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ABSTRACT 

The current paper aimed to investigate the primary control mechanism of various Nanosecond Dielectric Barrier 

Discharge (NS-DBD) plasma actuators on the Shock Wave/Boundary Layer Interaction (SWBLI). For this 

purpose, the effects of the NS-DBD actuator have been investigated on an M=2.8 supersonic flow numerically. 

The Reynolds Averaged Navier-Stokes (RANS) equations and 𝜅 − ω SST turbulence model were used as the 

governing equations to simulate the supersonic flow characteristics. The numerical simulation of the baseline 

flow (without plasma actuator) was verified using an investigation on wall pressure distribution and the size of 

SWBLI. Then, NS-DBD phenomenological model based on the energy deposition model in accordance with 

experimental data was applied to the baseline simulation. Moreover, various stream-wise and span-wise NS-

DBD plasma actuator models were used to investigate the actuator effects on the studied flow’s low-density 

separation zone. Comparing the numerical results of the stream-wise and span-wise actuations revealed that 

both actuator types cause a momentum transferred to the flow, consequently decreasing the SWBLI region’s 

size and the boundary layer’s thickness. The results showed that the presence of the NS-DBD actuator increased 

the local temperature of flow over the insulated electrode. In this regard, a stream-wise NS-DBD actuator with 

a length of 90 mm upstream of the SWBLI increased the separation flow velocity by 33.7% and decreased the 

length of the separation region by 5 mm. Also, in this case, after 170 microseconds from the start of actuation, 

the size of SWBLI decreased by 4.2 mm. Therefore, it can be concluded that the stream-wise type of actuation 

was more effective in reducing the flow separation and SWBLI size than the span-wise type due to vortex 

generation into the inlet flow and suppressing the SWBLI region. The proposed NS-DBD actuators were mainly 

capable of applying the momentum to the boundary layer and reducing the velocity of separated flow in the 

SWBLI zone. The micro shock wave propagation through the flow associated with the NS-DBD discharge of 

the actuators can produce more effective high-speed flow control. 

Keywords: Span-wise/Stream-wise actuation; Nanosecond DBD; Plasma actuator; Flow separation; Shock 

Wave/Boundary Layer Interaction. 

 

1. INTRODUCTION 

Shock Wave/Boundary Layer Interaction (SWBLI) is 

a common occurrence in the supersonic flow, 

because flow deflection and compression usually 

occur with the formation of a shock wave (Smits and 

Dussauge 2006; Whalen et al. 2020). The features of 

the SWBLI depend on the characteristics of the 

upstream flow, the Mach number, the shock angle, 

and the shock wave source. The shock may interact 

with a free shear layer, a free-stream turbulent flow, 

or a turbulent boundary layer (Shinde et al. 2020). 

Figure 1 shows a schematic of SWBLI, oblique shock 

waves, and flow separation region (Verma and 

Manisankar 2018). 

SWBLIs occur in supersonic intakes associated with 

a high-speed air-breathing propulsion system and can 

lead to an adverse pressure gradient in the boundary 

layer. Consequently, the interactions may cause flow 

separation, leading to reverse flow in the SWBLI, and 

decreased total pressure, resulting in unstart of the 

vehicle's intakes and significant performance loss. 

Hence, the SWBLI control for reducing in the 

separation region’s length excited strong research 

interest (Pirozzoli and Grasso 2006). Flow control is 

classified into passive and active methods based on 

energy expenditure and controlled by command. Use 

of passive vortex generators (Saad et al. 2012; 

Panaras and Lu 2015), grooves/riblets by Smith et al. 

(2004) are among passive methods, and active 

strategies include boundary layer suction/blowing 

(Sarimurat and Dang 2012), variable geometry  

http://www.jafmonline.net/


A. Nazarian Shahrbabaki et al. / JAFM, Vol. 15, No. 4, pp. 1035-1047, 2022.  

1036 

 

Fig. 1. Schematic of SWBLI in a supersonic flow. 

 

 

systems (Falempin et al. 2006), and plasma actuators 

(Huang et al. 2020; Khoshkhoo and Jahangirian 

2016). 

In the last two decades, passive vortex generators 

have been widely used to mitigate the SWBLI size 

and the separation region (Lee et al. 2011). Vortex 

generators, such as micro-vanes and micro-ramps, 

reduce flow separation and alleviate SWBLI by 

transferring momentum to the boundary layer 

through stream-wise vortex generation. Although 

vortex generators have a simple structure and 

geometry, they reduce total pressure and generate 

aerodynamic drag. Most importantly, they are 

uncontrollable and must be used in off-design 

operation mode. 

