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Numerical studies of glowdischargeswere carried out to evaluate their utility forflowcontrol applications. As part

of this project, a three-dimensional computer code has been written to solve the fluid conservation laws, the charged

particle continuity equations under the drift-diffusion model, and the Poisson equation for the electric potential.

Glow discharge calculations have been carried out in the absence of flow, exploring the effects of background

pressure, applied magnetic fields, and finite electrodes. With the presence of a Mach 5 crossflow, three-dimensional

computations have identified the origin of the downward force in a “plasmaflap” concept as dissipative heating in the

vicinity of the cathode, and rough agreement has been obtained between numerical predictions and experimental

measurements of the total temperature rise in that region. A simplified actuator model has been applied in the

numerical exploration of the control of aMach 14 compression ramp flow, and suitable actuator locations and power

levels have been identified.

I. Introduction

I NTEREST in electromagnetic control of high-speed flows dates
to the mid-1950s, when the problem of hypersonic atmospheric

entry was first being explored. Given the high temperatures in the
shock layer around a reentry vehicle, and the concomitant ionization
and electrical conductivity, it was natural to consider exploiting
electromagnetic effects for flow control. Interest in large-scale
aerospace magnetohydrodynamics has waxed and waned several
times in the intervening decades, with the initial enthusiasm
eventually dampened each time by the realities of the weight and
complexity of high-strength magnets and power conditioning
equipment.

Because of the nonlinear scaling of the weight of this equipment
with actuator size, small-scale actuators are not prohibitively heavy.
For example, a magnet capable of generating a field of order 1 T over
a meter extent weighs on the order of tons (e.g., a medical magnetic
resonance imaging machine), whereas the same field strength
applied over a centimeter can be obtained with a permanent magnet
that can be held (with care) in the hand. Thus, small-scale plasma
actuators are currently considered to be a promising means of flow
control for application in both propulsion and external
aerodynamics.

This paper reviews numerical studies carried out by the author on
the use of dc glow discharges for local flow control. Because
nonneutrality near electrode surfaces is an essential feature of glow
discharge behavior, a prototype computer code is being developed to
model space charge effects.

In the initial work, this code was applied to two-dimensional
simulations of glow discharges in the normal glow regime in the
absence of bulk gas flow [1,2]. Two-dimensional discharges were
also explored with finite electrodes in the abnormal glow regime [3].
This work was later extended to three dimensions, with the effects of
varying background pressure and the applied magnetic field
examined [4,5].

The control of a two-dimensional, low Reynolds number airfoil
flow was explored [2,4] but was found to be relatively ineffective.

Greater successwas obtainedwith calculations for aMach 5flat plate
boundary-layer flow [2,4,5], which compared reasonably with the
experimental data of Menart et al. [6].

Recent work has avoided the computational cost of high-fidelity
discharge modeling by employing a simplified model of the
mechanical and thermal energy inputs introduced by a plasma
actuator. In particular, a Mach 14 compression ramp flow has been
studied, and locations have been identified in which a modest power
input can result in significant structural changes to the flow [7].

This paper presents selected results from this work. First, the
physical model and numerical methods are outlined (Sec. II). Then, a
simple, three-dimensional calculation of a discharge in the normal
glow regime is described (Sec. III). The discharge model is next
applied to the Mach 5 boundary-layer flow, which represents a
simple “plasma flap” concept (Sec. IV). Finally, the simplifiedmodel
is applied to the Mach 14 compression ramp flow (Sec. V).

This work aims to demonstrate that, for a reasonably simplified
physical model, three-dimensional computations of glow discharge
actuators are feasible. Additional research on more efficient
algorithms is necessary to enable routine engineering calculations of
actuator performance.

II. Methods

A three-dimensional computer code has been written to solve the
bulk-flow conservation laws, drift-diffusion equations, and Poisson
equation in an implicit, loosely coupled fashion. Several numerical
techniques, including proper evaluation of the source terms and
implicit procedures, have proven to be critical to successful high-
fidelity simulations.

A. Physical Model

The conservation of mass, momentum, and energy for the overall
gas is expressed as
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where � is the gas density,u is its velocity,� is the total stress tensor,
E � ���� u2=2� is the total fluid energy, � is the internal energy, and
Q is the heat flux. The total stress tensor � is given by the usual
constitutive equation for a Newtonian fluid, and the heat flux Q
follows Fourier’s heat conduction law. The source terms on the right-
hand sides of the conservation equations include a body force f and a
dissipative energy source S. Simplified models of these source terms
will be discussed in Sec. V.

