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Particle and fluid simulations are carried out of a plasma actuator discharge.  
Particle-in-Cell Direct-Simulation-Monte-Carlo (PIC-DSMC) simulations of a pure 
oxygen discharge are conducted to characterize the force and heating characteristics 
a typical discharge.  The results show that the plasma imparts a force which points 
upstream during the first half of the bias cycle and points downstream during the 
second half of the cycle.  The upstream force, however, is as much as 20 times 
smaller than the downstream force.  The results from the particle simulations are, 
then, inserted into a Navier-Stokes fluid code to explore the effects on the neutral 
flow.   Fluid simulations confirm that the force produced in the particle simulations 
create a flow similar to a wall jet in the vicinity of the plasma actuator.  The results 
of heat addition show that it can not account for the force levels observed in 
experiments, but can account for density reductions. 

   
   

I. Introduction 
 

lasma actuators have demonstrated the ability to promote boundary layer attachment on airfoils at a 
high angle-of-attack.   This technology holds the promise of increasing the lift and/or reducing the drag 

of airfoils and fuselages through electronic means, where as previously only pneumatic or physical options 
were available.1-5  Experiments and simulations have shown that the boundary layer attachment promotion 
takes place because the plasma actuator 
imparts momentum to the flow.4-6   The plasma 
actuator is a rather simple device.  Figure 1 
illustrates its components.  Two electrodes are 
separated by a dielectric and staggered in the 
flow direction.  The electrodes are subjected to 
an alternating bias of several thousand volts at 
a frequency in the kilohertz to tens of kilohertz 
range.  This results in a dielectric barrier 
discharge from the exposed to the buried 
electrode and a force which accelerates the 
flow downstream.  
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  In previous numerical studies,7,8 we explored the force production mechanism of the plasma in 
Nitrogen and Oxygen.   Simulations showed that the plasma is pulling on the air during the first half of the 
bias cycle and pushing during the second half.   A net force arises because the plasma density and, 
therefore, momentum transfer are greater during the second half of the bias cycle.  Further numerical 
studies using Oxygen showed that the presence of negative ions in the air do not change the force 
production characteristics.  The level of negative oxygen ions generated by the plasma in the air are not 
sufficient to reverse the direction of the force imparted to the air, although, they do have a significant effect 
on the efficiency of the actuator.   
 

The numerical code used in these studies was based on particle methods (PIC-DSMC) and 
followed positive and negative ions, electrons, and their interactions with the air.  However, it did not 
attempt to model the response of the air after the momentum transfer from the charged species.  This did 
not compromise the results of the simulations since the discharge time scale is on the order of nanoseconds 
while the air response time scale is on the order of milliseconds.  In the present work, the results of the 
particle code are supplied as source terms to a Navier-Stokes fluid code to check for consistency with 
observed experimental results. Section II will summarize the force production characteristics as derived 
from the particle methods studies.  The third section will detail the neutral fluid response to the plasma 
generated force as calculated by a neutral fluid code.   Part IV will examine the heat deposition 
characteristics as calculated by the particle code.  The fifth part will use the particle derived heat deposition 
and the fluid code to explore the effects on the neutral flow.  The final part will summarize the findings.   
 
 

II. Force Production Derived from Particle Computations 
 

The plasma discharge was computed 
utilizing a Particle-in-Cell Direct-Simulation-
Monte-Carlo (PIC-DSMC) technique.9-13  
Electrons, positive ions, and negative ions are 
tracked through a computational mesh.  Their 
positions are used to calculate a charge distribution 
on the mesh which is, in turn, used to compute the 
potential distribution through a solution of the 
Poisson’s equation.  The resulting distribution is 
differentiated for the electric field which gives the 
force on the charged particles.  A leap-frog 
scheme9 is, then, used to update the velocities and 
positions of all particles.  Collisions with neutrals 
are handled through a DSMC technique.10,11 The 
probability of collision is calculated from the 
collision cross sections14-18 and a random number 
generator is used to determine which collisions 
take place.  Neutral particles involved in 
collisions are generated from Maxwellian 
distributions for each event.  After the 
collisions, the neutral particles are discarded 
and are not tracked further.  This reduces the 
computational load to a tractable level since 
neutral movement and neutral-neutral 
collisions do not have to be computed.  The 
computational grid is displayed in Fig. 2.   The 
edge of the exposed electrode, the dielectric, 
and the buried electrode are included in the 
computation.  Previous experimental and 
computational studies7,8,19,20 have shown that 
the plasma does not extend upstream of the 
edge of the exposed electrode, therefore, 
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truncating the computation at the electrode edge is justified.  The computational domain is 2.0 x 1.5 x 
0.1mm.  Although the particle motion is resolved in 3D, the small width of the domain effectively makes 
this a 2D approximation of the discharge.  Only a subset of the cells are shown for clarity.  The smallest 
cells have sides on the order of a micron. 
 

