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Wind‑tunnel tests of synthetic 
jet control effects on airfoil flow 
separation
Guoqing Zhao , Qijun Zhao * & Xi Chen 

To find out the comprehensive principles of synthetic jet control effects on airfoil stall characteristics, 
fundamental contrastive wind‑tunnel tests were conducted systematically. By using six‑component 
balance, Particle Image Velocimetry (PIV) technology and boundary layer probe, the measurements 
of model aerodynamic forces, the whole velocity field over airfoil and velocity profiles in the boundary 
layer were conducted, respectively. Based upon the experimentally parametric analyses of synthetic 
jet control on airfoil, it is concluded that the incline angle of synthetic jet has an important impact on 
both the flow in boundary layer and aerodynamic forces of airfoil. A tangential jet inject energy and 
accelerate the velocity of flow in inner boundary layer thus has a better control effects on delay stall of 
airfoil when the momentum coefficient of jet is relatively large, and the normal jet helps to enlarge the 
thickness of boundary layer which is proved to have better control effects on flow separation control 
and improving the aerodynamic characteristics of airfoil when the momentum coefficient of a jet is 
relatively small.

List of symbols
a  Local speed of sound propagation
b  Half width of synthetic jet
c  Chord length of  wing model
Cd  Drag coefficient of airfoil
Cl  Lift coefficient of airfoil
Clmax  Maximum lift coefficient of airfoil
Cm  Pitching moment coefficient of airfoil
Cμ  Momentum coefficient of synthetic jet
D  Spacing of two orifices
f  Excitation frequency of synthetic jet
F+  Non-dimensional frequency of synthetic jet
h  Width of jet orifice
La  Span size of wing model
Ljet  Length of jet orifice
Rec  Chord-based Renolds number
Ujet  Excitation voltage
V∞  Freestream velocity of the wind-tunnel
Vjet  Mean velocity of synthetic jet
α  Angle of attack, positive in nose-up motion
Δαstall  Increment of angle of attack
ΔCl  Increment of lift coefficient
ΔClmax  Increment of maximum lift coefficient
θjet  Jet angle of synthetic jet

The pitch of retreating blade of rotor is commonly larger than that of advancing blade, especially at high for-
ward speed and large maneuvering flight status of helicopter, as a result,flow separation is easy to occur on 
retreating blade of rotor at these flight  states1. Flow separation induced by the leading-edge vortex over the 
airfoil under high angle of attack may lead to the loss of the lift, the divergence of drag and pitching moment, 
and further decrease the aerodynamic performance of rotor and induce vibration of blade. Therefore, the delay 
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even suppression of airfoil flow separation and stall is one the focus of helicopter aerodynamic. As an emerging 
method, active flow control (AFC) for airfoil flow separation and stall has been developed rapidly, among which, 
synthetic jets can transfer momentum to the surrounded flow and enhance the mixing of the boundary laryer 
without net mass injection across the flow boundary, thus, compared with the injected jet, it is more suitable for 
the flow control of  airfoil2.

Synthetic jet actuator (SJA) was firstly developed by Smith and Glezer in  19943, and then the flow charateristics 
of synthetic jet were experimentally and numerically  investigated4,5. Glezer et al. pointed out that the interaction 
domain between a synthetic jet and a cross flow induce an “apparent” modification of the flow boundary and 
alter the local pressure and vorticity distributions, and these attributes may be exploited to modify or control the 
evolution of wall-bounded and free-shear flows on scales that are one to two orders of magnitude larger than the 
characteristic length scale of the jets  themselves6. Manikandan et al. further carride out the PIV tests on interac-
tions betweent the sythetic jet and the cross  flow7, the results indicated that the interaction caused by the synthetic 
jet was limited to the viscous sublayer and log layer and never reached beyond 60% of the boundary-layer thick-
ness from the surface to interact with or transport energy from the mean flow. Besides, the time evolution of the 
synthetic jet was founded to be completely different between still air and crossflow, which suggested that any 
performance prediction, such as momentum added to the boundary layer or the penetration of the jet in terms 
of boundary-layer thickness based on still air conditions may not be applicable in crossflow conditions at all.

