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In recent years, Plasma actuators have strengthened the ability to control flows in creative manners 

leading to improvements in lift, drag reduction, and aerodynamic efficiency. These advancements 

could result in safe, more effective, and quiet aircraft.  A numerical investigation is performed to 

determine the influence of Dielectric barrier Discharge (DBD) plasma on the flow properties of 

NACA 0012 airfoil at low Reynolds numbers, considering various angles of attack. The modified 

baseline airfoil was examined at three applied voltages 6.85 kV, 8.38 kV, and 11.45 kV at constant 

frequency. The results demonstrated that, when compared to the baseline airfoil, the DBD plasma 

actuator delays the trailing edge flow separation. Moreover, at 11.45 kV, the flow maintains 

attached to the airfoil at an angle of 20º and entirely eliminating the flow separation. Furthermore, 

the DBD airfoil significantly rising the lift coefficients while reducing the drag coefficients. 
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1. Introduction  

Flow control is essential in aeronautical applications since it is 

needed for delaying or eliminating flow transitions, improving lift 

forces, and reducing drag forces. Flow control is usually 

classified into two categories: passive and active flow control.  

Passive control operates without the need for an external energy 

source, whereas active control needs external input energy. 

Dielectric barrier discharge (DBD) plasma actuators are a 

preferable approach to active flow control owing to their small 

size, low weight, durability, minimum power needs, and quick 

responses when activated [1-6]. The DBD plasma actuators are 

beneficial in several aerodynamics domains as they assist in 

controlling boundary layer flows [7,8], reducing noise [9,10], and 

enhancing fluid flow across the airfoil by postponing the 

separation point [11,12]. In DBD plasma actuator, two parallel 

asymmetrical electrodes, namely the exposed and the enclosed 

electrodes, are linked to a high-voltage power supply, typically 5-

40 kV with a frequency of 1-20 kHz. These electrodes are 

isolated by a dielectric insulating sheet, which is typically made 

of materials such as Teflon or Kapton.  

When a high-voltage power source is supplied to the electrodes 

and overcomes the breakdown electric field threshold, a non-

thermal plasma is formed downstream of the exposed electrode 

on the dielectric interface. This plasma is composed of partly 

ionized air and does not significantly increase the temperature. 

The neutral fluid particles are subjected to collisions with moving 

ions when ionized air exists in the electric fields created by the 

two asymmetrical electrodes. This creates a body force that 

causes the boundary layer fluid particles to gain velocity, which 

speeds up the airflow and allows it to reattach with the 

surfaces [13–15]. Fig.1 depicts a schematic illustration of this 

phenomenon. The body forces generated by this plasma 

accelerate the airflow close to the plasma area, which is parallel 

to the dielectric surface, and transmits momentum to the fluid 

particles in the boundary layers. There are numerous applications 

for the DBD plasma actuator in aerodynamics Due to its ability to 

reduce noise [9,10] and delay the separation point [14,15].  

Numerous investigations [16–18] examined the effects of a 

dielectric layer, supply voltage, frequency, electrode design, and 

gap spacing between them on the efficiencies of the plasma 

actuators. The flow control separation utilizing a DBD plasma 

actuator across a range of airfoil profiles, and flow visualization * Amr El-Feky, Mechanical Engineering Department, National Research Centre, 

Cairo, Egypt, +201066805995, amr.elfeky@gmail.com 
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have been the subjects of numerous experimental studies [19, 20]. 

Several studies conducted smoke upstream of the airfoil in the 

wind tunnel [19], while others applied particle image 

velocimeters (PIV) to examine the ionic winds produced by the 

plasma [20–22]. Two methodologies were found in the literature 

to model the plasma actuators: the first principles-based models, 

and phenomenological (simplified) models. Consequently, the 

first principles-based models [27–30] are quite accurate when it 

comes to capturing plasma physics and near-wall physics. 

However, the phenomenological models [31–48] have gained 

much attention to model plasmas due to the ease of their 

modeling and execution. The goal of the current numerical 

simulation is to ascertain how the DBD plasma actuator affects 

the properties of the airfoil and the control of flow separation at 

various applied voltage values. 

 
Figure 1. A schematic diagram of a DBD plasma actuator 

This study concentrates on the numerical simulation of flow 

separation controlling above an airfoil designed to fit with a DBD 

plasma actuator via ANSYS Fluent software, which is a kind of 

plasma actuator that generates an electric field. The 

characteristics of plasma actuators, as well as the design of the 

actuators and the angles of attack, are adapted in order to examine 

their impacts. 

2. DBD plasma actuator mathematical model 

The mathematical model employed in this work to simulate the 

impacts of plasma actuators was created by Porter, et al. [49]. 

They suggested a linear fit between body force per unit length 

and the applied voltage at a fixed input frequency as shown in Fig. 

