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Abstract

Experimental study has been conducted to determine the effect of plasma vortex generator (PVG) on a NACA
0015 airfoil for flow separation control. The novel design of the PVG consists of an arrangement of two
serrated electrodes, with sharp peaks on each electrode facing opposite each other, horizontally separated by a
dielectric material. In order to understand the characteristics of the vortex originated from the PVG,
measurements including the longitudinal velocity and the spanwise vorticity of the induced flow structure, were
conducted in the absence of free airstream using Pitot tube and PIV, respectively. The mechanisms of vorticity
generation for PVG are discussed. Lift and drag measurements on the airfoil were conducted at low Reynolds

number (7.7 x 10%). The PVG showed effective control authority by generating counter-rotating vortices pairs,
and it was found to lead to stall delay by 5 degrees and increase in lift coefficient by about 6%.
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1. Introduction

In the last decade, application of dielectric barrier discharge (DBD) becomes attractive in the field of flow
control from low to moderate Reynolds number Re range. DBD plasma actuator is efficient for imparting
momentum to the flow much like blowing or suction but without the mass injection. The simplest arrangement
of DBD plasma actuator typically consists of a pair of electrodes horizontally separated by dielectric material.
An alternating voltage is applied across the electrodes resulting in the generation of plasma in the vicinity of the
electrodes. The voltage difference applied between the electrodes can vary from 1 kV to as high as 5 kV, and the
frequency of the driving voltage is typically from 1 to 10 kHz [1,2]. The underlying physics, in terms of the
plasma morphology and the geometric effects, of DBD plasma actuator was described by Enloe et al. [3,4]. For
example, Enloe et al. [4] indicated that the dimensions of the exposed electrode strongly determine the
performance of the actuator, and the expansion of the plasma, which is governed in part by the geometry of the
lower, insulated electrode, has as considerable an impact on the performance of the actuator as the geometry at
the exposed electrode edge. Nevertheless, DBD plasma actuators are commonly studied in asymmetric
arrangement such that forcing is produced in longitudinal direction only. Moreau [5] provided comprehensive
overview among the worldwide works on the electrical and mechanical characterization of plasma actuators in
the absence of free air stream, and the application of plasma actuators for airflow control.

Flow control involves active [6,7,] or passive devices [8,9] with useful end results including lift
augmentation, drag reduction, mixing augmentation, and flow-induced noise suppression. The DBD plasma
actuators is an important type of active flow control device dedicated to the manipulation of low speed flows [10]
and have been successfully applied in numerous flow control applications. These include lift augmentation on a
wing section [11], low-pressure turbine blade separation control [12], airfoil flow separation control [13,14], and
plasma flaps and slats [15]. In particular, Reference [14] demonstrated that the plasma actuators were found to
lead to reattachment for angles of attack that were 8 degrees past the stall angle on a NACA 665-018 airfoil

section at Re ranging from 77 x 10° to 333 x 10°. Their experimental results were remarkable, and it showed up

to a 400% increase in the lift-to-drag ratio. Reference [15] also indicated that the leading-edge separation control
using plasma actuators can achieve the increase of lift-to-drag improvement of as much as 340% at two different
Re (2.17 x 10° and 3.07 x 10°). Recent progress on flow control using DBD plasma actuators can also be found
in Reference [16,17].
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It is well understood that DBD actuator properties, such as size of the plasma region and generated airflow
velocity depend on electrode configuration [4,5,18], dielectric material properties [18,19] and applied voltage
[5]. However, other shapes of electrodes, for example, electrode with a serrated edge consisting of triangular
patterns in series [18,20-23], were also used to improve airflow and more importantly, to generate the three-
dimensional flow topology which could be useful for aerodynamics control applications [23,24]. Joussot et al.
[24] demonstrated that the serrated plasma actuator configuration, which had an exposed electrode with a
sawtooth edge, generated vorticity between each tip and root, and propagated downstream. However, the
transverse velocity levels remain low in comparison with the longitudinal velocity and no well-established
counter-rotating vortices were formed. Other geometric shapes of electrodes have also been studied, including
the serpentine and square [23, 25], in order to promote a three-dimensional ionic wind. In particular, Wang et al.
[23] observed the three-dimensional effects such as pinching and spreading the neighboring fluid for serpentine
and square actuators. Also, a maximum jet angle at the trough of the square actuator was numerically predicted
to be 36 degrees, whereas the jet angle of 35 degrees was experimentally demonstrated for a serpentine actuator.

