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Recent studies have shown atmospheric plasma discharges to be an effective means of
reattachment of separated boundary layers on airfoils. The plasma acts to impart
momentum deep in the boundary layer forestalling separation. Previous plasma simulations
in pure nitrogen have shown the temporal behavior of the plasma and clarified the force
production mechanism. The present study extends the computations to discharges with
oxygen. A particle-in-cell and Monte-Carlo (PIC-DSMC) method is used to numerically
explore the nature of the interaction of the negative and positive ions with the fluctuating
electric field. The presence of oxygen and, more importantly, the negative oxygen ions
generated in the plasma, modify the force production mechanism by providing a new path
for momentum addition to the air. Results show that the presence of negative oxygen ions
diminishes the net force. The ionization energies for oxygen, however, are lower than
nitrogen leading to greater levels of ionization and, consequently, more net force production
than discharges in pure nitrogen. Comparisons with experiments are presented to support
the findings.

I. Introduction

Recent studies have demonstrated the capability of plasma discharges to promote boundary layer attachment on
airfoils at a high angle-of-attack."® The plasma discharges accomplish this by supplying additional momentum
to the boundary layer*® and are effective at atmospheric
pressures. The plasma discharges is created by a small
device called a plasma actuator, shown in Fig. 1. It
consists of two electrodes separated by a dielectric. The
upper electrode is exposed to the free stream flow while
the lower electrode is placed underneath the dielectric.
The two electrodes are displaced horizontally from each
other. An alternating voltage of 1-10 kV is applied to exposed
the electrodes at 1-10 kHz which causes the formation of  gjectrode buried electrode
a plasma in the vicinity of the electrodes. The device is alternating voltage

typically mounted flush on the surface of an airfoil.

Figure 1. Plasma actuator configuration.

Current studies have focused on exploring the effects of frequency, wave form, Reynolds number, and geometry
on the force production, drag reduction, and nature of the plasma actuator.*”*° In a previous numerical study,** the
force production mechanism of the plasma discharge in pure Nitrogen was investigated. Simulations suggested that
the plasma is pulling the N, against the prevailing flow during the first half of the bias cycle and pushing during the
second half. A net force arises, at least in part, because the plasma density and, therefore, the force production are
greater during the second half of the bias cycle.  This pulling-pushing effect of the plasma actuator was later
measured in an experimental study.’> The same study also showed significant differences between the force
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production levels in pure nitrogen and in air. A reason for this could be the presence of negative ions generated in a
plasma which contains oxygen. In order to investigate the differences in the force production mechanisms between
nitrogen and air, the present study simulates a plasma actuator in pure oxygen. The comparison between pure
oxygen and pure nitrogen discharges is used to shed light on air discharges. Section Il details the computational
model. Computational results and comparisons to experiments are presented in section Ill. The majority of the
results shown will be for an oxygen discharge since the nitrogen discharges were presented previously in ref. 11.

1. Computational Model

Simulation of the plasma was accomplished using a Particle-In-Cell Direct-Simulation-Monte-Carlo (PIC-
DSMC) method. The details of this method have been documented in previous publications.”**’ In the PIC method,
each computational particle represents from thousands to millions of charged particles of a single species (ion or
electron). At each time step, the particle charge is weighted onto a computational grid.  Using the charge
distribution, Poisson’s equation is solved for the electric potential on the grid using an alternating-direction-implicit
(ADI) iterative scheme. The local electric fields are calculated from the potential distribution and are weighted back
to the positions of the particles. These are, then, used to calculate the forces and accelerations of the charged
particles. A leap-frog™ method is used calculate the velocities and positions of the particles at the new time step.
This sequence is repeated for each time step which allows the plasma to evolve. The present simulation treats both
ions and electrons as computational particles.

The computation follows only the charged species. Neutral species are treated as a background gas. As the
electrons and ions travel through the flow field, they collide with the ambient nitrogen or oxygen molecules. If they
have gained sufficient energy, they may cause ionization, dissociation, and/or meta-stable excitation. The code
handles collisions using a Direct-Simulation-Monte-Carlo**** (DSMC) method. The probability of each particle
undergoing a collision during each time step is evaluated using a no-time-counter method.** Any chemistry which
may take place is computed and the resultant species are added or subtracted to the computation particle list. Any
resultant neutral species is added to or subtracted from the background gas. Since the discharge only lasts 10s of
nanoseconds, the neutrals do not have sufficient time to move any significant distance. For this reason, neutral
species motion is not modeled.

