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Atmospheric pressure dielectric barrier discharge plasma actuators are experimentally investigated. The
temporal force characteristics and dielectric surface charging are determined using interferometry and split
electrode techniques. The experiments are conducted at atmospheric pressure in diminishing levels of oxygen content
to investigate the effects of oxygen ions. The results show that the force production is dominated by oxygen ions down
to a level of 2-5% oxygen content. Temporal force measurements show that the plasma accelerates the air twice
during the bias cycle for all oxygen levels, including pure nitrogen. Surface charging measurements show that, for
oxygen content levels above 5%, a positive voltage region builds up on the dielectric downstream of the actuator. In
the absence of oxygen, no such buildup is observed. The temporal force production characteristics in the pure
nitrogen discharge appear to be greatly affected by the dielectric surface charging. Finally, at a 20 % oxygen content
level, the majority of the force is produced by the actuator while the exposed electrode is negative. When all of the
oxygen is removed, the majority of the force is produced while the exposed electrode is positive.

Nomenclature
C = capacitance
E} ol = electric field near the exposed electrode edge
K, = calibration constant
R, = resistance
Vexposed clectrode = VOltage at driven electrode
Vet = total voltage at the surface (includes
polarization charge contribution)
Voegment = voltage measured at segmented electrode

element

Vqurface charge voltage due to charge deposited on the surface

1. Introduction

LASMA actuators are simple electronic devices that can impart

a small amount of momentum to a fluid flow. They have been
shown to be useful in modifying and controlling separated flows over
airfoils and backward facing steps [1-4]. In recent years, much study
has been devoted to improving their performance, expanding their
operating envelopes, and exploring the interaction of the plasma with
the flow [5-12]. A plasma actuator consists of two electrodes
separated by a dielectric, as shown in Fig. 1.

The upper electrode is exposed to the environment, while the
lower electrode resides below a dielectric. The two are typically
displaced in the free stream direction. An oscillating voltage of
thousands to tens of thousands of volts at a frequency varying from
hundreds to tens of thousands of hertz is usually placed across the
two electrodes. The result is the generation of a plasma above the
buried electrode which imparts momentum to the flow. The strategy
of modifying the flow with a plasma actuator has several advantages
including robustness due to a lack of moving parts and speed of
modulation due to its inherent electronic nature.
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In an effort to improve their efficiency, the present study attempts
to increase the understanding of the plasma actuator operation by
measuring their temporal force and surface charging characteristics.
Similar experiments were previously conducted [13—15] for a typical
actuator in atmospheric pressure air. In the present study, the amount
of oxygen in the air is decreased until the actuator is functioning in a
pure nitrogen environment. It is hoped that this will shed more light
on the role of the oxygen ions in the force production mechanisms of
the plasma actuator. The paper is divided as follows: Sec. II will
discuss the experimental setup for both the force and surface
charging measurements. Section III will detail the results of the
temporal force measurements. Section IV will present the results of
the surface charging measurements. This is followed by the
summary.

II. Experimental Setup

The temporal force measurements are conducted by placing a
typical actuator on a weak torsional pendulum as shown in Fig. 2. A
He—Ne (632.8 nm) laser is reflected off a mirror attached to the
actuator and an interferometry technique (1.2 m path length) is used
to measure minute deflections of the actuator. The time history of the
deflections is, then, differentiated to obtain the velocity and accel-
eration of the actuator. These are used to infer the force imparted by
the actuator plasma and to the actuator by the induced fluid flow.
Measurements are reported for the regime where the deflection is
sufficiently small that the force due to the actuator is still an order of
magnitude or more larger than the force due to the torsional spring.
The torsional spring, which provides a restoring torque of only
0.02 mN/rad, merely serves to establish a motionless equilibrium
state from which the actuator’s displacement can be measured as a
function of time. Actuator driving voltages from 7—-15 kV and driving
frequencies from 150-200 Hz are used. The driving frequency is
lower than the typical kilohertz range but was necessary to resolve the
force in time. More details can be found in [13]. To vary the oxygen
content, the entire actuator mount is placed inside a sealed, high-
vacuum-compatible chamber where the appropriate mixture of
oxygen and nitrogen and pressure can be controlled. The oxygen
content is known to better than 0.003% or the equivalent of 3 parts in
100,000. The volume of the chamber is 0.034 m? and the pressure is
maintained at 690 Torr, which is the atmospheric pressure at the
altitude of the laboratory. The actuator used for the experiments is
made from copper tape and 1 mm thick circuit board. The upper
electrode is 12 mm wide, while the lower electrode is 25 mm wide.
There is no gap between the electrodes.
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Fig. 2 Experimental setup for temporal force measurements.

