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The flow induced by an asymmetric dielectric barrier discharge (DBD) actuator in air together with
laser induced breakdown (LIB) near the exposed electrode is investigated using particle image
velocimetry. In this approach, the electrodes, driven by alternating current (8 kHz, 14 kVp-p) serve
primarily to accelerate the ions generated by the laser pulse (532 nm, 15 mJ per pulse, and 2 Hz).
The mean velocity fields suggest that this hybrid scheme leads to a significant enhancement in the
C 2013 AIP Publishing LLC.
wall-jet velocity and momentum flux generated by actuation. V
[http://dx.doi.org/10.1063/1.4825373]

Dielectric barrier discharge (DBD) actuators for aerodynamic flow control have been studied for over a decade since
first introduced by Roth et al.1 as possible means of aerodynamic forcing. A typical asymmetric DBD actuator consists
of a flow-exposed and a dielectric-embedded electrode driven
by alternating current (AC). The ionized gas generated by the
discharge exerts a force by an applied oscillating electric field
between two electrodes and a directional flow of neutral gas
is induced through the collisions with the drifting ions. The
speed of this induced flow, or so-called wall-jet, can be as
high as ten meters per second2 and has been shown to be
potentially useful in applications such as turbulence transition
delay,3 boundary layer manipulation in subsonic4 and supersonic flows,5,6 flow re-attachment,7,8 and vortex generation.9,10 Simulations and models of actuator performance
have also been developed by several research groups.11–13
There have been many attempts at further enhancing the
performance or flow control authority of these actuators.
These have focused mainly on methods that explore
variations in actuator electrode geometries, dielectric materials, and amplitude and shape of the applied voltage
waveform.14–18 Although these studies have demonstrated
some improvements in actuation performance, the strength
of the induced flow is still below that desired for practical
applications. The very nature of the self-termination of the
current at the dielectric barrier surface—a feature that makes
these discharges attractive because wall jets can be induced
without generating excessive heat (i.e., the plasma is nonthermal) also limits the plasma density and hence the momentum that the associated ions can transfer to the flow. A
higher performance can be obtained by applying a higher
discharge voltage; however, the voltage is limited by the
breakdown strength of the dielectric barrier material. One
therefore seeks a means of increasing plasma density without
increasing discharge potential. Here, we propose to do so by
separating the mechanism of plasma formation and plasma
acceleration. We describe, in this letter, the use of laser
induced breakdown (LIB) as a means of increasing the
plasma density in the vicinity of the dielectric barrier actuator. We show that with a modest laser power, this hybrid
approach can increase the generated wall-jet speed and momentum flux.
0003-6951/2013/103(16)/164102/3/$30.00

The experiment consists of a single asymmetric DBD
actuator as well as a laser and optics to generate the laser
breakdown, and the particle image velocimetry (PIV) system
to characterize the induced velocity field. A schematic of the
facility is shown in Fig. 1. The asymmetric DBD actuator
pair is integrated into the top surface of a flat acrylic plate as
illustrated in the isometric view of Fig. 1(a) and side view of
Fig. 1(b). The electrodes are constructed from 100 lm thick
copper tape. These exposed and embedded electrodes are
80 mm in length and 7 mm wide, and 80 mm in length and
20 mm wide, respectively. A 1 mm thick fiberglass sheet
serves as a dielectric layer to isolate the embedded electrode.
A Minipuls 6 high voltage generator (GBS Elektronik
GmbH) is used to drive the DBD actuator pair with an 8 kHz
frequency and 14.0 kV (peak-to-peak) sinusoidal voltage.
The average power consumption of this discharge configuration and properties is approximately 6 W (0.75 mJ per AC
cycle). A Nd:YAG laser (New wave, Gemini PIV, 532 nm)
is directed parallel to the exposed electrode edge and focused
at the center of electrode length using one convex spherical
lens (150 mm focal length), as seen in Fig. 1. The energy of
15 mJ per pulse (operating at 2 Hz) induces air breakdown.
Laser induced breakdown timing is synchronized to the
high voltage waveform using a delay generator (Stanford
Research Systems (SRS), model DG 535) so that the laser
produced plasma is generated at the maximum voltage in the
positive stroke (i.e., when the exposed electrode is positively
biased relative to the buried electrode) of the AC cycle. In
this configuration, the LIB pulse fires once every 4000 AC
cycles, and therefore increases the total energy deposited
into the flow by a mere 0.5%. For PIV measurements, a double pulsed Nd:YAG laser (New Wave, model Gemini PIV,
100 mJ/pulse energy, 532 nm) is shaped into an 800 lm thick
sheet using cylindrical and spherical lenses and is directed
into the center of the actuated flow region as depicted in
Fig. 1. The scattered light for the seeded sub-micron size alumina particles is captured by the double exposure CCD
camera (La Vision, Imager Intense). PIV laser shots and
camera trigger signal timings are synchronized using a
second delay generator (SRS, model DG 535). These timing
signals, synchronized with the applied voltage-current waveform, are shown in Fig. 2. Two instantaneous sequential
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FIG. 1. (a) Isometric view and (b) side view of the DBD actuator model.

