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The dielectric barrier discharge (DBD) plasma actuator is a popular technology for active
flow control; however, the influence of the heat generated by the actuator on its performance
is seldom mentioned. In this work, an experimental investigation is conducted to evaluate the
interaction between spontaneous heat generation and the performance of an AC-DBD plasma
actuator. The characteristics of the AC-DBD plasma actuator are examined temporally in
quiescent air, including the profile of the induced flow, capacitance properties, power con-
sumption, plasma light emission, and surface temperature. The particle image velocimetry
shows that the velocity profile of the induced flow increases temporally, indicating enhanced
momentum injection by the AC-DBD plasma actuator. The capacitance, power consumption,
plasma brightness and surface temperature increase with the operation time analogously to
exponential curves (f(x) = a — bexp™“*). And values of these properties are proportional to
3.5 power of the applied voltage. The dielectric surface is categorized into three typical stream-
wise regions according to the heat generation characteristics: the plasma region, the insulated
electrode region, and the far field region. The dominant heat generation occurs in the plasma
region due to the plasma discharge. The temperature increase of the local dielectric and the
gas-plasma mixture enlarges the actuator capacitance, benefits the local induced electric field,
and results in longer mean free paths of particles and stronger discharges accordingly. Thus,
the spontaneous heat generation affects the induced ionic wind, and the performance of the

AC-DBD plasma actuator is time dependent during the early period of the operation.
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Ccold = non-ionization capacitance, C

Cy = dielectric capacitance, C

C.rr = eflective capacitance, C

E = electric field, V/m

f = frequency, Hz

l = length, mm

Pp = dielectric heating power, W

Pr = electrical power, W

Py = mechanical power, W

0 = electric charge, C

q = heating power, W

R = resistance, Q2

T = temperature, °C

t = time, s

u = velocity, m/s

V., = voltage across air, kV

Ve = voltage across the capacitor, kV
Vbep = instant applied voltage, kV

Va = voltage across the dielectric layer, kV
Vop = peak-to-peak voltage, kV

Vr = voltage across the resistance, kV
Xx,y,z = coordinate, mm

tané = dielectric loss tangent

P = density

I. Introduction
HE dielectric barrier discharge (DBD) plasma actuator has become an attractive pneumatic technique for active
Tﬂow control in the past decade. It has been widely applied to separation control [1H3], boundary layer control
[4) 5], velocity fluctuation control [6} 7], noise control [8| 9], and maneuvering control [10H12]. A typical DBD plasma
actuator consists of four parts: an exposed electrode, an insulated electrode, a dielectric layer sandwiched between
two electrodes, and a high-voltage and high-frequency power supply. In many studies, plasma actuators are driven

by alternating current (AC), known as AC-DBD actuators. The details of AC plasma actuation can be found in the
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references [3, [11} [13]. Once the AC-DBD plasma actuator is ignited, the neutral air near the exposed electrode is
ionized to form plasma. Due to the electric field between two electrodes, the ions move from one electrode to another
and collide with the neutral gas molecules. Thus, a local flow motion is induced, the so-called ionic wind [14]. The
characteristics of dielectric barrier discharge were reviewed in detail by Brandemburg [[15]], and applications of AC-DBD
plasma actuators in aeronautic engineering were well reviewed by Moreau [16] and Corke, et al. [17].

In most applications, the AC-DBD plasma actuator is used as a zero-net-mass-flux actuator to inject the momentum
into the flow field [18]]. It is also commonly referred to as a nonthermal plasma actuator, as the gas temperature is close
to the ambient temperature while the electron energy is in the order of 10 eV [19]. However, experimental measurements
[20] showed that the electromechanical efficiency of the AC-DBD plasma actuator is rather low. Most of the energy
from the actuator is released as thermal energy to the surrounding air and to the actuator itself [13| 21]]. Joussot, et
al. [22]] and Tirumala, et al. [23]] measured the surface temperature of the AC-DBD plasma actuator in quiescent air
with infrared cameras and found that the surface temperature increased significantly. Rodrigues, et al. [24]] developed
an air flow calorimetric technique to measure the heat release of the AC-DBD plasma actuator. They found that the
heat generation efficiency is dependent on the thickness of the dielectric layer. The heat generation phenomenon was
also observed with Schlieren measurements in the micro-, milli-, and nano-second DBD cases [25-27]]. The heat
generation of the AC-DBD plasma actuator has also been experimentally applied for de-icing and anti-icing [28-31]].
The performance of an AC-DBD plasma actuator is determined by many factors, such as the geometry, applied voltage,
operation mode, and ambient pressure [32H35]]. It has also been noted that the temperature of the ambient air [36] and
the temperature of the dielectric layer [37] affect the induced velocity field. Versailles, et al. [36] suggested that the
mean free path of gas molecules increases when the ambient temperature is high. Thus, ions can obtain more kinetic
energy from the electric field before they collide with neutral gas molecules, leading to enhanced global momentum
transfer.

