50 mm 60°
Case2 320 nF 5mm 50 mm 60°
Case3 80 nF 5 mm 50 mm 60°
Cased 640 nF 1.5 mm 75 mm 90°
Caseb 640 nF 5 mm 75 mm 90°
Caseb 640 nF 11 mm 75 mm 90°
Case? 640 nF 5 mm 15 mm 90°
Case8 640 nF 5 mm 30 mm 60°
Case9 640 nF 5 mm 70 mm 60°

Casel0 640 nF 5 mm 90 mm 60°

3. Experimental Results

3.1. Shock Wave Attenuation and Elimination Characteristics

Figure 3 shows the interaction process between SPJ and the supersonic crossflow near the ramp
in casel during a single-pulse operation using schlieren images. At 0 us, the discharge in the cavity
begins, but SPJ is not produced yet, so it can be regarded as the base flow field. Because of the existence
of center plate leading edge and the gap between the wind tunnel and the optical windows, two
weak Mach waves are produced in the experimental section. Laminar flow field separates at the ramp
root, with a separation zone and a weak separation shock upstream the ramp [47]. The ramp angle
is greater than the critical compression angle in Ma3 supersonic flow, so a detached shock wave is
formed upstream of the ramp, which is called ramp shock and regarded as the control object of SP] in
this paper. For the convenience of comparison, the position of ramp shock in the base flow field is
marked with white dotted lines in Figure 3.

At 20 ps, due to the rapid heating effect in the discharge cavity, SP] is ejected from the SPJ exit and
begins to interact with the supersonic crossflow. At the same time, a weak ellipse-shaped compression
wave called “SP] shock” in this paper is formed upstream the SPJ. From 20 to 80 ps, SPJ and SP] shock
expands further in the flow and normal direction, but faster in the flow direction. From 80 to 120 s,
SPJ shock interacts with ramp shock and part of SPJ shock goes through ramp shock, but there is no
obvious change for the ramp shock. The part of SPJ shock downstream the ramp shock is too weak to
be seen after 140 ps. Then from 120 to 160 us, SPJ begins to interact with ramp shock. With control of
SPJ and SPJ shock, ramp shock is first characterized by “short-term local upstream motion”. During
this period of time, the effect of high-temperature SPJ is dominant. The local flow temperature and
sound velocity rise due to the heating of the high-temperature SPJ, resulting in the “blocking effect”,
which is equivalent to expanding the shape of the ramp. Therefore, the ramp shock moves upstream
under the blocking effect. However, as the high-temperature SPJ quickly moves downstream, it cannot
exert further effects on the ramp shock. At 140 ps, the upstream motion of the ramp shock is the most
significant, and then at 160 ps, the ramp shock quickly recovers roughly to the position in the base
flow field.

Then from 200 to 1220 us, ramp shock is characterized by “long-term whole downstream motion”.
The reasons may be explained as follows. On the one hand, the increase in the height of the SP]
shock causes stronger and wider disturbance to the ramp shock; on the other hand, it may be caused
by the oscillation of the position of the ramp shock after the “short-term local upstream motion”
in the previous stage. Although the ramp shock moves downstream as a whole finally, there is a
process that the downstream-moving part gradually expands from the near-wall part to the far-wall
part. For example, at 200 and 240 ps, the downstream-moving part is located below 53 and 64.5 mm,
respectively, from the center plate wall. After 340 ps, the ramp shock in the whole observation area
moves downstream. At 420 us, the angle of the tail of the ramp shock reaches the minimum value
(about 26.4°), which can be considered that the “long-term whole downstream motion” of the ramp
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shock reaches the maximum. Then, the ramp shock begins to recover gradually towards the position
in the base flow field, but the recovery speed is very slow and gradually decelerates. Taking the angle
of the tail of the ramp shock as a reference, as shown in Figure 4, the average recovery speed in the
early stage (420-700 ps) is about 0.75° per 100 ps, and in the later stage (700-1220 us) is about 0.29° per
100 ps. At 1220 ps, the ramp shock basically returns to the base flow state, which is the end of a control
cycle of SPJ actuator.

0 ps 20 ps 40 ps

80 ps 100 ps 120 ps

140 ps 160 ps 200 ps

240 ps 340 ps 420 ps

500 ps 600 ps 700 ps

&

800 ps 900 ps 1220 ps

Figure 3. Interaction process between SPJ and the supersonic crossflow near the ramp in casel.
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Figure 4. Change curve of the ramp shock tail angle with time during the recovery process.

