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Parameterization of Temporal Structure in the
Single-Dielectric-Barrier Aerodynamic Plasma Actuator
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We present the results of two measurements that describe the interaction of an aerodynamic plasma actuator (a
dielectric barrier discharge plasma in which an asymmetric arrangement of electrodes leads to momentum coupling
into neutral air) with the surrounding atmosphere. We show that the presence of oxygen in the Earth’s atmosphere
plays a substantial role in the efficiency of the actuator. We measure the time-resolved neutral air density in the
vicinity of the actuator using a laser beam probe. We show that the effect of the actuator is to establish a region
of increased neutral density in the vicinity of its exposed electrode’s edge, and we show that the actuator couples
directed momentum into the air by pulling air up this density gradient, against the corresponding pressure, and
releasing it in the downstream direction when the plasma quenches, replacing it with air from the volume above
the actuator. These measurements harmonize previously contradictory measurements of the actuator’s behavior.

Nomenclature
ds = element of laser beam path
K = proportionality constant between neutral density and

change in index of refraction
L = moment arm between the actuator and the detector face
m = mass
n = neutral air density
n0 = ambient neutral air density
ñ = index of refraction
ñ0 = ambient index of refraction
P = momentum
p = pressure
t = time
Vapp = voltage applied to the plasma actuator
Vout = output signal from the position-sensitive detector circuit
w = width of plasma actuator
x = chordwise distance, origin at electrode edge
y = spanwise distance
z = height above plasma actuator
δy = linear deflection of laser beam across the detector face
δφ = angular deflection of laser beam
τ = period of applied voltage waveform

I. Introduction

T HE single-dielectric-barrier aerodynamic plasma actuator, a
dielectric barrier discharge plasma in which an asymmetric

arrangement of electrodes (one exposed, one encapsulated) leads
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to momentum coupling into neutral air,1,2 has shown substantial
promise as an aerodynamic flow control device combining the de-
sirable attributes of high control authority, high bandwidth, electri-
cal efficiency, and simplicity of construction (no moving parts).3−15

At the U.S. Air Force Academy, in addition to investigating appli-
cations of this device in numerous settings, our approach includes
experimental, theoretical, and computational studies of the physics
of the device and of its interaction with the atmosphere, the goal
of these studies being to optimize the construction and operation of
the actuator.

In this paper, we present the results of two sets of measurements
of the actuator’s behavior, one in which we control the composition
of the surrounding atmosphere in which the device operates, and one
in which we probe the response of the atmosphere on the timescale
of the ac high-voltage waveform applied to the actuator. The latter
measurements, in particular, harmonize other observations of the
actuator’s behavior that heretofore have appeared to be contradictory
and lead to important insights into the basic nature of the actuator’s
operation.

II. Fundamental Aspects of the Actuator’s Operation
To understand the significance of the new measurements pre-

sented here, it is useful to review several aspects of the actuator’s
behavior that have been discovered to date. First and foremost, it
is vital to realize that the plasma actuator is a form of dielectric
barrier discharge, a device that is well known in the literature,16−30

although the particular “surface discharge” mode that composes the
actuator1,2,16,25 has not been studied nearly to the degree of the dis-
charge between parallel plate electrodes. The elements of the surface
discharge configuration are shown schematically in Fig. 1. This fig-
ure is a notional drawing; typically, the thickness of the actuator
electrodes is much smaller (0.08 mm) than their widths (that is,
their chordwise dimensions), which are in the range of 3–6 mm for
the exposed electrode and 6–25 mm for the encapsulated electrode.
The chordwise extent of the plasma varies over the discharge cycle,
but typically does not exceed that of the encapsulated electrode by
more than a few mm. The plasma extends 1–2 mm above the surface
of the dielectric material. In our investigations, the thickness of the
dielectric has varied widely from 0.1 to 3 mm.

