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Abstract: To achieve efficient control of supersonic compressor cascade flow, a type of spanwise distributed 

pulsed arc discharge plasma actuation (PADPA) was designed. To simulate the influences of PADPA on the flow 

field, a phenomenological model was established. Then, the flow control effects of PADPA on supersonic 

compressor cascade flow were researched numerically. The results show that under low static pressure ratio 

condition, the compressive wave induced by PADPA reduced the intensity of the passage shock wave, which 

eventually reduced shock wave loss. It was also found that PADPA produced an adverse pressure gradient 

(pre-compression effect) around the actuation location, which reduced the strength of the high adverse pressure 

gradient induced by the passage shock wave. The airflow on both sides of the actuation location was accelerated 

by PADPA owing to the spanwise distributed layout. Thus, it improved the ability of the boundary layer to resist 

the effect of the adverse pressure gradient and reduced the separation zone. Consequently, the total pressure loss 

was reduced by 6.8%. Under high pressure ratio condition, the effect of PADPA on the suction side controlling the 

large separation of the boundary layer was insignificant. The total pressure loss also increased slightly. 

Keywords: plasma, flow control, supersonic cascade, shock wave/boundary layer interaction, numerical 

simulation 

1. Introduction 

With the continuous development of technology, the 
aircraft engine rotating speed and the flow velocity 
relative to the blades continue to increase, even reaching 
transonic or supersonic speed. Under supersonic inlet 
conditions, the static pressure increases owing to the 
shock wave structure arising in the blade passage. 
However, certain new problems have been encountered 
while applying this method. First, as the rotational speed 
of the compressor and intensity of the shock wave 
continue to increase, shock wave loss becomes larger. 
Second, because of the interaction between the shock 

wave and boundary layer, the boundary layer separates 
under a strong adverse pressure gradient, resulting in an 
increase in viscosity loss [1]. Third, the shock wave/ 
boundary layer interaction induces low-frequency shock 
wave oscillation. Then, the low-frequency oscillation of 
aerodynamic load will lead to vibration of the mechanical 
structure which might endanger flight safety [2]. 
Therefore, it is important to effectively solve the problem 
of shock wave/boundary layer interaction in supersonic 
compressor. 

Various studies of supersonic compressor flow control 
have been conducted to solve the problem of shock 
wave/boundary layer interaction. Flow control methods 
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Nomenclature   

C chord/mm x, y, z cartesian coordinates/mm 

f actuation frequency/Hz Greek symbols 

L distance/mm β angle/(°) 

l arc length/mm  heat efficiency of discharge 
P pressure/Pa ρ density/kg·m–3 

Q the single pulsed arc discharge energy/J  solidity 

q space heating power/W·m–3 τ the single pulse discharge deposition time/s

r radius of the discharge zone/mm ω total pressure loss coefficient 

s pitch/mm Subscripts 

t flow time/s 0 discharge center 

U axial velocity/m·s–1 1 inlet plane 

V the discharge area volume/m3 2 local location 

 
include passive and active controls. In passive control 
methods, the vortex generator [3] induces a pair of 
counter-rotating vortices, and the high momentum fluid 
in the mainstream is caught in the boundary layer. This 
can improve the velocity of the boundary layer and 
inhibit the shockwave-induced boundary layer separation. 
Bump control [4] reduces the flow loss of transonic 
compressor blades and shockwave-induced separation by 
delaying and reducing the intensity of shock wave. The 
cavity covered perforated plate method [5] uses the gas 
flow inside the cavity to reduce the pressure jump on the 
impact surface and reduce the separation by arranging a 
porous cavity in the interaction zone between the shock 
wave and boundary layer. A perforated blade [6] uses the 
pressure difference between the suction side and the 
pressure side of the blade to generate a jet that generates 
vortices to promote boundary layer transition and 
improve the ability of the boundary layer to resist the 
strong adverse pressure gradient. The rough band [7] 
promotes the boundary layer transition in advance to 
avoid the large separation caused by the shock 
wave/laminar boundary layer interaction. In active 
control, the boundary layer suction [8] can effectively 
reduce the separation zone and flow loss. Passive control 
can produce satisfactory control effects in design 
conditions and does not require addi- tional energy 
injection. However, the flight status of the aircraft is 
complicated; when it deviates from the designed working 
environment, passive control may be unable to achieve 
satisfactory control effect or even increase drag or 
separation and reduce performance. 

