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Abstract: A thermal fluctuation driven by a burst plasma discharge is experimentally investigated
using a frequency analysis based on the Schlieren images. The burst plasma discharge is controlled
by an interval frequency f;,; = 200 Hz and a pulse frequency fz = 3.6 kHz as well as the duration time
of the burst event: T,,. A burst feature is defined as a burst ratio BR = T,,(1f;,;). The burst plasma
discharge generates a burst-induced hot plume growing above a ground electrode. In a high burst
ratio, which is BR = 0.45 and 0.57, the burst-induced hot plume is formed as a wave thermal pattern
that is mainly fluctuated at the interval frequency of 200 Hz. Additionally, a maximum fluctuation
spot of 200 Hz appears near the edge of an exposed electrode in a low burst ratio, whereas it moves
towards the ground electrode in the high burst ratio. The possible scenario is that a relatively strong
ionic wind and/or an induced jet generated in the high burst ratio might cause the movement of the
maximum fluctuation spot.

Keywords: thermal fluctuation; hot plume; ns-DBD plasma actuator; frequency analysis; flow control

1. Introduction

The flow characteristics induced by the dielectric barrier discharge (DBD) plasma actuators
are widely investigated for aerodynamic flow control, such as flow separation postponement and
turbulence augmentation. The numerical and experimental investigations [1-7] show that the flow
characteristics vary depending on the actuator configuration, the installation position and the electrical
parameters of an input voltage signal: voltage magnitude, frequency, waveform etc. Especially the
changing of the electrical parameters can easily and flexibly modulate the aerodynamic performances
depending on the situation, namely, angle of attack and Reynolds number.

An unsteadiness input signal typically called as “duty cycle” or “burst mode” is effectiveness for
separated flow control. Under plasma actuation in quiescent air, the unsteadiness input signal causes
significant fluctuations in the amplitude and power spectral densities of an induced wall jet; however,
its time-averaged velocity hardly varies [8]. On the other hand, a plasma discharge in the burst mode
influences a flow structure and improves the aerodynamic performances in plasma actuation under
a freestream condition [9-12]. Benard et al. [9] experimentally investigated the effect of excitation
frequency and a duty cycle on the lift and drag coefficients of a NACA 0015 aerofoil at a Reynolds
number of 2.6 X10°. Their results showed that a vortex shedding from the actuator would influence a
global flow structure, and plasma actuation with the duty cycle of 6% significantly enhances lift while
electrical power consumption is reduced. Additionally, the burst plasma discharge can control the flow
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separation at post-stall angles of attack. Sekimoto et al. [13] investigated the control of the separated
flow around a NACAO015 aerofoil by a plasma actuator under burst mode actuation and showed
that a large-scale vortex structure induced by the plasma actuator dominantly affects flow separation
control at higher angles of attack. Although the burst plasma discharge leads to good aerodynamic
performances for flow control at post-stall angles of attack, the modulating of an input waveform
archives flow control in a wide range of flow speed.