Due to rather limited studies on the spontaneous thermal effect on the performance of the AC-DBD plasma actuator,
it is necessary to further investigate the interaction between the induced flow and the spontaneous heat generation
for applications of AC-DBD plasma actuators to active flow control. The primary objective of the present study is
to evaluate the performance of an AC-DBD plasma actuator temporally through an experimental investigation. The
induced flow field, actuator capacitance, power consumption, plasma emission, and surface temperature of the dielectric
layer were measured temporally, and an analysis was conducted to explain the influence on the induced flow due to the

heat generated by the AC-DBD plasma actuator.

I1. Experiment Setup
The circuit of the AC-DBD plasma actuator used in this study is illustrated in Fig. [T} Electrodes of the actuator were

made of copper film with a thickness of 0.025 mm. The effective length of the actuator was 100 mm. The widths of the
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Fig. 1 Schematics of the electric circuit of the AC-DBD plasma actuator.

Insulated
Electrode

exposed electrode and the insulated electrode were 2 mm and 20 mm, respectively. There was a 2 mm gap between the
electrodes. The dielectric layer was made of acrylic plate (150 mm x 200 mm) with a thickness of 2 mm. The lower
surface of the insulated electrode was covered with two layers of 0.06 um thick Kapton film to isolate it from the air. A
resistance R = 100 ohm and a Class I ceramic capacitor C. = 33 nF were connected in series on the grounded side to
measure the power consumption of the circuit[38]]. The applied voltage (Vppp), the voltage across the resistance (Vg)
and the voltage across the capacitor (V) were measured simultaneously using an oscilloscope (Keysight DSOX2014A)
with voltage probes (Teckronix P6015A and Agilent N2862B). The AC power supply was in a sinusoidal waveform with
a frequency around 20 kHz. A synchronizer (BNC 575) was used to trigger the power supply and it was also connected
to other diagnostic devices. It should be noted that the diagnosis data in different individual cases were examined. ¢ = 0
was defined as the moment that the AC-DBD plasma actuator was turned on. The applied peak-to-peak voltage varied
from V,, =12 kV to V,,, = 18 kV.

The experiment was conducted in the test section of a closed-loop wind tunnel in the Hong Kong Polytechnic
University, to ensure a quiescence environment for the AC-DBD plasma actuator. The flow was generated only due to
the AC-DBD plasma actuator and no external flow was applied. The size of the test section was 600 mm X 600 mm X
1200 mm. The AC-DBD plasma actuator was placed on a thick foam plate to insulate the heat transfer from the bottom
surface. To avoid any light reflection during the experiment, the upper surface of the actuator (except for the exposed
electrode) was painted in flat black. During the experiment, the room temperature of the laboratory remained nearly
constant by a central air-conditioning system. A temperature probe was used to measure the air temperature in the
wind tunnel. The air temperature change was less than 1°C. After each test, the wall of the test section was removed to
initialize the ambient condition. All the diagnostics were conducted at least twice, and comparisons of results showed
that observations were repeatable.

The power consumption of the AC-DBD plasma actuator was calculated using the measurements from the oscilloscope.
For each instant, the sampling duration was 200x107% s, in which 3 completed cycles of the sinusoidal wave could

be included. The resolution was 4x10~° 5. The time interval between sampling instants was 2 s, corresponding to
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a sampling frequency of 0.5 Hz. The measurement uncertainties were 200 Volt for Vppp(?) (~ 1.1% of V,;,), and
0.03 Volt for Ve(t) (~ 1.3% of the peak value). For the in-line monitor capacitor, the change in capacitance with
voltage is negligible[39]]. The electric discharge Q in the circuit were calculated using the voltage across the capacitor,

dQ = dV¢ x C,. Then, the powers per unit length were defined as
1
Pg = :lf Q(t)dVpep 1

where 7 = 50 x 107%s is the period of one sinusoidal cycle, and [ = 0.1 m is the length of the AC-DBD plasma actuator.

The surface temperature of the AC-DBD plasma actuator was measured using an infrared camera (FLIR A6751sc)
with a 25 mm lens. The calibrated temperature ranged from 10°C to 90°C and the measurement accuracy was +2 °C. In
this paper, the change in temperature (AT=T;-T;iriq1) is presented rather than the absolute temperature. The initial
temperature T;,;si41 Of the dielectric layer was measured before each experiment. The sampling frequency of the infrared
camera was set at 1.7 Hz with a frame resolution of 5.8 pixels/mm. In addition, another digital camera (Nikon D750
with a 180 mm macro lens) was used to visualize the plasma generated by the AC-DBD plasma actuator. The exposure
time was set at 1/10 s and the ISO was fixed at 6400. The time interval between frames was around 5 s. The frame
resolution was 112 pixels/mm.