Computations have been carried out in pure oxygen and pure nitrogen separately.   Pure nitrogen 
is used to explore electropositive gasses and pure oxygen is used to represent electronegative gasses.  
Because oxygen dissociates and ionizes at lower energies than nitrogen, the oxygen dominates the 
discharge chemistry in air.  Computations in pure oxygen are, therefore, more representative of the 
chemistry in air and will be used in the present study.  The reactions used in oxygen calculations are shown 
in Table I.   They include dissociation, meta-stable excitation, ionization, dissociative attachment, 
dissociative recombination, ion-ion recombination, elastic collisions, and secondary electron emission at 
the walls.   

 
The force vectors from a typical computation are shown in Fig. 3.  The figure displays the region 

in the vicinity of the exposed electrode edge and the surface of the dielectric.  The voltage was set to 4500 
volts (0-peak).  The vectors of the first half of the bias cycle are increased in size for clarity.  During the 
first half of the bias cycle, the forward discharge, the force is predominantly upstream.  During the latter 
half of the bias cycle, the back discharge, the force is predominantly downstream.  This occurs because the 
ion elastic collision cross-sections at the present ion energies are more than an order of magnitude larger 
than the electron elastic collision cross-sections.8  The result is that the ions dominate the momentum 
transfer to the neutrals.  Since they are pulled by the electric field during the first half of the cycle, the force 
to the air is initially upstream.  When the field reverses, during the second half of the bias cycle, the ion 
dominated force points downstream.   If the force vectors are added together, the total downstream average 
force is a factor of about 20 larger than the total upstream force.  The net results on the air is, therefore, a 
force which is on the average, pointed downstream.  The force imbalance occurs because the ion density is 
a factor of 10, or more, greater during the second half of the cycle.  The ion density is not equal during both 
halves of the bias cycle because the first half of the discharge begins from a few cosmic or field-effect 
emitted electrons, while the second half of the discharge begins from all of the electrons deposited on the 
dielectric during the first half of the bias cycle.   
 

Figure 3.  Force vectors and average force during forward and back plasma discharge 
for a single streamer in Oxygen; peak bias = 4500 V.  The vectors for the forward 
discharge are exaggerated for clarity.
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III. Force Production Applied to Fluid Computations 
 
In order to test whether, the force characteristics (initially pointed upstream and later pointed 

downstream) are compatible with the experimentally observed behavior of the air, the results of the PIC-
DSMC computations were inserted 
into a Navier-Stokes fluid code 
using momentum source terms.  
The code utilized was the 
commercially available and 
exhaustively documented 
FLUENT.  The grid, illustrated in 
Fig. 4, is 40cm long and 20cm high 
and 2 dimensional.  The figure 
shows the region near the edge of 
the exposed electrode.  A time 
varying momentum source term 
was applied to still air with a 
frequency of 5000Hz.  The force 
was applied initially upstream and 
later downstream as indicated by 
the particle simulations.  The peak 
magnitude of the downstream force 
was set to be a factor of 20 larger 
than the upstream force.   

 
The force-time relation was constructed by noting when the plasma was observed to exist in the 

experiments.  Figure 5a shows the current measurements from experiments and applied voltage20.  The 
plasma exists, to first order, during the first quarter cycle (forward discharge) and during the third quarter 
cycle (backward discharge).   The plasma density grows exponentially during each discharge, as suggested 
by the particle simulations.  Since the force on the ions is a function of the plasma density, the force should 
also initially grow exponentially.  When the voltage, however, is insufficient to continue the discharge, the 
plasma density and force should decrease as ions are destroyed through recombination at the walls or in the 
field.  In order to investigate the effect on the air in the simplest manner, a half of a sine function was 
chosen to represent the plasma density –and corresponding force, for each discharge, as shown in Fig. 5b.  
The initial discharge produces a negative (upstream) force.  The second discharge produces a positive 
(downstream) force.  The relative size of the forces was taken from the particle simulations to be a factor of 
about 20.  The total integrated force was scaled to produce an average force of about 1.5mN, which is 
representative of the experiments.   

