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Plasma  actuators  have  attracted  interest  for use as  active  flow  control  devices  due  to  their  many  benefits;
they  have  no  moving  parts  and  are  lightweight,  can be  flush  mounted,  and  require  low power.  In this
study,  the  performance  of plasma  actuators  are  experimentally  characterized  with  dielectric  material,
dielectric  thickness,  and  operating  frequency  for surface  and channel  actuator  geometries.  The  channel
height,  changing  the  effective  dielectric  constant,  is  also varied.  Induced  velocities  were  measured  using
a pitot  tube  and  PIV,  and  power  consumption  levels  were  recorded.  For  the surface  plasma  actuator,  PTFE
and  GRE  dielectric  materials  show  similar  performance,  with  Kapton  producing  the highest  induced
velocity  jet. Higher  plasma  ionization  tends  to  occur  with  operating  frequencies  of  5  and  10  kHz,  with  a
minimum  at  7  kHz  –  possibly  related  to  a change  to streamer  discharge  from  corona  discharge.  Power
consumption  was  also  higher  at frequencies  of  5 and  10  kHz.  Thinner  dielectric  materials  outperformed
thicker  ones  for  a given  high  voltage  input.  GRE,  which  has  the  highest  dielectric  constant  of  the tested
hannel plasma actuator materials,  resulted  in  higher  induced  velocities  than  PTFE  and  Kapton  for  the same  dielectric  thickness.
For  the channel  actuator,  the smallest  air gap corresponding  to the  lowest  permittivity  generated  the
highest  peak  induced  velocity  at 12 kHz.  Different  air gap  heights  do not  seem  to affect  the  induced
velocities  for  frequencies  above  14 kHz.  A  high  gradient  of velocity  reduction  with  streamwise  distance
from  the exposed  electrode  of  the  channel  actuators  was  also  observed.

© 2020  The  Authors.  Published  by  Elsevier  B.V.  This  is an open  access  article under  the  CC  BY  license
(http://creativecommons.org/licenses/by/4.0/).
. Introduction

Plasma actuators (PA) have been studied extensively for a num-
er of years, advancing the understanding of the underlying physics
nd showcasing their potential as flow control devices in many
pplications. The benefits of plasma actuators are manifold. They
re low-power, lightweight devices with no moving parts, which
akes them appealing as weight is a key cost factor in many indus-

ries. Being flush mounted on the surface, PA do not carry a drag
enalty with them as is common in passive devices. The active
ature of their operation means they can be utilized at differ-
nt flow conditions and either turned off or operated with varied
arameters to match off design conditions. It is no surprise, there-
ore, that PA were employed as flow control devices on bluff bodies

1–3], backwards facing steps [4,5], and aerofoils [6,7] to reduce
ake losses, promote mixing, delay separation, and increase the
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Fig. 1. Schematic representation of typical dielectric barrier discharge plasma actu-
ator configuration for ac and ns operation [25].

stall angle. The use of PA for turbomachinery has been reported in
[8–13].

A typical dielectric-barrier-discharge (DBD) plasma actuator
consists of two electrodes, one exposed to the free stream and one
covered by a dielectric layer [14], see Fig. 1. Dependent on the sig-

nal fed to the electrodes, two  distinct characteristics of DBD plasma
actuation are common: alternate-current (AC) and pulsed nanosec-
ond (ns) – with different operating principles and mechanisms to

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 2. Schematic representation of experimental set up.

Table 1
Dielectric materials used with corresponding physical properties.

Dielectric material Kapton PTFE GRE
 M.M. Wojewodka, C. White and K. Kontis

nfluence the fluid in the vicinity of the PA. The DBD plasma is
ormed when a high, AC or ns, voltage is supplied across electrodes,
onizing the surrounding gas. In this region, it is known that DBD
ctuators partially ionize the fluid with the resulting electric field
iving a body force to the ionized particles during DBD annihila-
ion [15,16]. In literature, this body force is also called ionic wind
r induced velocity.

