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The principal mechanisms by which DBD plasma actuators influence flow characteristics, and are thus
able to control that flow, depend strongly on their modes of actuation. Here two different modes based
on steady and unsteady actuation are compared and investigated. A simple sinusoidal voltage distribution
and a duty cycled sinusoidal voltage were considered for these purposes. Leading edge separation around
a stalled NACA 0012 airfoil at Re =3 x 108 is considered as test case. A simplified phenomenological
model which uses the correct scale of the plasma body force is considered for the modeling of the
plasma actuator effects. The steady actuation results show that flow control can be effectively achieved
by this mode of operation with continuous injection of momentum in the boundary layer. Unsteady
actuation with an imposed frequency equal to the calculated natural frequencies of the flow gives rise to
a resonance actuation effect.

© 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction

Several passive and active flow control techniques were pro-
posed to manipulate a flow field to improve efficiency or per-
formance with the intention to delay/advance transition, to sup-
press/enhance turbulence, or to prevent/promote separation [1-4].
The resulting benefits include drag reduction, lift enhancement,
mixing augmentation, heat transfer enhancement, and flow-in-
duced noise suppression [5,6]. The use of effective active control
flow techniques can provide higher efficiency for the controlled
system. Among different Active Flow Control (AFC) techniques, Di-
electric Barrier Discharge (DBD) plasma actuators are novel means
of actively controlling flow and have gained increased interest dur-
ing the past decade for different applications [7-12]. This kind of
actuators may be operated in different modes depending on the
type of the input voltage signal. If a sufficiently high continuous
sinusoidal voltage is applied to the electrodes, the plasma actuator
will accelerate the fluid. In this mode the main mechanism of flow
control is by locally imparting momentum to the nearby flow. The
use of a plasma actuator in steady operational mode would cause
significant modification of the stability properties in a boundary
layer. The amplitudes of the oscillations would tend to decrease.
If the voltage source operates in a burst mode, with a specified
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duty cycle, the momentum injection will be done discontinuously
(unsteady mode) with a frequency equal to the frequency of duty
cycle. In this mode, the plasma actuator might mitigate or stabi-
lize the natural instabilities of the flow in a more efficient way
by generating large coherent vortical structures. In this case, the
plasma induced instabilities would counteract the disturbances al-
ready present in the flow. The amplitude of the flow instabilities
would decrease due to superposition of velocities. In the case of
unsteady or pulsed actuation, the power requirement of the ac-
tuator is lower than in steady actuation due to the short duty
cycles of the input voltage. In fact, the duty cycle percentage cor-
relates linearly with power consumption. In Fig. 1, the schematic
of the plasma actuator and the different operational modes of a
plasma actuator are shown. In the unsteady mode, the forcing of
the actuator during the active period accelerates the flow. When
the actuator is turned off periodically, a large vortex forms due to
wall effect and decouples from the actuation region. This process
is then repeated at every cycle [13].

One of the most common situations in which the importance
of flow control is more relevant is the control of flow in stall and
post stall condition [14,15]. Several studies have been reported in
the literature showing the capability of plasma actuators for con-
trolling flow in such situations [16]. To increase the efficiency of
the plasma actuators, some of the relevant parameters can be op-
timized to reach higher performances [17,18]. Chernyshev et al.
[19] proposed a simple new design for a multiple-DBD actuator
intended for flow control in a thin boundary layer on a lengthy
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Fig. 1. a) plasma actuator in steady operation mode; b) plasma actuator with duty cycle applied voltage.

surface. Erfani et al. [20] conducted an optimization study of a
multi-encapsulated electrodes design of DBD plasma actuators in
order to produce higher velocities providing more momentum into
the background air. Tsubakino and Tanaka [21] have shown that
the location of the plasma actuator has an influence on the flow
control capability. In our previous work [22], we have shown that,
for optimum flow control, plasma actuator should be placed before
the separation point. The shape of the voltage wave has also an in-
fluence on the electric discharge and thus on the trust generated
by plasma actuators [23-25]. In the case of unsteady actuation, the
burst ratio or duty cycle (8 = Tcontrot/Tsignat) and the modulation
or burst frequency Fg = 1/Tsigna (see Fig. 1) are the major factors
that may influence the efficiency of the plasma actuator [26]. The
burst ratio g is the temporal duration of the actuation (Tcopero) di-
vided by the period of one burst cycle (Tsignq). A burst ratio of
100% (B = 1.0) means the steady actuation mode.