As a dielectric barrier discharge, the actuator plasma has structure
on multiple timescales. The plasma exists as a series of microdis-
charges on the timescale of tens of nanoseconds.16,17,20,22,26,28−30

These microdischarges can be seen as individual events in Fig. 2,
a time history of light emitted from the actuator surface. Because
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Fig. 1 Schematic representation of the “surface mode” dielectric bar-
rier discharge that composes the aerodynamic plasma actuator.

Fig. 2 Individual microdischarges are evident in the light emission
from the plasma actuator.16

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 rel-
atively uniformly along the length of the electrodes (as opposed to
a typical spark in atmospheric-pressure air, which tends to pinch
into a narrow column avalanche discharge due to the electromag-
netic forces in play). This self-limiting behavior also shuts down the
discharge on the macro scale, so that it is necessary to continually
change the voltage applied to the electrodes to sustain the plasma.
We have shown that the overall envelope of the discharge proceeds
in six well-defined steps for every cycle of the ac voltage applied
to the device: ignition, expansion, and quenching of the “forward
stroke” (during which electrons are drawn from the exposed elec-
trode to the dielectric surface) followed by ignition, expansion, and
quenching of the “backward stroke” (during which electrons return
from the dielectric surface).16 This behavior can readily be seen in
the optical emissions from the plasma, shown in Fig. 3. Our new
measurements of the actuator’s interaction with the air indicate that
the quenching phase of the cycle is as important to the actuator’s
coupling momentum to the neutral air as those phases in which the
plasma is present.

Second, the spatial and temporal structures of the plasma during
the forward and backward strokes of the discharge are not the same.
We have shown that the forward stroke is much more macroscopi-
cally diffuse (thus interacting with a larger volume of atmosphere)
than the backward stroke.1,16 We have shown (Fig. 4) that the ac-
tuator is more effective when a larger fraction of the ac cycle is
spent in the forward vs the backward stroke.1 These observations
are consistent with the new measurements presented here.

Third, there are two sets of observations that until this time seemed
to give contradictory views of how the plasma interacted with the
surrounding air. We have shown that the force produced by the ac-
tuator, for essentially identical overall discharge characteristics in
the plasma, varies considerably with the edge radius of the exposed
electrode.2 This variation is shown in Fig. 5. This indicated that the

Fig. 3 Separate ignition, expansion, and quenching phases of the ac-
tuator’s discharge cycle are evident in the light emission from the
device.2 The boundary between the exposed electrode (sketched using a
solid line) and the encapsulated electrode (dashed line) is at chordwise
location x = 0.

Fig. 4 Actuator is more effective when a larger fraction of the ac cycle
is spent in the forward vs the backward stroke.1

Fig. 5 Configuration of the exposed electrode edge has a substantial
effect on the actuator’s performance.2

high-electric-field region near the edge of the exposed electrode is
the critical portion of the plasma, as far as its efficiency is concerned.
Other data, however, pointed to the leading edge of the plasma ex-
pansion, downstream of the exposed electrode, as the critical region
of the plasma. Specifically, we have shown that the expansion of
the plasma over the dielectric surface (shown in Fig. 3) is limited to
the extent of the encapsulated electrode, and furthermore that when
the plasma reaches this physical limit, its efficiency of operation
also plateaus, as seen in the data shown in Fig. 6, for the 8- and
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Fig. 6 Performance of the actuator plateaus when the extent of plasma
is limited by the encapsulated electrode’s width, for cases in which the
plasma reaches the edge of the encapsulated electrode.31

Fig. 7 Power dissipated by the actuator is calculated by integrating
the product of the measured voltage across and the measured current
through the actuator over an integral number of ac cycles.

12-mm-thick dielectrics.31 (The effect is not seen in this configu-
ration for thicker dielectric barriers, because the expansion speed
of the plasma is determined in part by the capacitances in the ac-
tuator circuit.) The new data we present here harmonize these two
effects in a comprehensive view of the actuator’s interaction with
the surrounding air.