Table 1. Nitrogen Chemical Reactions

Simulations are initially conducted in
pure nitrogen. The chemistry has been e + N, > N, + e momentum transfer
updated from ref. 11 and is presented in
Table 1. The reactions include momentum € + 2N,
transfer, molecular ionization, excitation,
dissociation, dissociative recombination,

> NS o+ 2e ionization (N, + N,* > N,*)
>
and secondary electron emission. The . N, > 2N + e dissociation
>
>
>

e + N, N+ e meta-stable excitation

primary ion is N4* because, at atmospheric

pressures, the N, is converted to N,* (via e + N,
N," + N, = N,") at a rate that is as great as
the original ionization. For each of these
reactions, the collision cross-sections inref. + ,
18-21 were used to calculate the reaction ¢
probabilities. The meta-stable excitation

reaction is a combination of several excitation reactions. The composite cross section is plotted in Fig. 2. The
cross-sections for each of the individual excitation reactions were added together and the energy loss to the
impacting electrons was computed through out the first 20eV using a weighted average.

2N, dissociative recombination (glow)
NS+ N, N, + N, momentum transfer

surf 2N, + 0.03e secondary electron emission

Plasma actuators are typically operated in air. The oxygen in the air could significantly alter the discharge due to
the presence of negative (O) ions. The negative ions add momentum in the opposite direction to the positive ions
and oxygen has different recombination, dissociation, and excitation behavior. In order to explore the force
production differences between nitrogen and oxygen, computations were also carried out in pure oxygen. This
should approximate the air behavior because the plasma in air is thought to be dominated by the oxygen due to its
lower ionization energies (12.06 vs 15.6 eV). True air chemistry (O, + N,) will be treated in future investigations.
The chemical reactions for pure oxygen included in the computations are shown in Table 2.
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The chemical reaction set used in the oxygen
computations is shown in Table 2. It is similar to the
nitrogen set with the addition of a creation reaction
(dissociative attachment) and a momentum transfer reaction
for the negative oxygen ions. The primary positive ion is
O." because, as with nitrogen, at atmospheric pressure, O,"
is converted to O, as fast as it is created (through O," + O,
> 0,9. The collision cross sections for oxygen reactions
were taken from ref. 19-22.

The computational geometry is shown in Fig. 3. It
consists of two electrodes separated by a dielectric. The
upper electrode is 0.5 mm thick and protrudes only 0.25 mm
into the computational domain. A larger exposed electrode
was found unnecessary because previous computations
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Figure 2. Nitrogen excitation cross section.

energy (eV)

showed that the plasma does not extend significantly beyond of the edge of the electrode. The buried electrode is
1.25 mm long and is a boundary condition below the dielectric. The dielectric is 0.5 mm thick. The computational

domain is 1.5 mm high by 2.0 mm long by 0.1 mm wide.

The grid is 165 x 320 cells. In the plasma

Table 2. Oxygen Chemical Reactions

region, the cells are 6.25x10° m square (height

and length) by 0.1 mm wide. Only every fourth ¢ + o, > o, + e

cell in the plasma region is shown in the figure

. . . +
for clarity.  The electrode and dielectric © * 20, > O + 2e
thicknesses are chosen to be representative of the o, > O + O
experimental setups currently under
investigation. The length of the buried electrode e + o, > 0, + e
was shortened to decrease the computational o 5 20
work load. The computational domain is one ¢ *© ©2 e
cz_all widg with reflective boundary conditions_ on e + 04 > 20
either side.  Therefore, although all particle .
motions and collisions are calculated in 3 Os + O, > 05 + O,
d!mens!ons, the simulation is effectlvely_only 2 o 0, > o + 0
dimensional. Because the experimental
electrodes are long and slender, however, the o,* + cuy, > 20, + 003e

momentum transfer

ionization (O, + O,* > 0,*)

dissociative attachment

meta-stable excitation

dissociation

dissociative recombination (glow)

momentum transfer

momentum transfer

secondary electron emission

plasma is 2 dimensional to a good
approximation.

