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1. Introduction

Passive flow controls such as improvements in shape have been used mainly to
reduce factors such as aerodynamic drag and noise. However, the improvements that can
be made using this technique are limited. Recently, plasma has been used for active
flow control, termed “plasma flow control.” High and low temperature plasmas are
available for the plasma flow control. However, high temperature plasmas require large
quantities of power to be generated and require the use of materials capable of
tolerating the requisite high temperatures. On the other hand, the merits of low
temperature plasmas are low power consumption and greater flexibility in material
selection. Among the methods used to generate low temperature plasma, dielectric barrier
discharge (DBD) has been used as an actuator to create plasma in an airstream. The
DBD actuator has many advantages as compared to other mechanical actuators: it
consumes less power, has no moving parts, has a long lifetime, is easy to maintain, is
highly reliable, has a short response time, and is compact.

Plasma flow control using the DBD actuator has been employed to reduce
acrodynamic drag by controlling flow separation and the turbulent boundary layer. Roth
et al. [1] and Thomas et al. [2] reported that aerodynamic drag could be reduced by
controlling the flow separation on the flat-plate and the cylindrical body, respectively.
Sosa [3] used plasma flow control to improve the aerodynamic performance of an airfoil
for aeronautical applications. Thomas et al. [4] demonstrated the controlled flow
separation on turbine blades using DBD actuators. Huang et al. [5] and Thomas et al.
[6] used plasma actuators to control the noise induced within the cavity and the landing
gear, respectively.

The performance characteristics of the DBD actuator according to geometric and
discharge parameters have been already carried out. Pons et al. [7] reported on the

effects of aspects of the electrode geometry, such as gap and width, on actuating
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performance. The effects of electric discharge conditions such as voltage and frequency
were also investigated. Louste et al. [8] contrived a sliding DBD actuator with
three-electrode geometry. This actuator is composed of a typical two-electrode DBD
excited by an AC voltage and an additional electrode at which a DC high voltage could
be applied. From this new design, the discharge region was extended and the ion drift
velocity was accelerated. Durscher et al. [9] used a ferroelectric material as a dielectric
in the DBD actuator because of its high dielectric constant, which resulted in the
production of a strong thrust. The DBD actuator has a simple structure as shown in
Fig. 1(a). The upper and lower electrodes are placed asymmetrically on the surface of a
dielectric barrier. When the plasma is applied between the two electrodes, electrons
accelerated by the plasma collide with gas particles As a result, a body force extending
from the upper to the lower electrode was generated. The body force generates an
induced flow, which called the “ionic wind” or “electric wind.” The electric wind was
first reported on by Hauksbee in 1709, and the mechanism of the electric wind was

first reported by Chattock on 1899. Robison [10] defined the electric wind using Eq.
(D),

Ve = g\i/ pb
(D

where vg, g, b, p and i represent the electric-wind velocity, a function of geometry
(m"?), ion mobility, gas density and the electric current, respectively. The electrode
geometry can be changed to increase the electric-wind velocity, at ask that has already
been conducted several times. Because the ion mobility and gas density have a fixed
value for air at the atmospheric condition, one remaining way to increase the
electric-wind velocity is to increase the electric current. However, it is important to
point out that, when this is done, the power consumption increases proportionally.

Orlov et al. [11] created a numerical model to predict the body force induced by the

_2_
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DBD actuator. The body force can be expressed using the electric potential and the net

charge density as shown in Eq. (2),

2
F=pvgsLtiy,

€

2

where f5, p., ¢, 4s and g are the body force, charge density, electric potential, Debye
length and the permittivity of free space. The above equation suggests that the
electric-wind velocity can be increased by increasing the charge density and its gradient
without the increase in the discharge voltage.