We note that the data presented in the previous three figures de-
pend on a crucial parameter of the actuator, the power dissipated by
the device. We calculate this quantity from simultaneous measure-
ments of the voltage applied to, and the current through, the actuator.
Because the dielectric barrier discharge is composed of many indi-
vidual microdischarge events, the instantaneous current through the
device, and hence the instantaneous power it dissipates, is highly
variable in time. Nonetheless, averaged over many ac cycles, the cur-
rent is quite predictable, as shown in Fig. 7. We integrate the product
of averaged, instantaneous current and instantaneous voltage over
an integral number of ac cycles to calculate the power dissipated
in the actuator. We note, further, as shown in Fig. 7, that a large
fraction of the current through the device is displacement current
through the capacitive elements of the device. Although displace-
ment current is important from a systems design standpoint, since
the power system must be able to supply it, only the current through
the dissipative element in the circuit—the plasma—contributes to
the power dissipation of the device.

Fourth, numerical modeling of the plasma appeared, until now, to
be at odds with the observed behavior of the device. Figure 8 shows
the results of a particle-in-cell simulation of a single microdischarge
event in nitrogen gas, on the forward stroke of the discharge.32 In this
simulation, a voltage is applied between the exposed and the encap-
sulated electrodes. A seed population of electrons is introduced near
the edge of the exposed electrode, and as the electrons accelerate in
the electric field, they ionize the background gas. The contribution

Fig. 8 Results of a particle-in-cell simulation of a single microdis-
charge event.32 Because the quantity shown here is net density of
charged particles, red indicates an excess of ions in a given region and
blue shows an excess of electrons.

Fig. 9 Momentum exchange cross sections for ions and electrons in
neutral air.

Fig. 10 Calculated force on the plasma ions due to the electric field,
which is the force felt by the neutrals due to collisions.32

of the free charges represented by the electrons and the ions is taken
into account in recalculating the electric field at each time step in
the simulation. As the simulation shows, portions of the volume be-
come either electron- or ion-rich as the electrons are drawn toward
the dielectric surface. Ions feel a force toward the exposed elec-
trode, although they do not experience the motion that the electrons
do, because the ions have a strong momentum-exchange interaction
with the background neutrals. Cross sections for the predominant
ion-neutral momentum exchange interactions are compared in Fig. 9
with the corresponding interaction for electrons,33−35 and it is on the
basis of these cross sections that we calculate the force on the neu-
tral atmosphere by the plasma, as shown in Fig. 10. The heretofore
contradictory result is that the net force on the neutral air is in the
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Fig. 11 Oxygen content of the air only mildly affects the actuator’s
discharge properties.

direction opposite to the net flow of the air observed in the laboratory.
The results we present here explain this apparent contradiction.

III. Atmospheric Composition Effects
Our numerical simulations, as shown in Fig. 8, are for an elec-

tropositive plasma—that is, a plasma in which there is a population
of massive, positive ions and light, negative electrons. We know,
however, that the presence of oxygen in Earth’s atmosphere also
allows for the formation of a smaller, yet important, population of
negative ions via attachment of electrons to the oxygen. To investi-
gate whether this effect is important in our understanding of the op-
eration of the plasma actuator, we operated the device in a controlled
mixture of nitrogen and oxygen, covering the range from <0.1% O2

to the natural 21% O2 composition of air. We did this by placing the
actuator in the 1.8-m-diam × 2-m-long space simulation chamber
at the U.S. Air Force Academy. The chamber was evacuated using
a mechanical roughing pump to a pressure of <100 mtorr, and then
backfilled with pure N2 to the ambient pressure at the Academy,
600 torr. Subsequently, a portion of the gas in the chamber was
pumped out, and the chamber was vented to room air. By control-
ling the amount of gas removed at each step, we could gradually
increase the oxygen content of the atmosphere in which the actu-
ator was operated. When operating the actuator, we measured the
voltage applied to the device using a high-voltage probe (Textronix
Model P6015) while simultaneously measuring the current through
the device with a self-integrating Rogowski coil (Pearson Electron-
ics Model 150 current probe, rise time = 20 ns). Thus, we could
calculate the power dissipated by the plasma over one ac cycle. We
also measured the force produced by the airflow around the actuator,
as we had in previous experiments.