In the second set of experiments, the surface charging on dielectric
is measured. A portion of the actuator’s lower electrode is cut into 12
segments, and each segment is isolated. The segments are small
enough to give 1 mm resolution over the dielectric. The integrating
circuit uses a0.022 uF capacitor and a 50 M2 resistor. An op-amp-
based integrating circuit is placed from each segment to ground, as
shown schematically in Fig. 3, allowing the displacement current to
be measured at each location and the voltage profile on the surface to
be determined.

The voltage (induced by the displacement current) at each segment
has two contributions. The first is due to the charges on the exposed
electrode, while the second is due to the charges on the surface. This
gives

V,

segment,i — K],chxposcd electrode T K2 Vsurfacc charge, i (1)
The segments, therefore, are calibrated in two steps. First, their
response K, ; to a fluctuating voltage on the exposed electrode
without plasma is measured. This is accomplished by keeping the
voltage below the point where the plasma ignites. Second, the
exposed electrode is temporarily extended above the buried elec-
trode, to simulate charge on the surface, and the response K, of
segments is again measured. One final calibration is necessary due to
electric field lines that reach each segment from below the dielectric
(C5 on Fig. 3). This is calculated directly from Laplace’s equation
using the geometry and dielectric permittivity details of the actuator

exposed

electrode R,
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under study. This calibration K ; varies from 1.0 at the edge of the
exposed electrode to 0.0 at distances sufficiently far away. The net
voltage at each location i of the upper surface of the dielectric is,
therefore

Vnel,i = Vsurface charge,i + K3,ivexposed electrode (2)
During the experiments, three measurements were made for each
dielectric location. The results were then compiled and averaged to

show the spatio-temporal charging evolution of the entire surface.
More details about the experimental method are provided in [15].

III. Temporal Force Measurements

Force measurements were taken on a plasma actuator that was
mounted on a torsional pendulum using interferometry techniques.
The mounting structure was placed inside a sealed, high-vacuum-
compatible chamber to control the oxygen/nitrogen ratio and the
pressure. The oxygen content was varied from 20 to 0% and the
average force was estimated by measuring the displacement. Three
trials were conducted for each data point and the results were
averaged. An actuation frequency of 200 Hz was used with an
amplitude of 15 kV. The results for the average force normalized by
the force produced in pure nitrogen are graphed in Fig. 4.

The force measurements indicate that the total momentum
addition by the plasma actuator is proportional to the oxygen content
above an oxygen concentration of 5%. Below this level, the
relationship is more complex. As the oxygen content is decreased
from 2% to zero, the force produced by the actuator declines slightly
or remains constant within the error of the measurement. This agrees
with previous results [16], which indicated that the plasma force was
proportional to the O, content down to an oxygen level of 2-5%. The
reason for oxygen dominance is due to the lower ionization potential
of O, which results in oxygen ion production surpassing nitrogen ion
production after a level of about 2%.

