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Characterization of Electrohydrodynamic Force
on Dielectric-Barrier-Discharge Plasma Actuator
Using Fluid Simulation

Hiroyuki Nishida, Taku Nonomura, and Takashi Abe

Abstract—Wall-surface jet induced by the dielectric barrier
discharge (DBD) has been proposed as an actuator for active flow
control in aerodynamic applications. Discharge plasma evolution of
the DBD plasma actuator was simulated based on a simple fluid model,
in which the electron, one type of positive ion and negative ion were
taken into account. Two-dimensional simulation was conducted, and
the results are in agreement with the insights obtained from
experimental studies. The simulation results indicate that the discharge
mode changes depending on applied voltage slope; when the applied
voltage is positive-going with high applied voltage slope, the
corona-type discharge mode turns into the streamer-type discharge
mode and the threshold voltage slope is around 300 kV/ms in this
simulation. The characteristics of the electrohydrodynamic (EHD)
force, which is the source of the wall-surface jet, also change
depending on the discharge mode; the tentative peak value of the EHD
force during the positive-going voltage phase is saturated by the
periodical formation of the streamer-type discharge.

Keywords—Dielectric barrier discharge, Plasma actuator, Fluid
simulation.

1. INTRODUCTION

ALL-surface jet induced by the dielectric barrier
discharge (DBD) has been proposed as actuators for flow
control in aerodynamic applications[1]-[3]. A schematic
diagram of a generic DBD plasma actuator is shown in Fig. 1. It
consists of two electrodes separated by a dielectric and
displaced in the streamwise direction. An alternating voltage
with frequency of several kHz and amplitude of thousands of
volts is applied to the exposed (top) electrode, and a dielectric
barrier discharge appears from the exposed electrode edge; the
wall-surface jet is induced as shown in Fig. 1. The DBD plasma
actuator attached on an object surface can add the momentum
to the boundary layer flow, and the flow separation can be
controlled. This is expected to be a promising application of
plasma physics to aerodynamic flow control due to its
advantages over conventional devices; a very thin structure,
light weight and no mechanical moving parts.
Many research efforts have been devoted to the feasibility
study of the DBD plasma actuator for aerodynamic flow
control , and significant flow control gains (drag reduction,
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improving stall characteristics and so on) have been observed in
laboratory experiments under the condition of low Reynolds
number (low free-stream speed) [1]-[3]. However, under the
condition of high Reynolds number, the gains by the DBD
plasma actuator drastically reduce due to its small momentum
of the wall-surface jet compared to that of the free-stream [4].
The wall-surface jet strength has to be enhanced by two-orders
of magnitude for real applications, and further intense studies
are undergoing worldwide.

The momentum coupling between charged particles and
neutral molecules of the ambient gas is the source of the
electrohydrodynamic (EHD) force, which accelerates the
ambient gas. Intense studies have been conducted to understand
the detail mechanism of the momentum transfer process
[5]-[23]; however, the understanding is only partial.
Comprehensive understanding of the physics involved in the
DBD plasma actuator is very significant to indicate the
guidelines for the wall-surface jet enhancement. Although the
experimental investigations [5]-[8], [13]-[17], [19] have
provided many valuable insights into the physics of the DBD
plasma actuator, it is difficult to experimentally measure detail
plasma parameters. Numerical simulation of the discharge
plasmas is an usable analytical tool for a comprehensive
understanding of the physics, and a number of numerical model
have been proposed for the DBD plasma actuator [9]-[12],
[20]- [23].