In the detailed plasma model, the body force is f� �cE� j �B
and the total energy delivered to the fluid by electromagnetic effects
is f � u� S� E � j. The mass density, the charge density, and the
total current density are found by summing over all the species:
���smsns, �c ��sqsns, and j��sqsnsvs, where m is the mass
per particle, n is the species number density, q is the charge per
particle, and v is the species velocity.

At present, a vibrational energy equation is not incorporated into
the model. Following the simplified treatment of vibrational
nonequilibrium commonly used in the literature [8], the energy
deposition term E � j in Eq. (3) is replaced with �E � j, where 1 � �
represents the fraction of energy delivered to vibrationalmodes.Here
we take �� 0:1.

Neglecting acceleration terms and diffusion due to temperature
gradients, the particle and momentum conservation equations for
each species can be combined to obtain a drift-diffusion model:
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where ss is the sign of qs, and the tensor Ms is defined as

Ms
ij �

1

1� �2
sB

2

�
�ij � �2

sBiBj � ss�s�ijkBk
�

(5)

The dot product in Eq. (4) corresponds to summation on the second
index ofMij.

For the present work, two species of charged particles are
considered (ions and electrons, denoted here by the subscripts i and
e), and the charged particle generation rate is taken to have the form

!i;e � ��e � �nine (6)

where � is the ionization coefficient, � is the recombination
coefficient, and�e is themagnitude of the electron flux relative to the
bulk gas flow. All the discharge calculations presented in this paper
were carried out for nitrogen gas. Data for the mobilities, diffusion
coefficients, ionization coefficient, and recombination coefficient
were taken from [9].

The electric potential is determined from the Poisson equation

r2����c=�0 (7)

where �0 is the permittivity of free space, and the electric field is
found from E��r�.

Conventional no-slip wall conditions and inlet/outlet boundary
conditions were used for the fluid equations. The normal component
of the ion flux was assumed to be zero at the anode, and the normal
component of the electron flux at the cathode was found from the
relation

� e � n��	�i � n (8)

where 	 is the secondary emission coefficient, n is a unit normal
vector, and the species fluxes �i;e were computed using one-sided,
second-order spatial differences. The potential at the anode was
taken to be zero. The cathode potential Vc was either held fixed or
determined according to an external circuit such thatVc ��V � IR,
where V is the applied voltage, R is the external resistance, and I is
the total current at the anode.

B. Numerical Methods

The conservation laws were solved using approximately factored,
implicit schemes related to those developed by Beam and Warming
[10], Pulliam [11], and Surzhikov and Shang [9]. Applying the
standard transformation from physical coordinates �x; y; z� to grid
coordinates �
; �; ��, the conservation equations (1–4) can be written
in the form
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where, for example, �U�U=J, �E� �
xE� 
yF� 
zG�=J, and for
the fluid conservation lawsU� ��; �ux; �uy; �uz; E	T . (Here, J is the
Jacobian of the grid transformation).

Writing Eq. (9) as @ �U=@t� R, and discretizing in time, we have

�1� �� �Un�1 � �1� 2�� �Un � � �Un�1 ��tRn�1 (10)

where �� 0 for an implicit Euler scheme and �� 1=2 for a three-
point backward scheme. We introduce subiterations such that
�Un�1 ! �Up�1, with� �U� �Up�1 � �Up. The right-hand sideRn�1 is
linearized in the standard “thin-layer” manner. Collecting the
implicit terms on the left-hand side and introducing approximate
factoring and a subiteration time step�t̂ gives an equation set of the
form
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where L
, L�, and L� are implicit spatial difference operators.
For the bulk fluid conservation laws, the scheme employs the

implicit and explicit damping operators described by Pulliam [11].
The explicit damping operatorDe uses a nonlinear blend of second-
and fourth-order damping [12]. The spatial derivatives are evaluated
using second-order central differences.

For the drift-diffusion equations, no damping is used. Instead,
these equations are discretized in space using a second-order
upwind scheme based on the convection-drift velocity
Vs � u� ss�sMs � �E� u �B�. A second-order, upwind method
was also applied when calculating the species fluxes present in the
source terms. (See the discussion of the charged particle generation
term in [5,9].)