Plasma flow control is a typical active control 
technology with the advantages of opening and closing at 
any time, simple structure, and quick response. This 
technology is applied to the low-speed flow control field, 
supersonic flow control field, and hypersonic field. 

Typical plasma actuation methods include dielectric 
barrier discharge (DBD), plasma synthesis jet actuation 
(PSJA), and arc discharge plasma actuation (ADPA) [9]. 
At present, various researchers have chosen dielectric 
barrier discharge plasma actuation to control the internal 
flow of the compressor. 

Different studies have been conducted to investigate a 
large number of topics related to DBD controls of the 
internal flow of the compressor. DBD has the function of 
suppressing the corner separation of the compressor 
cascade [10, 11], improving the compressor stall margin 
[12, 13], reducing the leakage vortex strength [14], 
regulating the flow of the compressor cascade boundary 
layer and reducing the flow loss [15], reducing blade 
vibration load, and expanding the flutter boundary of the 
compressor blade [16]. 

Pulsed arc discharge plasma actuation (PADPA) is a 
typical plasma flow control method that uses plasma 
generated by a pulsed arc plasma actuator to control the 
flow. PADPA is dominated by Joule thermal effects and 
has the characteristics of large energy deposition. At 
present, PADPA has achieved remarkable control effects 
in shock wave/boundary layer interaction control, such as 
reducing shock wave drag and promoting mixing. Ref. 
[17] adopted an array-type PADPA to control the 
compression ramp shock wave/boundary layer inter- 
action and found that the control gas blobs (CGBs) 
generated by PADPA can diverge the shock waves and 
reduce the intensity of oblique shock as well as adverse 
pressure gradient when the CGBs pass through shock 
waves. Ref. [18] applied a stable DC arc discharge 
plasma actuation upstream of a spherical blunt body and 
found that the heat injected by the arc plasma is similar 
to the solid spike, which can change the shape of the 
detached shock wave and reduce the shock wave drag. 
Ref. [19] found that the “direct mechanism” and “indirect 
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mechanism” of the interaction between the PADPA and 
the flow field have the effect of promoting mixing. 
Therefore, it can be concluded that the adoption of arc 
plasma actuation for controlling the internal flow of the 
supersonic compressor is feasible using the control 
mechanism. To develop an efficient flow control method 
for the internal flow of supersonic compressor, the 
typical pre-compression supersonic compressor cascade 
ARL-SL19 was adopted as the research object, and a 
three-dimensional pulsed arc discharge plasma heat 
source model was established. Three-dimensional 
unsteady Reynolds-averaged Navier-Stokes (RANS) 
numerical simulation was used as a research tool to study 
the mechanisms of PADPA flow control of the supersonic 
cascade. The mechanism of PADPA for reducing shock 
wave intensity and shock wave/boundary layer 
interaction induced separation was revealed. These 
results can provide a new idea for flow separation control 
and loss reduction of supersonic compressor. 

2. Establishment of Simulation Model 

2.1 Establishing the PADPA heat source model 

The arc discharge process involves very complex 
chemical reactions and complex physical phenomena 
such as the movement of charged particles in the electric 
field. PADPA uses the heat effect generated by its 

discharge and the shock wave generated by the energy 
deposition to control the flow field. Therefore, it is 
reasonable to equate the energy deposition generated by 
arc discharge to Joule heating. Joule heating is the result 
of moving charged particles that are randomly colliding 
and converting part of their kinetic energy into thermal 
energy. To simulate the Joule heating effect generated by 
PADPA, this study simplified it as a pure heat source 
model, established a power density model, and then 
added the power density to the Navier-Stokes equation. 
The simplified pure heat source model does not focus on 
the details of discharges such as chemical reactions and 
the movement of charged particles. It only focuses on the 
direct effect of the actuation on the flow field and 
couples the actuation into the fluid equation in the form 
of heat source terms. Good simulation results were 
obtained from the simplified model [20]. 