2. The relation between body force and applied voltage can be 

correlated in equation (1). To model simplifying, the plasma 

region is assumed to be a rectangular region downstream exposed 

electrode as shown in Fig. 3. 

 
Figure 2. Average body force per meter of plasma at a constant 

forcing frequency of 5 kHz [49]. 

 

Figure 3. Plasma region as a rectangular domain approach 

                                                              (1) 

3. Numerical Discretization  

3.1. Boundary Conditions and Grid System for DBD plasma 

actuator 

A rectangular computational domain was constructed and 

electrodes and dielectric, with wall boundary conditions at 

DBD upstream and pressure outlet at DBD downstream as 

shown in Fig. 4.a and a wall boundary condition for the poles. 

The domain height is designed to be 1.5 m and extend 1.25 

upstream and 2.75 downstream with pole dimensions 

presented in Fig. 4.b. Consequently, a structured mesh is 

utilized for system discretization. The grid system was 

designed to be dense near the electrodes, to capture the 

important physics at these positions with 427911 cells as 

seen in Fig. 5.a and zoomed view in Fig.5. b. In order to 

describe a plasma actuator, a user-defined function (UDF) is 

developed and compiled for the solver by adding a 

momentum source term to the proposed model. The length of 

the wrapped electrode and the plasma region were assumed 

to be the same length. The parameters of 10 mm in length 

and 0.1 mm in thickness were selected to represent the foil 

tape's relative size. 

 
Figure 4. DBD actuator domain and Boundary conditions  
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Figure 5. Grid System for computational domain and Poles 

3.2. Numerical Set-up for airfoil DBD plasma  

Numerical simulation is performed for a 2-D symmetrical 

NACA 0012 airfoil model, C domain type is used as a 

computational domain, and the domain is extended 15 of 

chord length upstream and 20 of chord length downstream 

with height 20 of a chord as seen in Fig. 6.a. The velocity 

inlet is defined as inlet boundary conditions, Pressure outlet 

at the outlet, symmetry boundary condition is defined for 

upper and lower sides, and wall boundary condition for the 

airfoil surfaces as seen in Fig. 6.b.   For the grid system, a 

structured mesh is used for the entire domain as shown in Fig. 

7.a grid and refined near the location of the actuator and 

airfoil to preserve Y+ less than 1 as shown in Fig.7.b with a 

total cell count of 343102 cells. The simulation is carried out 

on the airfoil at different angles of attack: 0, 4, 8, 10, 12, 14, 

16, 18, and 20, The DBD plasma actuator is placed at the 

upper surface at 0.05 cm away from the leading edge at 

applied voltage 6.85 kV, 8.38 kV, and 11.45 kV.  

 

 
Figure 6. Model NACA 0012 airfoil with a plasma actuators 

Domain and Boundary Conditions  

 
Figure 7. Grid System for airfoil equipped with DBD 

plasma actuator.   

 

(a)  

(b)  
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3.3. Model Validation  

The experimental data of NACA 0012 [50] is chosen to 

validate the model, which had a chord of 60.10 cm and 91.44 

cm span, tested in a low-turbulence wind tunnel. The tunnel 

sidewalls contain circular end plates with a diameter of 101.6 

cm for positioning and attachment of the two-dimensional 

airfoil models. The stagnation temperature near ambient 

conditions is preserved using an air-to-water heat exchanger 

at 0.15 Mach and 3.94 x 106. Three turbulence models are 

tested in the current simulation namely Spalart-Allmaras, Kε 

Realizable, and Kω SST [51]. The results show that the Kω 

SST is the best model for predicting Lift and Drag Curves as 

shown in Fig.10; however, a difference is noticed in 

predicting the Drag coefficient in the stall regime.  

 

(a) 

 

(b) 

Figure 8. Comparison between the experimental data [50] and 

current simulation using Spalart-Allmaras, Kε realizable, and 

Kω SST turbulence models of (a) lift (b) drag coefficients 

 

4. Results 

4.1. DBD plasma actuator 

The investigation begins with a parametric study of changing 

the body force    in the plasma region produced by the DBD 

actuator due to changing the supplied voltage at quiescent 

flow. DBD plasma actuator injects momentum into the flow 

and generates a body force. This body force can exert a 

direct momentum transfer to the fluid, causing flow 

acceleration. A wide variety of body force per unit meter at 

500, 1000, 2000, 3000, 4000, 5000, 6000, 7000, 8000, 9000, 

1000, and 11000 are examined. The velocity magnitude 

contours are plotted for the mentioned body forces per unit 

meter ranges as shown in Fig. 9 (a, b, c, d, e, f, g, h, i, j, k, 

and l), correspondingly. It is found that the induced ionic 

wind velocity in the plasma region downstream is 

proportionally increased with increasing the applied body 

force. Fig. 8 illustrates the velocity profiles, at the end of the 

wrapped electrode, of the DBD actuator downstream for 

various Body Forces per unit meter. At 11000 body force, 

the induced velocity approaches 11.8 m/s. 

