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Dielectric barrier discharge plasma actuators are examined experimentally and computationally. Experimental

temporal forcemeasurements show that the plasma actuator produces two positive (accelerating) forces per ac cycle.

While the plasma is ignited, the actuator experiences an accelerating force, and, when the plasma is extinguished, a

decelerating force appears. This occurs twice during each ac bias cycle. In addition, while the accelerating force is

approximately equal inmagnitude anddirection during eachhalf of the ac cycle, the decelerating force is not.Navier–

Stokes simulations of the neutral air flowwith a prescribed plasma force reveal that the variation in the decelerating

actuator force is consistent with structural changes in the plasma itself. These plasma structural changes alter the

volume overwhich the plasma force is imparted to the air and, in turn, change the amount of air drag incurred by the

wall jet created by the plasma. During each actuator bias cycle, 70–90% of the momentum supplied by the plasma

actuator is destroyed by drag with the wall immediately after the plasma extinguishes.

Nomenclature

CD = wall drag coefficient� FDrag=�0:5�V2A�
F = net horizontal force on flow, N
H = height of plasma area, mm
L = length of plasma area, mm
T = time/bias period, nondimensional
V = total velocity, m=s
Vxave = average x velocity, m=s
! = angular frequency, rad=s

I. Introduction

ATMOSPHERIC pressure plasma discharges have been under
intense study [1–3] for a number of years due to their ability to

modify the flow field around an aerodynamic body. Among the uses
demonstrated for these plasma discharges are drag reduction, lift
enhancement, turbulence mitigation, and boundary layer transition
modification. A schematic of a generic plasma actuator is shown in
Fig. 1. It consists of two electrodes separated by a dielectric and
displaced in the streamwise direction. An alternating voltage is
applied to the electrodes with a frequency of 100–1000 s of Hz and
thousands of volts in amplitude. This results in the creation of a
plasma over the top of the buried electrode which imparts a net
downstream force onto the air.

Numerical and analytic models for the physics occurring in these
plasmas have been undergoing continuous improvement but have
not had quantitative experimental data, with the exception of the
measurements of some average quantities, to compare against.
Recently, however, advancements in experimental techniques have
allowed the temporal measurement of flow velocity, force produc-
tion, and surface charging [4–6]. These have, at last, provided data to
allow direct detailed comparison and validation of computational
results.

One recent experimental study [7] indicated that the force
produced during the different halves of the bias cycle, while being
similar in magnitude, produce significantly different levels of net
(useful) momentum addition to the air. Several previous experi-
mental and computational studies suggested [8–11] that the plasma
structure was different during each half of the bias cycle. Among the
differences noted, the volume and location of the plasma was found
to be different during each half of the bias cycle. The present study
attempts to ascertain if this is the reason for the differing net
momentum addition to the air. The study is carried out by inserting
plasma simulation results into a Navier–Stokes neutral gas
simulation. Sec. II will review the experimental findings. Sec. III will
briefly detail the computational method. Sec. IV will present the
results followed by a summary and conclusions.

II. Review of Experimental Force Measurements

A recent experimental study, fully detailed in [7], measured the
angular position of a torsional pendulum on which two plasma
actuators had been mounted. Using a laser interferometer, displace-
ments smaller than 100 nm were able to be measured. By carefully
crafting the pendulum such that the restoring torque was a factor of
10–100 times smaller than the plasma torque and utilizing a small ac
bias frequency (200Hz), the temporal force characteristics of theplas-
ma actuator were extracted directly from the motion of the system.

Figure 2 is reproduced from [7] and shows the angular velocity as a
function of time and voltage for a typical experimental run. During
each ac cycle, the pendulum accelerates twice and decelerates twice.
Numerous previous experimental studies ([12], for example) have
also shown that the plasma ignites twice during each ac cycle. The
community has been debating, for some time, the direction of the
force during each half of the ac cycle [13–15]. Specifically, the debate
centers about whether the plasma pushes during each half cycle or
whether it pushes during one half cycle and pulls during the other.
Within the limits of the current experiments conducted in air, the
answer is clear: during both the negative and the positive half cycle,
the plasma force is accelerates the air downstream. Therefore, the
plasma operates in a push-push mode. An explanation for this was
proposed by a recent computational study [10] which suggested that
a negative ion cloud builds up over the actuator during the forward
stroke resulting in a downstream force.

