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We present the results of a series of measurements in which an array of capacitive V-dot probes are used to

determine the surface potential in a single dielectric barrier discharge plasma operated as an aerodynamic plasma

actuator. From thesemeasurements, we determine the longitudinal electric field in the plasma. The results show that

the surface immediately (within the first alternating current cycle of the plasma discharge) acquires a net positive

surface charge, so that the electric field in the plasma is asymmetric, themagnitude of themaximum field beingmore

than 50% larger in the negative than the positive polarity. Themeasurements also show that there is a region several

millimeters downstream from the exposed electrode edge over which the electric field maintains a constant positive

(downstream) polarity over the course of the discharge cycle.

I. Introduction

T HE single dielectric barrier aerodynamic plasma actuator is a
dielectric barrier discharge (DBD) [1–15] in which an

asymmetric arrangement of electrodes (one exposed, one
encapsulated) produces a surface-mode discharge over the surface
of the dielectric, leading to momentum coupling into neutral air [16–
24]. As an aerodynamic flow-control device, the plasma actuator
combines the desirable attributes of large control authority, high
bandwidth, electrical efficiency, and simplicity of construction (no
moving parts) applicable to aerodynamic flow control [25–47],
including such specialized applications as flow control in turbines
[48–52] and even flight control of entire aircraft [53–56]. The
actuator has attracted the attention of a growing community of
investigators. A substantial number of theoretical and numerical
studies have been undertaken [57–65] in an attempt to describe the
physics of the discharge itself, the understanding of which is a
prerequisite to optimizing the actuator’s effectiveness and efficiency.
In some cases, the results of these studies are complementary. In
others, the results contradict each other. Anchoring these results in
experimental measurements has been difficult given the small scale
size and transient nature of the DBD discharge, although efforts
continue using novel experimental techniques [66–68].

In this paper, we present the results of an experiment designed to
measure the surface potential of the dielectric as a function of space
and time, from which the electric field in the plasma can be
determined. Our experiment adapts the technique, common in the
pulsed-power community, of using a capacitiveV-dot probe [69] as a
nonintrusivemethod ofmeasuring time-varying electrical potentials.
The chief difference between the traditional use of this probe and the
one presented here is that we analyze the results to give us the
potential at a location in between two conducting electrodes; namely,
on the surface of the dielectric.We have shown in previouswork [20]
that acceleration of the neutral air occurs in a very thin region above
the surface of the dielectric. Thus, the limitation of the technique we
use here to one dimension along the dielectric surface is not a

detriment to its usefulness in describing the physics of the DBD
discharge.

II. Experimental Setup

Although a considerable body of work exists describing the
discharge characteristics of the single dielectric barrier DBD, it is
useful to facilitate an understanding of the present results by
reviewing the fundamentals of the DBD’s operation. The
asymmetric arrangement of the electrodes in the plasma actuator is
illustrated schematically in Fig. 1. In the plasma actuator, as in any
DBD, there is no dc electrical path. Driven by a high ac applied
voltage, the plasma exists as a series of microdischarges on the
timescale of tens of nanoseconds [1,2,4–7,11,13–15], occurring
between the exposed electrode and the dielectric surface. Because
these microdischarges deposit charge on the dielectric surface that
tends to reduce the applied electric field at that location, the plasma is
self-limiting, and the microdischarge events naturally spread
relatively uniformly along the length of the electrodes.

Consistent with our previouswork [16,17], we define the “forward
stroke” of the discharge as the discharge that develops when the
exposed electrode is being driven to increasingly negative voltages,
so that electrons are emitted from the exposed electrode and land on
the dielectric surface. In contrast, the “backward stroke” occurswhen
the exposed electrode is driven to increasingly more positive
voltages, so that electrons return from the dielectric surface to the
exposed electrode. We have shown [1] that each of these portions of
the discharge proceeds in three well-defined steps: ignition,
expansion (during which the envelope of the discharge expands over
the dielectric surface), and quenching (when the change in the
voltage applied to the exposed electrode is no longer sufficient to
maintain the discharge, given the buildup of relatively immobile
charge on the dielectric surface). The results of the present
experiment are consistent with this picture of the plasma’s
development.