 

Figure 9. Velocity magnitude contours at DBD body force per 

meter 500, 1000, 2000, 3000, 4000, 5000, 6000, 7000, 8000, 

9000, 1000, and 11000 (mN/m). 

 

   

 

 

 

   

   

   

 

 𝑏=500  𝑏=1000  𝑏=2000 

 𝑏=3000  𝑏=4000  𝑏=5000 

 𝑏=6000  𝑏=7000  𝑏=8000 

 𝑏=9000  𝑏=10000  𝑏=11000 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

(j) (k) (l) 
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Figure 10. Velocity profiles above the DBD actuator for several 

Body Forces. 

 

4.2. Base airfoil with no actuation  

Velocity contours and streamlines around the baseline 

NACA 0012 airfoil with no actuation at angles of attack 10º, 

12º, 14º, 16º, 18º and 20º as shown in Fig.11 a1, b1, c1, d1, 

e1, and f1 respectively. The flow remains attached to the 

airfoil until reaches to angle of 10º as shown in Fig.11.a1. At 

much higher angles of attacks trailing edge boundary layer 

separation occurs as seen in in Fig.11 b1, c1, d1, e1, and f1 

and resulting in a sudden decrease in lift and an increase in 

drag as seen in Fig.13 a and b. 

4.3. Airfoil DBD plasma  

The second set of Fig. 11 demonstrates the DBD plasma 

airfoil in terms of velocity magnitude and stream lines at 

applied voltage = 6.85 kV.  The flow remains attached to the 

upper surface of the base airfoil to 16º upstroke, as shown in 

Fig.11 a1, b1, c1, and d1. It is evident that the plasma 

actuator has the ability to significantly delay and shrink the 

separation region. It is noticed that at angles 18º and 20º 

shown in Fig.11 e1 and f1, the trailing edge separation 

occurs accompanied by a decrease in lift and increases in 

drag coefficients as shown in Fig.13 a and b. Figure 12 a, b, 

and c represent the streamline and velocity contours at 

applied voltage 6.85, 8.38, and 11.45 kV, respectively at 20º 

angle of attack. It is evident that when the applied voltage is 

raised, the lift coefficient increases, and the drag coefficient 

decreases, resulting in a decrease in flow separation. At 

11.45 kV applied voltage, the flow separation is completely 

eliminated, as shown in Fig.11.d1 with a significant increase 

in lift coefficient and decrease in Drag coefficient as shown 

in Fig. 13 a and b.   

 

  

(a1) α=10 (DBD Plasma Off) (a2) α=10 (DBD Plasma On) 

  

(b1) α=12 (DBD Plasma Off) (b2) α=12 (DBD Plasma On) 

  

(c1) α=14 (DBD Plasma Off) (c2) α=14 (DBD Plasma On) 

  

(d1) α=16 (DBD Plasma Off) (d2) α=16 (DBD Plasma On) 

  

(e1) α=18 (DBD Plasma Off) (e2) α=18 (DBD Plasma On) 
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(f1) α=20 (DBD Plasma Off) (f2) α=20 (DBD Plasma On) 

Figure 11. Streamlines around the plasma region in the case of 

6.85 kV at angle of attack = (a) 14 (b) 16 (c) 18 (d) 20. 

 

  

(a) α=20 (DBD Plasma Off) (b) α=20 (Applied Voltage 6.85 

kV) 

  

(b) α=20 (Applied Voltage 8.38 

kV) 

(b) α=20 (Applied Voltage 11.45 

kV) 

Figure 12. Streamlines around the plasma region at an angle of 

attack 20º in the case of applied voltage (a) 6.85 kV (b) 8.38 kV 

(c) 11.45 kV 

 
(a) 

 

 
(b) 

Figure 13. The (a) lift and (b) drag coefficients versus angle of 

attack at different supplied voltages of the DBD plasma actuator. 

 

 

5. Conclusions  

Recently, the DBD actuator is one of the most promising devices 

for effective flow control, especially in airfoils. Numerical 

simulation is performed to determine the effect of the DBD 

plasma actuator on airfoil characteristics at different values of 

applied voltages. The results indicate that increasing the supplied 

voltage results in an increase in lift coefficients as well as a 

reduction in drag coefficients and it is concluded that:  

 The induced ionic wind velocity in the plasma region 

downstream is proportionally increased with increasing the 

applied body 

 DBD plasma causes delay and shrinks the separation region 

over the upper surface of the airfoil. 

 In the case of a deep stall regime, at 11.45 kV applied 

voltage, the flow separation is entirely eliminated 

combined with a substantial rise in lift coefficients and 

decrease in drag coefficients.  
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