The results showed that removing all of the oxygen from the
atmosphere had a measurable effect on the gross discharge char-
acteristics of the plasma, as indicated by the relationship between
dissipated power and voltage shown in Fig. 11. Introducing oxygen
into the system, however, rapidly mitigated this change, so that, as
Fig. 11 shows, the gross discharge characteristics of the plasma with
a 10% oxygen atmosphere and with a 21% oxygen atmosphere were
virtually identical. The efficiency of the actuator, however, showed
substantial variation over this range. Figure 12 shows the efficiency
of the actuator, as quantified by the measured force per unit of
power dissipated by the device, as a function of the composition of
the atmosphere in which it operates. The efficiency of the device is
directly correlated with the fraction of oxygen in the atmosphere.
Clearly, the electronic properties of oxygen have a major impact on
the operation of the aerodynamic plasma actuator.

IV. Time-Resolved Measurements of the Actuator’s
Interaction with the Air

There have been a considerable number of attempts to under-
stand the interaction of the actuator plasma with the surrounding
air: this is, after all, the crux of any understanding of the device

Fig. 12 Oxygen content of the air substantially affects the actuator’s
efficiency.

Fig. 13 Laser deflection technique measures density by probing index
of refraction gradients in the air.

overall. Until now, however, these explanations have been some-
what speculative due to a lack of measurements of the behavior of
the air on the timescales of the temporal structure of the plasma.
In this paper, we present measurements of that behavior using a
straightforward, nonintrusive optical technique. This technique has
considerable successful history in the literature,35−38 does not per-
turb the system being probed, is easily calibrated, and is reliable
enough to be used even in the teaching laboratory.39

A. Laser Deflection Probe
The measurement technique we used to observe the air in the

vicinity of the plasma actuator on the timescales of the envelope of
the discharge relies on the fact that, in any inhomogeneous medium,
light refracts through gradients in the index of refraction. For neutral
air, the deviation of the index of refraction δñ from the vacuum value
(which is 1) is linearly proportion to the neutral density n and is given
by37

δñ = (ñ0 − 1)(n/n0) = K n (1)

where n0 is the ambient density of the neutral air and ñ0

is the corresponding index of refraction at this density. The
constant K is independent of n0, but can be readily calcu-
lated from the density of air at standard temperature and pres-
sure as n0 = 2.69 × 1025 m−3 and the index of refraction at is
ñ0 = 1.000276,35 so that K = 1.03 × 10−29 m3. To implement this
principle as a probe of the air density, we pass a beam of laser light
above the plasma actuator, in the manner shown in Fig. 13. The
beam falls on a bifurcated photodiode (essentially two photodiodes
on a single substrate, with a micrometer-width separation between
them), the outputs of which are input to a differential amplifier cir-
cuit. With the beam centered between the two halves of the detector,
the differential amplifier signal is zero, but if the beam is deflected
perpendicular to the line of separation, then the amplifier output will
be a nonzero value, positive or negative depending on the direction
of the deflection. The aspect ratio of the detector is large enough so
that the beam can deflect parallel to the line of separation without
falling outside the active area of the detector; therefore, the device is
sensitive to gradients in only one direction. The output voltage Vout
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of the amplifier circuit depends on the linear deflection of the beam
at its location, which in turn depends on the angular deflection δφ
of the beam from its unperturbed path. This quantity is given by37

δφ = (1/ñ0)