In 2014, Buren et al. measured the three-dimensional flow structures of a finite-span synthetic jet by employ-
ing the PIV  technique8. The experimental resulsts illustrated that when the highest velocity was achieved did 
not mean the highest momentum was generated, and the added momentum might be idealer for flow control 
than the maximum velocity of synthetic jet. Therefore, geometry effects of jet orifice might have a pronounced 
influence on the flow field structures and, as a result, alter the effectiveness of the flow control. After that, Buren 
et al. conducted PIV experiment on investigaions of flow structures associated with a finite-span synthetic  jet9. 
The results show that synthetic jet would result in a boundary layer less susceptible to separation in an adverse 
pressure gradient flow, and the wall-normal, transverse jet induced the most flow unsteadiness near the orifice, 
and the unsteadiness decreased with an increase in skew angle and a decrease in pitch angle. Additonally, Buren 
et al. investigated the influences of orifice aspect ratios on interactions of synthetic jet and zero-pressure gradient 
laminar boundary  layer10, it was founded that a decrease in aspect ratio resulted in a reduction in the distance 
between the edgewise vortex structures and the reduction in aspect ratio reduced the virtual blockage of the jet. 
Furthermore, Buren’s results suggeted that the spacing and interaction of multiple actuators should be taken 
into because the unsteady and steady features of the flow were characterized three-dimensionally. Chiatto et al. 
conducted tests on control of continuous water spray by employing synthetic  jet11, the experimental results 
showed that the synthetic jet could energize the region downstream of the impact and producing higher droplet 
velocity, and the effect tended to reduce as the injection pressure of water spray increases.

The investigations on flow structures of synthetic jet in still and cross flow showed that the interaction of a syn-
thetic jet with an external cross flow can displace the local streamlines and induce an apparent or virtual change 
in the shape of the surface, thus, the synthetic jet had potential utility for flow control applications, specifically 
control of the performance of aerodynamic surfaces through fluidic modification of their apparent aerodynamic 
 shape6,12. Under such a background, active flow control (AFC) for suppressing airfoil stall has been attached 
much importance and developed rapidly. So far, the novel periodic excitation method by using synthetic jet is 
demonstrated to be one of the most promising AFC methods on controlling stall characteristics of an  airfoil13–17.

Hassan et al. carried out preliminary researches for synthetic jet control of airfoil by employing RANS method 
with B-L turbulance  model18, and the numerical results showed that synthetic jet could enhance the aerodynamic 
characteristics of airfoil under stall. Seifert et al. conducted test for synthetic jet control on NACA0015  airfoil19, 
which partly verified the conclusion of Hassan, and the results indicated that a jet placed just upstream of the 
separation location was effective on controlling the flow separation of an airfoil. In 2003, Lee et al. experimentally 
investigated the control effects of synthetic jet on controlling the adverse pressure gradient and boundary layer 
 separation20. The results showed that when the synthetic jet actuator was excited by the unstable frequency of 
boundary layer flow, the modulation control effects of synthetic jet on boundary layer flow was significantly 
enhanced. Dandois et al. performed numerical simulations on flow separation control by synthetic jet over a 
smooth  ramp21, and the influences of frequency were studied. The results showed that the separation length is 
reduced by half for a low excitation frequency  F+ = 0.5 of synthetic jet, however, the effect of the high frequency 
forcing at  F+ = 4 is a significant increase of the separation length, which indicated the importance of excitation 
frequency. Sahni et al. carried out experimental and numerical investigations on the interaction of a finite-span 
synthetic jet with a crossflow over a finite wing at a chord-based Reynolds number  Rec =  105 and 0° angle of 
 attack22. The reslusts show that the larger the blowing ratio (jet velocity to freestream velocity) was, larger span-
wise structures and wavelength were obtained, which could help to enhance the control effect of synthetic jet.

Overall, a variety of numerical and experimental investigations had already been carried out to explore the 
mechanisms of a synthetic jet on improving the maximum lift of airfoil as well as the stall  angle23–26. There were 
some consensuses regarding the parametric analyses of jet parameters, such as the influences from jet momen-
tum coefficient, location of jet and excitation frequency. In the investigations of the implications of synthetic jet 
location, a general good agreement was concluded that the jet adjacent to the separation position enabled the jet 
vortex penetrate into large separated flow state more  efficiency27, and thus it reduced the substantial size of the 
separation vortex and delay the stall of an  airfoil28,29. Further, as another influential parameter, the momentum 
coefficient of the synthetic jet was demonstrated to be proportional to the growth of aerodynamic characteristics 
of an airfoil in the previous  studies30–32, and the control effects tended to be stabilized with momentum coefficient 
exceeding a critical  value33.

Though some mechanisms of control effects of synthetic jet on airfoil stall were revealed and recognized 
in current stage, there are some different conclusion on the control efffecs for incline angles of synthetic jet on 
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delaying the stall of an airfoil. Several investigations indicated that a nearly tangent jet state, with the jet angle 
less than 30°, could enhance the aerodynamic performance of an airfoil more  significantly34–37, whereas the 
comparison made by Monir et al. showed that an approximately 45° angle of a synthetic jet is the optimal one of 
NACA23012 airfoil in large angle of attack (AoA)38. Moreover, the numerical analyses by He et al. reported that 
the control effects of a synthetic jet were not sensitive to the jet  angle39.

In this paper, to investigate the control effects of incline angle of synthetic jet and other parameters in 
mechanism, a series of wind-tunnel tests were conducted for parametric verifications of NACA0021 airfoil stall 
characteristics, including the measurement of velocity profile in boundary layer. In the studies the jet momentum 
coefficient, the jet angle and the jet location are incorporated thoroughly. In consideration of the inconsistent 
influences of the jet angle in actual tests, detailed investigations were carried out in a variety of freestream condi-
tions and electrical excitation voltages to investigate the inconsistencies.