In the present study, an electrically floating electrode was inserted between the upper
and lower electrodes to improve the performance of the Single DBD actuator [12]. The
performance characteristics of a floating electrode DBD actuator were examined in terms

of the electric-wind velocity and power consumption.
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2. Experiments

2.1. DBD actuator with a floating electrode

Fig. 1 shows a DBD actuator with a floating electrode (FE-DBD actuator). The
typical DBD actuator has a dielectric barrier sandwiched between two electrodes, as
shown in Fig. 1(a). The FE-DBD actuator has an additional electrode between the two
electrodes. This electrode is set into supported by electrostatic forces and, consequently,
is referred to as a floating electrode. The floating electrode can be installed either on
the upper or lower surface of the dielectric barrier as shown in Fig. 1(b) and (c). As
shown in Fig. 1(d), the floating electrode can be inserted inside the dielectric barrier;
however, it would make the dielectric barrier thicker and more difficult to manufacture.
Furthermore, the results of the performance evaluations showed that the FE-DBD
actuator configured as shown in Fig. 1(d) was not effective as compared to other
configurations and, consequently, the results are not presented in this paper. Therefore,
in the present study, the effects of the floating electrode according to the configuration
given in Fig. 1(b) and (c) were investigated. In addition, we also looked at the effect of
the location on the dielectric as shown in Fig. 1(e) and the number floating electrodes
as shown in Fig. 1(f).

The geometric dimensions of the FE-DBD actuator are presented in Table 1. Copper
tape with a thickness of 80 pum was used for the electrodes. An acrylic plate with a
dielectric constant of 2.56 and a thickness of 2 mm was selected as a dielectric barrier.
Forte et al. [13] investigated the effects of electrode geometry on the induced velocity
using the DBD actuator. They reported that electrode width and length affected the
induced velocity, while the gap between the upper and lower electrodes was the
predominant parameter. Thus, in this study, the width and length were fixed at 10 mm

and 600 mm, respectively. Conversely, the gap between both electrodes varied within a
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Upper electrode Ground electrode
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d= 2.5, 5, 7.5mm

Fig. 1 DBD actuator configuration.

Collection @ chosun



Y A

High voltage E "“}}(
amplifier
Function v Pt
generator E— R ¢ .
Oscilloscope
[V induced velocity

:
|l
Il

Fig. 2 Experimental setup for performance evaluation of the FE-DBD actuator.
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Table 1  Geometric dimensions of the FE-DBD actuator.

Electrode features Symbol Value
Thickness (pm) T 80
Width (mm) w 10
Gap (mm) g 5, 10, 15, 20
FE-location (mm) d 2.5,5,75
Length (mm) 1 600

Table 2  Discharge conditions of FE-DBD actuator.

Discharge condition Symbol Value
Voltage (kV) V-4 5---20
Current (mA) - 0-20

Waveform - Sine
Frequency (kHz) f 1
-7 -
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range of 5-20 mm, considering the need for a space to insert the floating electrode
between the other two electrodes. Thomas et al. [14] reported that the induced velocity
depended strongly on the thickness and permeability of the dielectric barrier; however,
those parameters were not considered in this study. The discharge conditions, such as
the voltage, frequency, and waveform, were very important parameters with respect to
plasma formation between the electrodes [15]. The discharge conditions of the FE-DBD
actuator are presented in Table 2. The discharge voltage varied within a range of
10-18 kV, because the plasma was not formed at < 10 kV, whereas the dielectric
material burned out at > 18 kV. The frequency was fixed at 1 kHz, taking into account
the ranges in which dielectric heating is negligible. The sine voltage waveform was used

in this study.

2.2. Performance evaluation of FE-DBD actuator

The FE-DBD actuator was evaluated to investigate the effects of the floating electrode
on the performance of the actuator in terms of the induced velocity and power
consumption. Fig. 2 shows the experimental setup for performance evaluation of the
FE-DBD actuator. The induced velocity was measured by a pitot tube made of rubber,
chosen for its non-conductive properties. The pitot tube was placed on the surface of
the DBD actuator at the region of maximum velocity (x = 10 mm and y = 1 mm as
shown in Fig. 2) [16]. The velocity values were measured at 8 points at regular
intervals (1 cm) along the electrode length, and the averaged value was presented. The
velocity measurement was performed under quiescent air conditions.

