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Abstract: In this study, the effect of dielectric barrier discharge vortex generator
plasma actuators on pressure coefficients of a NACA2415 airfoil are investigated
experimentally at a Reynolds number of 5 X 10%. The dielectric barrier discharge
plasma vortex generators are placed at the leading edge of the airfoil. Force
measurements with a six-axis load cell and free stream velocity with a pitot static
tube are conducted. The pressure distributions over the airfoil are measured using
a scan-valve unit and a pressure transducer. The experimental results showed that
when the dielectric barrier discharge vortex generators were driven at a specific
electrical parameter, the lift coefficient of the airfoil is increased significantly and
the stall angle was postponed by induced flow effect. Moreover, the co-rotating
dielectric barrier discharge vortex generators type is more effective than the
counter-rotating type in reducing the drag coefficient. Furthermore, the 3D flow
structure for both types of vortex generators was observed at the surface of the
airfoil by using pressure measurements along with spanwise direction. In addition,
it appears that the effect is less in the case of the stall angle in both plasma actuated
state for drag coefficient, but they are more effective in the pre-stall angle and post-
stall cases.

NACA2415 Kanat Modeli Etrafindaki Akisin DBD Plazma Girdap Uretecleri ile Kontrolii

Anahtar Kelimeler
Kaldirma Katsayis,
Plazma Aktiiator,
Girdap Ureteci,
Basing Katsayis,
Siirtikleme Katsayisi

O0z: Bu calismada, girdap iireteci olarak dielektrik bariyer desarji plazma
eyleyicilerinin NACA2415 kanat modelinin aerodinamik performansina etkileri
basing katsayis1 goz oniine alinarak deneysel olarak Reynolds sayisinin 5x104
oldugu degerde incelenmistir. Dielektrik bariyer desarji plazma girdap iiretegleri
kanat modelinin 6n kismina yerlestirilmistir. Kuvvet dlgiimleri alt1 eksenli yiik
hiicresi kullanilarak yapilmistir ve serbest akis hizi pitot statik tiipii ile 6l¢tilmustiir.
Kanat modeli etrafindaki basing dagilimlari basing doniistiiriicli ve dairesel tarama
vanasi kullanilarak 6l¢iilmiistiir. Deneysel sonuglar, dielektrik bariyer desarji girdap
iiretecleri belirli elektriksel parametrelerde siiriildiigiinde kaldirma katsayisim
onemli Olglide arttirdigl ve stol agisini indirgenmis akis etkisiyle geciktirdigini
gostermistir. Dahasi, es doniimlii dielektrik bariyer desarji girdap ilireteglerinin
stiriiklemeyi katsayisini azaltmada zit doniimlii dielektrik bariyer desariji tipine gore
daha etkili oldugu gozlemlenmistir. Ayrica, kanat ytizeyinde {li¢ boyutlu akis yapisi
kanat agiklig1 yoniinde alinan basing dlgtimleri sayesinde her iki girdap ireteci
tarafindan da olusturuldugu ortaya gézlemlenmistir. ilave olarak, her iki plazma
girdap lreteclerinin de siiriikleme katsayisi iizerine etkileri stol agisinda daha az
iken stol o©ncesi ve sonrasi durumlarda daha fazla etkiye sahip oldugu
gozlemlenmistir.

*Corresponding Author, email: hakbiyik@cu.edu.tr

1. Introduction

In recent years, dielectric barrier discharge plasma actuators have been a popular topic for many researchers in
aerodynamic applications due to their features such as simple structure, fast response time, having no moving
parts and so on. In the aerodynamic field, they have critical applications such as plasma gurney flap[1,2], plasma
travelling wave device[3,4], plasma tip-clearance seals[5] and plasma vortex generators[6-8]. The conventional
mechanical vortex generators have a drag penalty. However, DBD plasma vortex generators can be activated on
demand at required conditions. Due to their electrical structure, they can be adapted easily to the electrical system
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of an aircraft. Choi et al. [9] reported that plasma virtual actuators can be used instead of conventional actuators.
Akbiyik et al. [10] stated the effect of vertically placed plasma actuators on the lift and drag coefficient of an airfoil.