Experiment and testing scheme
Considering the size of the synthetic jet actuators (SJA) and the installation of the actuator arrays in the wing 
(airfoil) model, the NACA0021 airfoil is used for the test model with a chord size c = 0.2 m and a span size 
La = 0.36 m. Because the cover plate of SJA is a flat surface, so the installation of the SJA changes the local geom-
etry and curvature of original NACA0021 airfoil, Considering this imperfection, the SJA is installed at 0.15c and 
0.4c respectively where the curvatures of the airfoil are relatively small. Though the test might obtian different 
data from that of a real NACA0021 airfoil, the experiment with and without SJA control are both based on the 
same model with the SJA installed, so the experiment could show the control effects of the SJA on flow separa-
tion and stall of airfoil.

The tests are conducted in the 0.75 m diameter working section closed-return wind tunnel of Nanjing Univer-
sity of Aeronautics and  Astronautics40, with maximu wind speed 25 m/s and the turbulence intensity of the wind 
tunnel is about 1.2% measured by the hot wire anemometer with the model in the test section. The measurements 
are performed at chord-based Reynolds number Rec ≈ 0.7 ×  105 ~ 3.5 ×  105 (freestream velocity  V∞ = 5 ~ 25 m/s). 
The AoA of the airfoil is adjusted within a range of − 9° < α < 28° through a computer-controlled actuator. The 
wing (airfoil) model is mounted on a shrouded six-component force and moment balance system fixed on the 
tunnel test position. Two elliptical endplates are used and installed at both the ends of the wing model to avoid 
the influences of three-dimensional flow along the spanwise of wing model, as shown in Fig. 1, and the long and 
short axises of the endplate are 500 mm and 260 mm respectively.

The SJA is designed by the 1-inch full range speaker unit with the size being 43 mm × 35 mm × 16 mm, the 
resistance 4 Ω, impedance 8Ω, and the rated power 5 W. There are two slots arranged in the wing model at 0.15c 
and 0.4c respectively, and two cover plates (360 mm × 35 mm) are used to cover the slots. On each cover plate, the 
synthetic jet array is intalled with 6 actuators along the spanwise direction connected in parallel, as shown in the 
following figure. There are 6 orifices just on the actuators, and the length and width of the orifice are  Ljet = 20 mm 
and h = 1.5 mm respectively, and the spacing of the two orifices on the same cover plate is D = 40 mm. The jet 
angle (θjet = 30°, 60° and 90°) is varied by changing the cover plate with different incline angle of orifice.

Figure 2 shows the mean velocity varies with the excitation frequency at the centerline of jet orifice of an iso-
lated actuator according to different excitation voltage and different jet angle. As can be seen, the mean velocity 
of jet (Vjet) increases with a larger excitation voltage  (Ujet), and there is a peak mean velocity when the excita-
tion frequency (fjet) is about 200 Hz (which is adopted in the whole test). Therefore, the excitation frequency 
of each SJA is fixed 200 Hz  (F+ = fjet c/V∞ = 1.6 ~ 8) to ensure relative large jet mean velocity, and the jet velocity 
and momentum coefficient with different excitation voltage and freestream velocity are illustrated in Table 1.

The wing model, balance and support system are show in the Fig. 3. The wing model is fixed in the central 
area of the wind tunnel test section by vertical installation. The wing model and the endplate is connected directly 
with the box balance through the standard mounting hole and installed on the support system. The support 
system contains angle of attack (AoA) conversion turntable, driven motor and test bench. The AoA control 
system contains the conversion turntable, driven motor, signal generator, and the control computer. When a 
required AoA of wing model is input into the computer, and the computer control the signal generater to send a 
signal and drive two-phase stepping motor, then the motor controls the worm gear mechanism to drive the AoA 
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Figure 1.  Pictorial configurations of the SJAs and their placements in the model.
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conversion turntable to rotate, so as to change the AoA(α) of the wing model. The control system can change the 
AoA of the wing model within ± 45°, and the minimum variation of AoA is 0.01°.

The aerodynamic forces and moment are measured by the six-component balance system as shown in Fig. 4, 
which contains the 6-component box aerodynamic balance, DC regulated power supply, signal amplifier with 
high precision, 16 bit data acquisition card, control computer and special test software. The measure range, 
accuracy and precision of the balance for different forces and moments are given in the Table 2.