∫
path

ds�⊥ñ (2)

where s is the path of the laser; Eq. (2) indicates that the beam is
deflected by gradients perpendicular to its path. Because the de-
flections of the beam are small, s is simply a straight-line path in
the ŷ direction, of length w, the width of the actuator. Because the
deflection δφ is small, we can apply the small-angle approximation
δφ ≈ δy/L , where δy is the deflection of the beam across the face of
the detector, and L is the moment arm from the center of the actuator
to the detector’s location. Finally, because 1/ñ0 ≈ 1, we can write

δy

L
= w

〈
∂ ñ

∂x

〉
(3)

Using Eq. (1), we find that the perpendicular gradient in the density
can be found from 〈

∂n

∂x

〉
= δy

wL K
(4)

The relationship between the output voltage Vout of the detector and
the deflection of δy the beam can be determined by moving the beam
over a series of known distances (in the absence of the actuator).
Thus, with the gradient of the density known, the variation from
ambient density, δn(x, t), can be determined by scanning the laser
in the x direction for a fixed location in z and then integrating the
results:

δn(x, t) =
∫

dx
∂n(t)

∂x
(5)

assuming that the integration starts in an unperturbed region of
space. This process can be repeated at different z-axis locations
to generate a two-dimensional map of the air density as a function
of time in the region above the plasma actuator. The laser deflection
technique is inherently fast and in practice is limited by the speed of
the electronics involved. For our experiment, the bandwidth of the
measurement is approximately 100 kHz.

Implementing the laser deflection technique using a segmented
photodiode, as we have done here, introduces one instrumental lim-
itation into our measurements—due to the small active area of the
detector (1 mm in the x direction ×5 mm in the z direction), and the
fact that the analysis assumes a Gaussian beam profile falling on the
detector, we are unable to probe the region of strong gradients within
1 mm of the dielectric surface—we find that the beam deflects in
the z direction outside the detector’s active area. A preferred (albeit
more expensive) implementation is to use a true centroid detector
(available with active areas of several cm2) to measure the deflec-
tions, which would eliminate this limitation. We hope to construct
such a system in the future; nonetheless, the data presented here
shed considerable light on the operation of the plasma actuator.

B. Results of the Laser Deflection Measurements
We present here the density as a function of time for the case

of a plasma actuator operated with a 5-kHz sine-wave high-voltage
waveform at a voltage amplitude of 8 kV. Fig. 14 shows the net
change in density as a fraction of the ambient density over 0.4 ms
(that is, two complete ac cycles) at a height of 1 mm above the aero-
dynamic surface, for distances 5 mm upstream and 10 mm down-
stream of the electrode edge. The data reveal a substantial density
buildup (approximately 2% of the ambient density) near the edge of
the exposed electrode. The data also show that the particles in this
density peak are taken from downstream of the electrode: from the
region in which the plasma interacts with the neutral air. This obser-
vation harmonizes the apparent discrepancy between the direction
of the force on the ions and the direction of the momentum coupling

Fig. 14 Actuator produces a dc average density increase in the vicinity
of the exposed electrode’s edge, shown here at a height of 1 mm above
the surface.

Fig. 15 Pressurization of the air near the edge of the actuator is sub-
stantial enough that it can be viewed by the unaided eye and appears as
a distortion of the background pattern placed behind the actuator.

to the air, namely, that the force on the ions due to the electric field
in the plasma is upstream, toward the edge of the exposed electrode,
whereas the net momentum coupling to the air is in the downstream
direction, away from the electrode edge. Simply put, the action of
the actuator is to pressurize the region near the electrode edge and to
establish a favorable pressure gradient so that the negative gradient
of the pressure −∇p is in the downstream direction. The existence
of this favorable pressure profile is substantial enough so that it can
be viewed by the unaided eye; although we do not derive quanti-
tative information from these observations as we do from the laser
deflection measurements, we offer Fig. 15 (an edge-on photograph
of the actuator against a uniform striped background) as an indica-
tion of the magnitude of this pressurization effect, which is seen as
a distortion of the background pattern in the figure.