Figure 3 displays the angular velocity as a function of time for a
single ac cycle in order to compare the relative contributions to the
force of each part of the ac cycle. Also, displayed in the figure is the
driving voltage and the portion of the period when plasma is
experimentally observed to be present over the actuator. While the

Presented as Paper 2009-4285 at the 39th AIAA Fluid Dynamics
Conference, San Antonio, TX, 22–25 June 2009; received 16 June 2009;
revision received 8 March 2010; accepted for publication 27May 2010. This
material is declared a work of the U.S. Government and is not subject to
copyright protection in the United States. Copies of this paper may be made
for personal or internal use, on condition that the copier pay the $10.00 per-
copy fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive,
Danvers, MA 01923; include the code 0001-1452/10 and $10.00 in
correspondence with the CCC.

∗Professor, Department of Physics. Member AIAA.
†Professor, Department of Physics. Senior Member AIAA.
‡Director, Aeronautics Research Center, Department of Aeronautics.

Associate Fellow AIAA.

AIAA JOURNAL
Vol. 48, No. 9, September 2010

1869

http://dx.doi.org/10.2514/1.J050003


plasma is ignited a downstream force is imparted onto the air during
both halves of the ac cycle. This again points out that the actuator is
operating in a push-push mode. The force is nearly equal for both the
forward and the back half of the ac cycle resulting in a comparable
increase in angular velocity. Once the plasma extinguishes (from
about 21.5–22.5 and 24–25 ms), the pendulum angular velocity
diminishes. Detailed analysis shows that the pendulum is slowing
down at a rate which is 10–40 times greater than can be attributed to
the pendulum’s restoring torque. Since the plasma is no longer
present, this deceleration can not be attributed to electric forces
either. A candidate for a decelerating force may be the shear force
between the accelerated air over the actuator and the actuator surface.
The first goal of the computational part of this study will be to try to
ascertain if this is a real possibility.

Another important conclusion of the experiments was that the net
force is larger during the forward stroke (negative going exposed
electrode) than during the back stroke (positive going exposed
electrode). This is shown in Fig. 2 as the net change in angular
velocity, �!. The experimental data in Fig. 3 shows that the drag
force on the pendulum is greater during the second half of a typical ac
cyclewhen compared with the first half of the ac cycle. Experimental
and computational studies [7–9] have shown that the plasma structure
can be different during each half of the ac cycle. Specifically, the
volume and location of the plasma change as the structure changes.
The second goal of the computational part of the study will be to
explore whether the structural changes in the plasma can account for
the drag differences during the first and second halves of the ac cycle.

III. Computational Method

In this study, a commercial neutral fluid Navier–Stokes code,
FLUENT, was used to explore the response of the air to the force
imparted by the plasma. The code has been documented exhaustively
(for example [8,16–18]) and will not be discussed further here. The
plasma force data is taken from previous simulations [8] and entered
as a temporally and spatially varyingmomentum source term into the
neutral fluid simulations. A similar technique was used in a previous
study [19]. That study addressedmomentum and heat addition by the
plasma into the air but did not consider the plasma volume changes.

The domain and boundary conditions used for exploring the air
response to the plasma force are shown in Fig. 4. The computations
are done in two dimensions on a small region 10 by 5 cm.The domain
size should be sufficient to capture the air response since the plasma
length is typically less than 1 cm and the height is measured in tenths
of millimeters. The computational results show that the domain is
sufficiently large to reproduce experimentally observed vortex
formation and subsequent vortex lift off the wall surface. Therefore,
the domain size appears adequate for studying the air response in the
immediate vicinity of the plasma actuator. The plasma forcing region
is placed 1.5 cm from the edge of the domain. A symmetry boundary
is immediately in front and behind the wall surface which is 9 cm
long. Left and right boundaries are treated as pressure boundaries.
The pressure difference between the inlet and the outlet is set at a few
Pascal in order to give an initial velocity of about 0:1 m=s. This initial
velocity is enough to stabilize the solver and still remain well below
the plasma induced velocities which are typically above 5 m=s. The

Fig. 1 Plasma actuator configuration.

Fig. 2 Angular velocity of torsional pendulum as a function of time.
Both positive and negative accelerations occur twice during each ac cycle

of the discharge (from [7]).

Fig. 3 Angular velocity as a function of time for a single typical ac cycle.

