JOURNAL OF APPLIED PHYSICS 106, 013310 (2009)

Microscale plasma actuators for improved thrust density
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We present a study of the dielectric barrier discharge (DBD) plasma actuators for microscale
applications. Traditional macroscale DBD actuators suffer from relatively small actuation effect as
characterized by small induced force density and resulting flow velocity. As a remedy we propose
microscale plasma actuators that may induce orders of magnitude higher force density. We study the
physics of such actuation using a multiscale ionized gas flow code based on the high-fidelity
finite-element procedure. First, a two-dimensional volume discharge with nitrogen as a working gas
is investigated using a first-principles approach solving coupled system of hydrodynamic plasma
equations and Poisson equation for ion density, electron density, and electric field distribution. The
quasi-neutral plasma and the sheath regions are identified. As the gap between electrodes is reduced,
the sheath structure dominates the plasma region. Second, we simulate a first generation plasma
micropump. We solve multiscale plasma-gas interaction inside a two-dimensional cross section of
the microscale pump geometry. The result shows that a reasonable mass flow rate can be pumped

using a set of small active electrodes. © 2009 American Institute of Physics.

[DOI: 10.1063/1.3160304]

I. INTRODUCTION

The plasma that has been used for the flow actuation at
atmospheric pressure is a weakly ionized gas, where the ions
are often near the ambient pressure and temperature. The
dielectric barrier discharge (DBD) plasma actuator for flow
actuation shown in Fig. 1 needs an asymmetric configuration
of electrodes differentially powered at a radio frequency (rf).
This configuration creates an electrohydrodynamic (EHD)
force generated by the interaction of the charged particles
with an external electric circuit. Recently, researchers have
widely investigated application of EHD force for drag reduc-
tion behind the airfoils and fuselages at a high
angle-of-attack.1’3 However, the primary weakness of tradi-
tional DBD actuators is the relatively small flow actuation
effect. It has been proven to be quite effective only at low
speeds (10-30 m/s). In order to remedy this weakness, mi-
croscale discharge is proposed to increase the higher EHD
force density with lower power consumption.

Generating a plasma discharge at atmospheric pressures
using several microns gap is a promising approach. Such gap
lowers breakdown voltage requirement (hence, lowers power
consumption) to drive the discharge. Microscale discharge
has been studied for many applications over the past decade.
Such applications include NO, and SO, remediation, volatile
organic compounds destruction, ozone generation, excimer
formation as UV radiation sources, materials processing, and
surface modification as plasma reactors.”

The size of an actuator is ultimately limited by the
breakdown voltage of the working material. Electrical break-
down is the process by which a nonconducting material
transforms into a conductor as a result of a sufficiently strong
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electric field. This occurs when the applied voltage at least
equals to the breakdown voltage. The breakdown character-
istic of a gap is a function of the product of the gas pressure
p and the gap length d based on Paschen’s law. Several stud-
ies have been reported in the literature documenting electri-
cal breakdown voltage varying from 300 to 750 V in micro-
scale gap (~10-10% um).>™® Torres and Dhariwal’ and
Germer® showed that Paschen’s law was not valid for gaps of
less than 5 wm between electrodes. The deviation of Pas-
chen’s curve has been conjectured as a result of the quantum
tunneling of electrons in which electrons may pass through a
barrier without expending sufficient energy. Before break-
down, the current in the gap between electrodes is very low.
However, once the breakdown voltage is applied the electri-
cal discharge leads to current spikes.

Although microscale discharge has been studied experi-
mentally for more than a decade, our understanding of the
fundamental physics is still limited due to the challenges in
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FIG. 1. (Color online) Schematic of rf DBD actuator for asymmetric
configuration.
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reduced length scales, unsteady phenomena, and rapid colli-
sional interaction in microgaps. Therefore, numerical simu-
lation is a possible remedy to overcome the experimental
challenges.

In past few years, several numerical investigations of
microscale discharge have been documented in the published
literature. There are three basic models that describe the evo-
lution of charged particles in plasma discharges. The first one
is the hydrodynamic model,”™"" which is the most popular.
The second one is the kinetic model, which is the particle-
in-cell/Monte Carlo collision (PIC/MCC) model."** The
third one is the hybrid kinetic-fluid simulation model,'>!°
which is often used for modeling high-density plasma reac-
tors. Kushner’ presented a two-dimensional plasma hydrody-
namic model of microscale discharge devices operating at
pressures of 450—1000 Torr and dimensions of 15-40 um.
He found that such devices typically require more applied
voltages to operate at lower pressures and because of this,
they resemble discharges obeying Paschen’s curve for break-
down. Boeuf er al.'’ utilized a fluid-based model to explain
the physical mechanisms occurring in microhollow cathode
discharges. Wang et al. ' simulated a microscale discharge in
helium at atmospheric pressure based on the hydrodynamic
model and found that it resembled a macroscopic low pres-
sure dc glow discharge in many respects.