A nanosecond pulsed DBD plasma actuator induces a heated gas that is effective for flow control
in high speed flows. The heated gas, which a temperature rapidly is increased due to plasma discharge,
leads to a vortex and a shock wave that can modulate high-speed flows [14-19]. However, plasma
discharge does not necessarily generate enough heated gas, namely the high temperature magnitude
and the rapid temperature rise time. There are two kinds of DBD plasma actuators: the ac- and ns-DBD
plasma actuators. The ac-DBD plasma actuators driven by a sinusoidal input voltage signal hardly
influence high-speed flows because the plasma actuator induces an ionic wind of which the velocity
is in a range of a few meter per second in quiescent air [2]. This velocity range is not enough to
modulate the high-speed flow. On the other hand, the ns-DBD plasma actuators driven by nanosecond
pulsed input high-voltage is applicable to flow modulation in the high-velocity range. Roupassov
et al. [12] demonstrated that the ns-DBD plasma actuator achieves the aerofoil flow reattachment up
to a Mach number of 0.85. Additionally, a numerical investigation showed that the ns-DBD plasma
actuator can control a shock-wave/boundary-layer interaction in a freestream Mach number of 2.8 [20].
The dominant flow control authority of the ns-DBD plasma actuator is energy transfer rather than
induced body force: an ionic wind. The ns-DBD plasma actuator generates very low-speed ionic
wind [12]; however, an instant heated gas is generated due to the rapid temperature increase. Ukai et
al. [21] experimentally investigated the quantitative density field around the ns-DBD plasma actuator
excited by 12 kV at 1 kHz, using a calibrated Schlieren technique and showed that the gas density ratio
divided by a room density pw is approximately p/pe = 0.95 after the induced-thermal flow became
stable. On the other hand, the ac-DBD plasma actuator produced relatively weak gas density ratio of
approximately p/p. = 0.978 [22]. This is because the ac-DBD plasma actuator does not induce strong
heated gas.

A thermal fluctuation would play an important role for boundary layer transition. A laminar
boundary layer starts transiting to a turbulent flow due to flow instability: Tollmien-Schlichting waves
(TS waves) [23]. According to PIV and Schlieren experiments by Correale et al. [24], a heated volume
disturbance generated by the ns-DBD plasma actuator operating in a laminar boundary layer condition
induces a TS wave train. The heated volume depends on thermal energy supplying to surrounding air,
and thermal energy per second varies by an input voltage magnitude and an excitation frequency, for
example. Ullmer et al. [25] experimentally investigated the boundary layer transition using the hot-wire
and liquid crystal techniques and showed that the excitation frequency of the ns-DBD plasma actuator
considerably influences a boundary layer transition point. Additionally, their hot-wire measurements
revealed that plasma actuation excites a velocity fluctuation inside the boundary layer. It seems that
the velocity fluctuation is caused by the heated volume disturbance related to thermal energy per
second; therefore, a thermal fluctuation would influence the boundary layer transition.

The further investigations of the thermal fluctuation characteristics are important to understand
the flow control mechanism under ns-DBD plasma actuation. We focused on the thermal fluctuation
operated by the burst plasma discharge that enhances the performance of the plasma actuator for
flow control. To investigate the thermal fluctuation in this study, Schlieren photography as well as a
frequency analysis based on the Schlieren images were used.
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2. Experimental Setup and Diagnostics

2.1. Experimental Model

Figure 1 shows the configuration of a ns-pulsed DBD plasma actuator and equipment for burst
plasma actuation. In general, an ns/ac-DBD plasma actuator is mounted upstream of flow separation
point for flow separation postponement. An exposed high-voltage electrode of 5 mm in width and
a ground electrode of 10 mm in width are separated by a dielectric material (MG Chemicals, FR-4:
Flame Retardant Type 4) with thickness of 0.4 mm. The electrodes were made of copper with thickness
of 35 um. As shown in Figure 1, there is no discharge gap between the electrodes. The shape of an
ns-DBD plasma actuator used in this study is the same as that in a reference [26]. The lateral length of
the electrodes is 90 mm, but the plasma is formed on the exposed high-voltage electrode of 70 mm
in length because 10 mm from both edge sides was covered by polyimide film with thickness of
approximately 70 pm. Consequently, the plasma is not formed from the lateral edge of the exposed
high-voltage electrode. On the other hand, the ground electrode was fully covered by three layers
of polyimide film. The actuator was made using the process of double-sided photolithography.
The detailed manufacturing procedure is presented in a reference [21]. The plasma actuator was put
in a quadrilateral stainless steel chamber with a volume of 0.138 m®. The chamber has a pair of side
quartz windows 137 mm in diameter.