Two-dimensional particle image velocimetry (PIV) measurement was conducted to obtain the details of the AC-DBD
induced flow field. A dual-pulse laser (EverGreen 532 nm, with each pulse of 600 mJ) was used to light up the flow
field in the x-z plane (see Figure 1). The frames were captured using a CCD camera (HiSense 4M) with a resolution of
2048 x 2048 pixels. The entire tunnel was uniformly seeded with oil particles (normal diameter 1 wm) from an aerosol
generator (TSI 9307-6) [40]. The analysis was conducted using DynamicStudio software with adaptive PIV correlation.
The initial interrogation area was 32 X 16 pixels. The measurement uncertainty of the particle displacement was about

0.05 pixels [41]]. Thus, the corresponding uncertainty of the velocity was less than 0.02 m/s.

II1. Results and Discussion

A. Plasma light emission

Although the lifetime of the plasma discharge is very short, the high frequency AC-DBD plasma actuator reignites
the old plasma discharges at the same position in every AC period due to the memory phenomenon [42]. Thus, a long
exposure (compared to the plasma discharge duration) digital camera could obtain a time-averaged distribution of the
plasma discharges, which highlights dominant features during this period. Figure[2[a) shows three typical examples
of plasma discharges after running the actuator with V,,, = 18 kV fort = 16 s, t = 102 s, and ¢ = 204 s, respectively.
At each instant, three typical plasma structures are observed: the small discharge spots, the streamers and the glow

region. Overall, the discharging is not isotropic along the electrodes. However, the distribution of aforementioned
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Fig.2 (a) Frames of the plasma generated by the AC-DBD plasma actuator with V,, =18kV att=16s,¢ =102
s and ¢ = 204 s, respectively; (b) the spanwise-averaged temporal brightness of plasma at x = 3 mm with different
Vpps and (c) the gray-scale brightness of plasma at 1 = 196 s versus (V), 1,,)3'5 with a linear fitting line.

structures is quasi uniform. The small discharge spots are very close to the exposed electrode, and they only exist in the
region x < 1 mm. At some positions, the discharge spots are replaced by strong streamers with some weak branching
streamers. Surrounding these plasma streamers, there are glow regions. Since frames were taken with long exposure
durations, some unsteady branching streamers may appear as the glow in these frames. A comparison among these
frames indicates that both the length and the brightness of the streamers are developing with the active duration. At ¢ =
16 s, the length of the streamers is less than 4 mm; while at t = 204 s, it is close to 5 mm. At the same time, the area of
the glow regions is enlarging.

To further illustrate the unsteady plasma developing process, the spanwise-averaged plasma emission brightness for
each instance was obtained by averaging the brightness in the line at x = 3 mm. These spanwise-averaged results were
then plotted in the time sequence to demonstrate the temporal evolution of the plasma emission brightness, as shown
in Fig. E[b). For each applied V,,,, the overall evolution of the plasma brightness was analogous to the exponential
function f(x) = a — bexp(—cx). This result indicates that the AC-DBD plasma actuator was unsteady in the beginning
and it became quasi steady after a long period of operation. In the case with a higher V,,,,, the temporal difference of
the plasma brightness was much larger. Another notable tendency showing in Fig. [2(b) is that the plasma brightness
increases significantly with the applied V},,,. The corresponding gray-scale brightness of plasma at ¢ = 196 s in these

)33, which is

cases are plotted in Fig. c). Here, the x—axis is the 3.5 power of the applied peak-to-peak voltage, (V;,,
known to be proportional to the power consumption[43]]. As observed in Fig. [2{c), the plasma brightness increases

linearly with (V}, ,,)3‘5 . Therefore, the plasma brightness is proportional to the power consumption.

B. Capacitance variation and power consumption
Figure [3[a) shows a typical example of instant Q-V cyclograms (Lissajous figures) of the AC-DBD plasma actuator

with V,,,, = 18 kV, which includes important details to estimate the electric performance of the actuator[43]. It is
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Fig. 3 (a) The electric charge Q through the circuit versus the applied voltage with V,,, = 18 kV (Lissajous
figures); (b) the time histories of cold (non-ionization) capacitance C.,;; of the AC-DBD plasma actuator with
different V,,,; (c) the time histories of effective capacitance C;f - of the AC-DBD plasma actuator with different

