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The plasma actuator, or dielectric barrier discharged (DBD) actuator, is a flow control 
technique which comprises three simple components, namely, an exposed electrode, 
a dielectric layer, and a covered electrode. By providing sufficient applied voltage, the 
air will locally ionize. In the presence of the electric field, the ionized air induces thrust 
in the surrounding air, thus jetting the flow in the stream-wise direction, and 
momentum will be generated in the ambient air, which forms the basis for flow 
separation control strategy. This project presents the findings of experimental tests 
and numerical simulations on the operation of plasma actuator under several input 
conditions and geometries in order to investigate the feasibility of plasma actuator to 
control the flow separation. An experiment was conducted to visualize the formation 
of plasma on 0.15 mm thick of Kapton dielectric actuator under an applied voltage of 
5 to 10 kVp-p. The results demonstrate that, by increasing the input voltage, the 
generation of plasma also increases. Moreover, numerical analysis of plasma actuator 
under various applied voltages, dielectric materials, dielectric thicknesses, and covered 
electrode widths were computed using COMSOL Multiphysics software. Based on the 
findings, the trend of the results produced is nearly similar to those of previous 
researchers. However, further studies are needed to investigate the impact of gas 
temperature, pressure and flow velocity on the discharge of a plasma actuator.  
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1. Introduction 
 

The development of flow control technology has become the primary interest of many 
researchers and engineers in order to increase the aerodynamic characteristics performance of an 
aircraft by controlling the separation of the flow.  

This will typically be achieved when the boundary layer and shear flow on a suction surface are 
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manipulated until the separation region is reduced. There are many flow control technologies either 
passive or active which have been developed, e.g. vortex generators [1-3], Krueger flap [4], Nose-
droop technique [5-6], blowing technique using cylinder rotating valve [7], and synthetic jet actuators 
[8-12]. Active flow control devices serve as a provider of energy used to modify and control the flow 
separation on surfaces [13]. Even though these technologies are able to improve the maximum lift 
coefficient, their complexity, heavy weight, volumetric waste and being source of airframe noise and 
vibration are their weaknesses. Thus, a simple and low-cost technology such as plasma actuator 
would be a more effective device as an alternative replacement. Plasma actuators have been 
successfully used in different flow control applications such as exciting boundary layer instabilities on 
a sharp cone at Mach 3.5 [14], lift augmentation and drag reduction on a swept wing [15], turbulent 
boundary layer separation control of wing-body configuration [16], and unsteady vortex generation 
and airfoil leading-edge separation control [17]. Based on previous work, plasma actuators are able 
to modify the aerodynamic behaviour of an airfoil, by inducing thrust and jetting the flow, 
consequently delaying the flow separation on the airfoil [17].  

The plasma actuator design basically consists of only two electrodes separated by the dielectric 
layer in between, where the exposed electrode is connected to the high voltage supply, and the 
covered electrode is grounded. The dielectric layer can be any substance with insulating properties. 
Commonly used materials are Kapton polymer tape, Teflon tape, Quartz glass, Delrin tape and Macor 
ceramic. The electrodes are made of copper foil tape. To operate the actuator, a high voltage AC 
signal is applied to the exposed electrode. This causes a plasma discharge to form over the surface 
of the dielectric material between the exposed and the covered electrodes. The basic plasma 
actuator layout shown in Figure 1. When sufficient voltage has been applied, the air will locally ionize 
in the region of the largest electric field. This occurs at the edge of the exposed electrode. In the 
presence of the electric field, the ionized air produces a thrust on the ambient air, jetting the flow in 
the stream-wise direction, hence delaying the separated flow [18]. Momentum transfer thus occurs 
from charged particles to neutral particles, leading to an electric wind with a maximum velocity of up 
to 6 m/s [19]. In addition, Shyy et al., [20] who investigated weakly ionized plasma, stated that by 
adding sufficient amounts of energy to the ionized gas, plasma is formed. The gas is dissociated due 
to the collisions between those particles whose thermal kinetic energy exceed the molecular binding 
energy. 

The interest to discover the feasibility of plasma actuators in modifying aerodynamic behavior of 
airfoil has grown in the past few years all around the world. This is due to the special features that 
include being fully electronic with no moving parts, having a fast time response for unsteady 
applications, having a very low mass which is especially important in application with high g-loads, 
being able to apply the actuators onto surfaces without the addition of cavities or holes, having an 
efficient conversion of the input power into fluid momentum and the easy ability to stimulate their 
effect in numerical flow solvers [17]. 

The feasibility of a plasma actuator in controlling the separation was investigated in this project. 
Two objectives were targeted, the first being to visualize the plasma generated by implementing an 
experiment on the Kapton dielectric actuator. The intensity of plasma has also been studied under 
various applied voltages. The second objective is to investigate the thrust induction by plasma 
actuator under several applied voltages and parameters, including dielectric material, dielectric 
thickness, and covered electrode width.  
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Fig. 1. Plasma actuator layout [19] 

 
2. Methodology  
2.1 Experimental Set-up  

 
Figure 2 shows the top view of the plasma actuator mounted on a wooden board, and the side 

view. The specifications of each of the components of the plasma actuator are given in Table 1. ε is 
the dielectric constant of the material.  