High-voltage nanosecond pulse generator
Exposed high-voltage electrode
5 mm Dielectric £

<—>| g
y P]asm\a\ -+
u - =

Delay generator

Csaol |5
0oo 000000 et
- 7 N
Function generator Insulating plate 10 mm Ground electrode

High-speed camera
Figure 1. The ns-DBD plasma actuator with equipment for the control of the burst discharge.

A high-voltage nanosecond pulse generator (Megaimpulse, model: NPG-18/3500(N)) was used
for the nanosecond pulsed plasma discharge. The pulse generator supplies negative pulse polarity
of 9.45 kV with a pulse width of 6 ns and a rise time of 3.8 ns to the actuator via a 75 () coaxial
cable. In this study, we used the negative polarity which produces large gross energy related to
strong gas heating [27]. A pulse frequency during a burst event was fg = 3.6 kHz; however, a first
pulse frequency before the bust event was set as fi; = 3 kHz. The burst features are defined as an
interval frequency f;,; = 200 Hz and the Burst ratio BR = Ty T = Top/(1ffinr). T and T,, denote an
interval time and the duration time of a burst event, respectively (Figure 2 and Table 1). The interval
frequency was controlled using a function generator (AIM & THURLBY THANDAR INSTRUMENTS,
model: TG2000) via a digital delay generator (Stanford Research Systems, model: DG645, Trigger rates
up to 10 MHz), whereas the duration time of the burst event was controlled using the same delay
generator. The delay generator can adjust the pulse width of an output signal which supplies to the
pulse generator (Megaimpulse) for burst plasma actuation. The output pulse width is related to the
number of the high-voltage pulses supplied from the pulse generator (Megaimpulse). For example, the
pulse generator outputs the four times high-voltage pulse at each burst event when the delay generator
supplies the output pulse width of 900 ns. We investigated the relationship between pulse width and
the number of pulse outputs in advance.
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Figure 2. The input signal to the plasma actuator for the burst operation.

Table 1. Burst features.

Case Plasma Pulse Number Per Burst Event BR =T,,/T

1 1 -

2 4 0.23
3 6 0.34
4 8 0.45
5 10 0.57

An ambient temperature (room temperature) is monitored using a K-type thermocouple with a data
acquisition module system (National Instruments Corp., model: NI-9213, 24 bit) driven by LabVIEW.
A Fortin mercury barometer provides an ambient pressure (room pressure). In the present experiment,
the ambient temperature and ambient pressure were 291.3 + 1.3 K and 101.23 + 0.73 kPa, respectively.

2.2. Schlieren Photography

The thermal perturbation above the ns-DBD plasma actuator was visualised using a Schlieren
technique with a standard Z-type optical arrangement (Figure 3). A rectangular light is produced
from a light source system consisting of a continuous light source (Newport, model: 66921) with a
450 W Xe arc lamp, a condenser lens with a focal length of 70 mm and a slit. The rectangular light
illuminates a first 203.3 mm diameter concave mirror with a focal length of 1829 mm to create a parallel
beam. A second concave mirror with the same diameter and focal length receives the parallel beam
after it passes through the plasma actuator positioned in the quadrilateral stainless steel chamber.
A knife edge located at the focal length of the second mirror obstructs a part of illumination for the
adjustment of Schlieren sensitivity. The imaging lens in front of a high-speed camera focuses the image
onto the camera sensor. The images were acquired using the high-speed camera (Photron, model:
FASTCAM-SA1.1, spatial resolution: 192 x 272 pixels) at a frame rate of f; = 75 kfps with an exposure
time of 1 ps. For the comparison of Schlieren image intensity in the different burst plasma discharge
cases, Schlieren sensitivity and the optical arrangement as well as image adjustment (contrast and
brightness) are all the same in the present experiments.

