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Abstract In order to promote an in-depth understanding of the mechanism of leading-edge flow

separation control over an airfoil using a symmetrical Dielectric Barrier Discharge (DBD) plasma

actuator excited by a steady-mode excitation, an experimental investigation of an SC (2)-0714

supercritical airfoil with a symmetrical DBD plasma actuator was performed in a closed chamber

and a low-speed wind tunnel. The plasma actuator was mounted at the leading edge of the airfoil.

Time-resolved Particle Image Velocimetry (PIV) results of the near-wall region in quiescent air sug-

gested that the symmetrical DBD plasma actuator could induce some coherent structures in the sep-

arated shear layer, and these structures were linked to a dominant frequency of f0 = 39 Hz when

the peak-to-peak voltage of the plasma actuator was 9.8 kV. In addition, an analysis of flow struc-

tures without and with plasma actuation around the upper side of the airfoil at an angle of attack of

18� for a wind speed of 3 m/s (Reynolds number Re = 20000) indicated that the dynamic process of

leading-edge flow separation control over an airfoil could be divided into three stages. Initially, this

plasma actuator could reinforce the shedding vortices in the separated shear layer. Then, these vor-

tical structures could deflect the separated flow towards the wall by promoting the mixing between

the outside flow with a high kinetic energy and the flow near the surface. After that, the plasma

actuator induced a series of rolling vortices in the vicinity of the suction side of the airfoil, and these

vortical structures could transfer momentum from the leading edge of the airfoil to the separated

region, resulting in a reattachment of the separated flow around the airfoil.
� 2019 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is

an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Flow separation usually causes some negative impacts on the
aerodynamic performance of aircraft and land vehicles. Thus,

investigations on flow separation control using passive flow
control devices such as vortex generator,1,2 gurney flap,3,4
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and active flow control devices, which includes blowing,5 suc-
tion,6 and synthetic jet,7,8 have grabbed the attentions of many
researchers. Compared to passive flow control actuators which

only affect a flow at the pre-design status, an active flow con-
trol strategy is more flexible and thriving.

Flow control using a Dielectric Barrier Discharge (DBD)

plasma actuator is one of the active flow control methods.
DBD plasma actuators have been extensively investigated over
the past two decades9–18 and demonstrated to be a novel

method for broadband noise control,19–21 lift augmenta-
tion,22–25 transition control,26–28 and cylinder wakes con-
trol,29,30 thanks to its significant properties, such as no
moving parts, fast response, and a control capacity of wide

band.
A traditional DBD plasma actuator includes two electrodes

which are separated by a thin insulating film.31–37 One elec-

trode is exposed to the air, and the other is covered by a dielec-
tric film, as shown in Fig. 1. When the electrodes are excited by
an AC high-voltage power at several kHz, the air around the

exposed electrode is ionized rapidly, and non-thermal plasma
is generated.

Since flow separation control using a DBD plasma actuator

is an effective method to enhance the aerodynamic perfor-
mances of airfoils, a number of researchers have been involved
in this study field using wind tunnel experiments and numerical
simulation over the last decade.38–45 A pioneering investigation

of flow separation control by a DBD plasma actuator over an
airfoil was conducted by Post and Corke,46 who demonstrated
that the separated flow around an airfoil at a high angle of

attack could be suppressed by a plasma actuator which was
arranged at the leading edge of the airfoil. Then, in order to
enhance the control effect of flow separation control using a

DBD plasma actuator, some key parameters, such as actuation
position,47 voltage amplitude,40 actuator geometry,48 and actu-
ation strategies (steady and unsteady operations),49 have been

investigated by lots of researchers.
However, most of the investigations evaluated the ability of

a DBD plasma actuator for flow separation control by force
measurements, mean pressure distribution, and time-

averaged velocity fields around the upper side surface of an air-
foil. The controlling mechanisms of the interaction between
the induced airflow by a plasma actuator and the separated

flow have not been completely elucidated.
To clarify the mechanism of flow separation control,

Benard and Moreau carried out wind tunnel experiments to

study the process of separation flow control using Particle
Image Velocimetry (PIV) technology.50 In this study, an asym-
metrical DBD plasma actuator driven by a steady operation

was placed at the leading edge of a NACA 0015 airfoil at a
Reynolds number of 260000. They found that the plasma actu-
ator could reinforce the flow structures that already existed in

the based flow, leading to a mixing between the mean airflow
and the boundary layer. These investigations have enhanced
our understanding of the mechanism of flow separation using

a plasma actuator. However, due to the limited spatial resolu-
tion of the PIV device, the flow structures which were close to
the wall couldn’t be obtained. Greenblatt et al. focused on the