In this study, a simple fluid model is adopted for numerical
analysis, in which the electron, one type of positive ion and
negative ion are taken into account, and the analysis focuses on
the relation of the applied voltage slope to the characteristics of
the discharge and EHD force.
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Fig. 1 Schematic of DBD plasma actuator

II. NUMERICAL MODEL

A. Modeling of Discharge Plasma

The ambient gas is assumed to be the air. Detail plasma
chemistry of the air is not considered in this study because the
objective of our study is to understand the basic physics related
to the EHD force production.
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The numerical model is the same as that used in the
references [10]-[11], [23]. We consider the electron, and one
type of positive ion and one type of negative ion with a basic
plasma chemistry including electron impact ionization
(N,+e—N, +e+e), electron attachment (O,+e—O+0") and
recombination. The time dependent electron and ions
continuity equations with drift-diffusion fluxes are coupled
with the Poisson’s equation. The governing equations are as
follows;

ﬁante +V-(-n,u,E-D,Vn,)=(a-nnlv,|-r,n.n, (D
a;ltp +V-(n,u,E-D,Vn,)=an p,|-r,n.n,-r,n,n, )
agtn +V-(-n,u,E-D,Vn,)=nnlv,|-1,.n,n,, 3)

V-(e,B)=S(n, -n, -n, )+ 00, )

&o &o

Here, w (with k=e, p, n; electron, positive ion, negative ion,
respectively) and D, are the charged particle mobility and the
diffusion coefficient, respectively. a and # are the ionization
and attachment coefficient, ., and r,, are the electron-positive
ion and positive-negative ion recombination coefficient,
respectively. o, in the Eq. (4), is the surface charge density,
which is non-zero only on the dielectric surface, as expressed
by the Dirac function ;. The surface charge density is
calculated self-consistently by integrating the electron and ion
fluxes to the surface. In the Eq. (4), & is the vacuum
permittivity, and ¢, is the relative permittivity, which is equal to
5 inside of the dielectric layer.

These governing equations are calculated by the finite
volume method. The drift terms in the equations (1), (2) and (3)
are evaluated by the upwind scheme with the MUSCL
interpolation, and the diffusion terms are evaluated by the
central difference scheme. The time integration is conducted by
the implicit scheme. The Poisson equation (4) is solved by the
SOR method with the semi-implicit technique [9].

B. Computational Settings

A micro-discharge of the DBD plasma actuator is simulated
in the two-dimensional space. The Computational settings are
shown in Fig. 2. In the initial state, the simulation domain (air
region) is filled with uniform density plasma (n.= n,= 10° m™).
The alternating voltage is applied to the exposed electrode, and
the potential of the bottom electrode is 0 V throughout the
simulation. The boundary condition for the Poisson’s equation
is zero field perpendicular to the simulation domain boundary.
The boundary condition for the charged particle at the left, right
and top boundary is zero density gradients. The secondary
electron emission under ion bombardment is considered as the
boundary condition for the dielectric and electrode surface:

Jei =715 ®)

where J.. and J;. are the components of the electron and ion
current densities perpendicular to the surface, and y is the

secondary electron emission coefficient (=0.05).

The ionization and attachment coefficients, and the electron
mobility are calculated by the BOLSIG software [24] assuming
the ambient gas is the air (N,:0,=0.8:0.2). The recombination
coefficients 7., and r,, are equal to 2x10™"* m’s™. The positive
and negative ion mobilties are set to be constant; u, = 21.0/p
m*V's™ and g, = 24.0/p m*V's™, where p is the ambient gas
pressure (= 1x10° Pa). The diffusion coefficients are chosen so
that D / u=1V and D, ,, / 4, = 0.01V.

The computational domain is divided into uniform grid
system; the grid size is 20 gm.
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Fig. 2 Computational settings

C.EHD Force

The EHD force per unit volume is due to the momentum
transfer from charged particles to neutral particles. The EHD
force, F, in collisional plasma can be obtained assuming that
the force is equal to the rate of momentum transfer per unit
volume due to collisions [8]-[11].

D, D D (6)
p T e 2

III. RESULTS AND DISCUSSION

A. Validity of the Simulation Model

In this section, the validity of the numerical simulation is
briefly mentioned.

Precise experimental studies have been conducted by many
researchers to clarify the performance characteristics of the
DBD plasma actuator [5]-[8], [13]-[17], [19], and one of the
important benchmark of the performance is thrust force, which
is the reaction force acting on the DBD plasma actuator due to
producing the jet. In the numerical simulation, the space
integrated and time averaged EHD force is used for the
comparison with the experiment. Note that a part of the EHD
force is lost due to the friction force between the wall-surface
jet and the dielectric surface; therefore the qualitative
comparison is conducted.