A. Structure and Analysis of the V-Dot Probe

Implementing an array of V-dot probes to analyze the actuator’s
behavior is fairly straightforward. Each probe consists of a
segmented portion of the encapsulated electrode that is electrically
isolated from the remainder of the electrode. This segmented portion
is then connected to the input of an op-amp-based active integrator,
as shown in Fig. 2. Overall, the encapsulated electrode is the ground
point of the plasma actuator circuit. Because of the op-amp’s keeping
both its inputs at the same potential, each isolated probe segment is
also held at ground potential (less the IR voltage drop across the
resistorRint, which is trivial; in practice, we often letRint � 0), so that
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the introduction of the probe does not perturb the normal functioning
of the actuator.

Our experimental setup uses an array of 12 V-dot probes at evenly
spaced locations downstream of the edge of the exposed electrode.
The segments comprising the probes are 2:5 mm � 5 cm, staggered
(as shown in Fig. 3), so that we have 1.25-mm resolution in the
“chordwise” direction. The potential of the exposed electrode itself,
measured by a commercial high-voltage oscilloscope probe,
provides a 13th data point in our knowledge of the spatial variation in
the surface potential.

To properly analyze the probe data, it is necessary to understand
that the plasma actuator introduces both reactive and dissipative
elements to the circuit of which it is a part. The dissipative element is
the plasma itself, which exists only when the plasma ignites.
(Depending on the temporal shape of the applied waveform, the duty
cycle of the plasma can be a fewpercent up to 80–90%of the ac cycle.
For the work shown here, we use a sinusoidal input waveform, and
the plasma is ignited for approximately 50% of the time.) The
reactive elements are the various capacitances formed by the
actuator. These elements are shown schematically in Fig. 2, where
we focus on a single one of the multiple V-dot probes.

We may consider the electric fields in the plasma actuator as
originating on the exposed electrode and terminating on the
encapsulated electrode, including on the isolated segments forming
the V-dot probes. Some field lines pass through the dielectric
material from below. This volume of the actuator forms the
capacitance C3 shown in Fig. 2. Because the lower electrode is
encapsulated, no plasma forms there. Although the displacement

currents flowing through C3 are accounted for in the probe
calibration, they simply comprise a reactive load on the ac power
supply driving the actuator, and are not of primary interest in the
functioning of the device. In contrast, it is the electric field
originating above the dielectric surface that drives the formation of
the DBD plasma. When the plasma forms, it comprises a resistive
path from the exposed electrode to the surface of the dielectric. This
conventional current, however, cannot penetrate the dielectric.
Therefore, for purposes of analysis, we break this volume into two
capacitances: C1 is the capacitance between the exposed electrode
and the dielectric surface, and C2 is the capacitance between the
dielectric surface and the encapsulated electrode.

When we operate the actuator at low voltages, below the
breakdown threshold of the air, we still get a signal on each of the V-
dot probes, because applying a voltage to the actuator charges the
capacitance C3 and the series capacitance C1 and C2, resulting in a
displacement current which the integrator collects. This measure-
ment comprises the first calibration of the probes. We find that the
amplitude of the response of each of the probes to an applied voltage
waveform is linear with the applied voltage amplitude to within
�1:5%, as shown in Fig. 4a for the case of a 2.1-mm-thick Macor
dielectric ("r � 6). The largest displacement current, of course,flows
to the probe nearest the electrode edge, as shown in Fig. 4b, so that
the first calibration factor K1 varies from K1 � 0:310 V=kV for the
probe nearest the edge toK1 � 0:008 V=kV for the farthest-removed
probe, for this particular material and geometry. It is necessary to do
this calibration of the probes because this portion of the signal is
always present, but it does not correspond to charging of the
dielectric surface; rather, it represents the charging of the bulk
actuator capacitance. Essentially, it corresponds to the boundary
condition on the plasma that we already know from the direct
measurement of the exposed electrode potential.

When applied voltage is such that the air breaks down, current
flows through the plasma (resistor R1) and separately charges the
capacitance C2, providing an additional displacement current input
to the integrator. We determine the V-dot probes’ response to this
separate charging by temporarily extending the exposed electrode to

Fig. 1 Schematic representation of the “surface-mode” dielectric barrier discharge that comprises the aerodynamic plasma actuator.

