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Abstract
In this paper, the dynamic stall characteristics of the S809 airfoil have been numerically predicted, and the flow under dynamic
stall condition has been controlled by introducing synthetic jet for enhancing the airfoil aerodynamic performance. In addition,
experimental results have been adopted to validate the obtained numerical ones. The results show that the oscillation of the
airfoil can delay the occurring of stall, and the stall angle of attack is increased from 9.5° to 13.1°. The introduction of
synthetic jet can improve the lift coefficient of airfoil under dynamic stall conditions: The mean lift coefficient in a period of
oscillation has been increased by 33%, and the drag coefficient has been reduced by 39%. Moreover, the stall angle of attack
is increased from 13.1° to 16.2°. Therefore, the airfoil performance under dynamic stall condition could be greatly improved
by the introduction of synthetic jet technology.
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List of Symbols

α Angle of attack
αmean Mean value of angle of attack
αamp Fluctuating amplitude of angle of attack
c Chord length of the airfoil
CL Lift coefficient
CD Drag coefficient
FL Lift force of the airfoil
f 1 Frequency of the airfoil oscillation
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f 2 Frequency of the synthetic jet
FD Drag force of the airfoil
Re Reynolds number
SJ Synthetic jet
t Time
T1 Period of the angle of attack
T2 Period of the synthetic jet, 1/f 2
U∞ Incoming flow velocity
V jet Velocity of the synthetic jet
y+ Dimensionless wall distance
ρ Air density
θ Angle of the synthetic jet

1 Introduction

For an airfoil, the lift-to-drag ratio increases gradually with
angle of attack. However, when the angle of attack reaches
a certain critical value, the reverse pressure gradient occur-
ring will inevitably drive the flow separate from the airfoil
surface, reducing the lift and increasing the drag. When the
lift-to-drag ratio starts to decline due to the increasing extent
of flow separation, the stall phenomenon happens [1]. The
flow control technology is to intervene the flow by apply-
ing external forces or injection quality to the fluid, in order
to improve the flow behavior and consequently to increase
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Fig. 1 Computational model and
partial mesh view

the lift, reduce the drag and eliminate or suppress the noise
induced by the flow [2].

The synthetic jet (SJ) technology was initially developed
by Smith and Glezer [3] and widely applied for active flow
control, with the advantage of no requirement on additional
energy input to the flow. The piezoelectric film of a SJ actua-
tor is continuously vibrated to generate a periodic motion of
blowing–sucking of air, producing a series of unsteady vor-
tex pairs propagating downstream, and the boundary layer
is therefore energized during the transportation of the fluid
[3–5]. Zdenek and Vaclav [6] found that the jet vortices pro-
duced by the synthetic jet in small amplitude can last for a
long time. If the amplitude is large, the speed of jet vortex
breaking and merging will be much faster. Shaw et al. [7]
developed an active flow control system on the F16 aircraft
and tested it. Gilarranz and Rediniotis [8] have developed
a compact synthetic jet which could be installed inside the
NACA0015 airfoil. Qin et al. [9] applied the jet to a compres-
sor airfoil. The result showed the maximum loss of the airfoil
was reduced by 21.63%, and the pressure was increased by
5.6%. Gliarranz et al. [8, 10] experimentally applied a syn-
thetic jet to control the NACA0015 airfoil, resulting in an
increase in stall angle of attack from 12° to 18°. In addition,
some researches have been conducted to examine the effects
of SJ geometry and controlling parameters on airfoil charac-
teristics, such as the work conducted by Zhao et al. [11] for
the airfoil OA212 and by Feng et al. [12] for the S809 airfoil.

For an airfoil, the dynamic stall can be controlled by the
oscillation of the airfoil or the variation of angle of attack
with time, in which the aerodynamic characteristics of the
airfoil will present a relatively obvious nonlinear hysteresis
phenomenon [13]. Mccroskey and Pucci [14] summarized
four types of dynamic stall from no stall to deep stall, and
the deep dynamic stall is characterized by large extent of
flow separations and vortices on the airfoil [15, 16]. Some
researches have been conducted for controlling dynamic

stall. For example, Sahin et al. [17] numerically examined
the effect of deformed leading edge on airfoil dynamic stall.
Modi [18] studied the effects of rotating cylinder on dynamic
stall behavior of an airfoil by experimental methods, observ-
ing that the rotating cylinder would increase significantly the
lift. However, applying the synthetic jet technology to con-
trol dynamic stall is relatively scarce, which therefore needs
to be examined.

In this paper, numerical simulations have been conducted
for the S809 airfoil under dynamic stall condition at Re �
1 × 106. The obtained numerical results are compared with
experiments, with more attention paid on aerodynamic char-
acteristics under dynamic stall. Furthermore, the synthetic
jet technology is applied to control the dynamic stall of the
airfoil, and the control mechanism of the dynamic stall and
its influence on airfoil aerodynamic performance are inves-
tigated in detail.

