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Abstract

The dielectric barrier discharge plasma actuator (DBDPA) is an active flow control device that induces the wall
surface jet utilizing the electrohydrodynamic force coming from the atmospheric barrier discharge. In recent
years, heat transfer enhancement, de-and anti-icing using DBDPA gets much attention. In the applications of
DBDPA to the field of thermal engineering, it is important to understand the thermal characteristics of DBDPA
itself. The purpose of this study is to clarify the heat transfer characteristics of DBDPA. For this purpose, the
heat transfer coefficient and temperature of the wall-surface jet are estimated by fitting the analytical solution
of the one-dimensional heat conduction inside the actuator. The time variation of temperature of the dielectric
surface is measured using the IR camera. The measurement is performed by varying the applied voltage.
Additionally, the time range and region for which the assumption of one-dimensional heat conduction is valid
are identified by the numerical simulation of two-dimensional heat conduction. As a result, the heat transfer
coefficient and airflow temperature are larger at higher voltages and take their maximum values near the
electrode, and these values are expected to be qualitatively valid. In the future research, to discuss the
quantitative nature of the estimates, flow field measurements, discharge imaging, and thermal energy
calculations are conducted.
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1. Introduction

Ice on wings of aircraft can cause flow separation, increasing drag and reducing lift. The dielectric
barrier discharge plasma actuator (DBDPA) is attracting attention as a device to prevent wing icing
and de-icing [1]-[4]. The DBDPA consists of two electrodes separated by dielectric, and one electrode
is exposed to the air, and the other is encapsulated by the dielectric as shown in Fig. 1. The wall-
surface discharge is generated by applying the AC high voltage of typically up several tens kV and
several kHz. This discharge generates the electrohydrodynamic (EHD) force, which induces a wall
jet. The DBDPA has many advantages [5] such as thin and light, no mechanical moving parts, and
electrical rapid controllability. The DBDPA can manipulate the flow by the EHD force and has been
studied for various engineering applications such as flow separation control of aerodynamic bodies
[6]-[8], boundary layer transition control [9], [10], and noise reduction [11].

As shown in Fig. 2, most of the power consumed by the DBDPA is converted into heat[12], which
rises the temperature of surrounding airflow and walls. In order to apply the DBDPA as a heater for
anti-icing and de-icing, a fundamental investigation of the thermal characteristics of the device is
necessary. Previous research has been conducted to measure surface temperature using infrared
cameras [13]-[15]. To discuss the heat energy input to the airflow and the wall, the heat transfer
coefficient and the airflow temperature rising need to be clarified. However, the airflow temperature
measurement near the electrode is difficult because the thickness of the discharge region is very thin,
micrometer order, and the high voltage is applied to the top electrode.

The objective of this study is to quantitatively calculate the temperature and heat transfer coefficient
of the airflow induced by DBDPA. For this purpose, we measure the surface temperature of the
DBDPA and fit the analytical solution of the heat conduction equation to it. In this paper, as an first
step of the research, we investigate the DBDPA driving in quiescent air.
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Figure 1 — Schematic of the DBDPA.
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Figure 2 — Schematic of heat production and transfer process around the DBDPA.

2. Experimental and Analytical Methods
2.1 Setup for Surface Temperature Measurement

Top view of the surface temperature measurement is shown in Fig. 3. The temperature of the DBDPA
is measured by the infrared camera (FLIR, T630). The spectral range of the camera is 7.5—-14 um,
the frame rate is 30 Hz, the temperature resolution is 0.03 K, and size of thermal photograph is 640 x
480 pixel. The spatial resolution is about 0.25 mm per 1 pixel. The measurement time is 300 seconds
(9001 frames) from plasma ignition. The bottom of the DBDPA is insulated with Styrofoam, which has
a thermal conductivity of 0.036. For the analysis, the one-dimensional temperature distribution of the
DBDPA is obtained by averaging in the spanwise direction.
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Figure 3 — Setup for measurement of surface temperature.