A high-voltage amplifier (Trek 20/20C) was used to generate a high-voltage electric
discharge on the FE-DBD actuator. The voltage, frequency, and waveform were
controlled using a function generator (Agilent 33220A). The discharge voltage, frequency,
and waveform were monitored using an oscilloscope (WaveSurfer 424, LeCroy). The

voltage and current were recorded to calculate the power consumption of the FE-DBD
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actuator. However, the alternating current for plasma generation consists of a
displacement current and a discharge current [17]. The displacement current could be
measured using an oscilloscope, whereas the discharge current was generated in the form
of micro peaks, which are difficult to read directly. Therefore, the discharge power was
measured using the Lissajous method [18]. A 1,000 pF capacitor was used to store the
discharge energy when the plasma was generated, and the discharge power could be

calculated indirectly by integrating the area of the Q-V plot as shown in Eq. (3),
I)di.vchage = ijdV (3)

where Pischarge, f, QO and V are the discharge power, frequency, capacitor charge, and the
applied voltage, respectively [19]. The total power was calculated wusing a
root-mean-square voltage and current. The discharge efficiency was defined as the ratio
of the discharge power to the total power consumed for plasma generation, as shown in

Eq. (4) [20],

n, = Pdi.wharge _ DiSCharge‘power
=
P

total

~ Total power consumtion 4)
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3. Floating electrode evaluation

3.1. Effect of the floating electrode configuration

Fig. 3 shows the induced velocity of the DBD actuator as a function of the discharge
voltage according to the floating electrode configuration. When discharge voltage was
lower than 11 kV, the induced velocity was not detected because the velocity was very
low even if the plasma was generated. When the floating electrode was not used
(Non-FE), the onset voltage of the induced velocity, at which the induced flow was
detectable, was 13 kV, whereas the DBD actuator with a floating electrode at the
bottom (Bottom-FE) started to generate the induced velocity at 12 kV. Thus, the onset
voltage of the induced velocity was decreased by installing the floating electrode at the
bottom. In addition, the bottom-FE-DBD actuator generated the same induced velocity at
the lower discharge voltage as the non-FE-DBD actuator. For example, if an induced
velocity of 2 m/s is required, the bottom-FE-DBD actuator and the non-FE-DBD
actuator should be operated at 15.5 kV and 17 kV, respectively. The floating electrode
acts as a promoter to accelerate the ionization. In addition, the floating electrode makes
it stronger that the electric field between upper and floating electrodes. Fig. 4 shows
photographs of DBD actuators when plasma was discharged according to electrode
configurations. It can be seen that the bottom-FE-DBD actuator generated a stronger
electric field compared to the non-FE actuator. That was in agreement with the increase
of the induced velocity when the top-FE was inserted as shown in Fig. 3. On the other
hand, the top-FE made the electric field weaker than other DBD actuators.

Consequently, the induced velocity increased exponentially with increasing the
discharge voltage. The induced velocity of 3.76 m/s was obtained by the
bottom-FE-DBD actuator, while a velocity of 2.38 m/s was obtained by the
non-FE-DBD actuator. On the contrary, the induced velocity was decreased by installing
the floating electrode at the top (Top-FE). In addition, the onset voltage of the induced

velocity was 16 kV which was 4 kV higher than that of the bottom-FE. The top-FE
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acts as an inhibitor by generating the electric discharge of the DBD actuator.

Velocity (m/s)
P2
I

12 14 15 16 17
Voltage (kV)

18

19

Fig. 3 Induced velocity as a function of the discharge voltage (g= 10 mm, f= 1

kHz, t= 2 mm).
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(a) Non-FE Upper electrode

Gmy nd electrode

(c) Bottom-FE

B - o R T L et el B e B A
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TAL B Pigal Ml ety JI._FlﬁI.I---III--II

Fig. 4 Photographs of DBD actuators when plasma was discharged according to
electrode configurations: (a) Non-FE, (b) Top-FE, and (c) Bottom-FE.
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3.2. Discharge power and efficiency

Fig. 5 shows the discharge power and discharge efficiency of DBD actuators as
afunction of the discharge voltage. The discharge power increased as the discharge
voltage increased in all cases. However, the bottom-FE-DBD actuator consumed more
power than the non-FE-DBD actuator when the discharge voltage increased. This
happened as a result of the bottom-FE acting as a stepping-stone for electrons, allowing
more electrons to jump from the upper electrode to the floating electrode, thereby the
grounding the electrode. The increased number of electrons transferred implies an
increase in current, resulting in a corresponding increase in power consumption. In
addition, the collision frequency between electrons and neutral particles rises;
consequently, the induced velocity is increased as well (see Fig. 3). At a wider
electrode gap, a higher discharge voltage is required to sustain the electric field. The
floating electrode can reduce the discharge voltage required to transfer electrons toward
the ground electrode when the floating ground is installed between upper electrode and
ground electrode.