Langmuir [17] first coined the term plasma to describe a region
f ionized gas “containing ions and electrons in about equal num-
ers” in 1928. The plasma is generated by increasing the amplitude
f the electric field above the breakdown electric field, Eb, which
s the value needed to sustain electron-ion pairs in the gas [18,19].
he minimum breakdown electric field is a function of the driving
requency among other parameters. At atmospheric pressure, Eb is
enerally lower for an AC input. When the AC amplitude is large
nough that the electric field exceeds the breakdown electric field,
he air ionizes. The ionized air is always observed to form towards
he grounded electrode and over the dielectric material [20]. Time-
esolved images of the ionization process, however, indicate it to
e a highly dynamic, spatially evolving, non-equilibrium process
21–24], with features that develop on the timescale of the AC
eriod, i.e. milliseconds or less [22].

Orlov [26] and Thomas et al. [15] investigated the effects of
oltage and AC frequency on the extent and propagation veloc-
ty of the discharge. The study found that the maximum extent
ncreased linearly with increasing AC voltage amplitude, and that
t is independent of the AC frequency. However, the velocity of the
lasma front increased linearly with both AC amplitude and fre-
uency. At the lower voltages, the induced thrust is proportional
o the power law V3.5

AC . This was first observed by Enloe et al. [27].
homas et al. [15] verified the consistency between the reaction
orce and the fluid momentum by integrating the velocity profiles
ownstream of the actuator. Post [28] and others [20,27] showed
hat, with increasing AC amplitude, the maximum velocity induced
y the plasma actuator was limited by the area (extent for a unit
pan-wise width) of the covered electrode. Thus, the dielectric area
eeded to store charge can be too small to take full advantage of
he applied voltage. This is known as the self-limiting factor of ac-
BD plasma actuators with the highest recorded induced velocities

eaching 10 ms−1 [29–31].
Effects of different dielectric constants or the relative permit-

ivity (�r) as it is also known, were studied, among others, by
oth and Dai [32] and Kozlov [33]. Pons et al. [34,35] found that
aximal ionic wind velocity varies with the permittivity of the
aterial used. Experiments by Forte et al. [36] conducting velocity
easurements for glass (�r = 10.0) and polymethyl-methacrylate

PMMA) (�r = 3.0) show higher induced velocities with glass as the
ielectric material for a given voltage input. A similar conclusion

s reached by Thomas et al. [15] after studying Teflon (�r = 2.1),
elrin (�r = 3.7), Quartz (�r = 4.3), Macor (�r = 6.0), and Kapton

�r = 3.7). Results show higher thrust values with higher dielectric
onstants for fixed voltage input values.

Actuators tend to have higher saturation points with lower
ielectric constants. Saturation occurs when an increase in volt-
ge input does not translate to higher induced velocities. This was
ound to coincide with streamer formation on the actuator surface
nd give increased power dissipation [15]. A lower dielectric con-
tant corresponds to a smaller capacitance value which scales with
r/t3, where t3 is the dielectric thickness. This decreases the local
oncentration of the electric field strength allowing higher volt-
ge input before saturation is reached [14]. Hence, higher induced
elocities are reached. As pointed out by Cattafesta et al. [31], it is

enerally beneficial to use thicker dielectric materials with lower
r values.

A novel, channel plasma actuator configuration was  introduced
ecently, first in [37,38] and later also in [39]. This design is based
Dielectric strength [kV/m] 16,535 11,220 15,000
Dielectric constant �r 3.70 2.10 4.48
Glass transition temperature Tg [K] 635 390 400

on a channel or duct with covered electrodes outside the domain
and an exposed electrode generating induced flow within the chan-
nel. Experiments show that induced velocities greater than 10 ms−1

can be achieved [40]. By placing the exposed electrode within the
channel, the effect of the wall shear layer and its viscous forces on
the induced velocity are reduced [38]. The optimized wire-to-plate
design used in this study found that tungsten is a better choice for
the high voltage electrode as compared to stainless steel and cop-
per. Wire diameter variation influenced the strength of ionization,
power consumption levels, and efficiency performances [38]. No
studies of channel height variation of ducted plasma actuators was
found in the public domain.

This study discusses the characterization of ac-DBD plasma
actuators to optimize the use of existing plasma generating equip-
ment (PGE) with respect to actuator performance. Parameters
considered were the dielectric material, dielectric thickness, and
the operating voltage frequency. For the channel PA design, the
distance from the exposed, high voltage wire to the encapsulated,
grounded electrodes was  also varied. Constant inputs included the
voltage waveform (sinusoidal) and an input voltage of 20 V to the
Minipuls system. Both surface PA and channel PA are used.