Particle boundary conditions were as follows: Particles exiting the computational domain were deleted from the
computation. Particles striking the exposed electrode would be neutralized and, therefore, were also deleted from

the simulation. Particles striking the dielectric were held
at the dielectric boundary and their velocity was set to
zero. In the actual plasma, an electron or an ion may
bury itself into the dielectric due to the impact
momentum. This may affect the speed at which the
particles leave the dielectric when the electric field
reverses since some energy has to be expended to extract
them from the surface. It would also affect the timing of
their departure since the electric field has to rise above
some threshold for extraction. No attempt to model this
has yet been made in the current simulation.

Electrical boundary conditions were as follows: The
potential gradient was set to zero along the plasma
boundaries. The potential was computed by solving the
Poisson’s equation throughout the domain, including the
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Figure 3. Computational geometry.
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dielectric. The dielectric constant is currently set to 3.5. During the simulations, the buried electrode was held at
zero Volts, while the exposed electrode was held at either positive or the negative peak voltage. A time varying
potential was not attempted since the electron avalanche spans less than 20x10° sec and the collision frequency with
the neutrals forces a time step of about 1x10™ sec. Therefore, capturing even a single bias cycle is prohibitively
expensive. Instead, the potential of the exposed electrode was set to the negative peak voltage, for example -5200V
and the discharge was computed until it extinguished. This was followed by setting the potential to positive peak
voltage and, again, computing the discharge until it extinguishes. Therefore, the simulation utilizes a square wave
input to the electrodes. Different grid densities were tried for the simulation. The cell size in the plasma region was
reduced from 2.5x10™ m to 0.4x10™° m until the force began to converge. Further reductions were not made due to
computational constraints.

The simulations were started by seeding the flow with a small number of electrons. Trials were conducted where
the number of seed electrons was reduced until the discharge became independent of the size of the seed. This is a
standard technique in this type of simulation.’®'" The seed electrons are placed near the upper corner of the exposed
electrode where secondary electron or field effect emission is expected. The plasma discharge then evolves self-
consistently as the electrons accelerate in the electric field and cause further ionization, dissociation, etc.

I11. Computational Results

Simulations were conducted of a 2-dimensional slice of a plasma actuator discharge at atmospheric pressure and
density with a square wave input of amplitude ranging from 5000 to 5500 V. The bias frequency is not specified but
is low enough to allow the discharge to extinguish before the electrodes reverse polarity. In the present simulation,
this results in an effective frequency in the 1-10 mega-Hertz range. Simulations were conducted in pure nitrogen
and in pure oxygen separately.

The electric potential contours and the electric field magnitude and vectors are shown in Fig. 4 at a time before
the start of the discharge. The exposed electrode is set to 5200 V and the buried electrode is grounded (0 V). The
effect of the dielectric is to bring the ground (0V) plane closer to the exposed electrode and increase the effective
electric field. The average electric field in the vicinity of the exposed electrode is on the order of 10’ V/m and
points generally toward the exposed electrode. The discontinuity in the potential contour slope is due to the
difference in the dielectric constant between the air and the insulating Kapton layer.
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Figure 4. Potential distribution (Volts), electric field magnitude (V/m), and electric field vectors
before forward discharge for oxygen, Bias = 5200V.

A. Plasma Discharge

The plasma discharge begins when the exposed electrode is biased negatively. This allows electrons generated
through field effect emission to accelerate away from the exposed electrode and gain energy. The part of the
discharge where electrons are pushed away from the exposed electrode will be referred to as the ‘forward’
discharge. The beginning of the plasma discharge in oxygen is illustrated in Fig. 5, which shows the charged
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particle density during the first 3 nsec. The electrons accelerate along the electric field and, when sufficient energy
is gained, cause ionization through collisions with the neutral molecules. = The head of the avalanche is
predominantly composed of electrons, while the tail of the streamer is dominated by ions. This occurs because the
collision cross-section of the ions and electrons with the neutrals are very different, as shown in Fig. 6. Simulations
show that the ions typically have a temperature of 0.05 eV while the electrons have a temperature of 0.5-1.0 eV.
The collision probability for the ions, determined with the cross-section, therefore, is about 100 times greater for the
ions than for the electrons. The result is that the electrons suffer fewer collisions and, therefore, stream through the
neutrals while the ions, a great many more collisions, are effectively kept from moving very far. Note: charge
density contours inside the dielectric are a graphing artifact. In the simulation, particles are stopped at the surface of
the dielectric and not allowed to move into the dielectric.