Contrary to the bottom-FE-DBD actuator, the power consumption of the top-FE-DBD
actuator was lower than that of the non-FE-DBD actuator. Accordingly, the induced
velocity was decreased. In addition, when the floating electrode was placed on the top
of the dielectric barrier, corona discharge formed when the floating electrode was placed
on the top of the dielectric barrier because there was no dielectric present between the
upper electrode and the floating electrode. As a result, the induced velocity was found
to be lower than the non-FE-DBD actuator due to the non-uniform electric field and
electric flux density of the corona discharge. In addition, the corona creates an unstable
discharge, which sometimes causes the glow to arc transition, all of which is triggered
by higher current densities, cathode heating, and thermionic emission from the cathode
[20]. Consequently, an arc is generated, resulting in the burning of the dielectric barrier.

As mentioned previously, the discharge power of the DBD actuator increased when
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the floating electrode was installed on the bottom (Fig. 5(a)). However, the total power
(wall plug power) of the three actuators was nearly the same but increased linearly with
respect to the discharge voltage. Thus, the discharge efficiency was different according
to the floating electrode as shown in Fig. 5(b). Thus, the discharge efficiency was
different according to the floating electrode as shown in Fig. 6. The discharge efficiency
of the bottom-FE-DBD actuator was found to be better than that of other actuators.
With respect to total power consumption, the performance of the DBD actuator was
improved by installing the floating electrode on the bottom of the dielectric barrier. In
addition, the bottom-FE decreased the onset voltage of the induced velocity generation
because the discharge power was generated at a low voltage compared as compared to
other actuators (Fig. 3). Thus, the floating electrode played a role in decreasing the
discharge voltage required to generate the plasma between the upper and lower
electrodes. In addition, the bottom-FE-DBD actuator had higher discharge efficiency than
the other actuators, as shown in Fig. 6. This means that more power was consumed to
discharge the plasma in the applied power (i.e., power loss is low), resulting in an

increase in the induced velocity (Fig. 3).
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Fig. 5 (a) Discharge power of DBD actuators as a function of the discharge voltage

(b) power ratio (g= 10 mm, f= 1 kHz, t= 2 mm).
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As a result, the discharge efficiency of the FE-DBD actuator was higher than that of
conventional actuators. For example, when a discharge voltage of 16 kV was applied,
the discharge efficiency of the non-FE-DBD actuator was 6.8%, whereas the discharge
efficiency increased to 9.13% at the bottom-FE-DBD actuator, which means that it
consumed a factor of 1.34 times more discharge power than the non-FE-DBD actuator.
Based on the discharge power, the induced velocity/power was nearly constant (induced
velocity increased as much as the discharge power consumed). Conversely, based on
total power, the induced velocity/power was higher when the floating electrode was
used. From the point of view of the plasma system, the FE-DBD actuator is more
efficient because less power is required to generate the same induced velocity as

compared to the non-FE-DBD actuator.

3.3. Effect of the electrode gap

Fig. 6 shows the effect of electrode gap on the induced velocity of the FE-DBD
actuators. The electric discharge was applied under the same conditions (V=16 kV and
f=1 kHz). The electrode gap changed within a range of 5-20 mm. In the previous study
[21], the onset gap increased. At the same applied voltage, the induced velocity
decreased as the plasma weakened with an increasing electrode gap. Our results show an
agreement with the previous study but the induced velocity could be increased by using
the floating electrode. For example, the induced velocity of the non-FE actuator was
1.27 m/s for an electrode gap of 10 mm. However, the induced velocity increased to
2.2 m/s when the floating electrode was installed on the bottom of the dielectric barrier.
At the electrode gap of 20 mm, the non-FE actuator did not generate the induced
velocity because a higher onset voltage for discharge was required. However, the
bottom-FE actuator generated the induced velocity at an electrode gap of 20 mm,
meaning that the onset voltage of the discharge was decreased by the floating electrode.

This result is in agreement with the results shown in Fig. 3. Thus, the plasma can be
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Fig. 6 Effect of the electrode gap on the induced velocity of the FE-DBD actuators
(=10 mm, f =1 kHz, t = 2 mm).
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generated by inserting the floating electrode between the electrodes spaced at a
distance where discharge does not occur.