V,»; and (d) the capacitances at r = 200 s versus (V,,,)’-> with linear fitting lines.
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obvious that the electric charge Q was increasing during the operation. At ¢ = 20 s, the maximum electric charge in the
circuit was Q = 63.4 nC; while at t = 200 s, it increased to Q = 68.9 nC, corresponding to an increment of 8.7%. To
better understand the temporal behavior of the AC-DBD plasma actuator, two significant capacitance values, C,,4 for
the non-ionization (cold) capacitance of the actuator, and C,z for the effective ionization capacitance, are introduced
(see dashed lines in Figa)). The C,y can be further categorized into C:ff during the voltage rise half cycle (the input
AC volateg signal from —90° to 90°) and Cgf: ; during the voltage fall half cycle (the input AC voltage signal from 90°
to 270°). The local capacitance was calculated as C(¢) = dQ(t)/dV(t). Then the instantaneous capacitances during
1/87 ~ 1/41,5/87t ~ 3 /41, and both 3/87 ~ 1/27 with 7/87 ~ 7, were averaged as C:ff, Ce‘ff,

Vpp cycle, respectively. This method can provide a result very close to that produced by the capacitance histogram

and C¢,q in one

analysis[43].

The time histories of cold (non-ionization) capacitances are plotted in FigEkb) for cases with different V,,,. Itis
obvious that the increase of the applied voltage enlarges the cold capacitance. With V,,,, = 12 kV, the cold capacitance is
almost constant at C.,;¢ = 4 pF’; while it dramatically increases to a mean value around C¢1g = 6 pF with V,,, = 18 kV.
In addition, the cold capacitances rise temporally in these cases, excepting that with V), = 12 kV. For instance, the
capacitance change between ¢ = 10 s and ¢ = 200 s is AC,o1q ~ 0.3 pF (5%) with V,,,, = 18 kV. The overall evolutions
of these cold capacitances are analogous to the exponential function f(x) = a — bexp(—cx). This result indicated that
the electric properties of the AC-DBD plasma actuator varies temporally even during the non-ionization period. Even
though the discharge type during the voltage rise half cycle is the streamer mode, while it is the glow mode during
the voltage fall half cycle[[14]]. The different discharge modes only have a very small impact on the result of effective
capacitances (Ce‘f Y / Ce*f ; 1) [43]]. The time histories of C;rf . are shown in Figc). Similar to those shown in Figb),
the increase of the applied voltage significantly enlarges the value of effective capacitances. The increment of C;rf Y
from V,,, = 12 kV to V},, = 18 kV is even larger than 50%. For each time history of C;rff,

tendency analogous to the exponential function f(x) = a — bexp(—cx). The increment of effective capacitance with

it also follows an increasing

Vop =18 kV is AC7,. = 1.4pF (10%) from # = 10 s to # = 200 s, much higher than that for the cold capacitance. On
the basis of this result, it can be expected that the discharging of the AC-DBD plasma actuator is varying during the
experiment with a fixed V), ,, consistent to the observation of plasma light emission in Fig@ In Fig@d), the capacitances
at t = 200 s are plotted versus (V,,,)>>. The linear fitting lines are shown as the dash lines. It is obvious that these
capacitance data fit well with the linear function, indicating that the electric properties of the AC-DBD plasma actuator
is also related with the power consumption.

Figure Eka) shows temporal evolutions of the actuator power consumption with various V),,,, obtained using EqE']
based on the capacitor method. For instance, in the case of V,,;, = 18 kV, the power consumption per spanwise length
is about Pg ~ 65 W/m at the beginning; it then increases exponentially to Pg ~ 72 W/m at t = 200 s. Similar

increase tendencies of the power consumption are also noted in the other cases. Thus, it can be known that the electric



173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

(a) {0 | : , (5) 80 T T T T
N nate atesed et oegueabal L .
60 V= 18KV . 601 .
s v, =16kV 1 s |
~ « o >~ Pl
\% 40 [ — % 40+ -
ot v, =14kV 1 & ;
20 v, =12kV ) 20r e )
e | L [ 4
L | L | | | | 1
% 100 200 %2 4 6 s 19
Time () )" X10

Fig.4 (a) The time histories of the power consumption of the AC-DBD plasma actuator with different V,,; and
(b) the power consumption at ¢ = 200 s versus (V) p)3'5 with a linear fitting line.

performance of the AC-DBD plasma actuator is time-dependent and it varies a lot at the early time of the operation. In
other word, the electric performance of the AC-DBD plasma actuators needs a period of operation time to be quasi
steady. It is also obvious in FigEKa) that the power consumption increases greatly with the increase of applied V,,,. For
comparison, the power consumptions at t = 200 s in these case are plotted versus (V), p)3'5 in FigEkb). As highlighted
by the linear fitting line, the power consumption of the actuator is almost proportional to (V,, p)3'5, which is consistent
with previous studies[32}43].