images for the velocity field calculation are taken separated
by 50 ls in time. These frames correspond to a 21 micron/
pixel spatial resolution. The images were processed by commercial (LaVision Davis 7) PIV software. A decreasing
interrogation volume size with multi pass calculations
(two iterative passes for a 64 by 64 pixels and two passes for
32 by 32 pixels with 50% overlap) was used for the velocity
calculation. The origin of the PIV region imaged was placed
at the center the buried electrode, i.e., 10 mm from the
exposed electrode, as shown in Fig. 1(b). The imaged region
spans 25 mm in length (x-direction) and 7.5 mm in height
(z-direction). The PIV calculation returns velocity vectors
that are separated by 340 lm.
The mean velocity fields that are generated when just
the DBD is activated (Case 1), when just the LIB is applied

FIG. 2. Applied voltage and current waveform to the DBD actuator and
timings for the LIB and PIV lasing.
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(Case 2) and when both the DBD and LIB are used together
(Case 3), are depicted in Fig. 3. These results are obtained by
ensemble averaging more than 200 instantaneous PIV image
pairs for each case. Two velocity components (x and z directions) are represented by the arrows and the x-directional
component is depicted by the color scheme for comparison.
A 5 m/s reference velocity is noted as an arrow at the top left
corner and a reference color map is placed at the bottom of
the figure. Fig. 3(a) shows the mean velocity field of Case 1.
The usual structure of a DBD activated wall jet is clearly
visible. Figs. 3(b) and 3(c) show the mean velocity fields at
300 ls and 10 ms after the LIB pulse, respectively, Figs. 3(d)
and 3(e) present the mean velocity fields at 300 ls and 50 ms
after the LIB pulse for Case 3, respectively. It is seen in
Fig. 3(b) that the flow generated by laser breakdown alone
(Case 2) is very weak and what is seen at 300 ls is attributed
to thermal heating of the air. This induced flow decays rapidly within 10 ms of the initial breakdown, as indicated by
the absence of any measurable flow in Fig. 3(c). A stronger
induced flow is observed when the LIB pulse is used in
conjunction with DBD actuation (Case 3), as seen in Figs.
3(d) and 3(e). It is apparent by comparing Figs. 3(d) and 3(e)
that the strength of the induced wall-jet increases initially
with time after the initial breakdown.

FIG. 3. Mean velocity fields of the induced flow by (a) DBD actuation,
(b) 300 ls, (c) 10 ms after the LIB pulse without DBD actuation, (d) 300 ls,
and (e) 50 ms after the LIB pulse with DBD actuation (the size of the DBD
actuator is not real size).
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Case 2. The response time of the fluid to the initial LIB pulse
(the peak seen to develop at around 50 ms) is similar to the
wall-jet formation time after an initial DBD burst,19 confirming that the fluid is responding to the added momentum by
the LIB pulse. We believe that this enhancement in the walljet speed and momentum flux is due to the increased nearsurface plasma density as a result of the laser breakdown
pulse. The plasma density typically generated by laser breakdown of pulse energies comparable to those used here is in
the range of 1017–1020 cm 3.20,21 This range is much higher
than that typically produced in a DBD actuator, i.e.,
1015 cm 3.22 Further experiments are needed and currently
underway to confirm this increased plasma density and concomitant increased momentum transfer as a possible mechanism of enhanced DBD actuation.
The authors would like to thank to Professor M. G.
Mungal for insightful discussions and for the use of PIV
hardware. M. S. Bak acknowledges the support from a
Stanford Graduate Fellowship.
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FIG. 4. (a) Maximum speed of the induced flow and (b) maximum
x-directional momentum flux within PIV region as a function of the time
respect to the LIB pulse.

The maximum wall-jet speed and the maximum x-directional momentum flux within the PIV region studied as
extracted from the mean velocity fields are plotted as a function of the time following the LIB pulse in Figs. 4(a) and
4(b), respectively. The relatively steady flow (on this timescale) induced by the DBD alone (Case 1) is plotted as a dotted line for comparison. The LIB generated flow (Case 2)
initially generates a disturbance of comparable speed
( 0.9 m/s) to that of Case 1 ( 2.1 m/s) but dissipates within
10 ms after the initial LIB pulse. When the two are combined
(Case 3), the maximum wall-jet speed and the maximum
x-directional momentum flux are initially close in magnitude
to the sum of these two individual flows. However, it is noteworthy that the enhanced actuated flow persists for over
300 ms. This suggests that the induced flow in Case 3 is not a
mere superposition of the induced flows of Case 1 and
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