This is illustrated most clearly by Fig. 5 which displays the
theoretical ratio of the ionization rates of oxygen and nitrogen as a
function of the oxygen content and average electric field. The
ionization rate constants used to calculate the data for this figure were
obtained from [17]. For the current experiments, the field varies
greatly over the dielectric, being greater near the exposed electrode
and smaller farther away. However, the average field over the
dielectric is roughly of the order of 1 MV /m. The theory shows that
the rate of oxygen ionization should become greater than the rate of
nitrogen ionization (rate O /rate Ny > 1.0) at an oxygen content in
the neighborhood of 2%. In the force measurements shown in Fig. 4,
the point where the force becomes strongly dependent on the oxygen
content (2-5% O, is the point where O5 production becomes greater
than the NJ production. The theory also indicates a strong
dependence on the average electric field. When the average field is
near the breakdown voltage of air (3 MV /m), sufficient numbers of
energetic electrons exist to efficiently ionize the nitrogen. This can be
seen on the 3 MV/m line of Fig. 5, which does not show oxygen
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Fig. 3 Experimental setup for surface charging measurements.
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ionization dominance even at 15% oxygen content. Conversely, if the
average electric field is as little as 0.5 MV /m, only the oxygen can be
efficiently ionized. On the graph, it can be seen that oxygen
ionization dominates for the low electric field case even at 0.1%
oxygen content.

Time-accurate deflection measurements of the plasma actuator
were taken while varying the oxygen content for a driving frequency
of 200 Hz. Figure 6 displays the measured driving voltage, plasma
current, and the actuator velocity derived from the deflection data for
the case with a 20% oxygen mixture. Further differentiation of the
deflection measurements yield the acceleration and, by inference, the
force. However, the acceleration data was excessively noisy.
Therefore, the actuator velocity is displayed and its slope is used to
infer the force applied by the actuator plasma and the force imparted
by the air moving across it.

As expected, the plasma ignites twice during each AC voltage
cycle; once while the exposed electrode is negative and once while it
is positive. This can be seen in the current graph, which shows the
current spikes from the microdischarges. For clarity, the plasma
events (positive and negative) during a typical cycle are highlighted
in the gray bands. We will concentrate on AC cycles after the third
oscillation (time index larger than 0.02) because a few cycles are
necessary, and sufficient, to establish repeatable effects from the
plasma. From the graph of the actuator velocity, it is clear that while
the driving voltage is negative going, the actuator feels a push from
the plasma and accelerates. This accelerating force is thought to be
due to the negative ions, which are being forced downstream by
the negatively biased exposed electrode [11]. Following this, the
actuator decelerates due to the viscous drag of the air [18]. When the
plasma reignites, during the same AC cycle, the actuator accelerates
again. This acceleration, however, is due to the positive ions being
forced downstream. For the present voltage and frequency condi-
tions, the second acceleration is small in comparison to the first
acceleration. This is in agreement with previous studies [4,12,14].
The two accelerations can be seen more clearly during subsequent
AC cycles.

The force pattern does not change as the oxygen content is
diminished to 5%. As shown by Fig. 7, each of the plasma events
during one bias cycle accelerates the actuator (and the air). The
relative size of each acceleration does change, however. In the 20%
oxygen case, the acceleration due to the negative ions was much
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Fig. 6 Driving voltage, plasma current, and derived velocity for a plasma actuator with 20% oxygen mixture.
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Fig. 7 Measured voltage and current and derived velocity for a plasma actuator with 5% oxygen mixture.

greater than that due to the positive ions. In the 5% O? case, the two
accelerations are of similar magnitude. Note that as the oxygen
content is diminished the velocity of the actuator also decreases,
indicating a decrease in the total force imparted by the actuator. In the
20% oxygen case, the actuator achieved a velocity of about
8 x 107* rad/s, while in the 5% case the actuator velocity only
reaches one quarter of that, about 2 x 107* rad/s.