When the floating electrode was installed on the top of the dielectric barrier, the
induced velocity was lower than that of other actuators and was not generated even in

cases where the electrode gap was greater than 10 mm.

3.4. Effect of the number of floating electrodes

Fig. 7 shows the effect of the number of floating electrodes as a function of the
discharge voltage. One floating electrode is denoted by FE1 and two by FE2. All
floating electrodes were installed at the bottom of the dielectric barrier. The electrode
gap was set to a value of 10 mm. In a range of 12-14 kV, the FE2 actuator generated
a higher induced velocity than the FE1 actuator, while at the voltage > 14 kV, the
induced velocity of the FE2 actuator was lower than that of the FE1 actuator. The
maximum induced velocity of the FEl actuator was 3.7 m/s at 18 kV but it was not

increased, however, by adding an additional floating electrode (FE2, 3 m/s).
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Fig. 7 Effect of the number of floating electrodes on the induced velocity as a
function of the discharge voltage, FE1: one floating electrode and FE2: two
floating electrodes (g = 10 mm, f = 1 kHz, t = 2 mm).
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Fig. 8 Effect of the location of the floating electrode on the induced velocity as a
function of the discharge voltage (g = 10 mm, f = 1 kHz, t = 2 mm).
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3.5. Effect of the location of the floating electrode

The effect of the location of the floating electrode on the induced velocity is shown
in Fig. 8. The location of a floating electrode on the bottom of the dielectric barrier
was changed between the upper and lower electrodes with a gap of 10 mm. The
location of the floating electrode was determined with respect to distance from the upper
electrode (denoted by d); three cases of d = 2.5, 5, and 7.5 mm were tested. The case
of d = 5 mm represents the location directly in between both electrodes. The induced
velocity increased as the distance of the floating electrode from the upper electrode
increased (d = 7.5 mm). Conversely, the induced velocity decreased as the floating
electrode was placed closer to the upper electrode. The induced velocity in the case of
d = 7.5 mm was nearly equal to that of the case of d = 5 mm as the discharge
voltage reached the voltage at which maximum velocity could be reached (17 kV). The
electrons are accelerated from the upper electrode to the lower one. The induced
velocity reaches a maximum near the upper electrode and decreases along the distance
through which the electrons are moving [22]. Thus, the result implied that the electrons

can be accelerated by adding the floating electrode near the lower electrode.
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4. Drag reduction of 2D Train model

As oil prices have been on the rise, active efforts have been made to reduce
aerodynamic drag for saving fuel of automobiles, ships, trains and aircrafts etc. For
aircrafts, aerodynamic drag would be generated due to the surface friction drag in flight
and the flow separation phenomenon around landing gears and wing airfoil at high
angles of attack during takeoff and landing. For high-speed trains, there is a limit to
raise their running speed because of serious aerodynamic drags. Even though techniques
have been studied to reduce the aerodynamic drag by primarily improving shapes, they
had reached the limit of the improvement. Therefore, because the existing passive
methods have limits, active techniques for aerodynamic drag reduction are needed to
reduce the aerodynamic drag.

Up to date studies have carried out in respect of performance characteristics of DBD
plasma actuators according to parameters of shape designs and discharge conditions. A
result of studies on materialization of flow control by plasma has also been reported,;
however, studies presenting actual drag reduction data by the plasma flow control have
not been reported. Therefore, this study verified the drag reduction using the DBD

plasma actuators.
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5. Wind tunnel Test

5.1 Wind-tunnel Test Method

To apply DBD plasma actuators to verify the aerodynamic drag reduction of
wind-tunnel test model, a 2-D shaped test model was fabricated as shown in Fig. 9.
The flow separation would be occurred when the flow generated from the wind-tunnel
passes on an incline of 45 degrees at the front and rear of the test model. In other
words, it is aimed at reducing the drag generated by flow separation of upsteam and
downstream in the test model through the plasma actuator.