The plasma force is proportional to the change in angular velocity.While
the plasma force is comparable during the forward and back strokes, the

drag is larger during the back stroke resulting in a smaller net force

imparted to the air.
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Fig. 4 Computational domain and boundary conditions used for

exploring air response to plasma force.
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top of the domain is treated as a symmetry boundary to improve the
stability of the simulation. The computational mesh is a 7000 cell
unstructured grid. It was refined andmademore dense using velocity
gradients until the shear layer and plasma regions had more than 30
cells in the direction perpendicular to the wall. A grid sensitivity
study was undertaken where the grid density was roughly doubled.
Since the results did not change in character, the smaller 7000 cell
grid was used for the rest of the study. The study was also repeated
using several different turbulence models and simple laminar
formulation. The results did not change significantly for the low flow
velocities employed in this study.

To simulate the plasma force, a momentum source term is added to
themomentum conservation equations. This term is zero everywhere
except inside the plasma region of the computational domain. The
plasma force in this region is set to 2:0 � 104 N=m3, which is typical
value in these plasmas. This value ismodulated during the simulation
to reproduce the time-varying force which is present only while the
plasma is on. In this study, the force is switched on and off in as a
square wave. No attempt is made to model the force build up during
plasma ignition and force decrease as the plasma decays. As
mentioned above, experimental and computational studies have
shown that the plasma structure changes when the voltage reverses
during the ac cycle. This is illustrated in Fig. 5 which shows the ion
number density during the two halves of the ac cycle, as computed in
[8]. Consistent with experimental measurements, when the exposed
electrode is negative, the plasma is diffuse and spread out. When the
exposed electrode is positive, the plasma can enter a filamentary
(streamer) mode and remains thin. When the exposed electrode is
negative, the bulk of the force producing region remains near the
exposed electrode and extends farther off the surface, as discussed
extensively in [8]. Conversely, when the exposed electrode is
positive, the high density force producing region is confined near the
moving head of the streamer and remains closer to the surface. It is
theorized that, when the plasma is filamentary, thinner, or closer to
the surface, it will lose more of the momentum it imparts to the shear
stresses at the wall surface. Conversely, when the plasma is diffuse,
less of the imparted momentum will be lost to the shear with the wall
when the plasma extinguishes.

The change in plasma structure can bemodeled in the neutral fluid
simulations by changing the height, H, and length, L, of the plasma
region. While the plasma is ignited and the exposed electrode is
negative, the length of the plasma region, L, will be 5 mm and the
height, H, will be 0.5 mm. When the exposed electrode is positive,
the length, L, will be 5 mm, and the height, H, will be 0.25 mm, in
order to mimic the thinner plasma closer to the surface. The plasma
force per volume will be adjusted during the simulation so that the
total integrated force will be equal during both half-cycles. The
actuator is assumed to be flush with the surface and no attempt is
made to model the backward facing step of the exposed electrode.
Since the height of this step is usually only about 0.1mm, its effect on
the neutral flow is assumed to be negligible.

IV. Results

The study was initiated by exploring the effects of a plasma which
provided equal force throughout equal volumes during both halves of
the ac cycle. The plasma region length, L, is set to 5 mm and the
height,H, to 0.5 mm. The plasma force is 2:0 � 104 N=m3 which is
typical of these plasmas. The force is assumed to be directed parallel
to the plate. No attempt is made to model the vertical component of
the force in the present study. The solutionwas started by converging
a steady state flow over a flat plate with a flow velocity of about
0:1 m=s. Time accurate computations were, then, initiated with the
actuator providing a force in the plasma region during the parts of the
ac cycle where the plasma is in existence (roughly during the first
quarter and the third quarter of the ac cycle). Five to ten ac cycles are
computed. Note that steady state is not sought because the experi-
mental data were always taken during the initial plasma start up and
not after it had been running for an extended time. The plasma force
is included using a square wave input. No attempt is made to model
the transient plasma density build up during the initiation of the
discharge or the plasma density decay during its extinguishment.

Figure 6 displays the velocity contours for typical run. Two
instances during thefirst half of the ac cycle are shown:T � 0:1when
the plasma is ignited and T � 0:4when the plasma has extinguished.
The high velocity region created by the plasma force is observed to
move downstream and away from the surface. The maximum
velocity created is about 6 m=s. This is similar towhat has been seen
in PIVexperiments and lends some confidence to the simulation.