Schlieren imaging is the main measurement method in the fields of shock wave control using
SPJ. However, the disadvantage is obvious that only a few qualitative analysis data can be obtained.
Therefore, high-frequency dynamic pressure sensor is adopted in this paper to try to measure the
pressure on the ramp wall after the ramp shock, so as to prove that the ramp shock is weakened by SPJ
and analyze its degree of weakening.

Change curves of discharge voltage and ramp wall pressure with time measured in casel are
shown in Figure 5. In the base flow field, the pressure of the ramp wall (the position of the pressure
measuring hole) fluctuates around 30 kPa (the base pressure P}, in Figure 5), but the fluctuation range
is relatively small. The voltage at both ends of the discharge capacitor is approximately zero before
charging begins. About 350 ps before the start of the discharge (at t = —350 ps), the discharge capacitor
begins to charge, and the voltage at both ends of the capacitor increases continuously. At 0 ps, the
voltage at both ends of the capacitor reaches the breakdown voltage (about 1.91 kV), and the discharge
begins. Therefore, the energy input into the discharge cavity is approximately 1.17 ]. Since the time
scale of discharge is much smaller than the time scale of pressure change, it is difficult to identify
the voltage waveform under the time scale of the x-coordinate in Figure 5. Actually, the voltage
waveform oscillates up and down and decays with time. After a period of response time (At; =75 us),
the ramp wall pressure began to be greatly disturbed. The ramp wall pressure first rises for a short
time, as shown in Figure 5, and the pressure at the peak is about 36 kPa. The appearance of the small
pressure peak at 75 ps may be caused by the impacting of SPJ shock. Then, the ramp wall pressure
begins to drop. After about 370 us (At, ~ 370 us), the ramp wall pressure reaches its minimum at
about 6.3 kPa. After that, the ramp wall pressure starts to recover. Compared with the pressure drop
process, the speed of the pressure recovery process is slightly slower. It takes a total of about 880 us
from initial response time t; to pressure recovery time ¢, that is, At, =~ 880 ps. Dynamic pressure
measurement results show that, although there will be a brief pressure rise, on the whole, the ramp
pressure decreases obviously under control of SPJ and SPJ shock. The minimum pressure is reduced
by a maximum of 79% compared to the base pressure, which indicates that the strength of the ramp
shock is significantly weakened.
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Figure 5. Change curves of discharge voltage and ramp wall pressure with time in casel.

3.2. Effect of Discharge Capacitance

Comparison of flow field evolution process with different discharge capacitance (casel, case2 and
case3) is shown in Figure 6. The larger the discharge capacitance is, the more energy is injected into the
discharge cavity and the higher the pressure rise in the discharge cavity is. Therefore, as we can see
from Figure 6, the larger the discharge capacitance is, the stronger the intensity of SPJ and SPJ shock
is. At 40 us after discharge, the angle of SPJ shock in casel, case2 and case3 are 56.1, 46.3° and 36.9°,
respectively. In addition, the larger the discharge capacitance is, the higher temperature and lower
density SPJ will be formed, resulting in a higher density gradient and clearer display in the schlieren
images. For example, at 80 us, large scale vortex structure formed by SP] can be clearly observed in
casel, but it is difficult to be observed in case2 and case3. Velocity of SPJ and SPJ] shock both in the
flow direction and the normal direction increase with discharge capacitance. At 420, 500 and 520 s,
respectively, in casel, case2 and case3, the angles of ramp shock tail reach the minimum value at 26.4,
27.3 and 28.1°. From the measurement of ramp pressure, as shown in Figure 7, it can be concluded
that the increase in discharge capacitance can increase the degree of ramp pressure reduction, that
is, enhance the control effect of SPJ on ramp shock. The minimum ramp wall pressure values are 6.3,
12.8 and 18.7 kPa in casel, case2 and case3, respectively, which are 79.0, 57.3 and 37.7% lower than the
base pressure.
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40 ps 80 ps 500 ps

40 ps 80 ps 520 ps

Figure 6. Comparison of the flow field evolution process with different discharge capacitance:
(a) casel—640 nF, (b) case2—320 nF and (c) case3—80 nF.
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Figure 7. Change curves of ramp pressure with different discharge capacitances.