Nowadays, as a novel approach, plasma actuators can 

actively control the flow with high flexibility and 

controllability without additional aerodynamic drag. 

In recent years, plasma actuators have been 

recognized as an effective means of mitigating 

SWBLIs (Kinefuchi et al. 2018). Dielectric Barrier 

Discharge (DBD) plasma actuators are classified 

within non-thermal electro-hydrodynamic 

approaches (Mishra and Panigrahi 2020; Taleghani et 

al. 2018). Since excitation in DBD actuators is due to 

sinusoidal alternating input current, they are referred 

to as Alternating Current DBD (AC-DBD) plasma. 

They generate wall jet/body force near the plasma 

region, and consequently add momentum to the 

boundary layer flow.  

The use of AC-DBDs has been widely considered in 

many research studies. The results of studies 

indicated that AC-DBDs could reduce flow 

separation at low speed and Reynolds number (Wei 

et al. 2019; Chen et al. 2020). The extremely low 

speed of the flow induced by AC-DBD actuators (it 

is several meters per second) makes them ineffective 

for use in supersonic flow, significantly to reduce the 

SWBLI size and flow separation. As another type, 

DBD actuators excited with nanosecond direct 

pulses, which are recognized as Nanosecond DBD 

(NS-DBD) plasma, have recently attracted scientists’ 

attention in the subject of supersonic flow control. 

Figure 2 shows an NS-DBD actuator and its 

components. According to the figure, after applying  

 

Fig. 2. Schematic view of an NS-DBD actuator. 

 

a nanosecond DC pulse, the actuator produces a high-

temperature region within few microseconds. 

Therefore, energy deposition is the primary 

mechanism by which NS-DBD actuators control 

SWBLI. The NS-DBDs instantaneously increase the 

flow temperature and pressure, and generate 

compressive waves around the discharge region 

(Wilde et al. 2021). 

The NS-SDBD plasma actuator has two types of 

control mechanisms for control of SWBLI; boundary 

layer heating and vortex generation near the plasma 

surface. Boundary layer heating increases the 

separation bubble size, consequently, making 

SWBLI stronger. However, vortex generation is 

more capable of overcoming the boundary layer 

separation (Wilde et al. 2021). 

The detailed control mechanism of NS-DBDs in 

high-speed flow like SWBLI mitigation needs to be 

better understood. Therefore, developing a 

numerical-based model is essential to recognizing the 

unknowns of SWBLI control using DBDs and their 

control mechanisms. 

The characteristics of NS-SDBD actuators have been 

experimentally and numerically investigated in the 

following. The majority of studies on NS-DBD 

application are related to subsonic flow applications 

and quiescent flow (Znamenskaya et al. 2020; 

Kolbakir et al. 2020; Anzalotta et al. 2020; Zheng et 

al. 2014; Veerakumar et al. 2020). Therefore, limited 

studies have investigated SWBLI control in a 

supersonic flow regime.  

https://www.merriam-webster.com/dictionary/through
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The effect of NS-DBD actuators was investigated on 

a high-speed flow (Mach=2) by Webb (2010). Based 

on their results, thermal actuation with the aid of a 

plasma actuator decreased the separation region and 

shifted the reflected shock upstream by 4 mm. 

Falempin et al. (2015) investigated the effect of DBD 

plasma on controlling the location of normal shock in 

a supersonic intake (M=2-3) in the off-design 

operation mode. Plasma actuation in various 

operation modes had a significant effect on the 

structure of shock waves formation. Moreover, their 

results reveal that the plasma actuator with a power 

of 8.1 kW as the optimized output power, shifted the 

shock location to the upstream, and decreased the 

angle of the initial shock wave. Their results showed 

that adding a steady heat source to the SWBLI moved 

the separation shock upstream and increased the 

separation bubble size. 