mechanism of separated flow control over a flat plate airfoil
under unsteady DBD plasma actuation at a Reynolds number
of 3000 by wind tunnel experiments and computational inves-
tigation.51 They suggested that the most effective pulsed fre-

quency for lift enhancement was in connection with the
frequency of vortex shedding of the bluff body, and the key
point of flow separation control was to excite the leading edge

vortical layer. Meanwhile, Sato et al. studied the mechanism of
flow separation control over a NACA 0015 airfoil with
unsteady operation at a low Reynolds number using large eddy

simulation.49 They found that the unsteady DBD plasma actu-
ator driven by a higher non-dimensionalized pulsed frequency
F+ could induce a train of turbulent vortices and more effec-

tively suppress the laminar separated flow. Recently, Sekimoto
et al. carried out wind tunnel experiments to figure out the
relationship between the induced vortex structure and the
pulsed frequency of a DBD plasma actuator using time-

averaged pressure measurement and PIV technology.52 They
suggested that the size of the induced vortex was increased
with a decreasing pulsed frequency of the plasma actuator.

However, this investigation just showed the time-averaged flow
field and did not describe the evolution process of the induced
vortex.

In general, these previous research efforts49–52 help us
understand the mechanisms of flow separation control using
steady and unsteady plasma actuation. Although a number

of researchers prefer to use the unsteady excitation of a plasma
actuator which is switched on and off with a variable cycle for
saving energy consumption and improving the control effect, a
consensus about the optimal non-dimensionalized pulsed fre-

quency of a plasma actuator has not been reached yet.52 Mean-
while, there was almost no difference between steady and
unsteady actuation at Mach 0.35 and 0.4 based on increments

of the averaged lift, which was proven by Kelley et al.40

Despite the previous investigations towards describing the
dynamic process of flow separation control by unsteady

plasma actuation, insight into the flow structures in the vicinity
of airfoil surface, as well as the interaction between the induced
airflow by a plasma actuator and the separated flow, remains
limited. Meanwhile, in view of the remarkable differences

between steady and unsteady excitation, these previous results
about unsteady control mechanisms49,52 cannot completely
represent the controlling mechanism of steady actuation of a

symmetrical plasma actuator.
The main aim of the present investigation is to study the

process of formation, development, and evolution of some

coherent structures induced by a symmetrical plasma actuator
in quiescent air and their functions in flow separation control
with incoming flow. Here, a symmetrical DBD plasma actua-

tor driven by a steady operation is placed at the leading edge
of an SC (2)-0714 supercritical airfoil. In the following sec-
tions, the experimental setup is discussed first. Then, a time-
resolved PIV system is adopted to measure the airflow fieldFig. 1 Schematic diagram of a typical DBD plasma actuator.
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induced by the plasma actuator without incoming flow. More-
over, the third section focuses on a detailed study of flow struc-
tures around the airfoil without and with a symmetrical

plasma actuator to fully describe the interaction between the
induced flow by the plasma actuator and the separated flow
for deepening the understanding on the controlling mechanism

of the symmetrical plasma actuator.

2. Experimental set-up

2.1. Experiments in quiescent air

A high-speed PIV system supported by LAVISION Company
was used to investigate the transient flow field induced by a
plasma actuator. Fig. 2 presents the equipment layout of

PIV experiments in quiescent air. An SC (2)-0714 supercritical
airfoil model with a DBD plasma actuator was placed in a
cubic chamber with a size of 600 mm (width) � 600 mm
(height) � 800 mm (length) to make sure that the flow field

induced by the plasma actuator was not influenced by the envi-
ronment. PIV laser was mounted on the top of the chamber,
and a high-speed CCD camera which had a spatial resolution

of 1024 pixel � 1024 pixel was arranged on the side of the
chamber and used to view a region of 18 mm � 18 mm. Image
pairs were recorded at a frequency of 3 kHz with the time delay

between frames in a pair being usually 200 ms. The sampling
duration was 6 s. The DEHS (Di-Ethyl-Hexyl-Sebacate) parti-
cles which were used to seed the air through the input of the

chamber were about 1 lm in diameter and produced by an
LASKIN-40 smoker. The velocity and vorticity fields of the
induced airflow were calculated by LAVISION PIV software,
using a cross-correlation algorithm and a local median filter to

produce vectors over a 16 pixel � 16 pixel interrogation win-
dow with 50% overlap for obtaining an accuracy of 3%–
5%. Five small holes located in the lower left corner of the

chamber were used for cable running.
A symmetrical plasma actuator which had the ability to

control the flow separation around an airfoil at a high wind

speed and a high Reynolds number comparing to a traditional
asymmetrical plasma actuator53,54 was adopted and actuated
by a steady operation in this study. The main layout difference
between an asymmetrical plasma actuator and a symmetrical

one is the lower electrode, as shown in Fig. 3. The lower elec-
trode of the symmetrical plasma actuator covers the whole
upper electrode, and thus this actuator could generate bi-

directional plasma on both sides of the upper electrode. The
plasma actuator was actuated by an AC power supply. The
range of working frequency is from 0.1 to 6 kHz, and the volt-

age amplitude ranged from 0 to 10 kV. The output waveform
for an amplitude of 8 kV and a frequency of 1 kHz was
obtained by a Tektronix oscilloscope, as shown in Fig. 4.