3.3. Effect of Exit Diameter

Comparison of flow field evolution process with different exit diameter (case4—1.5 mm,
case5—5 mm and case6—11 mm) is shown in Figure 8. By comparing the flow field at 40 and
80 us, it can be seen that the larger the exit diameter of SP] actuator is, the stronger the SPJ shock
generated is, and the faster the SPJ shock moves. For example, at 40 ps, the SPJ shock angle in case4,
caseb and case6 is 45, 49 and 52.5°, respectively. For case6, in addition to the relatively strong SPJ shock,
a weak separation oblique shock is generated upstream the SPJ exit. The angle of the oblique shock is
about 22°, which is close to (slightly greater than) the interference shock angle (21.5°) generated by the
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uneven wall surface in Ma3 flow. While in caseb, the separation oblique shock is very weak, and in
case4, it cannot be observed.

180 ps 220 ps 340 ps

Figure 8. Comparison of the flow field evolution process with different exit diameters: (a) case4—
1.5 mm, (b) case5—5 mm, (c) case6—11 mm.

As shown in Figure 9, the minimum ramp wall pressures in case4, case5 and case6 are 12.6, 6.4
and 9.7 kPa, respectively, which are 59.7, 79.5 and 69% lower than the base pressure (31.3 kPa for the
90° ramp). The results show that when the exit diameter increases from 5 to 11 mm, the effect of shock
weakening will decrease. Analysis from schlieren images shows that that the 11 mm diameter actuator
produces SPJ with higher mass flow, which has a relatively strong blocking effect on the flow field.
As shown in Figure 8c, at 180 and 220 ps, a strong shock is generated in front of the ramp due to the
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blocking effect, which is just in front of the pressure measurement hole. Therefore, to a certain extent,
the effect of the shock weakening is reduced.

70
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Figure 9. Change curves of ramp pressure with different exit diameter.

For the time scale, the larger the diameter of SPJ exit is, the earlier the control effect and the
maximum effect are generated, but also the earlier they end. Therefore, it can be considered that the
“phase” of the control effect is advanced along with the increase in exit diameter. It can be seen from
change curves in Figure 9 that the larger the exit diameter is, the earlier the moment of the “pressure
peak”, the moment of the pressure minimum and the moment of the pressure recovery appear. From
schlieren images in Figure 8, we can see that for case5 and case6, the ramp shock is lifted and partly
eliminated at 160 us. However, for case4, it is not until 180 pus when the ramp shock begins to show
minor changes, and 220 ps when the ramp shock is lifted and partly eliminated. A similar rule appears
in the moment of minimum ramp shock tail angle, of which the moments are, respectively, 560, 440
and 340 ps in case4, caseb and caseb.

3.4. Effect of Ramp Distance

Characteristics of the SPJ actuator and the changes in the ramp shock are significantly different
when the SPJ exit is located in the separation zone and outside. Therefore, a comparison is made
between the two situations in case7 and case5 first. The electromagnetic interference due to the
discharge is too strong to measure the change in ramp wall pressure when SPJ actuator is in the
separation zone in case7. Therefore, comparison is done through schlieren images in Figure 10.
The ramp angle in the two cases is 90°.

When the SPJ exit is located in the separation zone in case?, the initial pressure in the actuator
cavity is higher than that outside the separation zone in case5 due to the decrease in flow velocity and
the increase in flow pressure. As a result, the breakdown voltage increases from about 1.9 kV in case5
to about 3.4 kV in case7. As shown in Figure 10a, at 20 ps, the discharge arc is ejected out of SPJ exit
due to the low velocity and rotational flow in the separation zone. The time scale is also significantly
affected by the separation zone. For case?7, the ramp shock is significantly changed at 40 us, and the
maximum change in the ramp shock tail angle appears at 200 pus. However, for case5, the SPJ and SPJ
shock are still in the development stage before 140 us and the maximum change in the ramp shock tail
angle appears at 440 ps.
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Figure 10. Comparison of the flow field evolution process when SPJ exit is in the separation zone and
outside: (a) case7—in the separation zone, (b) case5—outside the separation zone.

In the initial stage, the control effect in the separation zone is similar to that outside the separation
zone. As shown in Figure 10a at 40 pus and Figure 10b at 180 ps, the ramp shock root is lifted and partly
eliminated under the control of the high-temperature SP]. However, there are also some differences.
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The SPJ shock in case? is directly fused with the ramp shock and the pressure disturbance of SP] shock
on ramp shock is applied from the downstream of ramp shock, which spreads along the flow direction
and normal direction (equally important). The effect is similar to that of an opposing jet. Instead, when
SPJ exit is outside the separation zone in case5, the pressure disturbance of the SPJ shock on the ramp
shock is applied from the upstream of ramp shock, and the disturbance gradually spreads along the
flow direction and normal direction, mainly in the flow direction.