In the numerical and experimental study by Aram et al. [11], sDBD plasma actuators were used to control turbulent
boundary layer separation. They reported that the Reynolds number for the study was set at 240000. In the plasma
release signal, which is one of the critical parameters examined in the study, they compared the type of signal
activated in a certain range (duty cycle) with sine wave. They revealed that the input signal has an important role
in the efficiency of the plasma, beyond the plasma release voltage, in the development of the aerodynamic
performance of the aircraft wing. Khoshkhoo and Jahangirian [12] conducted a study examining the activity time
of plasma as another numerical study. In their studies, they examined plasma actuators placed on the NACA0015
aircraft wing model as key parameters in the flow separation control as a result of continuous triggering at regular
intervals. They revealed that the body force created with the help of plasma enables the flow to hold on to the wing
and it affects the boundary layer development. Sun et al. [13] stated in their study that plasma actuators triggered
at certain intervals, that is, the momentum transfer in the opposite direction due to the effects of the gaps formed
during the release, was prevented. Zhang et al. [14] experimentally investigated the turbulence boundary layer
separations using symmetrical plasma actuators at high Reynolds number in their study. In their experimental
studies, they revealed that the wing significantly suppresses the turbulence boundary layer separations with the
help of plasma actuators. In addition, they achieved a maximum improvement of 9% in lift force and shifted the
stall angle by 2 degrees. These actuators have been successfully used to form the flow around bodies [15] and used
in boundary layers [16,17]. Most of the plasma actuators are placed along the spanwise direction in order to
generate induced flow and to add momentum to the flow in the literature. However, two rows of DBD plasma
actuators were used in a turbulent boundary layer so as to produce a spanwise force [18,19]. When the skin friction
was reduced, the streamwise vortices were generated by the plasma actuators. Okita et al. [20] used a yawed DBD
plasma actuator by generating a large-scale streamwise vortex that delay flow separation around a NACA2415
airfoil. Porter et al. [21] and Bolitho and Jakob [22] reported the tangential jets by using two opposing plasma
actuators. They showed that varying the produced induced flow can be vectored to generate a jet that is similar to
a vortex generator.

Recent studies about the vortex generator application as passive and active flow control devices is given in the
following sentences. Hu et al. [23] investigated the effects of DBD vortex generator (DBD-VG) on flow around the
Ahmed body that is vehicle model. DBD-VG actuators placed to back slope of the Ahmet body model. Their results
indicates that DBD-VG provides 8.51% drag reduction with the driving voltage of 13kV. Vernet et al. [24]
performed the experimental study by using DBD-VG for truck-trailer model. Their results showed that DBD-VG
provides a drag reduction of 20%. They placed the actuators at the leeward sides which is located in front of the
truck. Natarajan et al. [25] studied the influence of bio-inspired bristled shark skin vortex generator on the
submarine model. Said et al. [26] performed the experimental study to research the optimum location of micro
vortex generator on flow around the NACA 4415 airfoil. They found the optimum position to be chord length of
30%. As seen in the studies given above, these vortex generators are still widely used in the literature for both
active and passive flow control applications. In this study, the co-rotating and counter-rotating plasma vortex
generators and their contribution to aerodynamic performance of a NACA2415 airfoil has been studied. Moreover,
the aim of this study is to show the potential of yawed plasma actuators in flow control applications. Pressure
coefficient of the airfoil is measured in spanwise and in chordwise directions in order to present the three-
dimensional effects of plasma vortex generators. By using smoke-wire flow visualization technique, the flow
around the airfoil is also examined prominently.

2. Material and Method
Experiments were conducted in an open-suction type wind tunnel with plexiglass test section of 1000mm X
570mm x 570mm. The NACA2415 airfoil was used as a test model and the DBD VGs plasma actuators placed at

the leading edge of this airfoil as it seen in Figure 1. The chord length and spanwise length of the airfoil are 150
mm and 500 mm, respectively. The 280mm end plates located at both top and bottom sides of the test section.
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Figure 1. The test model in wind tunnel and structure of the plasma actuator

As it is seen in Figure 2, two different electrode geometry configurations namely as co-rotating and counter-
rotating types plasma actuators are used to control of flow around airfoil.
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Figure 2. Structures of the co-rotating and counter-rotating plasma vortex generators
The dielectric barrier discharge vortex generators (DBD VGs) placed on the surface of the airfoil at x/C = 0.1 where