The simulation is conducted for the sinusoidal applied
voltage waveform. Figure 3 shows the (integrated and
averaged) EHD force as a function of the applied voltage
amplitude with a constant frequency of 10 kHz. In Fig. 4, the
EHD force is plotted as a function of the frequency with
constant voltage amplitude of 15 kV. The characteristics of the
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EHD force shown in Figs. 3 and 4 are consistent with the
knowledge obtained by the previous experimental researches.
More detail validation study of the numerical model is shown in
the references [22]-[23]. As described above, the numerical
model adopted in this study can successfully simulate the
characteristics of the DBD plasma actuator in many aspects,
which are consistent with the experiment. Therefore, valuable
insights into the physics of DBD plasma actuator are expected
to be obtained from this numerical model and its simulation
results.
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Fig. 3 Voltage characteristics of
the EHD force

B. Discharge Mode

The simulation results show that the discharge state changes
depending on the applied voltage amplitude and the frequency.

The applied voltage waveform and the discharge current
waveform are plotted in Figs. 5 (a) and (b) for low (7 kVear)
and high (20 kV,,.,) applied voltage amplitude with a constant
frequency (10 kHz), respectively. During the negative-going
voltage phase, the negative current spike appears with high
frequency. Although the peak value and the generation
frequency of the current spike become lower with lower applied
voltage amplitude, large difference in the discharge
characteristics cannot be observed. Figure 6 shows the typical
discharge plasma structure during the negative-going voltage
phase (the voltage amplitude of 15 kV ¢, and the frequency of
10 kHz); the electric potential and positive ion density
distributions are plotted. The discharge mode during the
negative-going voltage phase is categorized into the glow-type
discharge. On the other hand, during the positive-going voltage
phase, the discharge state at the high applied voltage
significantly changes from that at the low applied voltage; large
positive current spike periodically appears at the high applied
voltage. The discharge plasma structure with the low applied
voltage at t =0.2014 ms and t = 0.2243 ms are shown in Figures
7(a) and (b), respectively. The discharge plasma is ignited near
the exposed electrode edge, and gradually expands along the
dielectric surface; this discharge type is the corona-type
discharge. In the case of the high applied voltage amplitude, the
discharge mode transition occurs as shown in Fig. 8; during the
first stage, the corona-type discharge appears near the exposed
electrode edge (see Fig. 8(a) at # = 0.2019 ms), and after that,
the discharge mode is transit to the streamer-type discharge (see
Fig. 8(b) at = 0.2041 ms), in which a high-density plasma
column propagates from the exposed electrode edge along the
dielectric surface. The generation of the streamer-type

Frequency [kHz]
Fig. 4 Frequency characteristics
of the EHD force
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Fig. 5 Applied voltage and discharge current waveform with a
frequency of 10 kHz
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Fig. 6 Typical plasma structure during the negative-going voltage
phase; the positive ion distributions and the electric potential
distributions

B [ | ' )

+16 +16 +17 +17 +18

np[m'z]: 1.0x107° 4.3x10"° 1.8x107" 7.8x10"" 3.4x10
0.003
0.002
E
= 0.001
0 )
0.004 0.006
x [ml]
(a)t=0.2014s
n, [m?]: 1.0x10™° 4.3x10™° 1.8x10™" 7.8x10™" 3.4x10""
0.003
0.002
E
= 0.001

0.004 0.006
x [m]

(b)£=0.2243 s
Fig. 7 Discharge plasma structure during the positive-going voltage
phase at the low applied voltage amplitude; 7 kV e 10 kHz