Liao et al. (2020) investigated shock waves generated 

by an NS-DBD plasma actuator in a high-speed flow 

over a wedge. The results showed that the heat energy 

released by the actuator in the vortex zone was the 

primary mechanism of supersonic flow control. The 

research by Starikovskii et al. (2009) concluded that 

the heat gas layer generated by the NS-DBD region, 

occurring in less than one microsecond, was the main 

reason for exciting the supersonic flow and, 

consequently, transfer the momentum to the 

boundary layer. Abdollahzadeh et al. (2014) used an 

energy deposition model to show the model's 

capabilities to capture the main features of the 

actuator effects correctly. In another study, Unfer and 

Boeuf (2009) developed a numerical model coupling 

the flow governing equations with an NS-DBD 

phenomenological model. They concluded that rapid 

localized heating in the boundary layer produced a 

microwave, similar to the experiment performed by 

Roupassov et al. (2009). 

Some kinetic methods have been suggested to model 

the NS-DBD actuator effects (Orr et al. 2021; Chen 

et al. 2019). The kinetic approach requires 

computational cost and time; thus, simpler models 

have been suggested. In these models, classified in 

the phenomenological approaches, only the 

temperature profile generated by the actuator is 

considered. In this area, Gaitonde (2013) investigated 

the temperature distribution of an energy deposition 

model with a Gaussian profile and realized that the 

microwave released by the NS-DBD actuator had the 

same features as the experiments conducted by 

Takashima et al. (2011). 

The present paper aimed to explore the control 

mechanism of NS-DBD plasma actuators in a high-

speed flow, especially in the SWBLI separation zone. 

As mentioned before, the level of NS-DBD plasma 

actuator effects is directly related to the actuator’s 

electrodes configuration. Various electrode 

configurations result in vorticity generation and, 

consequently, momentum transferred to incoming 

flow or only heating to the flow and its consequences. 

Previous studies on the NS-DBDs have focused on 

actuator modeling or applying NS-DBDs for low and 

high-speed and supersonic separation control. So, a 

numerical study of plasma discharge direction and 

examining the interaction of microwaves generated 

by NS-DBD and incoming flow is a novel subject. 

The novelty of this paper is using two types of plasma 

configurations to find out the primary mechanism of 

NS-DBD effects on the high-speed separation. 

Plasma electrodes parallel to the flow stream (called 

stream-wise) and vertical to the flow stream (called 

as span-wise type) were considered. We expected 

both configurations mentioned above to effectively 

generate vorticity into the incoming flow and 

suppress the SWBLI separation region. Hench, to 

conduct the investigation, a numerical code was 

applied using the NS-DBD phenomenological model 

(based on the energy deposition model) following 

optimal experimental data presented by Kinefuchi et 

al. (2017); (2018). Thus, a numerical code of the 

baseline flow without plasma actuator was verified 

by wall pressure distribution around the SWBLI and 

the size of SWBLI. Then, two NS-DBD 

configurations were applied with the numerical code 

to examine the actuator's effects on the studied flow’s 

low-density vortex zone.  

2. COMPUTATIONAL METHOD 

2.1 Computational Domain and Governing 

Equations 

Figure 3 shows the present study’s computational 

domain and the NS-DBD plasma actuator’s 

configurations. As presented in Fig. 3, a shock 

generator ramp was positioned at 14° to the x-axis. 

According to the experiment by Kinefuchi et al. 

(2018), the channel width, height, and length were set 

 

 

Fig. 3. Schematic view of computation domain. 
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to 51 mm, 30 mm, and 160 mm, respectively. The 

x=0 position was precisely set to the shock 

generator’s start point. The inlet boundary condition 

was defined as the mass flux of 68 kg/(s.m2) with a 

total temperature of 290 K. Considering the 

experimental tests by Kinefuchi et al. (2018), the 

thickness of the boundary layer exactly upstream of 

the separation region was approximately 4 mm. To 

match the numerical solution with the experimental 

results, a User Defined Function (UDF) was used to 

make the boundary layer thickness at the inlet plane 

of the channel equal to 2 mm. Considering the 2 mm 

boundary layer at the inlet plan of the channel has 

caused the numerical solution to be consistent with 

the experiment. Moreover, the boundary conditions 

of “pressure outlet” and “no-slip” are used to the 

outlet plan and all the walls of the channel, 

respectively. 

A Mach 2.8 supersonic flow was numerically 

simulated, and the effects of NS-DBD actuations 

were investigated on the SWBLI. The governing 

equations are as follows, and details are presented by 

Wilcox (2006). 

𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑗)

𝜕𝑥𝑗
= 0 (1) 

𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗
+

𝜕𝑝

𝜕𝑥𝑖
−

𝜕𝜎𝑖𝑗

𝜕𝑥𝑗
= 0 (2) 

𝜕(𝜌𝑒)

𝜕𝑡
+

𝜕 ((𝜌𝑒 + 𝑝)𝑢𝑗)

𝜕𝑥𝑗
−

𝜕(𝜎𝑖𝑗𝑢𝑖)

𝜕𝑥𝑗
+

𝜕𝑝

𝜕𝑥𝑖
= 𝑄 (3) 

Where 𝜌 is the density, t is the time, 𝑥𝑗  is the position, 

u is the velocity, p is the flow pressure, 𝜎𝑖𝑗 is the shear 

stress tensor, and 𝑄 is energy injected by the actuator 

(Duraisamy et al. 2019). 

A Density-based solver is used to solve the above-

mentioned unsteady equations with the time-step of 

10-6 seconds. Discretization of these equations is 

done using second-order schemes. Besides, the 

residual acceptance levels for the momentum and 

energy equations are set to be less than 10-3 and 10-6, 

respectively, as the convergence criteria of the 

numerical simulation. 

2.2 Grid Specifications 

To perform the numerical grid study, simulations 

were conducted for different numbers of cells, as 

shown in Table 1. The figure compares the maximum 

and average pressure for various grids with some 

different numbers elements. The table data shows 

that when the number of cells exceeded 4,200,000, 

the variation of numerical results is less than 0.5%. 

Therefore, the same number of cells was used to 

perform the simulations. Figure 4 demonstrates the 

structured mesh as the computational grid used in the 

present study. A finer mesh was used to increase the 

accuracy of the numerical results close to the 

separation zone. 

The computational grid applied to the numerical 

solution domain is shown in Fig. 4. To increase the 

accuracy of the numerical simulation, the 

computational grid on the bottom wall is fine-tuned. 

 

 

a) Computational domain 

 

b) Finer mesh near the wall in the SWBLI region 

Fig. 4. Applied computational grid. 

 

Since the 𝜅 − ω SST turbulence model was used in 

numerical simulation, the Y+ value distribution for 

the cross-section perpendicular to the channel and at 

the SWBLI region is shown in Fig. 5. It is noteworthy 

that the value of Y+ in all areas of the computational 

domain is less than one, and near the lower level of 

the channel is estimated at 0.02. Also to meet the 

requirement of Y+<1 in 𝜅 − ω SST turbulence model, 

the distance of the first layer from the bottom wall 

surface in the y-direction is equal to 1.2×10-7 meters. 

 

Table 1. The results of the grid study. 

Grid 

No.  
No. of 

Cells 
Max. 

Pressure 

(Pa) 

Ave. 

Pressure 

(Pa) 

Max. 

Pressure 

Difference 

(%) 

Ave. 

Pressure 

Difference 

(%) 
1 1,100,000 15,790 7,974 __ ___ 

2 2,300,000 14,715 7,128 6.8 10.6 
3 4,200,000 14,083 6,948 4.3 2.5 
4 6,300,000 14,034 6,923 0.35 0.36 
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X=0.038 m

Fig. 5. Y+ value distribution at plan x=0.038 m (in 

SWBLI region). 

 

2.3 Plasma Actuator Modeling 

The plasma actuator was numerically simulated using 

a temperature profile and an energy deposition 

phenomenological model. Figure 6 shows the 

temperature profile applied to the plasma discharge 

region. According to Eq. (4), T was applied to the 

plasma discharge region. It is assumed that the 

discharge region of NS-DBD is approximate a ¼ 

cylindrical shape with r radius. The temperature 

profile in the discharge region was radial and had a 

Gaussian profile (Gaitonde 2013) as Eq. (4). 

(4) 
∆𝑇

𝑇𝑟𝑒𝑓
= 𝑒𝑥𝑝 [−𝑛(

𝑟

𝑅
)2] 

The temperature rise inside the discharge region (T) 

was associated with Q (amount of energy deposited) 

using the following equation: 

(5) 𝑄 = ∫ 𝜌𝐶𝑣 ∆𝑇 𝑑𝑉 

where Tref should be determined to satisfy Eq. (4), n 

is a constant and set to 5 to make a smooth 

distribution, r is the radial coordinate, R is the radius 

of discharge region, 20 mm,  is the air density, Cv is 

the specific heat coefficient, and dV is the volume 

element. Q is the amount of NS-DBD’s energy, 

which is set to 50 mJ according to the experiment test 

by Kinefuchi et al. 2018. 