Fig. 2 Schematic representation of the V-dot probe used to determine
surface potential on the plasma actuator.

Fig. 3 Staggered, segmented electrodes afford 1.25-mm resolution

measurements of the charge state of the dielectric surface.

Fig. 4 Response of the V-dot probes to charging of the actuator’s bulk

capacitance.
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cover the dielectric surface (a wide strip of copper tape is sufficient)
and performing a second calibration of each of the probes. The result
is a calibration factor that relates the probe voltage to the surface
potential that is due to charge accumulation on the surface. Because
the area of each of the probes is the same, and because the distance to
the dielectric surface is the same for each, wewould expect tofind the
same second calibration factorK2 for each probe and, in fact, we do,
to within�1:5% (K2 � 0:296 V=kV for the material and geometry
at hand).

Whereas the first calibration factor is related wholly to the
boundary condition at the exposed electrode, the portion of the V-dot
probe signal to which the second calibration factor applies does not
by itself reveal the total potential at the boundary of the plasma that is
the dielectric surface. This is because, even in the absence of the
plasma, the potential applied to the exposed electrode is divided by
the series capacitanceC1 andC2, and, in particular, ismodified by the
polarization charge that appears on the dielectric surface. It is this
potential that is furthermodified by the accumulation of charge on the
surface of the dielectric if the plasma forms in the gap. Fortunately,
the capacitive division of the applied potential, and the influence of
the polarization charge, is readily calculated from a solution to
Laplace’s equation, with appropriate boundary conditions. This
results in a final dimensionless factor K3, which varies from K3 � 1
at the electrode edge toK3 � 0 far from the exposed electrode. Given
the signal from the ith probe Vprobe;i�t�, then, the potential Vsurf;i�t�,
due to the accumulated physical charge on the surface at the probe
location, is found by subtracting the contribution to the signal of the
applied ac waveform Vac�t� and applying the appropriate calibration
factor to the remaining probe response:

Vsurf;i�t� �
Vprobe;i�t� � K1;iVac�t�

K2

(1)

The total surface potential Vnet;i�t�, then, including both the
accumulated surface charge and the capacitive voltage division/
polarization charge, is found from

Vnet;i�t� � Vsurf;i�t� � K3Vac�t� (2)

The amount of charge on the surface can be determined from the
quantity Vsurf because the capacitance C2 can be readily calculated.
The surface charge density � is given by

� �
�
"r"0
d

�
Vsurf (3)

where "0 is the permittivity of free space, "r is the relative dielectric
constant of the dielectric material used in the actuator, and d is the
thickness of the dielectric barrier.

As with many discharge phenomena, the uncertainty in the
calibration of the probes is swamped by the variability in the
repeatability of the data from shot to shot. For the data shown in this
paper, one integrator circuit was switched among the 12 segments of
the encapsulated electrode that comprised the V-dot probes; those
segments that were not connected to the integrator were shorted to
ground potential. Therefore, data showing the behavior of the
actuator as awhole are amalgamated frommultiple shots taken under
identical conditions. We find that the repeatability in the dc
component of surface charging that we observe is �7% over the
majority of the surface, rising to twice that value over the farthest-
removed three probe channels. Similarly, the ac component of the
surface charging (the amount of charge transferred per ac cycle) is
repeatable to�4% over themajority of the surface, again rising in the
most remote three channels to twice this nominal value. These
uncertainties are reflected in the appropriate plots later in this paper.

B. Sample V-Dot Probe Data

When the actuator is operating at normal voltage amplitudes, the
output of a typical V-dot probe (after the integrator) looks like the
trace shown in Fig. 5. The waveform is roughly sinusoidal (due to
the integration of the displacement current from the bulk charging of

the actuator’s capacitance), butwith deviations from a true sinusoidal
shape (due to the effect of separately charging C2 through the
plasma). When we remove the effect of the former, by applying
Eq. (1), the surface charging of the dielectric surface due to physical
deposition of charges emerges. This charging is shown in Fig. 6, and
is shown alongside a trace of the voltage applied across the electrodes
of the actuator. The comparison between the two verifies the
accuracy of the charging data. As mentioned previously, it has been
well established that the actuator plasma quenches when, for a
sinusoidal voltage waveform, the waveform reaches its extrema
(times t1 and t3 shown in Fig. 6). Comparing the two traces in the
figure, we see that the charging of the surface also stops changing at
these times, so that the potential on the surface due to the charge
accumulation remains constant until approximately one-quarter of
the waveform’s period later. At these points (times t2 and t4 in the
figure), when the plasma ignites, we see that the potential on the
dielectric surface begins to change rapidly due to the deposition (or
removal) of physical charges on the surface. Therefore, our
measurement of charge deposition is consistent with the well-
established principles of operation of the dielectric barrier discharge.