The applied voltage and the discharge current waveform for
low (4 kHz) and high frequency (20 kHz) with constant voltage
(15 kV) are plotted in Fig. 9(a) and (b), respectively. During the
negative going voltage phase, large difference is not observed
in the discharge characteristics at between the low and high
frequency. On the other hand, during the positive-going voltage
phase, the discharge mode transition from the corona-type
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discharge to the streamer-type discharge can be observed. The
discharge mode transition with an increase in the frequency is
similar to that with an increase in the applied voltage
amplitude; this result indicates that the applied voltage slope
(dV/dt) decides whether the discharge mode transition occurs or
not. The threshold voltage slope is about 300 kV/ms in this
simulation.
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Fig. 8 Discharge plasma structure during the positive-going voltage
phase at the high applied voltage amplitude; 15 kV e, 10 kHz
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Fig. 9 Applied voltage and discharge current waveform with an
applied voltage amplitude of 15 kV

C.EHD Force

The characteristics of the EHD force are shown for the each
discharge mode. Figure 10(a) and (b) shows the time history of
the space-integrated EHD force in the case of the corona-type
discharge (the peak voltage of 7 kV and the frequency 10 kHz;
low voltage slope) and the streamer-type discharge (the peak
voltage of 15 kV and the frequency 10 kHz; high voltage slope),
respectively. During the negative-going voltage phase, the
EHD force increases with time until the applied voltage reaches
the negative peak value, and after that, the EHD force rapidly
reduces until the positive-phase discharge starts; the
characteristics is the same in both voltage slope cases. On the
other hand, during the positive-going voltage phase, the EHD
force characteristics are totally different between the two
voltage slope cases. In the case of the low voltage slope (the

corona-type discharge), the EHD force increases with time until
the applied voltage reaches the positive peak value. However,
in the case of the high voltage slope (the streamer-type
discharge), the increment of the EHD force is disrupted by the
formation of the streamer discharge, and as a result, the
tentative amplitude of the EHD force is saturated (it was shown
also by Boeuf et al. [10] that the EHD force generation is
disrupted by the streamer discharge).

The parameter characteristics of the time-averaged EHD
force is also strongly affected by the discharge mode. One
example is shown here. Figure 11 shows the time-averaged
(and the space-integrated) EHD force for three types of the saw
tooth applied voltage waveform; Fig. 11(a) shows the case of
the low (the peak voltage of 15 kV and the frequency 10 kHz),
and (b) shows the high voltage slope case (the peak voltage of
20 kV and the frequency 10 kHz). As shown in Fig. 11, the
EHD force magnitude relation between the waveform 1 and 3
(see Fig. 11) is reversed between the low and the high voltage
slope case. The waveform characteristics of the EHD force at
the high voltage slope (Fig. 11(b)) have been experimentally
observed in the condition of much lower voltage slope (less
than 8x10* kV/s) [13], and this result implies that the discharge
mode tends to transit to the streamer-type discharge mode. This
is because three-dimensional small disturbances in the
electrode shape and the atmosphere condition encourage the
electric field concentration.
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Fig. 10 Time history of the space integrated EHD force in the case of

the low voltage slope and the high voltage slope

IV. CONCLUSION

The discharge plasma evolution of the DBD plasma actuator,
which is an active flow control device, was simulated using the
plasma fluid model. The electron, one type of positive ion and
negative ion are taken into account, and the validity of the
numerical model has been shown by the comparison with the
experimental results. The simulation results indicate that the
discharge characteristics during the negative going voltage
phase does not depend on the applied voltage amplitude and the
frequency. On the other hand, the discharge mode during the
positive-going voltage phase changes depending on the applied
voltage slope; although only the corona-type discharge appears
in the case of the low voltage slope, the discharge mode
transition from the corona-type discharge to the streamer-type
discharge occurs at the higher voltage slope than about 300
kV/ms. The characteristics of the electrohydrodynamic force,
which is the source of the wall-surface jet, also change
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the EHD force during the positive-going voltage phase is
saturated by the periodical formation of the streamer-type
discharge.
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Fig. 11 The waveform characteristics of the space integrated and time
averaged EHD force; lower-half figure in (a) and (b) shows the applied

voltage and discharge current waveform
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