The Poisson equation is solved using an approximately factored
implicit scheme adapted from the approach described by Holst
[13,14]. Applying the usual transformation of coordinates, the three-
dimensional Poisson equation (7) can be written in the form

@�

@

� @

�E

@

� @

�F

@�
� @

�G

@�
� �S (12)

where the left-hand side is an artificial time term that motivates an
iterative procedure for driving the right-hand side toward zero. We
write ��=�
 � L�p�1, where ��� �p�1 � �p. We then linearize
the right-hand side using the standard thin-layer approach, introduce
�� 1=�
, an overrelaxation parameter !, and approximate
factoring. This gives

L 
L�L���� !��1L�p (13)

The spatial derivatives are evaluated using second-order central
differences. A cyclic variation of the pseudotime parameter is used to
accelerate convergence.

The fluid equations, the drift-diffusion equations, and the Poisson
equation are solved in a loosely coupled fashion inside a subiteration

loop intended to drive � �U and �� toward zero. Typically, one to
three overall subiterations are employed, with 10–1000 iterations of
the Poisson solver within each overall subiteration.

Because of the disparate time scales involved in the fluid dynamic
and electromagnetic phenomena occurring in these problems,
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calculations can be costly in computer time. Efforts have been made
to improve the speed of the computations. In the implementation of
the factorized schemes, multilevel parallelism is exploited by using
vectorization, multithreading with OpenMP commands [15], and
multiblock decomposition implemented through MPI commands
[16]. Further, the code is set up to run either in a time-accurate mode
or with independent time steps for the different physics modules to
accelerate convergence.

III. Glow Discharge

Three-dimensional computations of a parallel-plate discharge in
the absence of bulk gas flow were carried out. The working gas was
nitrogen, the bulk gas velocity was set to zero, the pressure was
670 Pa (about 5 torr), and the gas temperature held fixed at 293 K.
The potential at the anode was taken to be zero, and the normal
derivatives of all variables were set to zero on the side boundaries.
The secondary emission coefficient was taken to be 	 � 0:1.

The computational grid consisted of 51 � 51 � 51 points,
distributed over a 20 � 40 � 40-mm rectangular domain, with grid
clustering near the electrode surfaces. The applied voltage was taken
to be V � 2 kV, and the external resistance was R� 300 k�. The

resulting cathode voltage was Vc ��548 V, and the current was
I � 4:84 mA.

The results are shown in Figs. 1 and 2. The basic structure of the
discharge is illustrated in Fig. 1a, which shows an ion number density
isosurfaceni � 4 � 1015 m�3. The cathode lies in the x� 0 m plane,
to the left and back in the figure, and the anode lies in the x� 0:02 m
plane. The corresponding current lines (trajectories of the current
density vector field) and the current density isosurface j�
110 A=m2 are shown in Fig. 1b. Details of the center plane z�
0:02 m are shown in Figs. 2a–2c,which show, respectively, contours
of the ion number density, electron number density, and electric
potential. Figure 2d shows the corresponding current lines in the
same plane. In each of these plots, the cathode corresponds to the left
boundary and the anode to the right.

Overall, the solution shows typical features of the “normal glow”
regime. The discharge is axisymmetric; this is a property of the
solution, not an imposed condition. The peak ion concentration
occurs in a disk-shaped region near the cathode surface. This region
occupies only a portion of the cathode area. There is significant
charge separation there, with a large concomitant potential drop.
Between the cathode and anode layers lies a column of quasi-neutral
plasma in which ion and electron concentrations are almost equal.
Near the anode surface is a small region of finite space charge. The
current lines originate at the anode, follow the plasma column across
the discharge gap, thendiverge as theypass through the cathode layer.

One-dimensional theory for the normal glow discharge [17] gives
a cathode layer thickness of dn � 1:5 mm and a corresponding
potential drop of Vn � 205 V, which compare well with the
computational results. This theory also predicts a normal current
density of jn � 14 A=m2, which compares well with the average
over the cathode spot of the computed current density
(I=Aspot � 19 A=m2), and is of the same order as the peak current
density computed at the cathode (jn � 66 A=m2). Further, the
computational values match well with the following experimental
results for nitrogen at 670 Pa quoted in Raizer [17]:
dn � 0:6–0:8 mm, Vn � 170–233 V, and jn � 96–101 A=m2.