According to Eq. (4) and Eq. (5) and by considering 

the parameters mentioned above, the temperature rise 

distribution corresponding to the NS-DBD actuator 

in the ¼ cylindrical shape is presented in Fig. 6. 

According to the figure, the maximum temperature 

reached to position r=0 and the corner of the exposed 

electrode in the plasma actuator.  

2.4 Configurations of Plasma Actuator 

The configurations of stream-wise and span-wise 

NS-DBD plasma actuators are described in Fig. 7. In 

stream-wise type, electrodes were installed parallel to 

the flow direction, while in span-wise type, 

electrodes were installed vertically to the core-flow 

upstream of SWBLI. According to Figs. 7(a) and (b), 

various discharge lengths were considered to 

evaluate the plasma actuation effects: case 1 (with 

L1=80 mm), and case 2 (with L2= 90 mm). In the first 

 

 

Fig. 6. Temperature rise distribution profile for 

NS-DBD plasma actuator. 

 

 
a) Test case of stream-wise plasma actuator, test case 

number 1 

 
b) Test case of stream-wise plasma actuator, test 

case number 2 

 
c) Test case of span-wise plasma actuator, test case 

number 3 

 
d) Test case of span-wise plasma actuator, test case 

number 4 

Fig. 7. Spatial temperature distribution profile 

for NS-DBD plasma actuator. 
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case, the actuator was limited to plane at x= 10 mm, 

and in the second case, the actuator length was 

extended upstream of the separation at x=20 mm. 

Considering these simulation cases, we can evaluate 

the effect of energy deposition in parallel to the flow 

path and answer whether plasma actuation in the 

form of energy deposition, which extends closer to 

SWBLI, is efficient.   

In span-wise type, two locations were considered for 

the energy deposition center. According to Fig. 7 (c) 

and (d), case 3 (at x= –10) and case 4 (at x= –20 mm) 

were considered to explore the plasma actuator 

location. 

The four test cases revealed that the primary 

mechanism of NS-DBD in the desired flow regime 

was heating or vortex generating and that the micro 

shock wave was generated by NS-DBD. The detailed 

configurations of the test cases for both span-wise 

and stream-wise types are presented in Fig. 8. The 

figure also gives the solution domain, the 

coordination system, locations of actuators, and their 

dimensions. As shown in Fig. 8 (b), a distance of 0.5 

mm is considered between the end of the plasma 

actuator and the channel wall to eliminate plasma 

discharge region/side walls interaction. 

 

a) Test cases of stream-wise plasma actuator   

 

b) Test cases of span-wise plasma actuator 

Fig. 8. Schematic view of the computational domain and various plasma configurations. 
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3. RESULTS & DISCUSSION 

3.1 Baseline Flow Field (Without Actuation) 

To explore the verification of the numerical solution 

and flow field specifications around SWBLI, the 

baseline numerical simulation was compared with the 

experimental results data. Kinefuchi et al.’s (2018) 

study was used to ensure the accuracy of the 

simulation results. Figure 9 compares the flow 

pressure between the studied flow, including a 

different numbers of grids, and the experimental data 

by Kinefuchi et al. (2018). According to the figure, 

the numerical results by the grid, including 4,200,000 

cells, match with the experimental results with an 

error of less than 1%. 

Numerical results of the baseline solution around 

SWBLI are presented in Fig. 10. The results included 

the contours of the Mach number, stream-wise flow 

velocity, temperature, and pressure distribution at a 

plane in Z=25.5 mm.  

The contour of flow density (dρ/dx) variation 

generated by the numerical simulation at the middle 

plane of the domain is shown in Fig. 11 and was 

compared to the experiment (Kinefuchi et al. 2018). 

In both pictures, the angle of incident shock was 

33.2°.  

3.2 Plasma Actuation 

As mentioned before, this study focused on two types 

of plasma discharge configuration as stream-wise and 

span-wise methods. For stream-wise type, two test 

cases were considered to investigate the effect of 

plasma discharge length on SWBLI as L1 and L2. 