Another obvious feature of the charging data is the immediate
positive shift in the potential after the actuator is turned on. A
comment on the use of an active integrator in the probe circuit is
worthwhile at this point. An integrator has no dc response; rather, its

Fig. 5 Typical output signal from a V-dot probe with the plasma

actuator in operation.

Fig. 6 Charging of the dielectric due to physical deposition of charges

consistent with our knowledge of the ignition and quenching of the

plasma.
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output is proportional to the time integral of the current charging the
capacitorCint in its feedback loop. It can detect a change in dc voltage
levels on the dielectric surface if this change happens in a timescale
shorter than the decay time for charge to dissipate from this capacitor.
An ideal integrator holds charge on its capacitor Cint forever. This is
not the case in an actual integrator circuit; neither would it be
desirable could it be achieved. In practice, a large-value “bleed
resistor” is placed across the capacitor to remove charge from the
capacitor on long time scales. For our experiment, the decay time
constant RC (resistance times capacitance) of the integrating circuit
is 300ms, versus the period of the applied ac high-voltagewaveform,
which varies from 0.2 to 8ms in the data we showhere. Therefore, all
aspects of the integrator’s output are valid, including the dc shift that
happens within the first cycle of the applied ac waveform, given that
we start from a known state of the actuator.

We find that the charging of the dielectric surface is extremely
long-lived compared to the period of the applied ac waveform.
Figure 7 shows a nonquantitative, yet important, measurement. After
operating the actuator in a short burst, we note that lightweight tissue-
paper squares stick to the vertical surface of the dielectric due to the
surface charge there. The charge remains on the surface for many
minutes. (Opaits et al. have tracked the decay of this dc surface charg-
ing and have found its lifetime to be on the order of tens of minutes
[70].) Although the surface charge is long-lived, it is apparently not
tightly bound to the surface. Wiping the surface with a solvent-
soaked rag (we use acetone most commonly) removes the surface
charge. Because the integrator will not respond to charge that is
already present on the dielectric surface, for each of the measure-
ments shown in this paper, we solvent-clean the dielectric surface
before initiating the plasma. Thus, we start with a known, “clean”
condition for each shot. Doing so, we note consistent results from
shot to shot.

III. Experimental Results

We present here the surface potential and electric field as a
function of longitudinal distance and time, determined by the V-dot
probe technique described in the previous section, for a variety of
typical aerodynamic plasma actuators. The actuators used in this
experiment were all 22.5 cm in length, with the exposed (upper)
electrode 0.65 cm in width, whereas the extent of the encapsulated
(lower) electrode was 2.5 cm. We employed two different dielectric
materials: Macor machinable ceramic with a relative dielectric
constant of "r � 6, and a proprietary material with a relative
dielectric constant of "r � 3. The thicknesses of these materials were
comparable: d� 2:1 mm for the Macor, and d� 1:5 mm for the
proprietary material. We also applied a thin (0.03 mm) layer of
polyimide (Kapton) tape to the exposed surface of each of these
dielectric materials to change the secondary electron emission
properties without changing the bulk electric field structure in the
actuator. The actuator was driven with a sinusoidal ac voltage, with

an amplitude varying from 6.7 to 12.3 kV and a frequency varying
from 125 Hz to 5 kHz.

