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ABSTRACT 

This paper investigates the blowing characteristics of internal dielectric barrier 

discharge (IDBD) plasma actuators and their application in the flow control 

field. The effects of different internal channel parameters and the number of 

actuators on the performance of the IDBD plasma exciter are evaluated using 

PIV experiments. The results show that the internal actuators are effective in 

generating blowing with a certain kinetic energy at the outlet, with a velocity of 

up to 1.5 m/s. The blowing characteristics are significantly affected by the 

channel height (H) and outlet length (L). Deflection of the channel inlet or outlet 

introduces more possibilities for the installation of IDBD plasma actuators, 

albeit with a loss of about 15% of the kinetic energy of the blowing. With a 

modulated wave setup, the plasma actuator allows for unsteady blowing and 

generates frequency-controllable vortices, providing new possibilities for active 

control of frequency-specific wake streams. In addition, the flow control 

performance of the IDBD plasma actuator is demonstrated in the wake of a plate 

with a blunt trailing edge (TE), confirming the actuator's ability to alter the flow 

pattern and reduce the characteristic frequency. Despite the limitations of 

actuators in energy efficiency, the IDBD plasma actuator still shows great 

potential for flow control while increasing resistance to environmental effects. 
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1. INTRODUCTION 

Flow control through plasma actuators is an emerging 

technology based on plasma aerodynamic excitation, 

offering advantages such as a simple structure and fast 

response. Among these technologies, the dielectric barrier 

discharge (DBD) plasma actuator stands out for its stable 

operating conditions, making it widely used in the field of 

flow control (Moreau, 2007; Wang et al., 2013). As shown 

in Fig. 1, the DBD plasma actuator consists of an upper 

(exposed) electrode and a lower (embedded) electrode, 

with the lower electrode covered by a dielectric material. 

The asymmetrical arrangement of the electrodes generates 

an induced flow, commonly referred to as ionic wind, 

which provides the actuator with its control authority. 

Roth (1995) and Roth et al. (2000) conducted the first 

study on atmospheric uniform glow discharge plasma in 

1995. Since then, researchers have explored  

various applications of DBD plasma actuators,  

including the control of blunt body wake (Jukes & Choi, 

2009; Kozlov & Thomas, 2011; Kazanskyi et al., 2012; 

Lee et al., 2022), suppression of hydrodynamic noise  

 

 

Fig. 1 Schematic of a DBD actuator 
 

(Huang & Zhang, 2008; Li et al., 2010; Kopiev et al., 2014; 

Zhang et al., 2022), tripping of the boundary layer 

(Rizzetta & Visbal, 2010; Visbal, 2010; Yu et al., 2014; 

Ogawa et al., 2022), and unsteady characterization 

processes in the shear layer (Grundmann & Tropea, 2007; 

Chernyshev et al., 2011; Ely & Little, 2013; Yu et al., 

2023). The excellent control capabilities and low-cost 

efficiency of these actuators have secured their place in 

active flow control. 

Researchers have conducted both numerical and 

experimental studies on DBD plasma actuators. 

Numerical modeling of DBD actuators provides a  
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NOMENCLATURE 

C chord length of flat plate  S single-side plasma actuator 

D double-side plasma actuator  T period of actuator startup 

f1 frequency of square AC wave  t the thickness of the actuator models 

f2 frequency of modulated wave  U, V 
the blowing flow velocity (streamwise and 

vertical,) 

fvs frequency of vortex shedding  Umax maximum flow velocity 

H height of the channel  U∞ velocity of freestream 

h thickness of flat plate  Vpp amplitude of square AC wave 

L length of the outlet  x, y, z 
Cartesian coordinates (streamwise, vertical, 

and spanwise directions) 