2. Experimental set-up

The equipment used to generate the high voltage consisted of
the Minipuls 4 system manufactured by GBS Elektronik [41]. It takes
direct current (DC) voltage from a Voltcraft VSP2410 power supply.
The power supply converts a standard (20 V) input to a square-wave
AC voltage waveform. Thereafter, the transformer steps up the volt-
age to the desired value, before producing a sinusoidal waveform as
an output. The specifications quoted by the datasheet by Brutscher
[42] are voltages up to 40 kV peak to peak or 14 kV root mean square
(RMS) at a frequency range of 5–20 . A custom LabVIEW program
was used to control the required AC operating frequency (plasma
frequency). Fig. 2 shows the system components and their set-up.

The materials selected were polyimide Kapton, Polytetrafluo-
roethylene (PTFE), and Glass Reinforced Epoxy (GRE). Kapton was
selected as extensive research has been carried out using Kapton
tape as the dielectric material, therefore it would provide a good
baseline result. GRE and PTFE have dielectric constants higher and

lower than Kapton, respectively. See Table 1 for dielectric proper-
ties of the selected materials.

For the surface PA, the exposed high-voltage and ground elec-
trodes were L2 = 6 mm  and L1 = 18 mm wide, respectively. The
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Fig. 3. Design and layout of surface plasma actuator used. Left: side view, right: top
view.

Fig. 4. Channel plasma actuator design: (a) schematic representation of front and
side views with grounded, covered electrodes (yellow), high voltage, exposed wire
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Fig. 5. Schematic representation of PIV set up including field of view (FoV) and
plasma actuator positioning.

Table 2
Set up for PIV flow field measurements.

Laser
wavelength

Pulse
duration [ns]

Flash lamp
rate [Hz]

Delta t [�s] f#
lectrode (red), and ionization region (purple), (b) modular components, (c) assem-
led channel PA. (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of this article.)

lectrodes were made of 35 �m thick copper tape (t1 and t2). The
lectrodes are separated by a dielectric material of various thick-
esses, t3, of 0.5, 1.0, 1.5, 2.0, and 3.0 mm.  There is no discharge
ap between the electrodes. The overlapping, lateral length of the
lectrodes is 100 mm – the length over which plasma is expected
o form. Surplus copper was put in place to attach the high voltage
nd ground connections to the electrodes. These regions were cov-
red with dielectric, polyimide film. The ground electrode was fully
overed by three layers of polyimide film, approximately 210 �m
hick in total. The polyimide film covered the exposed electrode 7.5
rom both lateral side edges to prevent plasma arcing on the sides
f the actuator, see Fig. 3.

The ducted PA was designed in a modular way  to allow for var-
ous air gap heights between the two dielectric surfaces, as shown
n Fig. 4. Components were rapid prototyped with a 3D printer.
00 �m diameter tungsten wire was used as the high voltage,
xposed electrode. Spacer parts had a thickness of 0.5 mm.  The
overed ground electrodes form the channel walls of the actuator.
ir acts as an additional dielectric (�r = 1.0), allowing the effective
ielectric constant between the exposed wire and the embedded
lectrodes to be altered.

Plasma actuator performance was characterized with induced
elocity data acquired via a traversable pitot tube connected to a
C012 micromanometer from Furness Controls and particle image
elocimetry (PIV) flow field measurements, see Fig. 5. The manome-
er has a precision better than ±0.5%. The glass pitot tube was

anufactured to a specification of 100 mm straight section with a
0◦ bend followed by a 60 mm long straight section. Glass was the

aterial of choice in order to prevent arcing from the discharge

egion to the pitot tube. The inner and outer radii were 0.3 and
.2 mm,  respectively. These dimensions allowed for measurement
f the actuator jet velocity without the pitot tube affecting the flow
[nm]

535 8 10 60 2.8

field. Pitot tube readings were time averaged over 5 s and the mean
of three consecutive readings is presented in this paper. An Agi-
lent Technologies DSO3102A oscilloscope was used to record the
current and voltage signals passed to the plasma actuator from the
Minipuls system.

