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Induced Flow and Optical Emission Generated by a
Pulsed 13.56 MHz–5 kHz Plasma Actuator
James Dedrick, Seong-kyun Im, Mark Cappelli, Rod W. Boswell, and Christine Charles

Abstract— A dual-frequency driven plasma actuator is studied
with respect to the influence of changing the position of radio
frequency 13.56 MHz pulses within the phase of a low-frequency
(LF) 5 kHz sinusoidal voltage. Fast imaging and 2-D particle
image velocimetry are used to study the optical emission from
the discharge and the generation of an induced flow, which can
be useful for aerodynamic flow control, in ambient air. The
results show that the propagation of the discharge away from
the powered electrode and the velocity of the induced flow are
maximized when the pulses are positioned at the peaks of the
LF waveform. In contrast, the most intense optical emission is
found to occur when the pulses are positioned close to the zero
crossings for positive LF waveform voltages. The reasons behind
these observations are discussed.
Index Terms— Actuators, flow control, optical imaging, plasma
applications, surface discharges.

I. I NTRODUCTION
N the context of active flow control research, the application of ionized-gas discharges to the modification of boundary layers has received significant attention in recent years [1].
One promising design is the asymmetric surface dielectric
barrier discharge (ASDBD), in which an ac high-voltage
waveform of hertz–kilohertz is applied between two electrodes
that are asymmetrically affixed about a layer of dielectric
material. ASDBDs are of simple construction, lightweight,
have no moving parts, and are capable of rapid response times.
Since they generate a non-thermal discharge [2], flow actuation is achievable with relatively modest power requirements
[3]–[5].
Over the last decade, the performance of ASDBD plasma
actuators has been studied with respect to applications including the control of boundary layer separation [6], modification
of supersonic flows [7], vortex generation [8], and noise
attenuation [9].
A current challenge in the development of plasma actuators
is their limited authority in high Reynolds number flows,
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i.e., Re > 105 [4]. This has motivated significant effort
in the optimization of the actuator design [10] and recent
studies have investigated the effect of using non-sinusoidal
voltage waveforms [11], [12], the modification of the electrode
shape [13], the thickness of the dielectric layer [14], and the
use of a three-electrode configuration to extend the surface
area over which actuation is achieved [15]. Significant efforts
have also been undertaken to understand the mechanism
behind the generation of thrust. Recent work has suggested
that actuation may be caused by a momentum transfer between
discharge ions, which drift due to the electric field created between the electrodes, and neutrals in the freestream
[16], [17].
To increase flow-control authority, it may be of benefit to
increase the density of ions in the discharge and hence maximize momentum transfer to neutrals. Radio frequency (RF)
discharges, for which the voltage oscillates at several megahertz, are understood to be effective in increasing the density
of atmospheric-pressure plasmas, as investigated in [18].
In this paper, pulses of RF voltage are combined with a
low-frequency (LF) sinusoidal voltage waveform [19]. The RF
waveform is used to increase the production of ions above
that generated by an LF waveform separately, but oscillates
too rapidly for significant drift to occur within the pulse.
Subsequent to the end of the pulse, the ions may be accelerated
in the LF field and transfer momentum to neutrals. The effect
of changing the position of the RF pulse within the LF
waveform period is studied with respect to the generation of
an induced flow and the optical emission, because these are
indicators of the degree of actuation and the spatial distribution
of ionization and power deposition, respectively.
II. E XPERIMENTAL C ONFIGURATION
The actuator is constructed with copper-tape electrodes
(35 μm thick, powered electrode 10 mm wide, and grounded
electrode 19 mm wide) that are separated by a dielectric
layer of Kapton tape (80 μm thick). As shown in Fig. 1, the
electrodes are offset in the x-direction such that the discharge
propagates out over the surface of the dielectric layer.
The spanwise length of the actuator is 20 cm and is directed
along the z-axis in Fig. 1. The actuator is mounted onto a
rigid dielectric plate and installed inside the test section of
a low-speed wind tunnel to ensure stagnant flow conditions
with negligible imposed flow. All experiments are undertaken
at atmospheric pressure using the ambient air of the laboratory.
As shown in Fig. 2, a dual-frequency voltage waveform,
which comprises 5 μs pulses of RF 13.56 MHz voltage at
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Fig. 1.
Schematic of the experiment apparatus showing the surface
discharge plasma actuator and the orientation of the cameras for particle
image velocimetry (PIV) and fast imaging. The powered electrode, grounded
electrode, dielectric layer, and mounting plate are shown in black, white, light
gray, and dark gray, respectively. Fast imaging and PIV are undertaken in the
xz and xy planes, respectively.

