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Abstract
The objective of this study is to compare the effect of varying the material used as
dielectric layer on the properties of the plasma actuators themselves. The experiments
have shown that actuators with a PIB dielectric have a lower power consumption, can
achieve higher velocities and have a better mechanical efficiency, but are more prone
to failure due to breakdown of the dielectric. We verified that PIB rubber is a suitable
material for DBD plasma actuators fabrication presenting several interesting features.
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1. Introduction
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Dielectric barrier discharge (DBD) plasma actuators are simple electronic devices with
several applications in the field of active flow control. During the recent years, several
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studies have been conducted and the efficiency of these devices for a great diversity
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of applications have been shown [1-3]. A DBD plasma actuator is composed of two

redistribution provided that the
original author and source are

electrodes and a dielectric layer, as represented in Figure 1. One of the electrodes is
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exposed while the other one is covered by the dielectric layer. The exposed electrode
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is connected to an AC power supply capable of supplying a high voltage and high
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frequency signal while the covered electrode is grounded.
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When the amplitude of this signal is high enough, the breakdown voltage is achieved,
and the air ionizes in the area in which the electric field is bigger. The generated charged
particles are accelerated by effect of the electric field, which transfers the movement to
the adjacent air creating an ionic wind.
These devices have several advantages such as being totally electronic, low mass,
low energy consumption, fast response time and overall easy-going [4-7], with their
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Figure 1: Schematics of a Dielectric Barrier Discharge plasma actuator

main applications being more industrial and aerodynamic oriented [8-10], also including
boundary layer flow control [11-14] and separation control [15-18].
Dielectric barrier discharge devices were introduced as means of flow control during
the 1990’s by the works of Liu & Roth [19] and Roth et al. [20]. Since then, several
studies have been performed in order to understand the physics behind their operation
and also to evaluate their effectiveness for active flow control applications. Enloe et al.
[21, 22] conducted very important studies in order to understand the mechanisms and
responses of a single dielectric barrier discharge plasma actuator. On the other hand,
the studies conducted by Hyun et al. [23], Sung et al. [24] and Post & Corke [25]
are examples of studies in which plasma actuators were used for flow control. These
studies showed that plasma actuators allow to modify the boundary layer and delay the
flow separation. Further information about plasma actuators characteristics and studies
related with their applicability, may be found in the reviews conducted by and Kotsonis
[26] and Bernard & Moreau [27].
Although the efficiency of plasma actuators for active flow control has been already
proved, these devices still present some drawbacks and need to be improved. The
induced flow velocity is limited and after long time operation or when excessive levels of
voltage are applied, these devices may fail. The dielectric layer influence the efficiency
of the device and also its durability. Therefore it is important to study different dielectric
materials in order to find materials that may improve the performance and durability
of the device. Thus the purpose of this work is to compare the properties of two DBD
plasma actuators with different materials used as dielectric layer, one using Kapton and
another using Polyisobutylene, also known as “PIB” rubber. For that, an analysis about
electrical parameters and induced velocity field was performed. All the experimental
techniques are described with emphasis on those that can overcome the high electric
field inherent to plasma generation.
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2. Experimental Setup
2.1. Plasma actuators
The experimental setup includes different systems which allow to characterize the DBD
plasma actuators in terms of electrical parameters and flow velocity.
The DBD plasma actuators themselves are composed of two electrodes, made of
copper tape, which are mounted asymmetrically on either side of the dielectric with no
gap between them.
The electrodes have the following dimensions: 10 mm width, 90 mm length and 80 μm
thickness. The covered electrode has double the width of the exposed one to guarantee
that the discharge extension is not limited by the end of the covered electrode.
The dielectric layer is constituted by several layers of Kapton or PIB tape, with 100
mm length and 50 mm width, which are layered to ensure a total thickness of 0.5 and
1mm.
The plasma actuator is powered by a PVM 500 power source, which can supply the
plasma actuator with the high voltage and high frequency needed for the plasma to
occur.