Q mean blowing flow rate  λ wavelength of vortex shedding 

Rec Reynolds number based on the chord length  ΔLp reduction in peak sound pressure level 
 

valuable tool for evaluating their performance. One of the 

most widely used models in engineering applications is the 

Suzen-Huang model. Bernal-Orozco et al. (2023) 

evaluated the performance of this model under various 

operational and geometrical parameters. While the model 

successfully reproduced the structure of the induced flow, 

it underestimated the electrohydrodynamic forces and 

induced flow velocity of the actuator. Nesaeian and 

Homaeinezhad (2023) numerically proposed a surface 

DBD analytical model (SDBD-AM) based on the flat plate 

DBD model. They attributed the observed effects to 

structural factors such as electrode width, electrode 

spacing, dielectric properties, and environmental 

influences, noting that the uncertainties varied depending 

on each factor. Moayedi et al. (2023) numerically 

simulated actuator performance using the finite volume 

method (FVM), incorporating the plasma body force into 

the momentum term as a source term. Their study 

primarily investigated the effects of Reynolds number, 

applied voltage, and voltage frequency on the performance 

of the DBD plasma actuator. Similarly, Seth et al. (2018) 

performed numerical simulations to analyze the impact of 

electrical and geometrical parameters on the operating 

characteristics of DBD plasma actuators. They evaluated 

factors such as dielectric thickness, electrode gap, applied 

voltage frequency, and waveform, showing that maximum 

ionic velocity increases with higher applied voltage and a 

reduced gap between electrodes. Erfani et al. (2013) 

investigated the design of multiple encapsulated 

electrodes for DBD plasma actuators to achieve higher 

induced ionic velocity. They performed numerical 

optimization to determine the best actuator configuration 

and validated their findings experimentally. Wang et al. 

(2022) also carried out numerical simulations using a body 

force model to explore the effects of duty cycle and 

unsteady excitation on flow structures using Lagrangian 

coherent structures. 

In the experimental field, many studies have 

thoroughly examined the electrical and geometrical 

parameters of DBD plasma actuators, particularly 

focusing on plasma-induced flow velocity and momentum 

properties (Sun et al., 2023). Erfani et al. (2015) explored 

the variation in induced flow velocity for different DBD 

plasma actuators with varying numbers and distributions 

of encapsulated electrodes within the dielectric layer. 

Wojewodka et al. (2020) experimentally characterized the 

performance of surface and channel plasma actuators 

using a Pitot tube and PIV device. Their results on velocity 

distribution revealed a high gradient of velocity reduction 

with streamwise distance, indicating that plasma actuators 

primarily have localized effects. Thomas et al. (2009) 

further verified the consistency between reaction forces 

and flow momentum by integrating the velocity 

distribution downstream of the actuator. Conversely, 

Enloe et al. (2004) demonstrated that the maximum 

velocity induced by a plasma actuator is limited by the 

area covering the electrodes as the AC amplitude increases. 

This limitation is due to the dielectric area being 

insufficient to store the charge necessary to fully utilize 

the applied voltage, a phenomenon known as the self-

limiting factor of AC DBD plasma actuators. Studies have 

recorded maximum induced velocities of up to 10 m/s 

(Huang & Zhang, 2008; Cattafesta & Sheplak, 2011). In 

experiments conducted by Hehner et al. (2023), the spatio-

temporal body force distributions in both quiescent and 

external airflow environments were compared to analyze 

the ability of the actuator-generated momentum to be 

transferred to the surrounding fluid. It was found that the 

shape of the spatio-temporal body force distribution 

changes as the airflow velocity increases, while the 

magnitude of the integral force remains approximately 

constant. 

In terms of applications, plasma actuators are often 

used to improve the aerodynamic performance of 

equipment. Lombardi et al. (2013) utilized a plasma 

actuator for the closed-loop control of dynamic stall on an 

airfoil. When the pressure fluctuation at the leading edge 

exceeded a predetermined value, the actuator initiated 

high-power excitation control. This closed-loop control 

increased the combined lift over the entire cycle by 12% 

and reduced the maximum pitching moment by 60%. 