A. Basic Surface Potential and Electric Field Measurements

All of the data shown here are from the first few ac cycles of the
plasma, taken using a clean actuator; that is, the dielectric surfacewas
cleaned with acetone before each data take. This allowed us to
observe the charging of an initially uncharged dielectric surface with
the V-dot probe diagnostic. Figure 8 shows the total surface potential
as a function of space and time over the first four and one-half cycles
of the plasma actuator’s operation for the case of Vac � 6:7 kV
amplitude and f� 5 kHz. We see that the discharge settles very
quickly (essentially, within one ac cycle) into a predictable pattern. In
particular, the majority of the net positive charging of the dielectric
surface is established by the end of the first positive-going half-cycle
of the discharge. Figure 8 shows the total surface potential including
all contributing factors. In Figs. 9 and 10, we distinguish between the
total surface potential and that caused by the physical deposition of
charge on the dielectric surface. Figure 9 shows surface charging for
x� d. At this location, the contribution of the capacitive voltage
division to the surface potential is substantial but by no means
dominant. In Fig. 10, we have x� 3d. At this location, the deposition
of physical charge on the surface dominates any other charging
mechanism.We also note that the dc charging level at this location is
large enough so that the surface potential never goes negative after
the first ac cycle. For locations even farther from the electrode edge,
the total surface potential and the surface potential due to surface
charging alone are practically indistinguishable from each other.
Although Fig. 8 is useful to present a bird’s-eye view of the surface
potential’s behavior, it is much more beneficial to analyze these data
by taking “slices” in space at various times during the discharge.
These we present in Figs. 11–18 for four specific phases of the
discharge’s development discharge cycle. The times t1–t4 indicated
in Figs. 11–18 correspond to the similarly labeled times in Fig. 8. At
time t1, the maximum positive excursion of the applied voltage, the
plasma is quenched. At time t2, the plasma is ignited for the forward
stroke of the discharge. It quenches again at time t3, the maximum
negative excursion of the applied voltage, and ignites on the
backward stoke at time t4. At the moment the plasma quenches at the
most positive excursion of the applied ac waveform, the surface
potential across the entire dielectric surface is positive, as shown in
Fig. 11. This figure follows the subsequent development of the
surface potential between times t1 and t2. As the applied voltage
becomes more negative, the surface potential follows, but only
within approximately 5mm (that is, two thicknesses of the dielectric)
of the electrode edge. The potential is essentially unchanged over this
time interval for distances 5 mm and farther from the electrode edge.
The change in surface potential near the electrode edge is due to the
capacitive voltage division in the circuit and the appearance of
polarization charge on the surface of the dielectric. Figure 12 shows
the longitudinal electric field values derived from the surface
potential measurements. Note that there is a considerable portion of
the surface over which the electric field is approximately constant, at
a value of E� 0:3 MV=m.

The situation is qualitatively different once the plasma ignites at
approximately t� t2. Now, we see the effects (shown in Fig. 13) of
negative charges being deposited on the dielectric surface as the
plasma sweeps out away from the electrode [1,17]. There is still a
region of net positive surface potential 5mm and farther downstream
from the electrode edge, and a region of positive electric field (shown
in Fig. 14) a distance of 8 mm and farther from the edge, even at the
maximum extent of this forward stroke discharge. Note that during
this portion of the discharge, the largest magnitude of the
longitudinal field is limited to a region approximately 2 mm from the
edge of the exposed electrode. As the discharge extends over the
surface, the electric field on the leading edge of the discharge is
approximately one-third of that near the electrode.

There is a good deal of similarity between the behavior of the
actuator between times t3 and t4 (shown in Figs. 15 and 16), when the
plasma is again quenched [1,17], and the previous quenched phase

Fig. 7 Adhesion of tissue-paper squares to the dielectric surface

indicates that dc charging of the surface is real and long-lived.
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between times t1 and t2. As in the previous phase, again, we see that
the surface potential and electric field 5 mm and farther downstream
from the electrode edge are relatively unperturbed in the absence of a
discharge; polarization charge effects are limited to the region
nearest the exposed electrode.

The final phase of the discharge cycle, the ignition and expansion
of the plasma in the backward stroke after time t4 [1,17], is shown in
Figs. 17 and 18. As the discharge sweeps over the surface, the
positive surface potential noted at time t1 is reestablished. Because
the voltage waveform applied to the electrodes is symmetric, but the
surface charge density is not, themaximum electric field in this phase
of the discharge is less than in the forward stroke.

