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Atmospheric-pressure dielectric barrier discharges for aerodynamic flow control are investigated. The properties

of the plasmadischarge during positive andnegative half-cycles of the driving voltage are studied experimentally and

numerically. The simulations are performed in nitrogen. It is shown that during the positive half-cycle the plasma

operates in the streamer mode, whereas the negative half-cycle is characterized by a glow-type discharge. The

computational results are compared with experimental optical measurements and found to be in good agreement.

I. Introduction

P LASMA actuators are devices that can be used for flow control
by promoting boundary-layer attachment over wings. If

optimized, they hold the promise of reducing cruise drag and the
associated fuel penalties. Plasma actuators have been previously
used in different flow control applications such as leading-edge
separation control on airfoils [1], drag reduction [2], bluff-body
control [3–5], turbine tip-clearance flow control [6,7], low-pressure
turbine-blade separation control [8,9], and excitation of instabilities
on a sharp cone in supersonic flow [10]. Recent reviews on the
plasma-enhanced aerodynamics byMoreau [11] andCorke et al. [12]
discuss concepts, optimization, and applications of the plasma
actuators.

The plasma actuator is a single dielectric barrier discharge
(SDBD) device [13–16]. It consists of two electrodes arranged
highly asymmetrically, as shown in Fig. 1. Typically, the electrodes
are long and thin and placed spanwise on the aerodynamic surface.
The electrodes are separated by the dielectric layer. One of the
electrodes is exposed to the air, whereas the other electrode is
covered by dielectric. In typical operation, ac voltage with high
amplitude (1–20 kV) and high ac frequency (1–20 kHz) are applied
to the electrodes. High electric fields cause air ionization above the
dielectric surface, resulting in a body force that acts on the neutral air.
The most important feature of the SDBD is that it can sustain plasma
discharge at atmospheric pressure without the discharge collapsing
into a constricted arc.

Extensive experimental and theoretical studies of the SDBD
plasma actuators were done in recent years to understand the physics
of the discharge and the body-force production mechanisms.
Different experimental methods that were used include electric
current and light-intensity observations [14,15,17], smoke visual-
ization [18,19], hot wire, pitot tube, and digital particle image
velocimetry measurements of plasma-induced flow velocities
[18,20,21] and acoustic [22] and accelerometer measurements [23].
Recent experimental work by Enloe et al. [24] used a V-dot probe
method to find the charge density on the dielectric surface inside the
plasma region. The results of these studies have already led to some
important optimizations of the plasma-actuator operation.

Models have also been created that allow one to incorporate
plasma actuators into numerical flow solvers. These models include
the spatial-temporal lumped-element circuitmodel byOrlov [25] and
potential flowmodel by Hall et al. [26]. These models provide quick

and efficient estimation of the plasma actuator’s effects and have
been successfully used in flow control applications [1,25].

Over the past years, simulations have been carried out on plasma
actuators in an effort to understand the physics of the plasma
formation and the interaction of the plasma with the airflow around
them. These simulations include the modeling of streamer
propagation in air [27,28], glow modeling using plasma fluid codes
[29,30], and particle-in-cell direct simulation Monte Carlo [31,32].
Some of these simulations were successful in modeling the plasma
formation or the interaction of the plasma with the air.

The purpose of the present work is to extend our understanding of
the single dielectric barrier discharge in the aerodynamic plasma
actuator through the detailed study of the plasma formation.
Specifically, recent experiments have shown the plasma discharge
changing in character during different parts of the ac bias cycle. This
work carries out simulations in an effort to understand the nature of
the plasma character change and the physical reasons for it. This
knowledge of the plasma discharge behavior will, it is hoped, allow
us to further optimize the plasma actuator for different flow control
applications.

II. Problem Setup

Computations were performed using KINEMA PlasmatorTM

software. This software has been used previously to model different
types of plasmas including glowdischarges and streamers [33–36]. It
has also been used to study single dielectric barrier discharge plasma
actuators at atmospheric pressure [32]. The code uses a fluid
approximation for the treatment of ions and electrons. It solves the
continuity and energy equations for the electrons and the continuity
and momentum equations for the ions. The neutrals are treated as a
background gas and do not enter the simulations except as a source of
chemical species and collisional momentum loss. Poisson’s equation
is solved self-consistently for the potential distribution.

The plasma actuator was modeled in a rectangular 2-D domain, as
shown in Fig. 2. Although the plasma discharge is inherently a 3-D
phenomena, this 2-D approximation allows the study of some of the
discharge characteristics without incurring the additional computa-
tional cost. As will be shown subsequently, the ionization-wave and
streamer-head characteristics of the real discharge are still captured.
The domain dimensions were 10 by 7.5 mm. The actuator was
located in the lower part of the domain, with the exposed electrode
flush-mountedwith the dielectric surface. The exposed electrodewas
2mm long, and the encapsulated electrode had a length of 4mm; both
electrodes were 0.2 mm thick, separated by 0.2mm of dielectric with
a dielectric coefficient of 3.5. The upper part of the domain was
represented by pure nitrogen.