2 Numerical Procedures

The S809 airfoil [19] is selected for investigation, with a C-
typed computational domain embracing the airfoil schemat-
ically illustrated in Fig. 1, and c� 0.6 m is the airfoil chord
length. The mesh for the computational domain is created by
using ANSYS ICEM-CFD [20], with the mesh around the
airfoil demonstrated in an enlarged view.

In this paper, the dynamic stall is realized by the sinusoidal
pitchingmotion of the airfoil, which is equivalent to the sinu-
soidal variation of the angle of attack (α) of the incoming
flow, as expressed in Eq. (1):

α � αmean + αamp sin(2π f1t) (1)

Referring to the settings for the S809 airfoil in the
experiment conducted by Ramsay et al. [21] and numerical
modeling performed byGharali and Johnson [13], the param-
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Fig. 2 Variation of angle of attack with time

eters regarding angle of attack for numerical simulations are
defined: αmean � 8°, αamp � 10.6° and f 1 � 0.378 Hz. Fig-
ure 2 shows the variation of angle of attack with time during
one period T1.

For the computational domain demonstrated inFig. 1, both
the inlet and outlet boundary conditions are consistent with
those for experiments [21]. A velocity of U∞ � 27.38 m/s
corresponding toRe�1×106 is specified at the inlet, and the
flow direction varies with time according to Eq. (1). For the
outlet, a constant pressure is defined. The wall is simulated
by no-slip condition. Furthermore, the k− ω SST model is
chosen for simulating the turbulent flow [22]. The time-step
of simulations is set to 0.026478 s, which corresponds to
1/100 of the period of attack angle variation (T1). In each
time step, the convergence criterion is set for the average
residuals below 10−6.

Figure 3 is the layout of the SJ arrangement for the airfoil.
According to Ref [12, 23], the hole for SJ is positioned on the
airfoil upper side, with a width of 1%c and 12%c away from
the airfoil leading edge. The jet frequency is f 2 � 75 Hz. The
angle between the surface tangential direction and the jet flow
direction, denoted as the jet angle θ , is set to 45°. In addition,
the jet velocityV jet defined in Eq. (2) varies periodically with
time in the form of sine function during a jet period T2 which
can be calculated by 1/f 2.

Vjet � 3V∞ sin(2π f2t) (2)

The lift and drag coefficients, denoted by CL and CD, are
calculated below [19]:

CL � FL
0.5ρcU 2∞

(3)

CD � FD
0.5ρcU 2∞

(4)

Fig. 3 Layout of synthetic jet on airfoil
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Fig. 4 Characteristic at different mesh size

where FL is and FD are the lift and drag forces of the airfoil,
respectively; ρ is the density of air.

3 Results

3.1 Without SJ Control

Figure 4 presents the airfoil lift and drag coefficients near crit-
ical static stall condition (α � 11°) for different mesh sizes.
It is found that when the mesh size exceeds 100,000, further
increase in mesh size does not cause evident change on either
the lift or drag coefficients.Meanwhile, during themesh gen-
eration, the position of the first mesh node to the wall is well
controlled to ensure y+ below 10, which is suitable for the
accurate solution of boundary layer for the selected turbu-
lence model.

Figure 5 presents the comparison of airfoil characteristics
at static condition (inwhich the angle of attack is independent
of time) between CFD results and experimental ones. The
experiments are conducted in a closed-throat, single-return,
atmospheric wind tunnel, with a test section of 1.8m inwidth
and 1.25 m in height [19]. Although some differences exist
for deep stall conditionswith higher angles of attack, both the
lift coefficient CL and drag coefficient CD predicted by CFD
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Fig. 5 CL and CD at static conditions

Fig. 6 Lift and drag coefficients during one oscillation period

show good agreement with experimental ones. Therefore, the
applied numerical method has been validated.

Figure 6 plots the curves of CD and CL in one oscillation
period obtained by CFD, which are compared with exper-
imental results obtained in a subsonic wind tunnel. During
the experiment, the oscillation of the S809 airfoil is real-
ized by the motion of a cam driven by a motor, producing the
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Fig. 8 Comparison of airfoil performance

type and amplitude of the wave form required [21]. Although
some differences can be observed for high angles of attack,
the results from CFD and experiments show quite similar
behavior. During one oscillating period, the angle of attack is
increased first from 8° to 18.6°, then decreased from 18.6° to
− 2.6°, and again increased from− 2.6° to 8°. For simplicity,
the process during which the angle of attack keeps increasing
from the minimum tomaximum is named as pitching up pro-
cess. Conversely, the process duringwhich the angle of attack
keeps decreasing is named as pitching down process. In the
process of pitching up, the increase in angle of attack drives
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Fig. 9 Comparison of flow
structures during pitching up
process: no SJ (left) and with SJ
(right)

CL to increase gradually. CL starts to decline at the angle
of attack of approximately 13.1°, indicating that the airfoil
begins to stall and CD rises rapidly with further increase in
angle of attack. As the angle of attack declines from the max-
imum, CL exhibits fluctuating behavior due to the unsteady
stall. It is found that for the same angle of attack between the
pitching up and down processes, the value of CL is appar-
ently different. CL in the pitching up process is higher than
that in the pitching down process when the angle of attack
is higher than about 9°, and this phenomenon changes to the
opposite direction when the angle of attack is lower than 9°.
This hysteresis phenomenon occurring in the curves of CL

and CD is caused by the dynamic stall of the airfoil.
In addition, by comparing the curves of CL in Figs. 5

and 6 between static stall and dynamic stall conditions, it is
found that the angle of attack is 9.5° at static stall and 13.1°
at dynamic stall, and the maximum values of CL are 1.09
and 1.2, respectively. This shows that the oscillation of the
airfoil delays the stall occurring and increases the peak value

of CL, which is consistent with the conclusion reported by
Tong [24].