Of even more significance is the manner in which the actuator not
only maintains this density gradient (and the corresponding pres-
sure), but accesses this structure to impart momentum to the flow.
Careful observation of the data in Fig. 14 reveals a periodic struc-
ture in time in the density profile. Although these variations can be
difficult to resolve against the overall density structure, their nature
is revealed when we subtract the average value of the density at each
point in space from the particular value at a given time. These data
are best viewed as two-dimensional slices at different times, that
is, as movie frames. A set of these snapshots is shown, over one
ac cycle of the discharge, in the extensive Fig. 16. The top graph
in each frame of Fig. 16 shows the average light emission from the
plasma, so that by following this graph we can determine whether
the plasma is ignited or quenched at any particular time. The middle
graph shows the voltage applied between the electrodes of the actua-
tor. We emphasize that this is not the voltage seen across the plasma,
due to the reactive nature of the circuit. Nevertheless, it is a useful
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a)

b)

c)

d)

e)

f)

g)

h)

Fig. 16 AC variation in the neutral density reveals the action of the plasma actuator. For each frame, the top trace shows light emission (in arbitrary
units), whereas the middle trace shows the voltage applied to the actuator (±±10 kV full scale). The lower portion of each frame shows density variations
over a 15 ×× 3.5 mm cross section of the actuator. Full-scale density variation is 0.08% of ambient in the positive (red) or negative (blue) direction.

measurement, because we know that when the applied voltage is
negative-going, we are in the forward stoke of the discharge, and in
the backward stroke when the applied voltage is positive-going. The
bottom graph in each frame shows the density variation from the
average in two spatial dimensions. In these figures, the red end of
the color spectrum represents positive density excursions above the
local time-averaged value shown in Fig. 14, whereas the blue end of
the spectrum shows reduced densities relative to the average. Full
scale excursions in Fig. 16 are 0.08% variation from the ambient
density.

We begin our observations in Fig. 16a, at the extinction phase
of the plasma after the backward stroke. As we see in Fig. 16a,
there is a small density increase near the electrode edge left over
from the previous cycle. This density perturbation remains during
the quenching period (and even increases slightly, which we take
to be the result of inertia in the moving fluid) until the forward
stroke of the discharge initiates in Fig. 16c. At this point, the density
increase near the electrode edge begins to steepen, and continues to
do so as long as the time derivative of the applied voltage dVapp/dt
remains approximately constant, that is, until Fig. 16f. Significantly,
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i)

j)

k)

l)

m)

n)

o)

p)

Fig. 16 AC variation in the neutral density reveals the action of the plasma actuator. For each frame, the top trace shows light emission (in arbitrary
units), whereas the middle trace shows the voltage applied to the actuator (±±10 kV full scale). The lower portion of each frame shows density variations
over a 15 ×× 3.5 mm cross section of the actuator. Full-scale density variation is 0.08% of ambient in the positive (red) or negative (blue) direction
(continued).

although the density increases, the location of the density peak does
not move substantially until the magnitude of dVapp/dt decreases.
Also, we see a density decrease downstream of the electrode edge
during this buildup, indicating that the plasma is scooping air from
downstream into the region near the electrode edge.

When the magnitude of dVapp/dt begins to drop off substantially,
we are no longer able to sustain the voltage drop across the plasma
itself: the electric field due to the electrons deposited on the di-

electric surface cancels the applied field. We see the effect on the
discharge, in that the intensity of the light emission falls off, indicat-
ing that the plasma production is no longer able to keep up with the
recombination. As the electric field and the charged particle density
simultaneously decrease, so does the electric force per unit volume
on the air, and as a consequence, the density buildup near the edge is
no longer sustainable, resulting in dramatic relaxation of the density
in the downstream direction (recall that the overall −∇p force is



1134 ENLOE ET AL.

in this direction), and subsequent rarefaction behind it, as shown in
Figs. 16g–16i. This rarefaction then decays during the remaining
portions of the ac cycle (Figs. 16j–16p), including both the quench-
ing phase following the forward stroke and the backward stroke of
the discharge. We note, from the spatial uniformity of the rarefaction
as it shrinks, that the air filling in this density depression appears
to be coming from the region above the actuator. (This is consistent
with flow visualizations that have been made of the bulk airflow
near the actuator, which indicate that air is diverted down from the
region above the actuator, to be ejected in the downstream direc-
tion.) Only in the later stages of the backward stroke does a small
density increase appear near the edge of the exposed electrode.