The testing model was a two-dimensional SC (2)-0714
supercritical wing which had a 25� swept leading edge with a
chord length of 100 mm and a spanwise length of 480 mm,
as presented in Fig. 5. Fig. 6 shows a schematic diagram of

the airfoil and a symmetrical plasma actuator. The exposed
electrode which was mounted on the suction side of the airfoil
near the leading edge was copper foil tape. It was 2 mm wide

and 0.02 mm thick. The covered electrode was the whole test-
ing model which was made of aluminum. The upper electrode
was attached to the high-voltage power which provided a few

kilovolts of AC voltage power, whereas the lower electrode
was attached to the ground. The insulating material was two
layers of Kapton film, and the thickness of each layer was

0.05 mm. The origin of the coordinate system was fixed at
the midpoint of the exposed electrode. The x-axis paralleled
to the streamwise flow, and the y-axis pointed to the vertical
direction.

2.2. Experiments in a low-speed wind tunnel

Experimental investigations were carried out at the China

Aerodynamics Research and Development Center (CARDC)
in an open-section low-speed wind tunnel with a size of
750 mm (width) � 750 mm (height) � 1050 mm (length). The

main parts of the wind tunnel are made of dielectric material
fiberglass, which is suitable for research on plasma flow con-
trol. A Pitot tube was adopted to monitor the incoming flow

velocity at the entrance of the test section. The wind velocity
range was 2–55 m/s and the turbulence intensity was less than
0.2%.

An airfoil with a DBD plasma actuator in this study is the

same as that in the experiment of characterization of a plasma
actuator in still air, as shown in Fig. 5. Fig. 7 shows the super-
critical airfoil mounted in the test section. The testing model

was held vertically between two plates which were applied to
generate a two-dimensional flow around the airfoil. The upper
plate was constructed from 10 mm-thick clear Plexiglas which

was suitable for flow visualization experiments. A support

Fig. 2 Schematic diagram of experimental set-up.

Fig. 3 Electrode configuration of a symmetrical DBD plasma

actuator.
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sting supported the testing model through a hole at the quarter
chord location in the lower panel. The model was connected to

a force balance by way of the support sting. The angular posi-
tion of the airfoil model was controlled by a stepper motor on
the balance. The maximum error of the angle of attack of the

airfoil was ±0.05�. The incoming flow speed was set to 3 m/s,
and the Reynolds number which was based on the chord
length of the airfoil was 20000.

The PIV system is the same as that used in the chamber
experiments without incoming flow. The layout of the PIV
device is shown in Fig. 8. A CCD camera was mounted above

the ceiling plane. The laser sheet was perpendicular to the
upper side of the airfoil and intersected with the airfoil at
the mid-span location. The angle between the CCD camera
and the laser sheet was 90�. In order to improve the spatial res-

olution, the view of the flow field focused on the leading edge
of the airfoil. The size of the window was just 32 mm � 32 mm.

3. Results and discussion

Discussion of results is divided into three parts. The first sec-
tion studies the characteristics of a symmetrical DBD plasma

actuator in still air. Then, the second part focuses on an in-
depth investigation of the based flow to reveal the dynamic
process of the vortical structures which are shedding from

the leading edge of the airfoil. The third part aims to compare
the flow fields without and with plasma actuation and analyze
the mechanism of flow separation control using a steady

plasma excitation.

3.1. Characterization of a symmetrical DBD plasma actuator in
quiescent air

3.1.1. Time-averaged flow field

Fig. 9 shows time-averaged velocity fields above the upper

electrode in quiescent air with two different peak-to-peak volt-
age amplitudes Up-p. Here, Up and Vp are flow speed induced
by plasma actuator in the x and y directions, respectively,

x* = x/c is the non-dimensional distance in the horizontal
direction, y* = y/c is the non-dimensional distance in the nor-
mal direction, c is the mean aerodynamic chord length of the

airfoil, and f is the actuation frequency of high-voltage power
supply. The ambient air is deflected towards the surface of the
airfoil, and then ejected from the exposed electrode. The
induced airflow is similar to a traditional wall jet, but there

is no mass added to the airflow.11,12 Due to the symmetry,

Fig. 4 Plasma discharge voltage waveform.