According to the results of the electrical parameters of 
pulse arc discharge plasma in Ref. [21], the single pulsed 
arc discharge energy was fixed at 30 mJ. According to 
Ref. [22], the heat conversion rate of pulse discharge was 
approximately 35%. Thus, the heat injection of a single 
pulsed arc discharge was approximately 10.5 mJ. To 
simplify the heat source model, PADPA was considered 
as a uniform discharge form in space and time, and the 
discharge zone was considered to have a semi-cylindrical 
shape. The space heating power q(x, y, z, t) is as follows: 

 

      0
2 2 2
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, , ,
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

 
                   (1) 

 

where x, y, z is cartesian coordinates; t is flow time;  is 
heat efficiency of discharge; x0 and y0 are the coordinates 
of the center point of the wall surface in the discharge 
zone; r is the radius of the discharge zone; V is the 
discharge area volume;  is the deposition time of the 
single pulse discharge; Q is the single pulsed arc 
discharge energy. 

According to the arc discharge image captured by a 
high-speed camera in Ref. [23], the arc discharge zone is 
estimated to be 5 mm×2 mm×5 mm. In this study, r was 
set as 1.6 mm, and the energy deposition time  was set 
to 1 μs. The distance between the actuator electrodes, arc 
length l was set to 5 mm. 

To verify whether the heat source model could 
simulate the characteristics of PADPA, this study carried 
out a numerical simulation of the model under a static 
environment with 0.02 MPa pressure and compared it 
with experimental results. The experimental results were 
carried out using a high-speed schlieren system. 

The schlieren diagrams of the numerical and 
experimental schlieren at different moments are shown in 
Fig. 1. By comparing the experimental schlieren results 

with the simulation results, the shape size of the thermal 
deposition zone and the shock wave patterns of the 
simulation results were in good agreement with the 
experimental results. 

2.2 PADPA layouts 

The ARL-SL19 supersonic cascade has a higher 
intensity of normal shock wave when the static pressure 
ratio is 2.12. Therefore, the interaction between the shock 
wave and pressure side boundary layer forms a large 
separation leading to separation loss. When the static 
pressure ratio is 2.40, the normal shock wave moves 
forward in the passage, causing a decreased Mach 
number in front of the normal shock wave, which reduces 
the shock wave intensity and causes the separation zone 
disappear, and there is a large separation on the suction 
side. According to the previous experiment and 
simulation studies on the plasma control compression 
ramp shock wave/boundary layer interaction, arranging 
the PADPA upstream of the interaction zone of the shock 
wave and boundary layer is better. Therefore, in low 
static pressure ratio conditions, this study applied PADPA 
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in front of the pressure side shock wave/boundary layer 
interaction zone. Under high static pressure ratio 
conditions, PADPA was applied in front of the suction 
side shock wave/boundary layer interaction zone. A 
schematic diagram of the PADPA layout is shown in Fig. 
2, where Fig. 2(a) is a top view; Fig. 2(b) is a front view 
at the static pressure ratio of 2.12, and Fig. 2(c) is a front 
view at the static pressure ratio of 2.40. The layout is a 
spanwise distributed method. The actuators are arranged 
at intervals along the blade radial direction. The blade 

 

 
 

Fig. 1  Schlieren diagrams of experimental and numerical 
results 

 

 
 

Fig. 2  Schematic of PADPA layout 

width is 80 mm, and four actuators are arranged at equal 
intervals along the blade radial direction. The distance 
between each actuator is 20 mm, and the distance 
between each actuator electrode is 5 mm. Through this 
actuator layout method, the whole blade flow field is 
fully covered by the actuators. Furthermore, according to 
previous research, it is found that the pulsed arc 
discharge heat energy injected into the flow field had a 
thermal blockage effect. If spanwise connected layout 
method was used, the strong blocking effect would lead 
to early separation and significantly increase separation 
loss. On the one hand, the distributed layout method 
could reduce the thermal blockage problem. On the other 
hand, the spanwise connected layout method will require 
more energy. 