Therefore, affected by the initial stage, effects of SPJ] and SP] shock on the ramp shock in the later
stage are very different. In case?, as shown in Figure 10a, at 80, 160 and 200 us, SPJ shock and the
ramp shock merge and are lifted. As the disturbance expands in the normal direction, a lifted part of
the ramp shock gradually expands, at the same time, the angle of the shock tail gradually increases.
At 200 us, the ramp shock in the observed area is completely lifted, and the angle of the shock tail
reaches its maximum value of 32°. After that, the ramp shock gradually recovers, and the angle of the
ramp shock tail gradually decreases. At 720 us, the ramp shock basically returns to the base flow field
position. In case5, similar to casel described in Section 3.1, the ramp shock first goes through a process
of “short-term local upstream motion”, as shown in Figure 10b at 180 ps. After that, the ramp shock is
mainly represented by “long-term whole downstream motion”, as shown in Figure 10b at 240, 300 and
440 ps. At 880 ps, the ramp shock basically returns to the base flow field position.

When the SPJ exit is outside the separation zone, with the change in the ramp distance, the control
effect is similar, but the degree is different. Figure 11 shows the comparison of the flow field evolution
process under the control of SPJ of SPJ shock when the SP] exit is located outside the separation zone at
different ramp distances. Ramp angles in these cases are 60°. Ramp distances in case8, casel, case9
and casel0 are, respectively, 30, 50, 70, 90 mm.

60 ps 140 ps 400 ps

Figure 11. Comparison of the flow field evolution process when SPJ exit is outside the separation zone
at different ramp distances: (a) case10—90 mm, (b) case9—70 mm, (c) casel—50 mm, (d) case8—30 mm.
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The SPJ shock generated in case9 and casel0 is similar. However, in casel and case8, due to
that it is closer to the separation zone with higher static pressure, the breakdown voltage and the
discharge energy increases, SPJ shock is strengthened along with the decrease in ramp distance. Then,
change curves of ramp pressure in the four cases are compared in Figure 12. The minimum ramp
wall pressures are 14.1, 6.3, 13.1 and 14.6 kPa in case8, casel, case9, casel0, respectively, which are
reduced by 53.0, 79.0, 56.3 and 51.3% compared to the base pressure, respectively. When the ramp
distance increases from 50 to 90 mm, intensity of SPJ and SPJ shock weakens during the long-distance
movement, which will weaken the control effect on the ramp shock. However, when the ramp distance
decreases from 50 to 30 mm, control effect is also weakened. The reason may be similar to that in case6,
namely a new strong shock is produced upstream the ramp, as shown in Figure 11d, at 140 ps, which
increases the ramp wall pressure.
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Figure 12. Change curves of ramp pressure with different ramp distances.

From the perspective of the time scale, the smaller the ramp distance is, the faster the control effect
appears. The lifting effect of the ramp shocks in case8, casel, case9 and casel0 reaches the maximum at
140, 180, 220 and 240 ps, respectively, and the reduction in the angle of the ramp shock tail reaches the
minimum at 400, 420, 460 and 500 ps, respectively, as shown in Figure 11. However, change curves of
ramp pressure in Figure 12 show that, in terms of the duration of control effect, it is still the longest
when the ramp distance is 50 mm. The analysis suggests that this may be because the control effect is
weak when the ramp distance is relatively longer, so it attenuates quickly.

4. Conclusions

In this paper, control of ramp shock wave in Ma3 supersonic flow using two-electrode Spark]et (SPJ)
actuator is investigated experimentally by using schlieren images and dynamic pressure measurement
results. The main conclusions are as follows:

1. Under control of SP] and SPJ shock, not only the angle and position of the ramp shock are changed,
but also the intensity is weakened. The measurement results of the ramp wall pressure show
that the ramp pressure is reduced by a maximum of 79% compared to the pressure in the base
flow field.

2. Ten experimental cases are set for investigating and analyzing the effects of some parameters
including discharge capacitance, exit diameter and ramp distance on the control effect of SPJ on
the ramp shock in detail. The increase in discharge capacitance helps to improve the control effect
of SPJ] on the ramp shock. However, the control effect of SP] actuator with medium exit diameter
is better than that with too small or too large one. In addition, when the SPJ exit is located in the
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separation zone and outside, the change in the ramp shock shows significant differences, but the
control effect on the ramp shock in the case of medium ramp distance is better when the SPJ exit
is located outside the separation zone.
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