Fig. 5 Image of supercritical airfoil.

Fig. 6 Schematic diagram of electrode configuration of sym-

metrical plasma actuator.

Fig. 7 Schematic diagram of supercritical airfoil in a low-speed

wind tunnel.

Fig. 8 Schematic diagram of experimental set-up for PIV

experiments in a low-speed wind tunnel.
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the actuator induces a bi-directional wall jet on each side of the
upper electrode. The maximum velocities of two jets induced

by a plasma actuator are approximately equal. In addition,
the maximum velocity of a plasma jet increases with the volt-
age amplitude.

3.1.2. Spatial and temporal characteristics

Fig. 10 is a snapshot of the flow field induced by a plasma actu-
ator in quiescent air. Since the plasma actuator is activated, the

mutual effect between the plasma and the surrounding air
leads to a starting vortex which is located above the exposed
electrode. There are no coherent structures which are close

to the wall when the peak-to-peak voltage amplitude is
6.4 kV, as presented in Fig. 10(a). However, as the voltage
amplitude is increased, the induced airflow has some coherent
structures, such as roll-up vortices and secondary vortices,

which are close to the airfoil upper surface, as shown in
Fig. 10(b). The shear layer of the plasma wall jet becomes
unstable with increasing the voltage amplitude. The induced

airflow generates a roll-up vortex in the shear layer of the
plasma wall jet. As time goes on, the roll-up vortices stretch
and move along the airfoil upper surface and form a train of

vortices. Meanwhile, due to the no-slip boundary condition,
secondary vortices are formed over the airfoil upper surface.

The secondary vortices are underneath the roll-up vortices
and move along the airfoil surface.

It is worth noting that there are some differences between
roll-up vortices and the starting vortex. Initially, the formation
mechanism is different. When the plasma actuator reaches the

threshold voltage, the air near the upper electrode could be
ionized and carry the momentum to the flow field. To replenish
the flow that has been ejected, entrainment occurs above the
upper electrode to generate a starting vortex. However, roll-

up vortices could be generated due to the instability of the
shear layer. In addition, the size of the starting vortex is bigger
than those of roll-up vortices. Meanwhile, the trajectory is dif-

ferent between the starting vortex and the roll-up vortices. The
starting vortex could roll up and move away from the wall.
The moving trajectory of roll-up vortices, however, is near

the wall. Moreover, the starting vortex is a single vortical
structure, while roll-up vortices are a train of vortices. The
roll-up vortices have the process of formation, movement,

merging, and breakdown.

3.1.3. Coherent structures

From the discussion above, the results suggest that the types of

plasma jet are related to the voltage amplitude. When the volt-
age amplitude is higher, the plasma jet could be a turbulent jet

Fig. 9 Time-averaged velocity fields above actuator in quiescent air.

Fig.10 Original PIV images of flow field induced by a plasma actuator in quiescent air (t= 0.85 s).
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which includes coherent structures near the wall. These could
promote the mixing effect of the plasma actuator which is ben-
eficial for separation flow control at a high wind speed and a

high Reynolds number. Therefore, the coherent structures
induced by the plasma actuator will be analyzed in this section.

According to the transient flow field results, the roll-up and

secondary vortices move to the trailing edge of the airfoil.
Although the induced flow field is unsteady, it still has quasi-
periodic characteristics, as indicated by the power spectrum

of velocity data in the shear layer over the surface. The posi-
tions of calculation points A to C are shown in Fig. 11. In
order to get a precise comparison of the power spectrum, the
calculation points are collected at a y position which corre-

sponds to the maximum Root Mean Square (RMS) velocity.
Fig. 12 shows power spectra of the vertical fluctuating

velocity at different places of the airfoil. At Point A, a domi-

nant frequency of f0 = 39 Hz is amplified in the shear layer
when the plasma actuator is excited by a higher voltage, as
shown in Fig. 12(a). The instability of the shear layer could

force a vortex to roll up in the shear layer. Then disturbances
start to grow, and a sub harmonic of the dominant frequency
of 22 Hz is emerged at Point B, as shown in Fig. 12(b). It is

suggested that roll-up vortices could be merged, and the inter-
actions between the disturbances are nonlinear.55 However, it
is worth noting that the velocity spectrum in Fig. 12(b) dis-
plays a peak at 22 Hz which is somewhat less pronounced than

a fundamental peak at 39 Hz, which indicates that the merging
of the roll-up vortices in the separated shear layer could not be
very notable. Further downstream, there is no distinct peak in

the power spectrum, as depicted in Fig. 12(c). It indicates that
the roll-up vortices are rapidly broken down during the transi-
tion process.