Asada et al. [27] have studied experimentally the effect of burst
ratio and burst frequency. They concluded that smaller burst per-
centage allows increased flow control capability and at higher duty
cycle frequency the voltage needed for controlling the flow is
smaller and thus higher burst frequencies are more efficient. They
have also shown that the reduced frequency of F* =9.1 is opti-
mal for flow control. Similar results have been reported by Audier
et al. [28]. Patel et al. [29], reported that the optimum frequency
of unsteady actuation at which the voltage needed to reattach the
flow is minimum is equal to F* =1 (F* = Fgc/U). To obtain
the optimum frequency, the actuator voltage was varied until a
sudden rise in the lift coefficient was observed for the specified
frequency. Moreover, they mentioned that if the burst frequency
is not optimal, the effect of the plasma actuator would be negli-
gible, and showed that the minimum voltage to control the flow
varies with the angle of attack and flow velocity. In the exper-
iments conducted by Sidorenko et al. [30], the existence of an
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optimum frequency for both pulsed voltage and burst modes of
actuation was observed (F™ = 2.6—14). Mitsuo et al. [31] showed
that flow control authority of the plasma actuator is sensitive to
the frequency of the unsteady plasma actuation. However, their
measurements showed a value around F™ = 0.5 for the optimum
burst modulation frequency. Benard et al. [32] studied experimen-
tally the effect of steady and unsteady actuation on the lift and
drag coefficients. Their results showed an aerodynamic enhance-
ment when the frequency coincides with natural vortex frequency.
Furthermore, Benard and Moreau [33], explored the use of multi-
frequency excitation voltage signal to cover a wide range of the
frequency of the flow instabilities. These studies suggest that there
exists an optimum point for the parameters involved in unsteady
or burst mode of actuation. Akansu et al. [34], experimentally
investigated the effect of four DBD plasma actuators on the ma-
nipulation of separation over a NACA0015 airfoil at low Reynolds
number. They studied several parameters including the effects of
applied voltage amplitude, dielectric thickness and unsteady ac-
tuation. Another situation for which periodic force generation by
plasma actuators would benefit flow control is the dynamic stall,
where unsteady plasma actuation enhances the lift and production
of concentrated vortex structure near the leading edge [35].

Although most of these studies report an optimum value of
FT =1 for the bust frequency, there are still discrepancies be-
tween the values suggested by some studies. The objective of the
present paper is to investigate and compare the flow control ability
of DBD plasma actuators under different modes of actuation. All of
these modes of actuation were tested with only one single DBD ac-
tuator to control the leading-edge separation of the airfoil, at stall
condition. Since plasma actuation in unsteady mode could influ-
ence the stability of the boundary layer and turbulization (higher
frequency), or the instabilities of the separation layer and shed-
ding structure (lower frequency), we have applied FFT analysis on
the velocity components in order to obtain the natural frequencies
of the flow. Then, for the unsteady mode of actuation, different
values of the burst frequencies were tested including the natural
frequencies of flow instabilities.

2. Plasma effect modeling

Recently, we have presented a simple phenomenological model
based on the scaling of the plasma generated thrust which allows
us to compute the body force in the momentum equation due to
plasma actuation [36]. The model uses the Gauss law to obtain the
electric field distribution, in conjunction with an experimentally
verified distribution of the particles charge density over the surface
of the dielectric material for obtaining the body force. The govern-
ing equations of the model (electric potential and charge density)
are as follows:

Ve (eVg)=0, (1)

Ve(eVpe) = f—f, £ =&o&r (2)
D

These equations do not contain a time derivative term. It is only

the boundary condition for the applied voltage at the exposed

electrode and for the charge density at the dielectric surface which

are time dependent. Therefore, Eqs. (1) and (2) can be normalized

as follows for a two-dimensional coordinate system:
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Fig. 2. Schematic of the DBD configuration near the leading of the airfoil and the
corresponding boundary conditions for the plasma model.
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In the above equations f(t) is a function representing the shape of
the applied voltage, Vpy is the breakdown voltage, [, is the length
of the plasma region, y is the location parameter, o is the scale
parameter and E* is the normalized electric field vector. Once the
dimensionless distribution is determined, the dimensional values
at any given time can be obtained by multiplying this distribu-
tion with the corresponding normalization factor. In this manner,
there is no need to solve the plasma model in an unsteady man-
ner. The body force generated by the plasma actuator depends on
the charge density (p.) and the electric field (E‘ ) as expressed by,

E=EoE* E (5)

Fo=pcE (6)

The normalized governing equations and the corresponding bound-
ary conditions for the plasma model are summarized in Fig. 2 for
the considered DBD actuator geometry.