Similarly, plasma actuators have been shown to increase 

lift for flow field control around a cylinder and enhance 

flow circulation (Uemura et al., 2023). Luo and Li (2022) 

investigated the characteristics of SD actuators, finding 

that plasma excitation altered the mean velocity and 

turbulence intensity of the cylindrical wake, which 

inhibited flow separation or increased flow losses. Guo et 

al. (2023) explored the coherent structure of the flow field 

generated by sliding dielectric barrier discharge and its 

spatial effect, finding that the DBD induces vortex 

structures in the downstream region of the electrodes and 

enhances the mixing and squeezing effects of the upper 

and lower flow fields. Al-Sadawi and Chong (2016) 

examined the effects of different DBD plasma actuator 

configurations on vortex shedding noise and wake flow, 
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discovering that "downward" plasma actuation can nearly 

eliminate vortex shedding noise at the pitch frequency by 

effectively increasing the vortex shedding frequency. Yan 

et al. (2024) effectively altered the vortex shedding pattern 

at the trailing edge (TE) of a plate and reduced the 

associated tonal noise using a DBD plasma actuator. 

In summary, although plasma actuators demonstrate 

excellent active control in terms of aerodynamics, they 

have significant limitations regarding amplitude and 

energy efficiency. Additionally, the exposure of electrodes 

in the external plasma can limit their resistance to 

interference during application. To address this issue and 

improve the actuator's ability to resist environmental 

influences, this paper departs from most previous studies 

by placing the plasma device in a slit, thereby proposing 

the concept of an internal dielectric barrier discharge 

(IDBD) plasma actuator. A simple experimental model is 

used to validate this concept. The internal slits effectively 

utilize the aerodynamic active control function of the 

actuator while substantially increasing its resistance to 

interference. The deflection of the slits in the IDBD 

actuator offers additional possibilities for flow control 

with minimal loss of kinetic energy. The paper is 

structured into four sections: Section II describes the 

experimental setup, including the actuator configuration 

and measurement methods; Section III presents and 

discusses the experimental results of flow measurements; 

and Section IV provides the main conclusions of the study. 

2. EXPERIMENTAL SETUP 

2.1 IDBD Plasma Actuator Setup 

Figure 2 shows the schematic diagram of a plasma 

actuator. It consists of two electrodes and a dielectric 

layer, where both electrodes are made of copper foil with 

a thickness of 0.05 mm, and the width of the exposed 

electrode is 5 mm, while that of the encapsulated electrode 

is 10 mm. Selecting a thin dielectric material improves the 

performance of the actuator (Wojewodka, et al., 2020). 

The dielectric layer consists of an insulating plexiglass 

sheet. The actual operating condition of the actuator is 

shown in Fig. 2(b). The induced airflow generated by the 

plasma begins to move downstream from the exposed 

electrode. Figure 2(c) displays the power switching circuit 

topology of the power system. A DC supply provides a 

voltage of 45 V, which, after being stepped up by an 

ignition coil with a transformer ratio of 1:500, yields an 

output of approximately 22.5 kV AC from the step-up 

transformer. A function generator is used to generate a 

square AC wave with an amplitude of Vpp=10 V and a 

frequency of f1 = 6 kHz. The duty cycle is 50%. In a study 

by Wojewodka et al. (2020), it was demonstrated that both 

excessively high and low frequencies increase the power 

consumption of the actuator. The drive signal activates an 

Insulated Gate Bipolar Transistor (IGBT) module, which 

then applies the high AC voltage to the exposed electrodes 

to induce discharge, while the encapsulated electrodes 

remain grounded. Throughout this process, the high-

voltage AC ionizes the air near the exposed electrodes, 

creating an atmospheric glow discharge plasma that exerts 

a plasma force on the surrounding air. This force 

accelerates the airflow along the surface of the actuator.  

 
(a) 

 
(b) 

 
(c) 

Fig. 2 Plasma actuator setup (not to scale): (a) 

electrode setup; (b) excited state; (c) power supply 

circuit 

 

Additional details regarding the actuator can be found 

in previous research (Yan et al., 2024). 

Figure 3 shows a two-dimensional (2-D) schematic of 

the installation of the internal actuator. The actuators are 

all embedded in different internal channel models to 

increase their resistance to environmental influences. 