According to the fundamental frequency f0 of 39 Hz, one
period was obtained. Fig. 13 shows an evolutionary process
of the coherent structures in one cycle. Here, Kci is defined

by Kci � kci x
xj j, where kci is the imaginary part of the complex

eigenvalue of the velocity gradient tensor,56 which can repre-

sent the vortical structure, and x is the vorticity. The sign of
local vorticity is assigned to kci for identifying the sense of
rotation.57

Based on the swirling strength in these pictures, we can see
that there are several vortices in the flow field. Firstly, the two
single roll-up vortical structures which are marked as No. 1
and No. 2 are generated in the separated shear layer, as shown

in Fig. 13(a). The two roll-up vortices move together down-
stream, as presented in Fig. 13(b)–(d). Furthermore, the spac-
ing between the two roll-up vortices is approximately constant

in these images, suggesting that they roll up at a constant fre-
quency. Then another roll-up vortex which is labeled as No. 3
is induced, as shown in Fig. 13(e). As time goes by, a break-

down of vortex No. 1 occurs downstream of the airfoil, as
depicted in Fig. 13(h). After that, the two vortices, namely
No. 2 and No. 3, move to the trailing edge of the airfoil, which

indicates that the roll-up vortexes have experienced one period,
as shown in Fig. 13(i).

In addition, the roll-up vortices on the left side of the

exposed electrode are also analyzed in this part. The location
of calculation Point D is at x= � 2.7 mm and
y= � 4.6 mm, which is depicted in Fig. 11.

Fig. 14 shows the power spectrum of the vertical fluctuating

velocity at Point D. It is noteworthy that there is a primary fre-
quency of f0 = 39 Hz when the plasma actuator is driven by a
higher voltage. The results indicates that the fundamental fre-

quencies f0 of roll-up vortices on both sides of the exposed
electrode are equal. It implies that the fundamental frequency
is related to the electric parameters, such as the frequency of

the power supply, but is barely relevant to the location of
the plasma actuator.

3.2. Based flow

3.2.1. Time-averaged flow field

Fig. 15 shows the time-averaged flow field around the upper

side of the airfoil at an angle of attack of 18� without control.
Here, U and V are the incoming flow speed components in the
x and y directions, respectively, U0 is the mean flow speed

(U0 = 3 m/s), ki is the imaginary part of the complex eigen-
value of the velocity gradient tensor, and TKE denotes turbu-
lent kinetic energy. The baseline flow is dramatically separated

close to the leading edge, which generates a remarkable low-
speed flow region above the surface, as shown in Fig. 15(a).
The time-averaged velocity field shown in Fig. 15(a) indicates

that boundary layer separation starts at about x/c= 0.06
and y/c= 0.015 that is related to 1.5% of the mean chord
length. Due to the flow separation, the vortices shed from
the suction side of the airfoil, as presented in Fig. 15(b). Mean-

while, the time-averaged TKE, which is defined as

TKE= 0.5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U02 þ V02

p
/U0, is shown in Fig. 15(c). Here, U0

and V0 are the fluctuating velocity components in the x and
y directions, respectively. The results indicates that the high-

energy region increases rapidly in the separated shear layer
after the flow is separated, suggesting that transition occurs
and the flow becomes turbulent.

Fig. 11 Locations of calculation points A to C on right side of exposed electrode (xA = 3.2 mm, xB = 6.5 mm, xC = 13.3 mm).
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3.2.2. Dynamics of based flow field

In this part, analyses focus on vortex shedding from the sepa-
rated shear layer using the swirling strength. Fig. 16 shows the

dynamic process of the evolution of vortices which is issuing
from the separated flow. Here, toff means that the plasma actu-
ator is turned off. Due to the flow separation, a series of small-

scale vortices forms and grows along the separated shear layer,
indicating that the flow remains completely separated along
the upper surface of the airfoil. Meanwhile, the vortical struc-
tures that are shedding from the leading edge to the trailing

edge can be distinguished by the swirling strength, suggesting
a two-dimensional flow in this study. It should be noted that

Fig. 12 Power spectra of vertical fluctuating velocity at different locations of right side of exposed electrode.

Fig. 13 Evolution of swirling strength field on right side of exposed electrode in one cycle (T stands for cycle time).
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these vortices form at roughly 1% of the mean chord length,
but shed at approximately 3% of the averaged chord length.