3. Problem statement and numerical procedure

The test case consists on the flow around a NACA 0012 air-
foil with chord length of 1 m under atmospheric conditions. The
Reynolds number based on the chord length and the free stream
velocity equals 3 x 10® (Uy, = 43.81 m/s). A single DBD plasma
actuator is placed at the leading edge of the airfoil, mostly for con-
trolling the stall. The exposed electrode length is 15.47 mm and
it starts at x/c = 0.001481. The embedded electrode is 26.57 mm
long and its leading edge is placed at x/c = 0.01149. Both elec-
trodes were assumed to have thickness of 70 ym. The embedded
electrode is covered with thin layer of dielectric material which
is 4 mm thick and has a dielectric permittivity equal to & = 4gy.
A schematic of the electrodes and dielectric layer configuration
is presented in Fig. 2. Although the plasma model makes use of
the thickness of the electrode for estimating the thrust induced by
the plasma actuator, the numerical grids were built assuming that
electrodes are infinitely thin layers.

Two dimensional unsteady incompressible Navier-Stokes equa-
tions are considered for obtaining the flow field variables (velocity
and pressure) and are written in tensor form as:
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In the above equations, the indices i = 1, 2, represent respectively
the x and y direction, p is the pressure, p is dynamic viscosity, t
is the time, 7;; is shear stress tensor, u; is the i-component of the
velocity vector and f; is the component of the body force vector
per unit mass arising from the plasma model ( f = l?o/p).

Numerical solution of the governing equations stated above and
in the previous section was accomplished by discretizing them
with a finite volume approach, using a cell centered collocated ar-
rangement of primitive variables. The numerical implementation
was conducted by developing a new solver in OpenFoam [37]. All
the convective fluxes were approximated by the GAMMA scheme
using face center values for velocity. It is known that GAMMA in-
troduces somewhat more dissipation in regions of high gradients
compared with other more sophisticated high-resolution schemes,
or central differences, but it allowed us to obtain iterative con-
vergence when the other schemes failed. The pressure-velocity
coupling is solved by the PISO algorithm and time is advanced
with a second-order backward-differencing scheme. In simulating
the procedure of different frequencies of unsteady excitation, the
time step is kept in the order of 10~ s, with 50 sub-iterations, so
that there are sufficient discrete time steps in each period of exci-
tation (for the maximum burst frequency of 1 kHz). Although the
predictability of the URANS and Hybrid LES-RANS models for the
case of unsteady actuation needs to be verified [38,39], here we
have used those methods together with k-w SST turbulence model
[40] and a scale-adaptive simulation technique (SAS) [41]. The un-
controlled flow is a multi-frequency system, which possesses dif-
ferent major frequencies including the frequency of shear layer,
frequency of separation bubble and frequency of vortex shedding.
Since URANS models may filter out fluctuations above some speci-
fied frequency level (e.g. that of the shear layer), when calculating
natural frequencies of the flow, the SAS model had been used. A
C-type computational grid was created and the grid spacing was
refined near the airfoil surface to assure the condition y+ <1 for
correctly capturing the boundary layer development. Different grid
densities have been tested for assuring that the results obtained
are independent of the numerical grid. The boundaries represent-
ing the free stream conditions were considered far enough from
the airfoil (15¢ ahead of the airfoil and 20c at the back).

The solution procedure consists of two main steps. The first
step is to solve the normalized form of the governing equations
for the plasma model in order to obtain the magnitude and distri-
bution of the body force generated by the plasma actuator. In the
second step the normalized body force was introduced as an ex-
plicit source term in momentum equations which are solved in a
sequence fashion with the continuity equation in order to obtain
the velocity and pressure fields. The convergence of the numerical
procedure is assured by reaching a minimum relative error of 10~
at each time step for all variables. An example of the computa-
tional grid and the corresponding boundary conditions are shown
in Fig. 3.