B. Other Determinations of Plasma Structure

Section III.A describes in detail the behavior of the dielectric
barrier discharge for one set of discharge conditions. We performed

similar analyses for different materials, frequencies, and amplitudes
of the applied voltage waveform and obtained similar results. From
the data, we can calculate several quantities of interest. One is the
average value of the surface potential, which we find by simply
taking an average over an integral number of ac cycles after the
equilibrium has been established. These data are shown in Fig. 19,
where we keep the applied voltage waveform constant at Vac �
6:7 kV amplitude and f� 5 kHz, while changing the relative
dielectric constant (and, to a lesser degree, the thickness) of the
dielectric material. The figure shows that the surface charging
extends over a larger extent of the dielectric surface. This is not
unexpected, because the specific capacitance of the actuator with the
lower dielectric constant is smaller, even accounting for the smaller
thickness of the dielectric, requiring a smaller amount of surface
charge to have the self-regulating effect that is the hallmark of the
dielectric barrier discharge. We also note here that we see no

Fig. 8 Potential on the surface of the dielectric in the plasma actuator.

Fig. 9 Potential on the surface of the actuator’s dielectric as a function

of time at longitudinal distance x� 2:25 mm or x� d.

Fig. 10 Potential on the surface of the actuator’s dielectric as a function

of time at longitudinal distance x� 6:00 mm or x� 3d.
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Fig. 11 Potential on the surface of the actuator’s dielectric between

times t1 and t2.

Fig. 12 Longitudinal electric field near the surface of the actuator’s

dielectric between times t1 and t2.

Fig. 13 Potential on the surface of the actuator’s dielectric between

times t2 and t3.

Fig. 15 Potential on the surface of the actuator’s dielectric between

times t3 and t4.

Fig. 16 Longitudinal electric field near the surface of the actuator’s

dielectric between times t3 and t4.

Fig. 14 Longitudinal electric field near the surface of the actuator’s

dielectric between times t2 and t3.
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difference in the charge distribution when we change the surface
properties (presumably including the secondary electron emission
characteristics) by the addition of a thin polyimide layer. This implies
that the spatial structure of the charge deposition is related primarily
to the structure of the discharge and not to the characteristics of its
dielectric boundary.When we keep the dielectric material properties
the same (using the Macor dielectric "r � 6 and d� 2:1 mm), we

obtain the results shown in Fig. 20, which are less intuitive to
understand. Although it is not surprising that increasing the voltage
amplitude of the applied waveform increases the surface charging,
changing the frequency of the waveform independent of the
amplitude also changes the charge distribution on the surface. In fact,
it is the frequency of the applied waveform that seems to dictate the
spatial variation in the surface charging, rather than the amplitude.

The ac variation in that portion of the surface potential that is due
to the physical deposition of charge gives us themeans to determine a
quantity that relates directly to the structure of the discharge, namely,
the charge transferred in each ac cycle as a function of the position x
along the dielectric surface. Shown in Fig. 21, the results we obtain
by changing the dielectric constant and thickness of the dielectric
material are consistent with those shown in Fig. 19: the lower the
specific capacitance, the more the discharge spreads over the surface
of the dielectric. Themost surprising result is shown in Fig. 22,where
the structure of the discharge, as indicated by the spatial variation in
the charge transferred, does not vary with frequency as long as the
voltage amplitude is constant. Increasing the amplitude of the applied
voltage, however, does change the structure of the discharge, not
only increasing the magnitude of the charge transferred, but also the
discharge’s physical extent on the dielectric surface. This latter
observation regarding the plasma’s extent is consistent with
measurements of the light emission from the plasma, which we have

Fig. 17 Potential on the surface of the actuator’s dielectric after time t4. Fig. 18 Longitudinal electric field near the surface of the actuator’s

dielectric after time t4.

Fig. 19 Average surface potential on the dielectric as a function of

distance for different dielectric materials.

Fig. 20 Average surface potential on the dielectric as a function of

distance for different applied voltage waveforms.

Fig. 21 Charge transferred per ac cycle as a function of location on the

dielectric surface for different dielectric materials.
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seen from the earliest of our experiments with this type of discharge
[17] and with what has been seen by others [67].