 

Figure 5.  a) Experimental current measurements.  b) Temporal force schedule used in Navier-
Stokes computation to align force production with plasma during one bias cycle.

approx.
Voltage
(arb. units)

plasma plasma

forward 
discharge 
plasma

backward 
discharge 
plasma

0.0                 0.25                   0.50                 0.75                 1.0
normalized time 

0.0              0.25             0.50               0.75       1.0
normalized time 

a) b)

Fo
rc

e(
N

)

Figure 5.  a) Experimental current measurements.  b) Temporal force schedule used in Navier-
Stokes computation to align force production with plasma during one bias cycle.

approx.
Voltage
(arb. units)

plasmaplasma plasmaplasma

forward 
discharge 
plasma

backward 
discharge 
plasma

0.0                 0.25                   0.50                 0.75                 1.0
normalized time 

0.0              0.25             0.50               0.75       1.0
normalized time 

a) b)

Fo
rc

e(
N

)

0.0012

0.0010

0.0008

0.0006

0.0004

0.0002

-0.0005                             0.0000                       0.0005                          0.0010

Figure 4.  Navier-Stokes code grid near the edge of the exposed electrode.   

region 
shown

X(m)

Y(
m

)

0.0012

0.0010

0.0008

0.0006

0.0004

0.0002

-0.0005                             0.0000                       0.0005                          0.0010

Figure 4.  Navier-Stokes code grid near the edge of the exposed electrode.   

region 
shown

0.0012

0.0010

0.0008

0.0006

0.0004

0.0002

-0.0005                             0.0000                       0.0005                          0.0010

Figure 4.  Navier-Stokes code grid near the edge of the exposed electrode.   

0.0012

0.0010

0.0008

0.0006

0.0004

0.0002

-0.0005                             0.0000                       0.0005                          0.0010

Figure 4.  Navier-Stokes code grid near the edge of the exposed electrode.   

region 
shown
region 
shown
region 
shown

X(m)

Y(
m

)



5 
American Institute for Aeronautics and Astronautics 

The force schedule was applied as a momentum source term to air which was initially not moving.  
The force was applied over a region that was 0.5mm high by 5mm long.  This represents the maximum 
region where the plasma is observed to exist.  The maximum height of the plasma is typically about the size 
of the thickness of the exposed electrode and the length of the plasma is never longer than the length of the 
buried electrode.    A 2nd order time-accurate Newtonian sub-iteration scheme was applied to evolve the 
flow and follow the unsteady fluctuations.  Two-hundred time steps were converged during each bias cycle.   
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The results of inserting the particle code force results into the fluid code are shown in Fig. 6, 

which displays the velocity magnitude contours and x velocity profile at a time 0.08 seconds after the 
plasma actuator was started.  The plasma actuator creates a flow similar to a wall jet, imparting momentum 
to the flow over a very small region.  At this time in the computation, the starting vortex has not yet moved 
a significant distance from the exposed electrode.  As more flow is entrained, this vortex will move 
downstream.  The x velocity profile, taken at a point 0.005m downstream of the exposed electrode edge, is 
also shown in Fig. 6.  The maximum velocity is about 6 m/s and is located at less than one millimeter from 
the wall.  The second velocity peak, located at 1.4mm from the wall is simply part of the starting vortex and 
will vanish as the vortex moves away.   Similar wall jets have been observed experimentally21, although, 
direct comparison is not possible since measurements were not taken this close to the actuator and at such a 
short time period after plasma start.  It is interesting to note that the velocity distributions at the ¼ and ¾ 
time in the period are so similar.  The ¼ time is when the plasma ends pulling the flow upstream.  This is 
where we would expect to find negative or slowest velocity.  The ¾ time is when the plasma has completed 
its downstream push and where the largest velocities would be expected.  While this is, in fact, what is 
found in the computations, the difference between the largest and smallest velocities is less than 2%.  
Negative flow is generated, but only within a space less than 1mm from the edge of the exposed electrode.   
This is, perhaps, not unexpected since the total force generated by the actuator pulling upstream is only 
1/20th of that which is generated pushing downstream. 
      