PIV was  conducted in a closed return wind tunnel at the National
Wind Tunnel Facility (NWTF) at the University of Glasgow that was
not run during the experiments. The plasma actuator was  posi-
tioned on a nylon block to allow optical access. Seeding particles
were generated with a smoke machine that generates a fine mist. A
spectra-Physics, Lab 130-10 Nd:YAG, single cavity, double pulsed,
frequency-doubled laser produced the laser light sheet. The field
of view was  110 × 110 mm with a spatial resolution of 2048 × 2048
pixels. Post processing of PIV images was  performed using a tested
cross correlation based procedure implemented with a vector vali-
dation scheme [43]. Results shown in this work were obtained using
a forward/reverse tile testing (FRTT) correlation algorithm. A two-
pass cross correlation analysis was used. The first with a 64 × 64
pixel window size and 50% overlap, and the second with a 32 × 32
pixel window size and 25% overlap. Other PIV parameters are given
in Table 2.

An often encountered issue when dealing with high voltage
equipment is electromagnetic interference (EMI) [44,45]. This well-
known problem has the potential to affect electronic devices and
cause system failures. In the NWTF laboratory this was avoided with
measures including limiting the high voltage wire length, using alu-
minum foil shielding, and increasing the physical distance between
sensitive devices such as the PIV and DAQ systems and the high
voltage equipment.

3. Results and discussion

Induced velocities from pitot tube and PIV measurements are
presented for both the surface and channel PA cases. The power
consumption of each plasma actuator is also shown. Voltage and

current waveform plots passed to the actuator are presented in
Fig. 6 for frequencies of 5, 7, and 10 kHz with a 0.5 mm thick Kapton
dielectric material. High-amplitude spikes of current are typical for
plasma actuators [46] and indicate ionization. They are the result of
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F ator for a 0.5 mm thick Kapton dielectric with (a) 5 kHz, (b) 7 kHz, and (c) 10 kHz  signal
f

e
t
o
5
a
v

3

t
a
c
o
a
R
4
0
t

a
a
t
d
r
o
d
s

ig. 6. Measured voltage and current signal waveforms passed to the plasma actu
requency.

ach micro-discharge and occur twice per cycle. Characteristically,
he current and voltage are 90◦ out of phase [36]. Based on the spike
ccurrence, it appears the 7 kHz case has more ionization than the

 or 10 kHz cases. The impedance of PA, the electrostatic capacity,
nd the length of the high voltage cable can all influence the output
oltage signal and hence the ionization levels.

.1. Surface plasma actuator

Initially, a study was conducted to establish the optimum loca-
ion to measure plasma induced velocity downstream of the surface
ctuator. Fig. 7 shows induced velocity measurements along the
enterline of the actuator with streamwise and vertical positions
f the Pitot tube. This exercise was performed with a PTFE plasma
ctuator of 1.0 mm thickness at a driving frequency of 10 kHz.
esults show a peak induced velocity at a downstream distance of

 mm from the high voltage electrode edge and a vertical location of
.6 mm.  All measurements presented and discussed hereafter refer
o data collected at this optimum position.

Induced velocity measurements of the three dielectric materials
nd for five dielectric thicknesses for a frequency range of 5–10 kHz
re presented in Figs. 8a, 9a and 10a. Higher frequencies resulted in
he dielectric materials breaking down and the actuators becoming
amaged with visible signs of degradation of the dielectric mate-

ial due to arcing. Damaged actuators were replaced with spare
nes. This did not affect measurement results as the GRE and PTFE
ielectric material was machined to size in order to keep a con-
istent geometry of the actuators. Measurements were taken with
Fig. 7. Induced velocity with x–y location along centerline (z = 0 mm)  downstream
of plasma actuator.

a traversable pitot tube along the centerline of the exposed actu-
ator. Each data point is the average of three measurements and
corresponds to the maximum recorded induced velocity along the
centerline of the channel.

Plots of consumed power by the plasma actuators are given in
Figs. 8b, 9b and 10b. Consumed power was  calculated by multiply-

ing the root mean square values of the voltage and current signals
recorded over one period by the oscilloscope:

Pc = VRMSIRMS. (1)
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Fig. 8. Induced velocity with frequency for varying thicknesses of Kapton dielectric material, �r = 3.70 (a) and the corresponding power used (b).

Fig. 9. Induced velocity with frequency for varying thicknesses of GRE dielectric material, �r = 4.48 (a) and the corresponding power used (b).

FE dielectric material, �r = 2.10 (a) and the corresponding power used (b).
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Table 3
Best performing surface PA and their properties.