Fig. 1 Glow discharge at 670 Pa: three-dimensional views.
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Fig. 2 Glow discharge at 670 Pa: center-plane contours.
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IV. Boundary-Layer Control

A computational study was made of a configuration similar to that
examined experimentally by Kimmel et al. [18]. The dimensions of
the test article considered here are close to, but not exactly the same
as, those considered in that study. The working fluid was taken to be
nitrogen rather than air as in the experiments. The test article was a
66 � 38:1 �mm, sharp-edged flat plate. The freestream conditions
were p1 � 64 Pa, T1 � 43 K, and u1 � 688 m=s. Adiabatic wall
conditions were assumed.

A computational grid of 101 � 81 � 81 points, distributed over a
rectangular domain of dimensions 66 � 25 � 38:1 mm, was
considered. The cathode and anode were taken to be located on the
plate surface (y� 0 mm), with a finite extent in the spanwise
direction (9:5 
 z 
 28:6 mm). The cathode was located at a station
upstream (13:2 
 x 
 26:4 mm), and the anode farther downstream
(39:6 mm 
 x 
 52:8 mm). Grid clustering was employed near the
electrode boundaries and near the plate surface. The cathode was
held at ���1 kV (no external load), and the secondary emission
coefficient was taken to be 	 � 0:1.

Figures 3a and 3b show three-dimensional perspective views of
the computed solutions. For the case with the discharge on, contours
of electric potential with selected current lines are shown in Fig. 3a,
and corresponding isobars are shown in Fig. 3b. The bulk gas flow is
in the positive x direction. When the discharge is on, a net current of
about 0.4 A flows from the downstream anode to the upstream
cathode.

For the baseline case, temperature and pressure are uniform in the
spanwise direction. Significant changes in the solution are observed
with the discharge on. Most of the potential variation occurs near the
surface of the cathode and around its edges (Fig. 3a), and significant
dissipative heating occurs in this region. In particular, a wall-
temperature maximum appears near the downstream edge of the
cathode, leading to boundary-layer thickening, and an associated
compression wave system that emanates from the vicinity of the
cathode. Wall pressure increases due to the presence of these waves.

Figures 4a and 4b show selected profiles through the solution,
comparing the baseline case to the case with the discharge on.
Figure 4a shows the centerline wall pressure profile (y� 0 mm,
z� 19 mm). For the baseline case with the discharge off (dash-dot-
dot line), the pressure distribution shows the expected decrease with
a streamwise position. With the discharge on (solid line), a strong
perturbation of the wall pressure occurs, starting at the cathode and
peaking near its downstream edge. A similar effect appears in the
centerline profile of the skin friction coefficient (Fig. 4b), with a drop
in skin friction over the cathode and an overshooting recovery
downstream.

Given the changes in pressure and skin friction, it is interesting to
assess the overall effect of the discharge on the forces on the plate.
Despite the initial decrease in skin friction over the cathode, the
overshooting recovery leads to a 2% increase in drag on the plate.
The overall downward force on the plate due to wall pressure
increases by about 6%with the discharge on due to the increasedflow
compression with boundary-layer thickening.

Examining the source terms that appear in the fluid conservation
laws, we find that the changes that the discharge introduces in the
flow structure are primarily due to dissipative heating effects rather
than the electric force on the bulk gas. The maximal values of the

Fig. 3 Flat plate boundary-layer control: three-dimensional views.
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nondimensional source terms occur near the downstream edge of the
cathode, where the electric field is high. The nondimensional
electromagnetic power term P� �E � jL=��1u31� has a maximum
value ofP� 6. In comparison, themaximumnondimensional rate of
mechanical work done by the electric body force Pm � �cE �
uL=��1u31� is 3 orders of magnitude smaller: Pm ��0:006. The
maximum nondimensional value of the wall-normal component of
the body force fy � �cEyL=��1u21� is quite small (fy ��0:04),
and the other force components are completely negligible. Indeed,
turning off the force term in the calculations had no discernible effect
on the solution.