 
 

IV. Heat Addition Derived from Particle Computations and Experiments  
 
The plasma discharge created by the actuator affects the neutral flow through several important 

mechanisms: 1) momentum addition, 2) heat addition, and 3) composition alteration (dissociation and other 
chemical reactions).    In this section, the second of these effects, heat addition, will be characterized.   
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Figure 7 displays the temporal light 
measurements as a function of time, applied 
voltage, and distance away from the exposed 
electrode22.   The plasma is created and 
destroyed twice during a bias cycle, as 
already noted in Fig. 5.  During each plasma 
creation phase, the discharge begins at the 
edge of the exposed electrode and marches 
downstream.  Very little plasma is seen 
upstream of the exposed electrode.   

 
Particle simulations of multiple 

discharges give a clue as to how the plasma 
may be expanding.   Discharges were 
simulated in pure nitrogen for a bias voltage 
amplitude of 5000 V.  The initial plasma 
discharge was allowed to reach the dielectric 
surface before a second discharge was 
initiated by reseeding the flow field near the 
exposed electrode with the same small seed number of electrons which began the first discharge.  Figure 8 
shows the resulting charge density contours.  The initial discharge creates a plasma which reaches about 
1mm away from the exposed electrode.  The charged particles from the first discharge begin to shield out 
the electric field which pulls the electron trajectories toward the buried electrode.  This causes the electron 
trajectories of the second discharge to be more horizontal, resulting in the second discharge traveling about 
20% farther than the first discharge.  In a plasma with repeated streamer discharges, therefore, the plasma 
region would begin near the exposed electrode and subsequently move away along the extent of the buried 
electrode, as each follow-on streamer reached further away from the exposed electrode.  The region of 
ionization, dissociation, excitation, and their associated heating of the neutrals, therefore, also moves away 
from the exposed electrode.  This is precisely what is observed in experiments: a plasma that begins near 
the exposed electrode and then expands downstream.  This plasma expansion occurs twice during a plasma 
bias cycle: once, during all of the plasma streamers that make up the forward discharge, and a second time, 
during all of the plasma streamers that make up the back discharge.    

 

The bulk of the neutral heating is done by the electrons through inelastic processes: ionization, 
dissociation, and excitation.  Since the electrons sufficiently energetic to suffer inelastic collisions are 
found at the head of the streamer (the blue regions outside the dielectric in Fig. 8), the region where the 
neutrals are being heated may predominantly be a small area near the head of the streamer.  This small area 

Figure 7.  Plasma light emission measurements as a function 
of time, bias voltage, and distance away from the edge of the 
exposed electrode.
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starts near the exposed electrode and moves away, sweeping the total extent of the plasma twice during a 
bias cycle.  An approximation of this moving heating region will be used in the fluid simulations of the 
neutral flow.    

 
 

V. Heat Addition Applied to Fluid Computations      
 
In order to simulate the heating effects of the plasma on the neutrals, the fluid computations will 

utilize a moving heating zone, as suggested by the particle simulations and the experiments.  A typical 
plasma actuator is operated at a power level of tens of Watts.  It is difficult to determine how much of this 
power goes into directly heating the flow versus how much goes into ionization, dissociation, excitation, 
and other chemical processes.  The previous sections of this work assumed a total power level of about 
20W.  For this section, it will be assumed that half of the total energy goes directly into heating the neutral 
flow.  This is meant as an approximation only and can be refined in future simulations.  The heating zone is 
set to the rough dimensions of the energetic electron head of the plasma streamer: 0.2mm wide (from the 
particle simulations) and 0.5 mm high (the maximum height of the plasma).  The heating zone will start at 
the edge of the exposed electrode and travel downstream along the length of the plasma, a distance 
assumed to be roughly 5mm.  The total heat addition in the zone is adjusted to be equivalent to 10W over 
an actuator which is 250mm wide or 40W per meter for the 2D simulation.   

 
 The velocity distribution contours through the forward half of the discharge are shown in Fig. 9.   
The added heat causes the flow to expand against the exposed electrode edge and begin to move 
downstream.  As the heating zone travels 
downstream, the air on the right of the 
heating zone is always accelerated by the 
expanding gas, while the air on the left it 
is decelerated.  The maximum local 
velocity achieved is 0.05m/s.   The 
computations where the plasma force was 
directly applied to the flow (section III) 
resulted in velocities in excess of 5m/s 
over the same region.  Therefore, plasma 
heat addition does not appear to play a 
significant part in accelerating the 
neutrals.   
 