In this study, the novel design of DBD plasma actuator with sawtooth edge on both exposed and grounded
electrodes (plasma vortex generator) is considered, within which the sharp peaks of the serrated electrodes are
carefully arranged to facing opposite each other. This serrated design was used in order to induce a three-
dimensional ionic wind and more importantly, to increase the vorticity in the same way as yawed DBD actuators
dedicated for flow separation control by vortex generation [26]. Firstly, the plasma vortex generator has been
characterized by the measurements of longitudinal velocity and spanwise vorticity of the flow structure in the
absence of free air stream using Pitot tube and particle image velocimetry, respectively. Secondly, we
demonstrate the effect of a spanwise-oriented plasma vortex generator on a NACA 0015 airfoil based on force
measurement from which we could determine the improved stall angle and lift coefficient. Details of the plasma
vortex generator PVG and the experimental setup are summarized in Sec. 2. The results showing time-averaged
velocity profiles, streamwise vorticity generated by the PVG, and the lift and drag coefficients of the airfoil are
discussed in Sec. 3. Finally, conclusions and future works are drawn in Sec. 4.

2. Experimental Details

2.1 Actuator Design

The design of DBD plasma actuator has a sawtooth edge on both exposed and grounded electrodes, and is
called the plasma vortex generator (PVG) in this study. The PVG consists of two metallic electrodes made out
of adhesive copper foil tape separated by a thin PMMA material of 1 mm thickness. In order to investigate the
characteristics of the ionic wind and the streamwise vortical structures originated from the PVG, a prototype of
PVG has six sawtooth distributed uniformly along an edge of each serrated electrode is constructed (Fig. 1). The
height h and width w of each sawtooth is 1.5 mm and 17.0 mm, respectively. The overall dimension of each
exposed and grounded electrode is 140 mm in length, 15 mm wide, and 0.15 mm thick. The exposed electrode is
connected to an AC power supply, that the output voltage is controlled by a signal generator (Rigol DG 4062).
Thus, it could deliver sine voltage V, of 8-20 kV in amplitude with a frequency of about 5000-15000 Hz. The
grounded electrode is connected to the earth terminal of the AC power supply, and is encapsulated with an
insulating tape to avoid plasma formation on this side. The electrical parameters are visualized with an
oscilloscope (Rigol DS2072). The voltage is measured with a high voltage probe (Tektronix P6015A), whereas
the current is measured by using a current probe (Tektronix P6021) in series with the discharge setup, placed
between the ground and the grounded electrode (Fig. 2).
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Fig. 1. lllustration of the prototype of plasma vortex generator

2.2 Characterization of the PVG
Firstly, the flow generated by the PVG is measured by using a Pitot tube, giving a time-averaged velocity of
the ionic wind. The Pitot tube is a glass tube having an inner diameter of 0.5 mm, which resulting an accuracy of
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a few um in x- and y- directions. The glass tube is connected to a Furness FCO510 micromanometer (0-20
mmH,0, 0-18 m/s) by a Tygon tube of about 0.5 m long. The glass tube can be travelled along 3 axes above the
actuator with the three-component traverse, which has 0.02 mm displacement accuracy, controlled by a
computer. The analog output of the micromanometer is connected to the FCS487 Data logger. For each measure,
450 samples at 5 Hz are recorded in order to seek the convergence of the time-averaged velocity value.