The velocity field over the airfoil is measured by PIV technology. The PIV system contains double pulse laser 
sources, optical element, CCD camera, synchronizing device, Insight 3G processing software and traditional 
solid particles devices etc. In order to improve the accuracy of the CCD camera for capturing the information 
of the local flowfield over airfoil, three valid zones of PIV measurement are distributed to comprehensively 
cover the suction surface of airfoil. The Insight 3G operating software for Windows is used to control the work 
of the entire PIV system. Firstly, a high-speed image acquisition card is used to capture the particle image of the 
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Figure 2.  Jet mean velocity with different excitation frequency and voltage.

Table 1.  Jet mean velocity and momentum coefficient with different excitation voltage and freestream.

Ujet Vjet (m/s) Kinetic  efficiency41

Momentum coefficient Cµ = 2
h
c (

Vjet

V∞

)2

V∞ = 10 m/s V∞ = 15 m/s V∞ = 20 m/s V∞ = 25 m/s

1 V 2.94 0.75% 0.0013 0.00057 0.00032 0.00021

2 V 7.07 2.60% 0.0075 0.0033 0.0019 0.0012

3 V 10.35 3.62% 0.016 0.0071 0.0040 0.0026

4 V 13.12 4.15% 0.026 0.011 0.0065 0.0041

5 V 15.35 4.25% 0.035 0.016 0.0088 0.0057

Endplate
Wing model

Balance
AoA conversion
turntable

Test bench

Driven motor

Supportsystem

Figure 3.  The balance and support system.
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flowfield from the CCD camera, and then the particle image is analyzed and processed by the cross-correlation 
algorithm to obtain the velocity vector of the whole flowfield. The main parameters of PIV system are given in 
Table 3. Figure 5 illustrates the model experimental equipment and PIV zones and measuring scene.

Furthermore, the velocity profiles of boundary layer are evaluated by the boundary layer probe as shown in 
Fig. 6. The boundary layer probe test system consists of boundary layer probe (Preston tube), 8-Channel pressure 

DC power supply 6-component balance Signal amplifier data acquisition card and
control computer

Figure 4.  The force and moment measured system for six-component balance.

Table 2.  Static calibration performance of balance.

Fx (Kg) Fy (Kg) Fz (Kg) Mx (Kg.m) My (Kg.m) Mz (Kg.m)

Range 3 10 3 1 1 2

Accuracy (%) 0.307 0.432 0.400 0.298 0.458 0.299

Precision (%) 0.206 0.187 0.109 0.222 0.235 0.165

Table 3.  Main parameters of PIV system.

Parameters Value

Single pulse width (ns)  < 10

Maximum output power (mJ) 120

Pulsed laser wavelength (nm) 532

Pulse duration (ns) 10

Repeat Frequency of Double Pulse (Hz) 15

Pulse interval (μs) 0.5–33.3

Double frame frequency of CCD (Hz) 15

The resolution of CCD camera (Pixel ) 1376 × 1024

Time interval of two frames (μs)  < 1

Valid measure-zone (mm) 100 × 80

(a)PIV referenc frame                        (b) PIV scene

Airfoil
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40%c

Zone III

Zone II

200
mm

100 mm

80
m
mInflow

Suction surface
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Direction of inflow

PIV devices

Computer

CCD camera
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Figure 5.  PIV measuring syetem of the test.
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transmitter, 16 bit A/D conversion data acquisition and post-processing software based on PC. The outer diameter 
of the boundary layer probe is only 50 μm. Therefore, the interference to the flow field is small.

Parametric analyses
The active flow control for airfoil stall. The control effects of synthetic jets on preventing flow separa-
tions over airfoil are investigated at first, and Fig. 7 illustrates the velocity and streamlines of the three PIV zones 
(the PIV measurement plane is set on the center of the SJA orifice which is 150 mm away from the root of the 
wing installed on the support) over lower surface of the airfoil with and without jet control at α = − 21° under 
freestream velocity being 20 m/s. The 0.15c SJA is turned on at an angle of θjet = 90°. As shown, the stall vortex 
begins to form at the leading edge and its sequential convection along airfoil surface induced a large flow separa-
tion, resulting in a large-scale recirculation region near the trailing edge position containing zone II and zone III. 
The large flow separation finally causes a loss of lift, which threatens the efficiency of the airfoil. With the control 
of leading-edge synthetic jet, the mixing between the internal layer and the external layer of the boundary layer is 
heightened, and the energy of the entire boundary layer is strengthened consequently. Above effects enabled the 
effective inhibition of the leading-edge vortex and further makes the separation point move downstream along 
the airfoil, thus it could reduce the large flow separation region significantly which is illustrated in the figure.

Control effects of synthetic jet on boundary layer. The effects of synthetic jet on separation flow are 
caused by its interaction on boundary layer, so in order to investigate the control mechanism of synthetic jet on 
boundary layer in post stall condition, the velocity profiles in boundary layer at 0.2c and 0.4c are measured by 
boundary layer probe.