There are three types of internal channels for plasma-

induced airflow: Model 1 (M1) for horizontal blowing and 

suction, Model 2 (M2) for horizontal suction and vertical 

blowing, and Model 3 (M3) for vertical blowing and 

suction. All channels are made of resin material via 3D 

printing. The actuators are arranged on both the upper and 

lower surfaces within the channel. The thickness t is 10 

mm for all models. For consistency in channel length, the 

thicknesses of the deflected outlet and inlet are also t for 

both M2 and M3. The performance of a single-side (S-) 

and a double-side (D-) plasma actuators was tested 

separately during the experiment. All actuators are 

positioned 20mm from the inlet of the channel and L from 

the outlet, with four groups of outlet lengths are designed 

with L=20 mm, 40 mm, 60 mm, and 80 mm (L20, L40, 

L60, L80). The corresponding dimensionless parameters 

are L/t = 2, 4, 6, 8. The height of the channel is H, with 

two sets of heights with H=2 mm and 4mm (H2, H4) were 

used. The detailed parameters of all models are shown in 

Table 1. For convenience, numbers are used for 

representation throughout the following sections. In 

addition, the Cartesian coordinate origin of all models is 

located at the outlet. 
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Table 1 Parameters of the model configuration 

actuator outlet (L, mm) channel (H, mm) 

single (S-) 
20, 40, 60, 80 2, 4 

double (D-) 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 3 Internal plasma actuator setup; (a) M1; (b)M2; 

(c)M3 

 

2.2 Particle Image Velocimetry (PIV) Measurements 

To visualize the blowing structure generated by the 

plasma as it passing through the channel, PIV measure-

ments were performed on all models. The experiments 

were conducted within an anechoic chamber at Wenzhou 

University (WZU), measuring 3.8 meters in length, 3.5 

meters in width, and 2.5 meters in height. This chamber 

has a cutoff frequency of 140 Hz and is lined with acoustic 

wedges that stand 0.6 meters tall to ensure optimal sound 

isolation. The specifics of the wind tunnel used in these 

experiments have been documented by Niu et al. (2022). 

Figure 4 shows a 2-D schematic of the PIV measurements. 

The test areas are all in the middle plane (z=0) of the 

model’s spreading direction to observe representative flow 

structures. The model was placed in a particle box made 

of transparent plexiglass. Tracer particles were filled in the 

box before the start of the experiment to ensure 

visualization of the flow structure. The support platform 

raised the model to a certain height, thereby eliminating 

the effect of the ground on the plasma-induced blowing.  

 

Fig. 4 PIV measurement setup 

 

The experimental apparatus was equipped with a double-

pulse New Wave Gemini Neodymium-Doped Yttrium 

Aluminum Garnet (Nd:YAG) laser, which reached a 

maximum output of 120 mJ. The laser was set to produce 

a laser sheet with a consistent thickness of approximately 

1 mm within the region of interest of the model. To capture 

high-resolution images, a Nikon charge-coupled device 

(CCD) camera with a resolution of 2456×2672 pixels was 

used. Tracer particles, with an average diameter of 

approximately 1 μm, were introduced into the flow by 

burning sulfur powder, helping to delineate the flow 

patterns. The experimental procedure involved acquiring 

a dataset of 400 images for each experimental condition. 

After image capture, each set was processed using cross-

correlation analysis over a 64×64 pixels interrogation area, 

with a 50 percent overlap to enhance data reliability. The 

authors estimated that the uncertainty of the velocity field 

and vorticity to be within 2% (Raffel et al., 2018). 

