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Simulation of an asymmetric single dielectric barrier plasma actuator
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Continuity equations governing electron and ion density are solved with Poisson’s equation to
obtain spatial and temporal profiles of electron density, ion density, and voltage. The motion of
electrons and ions results in charge separation and generation of an electrostatic electric field.
Electron deposition downstream of the overlap region of the electrode results in formation of a
virtual negative electrode that always attracts the charge separation. The value of charge separation
e(n;—n,) and the force per volume F=¢(n;—n,)E have been obtained near the dielectric surface for
the 50th cycle. Domain integration of the force F=¢(n;—n,)E has been obtained for different plasma
densities, frequencies, and rf voltage wave forms. The time average of the x force is positive and the
y force is negative over the domain; therefore there is an average net force on the plasma in the
positive x and negative y directions. This will result in a moving wave of plasma over the dielectric
surface in the positive x direction, which can find application in flow control. © 2005 American

Institute of Physics. [DOI: 10.1063/1.2103415]

I. INTRODUCTION

Radio frequency (rf) based dielectric surface discharge at
atmospheric pressures is an emerging field of intense scru-
tiny because of its applications in flow actuation in aerospace
and many other areas.'? These actuators use moderate
power, have no mechanical components, have a very fast
response, and can apply significant forces in a relatively ac-
curate and autolimiting manner.” The schematic of an asym-
metric single dielectric barrier plasma actuator is shown in
Fig. 1. The grounded electrode for this configuration is em-
bedded in an insulator, and a voltage fluctuating with rf is
applied to the electrode exposed to the gas. The electric
forces generated for a given interelectrode distance and pres-
sure due to a large applied voltage produce a barrier dis-
charge adjacent to the exposed rf electrode that weakly ion-
izes the surrounding gas. The plasma at this pressure is
highly collisional, causing an efficient energy exchange be-
tween charged and neutral species. The electric field E exerts
a net force gE through the space charge (g) separated plasma
within the dielectric barrier discharge:.‘“5 This microfilamen-
tary discharge sustains an optical glow within a half cycle
through many current pulses of nanosecond duration.® The
plasma can induce air flow up to several meters per second in
atmospheric pressure that has experimentally been shown'”
and explained with an approximate theory of the paraelectric
effect on the flow." The dielectric characteristics, applied
voltage, frequency, and the asymmetric configuration of the
electrodes control the paraelectric force. The thickness of the
exposed electrode affects the thrust produced by these
actuators.” Another theoretical attempt conjectures that the
higher hydrostatic pressure downstream of the electrode in-
duces the near wall jet.5 However, the proper mechanism due
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to which the combination of electrodynamic and collisional
processes controls the momentum transfer from charge to
neutrals is yet to be theoretically resolved.

A high-fidelity force model needs to be derived from
first principles through a simulation of the elementary
mechanisms that yield the discharge for general designs.
Such a model for volume discharge between two insulated
electrodes has been given by Roy and Gaitonde.* The model
was relatively basic but formed the framework of a first-
principles-based methodology using a finite element-based
one-dimensional multifluid formulation of a plasma sheath
for atmospheric conditions. Simulation results were com-
pared with reported rf glow discharge data’ in partially ion-
ized helium gas between two insulated electrodes.

In previous works by other authors,"*” continuity equa-
tions related to electron and ion density and Poisson’s equa-
tion have not been solved simultaneously (some profile of an
electric field has been assumed), and therefore fail to give a
clear and exact idea about spatial and temporal profiles of
electron density, ion density, and voltage. Thus, they fail to
explain the physics of an asymmetric single dielectric barrier
plasma actuator in an exact manner. Recently Roy8 has
solved these equations simultaneously from the first prin-
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FIG. 1.
actuator.

Schematic of an asymmetric single dielectric barrier plasma
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FIG. 2. Contours of voltage distribution with electric field lines overlaid and
arrows of the force F=(n;—n,)E at wt=98.57, 997, 99.57, and 1007

ciples for an asymmetric single dielectric barrier actuator and
demonstrated the effect of the electrohydrodynamic force
due to charge separation about the surface on the surround-
ing neutral gas flow. As a complement to the previous work
in this paper, we have explained the physics of an asymmet-
ric single dielectric barrier plasma actuator and studied the
effect of different control parameters such as the applied
voltage, the rf frequency, and the charge density on the in-
duced force field.