Figure 7a shows the average x velocity in the domain as a function
of time for two actuation periods for a case where the plasma total
force and volume are equal during both halves of the ac cycle. It bears
a striking resemblance to the velocity measurements shown in Fig. 2.
While the plasma is on, the air and pendulum accelerate (in opposite
directions) and while the plasma is off, both decelerate. The
magnitude of thevariation of thevelocity of the air in the computation
is much smaller, however, due to it being averaged over the entire
solution domain. In addition, the shape of the air velocity variation is
closer to a saw tooth shape due to the fact that the computational force
is applied using a square wave function. The experimental force is
related to the local electric field magnitudes and ion density
distribution. Since the plasma grows during ignition and decays
during extinction the experimental force variation is smoother.

Figure 7b shows the net force imparted to the computational flow
field as derived from differencing the total momentum in the domain.
Each time the plasma ignites, the net force is positive. Even with a
squarewave force input, it does not remain constant. This is because,
as the flow accelerates, the drag force on thewall increases, resulting
in a diminished net force. When the plasma is off, the net force is
negative (drag). The magnitude of the drag force is also observed to
decrease in time. This is most likely due to the velocity of the air
decreasing.Note that for a prescribed forcewhich is equal duringboth
halves of the ac cycle, the velocity increments and net drag are equal

Fig. 5 Ion number density contours (cm�3) during the two halves of the
ac cycle. When the exposed electrode is negative the high density region
of the plasma extends farther off the surface.When the exposed electrode

is positive, the high density region of the plasma is thinner and closer to

the surface (from [8], dimensions in cm).

Fig. 6 Neutral flow velocity magnitude contours for the actuator
during times in the ac cycle where the plasma is on (T � 0:1) and when

the plasma is off (T � 0:4). The high velocity region created by the

plasma force is observed to move downstream and lift off the surface.
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during both parts of the cycle. Integrating the total force and drag
shows that the 70% of the net positive momentum is subsequently
destroyed by drag. Therefore, a very large part of the force being
supplied by the actuator is being destroyed in the shear stress at the
wall immediately after the plasma extinguishes. Experimental
measurements of the average plasma actuator force are quantifying
only about 10–30% of the force actually supplied by the actuator.

The time-resolved experimental measurements (Fig. 3) showed
thatwhile the plasma force appeared to be equal during both halves of
the ac cycle, the net drag was not equal during each half cycle. One
possible reason for this may be found in the plasma structural
changes pointed out earlier. Perhaps while the total force is constant,
the volume over which that force is deposited varies during the ac
cycle. To explore this possibility, the neutral fluid computations were
run where the volume of the plasma was altered during each half of
the ac cycle. A plasma volume height,H, of 0.5 mmwas used during
the first half cycle and a height of 0.25 mm during the second half of
the ac cycle. This imitates the observations of the plasma simulations
that indicated a thinner plasma was formed closer to the surface
during one half cycle of the discharge. The length of the plasma
region, L, was maintained at 5 mm for both half-cycles and the
plasma force per volumewas doubled during the second half cycle in
order to maintain the same total force for each half cycle. The results
are shown in Fig. 8.

Figure 8 displays the average x (horizontal) velocity and net force
imparted to the flow field as a function of time for two ac cycleswhen
the plasma volume is reduced during the second half cycle. Figure 8a
shows that the air continues to increase in velocity while the plasma
force is present and decrease in velocity when it is removed. The
decrease in plasma volume has the effect of making the magnitude of
the decrease in velocity during the second half cycle larger. The drag
is larger for the secondhalf cycle.This is similar towhatwas observed
in the experiments. The changes are easier to see in the total force
imparted to the flow field displayed in Fig. 8b. When the plasma
volume is cut in half and the force per volume is doubled, the drag on
the air increases (as shown by the negative force at 29 ms when
compared with the drag force at about 26 ms). Note that although
the plasma force appears larger for the smaller volume, the time

integrated total force between the twohalvesof the ac cycle arewithin
7% of each other. This small variation is due to grid discretization.

The amount of drag at the surface is quantified by Fig. 9 which
displays the drag coefficient at the surface as a function of time. Each
time thevolume is reduced, the integrateddragat thewall increases by
about50%.This is due tohighervelocities inducednear the surfaceby
the plasma which, during those parts of the ac cycle, have double the
force per volume. Therefore, although the plasma is providing the
same time integrated force for each half of the ac cycle, when that
force is delivered over a smaller volume, more of it is lost due to drag.
This results in a smaller net force applied to the air which is consistent
with observations from the experiments. For this case, about 80% of
the momentum supplied by the plasma actuator is destroyed in the
surface drag immediately after the plasma extinguishes.