4. Results and discussion

In the sections below, we first present the validation results for
the flow with the plasma off and give the main physical features
of the DBD. We then do a power-spectral study of that flow to
determine the main frequencies at play which may after be used
to impose locking conditions in unsteady actuation. After that we
give and discuss the results for the steady mode of the DBD ac-
tuation, followed by the unsteady mode which is probed in more

\
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45 -0 -5 0 5 10 15 20 25
X0

Fig. 3. The computational grid and boundary conditions for the flow field.

Table 1

Configuration of the single DBD actuator.
Vap 15 kv
Sext 15 kHz
tq 4 mm
&d 4
lexposed 15.47 mm
Iembedded 26.57 mm
te 4 mm

detail (influence of Fg and g on the Cp, C; and Cp variations are
presented).

4.1. Validation and main DBD characteristics

For the purpose of validation, the results of the present sim-
ulations without the effect of the plasma actuator are compared
with the experimental study of Ladson [42]. When there is no
actuation applied on the surface of the airfoil, the onset of the
stall is around 16 degrees. Above this angle of incidence, a large
separation bubble is formed and the lift coefficient drops sharply.
Fig. 4a illustrates the flow structure at an angle of 20° without
actuation and Fig. 4b compares the results of the present study
for the lift coefficient with the experimental results of Ladson. It
is clearly that the present numerical modeling approach provides
acceptable accuracy in predicting the flow except for a small dis-
crepancy when stall is approached.

For the purpose of controlling the flow, a single DBD actuator
with the configuration specified in Table 1 was applied. A high-
voltage continuous sinusoidal signal of 15 kV with frequency of
15 kHz was used for actuation. It should be mentioned that this
configuration might not be the optimum for the actuation process.

When a steady actuation is applied, the fluid above the actu-
ator is accelerated and the so-called ionic wind is formed. This
accelerated flow region will extend along the airfoil surface. The
maximum value of velocity obtained by plasma actuation is around
18.5 m/s and the core of the region of accelerated flow is located
at x/c =0.02699, which is after the separation point for the angle
of attack of 20° (x/c = 0.020022). The ionic wind will impart mo-
mentum to the flow around the location of the actuator and will
tend to stabilize the nearby flow fluctuations and promote reat-
tachment of the boundary layer. Fig. 5 illustrates these features by
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Fig. 5. Velocity contours of the plasma ionic wind at an angle of attack of o = 20°
in quiescent air.

showing velocity contours of the ionic wind formed due to the
steady operation of the DBD actuator.

4.2. Analysis of dominant flow frequencies

Since the choice of the applied DBD signal and burst frequen-
cies is closely related to the dominant natural frequencies of the
base flow, in particular to achieve an effective controlled actua-
tion, we analyze here those dominant frequencies. At the specified
incidences, when separation occurs over the airfoil surface three
different frequency scales are identifiable. Existence of all these
frequencies depends on whether the separated shear layer will
reattach before the trailing edge. These frequencies may be clas-
sified according to their origin: frequency of the shear layer fg;
frequency of the separation bubble fsp; and frequency of global
instability fspeq Which is related to vortex shedding. They can be

scaled as fog ~ Y, fop ~ Z—:: and fped ~ lejvﬁ
erage velocity in the shear layer, 6 is the momentum thickness
at the separation point, L is the length of separation bubble,
and Lyqge is the characteristic width of the wake. Using the re-

sults of the simulations without actuation (therefore the flow is

where U is av-

Table 2

Velocity sensors monitoring locations.
Probe number x (m) y (m)
1 0.0300 0.0187
2 0.0812 0.0308
3 0.1918 0.0435
4 0.4255 0.0435
5 0.7264 0.0723
6 1.0018 —0.3152
7 1.2515 —0.3312

that of Fig. 4a), the characteristic frequencies of the flow were de-
termined by computing power spectra of time-series of v-velocity
in the shear layer, the separated region, and the wake, using FFT
analysis. For this purpose, seven probe locations were considered
for monitoring the variation of the velocity components. The loca-
tions of these points are tabulated in Table 2, with the origin of
the x, y coordinates at the leading edge location (0, 0), and are
shown by the dots in Fig. 5. Those points are not shown in Fig. 4a
because they would be hidden by the stream lines. The basis for
the choice of those locations is that points 1, 2 and 3 are in the
shear layer, points 4 and 5 in the separation bubble, and points 6
and 7 in the shedding wake region.