2.3 Cascade calculation model 

A typical supersonic precompression blade ARL-SL19 
was adopted as the research object. The profile shape 
coordinates and main design parameters of the blade are 
obtained as per instructions in Ref. [24]. Table 1 lists the 
main design parameters of ARL-SL19. 

 
Table 1  Main design parameters of ARL-SL19 [24] 

Parameters Symbols Values 

Chord C/mm 85 

Pitch s/mm 55.58 

Solidity σ 1.53 

Stagger angle βs/(°) 56.93 

 
Calculations were carried out using Fluent v16, and 

the density-based implicit method was used to solve the 
three-dimensional transient N-S equation. The inlet 
boundary condition was set as supersonic inlet pressure 
far-field, and the total inlet temperature, total pressure 
and velocity components in all directions were provided. 
The outlet boundary condition was set as the pressure 
outlet, and the outlet static pressure was provided. The 
periodic boundary condition was set as the translational 
periodic boundary condition. The blade wall was set as 
the non-slip adiabatic wall boundary condition. 

2.4 Sensitivity analysis of the grid size and turbulence 
model selection 

H-shaped structured grids with hexahedral elements 
and an O-grid around the airfoil were used for the 
validation study and grid sensitivity analysis. To ensure 
the full development of airflow, the inlet boundary was 
placed 230% of the axial chord upstream of the leading 
edge, and the outlet boundary was approximately 240% 
of the axial chord downstream of the trailing edge. To 
avoid reflection at the boundary, a buffer region was 
imposed and the outlet boundary was set to no reflection 



SHENG Jiaming et al.  Flow Control Effect of Spanwise Distributed PADPA on Supersonic Compressor Cascade Flow 1727 

 

boundary condition. The cascade grid is shown in Fig. 3. 
The first layer height at the wall was set to 0.001 mm to 
ensure y+<1. The distances of two plasma actuators 
layout along the blade radial direction were 20 mm. Thus, 
to reduce the amount of calculations, we selected one of 
the cycles for numerical simulation, which is shown by 
the dotted lines in Fig. 2(a). Both ends of the blade were 
set as symmetrical boundary conditions. In this H-shaped 
structured grid, the grids along the X, Y, and Z directions 
were densified and the number of nodes of the three grid 
settings was 300×90×30, 350×110×40, and 400×140×56, 
respectively. 

 

 
 

Fig. 3  Blade passage grid 

According to the experimental condition (static 
pressure ratio of 2.3), the numerical simulation was 
performed and compared with the experimental results. 
In this numerical simulation, the inlet total pressure was 
set as 101 325 Pa; the inlet Mach number was set as 1.58; 
the inlet angle was 56.9°; the outlet static pressure was 
set as 56 474 Pa, and the simulation time step was set as 
100 ns. Because the inlet flow was supersonic and the 
temperature increased when the plasma was applied, the 
viscosity could not be considered constant. Sutherland’s 
law was used to regulate the viscosity with temperature. 

To analyze the influence of the turbulence model on 
the simulation results, four turbulence models are 
selected for simulation. Fig. 4 shows the isentropic Mach 
number on the blade surface of the four turbulence 
models when the static pressure ratio was 2.3. The 
simulation results show that the Shear-Stress Transport 
k-ω model gives the most accurate results. Hence the 
Shear-Stress Transport k-ω turbulence model was applied 
to simulate the flow field. 

Fig. 5 shows the isentropic Mach number on the blade 
surface of the three grids settings when the static pressure 

 

 
 

Fig. 4  Isentropic Mach number on different turbulence models 
 

 
 

Fig. 5  Isentropic Mach number on the blade surface 
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ratio is 2.3. According to the numerical simulation results 
and the experimental results, the suction side and the 
pressure side separation positions with the coarse grid 
was more forward than the medium grid and fine grid, 
and the isentropic Mach number deviated from the 
experimental results at the shock wave/boundary layer 
interaction zone. The medium grid and fine grid fit well 
with the experimental results. By weighing simulation 
accuracy and computational cost, the subsequent study 
used the medium grid. 