2.2. Electrical characterization setup
The electrical characterization setup is needed to measure the input signals applied to
the plasma actuator and estimate electrical parameters such as: power consumption,
charge, breakdown voltage, cold capacitance and effective capacitance.
The plasma actuator input signal is produced by a PVM 500 power supply and
measured by a PicoScope model 5443A, a device normally used for diagnostics in
the automotive industry which can turn a normal computer into an oscilloscope. The
voltage and frequency of the signal were measured by a special probe named Secondary Ignition Pickup which can measure high voltage signals passing through a wire
without disconnecting or stripping the wire. The sampling rate was 125MS/s, the vertical
resolution of the measurement was 14bits and the uncertainty of the power measured
is about 1%.
Since the signal presents high voltage levels, the current waveform cannot be measured by conventional equipment. To overcome this issue, two different methods were
used in order to obtain the parameters: The electric current method and the electric
charge method.
DOI 10.18502/keg.v5i6.7064
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The electric current method was employed in order to estimate the current and
voltage waveforms and the power consumption. In this method a resistor with known
resistance 𝑅 is placed between the covered electrode and ground, and then the
current is calculated from the voltage 𝑉 𝑟 measured across the resistor using Ohm’s
law (𝐼𝑎 = 𝑉 𝑟/𝑅). The voltage across the resistor is now low enough to be measured by
conventional instruments. The input voltage and current waveforms are recorded and
the instantaneous power is given by the following equation:
(1)

𝑃 =𝑣×𝑖

Where 𝑣 is the input voltage of the actuator, 𝑖 is the current and 𝑃 is the instantaneous
power. The average power of 𝑛 periods (𝑇 ) is obtained also through the voltage and
current data, as described in the equation:
𝑛𝑇

𝑃 𝑚𝑒𝑑 =

1
𝑛𝑇 ∫
0

𝑣𝑖

(2)

In this case, a metal film resistor was used with 100 Ω of impedance with 1% of tolerance.
The impedance of the resistor is relatively low compared with the impedance of the
actuator so it won’t affect the operation of the actuator.
In order to obtain the charge, the voltage breakdown and the capacitances of the
actuator the electric charge method was used. In this method a capacitor is placed in
series with the actuator between the covered electrode and ground. The capacitor
should have a large value of capacitance comparatively to the capacitance of the
actuator without plasma discharge.
The instantaneous charge of the capacitor is given by:
(3)

𝑄𝑚 = 𝐶𝑚 𝑉𝑚

Where 𝐶𝑚 is the capacitor capacitance and 𝑉𝑚 is the voltage across the capacitor. The
current through the capacitor is then given by:
𝑖 = 𝐶𝑚

𝜕𝑉𝑚
𝜕𝑡

(4)

Once the capacitor is connected in series with the actuator, the current through the
capacitor is equal to the current trough the actuator, so the instantaneous power
dissipated by the actuator can be obtained by:
𝑃 = 𝑣 × 𝑖 = 𝑣 × 𝐶𝑚

𝜕𝑉𝑚
𝜕𝑡

(5)

The average power of n periods (𝑇 ) is given by:
1
𝑃 𝑚𝑒𝑑 =
𝑛𝑇 ∫
0
DOI 10.18502/keg.v5i6.7064
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The instantaneous charge and the instantaneous actuator voltage plotted against
each other generate a Lissajous curve. In this case a capacitor with 10 nF of capacitance
and 10% of tolerance was used.

2.3. Flow velocity Setup
To measure the flow velocity of the plasma actuators a Pitot tube was used. This
instrument allows to obtain the flow velocity and it is one of the most exact for this
purpose. It has a circular section and is L shaped. To obtain the air flow velocity, the
Pitot tube is placed on the opposite direction of the flow movement. The tip of the tube
creates a stagnation point in the flow and, accordingly with Bernoulli’s equation, the
difference between the stagnation pressure and the static pressure allows to obtain the
velocity, as describe by:
𝑈=

2(𝑝2 − 𝑝1 )
√ 𝜌𝑎𝑖𝑟

(7)

Where 𝑝2 is the stagnation pressure, 𝑝1 is the static pressure and 𝜌𝑎𝑖𝑟 is the air density.
Beyond the PVM500 power supply, the PicoScope model 5443A and the Secondary
Ignition Pickup special probe, the Pitot tube was connected to a HD350 micro manometer which can make a certain number of readings depending on time. The final results
consist on the average of 10 velocity samples, the velocity results present a standard
error lower than +/-0.1m/s.
The Pitot tube was centred on the actuator’s longitudinal plane, 1,5cm from the
exposed electrode edge with variable height. The Pitot tube itself has a thickness
of 3mm and, because of its circular shape, all the readings start at 1,5mm high instead
of 0mm. Because of this limitation the velocities between 0 and 1.5mm cannot be
measured.

a)

b)

Figure 2: Experimental Setup a) From left to right: PVM500 power supply, HD350 micro manometer,
Secondary Ignition Pickup special probe and PicoScope model 5443A b) Pitot tube in measurement position

DOI 10.18502/keg.v5i6.7064

Page 491

ICEUBI2019

3. Results
In the following subsections we are going to present the results obtained from plasma
actuators with dielectric barriers made of Kapton and PIB.
Firstly, we are going to analyse their electrical parameters, including the power
consumption and capacitances at different input voltage levels. After that, we are going
to analyse the flow velocity induced by the DBD plasma actuator by using the Pitot tube
method. By using the velocity profiles the mechanical power transferred by the actuator
to the adjacent flow will be estimated and with that the mechanical efficiency will be
analysed.