Figure 8 shows the results of the velocity profile measurements with different excitation voltages and jet angle 
of actuator 1 when freestream velocity is 15m/s and AoA=20°. As can be seen, and the synthetic jet upstream 
could change the velocity profile in boundary layer. When jet angle is small, the control of synthetic jet could 
hardly change the flow pattern and the thickness of the boundary layer, but the jet might inject energy and enlarge 
the velocity of the flow in boundary which helps to inhibited flow separation, resulting in the reattachment of the 
airflow over airfoil and delaying of airfoil stall. Additionally, as can be seen in Fig. 8a, the jet with 30° incline angle 
could accelerate the flow in inner boundary layer even larger than the freestream velocity, and the thickness of 
the boundary layer is almost unchanged. Differently, the jet with 90° angle (normal to the airfoil surface) could 
significantly change the flow characteristics of boundary layer, and with synthetic jet control the velocity profile 
gradually enlarge the thickness of the boundary layer. Besides, the thickness of boundary layer enlarges with the 
increment of jet angle and orifice velocity (momentum coefficient), and the thickness of boundary layer at 0.4c 
is larger than at 0.2c. Though synthetic jet with 90° angle might not inject energy to the boundary layer directly, 
it could enhance the mixture of flow in and out of boundary layer, and enlarge the thickness of boundary layer 
and further make the flow hard to separate from the surface of airfoil.

Figure 9 illustrates the velocity profile when freestream velocity is 15 m/s and AoA = 25°. It should be noted 
that the boundary layer probe cannot measure negative velocities, so the chord position is in recirculation zone if 
there is no velocity profile measured, baseline in Fig. 9b for example. As shown in the figure, if there is no jet con-
trol, the results at 0.2c and 0.4c are demonstrated to be large recirculation zone, especially apparent at 0.4c. Once 
jet control is turned on, flow separation is well suppressed, and the separated flow reattaches to the surface of the 
airfoil, and the effects of jet angle are similar to the case of airfoil with 20° angle of attack. Besides, comparing to 
the jet with 60° and 90° incline angle, the jet with 30° angle incline to the airfoil surface has a better control effect 
on control the separation flow of inner boundary. It is because that the nearly tangential jet could inject energy 
to the boundary layer directly, which could suppress the flow separation due to the adverse pressure gradient.

Figures 10 and 11 give the velocity profile in boundary layer at 0.2c and 0.4c on suction surface of airfoil 
with AoA = 20° when freestream velocity is 20 m/s and 25 m/s respectively. The control effects of synthetic jet 
are similar to the condition when freestream velocity is 15 m/s. In order to investigate the relation between flow 
characteristics in boundary layer and aerodynamic force of airfoil, the relevant lift, lift-to-drag ratio and pitching 

Boundary
layer probe

3-D coordinate
frame 50μm

Figure 6.  Schematic diagram of boundary layer probe.
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moment coefficients are presented in Fig. 12, the AoA step is 0.5°in the test. As can be seen, with synthetic jet 
control the lift coefficient increase at all of the AoA state, and stall is significantly delayed which is caused by the 
inhibiting of flow separation with jet control.

Effects of the jet location. The investigation on control effects of SJA with different locations are carried 
out in this part. Figure 13 shows the contrastive control effects of the two SJAs (the one placed at 0.15c is named 
A1 and the other one at 0.4c is named A2) with different freestream velocity  (V∞ = 20 m/s and  V∞ = 25 m/s) and 
varied jet parameters (θjet and  Cμ). As shown in the figure, at all the freestream velocity, A1 has better control 
effects than A2 on increasing the maximum lift coefficient and delaying stall AoA of airfoil when the two SJAS 
have the same jet angles and momentum coefficients. The reason is that stall of airfoil is induced by the large 
flow separation near the leading edge, and A1 is closer to the separation point, so the synthetic jet could inject 
momentum to the boundary layer and enhance the mixing of the shear layer more directly. Moreover, when the 
magnitude of inflow was relatively large, the SJA2 with a 60° or 90° jet angle might lead to the decrease of stall 
AoA.

Effects of the jet angle. The disagreements about the influences of jet angle on synthetic jet controls exist 
for many years, it is necessary to find out the reasons or promote further relevant investigation by means of 
experimental technologies. In this part, a series of freestream conditions (10 ~ 25 m/s) are considered to carry 

Figure 7.  Velocity contours and streamline diagram of the airfoil under synthetic jet control.
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out the experimentally parametric analyses. Figure 14 shows the relationships between the increments of stall 
angle and the maximum lift coefficient of airfoil under SJA1 control, with the jet driven by varied excitation volt-
ages and jet angles under different freestream conditions.

As shown in the figure, when the freestream velocity is lower than 15 m/s, the control effects is demonstrated 
to be wakened as the value of jet angle increases, which is in accordance with Hassan’s  results36. As the freestream 
velocity increases (20 m/s, for example), the control effects on increasing the lift coefficients and the stall angles 
of airfoil decrease. The reason might be that the decrease in jet momentum coefficient suppress the energization 
from synthetic jet, and thus the control effects are less impacted by the jet angle (especially in the case when the 
voltage being 3 V). The phenomenon is also similar to the numerical results of  He38.