The results obtained here are qualitatively consistent with
experimental observation of discharges [6,18] and simple heating
[6,19] and with computations using simplified physical models
based on gas dynamic heating [20–22] or quasi-neutral electro-
magnetics [22,23]. A preliminary comparison to experimental data
[6] is made in Figs. 5a and 5b, which show centerline profiles of the
total temperature with the discharge on, divided by the
corresponding value of the total temperature when the discharge is
off. It is important to note that the experimental data and
computations do not correspond to exactly the same conditions: the
electrode geometries are different (noted in the figures), and the
working gas is different (air for the experiments, nitrogen for the
computations). Nevertheless, qualitative agreement in trends is
observed. The streamwise profile of T0;on=T0;off is initially flat, then
shows a rise at the cathode, followed by a slow decay downstream.
The predicted rise in total temperature is within 20% of the
experimental value.

Experiments by Menart et al. [6] show a linear relationship
between the power input to the discharge and the effective angle of
attack. Experimental data indicate that replacing amechanical flap of

100-cm width, deflected 4 deg at Mach 5, requires a power input of
8 kW to the discharge. This iswithin the range of auxiliary power that
might be available on a hypersonic glide test vehicle, so that further
testing of this concept is warranted and feasible.

V. Shock Wave/Boundary-Layer Interaction

In Poggie [7], the computational cost of high-fidelity modeling
was avoided by applying a simplified plasma actuator model to the
study of the control of a separated compression rampflow.The object
of the study was to determine whether a modest power input
consisting of dissipative heating or mechanical work localized near
separation could lead to structural changes in the flow.With suitable
power levels and locations identified, future work will examine the
flow using the detailed discharge model.

The baseline flow was taken to be theMach 14 compression ramp
flow originally studied by Holden and Moselle [24]. The ramp
configuration consisted of an initial flat plate of length L� 0:439 m
and width W � 0:610 m mounted parallel to the freestream,
followed by a second plate inclined to the freestream by an angle of
�� 24 deg. The freestream conditions, upstream of the leading
edge shock, wereM � 14:1 and ReL � 1:04 � 105.

For comparison with the experimental data, three-dimensional
calculationswere carried out on 202 � 60 � 60 and 404 � 120 � 120
grids. The results are summarized in Fig. 6a, which compares the
predicted heat transfer coefficient (Stanton number
Ch � qw=��1U1�H1 �Hw�	) on the model centerline to the
experimental data of Holden and Moselle [24]. The separation
location is seen to be accurately predicted on the finer grid, but the
peak heat transfer rate is somewhat overpredicted and occurs slightly
upstream of that observed in the experimental data. Similar results
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have been observed in previous computational studies of this flow
[25–30].

Phenomenological models of the dissipative heating S and body
force fwere considered [See Eqs. (2) and (3)], and their effects on the
flow were evaluated. The volumetric heating model had the form

S� Q

�3=2a3
exp

�
� r

2

a2

�
(14)

and was added to the total energy equation (3). Here, the variable r
represents the distance from the center of the heating, and Q is the
total energy deposited by the source term. The applied body force had
the analogous form

f � 2Q

U1�
3=2a3
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�
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2

a2

�
ex (15)

and was added to themomentum equation (2), with f � u added to the
total energy equation (3). Note that this source term integrated over

all space has the value 2Q=U1, so that the net mechanical power
delivered to the fluid is about the same as the heating specified in
Eq. (14). The surface-heating model had the form

qw �
Q

�a2
exp

�
� r

2

a2

�
(16)

andwas applied as a boundary condition. The definitions are changed
here to reflect the nature of the surface source: the variable r
represents the distance along the wall from the center of the heating,
and the surface integral of qw over the boundary gives the total
energy deposited Q.

A series of exploratory studies of the effect of volumetric heating,
body forces, and surface heatingwere carried out on a 202 � 60 � 60
grid. The intensity of energy deposition was determined by the
values Q� 100 W and a� 0:005 m, and the “actuators” were
located on the centerline, halfway down the initial flat plate
(L=2� 0:220 m). The volumetric sources were centered 0.008 m
from the wall.

The effects of each control case on the peak heating at
reattachment are summarized in Table 1. It is seen that all the control
cases, except the downstream and downward directed forces,
significantly reduce the peak heat transfer rate.

The selected results for the effect of the heating-based control
cases are shown in Fig. 6b. (Because of the varying wall and
total temperatures, a modified heat transfer coefficient Ch �
qw=��1U1H1	 is shown.) The peak heat transfer rate downstream
of reattachment is seen to be reduced for both cases shown, with only
moderate changes to the rest of the profile. Some heat transfer penalty
is incurred near the actuator location.

