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Abstract: Effects of DBD plasma actuator driven by six different type modulated signals on flow around NACA 0015
airfoil are experimentally investigated for lift augmentation. One actuator attached to the upside of the airfoil at x/c =
0.1 is used. Force measurement and smoke wire flow visualization are performed in a low speed wind tunnel. For Re=
3.6x10%, the actuator is driven with six different signal modulations among which frequency modulation, amplitude
modulation, excitation frequency and duty cycle at a = 10°. SM4 including amplitude modulation is indicated to have
better performance than the other signal modulations. Signal modulations provide energy savings while generating
plasma to increase the lift coefficient. The obtained results indicate that as the dimensionless excitation frequency (F*)
is 1 at low duty cycle, a better lift coefficient is obtained in comparison with the other F* values. For Re= 3x10, the lift
coefficient is proportionally increased with driving voltage and frequency due to increasing induced flow at a = 10°.
Flow visualization results showed that the separated shear layer at the leading edge gets closer to the (suction) surface
of the airfoil by increasing the driving voltage from 6 kVy, to 8 kV,, which confirms the driving voltage effect.
Keywords: Airfoil, Signal modulation, Active flow control, DBD plasma actuator.

DBD PLAZMA EYLEYICiSi SINYAL MODULASYONUNUN NACA 0015
ETRAFINDAKI AKIS KONTROLUNE ETKIiSI

Ozet: NACA 0015 ucak kanad: etrafindaki akis iizerine alt1 farkl: tipte sinyalle siiriilen DBD plazma eyleyicisinin
etkileri kaldirma kuvvetinin arttirilmasi i¢in deneysel olarak incelenmistir. Ugak kanadinin x/c = 0.1 konumuna
yerlestirilen tek eyleyici kullanilmistir. Kuvvet 6l¢iimii ve duman tek akis goriintiilemesi diisiik hizli bir riizgar tiinelinde
gergeklestirilmistir. Frekans modiilasyonu, genlik modiilasyonu, uyarim frekansi ve doluluk bosluk oranini igeren alt1
farkl1 sinyalle Re = 3.6x10* igin o = 10°’da eyleyici siiriilmiistiir. Genlik modiilasyonunu igeren SM4 diger sinyal
modiilasyonlarindan daha iyi performans gostermistir. Sinyal modiilasyonu, kaldirma kuvvetini arttirmak i¢in plazma
tiretirken enerji tasarrufu saglayabilir. Elde edilen sonuglar, boyutsuz uyarim frekansi (F*) diisiik doluluk bosluk orani
F*= 1’deyken, en iyi kaldirma katsayisinin diger F* degerleriyle karsilagtirildiginda elde edildigini gostermistir. Re =
3x10% i¢in kaldirma katsayis1, siiriim voltaji ve frekansiyla orantili bir sekilde a = 10° derecede eyleyici hizinm
artmasindan dolayr artmistir. Akig goriintiileme sonuglari, hiicum kenarinda ayrilmis kayma tabakasinin siirim
voltajimin 6 KVpy’dan 8 kVpp’a artmasiyla ugak kanadinin yiizeyi iizerine yaklagmasi siirim voltajimin etkisini
dogrulamaktadir.

Anahtar Kelimeler: Ugak kanadi, Sinyal modiilasyonu, Aktif akis kontrolii, DBD plazma eyleyici.

SEMBOLLER VE KISALTMALAR AFC Active flow control
AM Amplitude modulation
F* Dimensionless excitation frequency DBD Dielectric barrier discharge
fe Excitation frequency, [Hz] EHD Elecrohydrodynamic
fre Driven signal radio frequency, [kHz] PFC Passive flow control
Uo Free stream velocity, [m/s] PM Pulse modulation
CL Lift coefficient SM Signal modulation
X Distance from leading edge to actuator, [m] UAVs  Unmanned aerial vehicles
c Chord length, [m]
a Attack angle, [°] INTRODUCTION
Re Reynolds number
v Kinematic viscosity, [m?/s] Flow control is important to improve the flow
p Density, [kg/m?] characteristic around bluff bodies and aerodynamic
Fxyandz X,y and z axis force, [N] shaped bodies. In order to manipulate the flow, there are
Txyandz X,y and z axis torque, [Nm] some active and passive flow control methods which are