t = 0.5 nsec t=1.5 nsec

%

Figure 5. Charge number density throughout the beginning of the forward discharge; Bias=5200V.

Figure 7 shows the electron, positive ion, and negative 160 T
ion density at t = 1.0 nsec. Most of the electrons are near the - \
head of the avalanche. The ions, both positive and negative, I \
are scattered though out the plasma. The negative ion (O-)
density makes up from 30 to 40% of the total negative charge
carriers. The average charge number density at the end of
the forward discharge is about 10*” #/m®. Once the bulk of
the electrons land on the dielectric (last frame of Fig. 5), very
little further ionization is possible. The rest of the time, f
during the forward discharge, the ions recombine or move I _/L
along the electric field imparting momentum to the neutrals. 0 et
If they come in contact with the exposed electrode, they are 0.01 0L ergy ev) 190 10.00
also neutralized. The simulations show that the plasma
eventually is extinguished in a time on the order of about 3
psec. This is much faster than the 200 psec period of the bias oscillation. The result is that the plasma is completely
extinguished before the bias voltage reverses itself. This trait of the plasma actuator, that the plasma is created and
extinguished during each half of the bias cycle, has also been observed in experiments.”®
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Figure 6. Momentum transfer cross section.
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Figure 7. Charge number density 1 nsec into forward discharge.
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Figure 8. Charge number density during the beginning of the back discharge; Bias= 5200V.

At the end of the forward part of the discharge, only the negative charge carriers which impacted the dielectric
before recombining remain. All other ions have been neutralized. The electrons are attracted to the dielectric by the
imposed electric field but are kept from moving and gaining energy by the dielectric itself. When the bias field
reverses during the second half of the bias cycle, however, the electrons are pushed away from the dielectric and are
free to move. This is important because, although the forward discharge starts with a few thousand field effect or
cosmic electrons, the back discharge (during the second half of the bias cycle) begins with hundreds of thousands or
millions of electrons already present.

The first 2 nsec of the back discharge is shown in Fig. 8. The electrons are now attracted to the exposed
electrode. As they accelerate and gain energy, they again undergo greater ionizing, dissociating, and meta-stable
exciting collisions. Although, the electric field magnitude is not very different from that present during the forward
discharge, a greater number of electrons are now available at the start. The result is a greater level of ionization.
The individual electron, positive ion, and negative ion densities are shown in Fig. 9. The majority of the electrons
are still concentrated near the head of the avalanche and the positive and negative ions are distributed throughout the
avalanche. The average charge density is on the order of 10™ #/m* — ten times larger than during the forward
discharge. The negative ions continue to be 30 to 40% of the negative charge carriers.
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Figure 9. Charge number density 1 nsec into back discharge; Bias = 5200V .

The electrons which collide with neutrals do not only create ions, however, they also dissociate and excite the
molecular oxygen. Fig. 10 displays the number density contours for the atomic oxygen and excited molecular
oxygen. The atomic oxygen density peaks at 8x10* m™ while the excited molecular oxygen peaks at about
1x10?'m™. Both are less than 1% of the ambient density and too small to contribute significantly to altering the
chemical kinetics. However, this is after a single discharge cycle (forward and back). Since the neutral products of
the discharge do not move significantly over many bias cycles, the products of subsequent bias cycles would
probably accumulate and reach levels where the chemical kinetics, and, therefore, the discharge is affected. Excited
and dissociated oxygen can provide additional paths toward ionization if their density levels become significant.
Such accumulation of plasma products, however, was not modeled in this study and will be explored in the future.
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Figure 10. Atomic oxygen and excited molecular oxygen number density contours after a single
(forward and back) discharge cycle (10%° m).