The test model was fixed by means of cables outside the wind-tunnel so that there
would be no restriction of movement in the flow velocity direction. Fig. 10 shows a
schematic diagram of the wind-tunnel test setup for the plasma actuator test. After
attaching the DBD plasma actuator designed by analyzing its design parameters on the
surface of 2D test model, it was mounted on the wind-tunnel possessed by Korea
Railroad Research . The size of wind tunnel test section was 4m><3m. A high-voltage
amplifier (Trek 20/20C) was used for generating plasma, its voltages, frequencies and
waveforms were controlled by a function generator (Agilent 33220A). High-voltage and
current sensors were installed for measuring the DBD actuator’s voltage and current, and
they were recorded through an oscilloscope (LeCroy ).

The wind-tunnel test was conducted depending on the wind velocity of 2, 5, 10, 15
and 20 m/s, and the drag before and after plasma generation was measured by means of
a load cell. The test sequence was that the wind-tunnel was started, the wind velocity
was stabilized, and then the DBD plasma actuator was repeatedly operated and stopped

at intervals of 5-10 seconds to verify the drag reduction.
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5.2 Design of the DBD Plasma Actuator

With the performance characteristics resulted from the structure and discharge
condition of DBD plasma actuators in the previous study (Yun, Kwon, Kim, 2012), a
DBD plasma actuator was designed as Table 3. For electrodes, a copper tape (80 pum in
thickness) with good electrical conductivity was used, and acryl (5 mm in thickness)
was used for dielectrics, which is a material for model body. Attaching electrodes
asymmetrically at 2 mm intervals on the upper and lower side of the dielectric, a set of
DBD plasma actuator would be made. Fig. 11 shows a view of attaching the DBD
plasma actuator to the test model. For the DBD1 and DBD2, a set of plasma actuator
was attached for controlling flow separation of upstream and downstream, respectively.

The DBD3 is a view of installing plasma actuators for the surface boundary layer
control, which was not carried out in this study. The DBD1 and DBD2 were operated
to control flow separation at the incline on upstream and downstream of the test model
as Table 4, and the drag reduction was measured by controlling flow separation
occurred in the model. The discharge voltage was set as 13 kV by considering the
allowable current of high-voltage amplifier, and the test was conducted with 1 kHz of
discharge frequency. The thickness of DBD actuator was thin enough not to generate

drag by itself.
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Fig. 10 Schematic of wind tunnel test setup for plasma actuator test
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Table 3 DBD plasma actuator specification

Geometry Value
Electrode thickness (um) 80
Upper electrode width (mm) 10
Lower electrode width (mm) 10
Electrode gap (mm) 2
Electrode length (mm) 600
Barrier thickness (mm) 5
[P, B
i‘“-u..1|:|-"'|1'. L ran -"._ L]
I — -
- F - !
g=32mm W E 10 mim

Table 4 Operating conditions of DBD plasma actuator

Operating discharge
DBD actuator set DBD1 + DBD2
Discharge voltage 13kV
Discharge frequency 1kHz
DBD location i
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20D Test Model

Fig. 11 DBD plasma actuator attached test model
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6. Wind-tunnel Test Results

6.1 Results of the Wind-tunnel Test

Fig. 12 is a result of the wind-tunnel test, which shows changes of the drag by wind
velocity. D*is the non-dimensionalized drag, which means a value dividing the actually
measured drag by the dragmeasured in a state not generating plasma. In other words,
for, it is a state D*=1 in which plasma is not operated, and for D*<1,it means that the

drag is reduced by plasma.

5

D — D measured

without plasma

Because it could be measured as the drag is reduced not by the drag reduction due to
the plasma flow control but by thrust generation due to momentum generated from the
DBD plasma actuator, the change of drag was measured when operating plasma in a
state in which wind velocity was 0 m/s as Fig. 12(a). For no wind velocity, there was
no flow separation phenomenon in the test model, so it was found that there was no
drag reduction due to the flow separation control by plasma, and also that no thrust was
generated by plasma.