3.2 With SJ Control

Prior to performing dynamic stall control to the airfoil, a
static deep stall (α� 19°) is selected for adopting the SJ con-
trol, with the specific parameters mentioned above. Figure 7
presents the comparison of the dynamic performance of the
airfoil before and after adding the SJ. It can be seen observed
that in a SJ period (T2),whether during the suction or blowing
stage, the effect on enhancing aerodynamic characteristics is
very evident. The lift coefficient CL has been remarkably
increased by the SJ, from the average of the fluctuating val-
ues in one period of approximately 1.0 to 1.3. Moreover, the
drag coefficientCD is also decreased by the SJ, from an aver-
age of approximately 0.125 to 0.1. Therefore, the application
of SJ in static stall control has been validated.
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Fig. 10 Comparison of flow
structures during pitching down
process: no SJ (left) and with SJ
(right)

The variation of lift coefficient CL with angle of attack
during one oscillation period is illustrated in Fig. 8 for the
S809 airfoil under dynamic stall condition. During the pro-
cess of pitching up from 8° to 18.6° (Fig. 8a), CL is greatly
increased and the peak value is increased from 1.2 for to
1.69 by the introduction of SJ. Additionally, the stall angle
of attack is also increased from 13.1° to 16.2° by the SJ.
Similarly, during the process of pitching down from 18.6° to
− 2.6°, the SJ also significantly raises CL at large angles of
attack compared with no SJ. During the process of pitching
up with the angle of attack ranging from − 2.6° to 8°, CL

is basically unchanged. Therefore, when the angle of attack
is greater than 8°, CL with SJ is greater than that of no SJ,
while when the angle of attack is smaller than 8°, the SJ has
little effect on CL. The average value of CL is 0.568 in one
oscillation period for the case without SJ, while 0.757 for
the case with SJ. Therefore, the average CL has been signif-
icantly augmented by 33% by the SJ control. Moreover, it is
found from Fig. 8b that CD is reduced in almost the entire
range of angle of attack after the introduction of the synthetic
jet. The averageCD has declined from 0.0536 to 0.0328, with
a reduction rate of 39%, indicating the effectiveness of the
airfoil stall control.

Figures 9 and 10 present the comparison of the stream-
lines before and after adding the SJ control, with contours
colored by pressure. The streamlines in the left column are
for the airfoil without SJ control, and the ones in the right

column are for the case with SJ control. For the case with-
out SJ control, it can be observed that during the pitching
up process, the flow near the trailing edge begins to separate
from the upper surface caused by the large reverse pressure
gradient at the angle of attack of 13.1° (Fig. 9c). This sepa-
ration does not disappear at the angle of attack of 10° during
the pitching down process (Fig. 10e), which has not been
found at the same angle of attack for the pitching up pro-
cess (Fig. 9a). This special behavior has resulted in different
dynamic characteristics of the airfoil between the pitching up
and down processes. As a result, a hysteresis phenomenon
occurs in the characteristic curve of CL and CD shown in
Fig. 8. Similar conclusion can be drawn for the case with SJ
control. Furthermore, the controlling effect of the SJ is quite
clear by comparing the streamlines. For example, the sepa-
ration at α� 13.1° without SJ has been removed totally by
the SJ, both in the pitching up and pitching down processes
(Figs. 9d and 10d).

4 Conclusion

In this paper, numerical simulations of dynamic stall for the
S809 airfoil at a high Reynolds number of Re � 106 have
been carried out, and the synthetic jet technology has been
introduced to the airfoil for improving aerodynamic perfor-
mance. The results show that the oscillation of the airfoil
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can delay occurring of the stall. Compared with static condi-
tion, the stall angle of attack has been increased from 9.5° to
13.1°, and the maximum value of lift coefficient is increased
from 1.09 to 1.2. Furthermore, the introduction of synthetic
jet has improved the lift coefficient of airfoil under dynamic
stall conditions: The average lift coefficient in a period of
oscillation has been increased by 33%, the drag coefficient
has been reduced by 39%, and the stall angle of attack has
been increased from 13.1° to 16.2° as well. The comparison
in detailed flow structure reveals that the flow structure has
been improved by the synthetic jet. Consequently, the airfoil
performance under dynamic stall condition has been greatly
improved by the introduction of synthetic jet technology.
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