 Figure 10 displays the 
temperature and density distribution after 
hundreds of bias cycles as computed by 
the fluid code.   The effect of 10W of heat 
addition is to raise local the temperature 
17 degrees Kelvin.  Experimental studies 
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have reported temperature increases at the wall of about 10 degrees, therefore, the amount of power that 
goes directly into heating the neutrals appears to be about half of the 10W assumed in the present study.  
The present calculations can be treated as a worst case estimate.  The density distribution is also shown in 
Fig. 10.  It shows that the plasma actuator modifies the density over a region not much larger than the 
plasma.  The numerically computed change is on the order of 5%.   Experiments23 show density changes of 
only about 2%, suggesting that, again, the heating was overestimated.  It appears that density reductions 
observed in experiments can be accounted for solely on the basis of heat addition. 
 

Figure 11 shows the net force generated by the plasma actuator during heat addition.  Positive 
values represent a net drag while negative values represent a net thrust.  Two force cycles are observed 
because each plasma bias cycle includes two heating cycles: the forward discharge and the backward 
discharge.  Note that the thrust is only generated at the beginning of the heating cycle, when the heating 
zone is immediately adjacent to the edge of the exposed electrode.  This occurs because the at this point, 
the heat induced expansion can only accelerate air downstream.  At other points in the cycle, the heating 
accelerates air both upstream and 
downstream, consequently generating no net 
thrust.  Integrating the force time history 
yields an average force of 0.13mN.   Since 
typical force values generated by plasma 
actuators working at this power are on the 
order of 1.5mN, it appears that heat addition 
does not play a major role in the force 
generated by the actuator.  Force generation 
by plasma heat addition is a function of the 
thickness of the exposed electrode since it is 
the presence of this vertical wall that allows 
the heat expansion to ‘push’.   In order to 
confirm this, computations were run with 
the exposed electrode wall removed.  This is 
equivalent to having an exposed electrode 
that has zero height, or a flush mounted 
electrode.  The heating was applied in the 
same manner as before and the resulting net 
force produced by the actuator was, as 
expected, zero.   
 

 
VI. Summary     

 
Particle and fluid simulations have been carried out of a plasma actuator.  PIC-DSMC simulations 

of a pure oxygen discharge were conducted to characterize the force vectors from a typical discharge.  The 
results showed that the plasma actuator pulls the flow upstream during the first half of the bias cycle and 
pushes it downstream during the second half of the cycle.  The total downstream force, however, is as much 
as 20 times larger than the upstream force.   The force vectors and relative magnitudes were inserted into a 
Navier-Stokes fluid code to explore the temporal behavior of the neutrals during the discharge.  Results 
show that the plasma actuator effect on the neutral flow is similar to a wall jet, as seen in experiments, and 
confirms that the effects of the force generated through particle simulations is consistent with observations.  
Furthermore, the upstream force during the first half of the bias cycle does not appear to be sufficiently 
large to reverse the direction of the flow except in a small region immediately downstream of the exposed 
electrode.   

 
Particle simulations were carried out in pure nitrogen of successive discharges.  The results 

suggested that the reason for the experimentally observed plasma expansion was due to successive 
streamers which charged the dielectric altering the trajectory of subsequent streamers.  The altered 
trajectories allow the electron streamers to land farther from the exposed electrode and the plasma volume 

Figure 11.  Net force generated by the plasma actuator 
during heat addition of 10W at 5000Hz.  (Each plasma 
bias cycle has two heating cycles).
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Figure 11.  Net force generated by the plasma actuator 
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bias cycle has two heating cycles).

(s)

(N
)



9 
American Institute for Aeronautics and Astronautics 

to expand.  Plasma heating of the neutrals was simulated in a fluid code using a moving heating zone, as 
suggested by the particle simulations and the experiments.  The results show that heat addition, alone, can 
only account for less than 10% of the total force experimentally measured during plasma actuator 
operation.  In addition, this force is a function of the exposed electrode thickness.  Reducing the exposed 
electrode thickness to zero had the effect of decreasing the force to zero.  The heat addition also has the 
effect of increasing the temperature and decreasing the neutral density in the vicinity of the plasma.  The 
conservative estimates of heating assumed in the study were sufficient to duplicate the level of density 
reductions and temperature increases observed in experiments. 
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