Two other test cases were used to explore the span-

wise plasma actuation location on the separation 

region of SWBLI (X1 and X2). The detailed 

information on the test cases is presented in Table 2. 
Kinefuchi et al. (2017) studied the effects of 

actuation frequency variations on the size of SWBLI 

versus actuation time in the interval of 100 Hz to 10 

kHz. Their results illustrate that the optimal actuation 

frequency is obtained at 2 kHz. Therefore, in this 

paper, the amount of NS-DBD energy deposition, 

temperature distribution, and the dimension of 

compression wave produced by the NS-DBD 

actuator are considered according to the optimal 

actuation frequency of 2 kHz (according to the results 

generated by Kinefuchi et al. (2017)). 
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Fig. 9. Verification of numerical results. 

 

 

 

Fig. 10. Mach number, x-velocity, pressure, and 

temperature distribution of baseline flow. 

 

 

Fig. 11. Comparison of the numerical contour of 

dρ/dx in SWBLI and experimental Schlieren 

image. 

 

Table 2. NS-DBD plasma actuation types. 

Case 

No. 

Actuation 

Type 

Parameter under 

investigation 

1 Stream-wise 
Actuator Length, 

L1=80 mm 

2 Stream-wise 
Actuator Length, 

L2=90 mm 

3 Span-wise 
Discharge Position, 

X1= –10 mm 

4 Span-wise 
Discharge Position, 

X2= –20 mm 
 



A. Nazarian Shahrbabaki et al. / JAFM, Vol. 15, No. 4, pp. 1035-1047, 2022.  

1042 

Figure 12 shows the SWBLI region’s size over 

actuation time for the test cases introduced in Table 

2. In the figures, the start time of the NS-DBDs 

actuation was assumed from the beginning of the 

numerical simulation (t=0). Figure 12(a) shows 

SWBLI size variation for stream-wise type, and span-

wise actuation results are presented as Fig. 12(b). 

Considering Fig. 8, the height between the 

intersection of the incident and reflected shocks, and 

the bottom wall is considered as the SWBLI size. It 

should be noted that SWBLI variation showed the 

movement of the reflected shock wave. The results 

showed that the SWBLI size was 4.4 mm when the 

actuator was off (baseline condition). Figure 12(a) 

indicates that the SWBLI size decreased at around 70 

s after starting due to plasma actuation. It means that 

the reflected shock wave started to move upstream. 

After 95 s from plasma operation, the reflected 

shock wave returned to the primary state (4.4 mm) 

for both test cases. Comparison between L1 and L2 

showed that the extended discharge length was 

slightly more efficient to reduce the SWBLI size. 
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a) Stream-wise plasma actuator 

Spanwise Actuator 
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b) Span-wise plasma actuator 

Fig. 12. Variation of SWBLI size over actuation 

time. 

 

According to Fig. 12(b), the test cases with X1 and X2 

were capable of reducing the SWBLI size. Each of 

the test cases reduced the SWBLI size according to 

its location. Therefore, the actuator and the induced 

microwave needed less time to affect the separation 

region by the closer location of the actuator to the 

SWBLI region. Also, the figures illustrated that the 

effect duration was longer on the flow in stream-wise 

actuation than in span-wise actuation. The main 

reasons are the heating length and the period that the 

incoming flow interacts with the plasma discharge 

region. The more contact area of the incoming flow 

with the heated gas layer in the stream-wise type led 

the flow to have a more significant impact on the 

passing flow compared to the span-wise type. As 

mentioned before, it is concluded that the primary 

mechanism of both configurations was the generation 

of a momentum transferred to the core flow. Since 

the results of the test cases were similar to each other, 

the following simulation results were restricted to 

only one test case for each actuation type. 

A) Temperature distribution of actuator: 

In Fig. 13, the temperature distribution simulating the 

flow thermalization by NS-DBD actuator is 

presented for stream-wise and span-wise actuation 

types. The contours showed that the thermalization 

region complied with data illustrated in Fig. 6 (¼ 

cylinder as plasma region). 

 

 
a) Stream-wise actuation 

 

b) Span-wise actuation 

Fig. 13. Temperature distribution of NS-DBD 

plasma actuator at t=0 sec. 

 

B) Pressure distribution: 

The pressure development in the high-temperature 

region due to stream-wise actuation is described in 

Fig. 14. The data was extracted from a stream-wise 

plane located at x=-10 mm. The result showed that at 

t=0 sec, the pressure was proportional to the 

temperature profile as Fig. 13 (a). As noted in Fig. 

14, the pressure rise on the top of the plane was due  
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Stream-wise Actuation, x= -10 mm 

 

Fig. 14. Contour of pressure distribution around and upstream of SWBLI region in stream-wise 

actuation case. 