IV. Discussion

The dielectric barrier discharge plasma that comprises the
aerodynamic plasma actuator is a physically small, transient plasma
composed of multiple, overlapping microdischarge events. It is
difficult to directlymeasure aspects of the plasma’s development that
bear directly on its effectiveness as an aerodynamic flow-control
device. Aswithmany in the community, our approach to understand-
ing this plasma is to combine physical measurements with numerical
modeling, allowing the measurements to validate the models and the
models to guide the direction that our experimental investigations
take. When we introduced the V-dot probe technique in a previous
paper [71], it lacked sufficient resolution to generate data that could
do much in the way of informing our view of the DBD plasma. Now,
with the data from the array of probes that we present here, we can
begin to see the signatures of different discharge structures on the
“forward” and “backward” strokes of the discharge. In particular,
Eq. (3) allows us to get information, resolved in both time and space,
of the surface charging of the dielectric. Differentiating Eq. (3) in
time for each of the probes allows us to determine the current density
to the surface as a function of space and time. We present such infor-
mation in Fig. 23, where we plot current density as a function of time
to four downstream locations on the dielectric surface. Careful
examination of the relative relationship of these traces yields insight
into the plasma structure. For the negative-going portion of the dis-
charge (the forward stroke), we see that the current to the surface
peaks at the location of the nearest probe, at time a in the figure,
before the peak occurs at time b at the farther downstream location,
and that this peak likewise occurs before that at the farther

downstream location, at time c. The behavior of the positive-going
portion of the discharge (the backward stroke) is characteristically
different. In this portion of the discharge, current to the nearest por-
tion of the surface appears rapidly, whereas current to the farther
locations increases roughly linearly with time. We see that the cur-
rent to each location on the surface collapses rapidly at the same time,
labeled d, (to within the time resolution of the probe) when the
applied voltage reaches its extremum, and we know the discharge
quenches.

This time and space profile of current deposition on the dielectric
surface implies two different types of discharges in the forward and
backward strokes. The description one takes away from the charge
deposition in the negative-going case is one of a series of discharges
that “leapfrog” each other as the overall discharge envelope expands
over the dielectric surface with time. This progression is illustrated
schematically in Fig. 24 andwould result in the current to a particular
location on the surface peaking earlier in time the closer that location
is to the edge of the exposed electrode. In contrast, the current profile
in the positive-going case implies a plasma in continuous contact
with the surface, as would be the case were there streamers propagat-
ing across the surface, with subsequent streamers extending further
across the surface as time progresses, as shown in Fig. 25. To support
the idea that the discharge is characteristically different in the for-
ward versus the backward strokes, we offer high-speed, image-
intensified photographs of the discharge in each phase, shown in
Fig. 26.

In our previous work [71], we did not yet appreciate the
importance of the streamers in the backward stroke of the discharge.
In that work, we simply did not carry out the simulation over a
sufficiently long period of time to reveal the presence of the
streamers. Our most recently published simulations [72] do show the
streamer avalanche, and furthermore show that it is preceded by a

Fig. 22 Charge transferred per ac cycle as a function of location on the

dielectric surface for different applied voltage waveforms.
Fig. 23 Current density as a function of time for different locations on

the dielectric surface.

Fig. 24 Schematic description of the progress of the discharge in the negative-going or forward stroke of the DBD discharge.

Fig. 25 Schematic description of the progress of the discharge in the positive-going or backward stroke of the DBD discharge.
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relatively long period (hundreds of nanoseconds) where the
discharge is in the glow phase. It is only after this charge buildup that
the streamer appears.

In our previous work, from the results of our model of a single
streamer, it was the positive-going or backward stroke that produced
themajority of the force of the plasma actuator on the neutral air [71].
We have recently obtained direct, quantitative measurements, using
optical interferometry, of the force applied by the actuator as a func-
tion of time [68], indicating clearly that the negative-going or for-
ward stroke performs in excess of 95% of the momentum transfer to
the neutral fluid. These results agree with those of Kim et al., who
arrive at the same conclusion through an entirely different technique:
phase-locked particle image velocimetry measurements [67]. With
two unrelated measurement techniques giving the same result, the
force production on the forward stroke must be considered to be a
well-established phenomenon, at least for ac-driven plasmas. Also,
we and others [18,67] have established the importance of the pres-
ence of oxygen in the air, and from this, presumably, the presence of
negative oxygen ions in the plasma, to the force production of the
DBDplasma actuator. Nonetheless, even our highest-fidelity simula-
tions have yet to show the forward stroke’s pushing the neutral fluid
in the direction observed in the experiments. Any valid simulation of
the actuator’s operation must reproduce behavior that has been seen
in multiple experiments. We strongly believe, based on work that is
presently ongoing, that the key to understanding force production in
the DBD plasma actuator lies in the interaction of multiple micro-
discharges, rather than the effect of an isolated discharge event.