Il. GOVERNING EQUATIONS

The dynamics of plasma electrons and ions is governed
by following continuity equations and Poisson’s equation
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on,
e LV (n,v,)=n,S, (1)
ot
a .
DY (av) =n,S, 2)
ot
eVip=4me(n,—n,), (3)

where n, and n;, and v, and v; are electron and ion densities,
and velocities, respectively. The Townsend first ionization is
determined as

s=A exp[— B/(|El/p)*“Tpu.|Els",
A=4.4 cm™ Torr™! and B = 14(V/cm Torr)*4;

nv,=—n,uE-D,V -n, nvi=—nuE—-D;V -n,;,

E=-Vé.

The electron diffusion is obtained from the Einstein relation,
D,=(T,/e) ., where T, is energy in electron volts, e is the
elementary charge, ¢ is the permittivity, and w,=e/(m,v,,) is
the mobility of an electron, where v,,~10'%/s is the
electron-neutral collision frequency. The ion diffusion D;
=500 cm?/s at 300 K, and the ion mobility w; is given by
following relation:”

pui=(8 X 10° = 64|E|/p) cm? V= s7! Torr
for |E| < 7500,

pu;=4.1 X 10*[1 -27.44/(|E|/p)"V
(|E|/p)®> em? V=' s~! Torr for |E| = 7500.

Charged particle distributions are taken non-Maxwellian and
inertia terms are neglected for this highly collisional plasma.
The electron temperature is nearly uniform at 1 eV=11, 600
K, and ions and neutrals are in local thermal equilibrium at
300 K. An asymmetric single dielectric barrier plasma actua-
tor finds applications in flow control at low pressure flight
conditions in the upper atmosphere; therefore, the working
gas, helium, is chosen at a bulk pressure of p=300 Torr.
Figure 1 shows the schematic of an asymmetric single di-
electric barrier plasma actuator. The computational domain is
chosen as 10 cm long and 5 cm wide. The lower part of the
domain consists of an insulator with dielectric constant g,
=3.5 (Kapton Polyimide) and thickness 1 mm, and the upper
part filled with inert helium gas of &,=1.0055&, where g is
the permittivity of free space. The initial plasma density ny is
taken as 10''/cm?. The thickness of electrodes is assumed to
be infinitesimally small, and lengths of the exposed and in-
sulated electrode are chosen to be 1.27 and 1.2 cm, respec-
tively. The overlap length between electrodes is chosen to be
0.1 mm and the location of the overlap is around x=5. A
sinusoidal voltage ¢=d, sin(2mft), where ¢,=400V, f
=5 kHz, is applied to the exposed electrode, and the insu-
lated electrode is kept at zero potential as the base of study.
The overlap between the electrodes results in dielectric
losses at higher voltages; however, at the chosen magnitude
it will be negligible. The overlap between the electrodes may
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FIG. 3. Charge separation (n;—n,) as a function of x for different values of y for wr=98.5m, 997, 99.5m, and 1007 and its time average. Lines 1 to 7

correspond to y=1.2, 2, 3,4, 5, 6, and 7 mm, respectively.

help in the formation of plasma. Different cases have been
studied and only changed parameters have been stated. Other
parameters remain the same as mentioned above. Equations
(1)—(3) are solved for electron and ion density, and the elec-
tric potential in the domain, using the finite element method,
which is particularly suited for arbitrary geometry and accu-
rate imposition of complicated boundary conditions. The
theory and validation details of the method have been ar-
chived in earlier p21pe1rs.4’lo_]2 The multiscale issues relevant
to the problem are resolved using a 107 s time step, which is
an order of magnitude higher than the dielectric relaxation
time 10~ s, but several orders of magnitude smaller than the
ion time scale.

lll. RESULTS AND DISCUSSION

Figure 2 shows the contours of the voltage and stream-
lines of the electric field at different points of time during the
50th cycle. These plots are a result of the combined effect of

applied rf voltage and electrostatic potential generated due to
the charge separation. The inset in the same figure also
shows arrows of the force F=e(n;—n,)E. The direction and
size of the arrows show the direction of the force and mag-
nitude of the force, respectively. A virtual negative electrode
forms downstream the overlap region of the electrodes due to
electron deposition, which attracts the charge separation;
therefore, the force is directed toward this area.