To confirm this behavior, the computations were repeated where,
during the second half of the ac cycle, the volumewas increased by a
factor of two and the force per volumewas halved. The resulting net
force imparted to the flow field and the surface drag coefficient as a
function of time are shown in Fig. 10. Imparting the plasma force
over a larger volume decreases the net integrated drag force on the air
by 30%, as shown in Fig. 10a. This is largely due to a decrease inwall
drag during the second half of the ac cycle as shown in Fig. 10b. Note

Fig. 7 Effects on the flow field of a plasma actuator that imparts equal total forces over equal volumes during each half of the bias cycle: a) spatially

averaged flow X velocity and b) net force (plasma and viscous) on the flow.

Fig. 8 Effects on the flow field of a plasma actuator that imparts equal total forces during each half of the bias cycle, but where the volume during the

second half is reduced byhalf. The reduction in plasma volume results in an increase in drag: a) spatially averagedflowX velocity andb) net force (plasma

and viscous) on the flow.

Fig. 9 Computed wall drag coefficient as a function of time for two ac
cycles. The plasma volume is cut in half while the total force is constant

during the second half cycle. The surface drag increases when the plasma

volume is reduced.
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that although the positive plasma force appears different during each
half cycle (compare force imparted at 13 vs 15 ms in Fig. 10a), the
time integrated total force is within 1% of each other. Therefore, this
confirms that the effectiveness of the actuator improves as thevolume
of the plasma increases.

A question arises at this point. Is the increase or decrease in drag
truly related to the change in volume, a question of efficiency or
turbulence losses, or is it related to the proximity of the wall, a
question of surface shear stresses? To answer this question, a final
simulation was run where the plasma volume was increased during
the second half of the ac cycle, but the volume was maintained near
the surface. For this simulation, the height, H, of the plasma was
maintained at 0.5 mm, but the length, L, was increased from 5 to
10mmduring the second half of the ac cycle. Presumably, if it simply
a question of efficiency and turbulence losses, the larger plasma
volume will still yield the drag improvement of the earlier
simulations with a volume increase. If, instead, the surface shear is
more important, the new configurationwith the larger volume should
not yield an improvement in drag.

Figure 11 shows the resulting net force imparted to the flow field
and the surface drag coefficient as a function of timewhen the plasma
volume is increased but maintained near the wall during the second
half of the ac cycle. Figure 11a reveals that the increase in plasma
volume does not result in a large change in the net force (positive or
negative) imparted to the flow field between the first half and second
halves of the ac cycle. This is emphasized by the results for wall drag,
shown in Fig. 10b, which also show little change between the
different halves of the ac cycle.

Because of grid discretization, the time integrated positive plasma
force for this case varies by about 10% between the half-cycles.
Therefore, the 6% increase in the integrated drag is not significant.
Nevertheless, the message is clear: increasing the plasma volume
does not result in a decrease in drag unless the volume increase is
away from the surface. The dominant loss ofmomentum for a plasma
actuator appears to be the surface shear stresses and not the shear
losses away from the surface. This result is consistent with research
in near-wall jets.

V. Conclusions

Experiments quantifying the temporal force distribution from a
plasma actuator have shown that the plasma accelerates the flow
twice during each ac cycle. This supports a push–push character-
ization of the force from a plasma actuator. During each half of the ac
cycle, while the plasma is ignited, the force is always directed
downstream. Immediately after the plasma is extinguished, the force
is directed upstream. The accelerating force is approximately equal
between halves of the ac cycle, while the decelerating force after the
plasma extinguishes is not equal. This study was conducted to
explore why the decelerating force exists when the plasma is off and
possible reasons behind the differences in the decelerating force.
Navier–Stokes simulations of the neutral fluid with a spatially and
temporally prescribed plasma force have revealed the following:

1) The decelerating force observed in the experiments after plasma
extinction can be explained with simple fluid drag.

2) A large part of the force imparted by the actuator on the air (70–
90%) is lost to the drag of the air with the adjacentwall surface almost
immediately after the plasma extinguishes.

3) The changes in decelerating force observed in the experiments
between different halves of the ac cycle can be explained by
structural changes in the plasma which result in changes of the
volume of the plasma over which the force to the air is deposited and
the proximity of that volume to the surface.

4) When the plasma force is deposited closer to the surface, the
wall drag increases resulting in less net force imparted to the air.

5) Force imparted by the plasma over a larger volume should result
in lower drag losses if the increase in plasma volume is away from the
surface.
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