Condenser lens

- @\/1ght source
" Ns-DBD plasma actuator

Concave mirror

Quartz windows

High-speed came/r@“%l\
maging lens

Figure 3. The Schlieren setup.
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2.3. Frequency Analysis Based on Schlieren Images

Based on the sequential Schlieren images, the thermal fluctuation caused by burst plasma actuation
was investigated using a fast Fourier transform (FFT) technique [28]. The image frequency analysis
was successful applied to the sequential Schlieren images in a previous study [29]. The Schlieren
sequential images which are the 8-bit brightness images were recorded using the CMOS high-speed
camera and were analysed using the FFT technique to calculate a power spectrum density at each
pixel in the digital image. The present FFT analysis [30] was conducted using an in-house MATLAB
code. The sampling number of 4096 images (1 = 2!?) was used for the present FFT analysis, namely
DFT (Discrete Fourier transform). The sampling number is the same in all cases so that the analytical
results can be compared to each other. Since an effective resolution in the DFT analysis depends on
the sampling number 7 and sampling frequency f;, the effective resolution was Af = fyn = 18.3 Hz
in the present analysis. Moreover, an effective frequency range was less than the Nyquist frequency
fn =fs/2=37.5kHz.

3. Results and Discussions

3.1. Flow Visualisation

The ns-DBD plasma actuator induces a shock wave and thermal disturbance including a thermal
layer and a hot plume. To easily understand the relationship between the timing of the plasma
discharge and the Schlieren images presented in this paper, the timing chart of the Schlieren image
acquisition is shown in Figure 4. Figure 5 shows the sequential Schlieren images in a no-burst plasma
discharge case (Case 1). An elapsed time of At = 0 ms in this study is defined as the time of a first
plasma discharge. According to previous studies [31-33], a ns-DBD plasma actuator generates the
cylindrical and planar shock waves due to rapid temperature increase. Similarly, in this study, the
cylindrical and planar shock waves were generated from the edge of the exposed high-voltage electrode
and the surface above the ground electrode, respectively (Figure 5a).

Fig. 5 (b) Figs. 5 (¢), 7 (a)
Fig. 5 (a) Figs. 5 (d), 7 (b)
14 Figs. 5 (e), 7 (¢) Fig. 5 (g), Figs. 8
L ' rFig. 5() ¢

'
Sy {11111 1 T

1 ms 2nd burst event 10th burst event

2 ms
3 ms

5ms

3

>

50 ms

Figure 4. Timing chart of the Schlieren image acquisition. The input signal in Case 5 is shown.

A hot plume growing in the order of milliseconds differs from the shock waves propagation in
the order of microseconds. As soon as the plasma is discharged, a thermal layer is formed above the
actuator (Figure 5b). The highest temperature occurs at the edge of the exposed high-voltage electrode
because the relatively strong brightness is there. The high temperature induces a hot plume, but the
hot plume is not clearly visualised after the first plasma discharge even though Schlieren sensitivity is
high. After 1 ms time elapsed (Figure 5c), the hot plume grows and is visible because the hot plume
moves due to natural convection as well as a very weak ionic wind [21]. The grown hot plume is
diffused to a surrounding air, and then a thermal perturbation gradually disappears when the longer
interval time between the first and second plasma discharges (Figure 5d,e). In the no-burst plasma
discharge case, the interval time is 5 ms. After several plasmas are discharged, the hot plume becomes
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relatively large (Figure 5g) because several plasma discharges supply enough thermal energy to the
surrounding air, which results in the growth of a large hot plume.

Shock wave Thermal layer

\Ground electroc)i

—

(a) At=0.013 ms (b) At=0.026 ms (c) At=1.0ms

Exposed high-voltage
electrode

\

(d) At=2.0ms (e) At=3.0ms (f) At =5.026 ms

(g) At=50ms

Figure 5. The thermal perturbation and the shock waves in the no-burst plasma discharge case (Case
1, Baseline).