Figures 3-5 show charge separation e(n;—n,), F,, and
Fy,asa function of x. Lines 1-7 correspond to y=1.2, 2, 3, 4,
5, 6, and 7 mm, respectively. Parts (a)-(d) of each figure are
for four points of the 50th cycle at wt=98.5, 99.07, 99.57,
and 1007, respectively. Part (e) of each figure is the time
average of the quantity during the 50th cycle.

Figure 3 shows the charge separation e(n;—n,). The elec-
trons move from the region surrounding grounded electrode
towards the edge of the exposed electrode (x=3.8) under the
influence of the applied rf voltage until the voltage reaches
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FIG. 4. F, as a function of x for different values of y for wt=98.57, 997, 99.57, and 1007, and its time average for the same parameters as those in

Fig. 3.

its positive peak. The electron density is higher than that of
the ion density around x=3.8 cm. The electron density is
lower than that of ion density over the dielectric surface sur-
rounding grounded electrode. For other cases, the electron
density is lower than that of the ion density around x
=3.8 cm. The electrons move from the region surrounding rf
electrode towards the surrounding grounded electrode during
the negative part of the cycle. The value of e(n;—n,) is nega-
tive surrounding grounded electrode in the domain for Figs.
3(c) and 3(d). Figure 3(e) shows the time average of e(n;
—n,). The time average of e(n;—n,) is negative for the region
around x=6 cm and positive for other regions. The sign and
magnitude of e(n;—n,) for the different parts of the domain
are governed by the direction and magnitude of the electric
field and the motion of electrons and ions under this field.
When the rf voltage is high, the effect of the electric field
due to the applied rf voltage dominates and when the rf volt-
age is low, the effect of electrostatic field dominates.

Figure 4 shows the x component of the force F,
=e(n;—n,)E,. The positive peak and negative peak of the

force are around the overlap region for wt=98.57 and wt
=99.57 cases, respectively. For other cases, the positive peak
of the force is around x=3.8 cm and the negative peak of the
force is around x=6.27 cm. The magnitude of the force
peaks for y=2 line in general. For wr=98.57 and ot
=1007 cases, the magnitude of the positive force is higher
than that of negative force, and for other cases it is opposite
of this. The value of the negative force decreases sharply
with the increase in y for wr=1007r.

Figure 5 shows the y component of the force F,
=e(n;—n,)E,. The positive peak of the force is around the
overlap region for the wt=98.57 case and around x=6 cm
for the wt=1007 case. The magnitude of the force is very
small for the latter. The negative peak of the force is around
x=6 for wr=997 and around the overlap region for other
cases. It is a maximum for the y=1.2 mm line, which means
it is maximum close to dielectric surface. The magnitude of
the negative force decreases sharply with the increase in y
for wr=1007r case. Figure 5(e) shows the time average of the
force. It can be seen that the average force works only from
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FIG. 5. F, as a function of x for different values of y for wr=98.57, 997, 99.57, and 1007, and its time average for the same parameters as those in

Fig. 3.

x=3.8cm to x=6.3 cm and its value is negative except
around x=4.5, where its value approaches nearly zero.
Figure 6(a) shows domain integration of the x compo-
nent of the force per cm? e(n;—n,)E, as a function of nor-
malized time for the 48th to 50th cycles for 300, 400, and
500V, and initial plasma density ny=10'"/cm?. The electron
deposition downstream of the rf electrode is small and the
generated electrostatic field is also small for the low density
case. Therefore, for the ny= 10'9/¢m? case, the force follows
the rf voltage. It is positive for the positive part of the cycle
and negative for the negative part of the cycle. For other
cases, the force is positive for all times except from wt
=98.87 to wr=99.27 and corresponding time points in other
cycles. When the cycle changes the sign, the electron depo-
sition is near the rf electrode, not the downstream of the rf
electrode. However, as the negative cycle progresses, the
electrons get deposited downstream of the rf electrode, the
dielectric surface becomes negatively charged and starts be-
having as a virtual negative electrode, and the x force again
becomes positive. In this we see that the x force remains

positive for most of cycle and over a large time scale, only a
positive force will be seen. While the magnitude of the
force—both negative and positive—increases with the in-
crease in the magnitude of rf voltage, the negative values are
much smaller that the positive x component in any cycle. The
time average of the force is 1.76, 1.75, 1.68, and
0.017 dyn/cm?, respectively, for different cases over the
cycles. The time average of the force in low density case is
100 times lower that of the reference case, which is due to a
10-times decrease in both charge separation and electrostatic
field. With the increase in voltage effect of the electric field
due to applied rf voltage slightly increases so time average of
the x force slightly decreases with voltage. Figure 6(b) shows
a domain integration of the x component of the force per
cm? e(n;—n,)E, as a function of normalized time for the 48th
to 50th cycle for 1 kHz, 25 kHz, ¢=d¢, sin’(wt), and saw-
tooth wave form. For the sawtooth wave form, the rf voltage
varies from O to 800 V. For the 1-kHz case the force follows
the rf voltage and it is approximately positive for the positive
part of the cycle and negative for the negative part of the
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FIG. 6. Domain integration of force F, (dyn) as a function of normalized
time from the 47th to the 50th cycles.