These vortices are convected and transfer the momentum from
the outside region toward the surface of the airfoil. Unfortu-
nately, these vortices are not strong enough to suppress the

separation by mixing.50

In order to obtain the fundamental frequency of the shed-
ding vortices, the spectra of the fluctuating velocity data on
the upper side of the airfoil are analyzed, as depicted in

Fig. 17. The calculation points are collected at a y position that
corresponds to the maximum RMS velocity for getting an
accurate comparison of the power spectrum. It is worth noting

that there is a dominant frequency in the initial region, sug-
gesting that the vortices in the separated shear layer roll up
at the dominant frequency which is related to flow distur-

bances,55 as presented in Fig. 17(a). This result agrees with
those of previous investigations that the dominant frequency
reveals a power-law dependency on the Reynolds number.58

In addition, these periodic flow disturbances could induce

the separated shear layer to roll up and generate these vortical
structures. This dynamic process is similar to the condition of
free shear layers and consistent with previous results by Lang

et al.59 Then the flow shown in Fig. 17(b)–(d) experiences a
rapid laminar-to-turbulent transition, with a typical spectrum
found at x* = 0.1–0.3.

3.3. Flow controlled by a symmetrical DBD plasma actuator

In the previous section, the results have indicated that a

plasma actuator which is excited by a higher voltage can

generate a turbulent jet. This part will focus on the controlled
flow by a plasma actuator which can induce a turbulent jet
around the airfoil and is described using time-averaged and

time-resolved PIV results.

3.3.1. Time-averaged flow field

The time-averaged PIV results confirm the significant changes

of flow around the upper side of the airfoil because of plasma
actuation. The based flow is separated at the leading edge of
the airfoil. With plasma actuation, flow separation is drasti-

cally reduced, and the controlled flow almost attaches to the
airfoil surface, which can be proven by the time-averaged
velocity field, as shown in Fig. 18(a). It should be noted that

the flow is not fully attached to the surface of the airfoil with
the plasma actuator. The maximum thickness of the separated
flow is approximately 1 mm. This result agrees well with

Roth’s experimental result.60 In order to get more detailed flow
structures which are close to the wall, the field of PIV view is
just 32 mm � 32 mm. Meanwhile, the airfoil model is painted
with matt black lacquer for minimizing wall reflections.

Thanks to the spatial resolution of PIV results, the detailed
flow near the wall can be obtained. The discrete rolling vortices
which are induced by the interaction between the plasma jet

and the incoming flow and transfer momentum to the sepa-
rated region are convected along the suction side of the airfoil,
as shown in Fig. 18(b). It should be noted that the height of

vortical structures is approximately equal to the thickness of
the separated flow in the controlled flow field. The observation
of a reattachment phenomenon controlled by an AC plasma

actuator is not new.53,54 However, the flow structures near
the surface of the airfoil are rarely described. These results
open new insight for understanding the controlling mechanism
of a plasma actuator driven by an AC power.

In addition, the change induced by a plasma actuator to the
flow field also produces modifications of the turbulent kinetic
energy, as presented in Fig. 18(c). With plasma actuation, the

flow near the upper surface of the airfoil has a higher turbulent
kinetic energy than that of the based flow due to these discrete
vortices, suggesting that the flow has stronger ability to resist

an adverse pressure gradient and suppress flow separation.
Fig. 19 shows velocity profiles at different locations of the

upper side of the airfoil. Here, ys stands for the vertical dis-
tance from the upper surface of the airfoil. Without control,

a negative velocity appears in the velocity profiles from
x* = 0.1 to 0.3, indicating that the flow is already separated.
Thanks to the momentum induced by the plasma actuator,

the velocity near the surface of the airfoil is increased, and

Fig. 14 Power spectrum of vertical fluctuating velocity in initial

region of left side of exposed electrode.

Fig. 15 Time-averaged PIV results without control.
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Fig. 16 Evolution of swirling strength field around upper side of airfoil without plasma actuation.

Fig. 17 Power spectra of vertical fluctuating velocity at different locations of upper side of airfoil without control.

Fig. 18 Time-averaged PIV results around suction side of airfoil with a plasma actuator.
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the boundary layer becomes more energetic with plasma con-

trol. These results agree with those of previous investigations
that obviously support a sufficient control effect of DBD
plasma actuation to suppress flow separation and delay the

stall angle of attack at the present Reynolds number.58 In addi-
tion, the velocity profile is also affected by the plasma actuator
at x*=0.3, which means that the plasma actuator could influ-
ence the flow field away from the leading edge of the airfoil

through a convection of a series of small rolling vortices.

3.3.2. Dynamics of controlled flow field by plasma actuator

In this section, the controlling mechanism of the plasma actu-
ator needs an in-depth investigation using time-resolved PIV
measurements. Initially, instantaneous PIV results with the
plasma actuator shown in Fig. 20 are analyzed for getting

the reattachment processes of the flow around the suction side
of the airfoil. Here, ton means that the plasma actuator is
switched on. The plasma actuator starts at ton = 0 ms, and

the plasma actuation lasts about 2 s.