In Fig. 6, the variation of the cross-stream velocity (v-compo-
nent) at different probe locations for the angle of attack of 20°
is shown along with the corresponding power spectra (PS). It is
noted that the frequency of shear-layer instability cannot in princi-
ple be captured by the numerical simulation using URANS. Firstly,
because the time step may filter out the fluctuations of that level,
and secondly because using RANS might distort the correct spectral
content of the signal (as an outcome of the RANS averaging proce-
dure). Typically, the URANS approach can provide accurate results
in situations where the rate of the time variation of the flow has
much lower frequency than the turbulence. To overcome this issue,
the SAS technique was here applied. As can be seen from Fig. 6,
the shear layer, separation bubble and the wake are all locked on
a major dominant frequency which is equal to 22.3 Hz. However,
two other characteristic frequencies are also observed, one around
3.6 Hz and the latter around 45 Hz. Since these frequencies are
less energetic, they may possibly be some sub/super harmonics of
the main natural frequency. The reduced/normalized frequency can
then be calculated using the scales introduced above, and the re-
sultant reduced frequencies are presented in Table 3. The value of
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the reduced shedding frequency of 0.175 (often referred to as the
Strouhal number) is in the range reported in literature [43].

4.3. Results with DBD actuation-steady mode

Since the plasma actuators were placed slightly upstream of the
separation point so as to have an optimum controlling effect, they
can be used either in steady mode for stabilization, or in an un-
steady manner to lock on the major frequencies of the flow and

Table 3

Dominant normalized frequencies of the flow without actuation.
Measured frequency Normal}zed Normalized

sepC She

f (Hz2) fhy == Sihea = L2
3.6 0.082 0.0281
223 0.509 0.1740
45 1.027 0.3513
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their harmonics, so as to initiate a hydrodynamic resonance or
optimum controlling effect. In Fig. 7a, the time averaged velocity
stream lines reveal the significant reduction of the size of the sep-
aration bubble in the case of steady actuation, for the angle of
attack of 20 degrees. Figs. 7b and 7c¢ compare the variation with
o of lift coefficient and the lift/drag ratio of the airfoil C;/Cp for
the cases with and without actuation. These results show that the
steady operation of the DBD actuator successfully improves the lift
coefficient of the airfoil. At high angle of attack, the increment
of C; is more pronounced when stall occurs. At the angle of at-
tack 20°, the lift coefficient was increased approximately by 16%
with its value raising from 0.99 to 1.16. Moreover, the reattach-
ment of the flow decreases the effective angle of attack of the
airfoil and, therefore, improves the aerodynamic performance of
the airfoil (Fig. 7c).

Fig. 8 illustrates the changes brought about to the velocity fluc-
tuations and the corresponding power spectra when the steady
actuation is applied. As can be seen, when the plasma actuator is
working in steady mode, all the major frequencies of the flow van-
ish and the flow becomes more stabilized. There is also a reduction
in the power spectrum peak, and regularization of the fluctuations

indicating that possibly noise reduction might be achievable by us-
ing the DBD plasma control.

4.4. Results with DBD actuation-unsteady mode

In the case of unsteady actuation with alternating current (AC),
reduced frequencies in the range 0.1 to 23, with two burst mod-
ulations of 10% and 50%, were tested for possible observation of
resonance behavior. Due to the actuation, ionic wind is formed
during the active part of the cycle. When the actuation stops, the
plasma-induced vortex separates from the actuation location and
interacts with the main flow separation bubble and thus allowing
some control of the flow. In Fig. 9, the time averaged stream-
lines are superimposed on velocity field contours and are shown
at three burst frequencies and two burst ratios (8 = 10% on the
left and 8 = 50% on the right). The shape of the separation bub-
ble varies significantly with the burst frequency and burst ratio.
The size of the separation bubble is reduced when 8 = 50% for all
the burst frequencies employed here. The center of circulation re-
gion moved further downstream when the frequency is increased
from f =25 Hz to f =250 Hz. In the case of 8 = 10%, the sup-
pression of the separation bubble was not significant for the lower
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Fig. 8. Cross-stream velocity component signals at different probe locations with steady plasma actuation: a) time variation; b) power spectra.

frequencies, f =25 Hz and 50 Hz. However, the size of secondary
vortex near the trailing edge is reduced in these cases in compar-
ison to the base case (Fig. 4a, B = 0). When the burst frequency
is increased to 250 Hz, the unsteady actuation was successful in
controlling the separation bubble.