Overall, for the freestream with relatively larger velocities, the control mechanisms of SJA from the jet angle 
are a little different from the cases under smaller freestream velocities. The interactions induced by synthetic 
jet to the flowfield over airfoil are mainly due to the mixing effects when the momentum coefficient of a jet 
becomes much smaller, and a jet with a larger inclined angle (nearly normal jet) could penetrat the farthest into 
the freestream thus enhance the mixing effects between inner layer and outer boundary layers, which has been 
proved by  Buren9. As shown in Fig. 14, the jet with 60° inclined angle has the best control effect on increasing 
the lift coefficient under an freestream velocity being 20 m/s, while the jet with 90° jet angle is superior on the 
lift improvement under 25 m/s freestream, it is because the wall-normal jet induced the most flow unsteadiness 
near the  orifice9, which could delay the flow separation.

Figure 8.  Boundary layer velocity profiles at V∞ = 15 m/s, α = 20°.

Figure 9.  Test results of the boundary layer velocity profiles (V∞ = 15 m/s, α = 25°).
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The experimental results indicate that the influences of the jet angle on the stall control of airfoil by synthetic 
jet are very complicated, and only considering a single jet angle could not obtain the best control effects for all 
freestream and excitation states, and such effects are highly dependent on the jet momentum coefficient. Better 
control effects could be achieved by setting jet to a smaller angle when the momentum coefficient is large enough. 
The difference is, when the jet momentum coefficient is small to a reference extent, a larger jet angle is required 
to improve the control effects on delaying the stall of airfoil.

Effects of jet velocity. The mean velocity is an important parameter for synthetic jet. To investigate its 
influences on airfoil stall and flow separation, four excitation voltages (2 ~ 5 V, with resulting jet velocity about 
7 ~ 16 m/s) are conducted to explore the effects of velocity of synthetic jet on enhancing the aerodynamic char-
acteristics of a stalled airfoil.

Figure 15 gives the lift coefficients of airfoil under control of SJA1 at different jet angles, AoA and freestream 
velocity. For the conditions with the same freestream velocity, the increment of jet velocity leads to the enlarge-
ment of jet momentum coefficient, as a result, the control effects of synthetic jet on airfoil lift coefficient are 
enhanced. It is obvious that a jet with larger velocity enhanced the interactions between the periodic synthetic jet 
and the flow in boundary layer, and it could also strengthen the mixing of the inner and outer layers in the bound-
ary and resulted in the increment of airfoil lift. However, the control efffects of synthetic jet weankens at much 

Figure 10.  Test results of the boundary layer velocity profiles (V∞ = 20 m/s, α = 20°).

Figure 11.  Test results of the boundary layer velocity profiles (V∞ = 25 m/s, α = 20°).
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larger AoA under post stall, it is because that the separation point moved toward the leading-edge of airfoil, and 
the jet in the recirculation zone with small velocity has not enough energy to control the large flow separation.

Effects of the freestream condition. As another parameter affects the momentum coefficient of syn-
thetic jet, the control effects of synthetic jet with different freestream velocity are investigated, and the compari-
sons about airfoil lift coefficients versus AoA are conducted at different freestream velocity.

Figure 16 shows the variations of lift coefficients under SJA1’s control with different freestream velocity. The jet 
momentum coefficient decreases with the increasing of freestream velocity, and the reduction of jet momentum 
coefficient weakens the SJA control effects on increment of stall angle and lift of airfoil.

The comparison about results also reveal the mechanisms of synthetic jet control about the jet angle. As shown 
in the plots, the control effects in smaller incline angle are more effective with respect to various freestream 
conditions, indicating that the control effects in nearly tangent jet would be significantly impacted by the jet 
momentum. Unlike the small incline angle cases, a normal jet configuration could control the aerodynamic 
characteristics of airfoil with less implication of the freestream velocity (jet momentum).

To expound the control effects of synthetic jet on delaying the stall of airfoil more visually, Fig. 17 illustrates 
the increments of airfoil stall angle and maximum lift coefficient with varied freestream velocity. With a low 
freestream velocity, the stall angle increases with the jet velocity. With the increasing of the freestream velocity, 
the control effects of the jet reduce. Note that, when the freestream is larger than 20 m/s (also larger than the 
maximum jet velocity), the control effects in the normal jet case might be improved. This adverse trend phe-
nomenon is mainly due to the mixing effect aroused by the normal jet, because this effect could translate the 

Figure 12.  Test results of the aerodynamic forces (V∞ = 20 m/s).
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outer-layer flow with high momentum to the inner layer boundary with low momentum. Therefore, the normal 
jet might have potentials to improve the stall angle of an airfoil with large freestream velocity.