Following Jukes, et al. [44] and Kroschwitz [435]], the electric power consumption per length due to the dielectric
heating effect, Pp, can be calculated as

1
Pp =217 fV3,Ctans (2)

where f is the frequency of the applied voltage, C = 0.5(Cco1q + Cepr) is the capacitance of the actuator, and tané
is the dielectric loss tangent. In this study, the dielectric loss tangent is tané = 0.0014 with frequency f = 20 kHz at
T = 30 °C and this parameter of acrylic is insensitive to temperature.[46]] The results of Pp at different V),,, and the
corresponding ratios of Pp/Pg are shown in Table|l} For V,,, = 12 kV, the dielectric heating can approach 18.3%
of the total electric power consumption at the beginning. Then it reduces to 14.8% at t = 200 s. Nevertheless, at a
higher peak-to-peak voltage, the percentage of the dielectric heating in the total electric power consumption is less, for
instance, Pp/Pg is only 8.8% for V,,, = 18 kV. This makes sense because the total electric power consumption is
proportional to the peak-to-peak voltage with a power of 3.5, Pg ~ (V,, 3-3: while the dielectric heating is proportional

to the peak-to-peak voltage with a power of 2, Pp ~ (Vpp)z. Overall, the dielectric heating power makes only a small

contribution to the heat generation of the actuator.

C. Induced flow
The PIV measurement was conducted in the x-z plane, locating at the middle of the actuator. The data acquisition

duration was 200 seconds. In Fig[5] the time-averaged velocity contours with the velocity vectors in the case of
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Table 1 The power consumption due to the dielectric heating.

VPP(kV) Pp att =4s(W/m) Pp/Pg (%) Ppatt=200s(W/m) Pp/Pgr (%)

12 1.6 18.3 1.7 14.8
14 22 10.4 2.5 10.6
16 3.6 9.8 4.2 9.7
18 5.5 8.8 6.3 8.7
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Fig. 5 The velocity contours of the time-averaged PIV results in the x-z plane with the superimposed velocity
vectors.(V,, = 18 kV)

Vpp = 18 kV are demonstrated from ¢ = 40 s to ¢ = 200 s, with an average time step of 40 seconds. In all of the
frames, the AC-DBD plasma actuator generates a wall-jet-like ionic wind on the surface. As the working time increases,
the observed velocity magnitude of the induced flow increases gently. At the same time, the region with the large
velocity magnitude is obviously stretched downstream, and the position where the highest velocity occurs also moves
downstream. However, the time-averaged thickness of the induced flow changes little. In this measurement, the
maximum time-averaged velocity reaches 3.75 m/s in 160 ~ 200 s, while the instantaneous velocity map at ¢ = 200 s
shows that the maximum instantaneous velocity can even exceed 4 m/s.

FigureElshows the temporal development of Z;Z(l)o (u)? at the location of x = 20.3 mm with different applied
voltages. As can be seen in Fig@ the instant value of " (u,)> was oscillating greatly, especially in cases with higher Vops
indicating that the induced ionic wind was unsteady and the mechanical power output of the actuator varied temporally.
This temporal velocity oscillation of the ionic wind can be attributed to the less homogeneous discharge with the
higher applied voltage[14]] and the stronger three-dimensional effect in the downstream flow field due to the filament
discharge[47]. Even though, the sum of (u,)? still can be roughly proportional to the momentum (p f Uz2 dz) of the
local ionic wind. Linear fitting was applied on these experimental data and the corresponding fitting lines are shown in
Figlel Notably, the linear fitting lines are intended to illustrate the general trends in time. No quantitative interpretation

from the linear fitting will be made in the discussion. It is obvious that these fitting lines have positive slopes, showing
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Fig. 6 The development of Z;j(l)o (u;)* at x = 20.3 mm and y = 0 in cases with different applied voltages;
each data point is a time average value of 2 seconds for a single test and experimental data are fitted by linear
functions.

the temporally increase of the mean Y, (u;)>. For the case of V,,, = 18 kV, the fitting line slope is 0.13 m?/s?,
which is quite large; the time-averaged Y (u,)? increased from 38.3 m?/s? during t = 0 ~ 50 s to 56.0 m? /s> during
t = 150 ~ 200 s, corresponding to an increment of 46.4 %. The other cases also show the similar tendency of ¥ (u,)?
during the experiment. However, the changes became smaller when the applied voltage was reduced. For instance, the
time-averaged Y, (u;)* changed from 5.4 m?/s? over t = 0 ~ 50 s to 6.0 m?/s* over t = 150 ~ 200 s in the case of
Vpp = 12 kV, corresponding to an increment of only 10.4 %. Therefore, it can be concluded that the mechanical power
output of the actuator is enhanced with the increasing of the actuator activation time. The aerodynamic performance of

the AC-DBD plasma actuator is time dependent during the early period of the operation.