The thermal perturbation grows large in a burst plasma discharge case because of large thermal
energy per second. Figure 6 shows the area of the thermal perturbation obtained from the Schlieren
images. First, in the image processing to investigate the area of the thermal perturbation, the image
brightness at each pixel was subtracted from a reference brightness image recorded before the first
plasma discharge. Then, the thermal perturbation was defined when the pixel intensity exceeded
a threshold + 20. Comparing to the raw Schlieren images, we confirmed that this threshold leads
to an appropriate result. As shown in Figure 6, there are several spikes at every 5 ms interval.
The spikes denote the shock wave propagated from the plasma actuator, in other words, the plasmas are
discharged immediately before the spikes appear. During the plasma discharge, the area of the thermal
perturbation is gradually increased because the thermal energy keeps supplying to a surrounding air
before the thermal perturbation is diffused due to thermal equilibrium. It seems that the gradient of
the lines in all cases is similar during the plasma discharge after every 5 ms interval; however, the area
expands with the increasing of the burst ratio (Case 5, BR = 0.57 for example). Even after the plasma
discharges extinguished, the area of the thermal perturbation keeps increasing for approximately one
millisecond, then the thermal perturbation starts diffusing in the present result. Please note that the
existing time of the thermal perturbation depends on a temperature different between the room and
plasma temperature. A circular symbol shows a maximum area in each case during each burst event.
Additionally, a red dashed line denotes an approximate line regarding each maximum area during
each burst event. Please note that the spikes are ignored to define the maximum area because of the
shock wave propagation. The red dashed line can be expressed as a linear line. Therefore, the existing
time of the thermal perturbation before thermal diffusion is proportional to the burst ratio.
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Figure 6. Area of the thermal perturbation. The spikes denote the virtual increase of the thermal
perturbation due to the shock wave generating from the plasma actuator.

The thermal perturbation due to burst plasma discharge might change plasma discharge
characteristics and influence the actuator performance for flow control. Plasma discharges lead
to the temperature increase on the electrode surface because of the large thermal energy per second.
In ac-DBD plasma actuators, an induced flow velocity and thrust force vary depending on the
ambient/surface temperature [34,35]. The increasing ambient temperature around a plasma actuator is
proportional to thrust force induced by plasma actuation [34]. According to Erfani et al. [35], plasma
actuation in the high surface temperature of an actuator consumes more power compared to actuation
in the cold surface temperature and leads to higher induced velocity. In the present experiment, the
burst plasma discharge causes the surface temperature increase, and then the induced ionic wind
and/or an induced jet would be strong in the burst discharge case.

A complicated thermal perturbation appears in the burst plasma discharge case. In Case 5, that
is 10 plasma discharges during each burst event; a thicker thermal layer occurs above the ground
electrode (Figure 7a) compared to that in the no-burst plasma discharge case (Figure 5c). This is because
the burst plasma discharge releases a relatively large thermal energy per second. The release of the
large thermal energy also affects the hot plume defined as a burst-induced hot plume generating in the
burst plasma discharge case. At the elapsed time of At = 1 ms when the plasma is discharged three
times (Figure 7a), there are two round-shaped thermal patterns above the edge of the exposed electrode.
After the six times plasma discharge corresponding to the elapsed time of At = 2 ms (Figure 7b), the
thermal pattern is complicated, and it is not easy to count the number of the thermal patterns. It
seems that the number of the plasma discharges is not the same as the number of the thermal patterns.
The thermal pattern cannot be clearly visualised in the vicinity of the surface of the electrodes; however,
there might be the relationship between the thermal pattern and the number of discharges in the
vicinity of the electrodes.

Round-shaped
thermal patterns

(a) At=1.0ms (b) At=2.0ms (c) At=3.0ms
Figure 7. Temporal variation of the hot plume during the first burst event (Case 5, BR = 0.57).