A one-dimensional PIC-MCC model was developed by
Choi et al."* for current-driven atmospheric-pressure helium
microscale discharge. The PIC-MCC simulation results were
compared with the hydrodynamic model results. The results
showed the sheath widths were comparable between the PIC-
MCC (Ref. 12) and the hydrodynamic model simulation,"
and the peaks of the electron and ion densities were within
the same orders of magnitude. However, the density profiles
were significantly different. Radjenovic et al.”® utilized the
PIC-MCC model and found the deviation from Paschen’s
law when the gap between electrodes was smaller than
5 wm. They conjectured that because the electron mean free
path was of the order of a few micrometers at atmospheric
pressure, the electrical breakdown was initiated by the sec-
ondary emission processes instead of a gas avalanche process
at small interelectrode spacing.

The third approach to simulate microscale plasma dis-
charge is using the hybrid kinetic-fluid model. In this model
the reaction rates are obtained by solving a basic Boltzmann
equation, while the transport of electrons, ions, and neutrals
is carried out via fluid models. Farouk e al.'> simulated a dc
argon microglow-discharge at atmospheric pressure for a
pin-plate electrode configuration with interelectrode gap
spacing of 200 um together with an external circuit. The
temperature measurements, which were around 500 K, sug-
gested the discharge as a nonthermal, nonequilibrium
plasma. The measured and predicted temperatures were
found to compare favorably.

In this paper, we choose hydrodynamic plasma model
due to its advantage of capturing reasonable physics of the
microscale discharge at relatively low computational cost.
First, we simulate a two-dimensional microscale volume dis-
charge for a working gas of atmospheric nitrogen based on a
self-consistent model of charged and neutral particles. Nu-
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merical results are then compared with previously reported
experimental data. We conduct an error analysis for such
volume discharge to benchmark the accuracy of the micro-
scale plasma model. Finally, we implement the same model
to self-consistently simulate the plasma-gas interactions of a
first generation plasma micropump.

Il. MODEL DETAILS

A hydrodynamic plasma model is utilized from Kumar
and Roy17 for multiscale plasma discharge simulation at at-
mospheric pressure. The model uses an efficient finite ele-
ment algorithm anchored in the multiscale ionized gas (MIG)
flow code.*!” The unsteady transport for electrons and ions is
derived from conservation laws in the form of mass conser-
vation equation. The species momentum is modeled using
the drift-diffusion approximation under isothermal condition
that can be derived from the hydrodynamic equation. At at-
mospheric pressure, the drift-diffusion approximation is rea-
sonable and computationally efficient. The continuity equa-
tions for ion and electron number densities are given by:

on, 9dn,V,
—Q+ML)=,8|F6|—mine, for «
ot ax;

j
and j=1,2, (1)

=e,li,

where n is the number density, V is the species hydrody-
namic velocity, r is the electron-ion recombination rate, sub-
script j is the flow direction of x and y, and subscript i and e
are ion and electron, respectively. The working gas is nitro-
gen at 760 Torr. We use the value of r given by Kossyi
et al.'® The discharge is maintained using a Townsend ion-
ization scheme. The ionization rate is expressed as a function
of effective electron flux |T',| and Townsend coefficient S

_ P TRV
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where A and B are pre-exponential and exponential con-
stants, respectively, p is the gas pressure, and E is the electric
field, i.e., E=—V¢. The ionic and electronic fluxes in Eq. (1)
are written as:
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J
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J
where the Lorentz force term, V X B, brings in the effect of
the magnetic field. We neglect the magnetic field effect for
our problem. After some algebraic manipulations, we end up

with the following equations:

on; 0 on;
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where u is the mobility and D, is the electron diffusion
calculated from the Einstein relation, which is a function of
the mobility u,, Boltzmann’s constant kg, and the electron
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temperature, i.e., D,=u.kgT,/e. The ion mobility u; is ex-
pressed as a function of a reduced field (E/p).