Fig. 3. (a) Image of the discharge for an RF pulse position of zero phase
(see Fig. 2). The edge of the powered electrode corresponds to the bottom
edge of the image and the intensity is normalized with respect to its own
maximum for clarity. (b) Variation in the intensity of the optical emission
from the discharge, averaged over the actuator length (z-axis), with respect
to the position of the RF pulse within the phase of the LF waveform. The
edge of the powered electrode is located at a distance of x = 0 mm and the
relative phase of the LF waveform is shown at the bottom. One period of the
5 kHz LF waveform corresponds to 200 μs, as shown in Fig. 2. The phase
positions for which velocity fields are shown in Fig. 4 are marked by open
circles (a)–(d).

Fig. 2. Variation in the dual-frequency voltage applied to the actuator as
measured at the powered electrode with the high-voltage probe. The pulses
of 13.56 MHz RF voltage that are combined with the sinusoidal 5 kHz LF
voltage waveform at t = 75 and t = 275 μs (enclosed with dashed lines) are
shown as envelopes to aid visualization.

2.0 kV and 5 kHz (period 200 μs) together with a sinusoidal,
5 kHz LF waveform at 2.8 kV, is applied at the powered
electrode and monitored using a high-voltage probe (dc to
75 MHz). In this configuration, there is one pulse of RF
voltage per period of the LF waveform. The amplitude and
frequency of both waveforms is held constant while the
position of the RF pulse within the phase of the LF waveform
period is varied, e.g., Fig. 2 shows an RF pulse position of
zero phase.
To study the effect of changing the RF pulse position, two
optical diagnostic tools are employed. A charge coupled device
camera (CCD: LaVision Imager Intense, 1024 × 1374 pixels,
50 mm lens, 12 bit, spatial resolution 129 pixels/mm), which
is oriented parallel to the plane of the dielectric surface, as
shown by CCD camera 1 in Fig. 1, is used to detect the optical
emission of the discharge. The exposure time is 1 ms (all the
images are single shots and no accumulations are used) and
this corresponds to five oscillations of the LF waveform (each
200 μs) at 5 kHz. Because the parameters of primary interest
are the intensity of the optical emission and the propagation
length of the discharge away from the powered electrode
(x-direction) the intensity is averaged over the actuator length
(z-direction).

2-D particle image velocimetry (PIV) is used to measure the
motion of the ambient air surrounding the actuator and hence
gauge the effect of the RF pulse position on the generation
of an induced flow. The PIV setup employs an Nd:YAG laser
(New wave Gemini PIV, wavelength 532 nm, repetition rate
3 Hz), which is used to generate a thin (about 1 mm thick)
laser sheet and this is directed toward the actuator in the
x y plane midway along the actuator length. A second CCD
camera (LaVision Imager Intense, 1024 × 1280 pixels, 50 mm
lens, 12 bit), which is numbered 2 in Fig. 1, is fitted with a
532 nm bandpass filter (full width at half maximum 10 nm)
and is used to detect the laser light scattered from submicrometer aluminum oxide particles. These are blown into the
test section using compressed air (the wind tunnel fan is only
used between tests to flush the test section) and are assumed to
follow, or trace, the motion of the air surrounding the actuator.
The 45 mm × 15 mm field-of-view for PIV is located in the
x y plane and the absence of any background motion within
this region is confirmed when the discharge is inactive.
Velocity fields are generated using the average result of
300 PIV image pairs. The delay between successive images
in each pair is 700 μs. DaVis 7 software is employed for
the cross-correlation routine, which consists of a multipass
method with a 50 % overlap using windows of dimension
64 × 64 pixels followed by 32 × 32 pixels. The resultant
spatial resolution of the velocity vectors and the estimated
uncertainty are 0.75 vectors/mm and 1.15 %, respectively.
III. R ESULTS
The span-averaged optical emission, as detected from the
discharge by CCD camera 1, is shown in Fig. 3 for a series of
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Fig. 4. Spatial variation in the induced flow generated by the actuator when
the RF pulse is positioned at (a) zero phase, (b) π/2, (c) 3π /4, and (d) 3π/2
as marked by the open circles in Fig. 3. The powered electrode is shown by
the solid line for −10 ≥ x ≤ 0 mm (thickness not to scale) and the surface
of the dielectric is located at y = 0 mm. The component of velocity in the
x-direction Vx and the total velocity are shown by the colors and arrows,
respectively, and the maximum velocity Vx,max is noted. The distances from
the powered electrode at which Vx,max is measured are shown by the dashed
lines.