Secondly, the induced vorticity is examined by using the particle image velocimetry (PIV). The PVG is
operated in a quiescent environment in an Acrylic glass box (500 mm length x 500 mm width x 800 mm height),
which is seeded using a TSI 9307-6 particles generator. The particle droplets are on average 1 pum in diameter,
and are generated from olive oil. The PIV system consists of a dual beam laser system (Litron LDY304-PI1V, Nd:
YLF), a CCD camera and a PC. A laser sheet of about 2 mm thickness is formed above the PVG. The time
between pulses is 150 ps, and the trigger rate is 727 Hz for double frame mode. The PIV data presented in this
paper are the average of 200 image pairs within which 200 vector fields are recorded. The images are recorded
using a Vision Research high-speed camera (Phantom V641) with a 4-megapixel sensors and 2560 pixels x
1600 pixels resolution. The viewing area used for the calculations of the vector fields is 102 mm x 37 mm. Post-
processing of the velocity data is conducted using Tecplot. Figure 2 shows the schematic of experimental setup
for the PIV measurements.
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Fig. 2. Schematic of experimental setup for the PIVV measurements

2.3 Force Measurement

Force measurements were performed in a closed circuit wind tunnel with a working section of L x W x H =
3.0 m x 0.8 m x 1.0 m. The non-uniformity of the flow in the test section was no more than 0.5% and the free-
stream longitudinal turbulence intensity was approximately 0.4% for the Re examined. The freestream velocity
was measured using a Pitot—static tube connected to a Furness micromanometer, with an uncertainty of less than
2.0%. A NACA 0015 airfoil model with the span of 300 mm and the chord length of 200 mm was investigated

at a freestream velocity U,, of 6 m/s, which results in chord Re of 7.7 x 10*. No boundary-layer trips were

employed. The PVG consisting of 10 pairs of sharp peaks, covering the central 60% of airfoil span, was
installed at 2% downstream from the leading-edge and on the suction side of the airfoil. The airfoil model was
vertically suspended between two false walls in the test section, and the lift and drag forces were measured
using a three component load cell (LSM-B-SAL, 10 N). The load cell has a rated output of 0.5 mV/V, and the
hysteresis is £0.5%. The time-averaged aerodynamic forces were measured with a moderate sampling rate of 1.0
kHz, and a 500 Hz filter was used in the data acquisition system. The accuracy of the lift and drag
measurements is approximately +£0.05%. Aerodynamic forces were normalized by the freestream dynamic
pressure and airfoil area. Note that the angle of attack « of the airfoil section is set by a rotary table, and the
uncertainty on the angle of attack is approximately 0.25.

3. Results and Discussions

The time-averaged velocity profile [Figs. 3(a) and (b)] were recorded at the peak-to-peak location (Fig. 1)
and along the X-Y plane. Figure 3(a) shows the corresponding velocity profile, captured using Pitot tube, for a
given X position. At a voltage V, of 11 kV and frequency f of 11 kHz, the maximum velocity of about 2.64 m/s
is obtained at X =5 mmand Y = 0.3 mm. Indeed, each maximum velocity is found close to the wall with Y
ranging from 0.3 to 0.7 mm. The velocity gradually decreases with increasing Y due to the momentum diffusion
from the plasma to the surrounding air. It is noteworthy that the momentum delivered to the surrounding air by
the charged species at the peak-to-peak location is much greater than that of the trough-to-trough location, thus,
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resulting an approximately two-dimensional induced flow in the X-Y plane. The effect of the applied voltage is
investigated and presented in Fig. 3(b). It can be seen that the velocity increases from 0.96 to 3.33 m/s with the
applied voltage ranging from 11 to 15 kV.
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Fig. 3. (a) Velocity profiles at different X positions (f = 11 kHz, V, = 11 kV); (b) Velocity profiles for different
voltage amplitudes, at X = 15 mm (f = 11 kHz)
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The PIV tests were conducted to observe the evolution of the vortex structures that originated from the PVG
upon actuation. Figure 4 shows that the streamwise vortices are uniformly generated in Z direction. This is due
to the serrated electrodes which locally varied the electric field, that vortices are generated on either side of each

sharp peak. Based on the cross—correlation analysis, the maxima of w, of about #6201 s (not shown) was

achieved at X = 15 mm. The presently identified streamwise vortices do not collide together, which differs from
Refs. [21] and [24], thus avoiding substantial interactions between vortices, and the vortices could persist longer
in the downstream locations. One can observe that the vortices lift away from the wall at X between 30 and 50
mm. This is attributed to the vortices from one pair begin to interact with the vortices from adjacent pairs, thus
creating common-flow up configurations as seen in at X = 50 mm (Fig. 4).
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Fig. 4. Vorticity contours in the spanwise direction at different X positions (f = 11 kHz, V, =11 kV, X =0, 3,9,
15, 30 and 50 mm)