\Y Driving voltage, [KVpp]



used together with different devices. The passive flow
control (PFC) methods do not need an energy input since
only geometric modifications to the bluff and/or
aerodynamic shaped body is made. Spoilers (Akansu et
al., 2016), Splitter plates (Akansu et al., 2004; Sarioglu,
2016; Sarioglu et al., 2006), control rods (Sarioglu et al.,
2005) amongst others can be given as examples of
geometric modifications. Active flow control (AFC)
requires different forms of energy inputs to produce
plasma, acoustic wave or heat, for example to acquire the
desired effects such as drag reduction (Akbiyik et al.,
2017), lift augmentation (Asada et al., 2009; Little et al.,
2010; Taleghani et al.,, 2012) and vortex shedding
suppression (Thomas et al. 2008).

In AFC methods, flow control based on plasma is
classified as Magnetohydrodynamic (MHD) which means
a flow field is imposed magnetically and
electrohydrodynamic (EHD) where the flow field is
influenced electrically producing ion wind. A dielectric
barrier discharge (DBD) plasma actuator known as one of
EHD methods has taken attention by researcher around the
whole world due to its low mass, fast response time, easy
integration into the system without additional cavities or
holes, and lack of moving parts (Corke et al. 2009). The
induced flow velocity of a single DBD plasma actuator
reaches up to 7 m/s (Benard and Moreau 2014; Forte et al.
2007). Therefore this actuator is effective to control the
flow at low Reynolds number and high angles of attack
(Benard and Moreau 2011; Moreau 2007). Improvement
of aerodynamic performance of airfoils working at low
Reynolds numbers could help to solve the problems for
high altitude remotely piloted wvehicles, slow flying
unmanned aerial vehicles (UAVS), micro air vehicles
(MAVS) (Geng et al. 2012; Rudmin et al. 2013; Sosa and
Artana 2006), jet engine fan blades, wind turbine rotors
and propellers at high altitude (Sosa and Artana 2006).

Airfoil flow regime at low Reynolds number suffer from
some aerodynamic phenomena like laminar separation,
bubble formation and vortex shedding (Geng et al. 2012;
Rudmin et al. 2013). The DBD plasma actuator located at
the leading edge of the airfoil affects flow inside the
boundary layer by adding momentum close to the wall.
Therefore this leads to reattachment or flow of the
separated shear layer close the surface of the airfoil
(Benard and Moreau 2011; Esfahani et al. 2016). This
actuator has wide application areas such as UAVs for
separation control (Nelson et al. 2007; Patel et al. 2007),
MAVs for flow control (Goksel et al. 2007; Greenblatt et
al. 2008; Menghu et al. 2015), low pressure turbine for
separation control(De Giorgi et al. 2017; Huang et al.
2006; Pescini et al. 2017). More extensive information
about underlying physics and working principle of the
DBD plasma actuator could be found in the review studies
of Benard and Moreau (2014), Corke et al. (2009) and
Wang et al. (2013)

Feng et al. (2012) investigated the effect of a DBD plasma
actuator which is mounted to a gurney flap on the flow
control over NACA0012 airfoil. The plasma actuator was
driven by a sinusoidal signal at high AC voltage and
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frequency. They indicated that the lift coefficient is
increased when DBD plasma actuator is activated.
According to velocity distribution, wake region with the
gurney flap using the actuator is bigger than that of airfoil
without the gurney flap. This situation means an
augmentation in the lift coefficient of the airfoil. Asada et
al. (2009) conducted a research on the influence of duty
cycle of DBD plasma actuator on flow around NACA
0015 airfoil for Reynolds number between 44000 and
63000 in order to obtain lift augmentation and separation
control. Their results show that smaller duty cycle values
provide better flow separation control.