Repeating the experiment for 0% oxygen yields a puzzling result.
Figure 8 shows the voltage, current, and velocity for the case where
the actuator is run in a pure nitrogen environment. As in previous
figures, the two plasma events that occur during a typical AC cycle
are highlighted with gray bands. Since nitrogen does not produce

negative ions, it was theorized that the velocity trace would display
only a single accelerating event per AC cycle. Theoretically, the
positive ions should be forced downstream, while the exposed
electrode was positive, producing an acceleration of the actuator.
Following this, the positive ions should be pulled back, while the
exposed electrode was negative, producing a deceleration of the
actuator. Instead, as shown by Fig. 8, the trace reveals either two
decelerating events or two delayed accelerating events per AC cycle.
The reason for this is not clear and this result does not agree with
pressure data from [10]. The character of the pressure data in that
study, however, was changed markedly by modifying the exposed
electrode edge. It is possible that the exposed electrode in the present
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Fig. 8 Measured voltage and current and derived velocity for a plasma actuator in pure nitrogen (0% oxygen mixture).
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study has some subtleties in its geometry which is not appreciated. In
addition, a couple of factors may be contributing to the present result.
The first factor is that the driving voltage is no longer symmetric.
(Note that the driving voltage in Fig. 8 oscillates between positive
15kVand —10 kV.) This occurs because, in the current experimental
setup, the plasma is being driven by a step-up transformer and the
voltage that eventually appears on the exposed electrode depends, in
part, on the impedance of the plasma. The removal of the oxygen
appears to have altered the plasma chemistry in a manner that
produces significant differences in the impedance of the plasma for
each half-cycle resulting in different maximum positive and negative
voltages. Circuit element simulations indicate that the degree of
asymmetry we observe is consistent with an order of magnitude
difference in the impedance between the positive and negative half-
cycles, with the positive half-cycle having the larger impedance.

The second factor which may be affecting the force characteristics
is the charge buildup on the surface of the dielectric. In previous
experiments, it was discovered that the dielectric surface was
attaining a positive potential which remained throughout multiple
AC cycles [15]. Itis possible that the charges on the dielectric surface
of an actuator operated in pure nitrogen sufficiently alter the local
electric field to produce the observed effects on the temporal force
characteristics.

IV. Surface Potential Measurements

In an effort to characterize the surface charging, experiments were
run where the charging state of the dielectric surface was measured.
The experiments were carried out for cases with 20, 5, and 0%
oxygen (pure nitrogen) in the manner described in the methods
section above. The driving frequency is maintained at 200 Hz. The
results for 20% oxygen are shown in Fig. 9. The driving voltage on
the exposed electrode is given by the data at x = 0.0 mm. Three trials
were conducted at each condition to establish repeatability. The
experimental uncertainty in the voltage data is less than £0.5 kV.

The data indicate that the closer a station is to the exposed
electrode, the more closely it follows the driving voltage. At loca-
tions farther away, such as at x = 11.0 mm and greater, the voltage
on the surface remains positive. It appears that when the actuator is
operated in an oxygen rich atmosphere, it creates a region which
remains positively charged throughout the discharge. Figure 10
displays the same data as temporal profiles along the surface in the
streamwise direction. Eight snapshots at different points during a
single bias cycle are displayed. The normalized time for each
snapshot is given in the legend. In addition, bold-face numbers label
the relative order of the snapshots. The results confirm that at a
distance greater than about 10 mm from the exposed electrode, the
dielectric surface remains positively charged throughout the
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Fig. 9 Measured dielectric surface voltage for an actuator operated in
20% oxygen, 12.5 kV, 200 Hz.
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Fig. 10 Measured dielectric surface voltage for an actuator operated in
20% oxygen as a function of distance downstream of exposed electrode
(12.5 kV, 200 Hz). Each profile is at the indicated fraction of the bias
period.

discharge. The charging is severe enough, for a 12 kV driving
voltage, to build up a3-7kV bias 14 mm from the exposed electrode.
Experiments run with a 7 kV driving voltage (not shown) acquired a
2-3 kV permanent positive voltage, therefore, the voltage buildup
appears to be in the neighborhood of about one third of the driving
voltage.