B. Force Production

During the forward and back discharges, the electrons, positive ions, and negative ions undergo collisions with
the neutral molecules. These collisions serve to transfer the momentum, which the ions and electrons gained from
accelerating in the electric fields, to the neutral molecules. In the simulation, the momentum transfer from each
collision which does not result in a chemical reaction is tabulated and stored. The resulting total momentum transfer
vectors for the forward and back discharges are shown in Fig. 11. During the forward discharge, the electrons and
negative ions are pushed away from the exposed electrode. Any collisions will, therefore, transfer momentum away
from the exposed electrode. Conversely, the positive ions are pulled back toward the exposed electrode and transfer
momentum back toward the electrode. The net momentum transfer is not zero, however, because of two reasons: 1)
The electron momentum transfer collision cross section is much smaller than that of the ions, as shown in Fig. 6,
resulting in a smaller number of collisions and diminished momentum transfer. And 2) the positive ions outnumber
the negative ions by at least a factor of two. The result is that the net momentum transfer during the forward
discharge from all of the charged species is toward the exposed electrode. This is a direction which is normally
against the prevailing freestream flow. This result was unexpected when first noted in simulations of pure
nitrogen™ but was, in fact, later observed experimentally.*

Forward Discharge

Back Discharge

N
S
v

electrode

R\

Figure 11. Total momentum addition vectors and potential contours (Volts) near the end of the forward and
back discharges. The length of the vectors for the forward discharge are exaggerated for clarity.

During the back discharge, the external electric field and the momentum transfer reverse. The electrons and
negative ions are pulled toward the exposed electrode and the positive ions are pushed away. As in the forward
discharge, the momentum transfer from the positive ions is greater than from the negative ions and electrons. The
resultant force for the back discharge is away from the exposed electrode and along the prevailing freestream
direction. The momentum addition vectors for the back discharge are also shown in Fig. 11. The length of the
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vectors is proportional to the force magnitude. The forward discharge vector lengths have been exaggerated by a
factor of twenty for the purpose of clarity. Note that the force is not uniform in magnitude. Neither is it uniformly
generated throughout the plasma.

A summation of the vector magnitudes reveals that the total force produced by the back discharge is greater than
the total force produced by the forward discharge by at least a factor of ten. This is consistent with the observation
that the average charge density during the back discharge is greater than during the forward discharge. The reason,
therefore, that the plasma actuator net force is away from the exposed electrode appears to be due to the charge
density being so much larger during the forward than during the back discharge. This trait does not appear to be
altered by the presence of oxygen and is also found in the nitrogen discharges.

Comparing the initial potential contours (Fig. 4) with the contours at the end of the forward discharge (Fig. 11,
forward discharge) reveals that the charge density is not sufficiently large to begin shielding the external field.
Conversely, the potential contours at the end of the back discharge (Fig. 11, back discharge) are significantly altered,
indicating that the plasma density during the back discharge reaches a level where shielding of the external field is
possible.

This simulation was conducted for a single bias cycle. Since the plasma extinguishes during each half of the bias
cycle, however, the results reported here are applicable to a continuously running plasma actuator. During each
forward discharge the avalanche starts from a small number of electrons. It deposits most of the created electrons
onto the dielectric, generates a force back toward the exposed electrode, and then extinguishes. During each back
discharge, the avalanche begins from the large number of electrons created during the forward discharge which were
deposited on the dielectric. It generates a net force away from the exposed electrode, and then extinguishes. The
electrons generated during the back discharge either are neutralized on the exposed electrode or in recombination
with the ions. Therefore, no significant amounts of charged species from the back discharge are present before the
discharge begins in the forward direction once again. Consequently, the effects of each bias cycle are erased before
the next bias cycle begins. The only important exception to this is, perhaps, the meta-stable and dissociated
products, which may accumulate over many bias cycles.