Little et al. (2010) investigated flow separation control
over an EET high-lift airfoil with flap by using a DBD
plasma actuator at Reynolds number up to 2.4x10* Their
results indicated that the amplitude signal modulation for
a sinusoidal signal of DBD plasma actuator has less effect
than duty cycle signal modulation for 30%, 50% and 70%
of the duty cycle at the low frequencies. Akansu et al.
(2013) researched the effect of DBD plasma actuator on
NACA 0015 airfoil with respect to flow separation control
and lift augmentation. Four DBD plasma actuators,
mounted on x/c = 0.1, 0.3, 0.5 and 0.9, were used by
driving a continuous sinusoidal signal at Re = 30500. Their
experimental parameters were f, = 17 Hz and 100 Hz with
driving voltage of 7 kV, at a =12° for the duty cycle case.
An experimental study was conducted to investigate the
paraelectric and peristaltic EHD effect of DBD plasma
actuator on the flow around NACA 0015 airfoil by Roth
(2003). He also showed that the separated shear layer
reattached onto the downstream surface of the airfoil in
case 8 DBD actuators are used at attack angle up to 12°.

Taleghani et al. (2012) investigated the influence of duty
cycle on the flow around a NLF0414 airfoil. They mounted
a DBD plasma actuator on the airfoil surface, in three
different locations at attack angles between 16° and 20° for
Reynolds number of 7.5x10°. They performed all
experiments using the sinusoidal signal at a voltage of 14
kVpp and frequency of 28 kHz. Their results showed that
lift augmentation at attack angle of 18° is higher than those
in the other conditions at lower driving frequencies with
lower duty cycles. Jukes et al. (2012) implemented an
experimental study by using both a DBD plasma actuator
and a Fiber Bragg Grating (FBG) sensor, which is used to
determine flow separation, for flow separation control over
NACAO0024 airfoil at Reynolds number of 53000. The
plasma actuator was supplied a voltage of 8 kVp, and
frequency of 9 kHz. They showed that the separated shear
layer can reattach until an attack angle of 16° and
maximum drag reduction (71%) is obtained at an attack
angle of 12°. Moreover, particle image velocimetry was
used to determine the flow field around the airfoil.

Asada et al. (2009), Taleghani et al. (2012) and Patel et
al. (2008) reported that effectiveness of the DBD plasma
actuator in terms of controlling flow separation and
improving aerodynamic properties can be expressed by
using the dimensionless excitation frequency which is
defined as;



Fo f.c

0

M

Here, F* is the dimensionless excitation frequency of the
DBD plasma actuator, f. is the excitation frequency of the
DBD plasma actuator, c is the chord length of the airfoil
and U, is the free stream velocity of air.

Patel et al. (2008) and Goksel et al. (2007) showed that a
DBD plasma actuator has the best effect in Ilift
augmentation and the flow separation control on the flow
around the airfoil at F* = 1 at a low duty cycle. However,
Asada et al. (2009) showed that the best performance was
measured at F* = 9.1 in contrast to Patel et al. (2008) and
Goksel et al. (2007). According to this literature, there are
two different results about the effect of the dimensionless
excitation frequency so Taleghani et al. (2012)
investigated the relation between F* and the duty cycle.
They found that the optimum dimensionless excitation
frequency increases when the duty cycle augments.

Signal modulations including frequency and amplitude
modulation with/without duty cycle are studied by
Benard and Moreau (2013), Little et al. (2010) and Daud
et al. (2015). In the investigation of Benard and Moreau
(2013), amplitude and burst modulation for DBD
actuator excitation is used on the flow around a circular
cylinder. These modulations increased the drag of the
cylinder. Another study related to the signal modulation
that consists of pulse modulation (PM) and amplitude
modulation (AM) is performed by Daud et al. (2015).
PM+AM case increases the lift coefficient on the flow
around NACA 0015, where the actuator was placed at
x/c = 0.025, when compared with PM case.

The most effective way to increase the efficiency of the
single DBD plasma actuator is to improve this actuator
performance by optimizing the actuator driving signal
modulation without increasing its power consumption
(Pescini et al. 2017). Therefore the present study focuses
on four different amplitude modulation and five different
dimensionless excitation frequencies with different duty
cycle ratios. The main aim of this study is to investigate
the effects of signal modulation on parameters such as the
dimensionless excitation frequency, duty cycle and
amplitude modulation of the DBD plasma actuator.
Experiments for this study are organized as follows.
Firstly, lift coefficient variation versus attack angle is
presented in order to compare results with the literature.
Secondly, the variation of lift coefficient in wide
Reynolds number range is investigated to determine the
optimum Reynolds number which can be used in
subsequent signal modulation study for three different
attack angles and driving voltage. Variation of lift
coefficient, based on driving voltage and frequency, and
also smoke wire flow visualization is given at Re = 3x10*
and a = 10°. Thirdly, results of signal modulation and
dimensionless excitation frequencies is presented at
Re = 3.6x10* and o. = 10°.
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EXPERIMENTAL SETUP