 

 

Fig. 15. Contour of pressure distribution in span-

wise actuation case. 

 

to pressure compression by the wedge. The 

microwave generated by the NS-DBD propagated in 

the plane at a velocity of 222 m/s in the y-direction. 

After 200 s from plasma discharge, the shock wave 

disappeared. 

For the span-wise case, the pressure distribution of 

the plasma region is presented in Fig. 15. The 

numerical results illustrated that the compression 

wave induced by the actuator propagated through the 

flow and met SWBLI after approximately 70 s.  

C)  X-direction velocity distribution: 

Figure 16 demonstrates the x-velocity distribution of 

stream-wise and span-wise cases. The separation area 

became small in both cases, as observed at t = 200 

and 265 s due to the induction of compression wave 

by the NS-DBD into the SWBLI region. The results 

of both cases illustrated that the plasma actuator 

produced a thin boundary layer using plasma shock 

wave propagation through SWBLI. 

D) X-direction velocity profile 

Figure 17 shows the variation of flow velocity at x = 

40 mm (upstream of the SWBLI location at the 

discharge time of t = 100 microseconds). It was 

observed that acceleration of flow occurred in both 

stream-wise and span-wise actuation types. 

Comparing the results to the baseline velocity profile 

showed that stream-wise actuation could optimally 

reduce the backflow in the separation zone by 

applying the momentum to the flow. 

According to Fig. 18, the separation area was affected 

by plasma actuation. The stream-wise simulation 

results presented in Fig. 18(a) showed that the 

separation length and reattachment point of 

separation decreased by plasma actuation. NS-DBD 

had the highest impact on separation control at 100 

s. 

The span-wise actuation results are described in Fig. 

18(b). According to the figure, the compression wave 

released by the NS-DBD actuator met SWBLI 

approximately in t=100 s after plasma discharge. 

The most significant reduction occurred in the length 

of the separation region when the induced plasma 

shock wave passed SWBLI at times more than 190 

s. 
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a) Full-scale domain 

 

 

b) SWBLI region 

Fig. 16. The contour of x-direction velocity distribution around and upstream of SWBLI region. 
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b) X-velocity profile in the separation region 

Fig. 17. X-velocity profile in the boundary layer at x = 40 mm (upstream of the SWBLI at the 

discharge time of t = 100 s). 

Span-wise actuator - Case 3 Stream-wise actuator - Case 1 
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a) Stream-wise electrode  

 

b) Span-wise electrode 

Fig. 18. Variation of separation region over actuation time. 

 

1. CONCLUSION 

The current study aimed at investigating the 

primary control mechanism of NS-DBD in high-

speed flow. The effect of the NS-DBD plasma was 

directly related to the direction of the plasma 

actuation. The electrode configurations resulted in 

vortex generation and, momentum transfer to the 

boundary layer or flow heating. Stream- and span-

wise applications of NS-DBD plasma actuators 

were investigated and analyzed in a Mach 2.8 

numerically. For this purpose, 3D numerical 

analyses were performed for different actuation 

models. Plasma actuation with one burst/pulse was 

considered for numerical simulation. The results 

showed that in both stream- and span-wise cases, 

the interaction of the compression wave released 

by the plasma actuator reduced the separation size. 

For the stream-wise case, the plasma actuator with 

a length of 90 mm upstream of the separation 

region was more capable of reducing the SWBLI 

size. Therefore, it can be concluded that longer 

actuator length leads to a further time increases 

that affects the interaction size. Moreover, the 

simulations showed that the effective duration of 

the actuator on the flow was shorter in the span-

wise case than in the stream-wise case. This value 

was estimated at about 70 s for the span-wise 

case and about 100 s for the stream-wise case. 
 

 Comparing the results of the stream- and span-

wise cases revealed that both actuation cases 

generated a momentum force to the flow and, 

Due to Span-wise Actuation 

Due to Span-wise Actuation 
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consequently, decreased the SWBLI region’s size. 

Moreover, plasma actuation reduced the boundary 

layer’s thickness in both configurations. The 

proposed NS-DBD actuators were mainly capable 

of applying the momentum to the boundary layer, 

presented as an x-velocity profile upstream of 

SWBLI. Overall, microwave propagation through 

the flow due to the NS-DBD operation can result 

in the effective flow control. 
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