The relation between electric field and charge separation
is given by the Poisson equation:

Ve(eE)=g¢, (7)

where ¢ is the dielectric constant, the net space charge g
=e(n;—n,), and e is the elementary charge.

The system of Egs. (5)—(7) is normalized using the fol-
lowing normalization scheme: 7=1/t,, z;=x;/d, N,=n,/n,
Ni=n;/ng, u,j=V,;j/ Vg, ujj=Vjl Vg, and ¢p=e@/kgT, where
Vy is the Bohm velocity, Vg=\kgT,/m;, reference length d,
which is usually a domain characteristic length in the geom-
etry, the reference time #,=10"° s, and reference density n,
=10"" m=3 for weakly ionized gas.

In microscale flows, Knudsen number (Kn) is an impor-
tant dimensionless parameter that determines the validity of
continuum model for different regimes of fluid flow." The
Kn is defined as the ratio of the fluid mean free path N\ and
macroscopic characteristic length A, i.e., Kn=\/A. As Kn
increases up to 1073, the no-slip boundary condition no
longer applies. For the flow problem in microscale pump, the
Kn is 2.6 X 107 assuring continuum flow with no-slip wall
boundary condition. For a globally incompressible nitrogen
gas (Mach number less than 0.3), the continuity and momen-
tum equations are:

AV

=0, 8
o (8)
Wi,y Vi _4E;_1p pdVy

+ V= + o )
ot ax; p pdx; p Idx;

where subscript f denotes the working fluid with bulk den-
sity p and bulk viscosity w, and gE; is the electrodynamic
body force calculated from solving the plasma Egs. (5)—(7).

lll. FINITE ELEMENT METHOD WITH MIG

The finite element method (FEM) is a popular technique
used for solving partial differential equations (PDE). The
FEM is based on the Galerkin Weak Statement (GWS) and
approximate the solution of the PDE. In the FEM, the global
domain is divided in several elements, and the solution in
each element is constructed from the basis function. The
FEM has several advantages, such as easy to implement with
complicated Neumann (flux) or Robin (convection) bound-
ary conditions. The fundamental principle of the FEM is the
construction of a solution approximation. Any real world
problem distributed over a domain x; can be approximated as

J
a Taylor series of known coefficients a; and functions ¢;(x;):

L) =2 agh(x). (10)

The plasma governing Egs. (5)—(7) or fluid Egs. (8) and
(9) can be written generally as L(»)=0 where » is the vector
containing N;, N,, and ¢ or V; and p. The GWS approach
requires that the measure of the approximation error should
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FIG. 2. (Color online) Schematic representation of various glows with dc
discharge.

L . 2021 s
vanish in an overall integrated sense. This gives a math-

ematical expression for the minimization of the weighted
residual over the domain:

GWS=f wL(v)dQ =0, (11)
Q

where () is the domain and w is the weighted basis function
chosen to be a Strum—Louville function for orthogonality.

The MIG flow code is modular and anchored in the
FEM. It has been developed and verified with one-, two-, and
three-dimensional problems, including fluid dynamics and
heat transfer related problems, micro/nanoscale flow, specifi-
cally to modeling dc/rf induced DBDs, and designing elec-
tromagnetic propulsion thrusters. Computed solutions show
details of the distribution of charged and neutral particles and
their effects on the flow dynamics for the various
appli<:21ti0ns.3’l7’19’22

MIG flow code employ the Newton—Raphson scheme
for dealing with nonlinear terms. To solve the global sparse
matrix, we apply an iterative sparse matrix solver called gen-
eralized minimal residual. The Newton—Raphson iteration
for nonlinear solver is considered converged at any given
time step when the L, norms of all the normalized solution
variables and residuals are below a chosen convergence cri-
terion of 1075,

IV. PROBLEM DESCRIPTIONS
A. DC volume discharge

A direct current (dc) discharge forms plasma, sustained
by a dc through an ionized medium shown in Fig. 2. A high
voltage difference between electrodes results in the electrical
breakdown of the gas. These discharges are characterized by
continuous steady currents and are mostly sustained by sec-
ondary emissions.