3. Analysis of Simulation Calculation Results 

The controllable parameters of PADPA include 
actuation frequency, single pulsed energy, discharge time, 
electrode spacing (affecting arc length), and electrode 
width (affecting arc thickness). We studied the effect of 
actuation frequency and single pulsed energy on the 
supersonic compressor cascade. There were eight 
numerical simulation conditions. By comparing the 
change in flow fields under different conditions, the 
effects of the actuation frequency and single pulsed 
energy on the supersonic cascade flow field structure 
were studied. 

C_1 and C_6 are the baseline flow fields without 
actuation when the static pressure ratio is 2.12 and 2.40, 
respectively. C_2 to C_5 are four conditions with 
different actuation frequencies and energies when the 
static pressure ratio is 2.12, and actuations are applied at 
the position of 0.33 chord length on the pressure side. 
C_7 and C_8 are two conditions with different actuation 
frequencies when the static pressure ratio is 2.12, and 
actuations are applied at the position of the 0.32 chord 
length on the suction side. The detailed settings of each 
condition are listed in Table 2 (in which PS: Pressure side, 
SS: Suction side). 

While the plasma actuation is imposed in the flow 
field, the simulation time step is 10 ns, and the simulation 
time step is changed to 100 ns after the plasma actuation 
is imposed to accelerate the simulation procedure. 

 
Table 2  Detailed settings of each condition 

Case q/W·m–3 f/kHz L/C 
Static pressure 

ratio 

C_1 0 0 – 2.12 

C_2 1.0×1011 20 0.33 (PS) 2.12 

C_3 1.0×1011 50 0.33 (PS) 2.12 

C_4 5.0×1011 20 0.33 (PS) 2.12 

C_5 5.0×1011 50 0.33 (PS) 2.12 

C_6 0 0 – 2.40 

C_7 1.0×1011 20 0.32 (SS) 2.40 

C_8 1.0×1011 50 0.32 (SS) 2.40 

3.1 Flow structure and loss analysis of baseline with 
low static pressure ratio 

Fig. 6 shows the time-averaged Mach number contour 
diagram of the supersonic cascade when the static 
pressure ratio is 2.12. It can be seen from the figure that 
the supersonic cascade shock wave structures under this 
condition include the leading edge passage shock wave, 
the reflection shock wave, and the normal shock wave. 
The leading edge passage shock wave/boundary layer 
interaction leads to a small separation bubble structure on 
the suction side. Because the normal shock wave 
intensity is high, the normal shock wave/boundary layer 
interaction forms a large separation bubble structure on 
the pressure side. 

To analyze the source of supersonic cascade loss and 
loss distribution, slices were made along the flow 
direction in the cascade passage. The contour diagram of 
the total pressure loss coefficient at each slice position 
was specified as well. 

The total pressure loss coefficient can be defined as: 

t1 t2

t1 1

p p
p p







                (2) 

where pt1 is the incoming flow total pressure; pt2 is the 
local total pressure; and p1 is the incoming flow static 
pressure. 

Fig. 7 shows the contour diagram of the cascade 
time-averaged total pressure loss distribution along the 
flow direction in the cascade passage. The results show  

 

 
 

Fig. 6  Time-averaged Mach number contour diagram of 
baseline flow when the static pressure ratio is 2.12 

 

 
 

Fig. 7  Contour diagram of cascade time-averaged total 
pressure loss distribution  
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that the main reasons for the supersonic cascade loss are 
the passage shock wave loss and boundary layer 
separation loss caused by shock wave/boundary layer 
interaction. In this condition, the pressure side flow loss 
is greater than that of the suction side. As can be seen 
from Fig. 6, the pressure side flow loss is mainly caused 
by the pressure side large separation. 