RF pulse positions throughout the period of the LF waveform.
It is observed that the intensity of the optical emission and the
length to which the discharge propagates in the x-direction,
i.e., away from the powered electrode edge over the dielectric
layer, are dependent upon where the RF pulse is positioned.
The most intense optical emission is observed when the
pulse is positioned where the rate of change of the LF
waveform is relatively large and occurs close to the zero
crossings during the positive half-period only, i.e., at (a) and
(c). In contrast, the propagation length of the discharge is
maximized when the RF pulse is positioned at the maxima
and minima of the LF waveform at (b) and (d), respectively.
This corresponds to phase positions of π/2 (LF waveform
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maximum) and 3π/2 (LF waveform minimum) and is in
agreement with previous findings for an ASDBD presented
in [20], for which the propagation length was observed to
increase (linearly) for increasing voltage amplitudes.
The velocity fields generated in the region near to the actuator for the RF pulse positions (a)–(d) are shown in Fig. 4. The
velocity of the induced flow tangential to the dielectric surface
Vx is maximized when the RF pulse is positioned at the peaks
of the LF waveform, as shown by (b) and (d) for the positions
π/2 and 3π/2, respectively. This corresponds to the positions
for which the discharge reaches its maximum extent of propagation (see Fig. 3) and is consistent with the findings in [21].
It is observed that the pulse positions for which the optical
emission is most intense, i.e., points (a) and (c) in Fig. 3, the
maximum velocity of the induced flow Vx,max is only 0.19 m/s
and 0.20 m/s, or 45 % and 48 % of the maximum of 0.42 m/s at
point (b), respectively. This suggests that although the degree
of ionization may be greatest for pulse positions (a) and (c), the
acceleration of ions is enhanced for positions (b) and (d), i.e.,
when the electric field due to the LF waveform is maximized
at the end of each RF pulse. This is consistent with the
understanding that for the increased generation of an induced
flow, both the ion density and the ion drift velocity should be
maximized. At points (a) and (c), even though a higher ion
density may be created through enhanced ionization, at the end
of each RF pulse the electric field due to the LF waveform is
relatively low compared with that at points (b) and (d).
As shown by the dashed lines in Fig. 4, the distance from the
edge of the powered electrode at which the maximum induced
flow velocity Vx,max occurs also depends upon the position
of the pulse. For pulse positions at the maxima and minima
of the LF waveform, i.e., points (b) and (d), the maximum
flow velocity is measured 9.6 mm and 12.4 mm away from
the powered electrode, respectively. In contrast, during the
rising and falling intervals, i.e., points (a) and (c), the distance
from the powered electrode at which actuation is maximized
is smaller at 5.4 mm and 7.5 mm, respectively. As shown
in Fig. 3, increasing LF voltage at the end of the RF pulse
is correlated with an increasing propagation distance of the
discharge and this may result in the increased separation of
the flow-control region from the powered electrode.
IV. C ONCLUSION
Fast imaging and particle image velocimetry have been
used to study a pulsed 13.56 MHz–5 kHz plasma actuator
regarding the effect of the pulse position within the phase
of the 5 kHz voltage waveform. The results show that the
velocity of the induced flow, and the distance from the powered
electrode at which the maximum velocity is observed, is
largest when the RF pulses are positioned at the maxima and
minima of the lower frequency waveform. This is distinct from
the optical emission, which is observed to be most intense
when the pulses are positioned close to the zero crossings
of the lower frequency waveform during the positive halfperiod. The observation that the maximum discharge extension
and maximum flow velocity in the direction tangential to the
dielectric occur when the peak driving voltage is maximized is
in agreement with the previous studies for LF-driven ASDBDs.
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