3.  RESULTS AND DISCUSSION 

3.1 Steady Blowing 

Due to the geometrical limitations of the channel 

model, the PIV measurements could not display the flow 

field inside the channel, but visualization was conducted 

downstream of the outlet. Figure 5 shows the average 

velocity field (including velocity vector distribution) and 

its corresponding smoke map for model M1 with a single 

side of the plasma actuator turned on. The model outlet 

demonstrates significant blowing characteristics at a 

channel height of 2 mm, and the average velocity 

distribution aligns with the results obtained by 

Wojewodka et al. (2020). As shown in Fig. 5(a), the 

plasma actuator produces blowing at the outlet by 

transferring kinetic energy to the air, with the central 

velocity reaching about 1.0 m/s. When the channel height 

is increased to 4 mm, the width of the blowing justifiably 

becomes larger, and the kinetic energy of the airflow 

increases, as indicated by the rise in the center velocity to 

approximately 1.5 m/s, as shown in Fig. 5(c). 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 5 Contour of average velocity for M1 under the 

single-side plasma actuator and its smoke map: (a) 

and (b) for S-H2 L20; (c) and (d) for S-H4 L20 

 

Figure 6 illustrates the contour of average velocity 

and smoke map of M1 with the double-side plasma 

actuators turned on. The kinetic energy of the blowing 

generated by the double-side actuators is significantly 

increased compared to the single-side. The core region of 

the blowing at the outlet is increased considerably and the 

position is shifted backward. It is clearly observed in the 

smoke maps that the stabilization length of the shear layer 

at the outlet increases due to the increase in kinetic energy 

of the blowing, and the destabilization of the shear layer 

occurs at a more downstream location. In addition, a 

cluster of tracer particles ejected from the channel can still 

be observed farther downstream. As shown in Fig. 6(a) 

and (c), the core of the blowing remains prominent at 

x/t=10 in the velocity contour. This indicates that double-

side plasma actuators have a greater potential for active 

control. Similarly, the larger channel height, represented  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 6 Contour of average velocity for M1 under the 

double-side plasma actuators and its smoke map: (a) 

and (b) for D-H2 L20; (c) and (d) for D-H4 L20 

 

by H=4 mm, produces a higher kinetic energy blowing, 

which suggests that when applying plasma actuator 

channels, increasing the height of the internal channel can 

allow for more airflow to enter. 

To further compare the effect of outlet length on the 

blowing produced by the actuator channel, the blowings 

with L/t=4, 6, and 8 (L=40 mm, 60 mm, 80 mm) were also 

measured, as shown in Fig. 7. At L/t=4, the kinetic energy 

of the blowing generated by H=4 mm remains 

significantly higher than that generated by H=2 mm, even 

though the outlet length is doubled. As the outlet length 

increases, the area affected by the blowing decreases, with 

more flow features produced by the plasma located outside 

the PIV view, i.e., inside the channel. However, the flow 

velocity in the core region of the blowing remains around 

1 m/s. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 7 Contour of average velocity of M1 under the 

double-side plasma actuators: (a) D-H2 L40; (b) D-H4 

L40; (c) D-H4 L60; (d) D-H4 L80 

 

To quantitatively analyze the blowing characteristics 

generated by the IDBD actuators, the average flow 

velocity profiles for model M1 at x/t=5, 8, and 12 are 

provided in Fig. 8. From the velocity profiles in the first 

row, it is evident that the kinetic energy of the blowing 

generated by the double-side actuators is higher than that 

of the single-side actuators across all measured profiles. 

Farther downstream, at x/t=12, the velocity of the blowing 

produced by the single-side actuator gradually approaches 

zero. A high velocity reduction gradient is observed along 

the flow distance, reflecting the fact that plasma actuators 

typically have localized effects (Wojewodka et al., 2020). 

However, the blowing velocity of the double-side 

actuators remains above 1 m/s at this point, and the kinetic 

energy dissipation is slower. The velocity drop gradient 

over the flow distance is reduced significantly, 

overcoming the localized effects to some extent. The 

second row of velocity profiles compares the variation 

across different outlet lengths. As the outlet length 

increases, the airflow generated by the actuator has to pass 

through a longer internal channel before forming induced 

blowing downstream. Wall friction losses rise 

significantly with increasing length, leading to a marked 

reduction in blowing velocity at the outlet, especially at 

L/t=8. Therefore, for optimal flow control, the placement 

of the actuator is particularly important. 