The configuration of the DBDPA is shown in Fig. 4. The material of the electrode is copper tapes,
the thickness is 0.05 mm, the bottom electrode is covered with polyimide tape, and there is no gap
between two electrodes. The surface of the top electrode is painted with the black splay to specify
the emissivity. The dielectric is PMMA (polymethyl methacrylate), and the physical properties of the
dielectric materials are shown in Table 1. The emissivity of the dielectrics are values obtained from
the preliminary surveys, and others are the nominal value.
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Figure 4 — Configuration of the DBDPA.

Table 1. Physical properties; emissivity e, thermal conductivity k, density p, specific heat capacity c,
and permittivity e.

Dielectric e k [W/m - K] p [kg/m3] c [J/kg - K] €
PMMA  0.96 021 12 x10°  1.46x10° 3.1

The voltage signal of the AC high voltage is supplied from the function generator (Tektronix,
AFG2021), and the signal is amplified by the amplifier (Trek, 20/20A-HS). The applied high voltage
is monitored with the oscilloscope (Teledyne LeCroy, HDO4034) via the high voltage prove (IWATSU,
PHV4002-3-R0O). The wave form of the AC voltage is sinusoidal, and the frequency of the voltage is
1 kHz. The experiment is conducted by varying the amplitude of the voltage to 18, 20, and 22 kVpp.

2.2 Simulation Method for Heat Conduction

The temperature distribution inside the dielectric of the DBDPA is obtained by the numerical
simulation. The governing equation is the two-dimensional heat conduction equation:

a0 020 N 920
dFo dY? a4z2’

where 6 is dimensionless temperature, Fo is Fourier number, and Y and Z is dimensionless length.
The computational domain is the inside of the dielectric with a thickness of 3 mm and a length of 60
mm, as shown in Fig. 5, and the physical properties of the dielectric are shown in Table 1. In the
spanwise direction, the temperature distribution is assumed to be uniform. The boundary condition
on the top surface is the surface temperature measured in the experiment. The experimental
temperature is averaged in the spanwise direction and interpolated linearly. Note that the thickness
of the top electrode is ignored. The boundary conditions for other surfaces are the thermal insulation,
and the initial condition is room temperature. The time integration is calculated by the second order
Runge—Kutta method, and the spatial differential is calculated by the second order central difference
method. The time increment dt is 0.008 s, the spatial grid sizes dy and dz are 0.08 mm.
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Figure 5 — Simulation domain.

2.3 Estimation Method for Heat Transfer Coefficient and Airflow Temperature

The heat transfer coefficient and the airflow temperature are estimated by regression using the time-
profile of surface temperature [16], [17]. Assuming one-dimensional heat conduction in the thickness
direction in the dielectric, the airflow temperature does not vary in time, the heat is transferred from
the airflow to the dielectric at a constant heat transfer coefficient, and the dielectric is a semi-infinite
solid in the thickness direction, the surface temperature of the dielectric is obtained as [18]
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where T is the surface temperature, T; is the initial temperature (room temperature), Tt is the airflow
temperature, h is the heat transfer coefficient, a is thermal diffusivity, and k is thermal conductivity.
The heat transfer coefficient and temperature of the wall-surface jet are estimated by fitting Eq (2) to
the surface temperature obtained by the experiment.

3. Result and Discussion
3.1 Surface Temperature Characteristics

Figure 6 shows the thermal photograph when the applied voltage is 22 kVy, and the time of 300 s
after the start of plasma ignition. The temperature at the left and right ends of the electrode is masked
because there are exposed and highly reflective and cannot be measured. A non-uniformity in the
span direction (x-direction) is observed in the temperature distribution. This is due to the micro-
discharge, which is a typical discharge structure of dielectric barrier discharge. Therefore, the
average temperature in the spanwise direction is used for the subsequent analysis. Figure 7 shows
the y (distance from the electrode edge) profile surface temperature at 5, 50, and 300 s after the
start of plasma ignition and when the applied voltage is 22 kV,. The temperature change is the
difference from the room temperature, and it is averaged in the spanwise direction (the range is from
x =-30 mm to 30 mm). The temperature is the highest at the edge of the electrode and decreases
with distance from the edge of the electrode. This is because the heat is generated in the discharge
region near the electrode edge.