We study a two-dimensional parallel plate dc volume
discharge with microgaps varied from 200 to 5 um at atmo-
spheric pressure. The working gas is nitrogen (N,), and the
discharge is driven by a voltage of 500 V shown in Fig. 3(a).
The computational grid consists of 25X 30 biased biqua-
dratic (nine-node) quadrilateral elements with the first node
0.1 wm away from the wall as shown in Fig. 3(b). We ne-
glect the thickness of electrodes at the top and bottom sur-
face. An electrode potential of 500 V is applied through an
external circuit. The anode is at y=0, while the cathode is at
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FIG. 3. (Color online) (a) Schematic of two-dimensional microscale volume
discharge with nitrogen gas. (b) Computational mesh with 3111 nodes and
750 elements.

y=0.1. A vanishing ion density is imposed at the anode,
while the electron density at the cathode is calculated from
the flux balance using a secondary-emission coefficient of
0.1. The left and right boundaries of the computational do-
main are maintained at symmetry conditions. Initial distribu-
tions of electrons and ions are based on the dc sheath
solution.”> A uniform time step of 10712 s is used for the
time integration.

B. Plasma micropump

For the second case, we simulate plasma-gas interactions
inside a cross section of plasma micropump.23 Figure 4
shows the plasma micropump with four pairs of DBD actua-
tors at both inlets and two pairs of DBD actuators at the
center of the pump. The pump inlet openings are 250 um at
both sides and the single outlet opening is 500 um at the
top. Figure 5(a) shows the configuration of DBD actuator.
The powered electrode is 20 um wide, while the grounded
electrode is 40 wm wide. The gap between electrodes is
10 um at streamwise direction and 50 wm in vertical direc-
tion. Figure 5(b) shows two-dimensional computational

Outlet

M

Actuators N\

Inlet = = N\

ey

FIG. 4. (Color online) Schematic of microplasma pump.
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FIG. 5. (Color online) (a) Schematics of microscale plasma actuator. (b)
Computational mesh with 13635 nodes and 3350 elements.

mesh for simulation of microplasma pump with a Kapton
polyimide insulator, i.e., dielectric constant £,=4.5¢,, where
gp is permittivity of vacuum. We simulate half of micro-
plasma pump due to the symmetric configuration. The com-
putational mesh consists of 67X50 elements and 13 635
nodes. The boundary condition of potential ¢ is equal to
1300 V. We neglect the thickness of powered electrode (at
y=0.5 and 3) and grounded electrode (at y=0 and 3.5). For
the flow simulation, gauge pressure is equal to zero at the
inlet and the outlet. The right boundary is maintained as
symmetry, and based on low Kn (<107%) all the dielectric
surfaces are maintained at zero wall velocity.

V. RESULTS AND DISCUSSIONS
A. DC volume discharge

The simulation results for ion and electron densities
along y-direction with various gaps from d=200 to 10 um
at atmospheric pressure (760 Torr) are presented in Fig. 6.
The variables for y, N,, and N; were normalized using the
following normalization scheme: y=d/pl, N,=n,/n,, and
N;=n;/n, where reference length pl varied from 2000 to
100 wm, and reference density n,=10'" m~. By decreasing
the gap d, the sheath became more dominant to the plasma
region. The location of the sheath was roughly at the bifur-
cation of ion and electron densities. The sheath thickness was
a few Debye lengths based on the pressure, and Debye
shielding confined the potential variation shown in Fig. 7.
The function of a sheath is to form a potential barrier so that
more electrons are repelled electrostatically. The potential
lines are bent toward the cathode due to a very low density
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FIG. 6. (Color online) Ton (N;) and electron (N,) density distribution along
y-direction with various gaps from d=200 to 10 um. Reference density
ny=10" m=,

of electrons. This high potential will also drive electrons
away from the cathode and form a cathode sheath thickness.

According to the order of accuracy of Newton—Raphson
scheme for the nonlinear system of equations, the ideal con-
vergence was quadratic convergence. However, Fig. 8 shows
the convergence was between linear and quadratic because of
linearization of the Jacobian matrix for numerical efficiency.
The convergence is below 10~ for every time step. Figure 9
shows that the computed electric field compared with the
published experimental data of Longwitz24 with a very good
agreement from 50 to 5 um interelectrode gaps. The com-
puted charge density g slightly decreased as the gap d de-
creased, but it increased at the gap below 10 um because
much less electrons exist in the plasma region. Based on the
calculation of the electric force (¢gE), we can see the force F,
is I MN/m? at 20 um gap. Note that such force density is
three orders of magnitude higher than that of macroplasma
actuators. As the gap decreases the force seems to increase
sharply. For example, at 5 um gap the force density in-
creases approximately sevenfold to 6.8 MN/m?.
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FIG. 7. (Color online) Electric field E, (V/m) along y-direction with various

gap from d=200 to 10 wum.
B. Plasma micropump

Figures 10(a)—10(c) plot the contour of potential (), ion
number density (N;), and electron number density (N,). Fig-
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FIG. 8. (Color online) Convergence for one time step (iteration from 20 465
to 20 471) and total time steps (iteration from 0 to 20 471).
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FIG. 9. (Color online) Comparison of numerical results and experimental
data for electric field strength from d=5 to 50 wm. The charge density (q)
and the electric force (F ,) are calculated from numerical results.