The experimental study is carried out in an open-type low
speed wind tunnel having a square cross-section 57 cm x
57 cm in the Aerodynamic Flow Control Laboratory of
Mechanical Engineering Department at Nigde Omer
Halisdemir University. The test section of the wind
tunnel consists of plexiglass and has a divergence angle
of 0.3 degrees to keep the static pressure constant
between the test section inlet and outlet. Free-stream
turbulence intensity is about 0.5 % in the working
Reynolds number range.

The plasma actuator breaking down oxygen in the air
with high voltage produces ozone gas. This gas is
transferred to the outside of the laboratory by a PVC
hose, connected to the wind tunnel, so that this gas does
not harm human health. NACA 0015 airfoil has a chord
length (c) of 150 mm and a spanwise length of 570 mm.
Both the airfoil, that is made of ABS material, and end
plates having 280 mm diameter are assembled so as to
eliminate 3-dimensionality end effects. The distance
between them is kept at 500 mm. Blockage ratios in the
test section depend on the attack angle are 4%, 4.6% and
6.4% at a = 0°, 10° and 14°, respectively.

induced flow plasma
exposed electrode o\ y

- AN dielectric material

embeded electrode

Figure 1. Schematic view of a DBD plasma actuator.

The DBD plasma actuator consists of two copper
electrodes (one is an exposed electrode, the other is an
embedded electrode) separated by Kapton tape as a
dielectric material. A schematic view of the DBD plasma
actuator is given in fig. 1. The exposed and embedded
electrodes are 5 mm wide. The thicknesses of the
electrode and Kapton dielectric are 0.05 mm and 0.07
mm, respectively. In this study, the thickness of the DBD
plasma actuator of about 0.05 mm is created on the
surface of the airfoil because the whole surface of the
airfoil is covered with Kapton. As indicated by Akbryik
et al. (2016), the thickness of the actuator did not affect
the flow inside the boundary layer like trip wire. When
AC high voltage is applied between these electrodes,
plasma as ionized air is produced.

DBD plasma actuator

Figure 2. Schematic view of NACA 0015 airfoil model with
DBD plasma actuator.



As shown in figure 2, one actuator is attached to the
surface of the airfoil at x/c=0.1 in order to control the
flow separation which strongly influences the lift force.
It was chosen due to its optimal location to control the
flow separation at the leading edge as suggested by
Ibrahimoglu et al. (2016) and Post and Corke (2004). The
airfoil, having a spanwise length of 500 mm, is covered
with the actuator between the end plates. Smoke wire
flow visualization is carried out at Re = 3x10% Smoke
lines are lightened with a cold light source. Pictures are
captured with a digital camera.

The airfoil (shown in Fig 3) is horizontally centred on the
test section and also is attached to a six axes ATl Gamma
DAQ F/T load cell having three force axes: Fx, Fy, Fz
and three torque components: Tx, Ty, Tz. Force can be
measured up to £32N for x and y-axis directions. Force
along the z axis can be also measured up to £100N. This
test model is connected to ISEL ZD30 rotary unit which
is used under the load cell in order to rotate the airfoil in
clockwise direction. ATI’s F/T load cell largely
eliminates crosstalks between the different measurement
axes so as to obtain a precision measurement. The load cell
was prepared to do instantaneous lift measurement (Fy).

Uncertainty of the measurements was computed with an
uncertainty method suggested by Coleman and Steele
(2009). Lift coefficient uncertainty including uncertainty
of lift force, density, velocity and planform area was
calculated to be 7%. Measurement data is collected at a
sample rate of 300 Hz during 10 seconds in order to
ensure enough data for accurate measurement. In
addition, all experiments have been repeated thrice so as
to verify the results. Figure 3 shows a 3D schematic view
of the experimental setup which comprises of the load
cell with the rotary unit, the airfoil within the test section,

an axis traverse, a micromanometer, a pitot tube, a high
voltage power supply, an oscilloscope, a traverse
controller and two computers. Free stream velocity (U)
was measured with the help of ManoAir 500
micromanometer that is connected to the pitot tube.