When the experiments are conducted in an atmosphere containing
only 5% oxygen, the results are very similar. Figure 11 shows the
dielectric surface voltage profiles for an actuator discharge in 5%
oxygen at different points of the bias cycle. As in the previous case, a
region of positive voltage is formed at a distance of 11 mm down-
stream of the exposed electrode. This agrees with the temporal force
measurements, which suggested that the discharge characteristics do
not appear to change as the oxygen content is lowered from 20 to 5%.
For these cases, the discharge is still dominated by the oxygen.

The charging experiments were repeated in a pure nitrogen
atmosphere (0% oxygen) for a driving voltage of 12 kV. The voltage
on five stations and the driving voltage as a function of time are
shown in Fig. 12. The driving voltage is no longer symmetric and
now fluctuates between +12 kV and —9 kV. This is due, as
mentioned above, to the plasma being driven by a transformer and the
changing impedance of the plasma during each half-cycle.
Removing the oxygen has a rather dramatic effect on the dielectric
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Fig. 11 Measured dielectric surface voltage for an actuator operated in
5% oxygen as a function of distance downstream of exposed electrode
(12.5 kV, 200 Hz). Each profile is at the indicated fraction of the bias
period.
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Fig. 12 Measured dielectric surface voltage for an actuator operated in

pure nitrogen (0% oxygen, 12.5 kV, 200 Hz).

surface charging pattern. The surface at a large distance from the
exposed electrode no longer remains positively charged. Instead, the
entire surface alternately biases negatively and positively following
the exposed electrode bias.

Figure 13 displays the same data formatted as streamwise profiles
at different points during the bias cycle. The data shows that the
surface not only is fluctuating between positive and negative but, at
large distances from the exposed electrode (>7 mm), the surface
remains negative for more than half of the bias cycle. In addition,
even though the driving voltage peaks at a larger positive voltage than
a negative voltage, the dielectric surface away from the exposed
electrode reaches greater negative voltages (—6——7 kV) than
positive voltages (2-3 kV).

The presence of a region on the dielectric dominated, to some
extent, by a negative bias, however, does not explain how the plasma
in pure nitrogen appears to push twice during a single bias cycle, as
was shown in Fig. 8. Perhaps the force imparted to the ions is
determined by the electric field closer to the exposed electrode. From
the data in Fig. 13, the electric field immediately next to the exposed
electrode can be calculated. Figure 14 displays the driving voltage on
the exposed electrode, the electric field immediately next to the
exposed electrode, and the velocity of the actuator. The two plasma
discharges during a single bias cycle (inferred from the plasma
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current data) are indicated by the gray bands. Changes in the velocity
of the actuator will be used to infer the forces produced by the plasma.
The acceleration is, again, not used to determine the force due to
excessive noise in the signal.