On the x/t=5 profile, the blowing characteristics are 

fully exhibited in the range of y/t=-2 to 2. Therefore, the 

velocity distribution within this region is integrated to 

obtain the mean blowing flow rate, which is used as a 

measure of blowing intensity (Thomas et al., 2009). Here, 

y1 is 20 mm. The mean blowing flow rate is defined as: 

1

1

( )
y

y
Q U y dy

−
= 

                                                                   (1) 

Table 2 shows the magnitude of the average flow rate 

produced for different model configurations. With the 

configuration of D-H4 L20, the average flow rate in the 

blowing region reaches a maximum of 3.114×10-2 m2/s. 

When the outlet length is increased to 60 mm or 80 mm, 

the outlet flow rate decreases to about half of the 

maximum. At the same height and length as the maximum 

flow rate (H4 L20), the outlet flow rate generated by the 

single-sided plasma actuator remains 2.132 × 10-2 m2/s, 

suggesting that the benefit of the double-sided actuators to 

the IDBD plasma blowing is not multiplicative, which 

may be related to the air volume limitation inside the 

channel. 

The kinetic energy of the blowing generated at the outlet 

was used as a measure of the plasma actuator’s energy. 

Based on the flow rates in Table 2, the energy distribution 

of the actuator is shown in Fig. 9. The maximum flow 

velocity Umax at the same location is also plotted in Fig. 9. 

The variation patterns of Umax and flow rate are essentially 

the same across these seven models. An increase in outlet 

length inevitably causes a reduction in kinetic energy, thus 

reducing the energy generated by the actuator at the outlet. 

Increasing the number of actuators (i.e., using double-

sided actuators) significantly increases the blowing 

velocity and flow rate at the outlet, but not exponentially. 

The height of the channel only provides a small increase 

in the energy efficiency of the actuators. Therefore, when 

using IDBD actuators for flow control, the effects of outlet 

length, number of actuators, and channel height must be 

considered simultaneously. 

 

Table 2 Actuator energy in different states 

Model Location 
Range of 

points, mm 

Flow rate 

(×10-3), 

m2/s 

S-H2 L20 

x/t=5 （-20, 20） 

17.62 

S-H4 L20 21.32 

D-H2 L20 29.63 

D-H4 L20 31.14 

D-H4 L40 18.72 

D-H4 L60 14.93 

D-H4 L80 16.03 
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(a) 

 

(b) 

 

(c) 

Fig. 8 Average velocity profiles of model M1 at different locations: (a) x/t=5; (b) x/t=8; (c) x/t=12 

 

 

Fig. 9 Energy comparison of different models 

 

Figures 10(a) and (b) show the average blowing 

velocity contour for the deflected channels, i.e., models 

M2 and M3. Figure 11 provides the velocity profiles at 3t  

  

(a)    (b) 

Fig. 10 Contour of average velocity under S-H2 L20 

actuator: (a) M2; (b) M3 

 

and 8t downstream of the outlet. Whether only the outlet 

is deflected (M2) or both the inlet and outlet channels are 

deflected (M3), the variation of the blowing characteristics 

at the outlet shows a similar behavior. Due to the vertical 

deflection of the airflow in the channel, both M2 and M3  
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(a) 

 

(b) 

Fig. 11 Profile of average velocity under S-H2 L20 

actuator: (a) 3t downstream of the outlet; (b) 8t 

downstream of the outlet 

 

exhibit a velocity deficit compared to the M1 model. 

Using the velocity profile at 3t downstream of the outlet 

as a reference, the rate of kinetic energy loss of the 

blowing is about 15% for both M2 and M3. Therefore, the 

kinetic energy loss of the induced blowing is a non-

negligible issue when using IDBD plasma actuators with 

internal corners. 

3.2 Unsteady Blowing 

The flow condition of the IDBD plasma actuators 

under steady conditions was discussed in Section 3.1. For 

the unsteady conditions, a signal generator produced a 

high-frequency excitation at 6 kHz. In this case, the 

temporal scale of the alternating current (AC) signal 

driving plasma formation is considerably brief compared 

to the relevant temporal scales of the flow dynamics. 