3.2 Study on plasma actuation characteristics at low 
static pressure ratio 

Fig. 8 shows the contour diagrams of the time- 
averaged total pressure loss coefficient under the C_2 to 
C_5 conditions. Fig. 8(a)–(d) show the C_2 to C_5 
conditions sequentially. The detailed settings of each 
condition are listed in Table 2. The flow loss distribution 
changes significantly in the four conditions and the flow 
loss distribution near the pressure side shows a peak shape 
zone. Compared with the baseline flow field in Fig. 7, the 
flow loss is increased at the rear of the actuation location, 
and the flow loss on both sides of the actuation location 
is reduced to a certain extent. The energy deposition 
generated by PADPA leads to the thermal blockage effect. 
Therefore, the flow loss at the rear of the actuation 
location is increased to a certain extent. The reasons for 
the loss reduction on both sides of the actuation location 
will be further analyzed in later sections. In the four 
actuation conditions, the loss in the center of the passage 
is reduced. This was because of the compressive wave 
induced by PADPA that pre-compresses the airflow in 
front of the passage shock wave and reduces the shock 
wave intensity. In addition, the shock wave loss is reduced 
with an increase in the actuation frequency and energy. 
From Fig. 8(d), after high-energy and high-frequency 
actuation, the pressure side loss is significantly reduced, 
whereas the suction side loss is increased. 

 

 
 

Fig. 8  Contour diagram of the time-averaged total pressure 
loss coefficient in different conditions 

To further explore the reasons for the significant loss 
reduction on both sides of the actuation location after 
applying actuation, the three-dimensional flow separation 
was shown by streamlines near the pressure side. Fig. 9 
shows the time-averaged streamline on the pressure side 
in five conditions. For C_1, the separation zone appears 
as a uniform strip. After applying actuation, the 
separation zone shape changed and the uniformity is 
destroyed. For C_2 and C_3, the separation zone at the 
rear of the actuation location is extended, but the 
separation width is reduced. Even for C_3, the separation 
zone on both sides of the actuation location disappears. 
This illustrates that the direct reason for the loss 
reduction on both sides of the actuation location in Fig. 8 
is the separation zone reduction.  

For C_4, the separation zone at the rear of the 
actuation is contracted, and the separation zone on both 
sides of the actuation location is extended. The main 
reason is that the strong shock wave generated by the 
high-energy pulse actuation has a strong acceleration 
effect on the boundary layer and reduces the separation. 
For C_5, the blockage effect leads to the passage normal 
shock wave moving forward. As the Mach number in 
front of the shock wave decreases, the shock wave 
intensity is weakened and induces the contraction of the 
separation zone. It should be noted that although the 
pressure side separation is contracted in the high-energy 
and high-frequency actuation condition, the suction side 
flow loss is significantly increased, as shown in Fig. 8(d). 
This indicates that the suction side separation is extended 
owing to the shock wave moving forward. 

 

 
 

Fig. 9  Time-averaged streamline on the pressure side 
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The contour diagrams of the pressure gradient on the 
pressure side are shown in Fig. 10. The pulsed arc 
discharge plasma actuation location is indicated by the 
black line frame. Fig. 10(a)–(e) indicate the C_1 to C_5 
conditions sequentially. An adverse pressure gradient 
band on the pressure side is formed owing to the passage 
normal shock wave in the C_1 condition, which leads to 
serious separation problems on the pressure side. For 
C_2, C_3, and C_4, it is observed that after applying 
actuation, a bow pressure gradient band is formed on the 
wall. Concurrently, a favorable pressure gradient region 
appeared behind the arcuate pressure gradient band. The 
original straight shock wave is distorted owing to the 
upstream effect, and the shock wave moved forward in 
the middle of the blade. Comparing the strength of the 
pressure gradient, it can be observed that after applying 
actuation, the bow pressure gradient band pre- 
compresses the airflow on both sides of the actuation 
location and reduces the strong adverse pressure gradient. 
Therefore, it can be considered that the reason for the 
decrease in the separation zone or disappearance is 
PADPA causes a reduction in the adverse pressure 
gradient on both sides of the actuation location. For C_5, 
owing to the thermal blockage effect, the shock wave is 
pushed forward to the front of the actuation location, and 
the effect of reducing the adverse pressure gradient 
cannot be shown. 