The electrical components of the experimental setup
consist of a Trek 20/20C-HS high voltage power
amplifier, a Tektronix TDS2022B model oscilloscope, a
Fluke 80i-110s AC/DC current probe and a Tektronix
P6015A high voltage probe. Disruptive voltage and the
current were monitored with an oscilloscope using the
high voltage probe and a current probe. The modulated
signal of applied high voltage power supply was created
by NI PCle-7841R card via devoted software having four
channels that generated a different waveform, duty cycle,
time delay and the phase difference in LabVIEW
software. The software interface is shown in figure 4. The
fifth channel can be used for addition, subtraction,
multiplication and division calculations for the other
channels.

As illustrated in figure 5, the DBD actuator is driven by
different modulated signals in order to produce the
plasma in the flow separation region. SM1, SM2 etc.
denote first signal modulation, second signal modulation
etc. respectively. It is clear that this signal modification
contains amplitude modification, duty cycle and
frequency modification except for SM1 that is a
continuous sinusoidal signal. Effects of these type signal
modulations on the flow separation point are investigated
in terms of effectiveness and energy consumption
reduction. The effect of the DBD plasma actuator over
the airfoil is investigated depending on the variation of
Reynolds number that is smaller than Re=1x10°

1. Test section
2. Load Cell

9. BNC Connector

Figure 3. 3D schematic view of the experimental setup.
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Figure 5. Plot of modulated signals to apply DBD plasma actuator.
RESULTS coefficient of the flat plate represented as 2rna. In this

The effectiveness of the DBD plasma actuator for flow
separation control and lift augmentation s
experimentally examined by using the force
measurement system. Figure 6 (a) indicates lift
coefficient variation as a function of attack angle and lift

figure, the result of the present study performed at Re =
4.5x 10* is comparable with that of Asada et. al. (2009)
performed at Re = 4.4x10% The present study shows
reasonably similar trends with the results of Asada et. al.
(2009) but there is a little difference in the values. These
differences could ascribe to calculation of the lift
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coefficients from the surface pressure measurement data
around the airfoil. Stall occurs after a = 10° for both
studies. It was indicated by Geng et al. (2012), Lissaman
(1983) and Tani (1964) that stall at such a small attack
angle could be the laminar separation bubble which is
known to occur as an adverse pressure gradient between
the laminar and turbulent reattachment region.
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0.4+
031 Without Plasma
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Figure 6. Variation of the mean lift coefficient as a function of
angle of attack at (a) present study compared with Asada et. al.
(2009) and (b) different Re for plasma on and off.

Figure 6 (b) shows the variation of the lift coefficient as a
function of attack angle by using a DBD plasma actuator
with a driving SM1 type signal for V=6 kVy, and frr 3.6
kHz at Re = 3x10% 3.6x10* and 4.5x10% At Re = 3x10*
and 3.6x10% the DBD plasma actuator significantly
enhance the whole lift characteristics of the airfoil. The
DBD plasma actuator producing an induced flow inside
the boundary layer, adds momentum to the boundary layer
(Benard and Moreau 2011; Esfahani et al. 2016).
Therefore the separated shear layer is close to the surface
of the airfoil and lift enhancement occurs. But the stall
angle does not change for V=6kV, due to a strong adverse
pressure gradient on the suction surface of the airfoil.
While the actuator enhances the lift characteristics of the
airfoil at Re = 3x10* and 3.6x10%, there is no change in lift
characteristics at Re = 4.5x10% In such a high Reynolds
number, induced flow generated by the DBD plasma
actuator does not perturb the flow for V = 6 kVpp.
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Drag coefficient results for 3.6x10% in the case of plasma
on/off are given in figure 7 (a). As shown in this figure,
there is no effect of the DBD plasma actuator on the drag
coefficient. Therefore the drag coefficient results will not
be presented in the following result sections. Aerodynamic
efficiency ratio (CL/Cp) as a function of attack angle is
presented in figure 7 (b) for Re = 3.6x10% Aerodynamic
efficiency is significantly increased by the DBD plasma
actuator. For the signal modulation given in Figure 11 and
12, experiments were carried out at o= 10° because the lift
curve for signal modulation was expected to show a more
or less similar trend with figure 7(a).
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Figure 7. Variation of (a) the mean lift and drag coefficient,

and (b) CL/Cp as a function of angle of attack at Re =3.6x104.