Dielectric material Kapton PTFE GRE

Thickness [mm]  0.5 0.5 0.5
AC  frequency [kHz] 10 10 10
Fig. 10. Induced velocity with frequency for varying thicknesses of PT

The highest averaged induced velocity was achieved with Kap-
on tape as the dielectric. It was operating at an AC frequency
f 10 kHz, and a material thickness of 0.5 mm yielding a veloc-
ty of 5.22 ms−1. GRE and PTFE both produced velocities over
.5 ms−1. For the set power supply input conditions of 20 V
nd 0.12 A, the thinnest dielectric performed best for all mate-
ials. As the material thickness increased, the induced velocity
educed, due to the constant input voltage. Since the input volt-
ge is constant, thicker dielectric materials perform worse as
he electric field strength decreases. Operating frequencies of 5

nd 10 kHz resulted in the highest measured induced velocities
hile the ionic wind was lower for other frequencies. A min-

mum induced flow was consistently recorded for a frequency
f 7 kHz, irrespective of the dielectric material or its thickness.
Velocity [ms−1] 5.22 4.66 5.05

Table 3 summarizes the best performing surface plasma actua-
tors.

Power consumption was  highest for frequencies of 5 and 10 kHz

irrespective of the dielectric material. Those cases correspond to
the highest induced velocities recorded. A minima of power con-
sumption was  consistently recorded at a frequency of 7 kHz. This
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Fig. 11. Induced velocity with frequency for different air gap heights of channel
actuator measured 4 mm from the exposed wire along the centerline of the GRE
plasma actuator at 12 kV.
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much smaller than in the PIV set-up. Reflections rendered the near
ig. 12. Induced velocity with frequency for different air gap heights of channel
ctuator measured 6 mm from the exposed wire along the centerline of the GRE
lasma actuator at 12 kV.

s not expected as other studies show an increase in ionic wind
ith increasing signal frequencies [15,47]. However, a change in
lasma from a corona discharge to a streamer discharge can result

n a decrease in the body force generated and hence lower con-
umed power levels. See Fig. 6 for measured voltage and current
aveforms with 5, 7, and 10 kHz frequency signals.

.2. Channel plasma actuator

For the channel PA, only GRE was used as a dielectric material
ue to its higher stiffness. PTFE sheets and Kapton tape were found
o be too flexible to support the design of the channel actuator and
eep a constant distance (air gap) between the exposed wire and
he covered electrodes. Measurements of induced flow were taken
or three air gap heights of 6, 8, and 10 mm.  Data was collected along
he centerline of the actuator and is presented in Figs. 11–13 for dis-
ances of 4, 6, and 10 mm from the high voltage wire, respectively.
resented data sets are the average from three repeated readings
or each data point.

For the channel actuator, the smallest air gap, which corre-
ponds to the lowest dielectric constant value �r , creates the highest
eak induced velocities. These occur consistently between 12 and
3 kHz. Above these frequencies there does not seem to be much

ariation in induced flow velocities with varying air gap heights.
he results also show that the induced velocity decreases rapidly
ith distance from the exposed, high voltage electrode. This is
Fig. 13. Induced velocity with frequency for different air gap heights of channel
actuator measured 10 mm from the exposed wire along the centerline of the GRE
plasma actuator at 12 kV.

believed to be due to the low mass flow rate generated through
the channel by the actuator.

3.3. PIV

Two component PIV measurements were taken for two con-
figurations of surface plasma actuators with PTFE and GRE as the
dielectric material. Kapton could not be used due to excessive laser
sheet reflections from its tape surface resulting in poor PIV data sets.
The two  cases correspond to the PTFE and GRE cases from Table 3.
In total, three sets of 20 image pairs were recorded. Statistical con-
vergence was established with fewer image pairs. Results obtained
from processing fewer vector maps were qualitatively similar to
those obtained by processing the full set of 60. The PIV error, Eu, esti-
mate was calculated based on the magnification factor, M [pixel/m],
and the time step �t  between image pairs assuming a maximum
displacement error of 0.1 pixels as given by [48]:

Eu = 0.1
M ∗ �t

= 0.1
2048
0.11 ∗ 60 ∗ 10−6

= 0.0895 [m/s]. (2)

Channel plasma actuators were not used as the flow velocities
measured with pitot tubes at the channel exit were too small to
compute reliable vector fields with the existing resolution achieved
with the camera lenses available. The channel geometry prevents
any PIV measurement being taken at the edge of the exposed elec-
trode. With induced velocity reducing greatly with distance from
the exposed wire PIV further downstream was  not attempted.