We readily state that with these measurements we are not mea-
suring fluid velocities directly, but rather are inferring them from
frame-to-frame variations in spatial densities. Nonetheless, these
observations are consistent with the following picture of the actu-
ator’s operation: Once the actuator establishes the pressurization
near the edge of the exposed electrode, it subsequently displaces
air upstream against that density gradient (that is, against the pres-
sure), releasing it downstream when the plasma quenches. We also
note that these direct measurements of the density perturbations as a
function of time are consistent with our measurements of the acous-
tic signature of the actuator, which significantly includes a strong
frequency component at twice the frequency of the ac waveform
driving the actuator.40

Of course, it is reasonable to ask whether the phenomenon pre-
sented here is sufficient to account for the macroscopic momentum
transfer we observe with the plasma actuator. The thrust Fexp that
we observe experimentally with the actuator used in this setup,
with the operating parameters used for these measurements, is
Fexp = 6.7 mN. By Newton’s law, this force is simply the time rate
of change �P/�t of momentum imparted to the surrounding air,
so that if we attribute this force to imparting a velocity �v to a mass
m of air over a time period τ that is the period of the AC driving
waveform applied to the actuator, we have

F = �p/�t = m�v/τ (6)

For our actuator, the period τ is very well defined, τ = 0.2 ms.
The velocity imparted to the pulse of air ejected from the interac-
tion region is relatively easy to estimate; by observing the frames
in Figs. 16g–16i, we see the pulse moving a distance of approxi-
mately 5 mm in a time of 0.03 ms, for a velocity of �v = 167 m/s.
The most difficult quantity to establish is the mass of air involved
in the momentum transfer, because the laser cannot probe the re-
gion where the plasma exists. Nonetheless, we can bound this value
as follows: We note that the density perturbation involved in the
pulse is approximately 0.08% of the ambient air density, and that
the pulse leaves a void of approximately the same magnitude in
its wake, so we are dealing with a perturbation of approximately
0.15% of the ambient density, which equates to a mass density of
1.6 × 10−3 kg/m3. We estimate the volume of the perturbed region
to be a volume of 4 to 5 mm in each cross-sectional dimension
by 23 cm, the spanwise width of the actuator. Using these dimen-
sions, we estimate the mass m involved in each pulse to be between
6 × 10−9 and 9 × 10−9 kg. Using these values in Eq. (5), we predict
the thrust due to the observed, periodic mass ejections from the ac-
tuator’s interaction region to be 5.0 mN < F < 7.6 mN. That is, the
phenomenon presented here is entirely sufficient to account for the
observed macroscopic behavior of the plasma actuator.

C. Implications of the Laser Deflection Measurements
We have already discussed, in the preceding section, how the time-

dependent density measurements made using the laser deflection
technique are consistent with other measurements that have been
made on the aerodynamic plasma actuator. These measurements,
however, point toward a more global issue: the density structures
revealed by this technique cannot be properly understood without
clearly understanding the nature of the plasma/neutral fluid inter-
action on timescales where the fluid inertia plays a major role. For
example, we previously understood that choosing an ac waveform

Fig. 17 Thrust (momentum coupling) from the actuator as a function
of frequency.