Consequently, the body force generated by the plasma can 

be regarded as quasi-steady within the context of the flow 

being investigated. In the original setup of the steady 

plasma actuator, an additional modulated wave signal was 

applied to the actuator by a signal function generator, as 

shown in Fig. 12. Due to experimental equipment  

 

 

Fig. 12 Unsteady actuation signal (not to scale) 

 

(a) 

 

(b) 

Fig. 13 Contour of instantaneous vorticity of M1 in 

the S-H4 L20 for one period T under the modulated 

wave and its smoke map: (a) instantaneous vorticity 

contour (b) smoke map 

 

limitations, only the frequency f2=2Hz was selected for 

measurement in this paper. The signal sent to the actuator 

under the action of the modulated wave had the 

characteristic frequency f=f2. 

Figure 13 shows the instantaneous vorticity contour 

and smoke maps of model M1 for one period T in the state 

with the single-side actuator turned on. The plasma-

induced flow was periodically ejected from the outlet, 

forming induced vortex clusters that shed and propagated 

downstream at a non-stationary plasma drive frequency. 

This indicates that the non-stationary blowing is capable 

of inducing vortices with controllable frequencies. To 

control a fixed-frequency wake, such as the classical 

Kármán vortex street, the vortices induced by non-

stationary blowing can cancel out coherent vorticity of 

opposite sign (Thomas et al., 2008). 
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(a) 

 

(b) 

Fig. 14 Contour of instantaneous vorticity of M1 in 

the D-H4 L20 for one period T under the modulated 

wave and its smoke map: (a) instantaneous vorticity 

contour (b) smoke map 

 

Figure 14 shows the instantaneous vorticity contour 

and smoke map for one period T with the double-side 

actuators turned on. The instantaneous vorticity contour 

located at 1/3T in Fig. 14(a) exhibits a more stable and 

longer shear layer. This state is suitable for generating 

stronger vortex impacts and can produce more effective 

active flow control. 

3.3 Active Control of the Plate Wake 

In this section, the effect of flow control using IDBD 

plasma is demonstrated with a blunt trailing edge flat plate. 

Figure 15(a) shows the 2D cross-section of the plate, 

which has a chord length of C=200 mm and a thickness of 

h=10 mm. The Reynolds number (Rec) based on the chord 

length is 1.33 × 105. An IDBD plasma channel was 

integrated into a dovetail structure within 40 mm of the 

trailing edge (TE) to control the wake flow. The plate was 

placed in the wind tunnel's test section for acoustic and  

 

(a) 

 
(b) 

Fig. 15 Plate with blunt TE and its far-field noise 

spectrum: (a) configuration of plate (b) far-field noise 

spectrum 

 

flow field measurements at an incoming flow velocity of 

10 m/s. A far-field microphone, positioned 1.4 m from the 

TE of the plate, recorded noise measurements, while PIV 

measurements focused on the TE. More details are 

available in Yan et al. (2024). 

The far-field noise spectrum is shown in Fig. 15(b). 

The flat plate exhibited peak noise at specific frequencies, 

with levels significantly higher than the background noise 

of the wind tunnel. Across the spectrum, the magnitude of 

the PSD in logarithmic coordinates is inversely 

proportional to the square of the frequency, reflecting the 

typical far-field noise attenuation pattern of a plate. The 

tonal noise observed at certain frequencies is attributed to 

vortex shedding behind the blunt TE.  

Active control of vortex shedding downstream was 

achieved by applying a plasma actuator at the TE. The 

controlled plate produced a distinct narrowband noise at 6 

kHz, which corresponded to the actuator's driving 

frequency f1. While the actuator’s self-noise affected the 

spectrum above 3 kHz, the most concerning issue was the 

low-frequency peak noise due to vortex shedding. This 

vortex shedding not only increases aerodynamic drag but 

also poses a structural risk if its frequency aligns with the 

plate’s natural frequency, potentially leading to instability 

or damage (Al-Sadawi et al., 2019). As shown by the blue 

dotted line in Fig. 15(b), the plasma actuator significantly 

suppressed the peak noise at the dominant frequency. 