Both the steady and the unsteady actuation processes have im-
proved the pressure recovery in the separation region. In this as-
pect, the steady actuation was slightly better than the unsteady

one. This is quite different from the results for laminar separa-
tion control where unsteady actuator operation (mostly at F* =1)
has always been found to be better than steady actuator oper-
ation. Similar results for controlling turbulent separation bubble
were reported by He et al. [44]. However, this conclusion from
the numerical results could be related to the assumption of the
two-dimensional flow followed in the present study. Asada and
Fuji [38], suggested that important phenomena related to the ef-
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Fig. 9. Time-averaged velocity contours and streamlines at an angle of attack of 20° and three burst frequencies for: a) 8 = 10%; b) 8 = 50%.

fect of the burst mode on separation control using plasma actu-
ators may be three-dimensional in nature which will then tend
to induce strong longitudinal vortices sometimes observed in the
experiments. Obviously, the present two dimensional approach is
unable to predict such phenomena, in particular the interaction
between transversal vortices and the main longitudinal flow, but
the comparison given in Fig. 4b provides some support to expect
that three-dimensional effects are small in the present flow geom-
etry.

4.4.1. Comparison of the steady and unsteady modes: local pressure
coefficients

Mean surface pressure coefficients for the base flow and the
steady and unsteady actuator cases are compared in Fig. 10. When

the plasma actuator is off, the flow-field around the airfoil sepa-
rates from the leading edge and the pressure coefficient has a flat
distribution over the whole suction side of the airfoil. However,
when the steady or unsteady actuation is on, the body force pro-
duced by the plasma actuator locally accelerates the ambient air,
thus producing a strong low pressure region and thus a sharp de-
cline in the Cp level at the actuator position at the leading edge,
which is then followed by a rapid pressure recovery towards the
trailing edge. The peak value of the pressure coefficient in the
presence of the plasma actuator is reduced. For the unsteady cases
the largest value of the peak of Cp occurred at Fg =250 Hz and
25 Hz, for B = 10% and 50%, respectively. Moreover for g = 10%
and Fg =250 Hz, the size of the large plateau of Cp on the suc-
tion surface (a characteristic of the separation side) is significantly
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Fig. 11. Effect of unsteady actuation frequency and burst percentage on: a) lift coefficient; b) drag coefficient.

reduced. Therefore, the lift of the airfoil can be improved. However,
this figure shows that the steady actuation (normal mode) is more
effective than unsteady actuation (burst mode) on the control of
separation in this flow condition.

4.4.2. Influence of burst conditions on lift and drag coefficients

In Fig. 11, the effect of two burst ratios, 10% and 50%, and dif-
ferent burst frequencies on the lift and drag coefficients is demon-
strated. At a burst ratio of 10%, the lift and drag coefficients
have experienced a maximum increment of respectively, 12.5% and
10.2% at Fg = 25 Hz. Hence, even duty cycles as low as 10% are
able to increase the lift coefficient. However, at the same burst ra-
tio, when the burst frequency is increased to 250 Hz, both lift and
drag are reduced to a minimum by 9.7% and 21.5%, respectively,
compared with the plasma-off simulation. Moreover, it was ob-
served that almost for all the cases the increase in lift was accom-
panied by a decrease in drag and vice versa. When g = 50%, the
lift and the drag curves just have an extremum at Fg =50 Hz. The
results also confirmed that it was possible to obtain the same lift
coefficient by consuming less amount of energy (e.g. Fg = 100 Hz).

The predicted lift and drag coefficients for different burst fre-
quencies and two different burst percentages, together with their
variance are also summarized in Table 4. These data show that, for

all the cases, the separation point moves downstream when un-
steady actuation is on, in comparison to the case without plasma
actuation. When the burst frequency is equal to 50 Hz, the oscilla-
tion amplitude of the lift and drag (excitation-induced oscillations)
is maximum for the two burst ratios, 8 = 10% and 8 = 50%. This
shows that instabilities in the flow were excited, and not damped,
by the plasma actuation. When g = 50%, the variance of the lift
and drag coefficients is seen to be reduced continuously by an
increase in the burst frequency, and are much smaller in compar-
ison with the case of 8 = 10%. It should be clear that such an
increase in burst ratio causes the plasma actuator to act closer to
the steady operation mode, which is more effective in stabilization
of the broad band frequencies of the flow (see Fig. 7).