 

 

Fig. 2. Design of plasma actuator (a) Top view, as mounted on wooden board (b) Side view 

         
Table 1 
Specifications of the plasma actuator design 
Component Material Condition Width (mm) Length (mm) Thickness (mm) 

Exposed electrode, E Copper Straight 50 200 0.03 
Covered electrode, C Copper Straight 50 220 0.03 
Dielectric layer, D Kapton ε = 3.5 150 250 0.15 
Gap, d - - 1.0 - - 

    
Figure 3 shows the schematic diagram of the experimental setup. The actuator consists of two 

linear electrodes with a thickness of 0.03 mm separated by a Kapton dielectric layer with a 0.15 mm 
thickness. Both electrodes have a width of 50 mm, and there is 1 mm horizontal displacement 
between the electrodes. The exposed electrode was supplied with a high voltage in the range of 5 to 
10 kVp-p sinusoidal signal form, while the covered electrode was grounded. The intensity of the 
plasma was recorded and captured using Phantom v710 camera.   
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Fig. 3. Schematic diagram of the experimental setup 

 
2.2 Simulation Process 
 

The distribution of electric field and the trend of thrust induced between upper and lower 
electrodes with a dielectric barrier are numerically computed using COMSOL Multiphysics 4.4 
software based on the finite element method (FEM). The formation of the plasma gives rise to an 
effective thrust on the ambient air. The vector f represents the thrust, produced by the reaction of 
the electric field with discharged plasma, in Navier-Stokes equations [21]. 

 
f =𝜌𝑐𝑬               (1) 
 
where, ρc is the net charge density, and E is the electric field. The thrust can be tailored through 
electrode arrangement, which controls the spatial electric field. The varying strength of the resulting 
directed momentum of ions to the surrounding air forms the basis for flow control strategies [22]. 

Furthermore, the trend of induced thrust in charge density of 0.012 C/m3 was computed under 
varying applied voltage in the range of 20 to 82 kVp-p. The thrust induced for different dielectric 
material and thickness was also investigated. The width of the covered electrode varies from 10 to 
50 mm. Figure 4 shows the geometry and the discretized mesh of the electrodes and the surrounding 
region for the computational analysis, focused on the middle region so the reaction of plasma 
actuator on the edge of the electrode and dielectric layer could be observed and evaluated. The mesh 
is physics-controlled and extremely fine.  
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Fig. 4. Drawn geometry and discretized mesh of the computational analysis 

 
A point is randomly observed within the charged volume in order to monitor the induced thrust 

at variable applied voltages. The coordinates of the point are set as (10.5, 0.115), as shown in Figure 
5. The simulation results are then compared with the results obtained from an experiment conducted 
by Thomas et al., [22].  

 

 
Fig. 5. Point of thrust computation  

 
3. Results and Discussion 
3.1 Visual Observation of Plasma Actuator 
 

Figure 6 shows the discharged plasma at 5 to 10 kVp-p applied voltage, with a constant frequency 
of 20 kHz, captured by a Phantom v710 camera. It can be seen that when the applied voltage was 5 
kVp-p, the discharge was relatively diffused. The plasma intensity increased as the applied voltage 
was increased to 6 kVp-p and 7 kVp-p, but hot spots are not yet observed in the discharge. In contrast, 
as the applied voltage was increased to 8 kVp-p, some barely-formed hot spots are now seen. When 
the applied voltage was increased to 9 kVp-p, hot spots formed and are plainly visible. As the applied 
voltage was increased to10 kVp-p, the number and intensity of the hot spots increased significantly. 
The results indicate that at low applied voltages, the discharge was in diffused mode, which then 
becomes highly filamentary at higher voltages. The results obtained are almost similar to the 
visualization of the plasma actuator operation conducted by Joseph [23]. 
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Fig. 6. The plasma discharge at various applied voltage 

 
3.2 Actuator Degradation and Failure  
 

Degradation of an actuator will cause actuator failure. This failure always presents itself as arcing 
through the dielectric barrier, thus short-circuiting the electrodes. The erosion of the exposed copper 
electrode is one form of physical actuator degradation [23]. Figure 7 shows the rough or jagged 
appearance of electrode edge. This occurs after prolonged use; i.e. after approximately four hours of 
operation, when erosion appeared on the initially smooth surface, next to the plasma formation 
region.  

Figure 7 also shows that the surface of the dielectric proportional to the covered electrode 
experienced discoloration. This is one physical actuator degradation as well. Initially, the Kapton 
dielectric had a bright orange-brown colour. After four hours of operation, the dielectric appeared to 
have a light-coloured opaque discoloration. 
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Fig. 7. The electrode erosion and 
dielectric discoloration 

 
3.3 Induced Thrust of Plasma Actuator  
 

The thrust induced by the plasma actuator is basically obtained from the presence of the electric 
field. Figure 8 shows the computed electric field and electric potential distribution of the plasma 
actuator operation region at 5 to 10 kVp-p. The red arrows indicate the vectors of the electric field, 
while the coloured contour indicate the magnitude of the electric potential.  