Fig. 11 shows C_3 condition time-averaged 
distribution of the limited streamlines on the pressure 
side. The pulsed arc discharge plasma actuation location 
is indicated by the white line frame. Due to the energy 
deposition, the thermal blockage effect causes the 
streamline near the wall deflecting to both sides of the 
actuation location. The airflow velocity on both sides is 
increased, which enhances the ability of the airflow to 
resist the adverse pressure gradient. In addition, it can be 
observed that a pair of reverse vortices are formed. The 
vortices promote the mixing of the mainstream with the 
boundary layer and can entrain the high-energy fluid of 
the mainstream zone into the boundary layer, which can 

increase the boundary layer energy to suppress shock 
wave induced separation. This effect is very similar to a 
vortex generator. It can be considered that the PADPA 
generates a virtual profile, which has a similar effect to 
the vortex generator. However, we should consider that 
the virtual profile generated by the thermal blockage is 
larger than the vortex generator and would cause flow 
loss. 

To study the effect of PADPA on the overall 
performance of supersonic cascade, the time-averaged 
mass flow rate total pressure loss coefficient   is 
defined as: 

 
t1 1 1 t2 2 2

t1 1 1 1 1 1

d d

d

p U s p U s

p U p U s

 


 





 


         (3) 

where pt1 is the incoming flow total pressure; pt2 is the 
local total pressure; p1 is the incoming flow static 
pressure; 1 is the incoming density; 2 is the local 
density; U1 is the incoming axial velocity; U2 is the local 
axial velocity, and the overline indicates the time- 
averaged result. The cross-section of the incoming flow 
parameter value was located at a 0.5 axial chord length 
upstream of the leading edge and the local flow 
parameter value cross-section was located at 0.56 axial 
chord length downstream of the trailing edge. 

The time-averaged mass flow rate outlet flow angle 

2  is defined as: 

2 2 2
2

2 2

d

d

U s

U s

 



 


             (4) 

where 2 is the outlet flow angle. 
Fig. 12 shows a bar graph of the time-averaged mass 

flow rate total pressure loss coefficient at the outlet for 
each condition. The baseline total pressure loss 
coefficient is 12.20%. At the same actuation frequency of 
20 kHz, the two different power conditions can increase 
flow loss, and the larger energy actuation condition has a 
greater loss. At the same actuation frequency of 50 kHz, 
the two different power conditions can reduce flow loss. 

 

 
 

Fig. 10  Contour diagram of pressure gradient on the pressure side 
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Fig. 11  Distribution of the time-averaged limited streamline 
 

 
 

Fig. 12  Bar graph of the time-averaged mass flow rate total 
pressure loss coefficient at the outlet  

 
The C_3 condition loss is 11.37%, and the relative 

decline is 6.8%; the C_5 condition loss is 11.46%, and 
the relative decline is 6.1%. The loss of C_3 and C_5 is 
reduced, but the reasons for the loss reduction were 
different. From the above analysis, the strong blockage 
effect generated by high-frequency actuation with large 
energy causes the passage shock wave to move forward. 
Thus, the positive shock wave intensity is weakened, and 
the separation loss is also reduced. 

The thermal blockage generated by the high-frequency 
actuation with low energy is not sufficient to move the 
shock wave forward, but the bow pressure gradient band 
generated by PADPA reduces the shock wave intensity on 
both sides of the actuation location, which leads to the 
disappearance of the separation. Based on the 
comprehensive analysis, it can be concluded that under 
this static pressure ratio, the flow control effect of low 
energy with high-frequency actuation to reduce the loss 
is better. The shock wave structure will not change 
significantly, and the energy consumption is also lower. 