The boundary conditions of the simulation were as follows: the
plasma potential gradient on the boundarywas enforced as zero in the
direction normal to the boundaries. All ions and electrons reaching
the exposed electrode were neutralized. All ions impacting the
dielectric or exposed electrode were candidates for secondary
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electron emission. The emission probability was set at 5%. This is a
number that is typical of materials used in actuator construction.

The encapsulated electrode was grounded throughout the
simulation with its electric potential set at 0 V. The voltage applied
to the upper exposed electrode had a sinusoidal form:

V ��Vmax sin�!t� (1)

where Vmax is the magnitude of the applied voltage, and ! is the
applied ac angular frequency. To simulate linearly increasing applied
voltage, we chose Vmax � 50 kV and !� 2000 rad=s. This
produced a sinusoid with a large quasi-linear voltage increase rate
at the beginning and middle of the ac cycle.

The real actuator will undergo thousands of cycles during
operation. Charge builds up on the dielectric and directly affects the
following ac cycles. Multiple ac cycles have not been modeled in the
present work due to computational cost. Therefore, the effects on the
discharge of charge buildup is not included. The effects will be the
subject of future studies.

As it has been shown previously by Enloe et al. [37], the oxygen
content greatly affects the plasma body-force production, but it only
mildly changes the discharge properties. The present work does not
include the effects of oxygen and the negative ions and is limited to a
pure nitrogen discharge. For this reason, the forces will not be used
for comparisons. Instead, the present work focuses on the plasma
structure and the ability of the computations to elucidate the reasons
behind the plasma structural changes noted in the experiment
described subsequently. The complete list of species and chemical
reactions used in the present simulation is shown in Table 1.

The computations were started with a charge density of 109

electrons and ions per cubic meter. This value corresponds to the
observed charge density in the atmosphere under standard conditions
[38]. This is a density level that provides an electron seed to the
computations but does not affect the solution as determined through
computational tests. The pressure was set to 1 atm.

The computations were conducted by simulating the positive and
negative bias-voltage half-cycles separately. During the initial bias-
voltage half-cycle, the exposed electrode is negative. This half-cycle
will be termed the forward discharge because the electrons
accelerate forward and away from the exposed electrode. The applied

voltage was initially set at �2:2 kV and decreased throughout the
computations, reaching �10 kV by the end of the simulation.

During the second bias-voltage half-cycle, the exposed electrode
is positive. This half-cyclewill be termed the back discharge because
the electrons accelerate backward and toward the exposed electrode.
The applied voltage was initially set at 2.2 kV and increased
approximately linearly throughout the computations, reaching
15.4 kV by the end of the simulation.

In an actual discharge, the charge deposited on the dielectric by the
forward discharge directly affects the back discharge. The present
work, however, models the forward and backward discharges
independently in an effort to isolate the plasma structural differences
due to the driving voltage.

III. Results and Discussion

We used high-speed charge-coupled device camera technology to
image the plasma actuator. The photographs were taken from above
the actuator and the exposure time was made small enough, about
20 �s, to capture the structure of the plasma, at least within the limits
of what can be discerned from visible light. Phase-locking the
exposures to the voltage driving signal allowed the forward and back
discharges to be imaged separately. During both the forward and
back discharges, the plasma begins at the exposed electrode and
expands away from it. The results of the experimental photographs
were quite striking. Figure 3 shows two images that are
representative of the hundreds of images taken.

The forward discharge, when the exposed electrode is negative,
appears as a diffuse glow emanating from discrete locations on the
exposed electrode. The photographs suggest that the plasma
microdischarges begin at discrete locations. Comparisons of
multiple photographs indicate that these initiation points change
location between different ac cycles. They may, in fact, change

Fig. 1 Plasma-actuator configuration.

Fig. 2 Computational domain.