When there is a wind velocity as Fig. 12(b)—(f), it was found that the drag was
reduced by the flow separation control. Fig. 13 shows the drag reduction rate as a
function of wind velocity. When the wind velocity was 2 m/s, the drag reduction was
9.7%, and because the flow separation also became larger as the wind velocity was
more increased, the drag reduction rate was decreased constantly. When the wind
velocity was 15 m/s, the drag reduction was about 3.3%, and when the wind velocity
was above 20 m/s, it was difficult to find the change of drag clearly. Also, Fig. 6
shows the time delay for the flow control by plasma flow control. When wind velocity

was 2 m/s, time delay was about 0.18 seconds. when wind velocity was 15 m/s, time
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delay was about 1.1 seconds. The time delay for the flow control increased with

increasing the wind velocity.
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Fig. 12 Results of wind tunnel test
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6.2 Considerations by CFD

It was found experimentally that the drag could be reduced by using a plasma
actuator, however, this study carried out a CFD analysis of the 2D test model to
provide an accurate flow control mechanism when operating the plasma actuator.

A diversity of numerical models has been presented for predicting the performance of
plasma actuators (Dmitriy & Thomas, 2005). The existing plasma actuator models are
suitable to predict the performance of plasma actuators, but they have a disadvantage of
becoming the calculation longer when the area of plasma actuator is very small
compared to the whole model as this study. Thus, a new analysis technique which could
simulate DBD plasma actuators without solving an electric field equation was required
for analyzing the whole flow of train models (Lee, Yun & Kim 2012). Based on the
idea of changing into body force finally by complex ion flow, the 2D plasma actuator
was modelled by comparing experimental values with analytic ones. Fig. 14 shows CFD
analysis results at the 2D test model. it could be found that large flow separation was
not occurred in this wind velocity condition. Therefore, it could be known that there is
little flow change even if operating the plasma actuator. In other words, because there
was no flow separation at the front part, there was no plasma separation controlling
effect. On the other hand, Therefore, it could be considered that the reduction of drag
in the wind-tunnel test for this 2D test model is an effect of controlling the downstream
vortex rather than the flow separation control at the front part. If the wind velocity was
more increased, the flow separation was also formed at the front part, but it is
considered that it was difficult to control it with the plasma actuator. Therefore, studies

on a plasma system to control flow in the high-speed flow are required in the future.
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7. Conclusion

In the present study, DBD plasma actuator with an electrically floating electrode was

designed. The effects of the floating electrode configuration on performance were
examined. Also the drag reduction due to the plasma flow control was verified by the
wind-tunnel test of the 2-D test model in various wind velocity. In addition, the
characteristics and changes of flow could be found by analysis

1) In cases both with and without the floating electrode, the induced velocity
increased as the discharge voltage was increased for a separation of d = 10 mm. Under
discharge conditions (18 kV, 1 kHz), the induced velocity of the DBD actuator without
the floating electrode was 2.38 m/s, which increased by 3.76 m/s due to insertion of the
floating electrode between the upper and lower electrode at the bottom of the dielectric.

2) The floating electrode caused the induced velocity to increase while the discharge
power also increased. However, the discharge efficiency was higher, as compared to the
DBD actuator, without the floating electrode. Therefore, the energy efficiency of the
DBD actuator with the floating electrode is higher than that of a conventional actuator.

3) The induced velocity decreased as the electrode gap increased under the same
discharge conditions (16 kV, 1 kHz). However, the decrease in the induced velocity can
be mitigated by the floating electrode at the large electrode gap. The floating electrode
made it possible to generate the induced velocity at the electrode gap where the DBD
actuator was not working.

4) The induced velocity can be increased by adding another floating electrode at the
low discharge voltage. However, the induced velocity decreased as the discharge voltage
increased.

5) The induced velocity improved when the floating electrode was placed at the

bottom of the dielectric barrier close to the lower electrode.
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6) There was no thrust generation due to the flow velocity generated by the DBD
plasma actuator through the wind-tunnel test.
7) When there was no wind velocity, there was no flow separation and surface
friction drag, so there was also no drag reduction effect by the DBD plasma actuator.

8) When there was wind velocity, it was found that the drag was reduced up to %
by the flow separation control, and the drag reduction rate was more decreased as the
wind velocity was more increased.

9) Through the CFD analysis results, it was found that the drag was reduced by
controlling the vortex generated in downstream at the rear part of the 2D test model

with the DBD plasma actuator rather than the flow separation at the front part.
This study verified that there is actual drag reduction effect due to the plasma flow
control, and it is considered that the aerodynamic drag reduction effect would be more

increased if a DBD plasma actuator is properly designed for the flow separation and

surface boundary layer control.
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