12 14 16

Figure 8 shows a change in the mean lift coefficient
versus Reynolds number (between 9.58x10% and
7.5x10% for different driving voltages which are 4, 6 and
8 kVpp. SM1 is used as an actuator driving signal having
a frequency of 3.6 kHz. It can be seen from these plots
that there is a Reynolds number independence depending
on plasma on/off situation due to the nearly constant lift
coefficient for specific Reynolds number range.
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Figure 8. The mean lift coefficient versus Reynolds number
(a) at 6°, (b) 8° and (c) 10° for different driving voltage.

It can be concluded from figure 8a and b that the lift
coefficient is independent of Reynolds number between
Re= 3.6 x 10* and 7.5 x 10* at o = 6° and 8°, for the
plasma on/off situation. Also, the plasma actuator has the
best effect with respect to lift augmentation when Re <
3.6x10% Figure 8c indicates that the driving voltage of
the plasma actuator or even the case without plasma has
no effect on the lift coefficient because of roughly
constant lift coefficient between Re = 4.8x10* and
7.5x10* at the stall angle of 10°. As the driving voltage
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increases at Re < 4.8x10%, the plasma actuator is more
effective. Until now these experiments were carried out
to determine stall angle and effective region of the
actuator. The following experiments with the actuator
were implemented to investigate whether the actuator can
cope with the stall effect at o =10° or not. More extensive
experiments shown in figure 9 were performed at Re =
3x10* in order to show the effect of driving voltage and
frequency at such a low Reynolds numbers.

Effects of variation of the driving voltage and the
frequency on the improvement of the lift coefficient at o
=10° are presented for a Reynolds number of 3 x 10 in
figure 9. The change in lift coefficient versus driving
voltage for fre=3.6 kHz is represented by a red line. The
change in lift coefficient versus RF frequency for V=6
kVp is represented by the blue line. Effects of the driving
voltage and frequency are clearly seen in this plot. When
driving voltage is increased from 2 kVp, to 8 kVp, in
fre=3.6 kHz, the lift coefficient is significantly
augmented from C.=0.22 to 0.79. Augmentation of the
lift coefficient is also obtained by increasing the driving
frequency from 2 kHz to 6 kHz with a constant driving
voltage of 6 kVp. When these results are compared with
the plasma off situation, maximum lift augmentation for
the driving voltage and frequency is obtained as 259%
and 245% respectively. There is no effect of the driving
voltage on the lift augmentation until 2.5 kVp,. As shown
in this figure, lift coefficient is proportional to driving
voltage and frequency due to increasing induced flow.
These results support the results of Corke et al. (2010)
and Giepman and Kotsonis (2011). Lift coefficient
curves are likely to be relatively in proportion to the
variation of driving frequency and voltage.
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Figure 9. Change in lift coefficient based on driving voltage
and RF frequency.

Smoke wire flow visualization results for different
driving voltages of the DBD plasma actuator around
NACAO0015 airfoil at o. = 10° and Re = 3x10* s presented
in figure 10. For the case of actuator off, flow separation
occurs at the leading edge of the airfoil and also a laminar
bubble arises on the suction surface of the airfoil. For the
case with actuator on, the wake region is narrow with the
help of DBD plasma actuator adding momentum inside



the boundary layer at a driving voltage of 6 kVp,. The
wake region at V = 7 kVp is narrower than that at vV = 6
KVpp. This is attributed to pressure recovery on the
suction surface (Post and Corke 2004) and increase in
induced velocity as shown in figure 9. The narrowest
wake width is obtained at V = 8 kVp,. The flow
visualization results indicated that increase in the lift
coefficient is gradually augmented with increasing
driving voltage from 6 kVy, to 8 kVy, due to gradually
decreasing wake width of the airfoil. These results also
support the results of Asada et. al. (2009).