Conclusion
In this paper, the experimental investigations regarding the control effects of synthetic jets on the lift and stall 
angle of airfoil have been done, the tests contain the measurements of flowfield over suction surface of airfoil, the 
velocity profiles in the boundary layer and the overall aerodynamic forces of the model. Based on the compre-
hensive parametric analyses, the disagreements of synthetic jet control mechanisms among different references 
are partly explained by working out the coupling effects of the jet parameters. The most specific conclusions are 
shown as following:

(1) The control effects of synthetic jets on the stall characteristics of airfoil could be effectively evaluated in 
both micro and macro ways through the measurements of aerodynamic forces, the transient flowfield using 
PIV technology and the velocity profiles of boundary layer.

Figure 13.  Comparison of stall control effect between A1 and A2.
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(2) The tangential jet inject energy and accelerate the velocity of flow in inner boundary layer, which helps to 
suppress the flow separation and delay airfoil stall. The normal jet enhances the mixing of flows in inner 
and outer boundary layer, which helps to enlarge the thickness of boundary layer and reduce the drag 
coefficient of airfoil when the momentum coefficient of synthetic jet is relatively small.

(3) Arranging the SJA near separation point over airfoil could suppress the flow separation more effectively. 
Overall, a jet with larger momentum coefficient has better control effects on improving the lift coefficient 
of an airfoil and also increasing the stall angle.

(4) In view of the previous disagreements about the control effects of the jet angle, the present investigations 
indicate that the control effects of jet angle are sensitive to the freestream conditions and the jet momentum 
coefficient. When the momentum coefficient of a jet is relatively larger (the jet velocity is as large as the 
freestream velocity), small jet angle tends to have better control effects on delaying the stall and improv-
ing the lift coefficient of an airfoil. When jet coefficient become relatively small, larger jet angle state is 
demonstrated to be more expectant to obtain optimal control.

Figure 14.  Effects of jet angles and momentum coefficients to the stall characteristics of airfoil.
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Figure 15.  Lift coefficients of airfoil with and without jet control at different AoAs.
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Figure 16.  Variations of lift coefficient with different momentum coefficient.



15

Vol.:(0123456789)

Scientific Reports |        (2022) 12:21994  | https://doi.org/10.1038/s41598-022-19642-2

www.nature.com/scientificreports/

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 27 February 2022; Accepted: 31 August 2022

References
 1. Pape, A. L. & Beaumier, P. Numerical optimization of helicopter rotor aerodynamic performance in hover. Aerosp. Sci. Technol. 9, 

191–201 (2005).
 2. Smith, B. L. & Glezer, A. The formation and evolution of synthetic jets. Phys. Fluids 10(9), 2281–2297 (1998).
 3. Smith, B. L. & Glezer, A. Vectoring of a high aspect ratio rectangular air jet using a zero net-mass-flux control jet. Bull. Am. Phys. 

Soc. 39, (1994).
 4. Smith, B. L., Glezer, A. Vectoring and small-scale motions effected in free shear flows using synthetic jet actuators. 35th AIAA 

Aerospace Sciences Meeting, Reno, NV January (1997).
 5. Rizzetta, P. D., Miguel, R. V., Michael, J. S. Numerical investigation of synthetic jet flowfields. AIAA Paper 98–2910, (1998).
 6. Glezer, A. & Amitay, M. Synthetic jets. Annu. Rev. Fluid Mech. 34, 503–529 (2002).
 7. Manikandan, R. et al. Interaction of synthetic jet with boundary layer using microscopic particle image velocimetry. J. Aircr. 47(2), 

404–422 (2010).
 8. Van Buren, T., Whalen, E. & Amitay, M. Vortex formation of a fnite-span synthetic jet: effect of rectangular orifice geometry. J. 

Fluid Mech. 745, 180–207 (2014).
 9. Van Buren, T., Leong, C. & Whalen, E. Impact of orifice orientation on a finite-span synthetic jet interaction with a crossflow. Phys. 

Fluid. 28(3), 037106 (2016).
 10. Van Buren, T., Beyar, M., Leong, C. M. & Amitay, M. Three-dimensional interaction of a finite-span synthetic jet in a crossflow. 

Phys. Fluids 28(3), 037105 (2016).
 11. Chiatto, M., Marchitto, L., Valentino, G. & de Luca, L. Influence of piezo-driven synthetic jet on water spray behavior. Atomi. Sprays 

27(8), 691–706 (2017).
 12. Glezer, A. Some aspects of aerodynamic flow control using synthetic-jet actuation. Philos. Trans. R. Soc. A: Math., Phys. Eng. Sci. 