Although the number of the thermal patterns is not the same as the number of the plasma
discharges, the thermal pattern varies at different burst ratio. Figure 8 shows the thermal perturbation
at the elapsed time of At = 50 ms corresponding to nine times burst event. In Case 2 (Figure 8a,
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BR = 0.23), two dominant thermal patterns consist of several burst-induced hot plumes above the
exposed electrode. The number of the thermal patterns increases in Case 3 (Figure 8b, BR = 0.34);
however, the number of the thermal patterns does not almost change in the present high burst ratio,
which is more than BR = 0.45. Please note that the number of the thermal patterns is not the same as
the number of the plasma discharges. In Case 4 (Figure 8c, BR = 0.45), a wave thermal pattern appears
above the ground electrode. According to an experimental investigation by Ukai et al. [21], the hot
plume moves towards the ground electrode due to a very weak ionic wind. Similarly, in the present
results, the hot plume grows towards the ground electrode at the elapsed time of At = 50 ms (Figure 5g,
Figure 8). The thermal pattern might be caused by the very weak ionic wind releasing periodically in
the burst plasma discharge case. Another possible scenario is that a three-dimensional flow causes
the wave thermal pattern. In the present Schlieren setup, the light beam passes through the plasma
actuator in the lateral direction. The observed wave thermal pattern could be caused by lateral thermal
variation. However, in the low burst ratio, the strong complicated thermal structure, such as a wave
thermal pattern, does not appear. The three-dimensional flow might be strongly induced in the higher
burst ratio, which results in the wave thermal pattern. Further investigation is necessary to reveal the
reason why the thermal pattern occurs.

5 mm

Large thermal distribution

Burst-induced
hot plume

(a) Case 2 (BR = 0.23) (b) Case 3 (BR = 0.34)

(c) Case 4 (BR = 0.45) (d) Case 5 (BR = 0.57)

Figure 8. The thermal perturbation at the elapsed time of At = 50 ms (nine burst events) in the burst
plasma discharge cases.

Although the generation of the thermal pattern might be a complicated mechanism, the thermal
patterns related to the burst-induced hot plume is fluctuating. Figure 9 shows the root mean square
(RMS) brightness images obtained from 3750 Schlieren images corresponding to nine times burst event.
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In the no-burst plasma discharge case, the thermal perturbation is not strongly fluctuated (Figure 9a,
Case 1), whereas the thermal perturbation in the burst plasma discharge cases is strongly fluctuated in
a large area (Figure 9b—e). In the low burst ratio (Figure 9b, BR = 0.23), there are two strong fluctuations
on the actuator surface, and another relatively weak fluctuation appears at the upper right edge of
exposed electrode. The location of the weak thermal fluctuation is similar to the location where the
thermal pattern appears (Figure 8); therefore, the thermal patterns caused by the burst-induced hot
plume is fluctuated.

¥
-l

(a) Case 1 (Baseline) (b) Case 2 (BR =0.23) (c) Case 3 (BR=0.34)

(d) Case 4 (BR =0.45) (e) Case 5 (BR =0.57)
Figure 9. The RMS Schlieren images (the RMS is obtained by the images during the nine burst events).

3.2. Frequency Analysis Based on the Schlieren Images

The thermal fluctuation has mainly two dominant frequencies: the interval frequency f;,;; = 200 Hz
and the pulse frequency fp = 3.6 kHz. As shown in Figure 9, the dominant fluctuation exists on the
actuator surface and at the upper right of the edge of the exposed electrode, thus, we present the
results of the frequency analysis at the coordinate (x, y) = (1, 0.5) in Figure 10. In both no-burst and
burst plasma discharges, the high magnitude of the power spectral density appears at 200 Hz since it
is the interval frequency. The magnitude of the fluctuation exponentially decreases with increasing
frequency. In Case 1 (no-burst plasma discharge case), there are not the specific peaks at high frequency
region because the dominant frequency is the only interval frequency of f;;; = 200 Hz. On the other
hand, the specific peak at 3.6 kHz which is the pulse frequency f, appears in Case 5 (burst plasma
discharge case).