that kept the plasma ignited for a substantial fraction of the time was
important to optimizing its operation, because without the plasma,
there is no force. These results, however, indicate that the quenching
period is equally important to the actuator’s operation, and that in
order for the actuator to operate effectively, the plasma must remain
quenched for a period of time that is long enough to allow the mass
ejection to occur. The implications of this understanding have prac-
tical consequences: although we know that it is possible to reduce
the mass of some of our components (desirable, of course, for flight
applications) by going to higher frequencies, these results predict
that pushing operation of the actuator to higher frequencies is at odds
with the reaction time of the neutral fluid to the time-varying force
from the plasma. In fact, this is what we observe. Figure 17 shows
that the thrust (that is, the momentum transfer) from our actuators de-
creases with increasing frequency of the driving waveform when we
hold the power dissipated by the actuator constant. Other users have
reported an increase in actuator effectiveness as frequency of opera-
tion is increased into the range of tens of kilohertz. We also observe
this, if we keep the amplitude of the applied voltage constant (also
shown in Fig. 17). This behavior, however, is misleading. From a cir-
cuit perspective, the plasma actuator is a complex set of capacitances
with one resistive element, the plasma itself, all of which evolve over
the period of the driving waveform,1,41 but in its simplest form, the
actuator may be seen as a resistor (the plasma, which bridges the
exposed electrode and the dielectric surface) and a capacitor (which
is formed between the “effective electrode” at the dielectric surface,
where charge accumulates, and the encapsulated electrode.) As the
frequency of the driver increases, the impedance of the capacitor
decreases, and a larger fraction of the voltage across the capacitive/
resistive divider appears across the plasma. (The voltage across the
plasma is a difficult measurement to make, and estimating this value
based on the agreement between numerical models and measurable
quantities in the circuit is a topic of ongoing research.41) When we
measure the power dissipated by the actuator, however, we see that
the efficiency of the device (force per unit power) is approximately
the same whether one holds power or voltage constant (as shown in
Fig. 18), and if anything falls off at higher frequency in the constant-
voltage case. Although in terms of overall system parameters, it may
be desirable to accept somewhat reduced efficiency as the price for
reduced mass, the principle still holds: Fluid inertia effects are fun-
damental to the operation of the aerodynamic plasma actuator and
must be considered in any complete analysis of its operation.

Finally, although in practical terms we do not anticipate operating
in an oxygen-free environment, including the particular properties
of oxygen is apparently important to completing the picture we have
of the actuator’s workings. At this point, we can say that the presence
of negative oxygen ions, which would tend to accumulate near the
electrode edge during the “backward stroke” of the discharge, is not
inconsistent with the premise of the actuator’s operation: namely,
any effect that tends to sharpen the dc density gradient near the elec-
trode edge by increasing the time-averaged force directed toward the
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Fig. 18 Efficiency of momentum coupling from the actuator as a func-
tion of frequency.

edge tends to increase the performance of the actuator. In short, fruit-
ful areas of study remain, the importance of which is indicated by
the new results presented in this paper.

V. Conclusions
The description of the aerodynamic plasma actuator’s interaction

with the neutral air indicated by the density measurements made
here—namely, the pressurization of the region near the exposed
electrode edge, followed by periodic releases of “scoops” of air
loaded by the plasma into this region—is consistent with every mea-
surement we have made of the device to date, and in fact harmonizes
measurements that appeared to point to different explanations of the
actuator’s workings. In particular, this description explains how the
effect of ions moving upstream toward the exposed electrode can
result in a new momentum transfer in the downstream direction. It
explains the importance of the electric field structure in the region
near the electrode edge: the larger the E field, the larger the force
in that region, and the larger the density perturbation that can be
maintained. At the same time, it explains the limitation of the actu-
ator’s effectiveness when the volume of air from which it can load
the density perturbation is limited by the extent of the encapsulated
electrode. This work points to the importance of understanding the
interplay between the time-varying plasma structure and the dynam-
ics of the neutral fluid on the kilohertz timescales in optimizing the
effectiveness of the aerodynamic plasma actuator.
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