Fig. 13 shows a bar graph of the time-averaged mass 
flow rate outlet flow angle. The baseline outlet flow angle 
is 61.46°. It can be seen from the figure that the low 
energy discharge has no significant effect on the outlet 
flow angle, while the high energy discharge can reduce 
the outlet flow angle, and the higher the frequency of 
high energy discharge, the smaller the outlet flow angle. 

3.3 Study on plasma actuation characteristics with the 
high static pressure ratio 

Fig. 14 shows the time-averaged Mach number 
contour diagrams at different blade radial positions with 
a large static pressure ratio (p2/p1=2.40). Fig. 14(a) shows 

C_6 condition. Fig. 14(b) and (c) show Mach number 
contour diagrams at different blade radial positions (Z=10 
mm and Z=18 mm, respectively) in the C_7 condition. 
Fig. 14(d) and (e) are the Mach number contours at 
different blade radial positions (Z=10 mm, Z=18 mm, 
respectively) in the C_8 condition. 

 

 
 

Fig. 13  Bar graph of the time-averaged mass flow rate outlet 
flow angle  

 

 
 

Fig. 14  Time-averaged Mach number contour diagram at 
different blade radial positions on high static 
pressure ratio (p2/p1=2.40)  



1732 J. Therm. Sci., Vol.31, No.5, 2022 

 

Fig. 15 shows the pressure gradient contour diagram 
of the suction side under the high-pressure rate condition 
(p2/p1=2.40). Fig. 15(a), (b), and (c) shows the C_6, C_7, 
and C_8 conditions, respectively. It can be seen from this 
figure that after applying actuation, the shock wave moves 
forward, and the higher the frequency, the more obvious 
the distance moved forward. Similar to applying actuation 
on the pressure side at a small static pressure ratio, the 
bow pressure gradient band generated in front of the 
passage shock wave weakens the shock wave intensity. 

The above-mentioned method was used to calculate 
the baseline and actuation conditions. The values of   

and 2  are listed in Table 3. It can be observed from 

the table that under the conditions of high static pressure 
ratio, the loss is slightly increased after applying 
actuation, and the outlet airflow angle does not change 
significantly. The main reason is that the separation zone 
on both sides of the actuation location is slightly 
contracted, but the separation zone at the rear of the 
actuation location is extended, which offsets the positive 
effect. The overall control effect is not high. 

 

 
 

Fig. 15  Contour diagram of pressure gradient on the suction 
side 

 

Table 3    and 2  under different conditions at high static 

pressure rate 

Case   2  

C_6 12.39% 60.49 

C_7 12.59% 60.39 

C_8 12.52% 60.77 

4. Conclusions 

Based on the mechanism of pulsed arc discharge 
plasma actuation control on supersonic flow, a pulsed arc 

discharge plasma actuation heat source model was 
established. Considering the ARL-SL19 supersonic 
cascade as the research object, the three-dimensional 
transient RANS numerical simulation method was used 
to analyze the influence of frequency and single 
discharge energy on the supersonic cascade with 
spanwise distributed pulsed arc discharge plasma. The 
main conclusions include: 

Spanwise distributed pulsed arc plasma actuation can 
induce a bow pressure gradient band and reduce the 
strong adverse pressure gradient caused by passage shock 
waves. The virtual profile formed by the actuation is 
comparable to a vortex generator that can generate a pair 
of reverse vortices, which accelerates the airflow on both 
sides of the actuation location and improves the ability of 
the airflow to resist the adverse pressure gradient. The 
thermal blockage caused by the actuation will also lead 
to separation expansion at the rear of the actuation 
location. 

In the low static pressure ratio condition (i.e., when 
there is a strong passage normal shock wave), the high 
frequency with low energy actuation effect is better; the 
pressure side separation is significantly reduced, and the 
total pressure loss is reduced by 6.8%. 

In the high static pressure ratio condition (i.e., when 
there is no strong passage normal shock wave), the 
separation on both sides of actuation location is 
decreased to some extent after applying actuation, but the 
positive effect is offset because of the increase in the 
separation at the rear of the actuation location. The 
control effect is not good. 
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