The power spectral density distributions at 200 Hz and 3.6 kHz are shown in Figures 11 and 12,
respectively. The colour contours in the figures denote an integrated power spectrum in the range of +
Af, in other words, the colour contours in Figure 11 is the integrated power spectrum in the range of
181.7 and 218.3 Hz. Figure 13 shows the location of the hot spot during either nine plasma discharges
or nine burst events; in other words, the hot spots with the number of 3750 are shown in Figure 13.
A plasma induced gas temperature was not measured in the present experiment, thus, the hot spot
is assumed as a maximum pixel intensity on each Schlieren image. AI = I;/I;}** denotes the pixel
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intensity ratio, where I; and I;** are the maximum pixel intensity in each Schlieren image and in all
Schlieren images, respectively. For example, a Schlieren image with Al = 1 indicates the maximum hot
spot in all 3750 images. A two-dimensional plot is also shown in the figure for easy understanding.

Case 1 (Baseline)
Case 5 (BR=0.67)

Power spectral density [arb. unit]

10°
Frequency [Hz]

Figure 10. Power spectral density distributions at the coordinate (x, y) = (1, 0.5).
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Figure 11. Power spectrum density distribution at 200 Hz. The contour level is the same in all figures

expect for Case 1.
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Figure 12. Power spectrum density distribution at 3.6 kHz. The contour level is the same in all figures.
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Figure 13. The location of the hot spot.

There are two fluctuation spots on the surface of the ground electrode in the no-burst plasma
discharge case (Figure 11a), and a gas temperature is different between them. At the coordinate (x,
y) = (1.5, 0.5), which is the thermal fluctuation spot at 200 Hz (Figure 11a), the pixel intensity ratio is
approximately Al = 0.5 (Figure 13a). On the other hand, the pixel intensity ratio at the coordinate (x,
y) = (0.5, 0.5), which is another thermal fluctuation spot at 200 Hz (Figure 11a) is higher than that at the
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coordinate (x, y) = (1.5, 0.5). Hence, a gas temperature is higher at the coordinate (x, y) = (0.5, 0.5).
Please note that several hot spots at y = 4 and 8 mm are caused by the shock wave.

In the burst plasma discharge, the hot spots are fluctuated at both 200 Hz and 3.6 kHz. The hot
spot is widely distributed, and the pixel intensity ratio approximately Al = 0.5 occurs on the surface of
the ground electrode (Figure 13b). As shown in the power spectrum density distributions at 200 Hz
and 3.6 kHz (Figures 11 and 12), there are two dominant fluctuation spots on the surface of the ground
electrode although these locations are slightly different between the frequency domains of 200 Hz and
3.6 kHz. The high hot spots are fluctuated at both 200 Hz and 3.6 kHz because the location, where the
hot spots is distributed, is similar to that of the dominant fluctuation spots.

In the burst plasma discharge case, the interval frequency of 200 Hz causes the thermal fluctuation
at the upper right of the edge of the exposed electrode as well as on the surface of the ground electrode
(Figure 11b—e). On the other hand, the pulse frequency of 3.6 kHz, only causes the fluctuation on
the surface of the ground electrode (Figure 12). The thermal perturbation with a high frequency
component: the pulse frequency of 3.6 kHz, does not expand to the surrounding. This is because the
pulse frequency of 3.6 kHz adds the thermal energy with 0.278 ms interval time, whereas the thermal
perturbation grows in the order of few milliseconds. Thus, the high frequency fluctuation hardly
affects the thermal perturbation growing far away from the plasma actuator.