ure 10(a) shows an applied potential of 1300 V on the pow-
ered electrode (red). The electric field lines are acting from
the powered electrode to the grounded electrode. Due to a
large difference of potential between electrodes, the fluid is
ionized at local regions shown in Figs. 10(b) and 10(c). We
can see the net charge densities are concentrated inside the
boundary layer near the wall, and it is almost zero away from
the wall. Note that the charge densities depositing on the
dielectric surface will cause a net electric force in the direc-
tion from the powered electrode to the grounded electrode.
Therefore, outside the plasma region, the flow is mainly
driven by viscous force.

The advantage of plasma micropump is to push the flow
continuously without intermittent pulsed. Also, it can avoid
the wear of the parts because there is no moving part inside
the micropump. Figure 11(a) shows the flow behavior inside
the plasma micropump. We can see the plasma drives the
fluid into the pump at the inlet due to the net near-wall jet
created by DBD actuators. We can also see one of the DBD
actuators at right boundary (symmetry) with different con-
figurations. This actuator is used for altering the fluid flow
direction from horizontal to vertical direction and pushes the
fluid upward to the outlet. However, it also creates a strong
vortical structure inside the pump that will influence the
mass flow rate of plasma micropump due to the energy loss.
Figure 11(b) shows the V velocity distribution along
x-direction normal to the outlet. The V velocity increases
sharply from the wall (at x=0.0005 m) and becomes flat
Vimax=3-1 m/s at middle of the pump (at x=0.000 75 m).
Note that despite three orders of magnitude higher thrust
density the net inducement of the air flow in these microac-
tuators is similar to that of a standard macroscale plasma
actuator. This is because the area in which these microactua-
tors are in contact with air is also orders of magnitude
smaller than their traditional counterparts. After simple cal-
culation, we find the maximum flow rate Q.
=46.5 ml/min, which is a function of operating voltage of
1300 V for plasma micropump with nitrogen as working gas.
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FIG. 10. (Color online) (a) Potential (¢) distribution with electric potential
lines. (b) Ion number density (N;) contour. (c) Electron number density (N,)
contour.

Such flow rate may be useful for the application of biological
sterilization and decontamination, micropropulsions, and
cooling of microelectronic devices.”

VI. CONCLUSIONS

Plasma actuation at atmospheric pressure is getting more
attention in aerodynamics applications. To understand the ef-
fects of discharge in the fluid region, we solve system of
plasma and Navier—Stokes equations based on the first-
principles approach. The primary weakness of DBD actua-
tors is the relatively small actuation effect as characterized
by the induced flow velocity. In order to enhance the electric
force for real aerodynamics applications, we study plasma
discharge in microscale. First, a two-dimensional nitrogen
volume discharge under applied dc potential has been mod-
eled. It is based on first-principles using a self-consistent
coupled system of hydrodynamic equations and Poisson
equation. Two distinct regions may be observed, the quasi-
neutral plasma where N;=~ N, and the layer of sheath, which
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FIG. 11. (Color online) (a) The velocity stream traces inside the micro-
plasma pump. (b) V velocity component distribution normal to the outlet.

is of several Debye lengths attached to the cathode where
N;>N,. We can see the electron density in the sheath close
to zero and the electric field arises out of this charge separa-
tion. As one approaches the sheath edge, there is an abrupt
drop in the charge difference within a small spatial extent.
This is the region of presheath where separation in ion and

J. Appl. Phys. 106, 013310 (2009)

electron density curves begins and where electron density is
much less than ion density. By decreasing the gap d, the
sheath becomes more dominant to the plasma region. The
results of electric field match well with published experimen-
tal data. Subsequently, we investigate a novel plasma micro-
pump using the same microscale hydrodynamic plasma
model. We find the air flow rate is around 46.5 ml/min for
plasmamicro pump. Such plasma micropumps may become
useful in a wide range of applications from microbiology to
space exploration and cooling of microelectronic devices.
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