D. Dielectric temperature

Examples of temperature changes AT on the dielectric surface at times t = 16 s, = 102 s and ¢ = 204 s in the cases
of V,, = 14 kV and V},, = 18 kV are presented in Figﬂa) and Figﬂb), respectively. In both cases, the contours of the
temperature increment near the exposed electrode are not homogeneous in the spanwise direction. There are highly
concentrated temperature change distributions near the edge of the exposed electrode, which represent the highest
temperature rises on the dielectric surface. These regions correspond to the small discharge spots and the streamers in
Fig[2(a). The high temperature increment is a result of the very low but high-frequency heating of the plasma discharge
[42]. As shown in Figa), the maximum temperature increment on the dielectric at ¢ = 16 s is around AT = 20 °C;
att = 102 s, it increased to AT ~ 30 °C; and at t = 204 s, the maximum temperature increment changes little, while
the area of high temperature regions increases greatly, which is clearly shown by the moving contour lines. This

expansion of high temperature regions near the exposed electrode can be a result of the aforementioned expanding
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Fig. 7 Instantaneous temperature change distributions of the AC-DBD plasma actuator with (a) V,,, = 14 kV
and (b)V,, = 18kV att = 165, = 102 s and ¢ = 204 s, respectively; (c) and (d) corresponding spanwise-averaged
(y = —40 to 40 mm) temperature change distributions along x—axis.
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Fig. 8 The spanwise-averaged (y = —40 to 40 mm) spatiotemporal temperature distribution of the AC-DBD
plasma actuator with (a) V,,, = 14 kV and (b) V,,, = 18 kV.

plasma structures (see in FigIZ[a)). Meanwhile, in the downstream region, the nonuniformity of temperature increment
becomes less in the spanwise direction. The same evolution of the temperature increment on the dielectric layer can also
be seen in Fig[7(b) with a higher V,,,,.

To understand the evolution of temperature changes in the streamwise direction, the spanwise-averaged (y = —40 to
40 mm) temperature change is plotted, as shown in Figmc) and Figmd) for V,, = 14 kV and V),;, = 18 kV, respectively.
Because of the averaging, the spanwise-averaged temperature increment is smaller than the highest temperature.
However, the spanwise average is still useful for demonstrating the temperature changes on the dielectric surface. At
each instant, the temperature increment near the exposed electrode is much higher than that in the downstream region,
and the maximum temperature increment occurs near the location x = 0.5 mm due to the uniform discharge spots near
the exposed electrode. In the area of x = 0.5 ~ 1 mm, there is a small temperature drop, because of the absence of the
plasma spots, as shown in Fig[2] Benefiting from the uniformly distributed glow regions and the plasma streamers, the
temperature increment at 7 = 204 s doesn’t change much until it is near x = 2 mm in Fig[7(c) and x = 3 mm in Fig[7(d).
After these two points, the temperature increment begins to decrease significantly as the position comes close to the
edge of the plasma region (see in Fig[2(a)). Later, the temperature increment decreases gradually as the y distance
increases. It is worthy to note that the temperature increment decreases slightly faster after x = 22 mm in both cases.

The spatiotemporal variations of the spanwise-averaged temperature with V,,,, = 14 kV and V,,, = 18 kV are plotted
in Fig[§] as contour fields. The horizontal axis is the x distance and the vertical axis is the time. Near the exposed

electrode, significant temperature rises are observed during the early decades seconds. In Fig[§(a), the temperature
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increment has reached AT = 20 ° at ¢ = 30 s; and in Fig[§|b), it only takes several seconds to approach AT = 20 °.
After these rapid increase periods, although the temperatures continue to increase, the temperature growth rates become
smaller. In the downstream region, the temperature increment is much slower, which is also clearly seen in Fig[7(c) and
Fig[7(d). Meanwhile, the time differences between two adjacent counter lines show the tendency that the temperature
growth rate in the downstream region is also decreasing temporally. In both Fig[8|a) and Fig[§[b), there are two main
abrupt changes during the development of the spatiotemporal temperature distribution, indicating by the counter lines.
With V,,,, = 14 kV, the first turn occurs near x = 4 mm att = 5 s; in the case of V,,, = 18 kV, it is near x = 5 mm at
t =5 5. Notably, the temperature increment deceases fast within x = 0.5 ~ 1 mm due to the absence of plasma spots.
After this region, the temperature increment decreases slightly until the later abrupt turn near x = 22 mm. In the case of
Vpp = 18 kV, the temperature is nearly constant within x = 1 ~ 2 mm. As mentioned in Figm, this region with a very
small temperature change is a result of the plasma glow and plasma streamers. The second turn appears near x = 22 mm
in both cases, just at the edge of the insulated electrode. After this position, both of the temperature increment and its
growth rate become much smaller.