Compared to the baseline plate, the actuator reduced  

the peak sound pressure level (ΔLp) by 14 dB, indicating a  
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(a) 

 

(b) 

Fig. 16 Flow field results for a flat plate with and 

without IDBD plasma excitation: (a) mean velocity (b) 

instantaneous vorticity 

 

substantial decrease in noise propagation from vortex 

shedding at the TE. Additionally, the characteristic 

frequency shifted from 265 Hz to 335 Hz. This upward 

shift is consistent with findings from Al-Sadawi et al. 

(2019) and suggests that the IDBD-induced blowing 

makes the wake’s coherent structure more compact, 

altering the flow pattern at the TE. 

Figure 16 shows the results of PIV measurements at 

the TE. The average streamwise velocity contour in Fig. 

16(a) demonstrates that the wake region becomes longer 

and thinner, with the recirculation zone moving 

downstream in response to the IDBD plasma actuator. 

Unlike the surface plasma actuators used by Al-Sadawi & 

Chong (2016), the IDBD actuator’s blowing, originating 

from within the TE, acted as a virtual separating divider. 

This reduced interaction between the shear layers and 

injected energy further downstream. The instantaneous 

vortex contour in Fig. 16(b) illustrates changes in vortex 

shedding at the TE. The plasma actuator increased the 

length of the upper and lower shear layers, and the flow 

distance λ between consecutive same-side vortices 

decreased from 3.8h to 2.9h. As a result, the vortex 

shedding frequency (fvs=U∞/λ) shifted from 263Hz to 

344Hz. These changes align with the spectrum shift in Fig. 

15(b), confirming that the actuators significantly altered 

the vortex structure in the wake, and reduced the 

characteristic frequency of the flat plate. 

4. CONCLUSION 

This paper presented an experimental study on the 

characteristics of IDBD plasma-induced blowing devices, 

highlighting the effectiveness and potential applications of 

the actuators under different model configurations. The 

results demonstrate that IDBD plasma actuators are 

efficient in generating both steady and unsteady blowing 

at the channel outlet, with performance influenced by the 

channel height H, outlet length L, and the number of 

actuators. 

For steady blowing, shorter outlet lengths and larger 

channel heights enable the actuators to produce higher 

momentum and wider blowing at the outlet. A double-side 

actuator configuration increases the energy output, but 

without achieving a multiplicative effect. In the D-H4 L20 

configuration, the core blowing velocity reached 

approximately 1.5 m/s, with the flow rate at 5t 

downstream of the outlet remaining around 3.114×10-2 

m2/s. In addition, deflecting the inlet or outlet broadens the 

installation options for the IDBD plasma system. Even 

with a 90° deflection, the blowing energy loss is only about 

15%.  

The effectiveness of IDBD plasma control was 

verified through experiments with a blunt TE flat plate. 

Although the plasma actuator introduced self-noise in the 

mid- and high-frequency ranges, it significantly reduced 

peak noise at the vortex shedding frequency, extended the 

length of the recirculation zone, and achieved active 

control over the plate wake. 

Unsteady blowing was accomplished by modulating 

the signal, inducing frequency-controlled vortices. 

Theoretically, these vortices could cancel out coherent 

vorticity of opposite sign. Although this experiment 

realized unsteady blowing at only 2 Hz, it offers a new 

approach to actively controlling wake flow at specific 

frequencies. 

In summary, the IDBD plasma actuator improves 

environmental resistance by placing the plasma device 

within a slit. Both steady and unsteady plasma-induced 

blowing demonstrate significant potential for enhancing 

aerodynamic performance, offering new strategies for 

flow separation control, noise suppression, and related 

applications. However, the experiments were limited to a 

simple plate model, and the plasma power was constrained, 

resulting in unsteady blowing at just 2 Hz. Future research 

should focus on optimizing plasma actuator design to 

improve energy efficiency and applying modulated waves 

of multiple frequencies for unsteady blowing and suction 

at target frequencies. Additionally, addressing the self-

noise generated by the plasma, especially at high 

frequencies, will be critical to expanding its practical use 

in broader engineering applications. 
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