“x and C” denotes direction and chord length, respectively. Each plasma actuator includes an embedded and an
exposed electrode. Kapton is the dielectric material with thicknesses of 0.07 mm and it is placed between
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embedded and exposed electrodes. A DBD VGs generates an induced flow which is perpendicular to the free stream
flow. The structure of the accretive vortex depends on electrical properties of the plasma actuators such as applied
voltage, excitation frequency, duty cycle, signal type; structures of actuators such as types of dielectric material,
the thickness of dielectric material, length of the electrodes, width of the electrodes; flow properties such as types
of fluid (Helium, Argon, Oxygen), free stream velocity; ambient conditions such as temperature, pressure and etc.;
and the electrode placement angle to the surface of a model (yaw angle). In particular, the growth and decay of
this vortex related to many of given parameters. The electrode lengths are carefully arranged as 50mm and yawing
angles of the actuators are set to 45 degrees. In this study, the plasma generation system and electrical
measurement devices are illustrated in Figure 3 and 4(b). In plasma generation, a custom-made amplifier is used
to drive the plasma actuators. The plasma actuator driven parameters are set to 7 kVpp applied voltage and 4 kHz
excitation frequency. The signal type in this study is sinusoidal and monitored by Tektronix TDS2012B model
oscilloscope. A Tektronix P6015A model voltage probe connected to this oscilloscope to measure the applied
voltage.

Aerodynamic forces are measured by using an ATI Gamma model six axes load cell. Test model mounted on a
rotary unit with a connection rod in order to set the attack angle of the model. The sampling frequency of the force
measurement is 500 Hz and the experiments taken during the 10 second period. So, each measurement includes
10000 sampled values and repeated twice. Angle of attacks for the force measurement is varied between 0° and
16° with an increment of 2°. Uncertainty for the force measurement is calculated to be lower than 5%.

2

Figure 3. General view of the test setup

The pressure values acting over the NACA2415 airfoil surface were measured by using pressure taps. These
pressure taps were located on the surface of the airfoil along the chord direction. The pressure taps were
connected to a circular 36 channel scan-valve that transfers pressure values to a pressure transducer. The data
taken from the pressure transducer were collected with the help of NI DAQ card. As it seen from Figure 4(a and c),
the hose of the pressure transducer was connected to the coordinated pressure sockets on the wing, and
measurements were taken. The other measurements were made from the tunnel test zone wall where the stream
velocity is free stream type. The pressure coefficient distribution graph was obtained by dividing the difference of
the pressure values taken from each pressure taps over the velocity values taken from the pitot tube used in the
tunnel.

— PZ_Pl
7T
2

(1)

The pressure coefficients were calculated by using Equation 1, where, U is the free stream velocity, P2 and P are
the values read for each station from the pressure transducer,and p isthe density of the air. The results represent

the underlying dynamics for each pressure station at 0, 4, 8, 10, 12 and 16 degrees of attack angles. Uncertainty
for the pressure measurement is calculated to be lower than 3.7%. In order to observe the flow around the NACA
2415 airfoil, a smoke-wire flow visualization method is utilised. Liquid form paraffin is dropped down to the wire
for producing of white smoke. A power supply is used to heat the wire. The flow structure around the NACA2415
airfoil is visualized with a camera.
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Figure 4. (a) force measurement system, (b) measurement devices and (c) schematic view of pressure tap locations

3. Results and Discussions

In this study, the effect of two different DBD-VGs plasma actuators placed on the NACA2415 aircraft wing along
the span of the drag and lift force was investigated. The plasma applied voltage was set as 7 kV and frequency as 4
kHz, and the experiments are performed at Re= 50000. It is known that the range of Reynolds number defined is
compatible with the flow conditions of MAVs and UAVs as it is reported by the study of Mueller[27]. In pressure
coefficient measurements, the base model pressure coefficient was measured along chord for DBD-VGs Co and
Counter Rotating models.

The aerodynamic coefficients such as lift (C.) and drag (Cp) and lift to drag ratio (L/D) versus the angle of attack
(AoA, a) for the NACA 2415 airfoil are presented in Figure 5(a-c). It is apparent that the lift coefficient increases
with the increase of AoA. The CL of the base NACA2415 airfoil increases linearly till 8 degrees with a maximum lift
coefficient around 0.85. After 8 degrees of AoA, the lift coefficient of the airfoil decreases gradually because of the
stall phenomenon. Considering the plot of the lift coefficient according to the angle of attack, it is observed that the
lift coefficient of the base NACA2415 model is improved compared to the case for which the plasma actuators are
used. It has been experimentally demonstrated that counter-rotating DBD-VGs type plasma actuators have a
higher increase in lifting force compared to the case with co-rotating DBD-VGs plasma actuators. In addition, it
was observed that the stall angle was shifted around 2 degrees compared to that of the base model for both plasma
actuator cases. The stall angle was determined as 8 degrees for the base model, while it was observed as 10 degrees
in the other case. It was observed that the lift coefficient of 0.85 at this angle value was increased to approximately
1.15 when the plasma was activated.