Figure[9(a) and Fig[9[b) show the spanwise-averaged temporal temperature increment AT at x = 3 mm and
x = 15 mm with different V,,,. For each V,,,, the temperature growth rate is very fast at the beginning and then decreases
quickly to a low level. For instance, near the exposed electrode (x = 3 mm, see Fig[0(a)), the maximum temperature
growth rate is AT ~ 3°C/s in the case of Vpp = 18 kV. It then decreases rapidly to AT ~ 0.5°C/s when t = 20 s and
continues to decrease to AT ~ 0.1°C/s at t = 120 5. At the downstream location of x = 15 mm, (see FigEkb)), the
temperature growth rate drops from AT ~ 0.2°C/s to AT ~ 0.1°C/s during the first 50 seconds. Evolutions of the local
temperature increment are analogous to exponential functions (f(x) = a — bexp(—cx)). The temperature increments AT
at both locations are larger with the higher applied peak-to-peak voltage. In Fig[9|c), it is obvious that the temperature
increments at t = 200 s increase linearly with (V), p)3'5. The local temperature increment is proportional to the electric

power consumption too.
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E. Discussion

When the AC-DBD plasma actuator is operated at the high voltage, it induces ionic wind and generates heat. More
specifically, the energy consumption of the AC-DBD plasma actuator is converted into the kinetic energy of the induced
flow, the thermal energy of the induced flow, and the thermal energy of the actuator itself, which can be written in the
time-rate change form as

Pg =Py + qair * Gactuaror (3)

where Pg is the power consumption of the AC-DBD plasma actuator, P is the mechanical power (the kinetic energy
increase rate of the induced flow), ¢4;, is the heat transfer rate to the surrounding air, and §scruaror iS the heat transfer
rate to the actuator. It is known that the electromechanical efficiency of an AC-DBD plasma actuator is very low,
usually less than 5%][20]. Most of the power consumption of an AC-DBD plasma actuator releases into the surrounding
environment as heat due to two mechanisms: the dielectric heating mechanism and the plasma heating mechanism
[24]. The dielectric heating mechanism occurs because of dielectric loss. As demonstrated in Eq[2]and Table[T} the
power of dielectric heating is relatively small; thus, most of the heat comes from the plasma heating mechanism.
Generally, the plasma generated by an AC-DBD plasma actuator is nonthermal plasma [16]], in which heavy species
have temperatures close to the ambient temperature, while the electron temperature is much higher. However, very
low-value but high-frequency heating still can raise the temperature in the regions in which the plasma discharge occurs.
In this study, very strong discharges are generated by the actuator along the exposed electrode, which are observed as
the bright plasma streamers and plasma spots shown in Fig[2[a). Thus, the temperature distribution of the dielectric
surface near the exposed electrode is irregular along the spanwise direction. The surface temperature in regions covered
by the plasma streamers and plasma spots is much higher than that in the surrounding area; this temperature difference
can even exceed 20°C, as shown in Fig[7} This confirms that the dominant thermal energy of the AC-DBD plasma
actuator is generated by the plasma heating mechanism. Furthermore, the temperature of the gas-plasma mixture is not
uniform in the spanwise direction, which may induce crossflow convective instability.

From the spanwise-averaged dielectric temperature, the dielectric surface can be divided into three typical regions in
the streamwise direction: the plasma region (x € [ 0, 5) mm), the insulated electrode region (x € [ 5, 22) mm) and the far
field region (x € [ 22, co) mm). In the plasma region, the dielectric surface is covered by the plasma. Because the plasma
is the dominant heating source, the spanwise-averaged surface temperature is much higher than that in other two regions.
Because of the absence of plasma, the surface temperature in the insulated electrode region is not high. The temperature
of the local dielectric increases because it generates heat due to the dielectric losses, it exchanges the thermal energy
from the induced flow, and it receives thermal energy from the plasma region. Meanwhile, part of the thermal energy of
the local dielectric layer is transferred to the far field region through internal thermal conduction. In the far field region,

the surface temperature becomes much smaller. The local thermal energy is provided by thermal convection with the
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induced flow or the ambient air, and the internal thermal conduction from the upstream regions. It should be noted that
the thermal conductivity of the acrylic layer, k ~ 0.2 W /(m-K), is extremely small. Thus, the thermal conduction inside
the dielectric layer is quite slow, and the surface temperature drops considerably near the edges between regions.
Temporally, the dielectric surface temperature increases rapidly at the beginning, and then its growth rate decreases
to an extremely low level. As shown in Fig[9] the evolution of the temperature increment is analogous to an exponential
function, similar to evolutions of plasma emission (see Fig[2{b)). Enloe, er al. [14] demonstrated that the plasma
emission is proportional to the current across the actuator, which suggests that the temperature increase of the dielectric
layer and the surrounding air enhances the discharge phenomenon. Thus, more charged particles can be generated at a
time. In Fig[J[(a), it is also observed that the region covered by the plasma extends downstream during the measurement.
Therefore, the accelerating distance of charged particles becomes longer, and more momentum can be added to the
induced flow by the actuator. This is confirmed by the increasing velocity profile of the induced flow measured by PIV.
This result is consistent with those demonstrated in previous studies [36, 137]], in which the momentum induced by the
AC-DBD plasma actuator increases when the dielectric layer is heated or the ambient temperature is increased.
Generally, an AC-DBD plasma actuator is interpreted as a series of sub-circuits in parallel. Each sub-circuit is a
combination of the dielectric layer capacitance, the gas capacitance and the gas resistance[43} 48]]. Thus, during the