C. Comparison with Experiments 1.60

One of the central questions in this study was
whether the force production mechanism in air differed 140 — & 702
significantly from the mechanism in pure nitrogen. —o—expair /

. . . . | | —B—expN2

Pure oxygen, with its negative ions, represents one 1.20
extreme in possible chemistry, while pure nitrogen, with 5
only positive ions, represents the other extreme. Figure 3%
12 shows the normalized time averaged force from the £
computations and the experiments.” The experiments 30'80 |
were run in pure nitrogen and in air (21% O,). The Eo.so |
experimental results show that, when oxygen is present, 5
the plasma flap produces more force. Further, the force ™ 4o
produced in the presence of oxygen increases at a rate
larger than pure nitrogen, as the voltage increases. The 0.20 -
simulations do not reproduce the correct force
magnitudes. They do, however, correctly predict higher 0.00 ‘ ‘ ; ; ‘
force production in the presence of oxygen. They also 4800 5000 5200 5400 5600 5800 6000
correctly predict that the rate at which force increases voltage (V)
with increasing voltage is higher in the presence of Figure 12. Normalized net force produced by the plasma
oxygen. actuator for the computation and experiments.

The simulations suggest that the presence of oxygen leads to greater force production because it results in greater
levels of ionization. This is due to the oxygen ionizing at a lower energy than nitrogen. The presence of negative
ions appears to mitigate this somewhat because the negative ions impart momentum to the air in a direction opposite
to the positive ions. Since their density is not as large as that of the positive ions, however, they do not cancel the
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force completely. Figure 13 shows the normalized force 14
imparted during a complete bias cycle for a typical 12
computational case. The force imparted by the positive ions
is about a factor of 5 more than the force imparted by the 10 +—
negative ions and in the opposite direction. The electrons, due S gl |
to their small momentum transfer collision cross section, g
impart only a small net negative force. Since the plasma must S 61
remain neutral, the limiting case where negative ions are as % 41
populous as positive ions would yield, at best, a net force of £
zero. The presence of negative ions, therefore, can never S 27
reverse the net force direction. 0
B 04+ e o |
-4
Figure 13. Normalized net force produced in a
IV. Summary typical computational case during an entire bias
Plasma actuators have demonstrated the ability to promote cycle by positive ions, negative ions, and electrons.

attachment of the flow around airfoils by providing

momentum to the boundary layers. The method by which the momentum is imparted to the flow in air was the
subject of the present study. A plasma actuator was simulated using PIC-DSMC methods at atmospheric pressure
for pure nitrogen and a pure oxygen discharges. The electrodes were biased using a square wave function with a
frequency of about 10 MHz. Both the electrons and ions were modeled as computational particles. The electric
field was determined self-consistently during each time step. Collisions were resolved with the neutrals allowing for
ionization, dissociation, dissociative attachment, meta-stable excitation, and momentum transfer.

The simulation results show that the plasma actuator imparts a force through collisional momentum transfer from
the ions and electrons to the neutral molecules. The ions impart most of the momentum, when compared to the
electrons, due to their larger momentum transfer cross section. During the first half of the bias cycle, the net force is
back toward the exposed electrode. During the second half of the cycle, the force is away from the exposed
electrode. The time averaged force from the plasma actuator is away from the exposed electrode because the force
during the second half of the cycle is as much as ten times larger than during the first half. This is due to the charge
density which can also be ten times larger during the second half of the bias cycle.

The presence of oxygen in the discharge results primarily in greater levels of ionization and the production of
negative ions. The larger levels of ionization result in greater force production than in plasma discharges where no
oxygen is present. The negative ions can number as much as 30 to 40% of the negative charge carriers in the plasma
and effectively transfer momentum in a direction opposite to the positive ions. Because their density is smaller than
the positive ions, however, the net force is not reversed when compared to a discharge, such as pure nitrogen, where
all ions are positively charged.

Comparisons with experiments yield mixed results. Discharges containing oxygen are correctly predicted to
generate larger forces. Discharges in pure nitrogen are correctly predicted to have a smaller increase in force from a
fixed increase in bias voltage when compared to oxygen discharges. The force magnitudes, however, do not
compare well with experiments. This may be due to dissociated and meta-stable plasma products which accumulate
in the vicinity of the plasma actuator from one bias cycle to the next. These can result in altered ionization levels
and different amounts of force production. This accumulation of plasma products was not modeled in the present
study.
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