Also, the Cp of the NACA2415 airfoil increases with the increase of AoA. The Cp of the base NACA2415 airfoil
increases slightly till 8 degrees. However, after the stall angle, the drag coefficient of the base airfoil increases
gradually. When analyzed in terms of drag force, again, it is observed that both DBD-VGs plasma actuator cases
drag coefficient is reduced compared to that of the base model NACA2415. However, it is clearly seen in the drag
coefficient vs. AoA graph (in Figure 5(b)) that the DBD-VGs co-rotating plasma actuator structure is more effective
than the counter-rotating model in reducing the drag coefficient. In addition, it appears that the effectis less in the
case of the stall angle in both plasma actuated state, but they are more effective in the pre-stall angle and post-stall
cases. Within the scope of this study, when the aerodynamic forces are analysed and interpreted together, the
structures with plasma actuators are enabled to have a shorter take-off distance, also consume less fuel for the
same journey, hence the running cost is reduced and the overall flight range is extended with improvements in
aerodynamic design (CL/Cp) (as shown in Figure 5(c))for aircraft compared to the features of the base model. In
addition, the experimental results of the study show that the presented active models play a critical role in
reducing the drag coefficient. In special applications, the co-rotating DBD-VGs plasma actuated structure and the

300



Active Flow Control with DBD Plasma Vortex Generators around a NACA 2415 Airfoil

counter rotating DBD-VGs plasma actuated structures have critical importance considering the improvements

achieved in respective the lift coefficients.
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Figure 5. The effect of DBD-VGs Co- and Counter-rotating plasma actuator for (a) the lift coefficient, (b) drag coefficients and
(c) lift to drag ratio of the NACA2415 airfoil

In Figure 6, the angle of attack of the NACA2415 wing model shows the pressure coefficients at different positions
taken for various attack angles. Within the scope of this study, it is seen in the values in the graph that the pressure
distributions for the basic model are uniform and they are compatible with the literature. The pressure difference
between the suction and pressure surfaces of the basic model supports the lifting force acting on the wing model.
When Laminar Separation Bubble (LSB) occur on the surface of the airfoil, it leads to changes on pressure
coefficient of the airfoil. This LSB gives rise to significant increase in pressure coefficient after flow completes
transition process. Then, the flow becomes more energetic and reattaches the surface of the airfoil. The LSB can
be divided into two group as long and short bubbles [28]. Short bubbles may cause reattachment of the separated
flow. Also, after the short bubble process, long bubbles may occur and this can be resulted in early stall for the
airfoil. In Figure 6, the counter-rotating type DBD VGs has higher C;, values than the co-rotating type when AoA is
0°. Also, it appears that the co-rotating DBD VGs equipped airfoil has short bubble whilst the co-rotating DBD VGs
equipped airfoil has long bubble. Two types of DBD VGs have the short bubble for AoA is 4°. However, the transition
point of counter-rotating type DBD VGs has higher than co-rotating type. This can be interpreted that LSB structure
occurred by the counter-rotating DBD VGs has bigger than co-rotating type. On the other hand, it is apparent that
the LSB for the base airfoil case has long type bubble. So, the lift coefficient increased significantly but bubble type
was changed. For the angle of attack is increased to 8°, the base airfoil has again long bubble generated. When the
plasma vortex generators are activated, the separation point and reattachment point of the flow are the same for
the both actuator types. However, actual pressure distribution with laminar separation bubble line has a slight
difference. In the case of 10° AoA, the stall angle is shifted. Moreover, the lift coefficient significantly improved but
both plasma VGs give rise to short bubble type. After this critical AoA, the airfoil may stall early due to the short
bubble structure. For the AoA is 12°, the LSB structure is long bubble but just lift coefficient increased. There is no
improvement of aerodynamic forces when AoA is 16°. This means that plasma actuators are not effective after 16°
for the applied electrical parameters.
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Figure 6. Chordwise pressure distribution of the NACA2415 airfoil at Re = 5 x 10* and for varied attack angles