Table 1 List of chemical reactions in the simulation

e� N2 ! N2 � e Momentum transfer
e� N2 ! N2A � e Excitation
e� N2 ! N2a � e Excitation

e� N2 ! e� N�N Dissociation
e� N2 ! N�2 � e� e Ionization
e� N2a ! N�2 � e� e Ionization
e� N2A ! N�2 � e� e Ionization

e� N�2 ! N� N Dissociative recombination
N2A ! N2 Deexcitation
N2a ! N2 De-Excitation

N� N! N2 Re-Association
N�2 � surface! N2 � e Secondary electron emission

Fig. 3 Experimental overhead short exposure photos of plasma-

actuator discharge.
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location during a single cycle, but that has not yet been
experimentally determined. Each microdischarge lasts several
microseconds. The back discharge, when the exposed electrode is
positive, appears very different. It is composed of thin discrete
filaments that propagate from specific locations on the exposed
electrode. Again, the locations at which the filaments start are not
constant between bias cycles. The filaments themselves, like the
forward discharges, only exist for several microseconds. In the
hundreds of photographs taken, these general features did not
change. The forward discharge was always diffuse and the back
discharge was always filamentary. A full analysis of these
photographs is beyond the scope of this paper. However, one fact is
clearly borne out by them: the forward and back discharges have
remarkably different plasma structures. The forward discharge
resembles a glow- or Townsend-type discharge, whereas the back
discharge appears to be of a streamer type.

In an effort to clarify the nature of the discharge, computations
were conducted, as described previously, of the discharge while the
voltage of the exposed electrode was positive and increasing and
while it was negative and becoming more negative. This was meant
to roughly simulate the parts of the sinusoidal driving voltage in
which plasma is experimentally observed to exist [14,15]. The
resulting plasma, for both cases, was observed to grow and diminish
in the computations as the microdischarges were spontaneously
created and extinguished, whereas the absolute magnitude of the
driving voltage increased. This is most clearly seen in the normalized
total-force-vs-time plot displayed in Fig. 4 for forward and back
discharges. Each microdischarge creates a large number of ions that
accelerate in the electric field and impart momentum to the air.
Between the microdischarges, the plasma decays and the density
falls. Consequently, the force imparted also diminishes.

The repeating microdischarges do not exist in the computations
unless the voltage magnitude is increasing. This is important. If the
voltage is held constant, the computations capture only a single
microdischarge. The frequency of the microdischarges cannot yet be
correlated with experiments, probably due to the 2-D nature of the
computations in contrast to the 3-D nature of the actual discharge.
The forward discharge, however, appears to have a microdischarge
frequency more than 4 times higher than the frequency of the back
discharge. The fact that the computations capture the repeating
microdischarges is, nevertheless, encouraging and lends confidence
in the computations. The experimental existence of the
microdischarges is supported from the experimental light and
current measurements. Direct comparison with the forces, however,
is not yet possible, due to our inability to experimentally measure the
force generated by the discharge on the time scales of the
microdischarges.

To understand the structural differences in the forward and back
discharges, the details of the microdischarges themselves must be
examined. Figure 5 shows the plasma net charge density nion �
nelectron during the beginning, middle, and end of onemicrodischarge
for the forward (exposed electrode negative) and the back (exposed
electrode positive) discharges. The density is reported for a location
0.1 mm above the dielectric surface. During the forward discharge,
each individual microdischarge does not change its spatial relation
with respect to the exposed electrode. The high-density region begins
near the exposed electrode and remains near the exposed electrode
until the discharge is extinguished. Conversely, during the back
discharge, each microdischarge has a region of high plasma density
that moves along the surface in a direction away from the exposed
electrode. The areas in front and behind the high-density region have
significantly lower plasma density.

Fig. 4 Time history of normalized total force during forward and back microdischarges.
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This behavior is further illustrated by the spatial distribution of
ion-density contours shown in Figs. 6 and 7 for both the forward and
back discharges, respectively. The vertical spatial scale is
exaggerated for clarity. During the forward microdischarge, the
plasma is created near the exposed electrode. Its high-density region
remains near the exposed electrode during the entire microdischarge.
Although the plasma extends over the dielectric, the density
magnitude diminishes as the distance to the exposed electrode
increases. During the back discharge, a much different photograph
emerges. The plasma is initially created near the exposed electrode,
but its high-density region does not remain static. Instead, it travels
along the dielectric as plasma grows. At the end of the back
discharge, the highest-density region is located at the point farthest
away from the exposed electrode.

Thefinal clue as to the nature of themicrodischarges is found in the
electric field. The contours of the electric field for a forward and back
microdischarge are shown in Figs. 8 and 9, respectively. During the
forward discharge, the high-electric-field region, capable of causing
gas breakdown, remains near the edge of the exposed electrode.
Conversely, during the back discharge, the high-electric-field region
travels with the high-plasma-density region along the dielectric and
away from the exposed electrode.

The plots of plasma density and electric field suggest that the
forward discharge is of a glow type. The high-electric-field region
(greater than 30 kV=cm) causes the gas to breakdown. The liberated

electrons are accelerated by the electric field and cause further
ionization. The plasma does not intensify as it moves away from the
exposed electrode, because the electrons are moving out of the high-
electric-field region and consequently find it increasingly difficult to
gain enough energy between collisions to cause further ionization.
Therefore, the computations confirm what the experimental
photographs suggested: the forward discharge is similar to a
Townsend- or glow-type discharge mode.