In Table 4, the rows belonging to the frequencies for which op-
timum or resonance behavior is observed are highlighted for em-
phasis. Considering the results obtained, the optimum or resonance
frequency in unsteady mode of actuation can be interpreted in two
ways. As shown by Patel et al. [29] and Asada et al. [27], there
exists a frequency for which the actuation voltage controlling the
flow in unsteady manner has the smallest (minimum) amplitude
(optimum mode). The second viewpoint is that, disregard of the
voltage there exists a frequency for which the controlling/disturb-
ing effect of the actuator is more pronounced (resonance mode).
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Table 4
Summary of the influence of the unsteady actuation.

B=0%
- CL Cp CL/Cp Xsep Varg Varg

0.9981 0.38 2.626579 0.020022 0.005199 0.000524
B=10%
Fﬁ CL CD CL/CD Xsep Vard Varcd
5 0.935366 0.17213 5.434061 0.082837 0.0008141 6.33E—05
25 1.140893 0.41886 2.723805 0.03826 0.005806389 0.0006336
50 1.076958 0.393098 2.739668 0.023833 0.015185 0.001784
100 1.018479 0351313 2.899062 0.026955 0.004855 0.000209121
250 0.91012 0.164078 5.546874 0.1158 0.0001029 1.37E—06
500 1.019219 0.36028 2.828964 0.081117 6.15E—03 0.0002623
1000 1.017927 0.358106 2.842528 0.0329 0.006054 0.00026
B =150%
Fﬁ CL CD CL/CD X;ep Varc, Varcd
5 1.08089 0.14598 7.40437 0171168 0.00103016 0.00012035
25 1.080187 0.1444 7221219 0.178534 0.00188 6.58E—05
50 1.09316 0.20061 5.44918 0.14785 0.0073944 0.004399
100 1.02082 0.1404 7.270798 0.168786 1.60E—06 1.60E—06
250 1.023525 0.142204 7197572 0.164954 5.84E—05 1.74E—06
500 1.042744 0.138942 7.504887 0.172284 7.05E—07 4.18E—08
1000 1.04623 0.138444 7557063 0.173402 8.00E—-07 2.40E—08
B =100%
- Cr Cp C./Cp Xsep Varg Vareg

116795 0.118068 9.892181 0.23079 - -

We should note that, although the unsteady actuation employed
in the current study was not found to be more efficient that the
steady actuation, a careful analysis of our results confirms the re-
cently reported data of [30] in the sense that at a burst frequency
of FT =1, the major flow structures are excited in a resonant man-
ner (the variance of the oscillations were maximum as well as the
lift and drag increments) and for F™ > 5.75, best aerodynamic effi-
ciencies were obtained (similar to [27,30]). In addition, our results
show that at Fg =5 Hz the aerodynamic efficiency was already en-
hanced. This observation might be related to the fact that this low
frequency is of the order of the frequency of the shear layer here
predicted, and so it is sufficient for exciting the roll up vorticities
at the leading edge and thus promoting separation control.

4.4.3. Influence of bust conditions on dominant frequencies

To further clarify the effect of the burst frequency and burst ra-
tio for the case of unsteady actuation, Fig. 12 shows the power
spectra for the temporal variation of the cross-stream velocity
(y-component) at different probe locations (indicated in Fig. 5)
for an angle of attack of 20°. These cases correspond to the fre-
quencies Fg =50 Hz and 250 Hz. PSD of the y-component of the
velocity at points 1-3 correspond to unsteady flow in the shear
layer. When the burst ratio is 50% the peaks of the flow insta-
bilities are shifted to lower frequencies, however the PSD shows
several weak oscillations in a frequency range larger than 52 Hz. In
the separation zone and the shedding region, the frequency bump
is slightly shifted in a way that, in the separation region, the ma-
jor frequency becomes locked at a value around 52 Hz (resonance
situation). When the frequency of the actuation is increased to
250 Hz, the magnitude of the power spectra density at those loca-
tions is reduced and the peak of the frequency map for the vortex
shedding frequency is locked at the imposed excitation frequency,
moreover all fluctuations with a frequency range below 250 Hz are
filtered (optimum case). In this case, the interaction and resonance
between shear layer and wake vortex shedding results in optimum
control authority.