Due to the unique electric field between the serrated electrodes, the interaction exists between the streamwise
vortices ejected out near the sharp peak of the electrode and the flow structure at the sharp peak location, thus
forming small vortices close to the wall at the peak [Fig 5(a)]. On the other hand, the directed vortices at the
trough show a maximum inducement angle of about 26° [Fig 5(b)]. One can observe clearly that the trains of
vortices close to the wall, from X = 20 mm to 70 mm, are due to the Kelvin—Helmholtz (K-H) instability
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generated by the directed vortices. It should be noted that the strength of the K-H instability is in an order
similar, but opposite, to that of the directed vortices.
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Fig. 5. Vorticity contours in the longitudinal direction (f = 11 kHz, V,, = 11 kV); (a) at the tip location; (b) at the
trough location

The effect of the plasma vortex generator is shown in Fig. 6, in which lift and drag coefficients of the airfoil
with actuation (i.e. V, varies between 11 and 15 kV) are compared with those of the baseline airfoil (i.e. applied
voltage V, is zero). It is noteworthy that the slope in the lift drop determines the flow regime as discussed in Ref.
[27], and by the reason thereof, the naturally developed boundary layer on the suction side of the NACA 0015
airfoil (i.e. baseline, V, = 0) progresses from laminar to local separation then to turbulent reattachment (i.e. the
laminar separation bubble) and finally to turbulent separation as confirmed by the lift coefficient C, vs. angle-
of-attack « curve in Fig. 6(a). It is evident that the PVG has a beneficial effect on the lift coefficient (Fig. 6a).
The data indicated that the spanwise-orientated PVG along the span of the airfoil improves the lifting
performance, reflected in the delay of stall angle and increase in the maximum lift coefficient of about 5 degrees
and 6%, respectively. This is attributed to the mixing of high-momentum freestream fluid, induced by the
counter-rotating vortex pairs, takes place toward the near wall region, and thus reattaches the flow. The C;-a
curve for the case of V, = 15 kV demonstrates that the boundary layer changes from laminar to transition to
turbulent, then separates at a = 18 degrees. Note that the decrease in drag coefficient is significant for the case of
V, = 15 kV as revealed in Fig. 6(b). The result also suggests only small considerable benefits could be achieved
at a less than the stall angle for V is between 11 kV and 13 kV. The cause of this could be related to the
elimination of laminar separation bubble caused by the induced counter-rotating vortex pairs of the PVG, and as
a result, the drag coefficient is reduced accordingly (Fig. 6b).
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Fig. 6. (a) Lift coefficient versus angle-of-attack (V, ranging from 11 to 15 kV); (b) Drag coefficient versus
angle-of-attack (V, ranging from 11to 15 kV)

4. Conclusions

This paper focused on the study of plasma vortex generator PVG, which consists of two serrated electrodes,
with the sharp peaks on each electrode facing opposite each other, and horizontally separated by a dielectric
material, as well, the aerodynamics effect of a NACA 0015 airfoil with actuation and at Re = 7.7 x 10°,

In the absence of a free air stream, it can be clearly seen that the counter-rotating vortices are uniformly created
in the spanwise direction. In addition, the streamwise vortices do not collide together, thus avoiding substantial
interactions between vortices, and the vortices could persist longer in the downstream locations.

The results from the force measurements indicate that the spanwise-oriented plasma vortex generator brings
high momentum fluid into the wall region in such a way that the maximum lift coefficient was increased by
about 6%, while, at the same time, the stall angle was postponed from 13 to 18 degrees. Further experiments
will be carried out in order to examine the flow structure of streamwise vortices and vortex pairs on the suction

Page | 395



side of the airfoil, which may be useful to improve the PVG design for flow separation control.
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