As discussed in the previous sections, a point was observed within the charged volume to 
evaluate the induced thrust at various confugurations, including various types of dielectric materials 
and thickness values, as well as various applied voltages. From Navier-Stokes equations, the force 
could be calculated by integrating the charge density multiplied by the electric field at a specified 
point.  
 
3.4 Effects of Applied Voltage  
 

In order to investigate the effects of the input voltage on the plasma actuator, the Teflon 
dielectric actuator with a constant dielectric thickness of 3.18 mm was used. The actuator was 
computed with varying applied voltage in the range of 20 to 78 kVp-p. The results obtained show a 
trend similar to Thomas et al., [22] experimental findings, which are shown in Figure 9. The graph 
explains that the thrust induced increases as the applied voltage increases. This could be explained 
by the formation of the electric field, where the higher the applied voltage, the stronger the electric 
field, which thus induced greater thrust. Note that as the applied voltages become higher, the 
actuator will experience filamentary mode where degradation will occur, as discussed in the previous 
section. Other than that, once the actuator experiences filamentary mode, further increase in the 
applied voltage not only resulted in an insignificant increase in thrust, but significantly increased the 
dissipated power [22]. 
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Fig. 8. Computed electric field and electric potential distribution 

 

 
Fig. 9. Computed thrust per unit span for different applied voltage for Teflon (ε = 
2, t = 3.18 mm) 
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3.5 Effect of Dielectric Material 
 

Based on the literature, Kapton Polyimide film was often used as a dielectric barrier in single 
dielectric barrier discharge (SDBD) plasma actuator [22]. Other materials considered for 
computational analysis and comparison are Teflon, Quartz, and Delrin. Figure 10 shows the graph of 
thrust per unit span measured for the plasma actuator using various dielectric materials of 6.35 mm 
thickness, in the range from 20 to 82 kVp-p.  

According to the simulation results, as the input voltage increased from zero to about 82 kVp-p, 
Teflon dielectric material induced a higher thrust compared to the other dielectric materials. The 
trend of the thrusts for all dielectric materials appeared to be almost similar to that of the previous 
researchers [22], indicating reliability in the computational analysis.  

 

 
Fig. 10. Computed thrust versus applied voltage for various dielectric materials (t = 
6.35 mm) 

 
3.6 Effect of Dielectric Thickness  
 

In another effort to increase the maximum achievable thrust, Teflon was simulated using two 
different thicknesses, namely 3.18 mm and 6.35 mm. The results are presented in Figure 11. It is 
clearly seen that variability in thickness significantly affect the thrust. From the graph, although the 
trend of the thrust as a function of applied voltage for each thickness is the same, it is concluded that 
the thicker the dielectric material, the smaller is the thrust induced. Numerically, the maximum thrust 
induced using 3.18 mm and 6.35 mm thick Teflon dielectric actuators are 0.21, and 0.23 N/m 
respectively. At the lower range of applied voltage, the thinner the electrode, the larger is the thrust 
induced. However, a thicker dielectric material is able to induce higher thrust in the higher range of 
input voltage, approximately up to 82 kVp-p [22]. 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 65, Issue 2 (2020) 201-212 

210 
 

 
Fig. 11. Computed thrust per unit span versus applied voltage for various thicknesses 
(ε = 2) 

 
3.7 Effect of Covered Electrode Width  
 

For the next computational analysis, the effect of the width of the covered electrode on the 
induced thrust was investigated by varying the width within the range from 10 to 50 mm. Figure 12 
shows the results for 3.18 mm thick Quartz and dielectric constant of 4.3, at an applied voltage of 20 
kVp-p. It can be seen that the induced thrust increases as the width of the covered electrode is 
increased up to about 35 mm. A further increase in the electrode width does not result in additional 
thrust. This phenomenon indicates that there is a saturation effect showing that increasing the 
covered electrode width beyond that necessary to encompass the region of plasma formation does 
not provide additional thrust benefit [22]. 

 

 
Fig. 12. Computed thrust per unit span versus electrode width for Quartz (ε=4.3, 
t=3.18 mm) 
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4. Conclusions 
 

The feasibility of plasma actuator in controlling flow separation was investigated via a series of 
experiments by visualizing the formation of the plasma and numerical calculations for effective 
induced thrust in the ambient air. This project demonstrates that the performance of the plasma 
actuator is dependent upon many different factors, including the actuator applied voltage, electrode 
geometry, dielectric material, and dielectric thickness. By varying the input condition and geometry 
of the actuator, the magnitude of induced thrust also varied. The results show that the higher the 
applied voltage and the thinner the dielectric thickness, the greater the thrust induced. The thrust 
induced also increased as the width of the covered electrode is increasing until a certain point. The 
trend of the results is in agreement with the previous research. However, further investigation is 
needed to investigate the effect of operating frequency and applied voltage waveform, and the 
impact of gas temperature, pressure and flow velocity on the discharge of a plasma actuator.  
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