In contrast, when the burst ratio is 10% and burst frequency
is equal to Fg =50 Hz, the power spectra exhibit strong peaks at

the burst frequency and its harmonics in the range 24.66 Hz to
100.76 Hz, an indication that the plasma actuator is clearly con-
tributing to the production of turbulence. This may explain the
drag increase in unsteady actuation at this frequency, in compar-
ison to the steady actuation. Essentially, the coexistence of fluid
motions with different frequencies of movement in the wake, and
thus the momentum and energy exchange among these struc-
tures, could result in disorganization of the flow motions and extra
losses. However, the flow in the shedding region and separation
bubble is more organized and regulated, since the low amplitude
and high frequencies in the flow disappear in this case. When the
burst frequency is increased to 250 Hz, the FFT analysis shows that
the motions at lower frequency in the flow field are successfully
suppressed (similar behavior to the case of 8 =50%).

We might hypothesize that the efficiency of the unsteady
plasma actuation could be dependent on different parameters, in-
cluding the electrical and geometrical characteristics of the DBD
and also the characteristic of the regime of the flow to be con-
trolled [45]. For example, if the frequency of actuation does not
match the natural frequencies of the flow, either the actuation
is not in the optimum mode or the perturbation injected by the
plasma actuator is destabilizing the flow in a negative way. On the
other hand, when the voltage amplitude is considerable and the
steady actuation already controls the flow, the unsteady actuation
with large forcing amplitude may induce unwanted oscillations in
the flow which will reduce the efficiency of flow control. Also, ef-
ficiency of momentum injection and mixing will be reduced when
the free stream velocity is large or the boundary layer is too en-
ergetic (turbulent boundary layer). Thus when the flow velocity is
higher, the flow structure is less receptive to the unsteady distur-
bances produced by the plasma actuator and the effect of unsteady
actuation would tend to decrease [46]. For example, Asghar et
al. [47] and Sulaiman et al. [48] have shown that the Reynolds
number could be used as a scaling parameter for considering the
effectiveness of the DBD plasma actuator. Moreover, the configu-
ration of the DBD may influence the potential of the actuator for
flow control. Since steady and unsteady actuations imply differ-
ent approaches for controlling the flow, the optimum configuration
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(e.g. DBD position) might work in one case and might fail to con-
trol the flow in other cases.

5. Conclusions

A numerical study was conducted to investigate and compare
the effect of steady and unsteady actuation modes for control-
ling flow at relatively high Reynolds number (Re = 10°). A new
phenomenological model was used to simulate the effect of the
plasma actuator. It can be concluded that the DBD plasma actuator
offers a relatively effective means for controlling the stalled airfoil
flow. The large separation region on stalled airfoil was not com-
pletely removed by the plasma actuator in the present configura-
tion of the DBD, however the size of the time-averaged separation
bubble was greatly reduced. The flow structure was found to be
sensitive to the frequency of burst modulation.

The results showed that in the case of unsteady actuation, the
burst frequency and burst ratio are crucial parameters influencing
the flow capability of the actuators. This actuation mode consumes
less power and achieves the desirable control effect. Burst frequen-
cies near the natural frequencies of the system were able to excite
the flow structure in a resonance mode. In this case, the insta-
bilities and internal losses in the flow structure tend to increase
(resonance mode), which limits the efficiency of the actuators.
However, higher frequencies of around of 250 Hz show better flow
control. In this case the flow frequencies become less energetic,
implying that the internal process of exchanging momentum and
energy among the flow structures becomes more constrained and
thus flow losses are reduced. This observation also confirms that
with proper frequencies of excitation, the flow structure can be
well rearranged and flow losses can be reduced.

The computational study presented here clearly confirmed the
effect of the burst frequency and duty cycle percentage on con-
trolling and regulating the flow structure. However, the unsteady
actuation employed here showed lower efficiency in comparison to
the steady actuation mode. The reason could be ascribed to several
factors, considering the mechanism of flow control by unsteady
plasma actuators. To further investigate the flow control mecha-
nism, 3D simulations need to be done using more sophisticated
turbulence models (e.g. LES models) to eliminate the averaging
procedure of the RANS models and also to better simulate the dy-
namics of the three-dimensional vortex structures.
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