The results in Fig. 14 show that as the driving voltage on the
exposed electrode starts to become negative (time/period = 0.0) the
actuator is slowing down. Since plasma is not yet present, this
deceleration is most likely due to fluid drag. As the plasma ignites the
positive ions are pulled back by the negative local electric field. This
causes further deceleration of the actuator. At a normalized time of
about 0.15, however, the local electric field begins to become
positive. Note that this occurs even though the exposed electrode
(driving voltage) is still negative. This can also be seen on Fig. 13,
where by profile #2, the voltage is unchanging in the first millimeter
(negligible electric field) and by profile #3, the potential at 1 mm is
lower than at 0 mm (positive electric field). This positive electric field
forces ions away from the exposed electrode resulting in a negative
electrode repelling positive ions and producing a positive force. By
the normalized time of 0.35 the plasma extinguishes and the positive
force vanishes. At this point, the velocity ceases to increase (due to a
lack of plasma force) and the subsequent fluid drag begins to
decelerate the actuator. Between the normalized times of 0.35 and
0.58, the local electric field soars to 4 kV/mm because there are no
new charges to land on the dielectric surface and cancel the local
electric field. At normalized time 0.58 the plasma reignites and but
does not appear to grow dense enough to generate a force sufficiently
large to cancel the fluid drag until a normalized time of about 0.63.
After this the actuator accelerates due to the positive force created by
the positive ions in a positive electric field until a normalized time of
nearly 0.9. Note that after this, the local electric field becomes
negative, even though the exposed electrode is still positive. The
plasma has extinguished by this time, however, and the actuator
deceleration must, again, be due to fluid drag. The results suggest,
therefore, that a nitrogen plasma, which produces only positive ions,
can indeed produce two pushes (accelerations). One is easy to
understand because the exposed electrode is positive and it pushes
ions away. The other push appears to be due to the effect of the
surface charging. The electric field immediately next to the exposed
electrode during the negative part of the bias cycle can become
positive for a sufficiently long extent of time to create a push (positive
force) to the positive ions.
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It is interesting to compare the different contributions to the total
actuator force provided by each half of the bias cycle. This includes,
not only the force provided by the plasma as detailed above, but also
the force provided by the fluid drag on the actuator. Figure 15
separates the total force into that imparted while the exposed
electrode is negative and while it is positive. In the figure, the force is
normalized by value from the negative half-cycle of the 0% oxygen
case.

In air (20% oxygen), the actuator produces the previously
measured result [4,13] where most of the force is provided when the
exposed electrode is negative. The positive half-cycle appears to
produce a small net negative force when the fluid drag is included, but
this result is within the scatter of the data and may not be statistically
significant. As the oxygen content is lowered to 5%, the positive half
of the bias cycle results in about four times more momentum addition
to the air than the negative half-cycle. When the oxygen is completely
removed, the negative half-cycle provides a net negative force. Even
though the temporal data shown above indicated that the negative
half-cycle for the 0% oxygen case was providing some amount of
positive force, it appears that the fluid drag more than cancels this out.
This negative force, unlike the 20% O, case, is significant as it is
larger than the scatter in the data.

V. Conclusions

Experiments have been conducted on a plasma actuator in a
nitrogen-oxygen environment where the amount of oxygen relative
to the nitrogen was varied. The effects of varying oxygen on temporal
force production characteristics and dielectric surface charging were
measured using interferometry and split electrode techniques. The
results reveal that oxygen appears to be the main contributor to total
force production. As the amount of oxygen decreases, the total force
also decreases until the oxygen content is about 5%. At smaller
oxygen content amounts, the force production remains more steady
and appears to be dominated by the nitrogen. Temporal force mea-
surements show that the actuator accelerates the air downstream
twice during each bias cycle. This is maintained at all oxygen content
levels, although the size of the force produced by the positive half-
cycle relative to the negative half-cycle changes as the oxygen
content level changes. Most surprising, the actuator continues to have
two downstream accelerating events per bias cycle even in the
absence of all oxygen. This was shown to be made possible by the
electric field in the immediate vicinity of the exposed electrode,
which was being altered by dielectric surface charging. Measure-
ments of the dielectric surface charging also revealed that, in the
presence of oxygen, the actuator builds up a large positive voltage in
the order of thousands of volts downstream of the exposed electrode.
In the absence of oxygen, no such region is created and the dielectric
alternates between positive and negative voltage. Away from the
exposed electrode, the dielectric, in the absence of oxygen, spends
the majority of the bias cycle with a negative voltage. Finally, at high
oxygen content levels, most of the force is produced during the time
that the exposed electrode is negative. As the oxygen level drops, the
amount of force produced during the negative half-cycle decreases

and the majority of the force is produced during the positive half-
cycle. In the absence of oxygen, the negative half-cycle produces a
net upstream (negative) force that decelerates the flow.
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