The burst-induced hot plume thermal is mainly fluctuated at 200 Hz. In Case 2 (Figure 11b,
BR = 0.23), the weak thermal fluctuation is distributed around the coordinate (x, y) = (2, 3), and the
burst-induced hot plume appears there, thus, the burst-induced hot plume would be mainly fluctuated
at 200 Hz. Additionally, in the case of high burst ratio, the wave thermal pattern which is related to the
burst-induced hot plume is mainly fluctuated at 200 Hz. As shown in Figure 8c,d, the wave thermal
pattern is formed above the plasma actuator in Cases 4 and 5, and its location is similar to the location
where the power spectral density is distributed around the coordinate (x, y) = (3, 4).

The burst-induced hot plume fluctuated at 200 Hz might move due to an ionic wind and/or an
induced jet caused by burst plasma discharge. There are two other strong thermal fluctuation regions
with 200 Hz at the coordinates (x, ) = (0.5, 0.5) and (x, ¥) = (2, 0.5). In the low burst ratio (Figure 11b,c,
BR = 0.23 and 0.40), the magnitude of the fluctuation is higher at the coordinate (x, y) = (0.5, 0.5),
whereas the maximum magnitude changes to the coordinate (x, y) = (2, 0.5) in the high burst ratio
(Figure 11d,e, BR = 0.45 and 0.57). The possible scenario is that the ionic wind and/or the induced jet
might cause the movement of the maximum fluctuation spot. Although the ionic wind induced by
nanosecond plasma actuation is very weak [12], it might be relatively strong in the high burst ratio
compared to that in the low burst ratio. Additionally, the burst plasma discharge with the high burst
ratio might cause strong induced jet.

4. Conclusions

The thermal fluctuation induced by a ns-DBD plasma actuator would be important for flow
control in high speed flows. In this study, we focused on the thermal fluctuation generated by the burst
plasma actuation because it would enhance the performances of flow control, such as flow separation
postponement and turbulence augmentation. To investigate the thermal fluctuation characteristics,
the Schlieren technique as well as the frequency analysis based on the Schlieren images were used.
The burst plasma discharge was controlled by an interval frequency f;,;; = 200 Hz and a pulse frequency
fB = 3.6 kHz as well as the duration time of the burst event: Ty,. A burst feature was defined as a burst
ratio BR = Tou/(1ffint)

The Schlieren photography showed that the thermal perturbation grew large in the burst plasma
discharge case compared to that in the no-burst discharge case. During the plasma discharges in the
burst event, the area of the thermal perturbation was gradually increased because several plasma
discharges keep supplying the thermal energy to a surrounding air before the thermal perturbation was
diffused due to thermal equilibrium. Even after the plasma discharges extinguished, the thermal area
kept increasing slightly, then the thermal perturbation started diffusing. The burst plasma discharge
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generated a burst-induced hot plume which leads to several thermal patterns; however, the number of
thermal patterns was not same as the number of plasma discharges. In the high burst ratio: BR = 0.45
and 0.57, the burst-induced hot plume was formed as a wave thermal pattern.

The results of the frequency analysis showed that the thermal perturbation was dominantly
fluctuated at the interval frequency of 200 Hz and the pulse frequency of 3.6 kHz in the burst plasma
discharge case. The thermal fluctuation at 3.6 kHz only appeared on the surface of the ground electrode,
whereas the thermal fluctuation at 200 Hz appeared both on the surface and above the ground electrode.

In the high burst ratio, the thermal fluctuation above the ground electrode means that the wave
thermal pattern is mainly fluctuated at 200 Hz. We believe that the wave shaped thermal fluctuation
might enhance the flow control. Additionally, a maximum fluctuation spot of 200 Hz appeared near
the edge of an exposed electrode in the low burst ratio, whereas it moved towards the ground electrode
in the high burst ratio. The possible scenario is that a relatively strong ionic wind and/or an induced jet
generated in the high burst ratio might cause the movement of the maximum fluctuation spot. Further
investigation is necessary how the ionic wind and/or the induced jet affect the thermal fluctuation.
Moreover, further investigation of the thermal fluctuation in freestream condition is also required to
enhance aerodynamic performances for active flow control.
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