At the beginning, a number of vortices are continuously

rolling up and shedding from the separated shear layer
towards the main flow, as depicted in Fig. 20(a). Then more
energetic vortices are produced by the plasma actuator at the

leading edge of the airfoil and involved in the separated region,
which can be confirmed by the swirling strength, as shown in
Fig. 20(b). After that, the separated flow is shifted downwards,
and the separation region becomes smaller, as presented in

Fig. 20(c). The interaction between the induced flow by the
plasma actuator and the incoming flow plays an important role
in controlling flow separation and enhancing the energy of

rolling-up vortices in the separated shear layer, which bring
more energy from the mainstream into the near-surface region.
As time goes on, a series of vortical structures is convected

along the upper side of the airfoil and contribute to the
momentum transfer, as shown in Fig. 20(d)–(f). These results
could reveal why the plasma actuator which is mounted at

the leading edge of the airfoil can affect the flow structures
at the trailing edge of the airfoil.

Fig. 19 Time-averaged velocity profiles along the suction side of airfoil without and with a plasma actuator.

Fig. 20 Instantaneous swirling strength field around the upper side of airfoil with plasma actuation.
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It is noteworthy that the controlled flow has reached a con-
stant state at ton = 282.66 ms, as shown in Fig. 20(e). In addi-
tion, the non-dimensional times t+ which are required to

suppress flow separation are approximately 12. Here, t+ is
defined by t+ = (t0U0)/(0.7c), where t0 which is equal to
282.66 ms is the typical time needed to help the separated flow

reattachment. 0.7 means the length of flow reattachment con-
trolled by the plasma actuator. According to a previous inves-
tigation, the flow reattachment reached 70% of the chord

length under a symmetrical plasma actuator. The time-scale
of approximate 12 for the flow reattachment around an airfoil
is similar to that found in investigations by Benard and
Moreau.50

In general, observations of the controlling process can be
divided into three stages. Firstly, the strength of shedding vor-
tices in the separated shear layer is promoted, which can be

confirmed by the swirling strength at the leading edge of the
airfoil. The plasma actuator could play the role of a catalyzer
in the first stage. Then, the separated flow is deflected towards

the wall, and the separated region gradually becomes smaller
due to the shedding vortices. Finally, quite a number of dis-
crete rolling vortices which are generated by the interaction

between the plasma jet and the mainstream are convected
along the upper side of the airfoil and transfer the momentum
from the leading edge to the trailing edge.

Fig. 21 shows the evolution of swirling strength at different

positions of the suction side of the airfoil. The calculation
points are collected at a y position that corresponds to the
maximum RMS velocity. Before actuation, the swirling

strength is oscillating, and the average values are relatively
low at different locations of the upper side of the airfoil. With
the plasma actuator, the swirling strength is increased rapidly

which is resulted from the small-size vortices and is still fluctu-
ating. Meanwhile, the difference between swirling strengths
without and with control is reduced at x* = 0.3.

Indeed, some researchers obtained the dynamic process of
flow separation control over an airfoil using a plasma actuator
by wind tunnel experiments50 and numerical simulation.49

However, the flow structures in the vicinity of the surface of

an airfoil have rarely been described due to the spatial resolu-
tion of PIV or huge computational resources and time. In this
study, the detailed information near the wall is obtained by

taking some measures to deal with surface reflections. Discrete
rolling vortices which are moving along the surface of the air-
foil are found, as shown in Fig. 18(b). Then these vortical

structures are investigated in the power spectrum.

Fig. 22 shows power spectra of the vertical fluctuating
velocity from x* = 0.0013 to 0.3. The calculation points are
obtained at a y position that corresponds to the maximum

RMS speed. It is noteworthy that the first point which is
located at x* = 0.0013 is the starting point for shedding vor-
tices. It is obvious that there is a distinct fundamental fre-

quency of f0 = 24 Hz in the first spectrum because of the
issuing of rolling-up vortices close to the wall, as presented
in Fig. 22(a). It is noteworthy that there exists a disparity

of the fundamental frequency between the shedding vortices
under incoming flow and the rolling-up vortices in quiescent
air. It seems that the formation mechanisms are different.
Under incoming flow, discrete rolling-up vortices are induced

at the leading edge of the airfoil due to the interaction
between the incoming flow and the induced airflow by the
plasma actuator. Without incoming flow, roll-up vortices

could be generated due to the instability of the shear layer.
However, the mechanism of causing this disparity cannot
be comprehensively elucidated by the present investigation

and needs an in-depth study by further experiments. Then
the shedding vortices start to grow, and a sub harmonic of
the dominant frequency of 12 Hz appears at x* = 0.1, as

shown in Fig. 22(b). It indicates that the shedding vortices
could be merged. Further downstream, there are multi-peak
values which are not very conspicuous in the spectrum, as
depicted in Fig. 22(c)–(d).