3.1. Electrical characterization
In order to obtain the voltage, current, power waveforms, and also the power consumption for different applied voltages, the electric current method was used.

a)

b)

Figure 3: Average power consumption at different voltage levels and same frequency obtained from DBD
plasma actuators made with Kapton and PIB a) 0.5 mm thickness b) 1 mm thickness

The average power consumed by the actuator at different applied voltage levels
is shown above. The average power consumed presents an exponential evolution
increasing with the growth of the applied voltage. The PIB plasma actuators have lower
power consumption when compared to the Kapton ones. This behaviour was observed
for 0.5 mm actuators and 1 mm actuators, but it is more evident in 1 mm actuators.
To obtain the evolution of the actuator charge during the ac voltage cycle the electric
charge method was used. The Lissajous curves of each DBD plasma actuator were
experimentally estimated and represented in Figure 3.
It is know that the area inside the curve is related with the electrical power consumed by the actuator. As we see in Figure 3, the area inside the Lissajous curves
obtained for actuators with 0.5 mm thickness is bigger than the areas of the Lissajous
curves obtained for actuators with 1mm thickness. Thus this results agree with the
DOI 10.18502/keg.v5i6.7064
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a)

b)

c)

d)

Figure 4: Lissajous curves obtained experimentally for 7 kVpp a) Kapton 0.5mm thickness b) PIB 0.5mm
thickness c) Kapton 1mm thickness d) PIB 1mm thickness.

results obtained for power consumption since for 7kVpp, plasma actuators with 0.5
mm thickness presented higher power consumption than 1 mm thickness actuators. By
the analysis of these figures, and as explained by Kriegseis et al. [28], the respective
effective and cold capacitances were obtained. The results may be seen in table 1.
The cold capacitance of the device represents its capacitance when the actuator is
off while the effective capacitance represents the capacitance of the device with the
contribution of the plasma discharge. This is the reason why the cold capacitances
obtained remain more or less constant and do not vary much with the applied voltage
level. The same is not verified for the effective capacitance. In table 1 we see that when
we increase the applied voltage, the effective capacitance also increases.

3.2. Flow velocity
In order to obtain the velocity profiles a Pitot tube was used. The induced flow velocity
was obtained at different heights from the surface in which the actuator was applied.
The results obtained are represented in Figure 4.
Figure 4 shows the velocity profiles extracted at different voltage levels. We can
observe that the DBD plasma actuators made with PIB allow to obtain higher velocities
when compared to Kapton. However, the 0.5mm PIB actuator could not withstand higher
voltages for some time without breakdown of the dielectric, the 0.5mm kapton actuator
DOI 10.18502/keg.v5i6.7064
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TABLE 1: Mechanical power and efficiency of DBD plasma actuators.
Dielectric Material /
Thickness
Kapton 0.5mm

PIB 0.5mm

Kapton 1mm

PIB 1mm

Applied Voltage
(kVpp)

Ceff (pF)

Ccold (pF)

5

10.01

8.83

6

19.73

9.40

7

26.98

10.21

8

36.78

10.22

5

19.06

9.16

6

20.47

9.66

7

28.43

10.85

8

35.52

11.20

8

26.21

14.18

9

28.54

13.77

10

29.80

13.74

11

29.76

13.04

12

35.17

12.94

8

16.37

12.15

9

19.17

12.21

10

20.45

11.98

11

22.84

12.57

12

22.18

12.60

a)

c)

b)

d)

Figure 5: Velocity profiles at different voltage levels and same frequency obtained from DBD plasma
actuators made with Kapton and PIB a) Kapton 0.5mm thickness b) PIB 0.5mm thickness c) Kapton 1mm
thickness d) PIB 1mm thickness.
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only has velocity profiles for 7kVpp and 8kVpp because its induced velocities at lower
voltage levels are very low.
These results show that PIB rubber is a material that should be considered for plasma
actuators fabrication because it allows to produce higher induced flow velocities when
compared with Kapton actuators.
Because of the Pitot tube’s diameter, the Pitot tube is he an intrusive element,
the velocities cannot be measured directly at the plasma discharge of the actuators,
therefore, these results are not going to be used in quantitative terms, but in qualitative
terms instead, for a comparison between the cases studied.
The plasma originated is a low thermal plasma, this means that the heat transfer from
the plasma actuators does not have any influence on the active flow control.