The control effects tended to be confined to a strip downstream
with a characteristic width of the same order as that of the control
actuator. Figures 7a and 7b show skin friction lines (trajectories of the
wall shear stress vectorfield) and heat transfer coefficient for surface-
heating cases with one and with five actuators. Control is seen to
introduce a significant degree of spanwise nonuniformity. For the
spacing considered here, multiple actuators did not seem to interfere
with each other.

The heat transfer integrated over the surface qnet �
RR

qw � n dS
was computed to determine the net effect of each control case.
Although significant local decreases in heat transfer have occurred
(Table 1 and Figs. 7a and 7b), the net heat load remained nearly the
same. The maximum change in total heat transfer was slightly over
1%, which occurred for the heating cases with five actuators. Close
inspection of Figs. 7a and 7b indicates that the heat transfer is
strongly reduced directly downstream of each actuator near the
reattachment hot spot, but outboard of that region the heat transfer is
moderately increased over a large area. Thus, this form of control
may be useful for mitigating local hot spots but appears to have a
negligible effect on the net heat transfer.

VI. Conclusions

Numerical studies of glow discharges were carried out to evaluate
their utility for flow control applications. As part of this project, a
three-dimensional computer code has been written to solve, in an
implicit, loosely coupled fashion, the fluid conservation laws, the

Fig. 7 Results of three-dimensional computations of 24-deg ramp flow:

skin friction lines and heat transfer rate contours at the wall.

Table 1 Conditions at peak reattachment heating (z=L� 0): effect of control

Case x=L Cf Ch � qw
�1U1H1

Cp

Baseline 1.28 2:25 � 10�2 2:05 � 10�2 0.741
Surface heating 1.30 1:58 � 10�2 1:73 � 10�2 0.668
Surface heating � 5 1.32 1:77 � 10�2 1:80 � 10�2 0.731
Volumetric heating 1.29 1:86 � 10�2 1:90 � 10�2 0.707
Volumetric heating � 5 1.30 1:97 � 10�2 1:91 � 10�2 0.741
Downstream force 1.27 2:59 � 10�2 2:19 � 10�2 0.731
Downstream force and volume heating, 50 W each 1.28 2:15 � 10�2 2:03 � 10�2 0.722
Upstream force 1.30 1:83 � 10�2 1:86 � 10�2 0.723
Upward force 1.32 1:70 � 10�2 1:69 � 10�2 0.709
Downward force 1.27 2:80 � 10�2 2:27 � 10�2 0.766
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charged particle continuity equations under the drift-diffusion
model, and the Poisson equation for the electric potential. Several
numerical techniques, including proper evaluation of the source
terms and implicit procedures, have proven to be critical to
successful high-fidelity simulations.

Fully three-dimensional calculations have been carried out using a
detailed physical model for dc discharges in nitrogen. First, glow
discharge calculations were carried out in the absence of flow,
exploring the effects of background pressure, applied magnetic
fields, and finite electrodes. These calculations serve as a
rudimentary validation of the numerical code.

The glow dischargemodel was then applied to a relatively realistic
flow control actuator in aMach 5 boundary-layer flow. This device is
a simple plasma flap in which an electrical input produces a control
force. The mechanism for the downward force observed
experimentally was identified through the numerical computations:
dissipative heating near the cathode leads to boundary-layer
thickening, compressionwaves, and a netwall pressure increase. The
measured rise in total temperature was predicted within about 20%,
an excellent result considering the many simplifications included in
the theoretical model. Although the simplifications used in these
calculations preclude an exact match with experiment, the fidelity of
the model is now sufficient to understand the mechanism for the
operation of the device.

Finally, the control of a Mach 14 compression ramp flow was
explored using a simplified plasma actuator model. Acceptable
agreement was obtained between computation and experiment for
the baseline heat transfer distribution. Control was applied just
upstream of separation. The peak heat transfer rate was reduced
substantially by surface or volumetric heating, and by an upstream-
or upward-directed body force. Suitable actuator locations and
power levels have been identified, and future work will address this
flow with the detailed discharge model.

Emphasis in this research program has been placed on three-
dimensional modeling at different levels of fidelity. Despite the
simplifications introduced in the theory, the disparity in time scales
between the plasma behavior and the bulk gas flow behavior make
modeling the plasma actuator an inherently computationally
expensive problem. Improved algorithms for solving the particle
continuity/Poisson system of equations could enable routine
engineering calculations of actuator performance.
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