The back discharge appears to be very different. The region in
which the electric field is sufficiently large to cause gas breakdown
moves with the leading edge or the head of the plasma. The density
remains high in this region as well as along a narrow channel leading
back towhere the dischargewas initiated as the plasma spreads along
the dielectric. This is characteristic of a streamer-type discharge [39],
in which the electric fields in the head of the streamer are sufficiently
large to cause the continual ionization and self-propagation of the
plasma-ionization front. This again confirms what was suggested by
the experimental photographs: the back discharge is of a streamer-
type plasma mode.

A logical question now arises as to why a negative decreasing
voltage causes a glow plasma for essentially symmetric external
driving voltage conditions, whereas a positive increasing voltage of
the same magnitude and rate of increase causes a streamer-type
plasma. In other words, a symmetric driving voltage produces an
asymmetric discharge. Both should have the same electric field
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Fig. 6 Ion-density contours (cm�3) during a diffuse microdischarge; dimensions are in centimeters.
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Fig. 7 Ion-density contours (cm�3) during a filamentary microdischarge; dimensions are in centimeters.
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magnitude and rate of electric field increase. The answer is suggested
by the schematic presented in Fig. 10.When the exposed electrode is
negative,

1) The electrons accelerate in a direction away from the electrode.
2) The electrons cause further ionization.
3) The electrons land and remain on the dielectric.
In the time scale of the microdischarges, the ions do not move any

significant distance, due to the high number of collisions that they
undergo with the atmospheric-pressure neutral gas. The large
amount of electrons that land on the surface then shield out the
electric field by creating a second voltage plane at the dielectric
surface. The electric field therefore never rises to a point at which a
streamer discharge is initiated.

Conversely, when the exposed electrode is positive,
1) The electrons accelerate toward the electrode.
2) The electrons cause further ionization.
3) The electrons land on the exposed electrode and are absorbed

into the conduction bands of the metal.

In this case, no new voltage plane is created and no shielding takes
place. The voltage difference between the exposed electrode and the
dielectric is therefore allowed to rise to a point at which a streamer
discharge is initiated.

This postulation is confirmed by Fig. 11, which displays the
voltage difference between the exposed electrode and the dielectric
surface during multiple forward and back microdischarges. During
the forward discharge, the average voltage difference is only about
200 V. The exposed electrode potential itself continues to increase to
thousands of volts. Because of the small repetitive discharges,
however, the difference between the dielectric and the electrode
remains less than several hundred volts. During the back discharge, a
very different situation arises. Because the electrons cannot shield
out the electric field by creating a new voltage plane at the exposed
electrode, the voltage difference rises to more than 1000 V and a
streamer discharge is initiated. The voltage difference does not
continue to increase, because the streamer deposits a small amount of
positive charge on the dielectric, which begins to shield out the
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Fig. 9 Electric field magnitude contours (kV=cm) during a filamentary microdischarge; dimensions are in centimeters.
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During the back discharge, the electrons enter the exposed electrode and no new voltage plane is created.

Fig. 11 Time history of the difference between the exposed electrode voltage and the average dielectric surface voltage.
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electric field. The positive charge deposited at the dielectric during
the back discharge is less than during the forward discharge, because
the ions are many orders of magnitude less mobile than the electrons.
Therefore, less ions can reach the dielectric in the same amount of
time. It must be understood that this is a dynamic situation related to
the rate of voltage increase (ac frequency). If sufficient time was
allowed (tens of microseconds), all of the ion charge would also be
able to reach the dielectric.

IV. Conclusions

Differences have been observed in the plasma structure, as shown
by experimental short-exposure photographs taken during positive
and negative bias half-cycles of a plasma actuator. During the
negative half-cycle, the plasma is diffuse and resembles a glow
discharge. During the positive half-cycle, the plasma resembles a
streamer discharge. Simulations were conducted of the forward and
back discharges with a fluid plasma code in an effort to explain this
behavior. The plasma code was able to reproduce the experimentally
observed repeating microdischarges and alternating plasma
discharge modes. During the negative half-cycle, the computations
exhibited a glow-type discharge, whereas during the positive half-
cycle, the computations showed a streamer-type discharge.
Simulations suggest that the difference in discharge mode is
primarily governed by the buildup of charge on the dielectric above
the encapsulated electrode. During the forward discharge, electrons
created by the plasma discharge land on the dielectric and create a
new voltage plane that shields out themajority of the external electric
field. This keeps the local electric fields from growing sufficiently
large to cause streamer formation. During the back discharge, the
exposed electrode absorbs the arriving electrons and no new voltage
plane is created. The result is that the electric field during the back
discharge grows, due to a lack of shielding, until a streamer
breakdown is initiated.
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