non-ionization period in each AC cycle, the charging in the circuit has the relationship as

dv, dvy
Ca—2 =Cy—2 4
adt dd[ ()

where C, is the capacitance of air, V,, is the voltage across air, Cy is the capacitance of dielectric layer, and V is the

voltage across dielectric layer. The relationship between C, and C; can be drawn as

1 1 1
— +— = ®)
Ca Cd Ccold
Thus, the voltage ratio between the air and the dielectric layer during the non-ionization period, % %, can be
rewritten by substituting valuables with Eq[4]and Eq[5] given as
av, ,dv, C
SACYAC I ©6)
dt dt Ccold

During the ionization period, the air capacitance is broken down and the value of C.rr approximately equals to Cyq. As
shown in Figc), C;f. ; increased continuously during the experiment. Therefore, the value of the dielectric capacitor
Cy also increased temporally. This is consistent with the phenomenon that the increase of temperature (before the glass
transition temperature) can lead to a rapid gain of its dielectric constant[49]. Although both C;'f Y and C.,;4 increase

simultaneously during the experiment (see Fig, the increment of C;’f f (Cy) is much larger than the increment of Cep4.
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Thus, the voltage ratio % % during the non-ionization period increases accordingly. As a result, V,, approached

to critical voltage V,;; earlier when the temperature of the dielectric increases and thus the duration of the discharge
process extends in each AC cycle.

Another important factor that is responsible for the enhanced discharging is the increasing temperature of gas-plasma
mixture in the plasma region. Although the global gas temperature change is not significant, which can be known
from the low temperature increment of the dielectric surface in the downstream of the plasma region, the gas-plasma
mixture can be extremely hot at positions where discharges occur. The local density of the gas-plasma mixture decreases
correspondingly. Therefore, the local reduced electric field strength (defined as E /N, where E is the electric field and
N is concentration of particles) can increase greatly, resulting in a lower threshold voltage V,,;; and a stronger discharge
current. The discharge is enhanced temporally and spatially, and more particles are charged[15, 50]. Meanwhile, the
mean free path of particles becomes longer due to the density decrease, leading to an increasing kinetic energy of
charged particles when they collide[36, [37]. Consequently, the plasma streamers and glow regions grow to the far
downstream region, and more electric power is converted into mechanical power inside the high-temperature gas-plasma
mixture. Globally, the momentum flux of the induced flow increases temporally. These temperature-induced phenomena

are analogous to those caused by the ambient pressure change[36, 51]].

IV. Conclusion

The AC-DBD plasma actuator is a popular pneumatic method for active flow control that can induce a wall-jet-like
flow on its surface. However, most of the consumed energy is released to the environment in the form of heat. It is
necessary to examine the spontaneous thermal effect on the performance of the AC-DBD plasma actuator. In this study,
we conducted an experimental investigation to measure the profile of the induced flow, power consumption, plasma light
emission, and temperature of the dielectric layer. According to the plasma light emission and the surface temperature
distribution, the dielectric surface can be divided into three typical regions in the streamwise direction: the plasma
region, the insulated electrode region and the far field region. The dominant heat generation occurs in the plasma region
due to the plasma discharge, where the maximum temperature increment is observed. The surface temperature is not
uniform along the spanwise direction because of the irregular distribution of the plasma. Temporally, both the surface
temperature and the plasma brightness increase analogously to an exponential curve. The PIV measurement shows
that the velocity profile of the induced flow increases temporally; therefore, the momentum injection by the AC-DBD
plasma actuator is related to the heat generation. On one side, the temperature increment of the dielectric layer affects
the electric properties of the AC-DBD plasma actuator. On the other side, the temperature increment of the gas-plasma
mixture benefits the local induced electric field and results in longer mean free paths of particles and stronger discharges
accordingly. Consequently, the spontaneous heat generation of the AC-DBD plasma actuator enhances the induced

ionic wind. The performance of the actuator is time dependent during the early period of the operation, which should be
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taken into consideration in applications of AC-DBD plasma actuators. The values of capacitance, power consumption,
plasma brightness and surface temperature are proportional to 3.5 power of the applied voltage. These trends can be
used to predict the power consumption and dielectric temperature of the AC-DBD actuator, which can help to reduce the

risk of actuator burning down.
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