At the very least, as the results presented here show, multiple
discharge events over the ac cycle quickly establish an equilibrium
charge condition on the dielectric surface. It would be highly unusual
for two structurally different plasmas to be equally effective in
depositing charge on the surface. In such a situation, we would
expect that the surface would attain a dc charge state that would slow
down themore efficient of the processes but enhance the less efficient
of the two. We would infer, from the results presented here, that the
streamer discharge on the backward (positive-going) stroke is the
more effective of the two phases of the DBD discharge in depositing
charge on the dielectric surface, probably by virtue of the plasma’s
longer contact time with the surface, because this would also be
consistent with the marked effect of frequency of the ac cycle on the
surface charge distribution (again, see Fig. 20).

Questions naturally arise as to whether the surface charging
inherent in the DBD plasma actuator is beneficial or counter-
productive in its effectiveness as a flow-control advice. Atfirst blush,
the presence of a persistent dc electric field pointing downstream, as
Figs. 12, 14, 16, and 18 show, would seem to act against negative
ions’ accelerating neutrals in the downstream direction. Because the

data we present here show how quickly the dc component of the
surface charge develops, separating its effect is a difficult measure-
ment to make. Nonetheless, we offer the results of a simple experi-
ment with the proviso that it must be considered to be preliminary in
its results. Placing the actuator (with the Macor dielectric) used in
these experiments on our optical interferometry apparatus (described
in [68]), we measure the force generated by the first negative-going
pulse on the actuator with a clean (uncharged) dielectric surface, and
compare that with a situation where we also observe the first
negative-going pulse, but without cleaning the surface of charge
beforehand. Our results indicate that a discharge across the positively
charged surface produces considerably more force, by greater than a
factor of 2, than a discharge across a clean (uncharged) surface. This
could be because the discharge electricfield is enhanced in the former
case, but that is speculation at this point. It is just as likely that the
presence of surface charge alters the discharge structure in a
considerable way. Opaits et al. report that the presence of accumu-
lated surface charge has a detrimental effect on the performance of
their actuator [73], but their experiment was conducted for the case of
short-pulse discharges in the presence of an applied dc electric field.
Both experiments agree that dc surface charging is an important
aspect of the surface-mode DBD discharge, one that directly impacts
its effectiveness as a flow-control device, and one that certainly must
be included in any theoretical or numerical description of the device.

V. Conclusions

The community’s understanding of the surface-discharge-mode
dielectric barrier discharge as an aerodynamic flow-control device is
rapidly evolving. We claim as conclusions of this experiment only
those phenomena that can be clearly seen in the data. Nonetheless,
we havemeasured the charging of the dielectric surface in the single-
dielectric-barrier-discharge plasma actuator, and, from this, have
determined the longitudinal electric field and current density in the
discharge, all as functions of time and longitudinal (spanwise)
distance. We have shown that the surface immediately (within the
first ac cycle of the applied voltage) develops a positive dc charge,
around which the remainder of the discharge cycles oscillate. This
level of surface charging can be a substantial fraction of the
amplitude of the ac voltage applied to the actuator, and is spatially
distributed with a peak downstream of the edge of the actuator’s
exposed electrode. Although the electric field near the edge of the
electrode oscillates positive and negative, the electric field in the
region downstream of the electrode assumes a single (positive; that
is, in the downstream direction) polarity. Unlike the average charge
distribution, the current density in the plasma peaks near the edge of
the exposed electrode, in agreement with previous measurements of
the light emission from the plasma. The extent of the surface charge
distribution depends on the material properties (thickness and
relative dielectric constant) of the dielectricmaterial, aswell as on the
applied ac high-voltage waveform amplitude and frequency.
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