Figures 8 shows the time variation of the surface temperature aty =2 and 10 mm. Near the electrode,
the temperature rises rapidly after discharge ignition, whereas at downstream the temperature rises
more slowly. The higher the applied voltage is, the higher the surface temperature is because power
consumption becomes higher. The temperature does not become steady even 300 seconds after
the start of discharge.
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Figure 6 — Thermal photograph of DBDPA when the applied voltage is 22 kVp, and t = 300.
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Figure 7 — Temperature distribution when the applied voltage is 22 kV.
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Figure 8 — Time variation of surface temperature.

3.2 Heat Conduction Inside Dielectric

In this paper, the semi-infinite solid assumption and the one-dimensional heat conduction
assumption are used in the derivation of Eq. (2). The time range and region where this assumption
is valid can be identified based on the simulation results the temperature and heat flux distributions.
Figure 9 shows the temperature distribution inside the dielectric at t = 10 s and 300 s obtained by
the numerical simulation when the applied voltage is 22 kVp,. The plotted value is the amount of
change from the room temperature. The heat diffusion inside the dielectric is successfully
reproduced.

Figure 10 shows the heat flux field when the applied voltage is 22 kVp, and t = 1 s. The colors in the
contour plot show temperatures, and the vectors show heat fluxes. The heat flux is calculated from
the temperature gradient. We assume that one-dimensional heat conduction is valid in the region
where the y component of the heat flux is less than 10 % of the z component. In Fig. 10, one-
dimensional heat conduction is valid in the region y > 0.5 mm. Additionally, heat does not reach the
underside of the dielectric, and a semi-infinite solid assumption is also valid. Therefore, the
temperature data at t = 0-1 s and y > 0.5 mm are used for fitting using Eq. (2).

2y 6
= = =
g9 1E E(mmmT—es e || £
o 220 0 af & = 220 0 20 a0fl2 g
y [mm] OE y [mm] 0§
(@) t=10s (b) t=300s

Figure 9 — Temperature distribution inside the dielectric when the applied voltage is 22 kVy.
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Figure 10 — Heat flux field when the applied voltage is 22 kVpandt=1s.
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3.3 Estimation Result

Figure 11 shows the fitting result of the analytical solution (Eg. (2)) to the time-variation of temperature
aty = 2 mm and 10 mm. The solid line is experimental value, and dotted line is the fitted line. The
analytical solutions are almost fitted to the experimental results, however, the discrepancies are large
atfromt=0.0sto 0.3 s. This discrepancy is considered to be due to the formation stage of the steady
wall-surface jet just after the start of the DBDPA driving.

Figures 12 and 13 show the estimated heat transfer coefficient and the airflow temperature by fitting.
Note that the area up to 0.5 mm from the edge of the electrode is masked because it is the area where
two-dimensional heat conduction occurs and cannot be estimated correctly. As shown in Fig. 12, the
estimated heat transfer coefficient decreases from upstream to downstream. This characteristic is
correlated with the velocity distribution of the induced flow by DBDPA. Additionally, the value becomes
larger as the applied voltage increases. The induced flow velocity of DBDPA also increases with
applied voltage, so the estimation is expected to be qualitatively correct. As shown in Fig. 13, the
estimated airflow temperature becomes maximum at the location about 1 mm downstream from the
electrode. This is because the heating area spreads downstream due to the wall-surface discharge,
and the air temperature continue to rise during convection from the electrode edge to downstream.
Moreover, the higher the applied voltage is, the higher the airflow temperature becomes. This is
because the discharge becomes stronger and more power is consumed.
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Figure 11 — Time variation of surface temperatures at y = 2 mm obtained by measurement (solid
line) and fitting (dashed line).
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Figure 12 — Estimated heat transfer coefficient.
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Figure 13 — Estimated airflow temperature.

4. Conclusion

In this paper, the heat transfer coefficient and airflow temperature distribution of the DBD plasma
actuator were estimated from the surface temperature by assuming one-dimensional heat
conduction in the dielectric. As a result, the calculated values were found to be qualitatively correct.
In the future research, to discuss the quantitative nature of the estimates, flow field measurements,
discharge imaging, and thermal energy calculations are required.
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