cycle. For ¢=d, sin*(wt) case, the force is negative when
the voltage falls after attaining its peak. The electrons get
deposited near the rf electrode during increasing voltage and
when the voltage starts falling the area around the rf elec-
trode behaves as a cathode and the m force is negative. The
magnitude of the force increases with the increase in the
frequency of the rf voltage, as can be seen from the 25-kHz
case. The effect of the electrostatic field becomes more
prominent with the increase in frequency. The E, is positive
and the force is positive for the sawtooth wave profile, ex-
cept around the point of time when the voltage falls from 800
to 0 V. The time average of the force is 0.34, 1.18, 2.25, and
1.7 dyn/cm?, respectively, for different cases over the cycles.

Figure 7(a) shows the domain integration of the y com-
ponent of the force per cm? e(n;—n,)E, as a function of nor-
malized time for the 48th to 50th cycles for 300, 400, and
500 V, and initial plasma density 10'°/cm?. For the ny,
=10'"/cm? case, the force follows the rf voltage and it is
generally positive for the positive part of the cycle and nega-
tive for the negative part of the cycle. For other cases, the
force is negative for all the time. The dielectric surface be-
comes negatively charged and behaves as a virtual negative
electrode; therefore, E, is directed towards the dielectric sur-
face. The negative force peaks when the rf voltage is around
its positive peak as E| is strong at this time. With the increase
in the magnitude of the rf voltage, the negative magnitude of
E, increases and the negative magnitude of the force also
increases. The time average of the force is 19.6, 27.1,
33.36, and 0.13 dyn/cm?® over the cycles. Figure 7(b) shows
the domain integration of the y component of the specific
force e(n;—n,)E, as a function of normalized time for the
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FIG. 7. Domain integration of forces F, (dyne) as a function of normalized
time from the 47th to the 50th cycles.

48th to 50th cycles for 1 kHz (25 kHz and 300 V), ¢
=g, sin*(wt), and the sawtooth wave profile. For the 1-kHz
case the force follows the rf voltage and it is positive for the
positive part of the cycle and negative for the negative part
of the cycle. The particles have sufficient time to respond to
the applied rf voltage and the effect of electrostatic do not
dominate. For the ¢= ¢, sin’(wt) case, the largest magnitude
of the negative force is approximately equal to that for 400 V
case only. It is also equal to the (25 kHz and 300 V) case due
to the increase in the force with frequency in the latter case.
The magnitude of the negative force is largest in the case of
the sawtooth wave profile because peak voltage is 800 V and
remains positive for the full cycle in this case. The largest
negative force is when the rf voltage is at its positive peak in
this case also. The time average of the force is 4.36,
-34.40, —23.26, and 71.72 dyn/cm?, respectively, for dif-
ferent cases over the cycles.

IV. CONCLUSIONS

The spatial and temporal profiles of electron density, ion
density, and voltage have been obtained. The electrons and
ions move in response to applied rf voltage, with the re-
sponse of ions being delayed as compared to that of elec-
trons. This results in charge separation and generation of an
electrostatic field. The force is positive over the domain dur-
ing the positive part of the cycle because of the obvious
reason that the electric field is towards the positive direction.
During the negative part of the cycle, electrons get deposited
over the dielectric surface surrounding the grounded elec-
trode, and the dielectric surface starts working as a virtual
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negative electrode and the effect of grounded electrode gets
cut off. The force is negative only when the voltage changes
sign because there is not sufficient deposition of the electrons
over the dielectric surface. The time average value of force
per unit area in an x direction is positive and in a y direction
is negative, which implies that there is an average net electric
body force on the plasma in the positive x and negative y
directions. This will result in a moving wave of plasma over
the dielectric surface in the direction of positive x attenuating
faster outside the electrode arrangement. This will be signifi-
cant for flow control and other relevant applications.
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