Figure 10. Effect of driving voltage of the DBD plasma
actuator around NACAO0015 airfoil at a = 10° and Re = 3x10

Figure 11 shows the effects of excitation frequency,
changing between 36 Hz and 360 Hz with an increment of
36 Hz, on the lift coefficient at different signal modulations
with a driving voltage of 8 kVp,. SM4 with regard to the
flow separation control at a = 10° is more effective than
that of the other signal modulations, except for SM1
having a continuous sinusoidal signal. Generally, SM2,
SM3, SM4 and SM5 have a lower effect than that of SM1
but they are at least 1.8 times more effective than that of
the plasma off situation. In f.= 36, 108 and 216 Hz, SM4
and SM1 have the same value of C_ and this can provide
nearly 50% energy savings. These results show from
figure 11 that there is a significant energy reduction and at
least 80% lift augmentation for all f. as compared to SML1.

Figure 12 shows the effects of the duty cycle changing
between 1% and 99% on the lift coefficient for

*=0.2,1,13,1.5and 3.7 with V=8 kVy, and frr = 3.6
kHz at Re = 3.6x10% SM6 is given as an example signal
type. In F*=1, lift augmentation and effectiveness of the
stall control have a better effect in comparison with the
other F* in almost all duty cycles. It is noted that the lift
coefficient produced by the DBD plasma actuator is
strongly independent of F* for high duty cycles because
the difference in the lift coefficient, when F* increases, is
decreased by increasing duty cycle from 1% to 99%. By
comparison with SM1, effects of the duty cycle for
different F* increase by the augmenting duty cycle. At the
99% duty cycle, the lift coefficient of all F* is the same
with SM1.

Minimum lift augmentation (64%) is obtained at a duty
cycle of 1%. In lower duty cycle, DBD plasma actuator
energy consumption gradually decreases (Daud et al.
2015; Mohammadi and Taleghani 2013; Moreau et al.
2016). As aforesaid in the introduction section, there are

102

two different results concerning the effect of
dimensionless excitation frequency in the literature.
Therefore, the present study has investigated the effect of
F* with the change in duty cycle. Best lift augmentation is
obtained in F*=1 at the low duty cycle. This result is in
good agreement with findings of Taleghani et al. (2012),
Patel et al. (2008) and Goksel et al. (2007). This conflict
in literature could be attributed to the different airfoil
profiles, Reynolds number, actuator position, driving
voltages and frequencies. While duty cycle increases, not
only the differences in lift coefficient for all F* values
decreases but also the lift coefficient increases for
all F*values.
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Figure 11. Effect of the variation of excitation frequency on the
lift coefficient at different signal modulation.
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Figure 12. Effect of the duty cycle on the lift coefficient at
different F*.

CONCLUSIONS

A parametric study is performed to determine the most
effective measuring parameter by measuring lift acting
on an airfoil for a wide range of Reynolds numbers and
three different driving voltages. The efficiency of the
actuator on the stall control is investigated
experimentally using different modulated signals at an
attack angle of 10°. In addition, the effects of the duty
cycle, the amplitude modulation and the excitation
frequency on the flow separation point are presented. It



is found that the actuator with the driving voltages of 6
kVpp and 8 kVy, has a better effect for Reynolds number
between 9.5x10° and 4.8x10* at a=10°. The flow
visualization results indicate that a gradual increase in
the lift coefficient is obtained with increasing driving
voltage form 6 kVp, to 8 kVy, due to gradually
decreasing wake width of the airfoil. The lift
augmentation was obtained both by increasing the fre
from 2 kHz to 6 kHz for the constant driving voltage of 6
kVpp and by increasing the driving voltage from 2.5
kVpp to 8 kVpp for the constant frr = 3.6 kHz. SM4
including amplitude modulation on lift augmentation has
a better effect than that of the other modulated signals
(SM2, SM3 and SM5) at Re = 3.6x10*and also has nearly
the same effect with the SM1 signal. All modulation
signals are at least 1.8 times more effective than the
plasma off situation. For the separation control, the
applied different modulated signals consume less energy
than the continuous sinusoidal signal.
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