The plasma actuators were positioned on the edge of a nylon
support block to allow optical access to the region of interest, i.e.
the ionic jet coming off the plasma actuator. Due to reflections from
surfaces, namely the actuator geometry itself, the field of view (FoV)
of the camera had to be reduced and shifted to exclude the actuator
geometry. The FoV captures the edge of the nylon block/actuator
with the jet only visible from a distance of 18 mm (the length of
the covered electrode) off the exposed electrode onwards, i.e. not
directly from the edge of the high voltage electrode where the
induced flow is highest.

Time averaged velocity vector fields for both cases are presented
in Figs. 14 and 15 . PIV measurements clearly show the jet of air
formed by the plasma actuators. Peak velocities are, however, much
smaller than recorded with the pitot tube. This is expected because
the distance from the exposed electrode edge to the pitot tube was
actuator vector field useless and hence were excluded from the
analysis. The error in velocity is only about 0.064% and 0.081% of the
maximum velocities recorded for the GRE and PTFE vector fields.
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Fig. 14. Time averaged velocity vector plot from PIV for surface PA with a 0.5 mm GRE dielectric material. Units are in ms−1 with the horizontal and vertical axes showing
the  FoV.

F TFE d
t

c
m
w

would result in different surface temperatures between the two
ig. 15. Time averaged velocity vector plot from PIV for surface PA with a 0.5 mm P
he  FoV.

The GRE surface PA produces an induced jet with more verti-

al spreading (diffusion) than the PTFE actuator which has a much
ore confined jet structure. This may  be due to a buoyancy effect
hich is related to heat release within the dielectric materials. This

Fig. 16. Induced flow air jet velocity profiles for PTFE surface PA: (a) horizontal velo
ielectric material. Units are in ms−1 with the horizontal and vertical axes showing
cases inducing a different convection of the induced jet.
The averaged velocity profiles along horizontal and vertical

planes are also shown in Figs. 16 and 17 , respectively. The ver-

city profile along y = 0.049 m,  (b) vertical velocity profile along x = 0.034 m.
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Fig. 17. Induced flow air jet velocity profiles for GRE surface PA: (a) horizontal velocity profile along y = 0.049 m,  (b) vertical velocity profile along x = 0.038 m.

Fig. 18. Induced velocities with frequency: (a) dielectric thickness of 0.5 mm,  (b) dielectric thickness of 1.0 mm.
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Fig. 19. Induced velocities with frequency: (a) dielec

ical induced jet profiles show more clearly the vertical spread of
he two induced jets. Looking at the horizontal velocity profiles
cross the induced air jets, it is clear that there is a consider-
ble drop off in velocity with distance from the exposed electrode.

his is significant, as it limits the effects of the ionic flow to
he vicinity of the PA. The total rate of velocity decrease is
14.8 and −20.2 ms−1 m for the PTFE and GRE surface PA, respec-

ively.
ickness of 1.5 mm,  (b) dielectric thickness of 2.0 mm.

4. Conclusions

The performance of actuators based on dielectric material,
dielectric thickness, and the operating frequency was character-

ized in terms of induced velocities and consumed power. For the
surface ac-DBD plasma actuator, PTFE and GRE dielectric materials
performed similarly, with Kapton producing the highest induced
velocity jet of 5.22 ms−1. Higher plasma ionization tends to occur
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ig. 20. Induced velocities with frequency for a dielectric thickness of 3.0 mm.

ith operating frequencies of 5 and 10 kHz. Power consumption
s also greater for frequencies of 5 and 10 . Results show a clear

inimum power consumption at 7 kHz for all tested cases. With
he voltage input being constant, thinner dielectric materials out-
erformed thicker ones. For a given thickness, GRE, which has
he smallest dielectric constant of the materials tested, resulted
n higher induced velocities. However, the thinnest dielectric of
.5 mm does not exhibit the same behavior.

For the channel actuator, the smallest air gap corresponding to
he lowest permittivity generated the highest peak induced veloc-
ty of 4.62 ms−1. These occur at a frequency of 12 kHz. Different air
ap heights do not seem to affect the induced velocities for higher
requencies (14–24 kHz).

A high gradient of velocity reduction with streamwise distance
as recorded. This is significant, as it shows plasma actuators have
ostly localized effects. The GRE surface PA had a total rate of

elocity decrease of −20 ms−1 m.
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