3.3. Mechanical efficiency analysis
To obtain the plasma actuators efficiency, the mechanical power was calculated as
explained in Leger et al. [29] and Rodrigues et al. [30]. The mechanical power is
the power delivered by the actuator to create the induced flow. By this method, it
is considered that the power used to induce the flow corresponds to the balance of the
kinetic energy density flow rate, expressed as:
∞

𝑃𝑚 =

1
𝜌𝑢(𝑌 )3 𝑙𝑑𝑌
∫
2
0

(8)

Where 𝜌 is the air density, 𝑢(𝑌 ) is the velocity profile and l the electrode length. From
this it is possible to estimate the plasma actuator’s efficiency:
𝜂=

𝑃𝑚
𝑃 𝑒𝑙

(9)

The mechanical power and the efficiency were calculated for each plasma actuator.
The results obtained are in table 2 below.
As it can be seen, the mechanical power is very small when compared to the electrical
power delivered by the actuators. This is why the efficiencies are also small. The
uncertainty for the mechanical power is related to the uncertainties of the electrical
power and velocity results mentioned before.
Despite the fact that the obtained efficiencies are very low, these results are very
similar to the results found in Pons et al. [31] in which the authors verified that the
efficiencies of plasma actuators vary around 0.05%. These very small values suggest
that most of the applied power is lost by heating, as it has been shown in other studies
[1, 7]. As we can see, when the input voltage is increased the actuator’s efficiency
DOI 10.18502/keg.v5i6.7064
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TABLE 2: Mechanical power and efficiency of DBD plasma actuators.
Dielectric Material
/ Thickness

Applied Voltage
(kVpp)

Kapton 0.5mm

PIB 0.5mm

Kapton 1mm

PIB 1mm

Electrical Power Mechanical Power
(W)
(mW)

Efficiency (%)

7

7.11

0.0000124

0.0002

8

13.01

0.0005038

0.0038

5

1.25

0.0000040

0.0003

6

2.93

0.0001989

0.0068

7

6.28

0.0011857

0.0189

8

11.63

0.0019114

0.0164

8

4.77

0.0000309

0.0006

9

7.34

0.0003324

0.0045

10

11.21

0.0020163

0.0180

11

15.82

0.0028734

0.0182

12

20.69

0.0047499

0.0230

8

1.99

0.0000099

0.0005

9

3.85

0.0008070

0.0210

10

5.05

0.0015613

0.0309

11

6.28

0.0032467

0.0517

12

8.79

0.0040237

0.0457

increase as well. This means that actuators that can operate at higher voltages will
present better efficiencies. In our tests, the PIB actuator with 1mm thickness peaked at (12
kV) with the highest efficiency (η = 0,0457%). When comparing the different efficiencies
obtained from the same voltage levels, PIB actuators have a higher efficiency when
compared to Kapton.
However, DBD plasma actuators are not used for their efficiency, but because of their
capabilities and advantages as mentioned before in this study.

4. Conclusions
In the present study several DBD plasma actuators with different dielectrics were
studied in terms of electrical characteristics and velocity profiles. Different experimental
techniques were used and explained.
In the electrical characterization two different methods were used and explained: the
electric current method and the electric charge method. These methods allowed us to
obtain the power consumption, the instantaneous charge and the cold and effective
capacitances.
DOI 10.18502/keg.v5i6.7064
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The plasma actuator presents a similar electrical behaviour to a capacitor and the
average power consumption presents an exponential evolution, increasing with the
growth of the applied voltage. The PIB actuators presented lower power consumption
than the Kapton actuators. Pitot tube measurements with the purpose of a qualitative
comparison among the cases studied allowed to obtain the velocity profiles at different
voltage levels. From these we concluded that PIB actuators allow to obtain higher
velocities but are more prone to breakdown of the dielectric. The mechanical efficiency
of the different actuators was estimated and, as expected, we verified that PIB rubber
actuators present better mechanical efficiency. Therefore, we may conclude that PIB
rubber is a suitable material for DBD plasma actuators fabrication which present several
advantages when compared with Kapton.
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