As seen in Figure 7, pressure coefficients of a NACA 2415 airfoil were measured for different attack angles where
the pressure taps are placed at x/C=0.4 positions. The pressure taps are located this position in order to see the
effects of plasma actuators. The pressure values taken from spanwise located pressure taps for the DBD VGs
plasma actuators has 3D effects on the airfoil surface. As mentioned in Figure 2, The dielectric barrier discharge
vortex generators located on the surface of the airfoil (with yaw angle) generated the induced flow that leads to
initiate a process in which swirling flow occurred. The accretive longitudinal vortex changed the flow structure on
the surface of the airfoil. In this case, the separated flow became close to the surface of the airfoil and increase the
lift coefficient of the airfoil as well as the stall angle is shifted. Of course, the size of the accretive longitudinal vortex
depends on some plasma generation parameters but especially related with yaw angle of actuators and length of
the actuators. So, it appears that the change in 3D structure of generated vortex affects directly the aerodynamic
properties of the airfoil. When the C;, values of the airfoil compared with the base airfoil in Figure 7, it can be said
that both plasma actuators cases increase the lift coefficient. Furthermore, the fluctuating of C; is an indication of
3D structure of flow generated by plasma vortex generators on the surface of the airfoil. It can be said that Counter-
Rotating type vortex generators causes relatively more fluctuated flow on the surface of the airfoil due to adding
more momentum to the flow. After the plasma vortex generators are activated, the pressure change, in the suction
side of the airfoil, becomes clearly visible. The Counter-Rotating DBD VGs cause more changes in the pressure
coefficient due to their structural features. The increase in the pressure difference between the suction and the
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pressure side indicates that the lifting force is increased. Furthermore, the shifting in the stall angle and the
increase in the lift force are clearly seen. It was observed that the measured pressure is increased due to the
induced flow effect at the points where the plasma actuators were placed (x/C from 0.1 to 0.35). These plots show
the details of the development of the boundary layer while the pressure increases after peak suction from LE to
TE. Moreover, the distribution of pressure coefficient provides the details for the formation and progress the
laminar separation bubble, transition and re-attached flow.
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Figure 7. Spanwise pressure distribution of the NACA2415 airfoil at Re = 5 x 10* and varied attack angles

The flow around the NACA2415 airfoil is visualized at 20 x 10% of Reynolds number. The flow structure around
the airfoil is seen in Figure 8 at 10° of attack angle. Red dash line indicates the flow visualization plane for co-
rotating and counter-rotating DBD-VG. For the plasma off case, it seems that the flow separated from the leading
edge of the airfoil. But the separated flow comes near the surface of the airfoil when the plasma vortex generators
are activated. It is seen that the flow visualization results support the pressure measurements and aerodynamic
force measurements for the stall angle. It can be clearly reported that the plasma actuators have an important
contribution to the flow control around the airfoil.

Plasma-off#§ Co-rotating Counter-rotating;
Figure 8. Flow visualization results for the base airfoil, co-rotating and counter-rotating DBD VGs airfoil at 10° of AcA

4., Conclusions

The main aim of this study is to gain some understanding of the phenomenon for the NACA2415 airfoil equipped
with dielectric barrier discharge plasma vortex generators at low Reynolds number. The following list of
conclusions achieved:

e The re-attached flow and laminar separation bubble formations are observed.

e Longand short bubble structures are experimentally investigated in this study.

e The 3D flow structure is generated by the DBD VGs plasma actuators and showed in the pressure

coefficient results.
e The stall angle was shifted and the lift coefficient is increased.
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e The drag coefficient of the airfoil is decreased for all cases. However, it is also observed that the decrease
observed varies for different angle of attacks for both DBD-VGs models.

For further studies, varying effectiveness of electrical parameters of DBD-VGs plasma actuators and more vortex
generator structures can be considered for an extended investigation. Moreover, the parameters that affect the
structure of the accretive longitudinal vortex can be investigated in details such as electrical properties, structures
of actuators, flow properties, ambient conditions and the electrode yawing angle. In addition, a sensor-actuator
based control system can be implemented to the DBD-VGs vortex generators for aerodynamic flow control
applications.
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Nomenclature

AoA angle of attack

C chord

CoRot co-rotating

CounterRot counter-rotating

Co drag coefficient

C lift coefficient

Cr pressure coefficient

DBD dielectric barrier discharge
DBD-VG dielectric barrier discharge vortex generator
LE leading edge

LSB laminar separation bubble
MAVs micro air vehicles

sDBD single dielectric barrier discharge
P pressure

TE trailing edge

Re Reynolds number

U free stream velocity

UAVs unmanned air vehicles

VG vortex generator

Vep peak to peak voltage

Greek letters
o

angle of attack

q density of the air

1l dynamic viscosity of the air
X direction
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