Based on the dominant frequency f0 of 24 Hz, the cycle time
was determined. Fig. 23 presents the development process of
shedding vortices in one cycle by the swirling strength. Ini-

tially, the strength of a vortex which is at the leading edge of
the airfoil is enhanced, as shown in Fig. 23(a). Then, this vor-
tex is stretched longer because of the velocity gradient in the

normal direction, and the swirling strength of the extended
region at the leading edge of the airfoil is decreased, as
depicted in Fig. 23(b). After that, a new vortex is issuing from

the stretched region and moving along the suction side of the
airfoil, as shown in Fig. 23(c). A train of discrete vortices travel
into the trailing edge of the airfoil and transfer momentum to
the separated region. Meanwhile, some vortical structures start

to become less organized at x* = 0.1, which means that these
vortices could undergo a coalescence process, as presented in
Fig. 23(d). The shear layer at the leading edge of the airfoil

is extended again and accompanied by a reduction of the swir-
ling strength, as shown in Fig. 23(e). At the following moment,
a new vortex which is resulted from the extended region is

shedding, as shown in Fig. 23(f).

Fig. 21 Development process of swirling strength.
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Fig. 22 Power spectra of vertical fluctuating velocity at different locations of upper side of airfoil with control.

Fig. 23 Evolutions of discrete vortices on the upper side of airfoil in one cycle.
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4. Conclusions

An experimental investigation of leading-edge flow separation
control over a supercritical airfoil was carried out using a sym-

metrical DBD plasma actuator by a high-speed PIV system.
This investigation was focused on the dynamic process of the
interaction between the induced flow by the plasma actuator

and the freestream. It was an attempt to deepen the understand-
ing of the flow control mechanism of a DBD plasma actuator
driven by an AC steady-mode excitation and mounted on the
suction side of the airfoil near the leading edge.

Initially, a characterization of the symmetrical plasma actu-
ator in quiescent air was performed. Results indicated that the
symmetrical plasma actuator could generate a bi-directional jet

which could have two types of jet, namely laminar jet and tur-
bulent jet. This plasma jet could be affected by the voltage
amplitude. When the voltage amplitude was low, the plasma

jet was a laminar jet. The plasma jet became a turbulent jet
which contained some coherent structures, such as roll-up vor-
tices and secondary vortices, as the voltage amplitude was

increased. These vortical structures were related to a dominant
frequency of f0 = 39 Hz and could promote the entrainment
effect of higher momentum towards boundary layer flow
through rolling and moving.

In addition, the based flow around the airfoil arranged at a
high angle of attack (a= 18�) was investigated in a low-speed
wind tunnel. The velocity of incoming flow was 3 m/s. Results

suggested that the vortices were shedding from the separated
shear layer and linked to the fundamental frequency of
f0 = 32 Hz which was consistent with the finding of Yaru-

sevych’s investigations that the dominant frequency could be
influenced by the Reynolds number.58 These vortices grew
and transferred the momentum from the incoming flow

towards the suction side of the airfoil. Unfortunately, these
vortices were not strong enough to suppress the separation
by mixing.

Then, the controlled flow above the upper side of the airfoil

was analyzed using time-averaged and time-resolved PIV mea-
surements. The steady plasma actuation suppressed the sepa-
rated flow around the airfoil which could be confirmed by

the time-averaged velocity field. However, the flow could not
be completely attached to the airfoil surface. What’s more,
results of the transient flow field highlighted that the develop-

ment process of the interaction between the plasma jet and the
freestream could be divided into three stages. At the beginning,
the strength of shedding vortices was enhanced by the plasma
actuator which acted as a catalyzer. After that, these vortical

structures drew the separated flow above the upper side of
the airfoil toward the airfoil surface, reducing the separated
region around the airfoil. Finally, a series of discrete vortices

in the vicinity of the airfoil surface was produced by the inter-
action between the induced flow by the plasma actuator and
the incoming flow. These vortices could be responsible for

the minor separation region near the wall, and transferred
momentum to the separated region by travelling along the suc-
tion side of the airfoil, and were related to the dominant fre-

quency of f0 = 24 Hz.
Thanks to reducing the surface reflections and improving

the spatial resolution, the vortical structures near the airfoil
surface could be found. Here, this investigation opened a

new insight concerning flow separation control over an airfoil

by using a DBD plasma actuator with the steady mode. Fur-
ther studies have to be carried out for figuring out the disparity
of the fundamental frequency between the rolling-up vortices

in still air and the shedding vortices under incoming flow.
Meanwhile, a detailed investigation could be performed for
understanding the relationship between the fundamental fre-

quency of discrete rolling vortices and a number of parameters,
such as voltage amplitude, actuation frequency, and the speed
of freestream.
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