369(1940), 1476–1494 (2010).
 13. Greenblatt, D. & Wygnanski, I. J. The control of flow separation by periodic excitation. Prog. Aerosp. Sci. 36, 487–545 (2000).
 14. Durrani, D., Haider, B. A. Study of stall delay over a generic airfoil using synthetic jet actuator. AIAA Paper 2011–943, (2011).
 15. SolKeun, J. et al. Simulation of rapidly maneuvering airfoils with synthetic jet actuators. J. Aircr. 51(8), 1883–1897 (2013).
 16. Gao, N. et al. Effects of synthetic jets on a D-shaped cylinder wake at a subcritical Reynolds number. Flow, Turbul. Combust. 97(3), 

729–742 (2016).
 17. Zhang, Y. et al. Transient flow patterns of multiple plasma synthetic jets under different ambient pressures. Flow Turbul. Combust. 

6, 1–17 (2018).
 18. Hassan, A. A., JanakiRam, R. D. Effects of zero-mass synthetic jets on the aerodynamics of the NACA0012 airfoil. AIAA Paper 

97–2326, (1997).
 19. Seifert, A., Darabi, A. & Wygnanski, I. Delay of airfoil stall by periodic excitation. AIAA J. 33(4), 691–707 (1999).
 20. Lee, C., Hong, G., Ha, Q. P. & Mallinson, S. G. A piezoelectrically actuated micro synthetic jet for flow control. Sens. Actuators, A 

108, 168–174 (2003).
 21. Dandois, J., Garnier, E. & Sagaut, P. J. Numerical simulation of active separation control by a synthetic jet. J. Fluid Mech. 574, 25–58 

(2007).
 22. Sahni, O., Wood, J., Jansen, K. E. & Amitay, M. Three-dimensional interactions between a finite-span synthetic jet and a crossflow. 

J. Fluid Mech. 671, 254–287 (2011).
 23. Abe, Y., Okada, K., Sato, M., Nonomura, T., Fujii, K. Significance of three-dimensional unsteady flows inside the cavity on separated-

flow control around an NACA0015 using a synthetic jet. AIAA 2013–2748, (2013).
 24. Gao, C. Q., Zhang, W. W., Liu, X. B., et al. Experimental study on unsteady aerodynamic loads of a synthetic jet at airfoil trailing 

edge. AIAA Paper, 2013–3163, (2013).
 25. Mello, H. C. M., Catalano, F. M. & Souza, L. F. Numerical study of synthetic jet actuator effects in boundary layers. J. Braz. Soc. 

Mech. Sci. Eng. 27(1), 34–41 (2007).

Figure 17.  Influences with an increment of stall-incidence under different momentum coefficient.



16

Vol:.(1234567890)

Scientific Reports |        (2022) 12:21994  | https://doi.org/10.1038/s41598-022-19642-2

www.nature.com/scientificreports/

 26. Yen, J. S. Y., Ahmed, N. A. Role of synthetic jet frequency & orientation in dynamic stall vorticity creation. AIAA Paper, 2013–3165, 
(2013).

 27. Kim, S. H. & Kim, C. Separation control on NACA23012 using synthetic jet. Aerosp. Sci. Technol. 13(4–5), 172–182 (2009).
 28. Sassoon, A. M., Hubbard, J. E., Flatau, A., Hasnain, Z. Flow over a backward facing step subjected to multiple synthetic jet actua-

tors. AIAA Paper, 2013–3166, (2013).
 29. Gilarranz, J. L., Traub, L. W., Rediniotis, O. K. Characterization of a compact, high-power synthetic jet actuator for flow separation 

control. AIAA Paper, 2002–127, (2002).
 30. Gilarranz, J. L., Train, L. W. & Rediniotis, O. K. A new class of synthetic jet actuators: Part II: Application to flow separation control. 

J. Fluids Eng. 127(2), 377–387 (2005).
 31. Lee, B., Kim, M., Choi, B., Kim, C., Kim, H. J., Jung, K. J. Closed-loop active flow control of stall separation using synthetic jets. 

AIAA Paper, 2013–2925, (2013).
 32. Bottomley, M., Packwood, A. Experimental investigation of high-frequency-actuation synthetic jet flow control. AIAA Paper, 

2014–0400, (2014).
 33. Goodfellow, S. D., Yarusevych, S. & Sullivan, P. E. Momentum coefficient as a parameter for aerodynamic flow control with synthetic 

jets. AIAA J. 51(3), 623–631 (2013).
 34. Han, Z. H., Zhang, K. S., Song, W. P. & Qiao, Z. D. Optimization of active flow control over an airfoil using a surrogate-management 

framework. J. Aircr. 47(2), 603–612 (2010).
 35. Yazzie, R., Truman, C. R., Salari, K. Prediction of oscillatory flow excitation at the leading edge of a modified NACA 0015 airfoil. 

42nd AIAA Aerospace Sciences Meeting and Exhibit 5–8 January 2004, Reno, Nevada.
 36. Durrani, N., Haider, B. A. Study of stall delay over a generic airfoil using synthetic jet actuator. 49th AIAA Aerospace Sciences 

Meeting including the New Horizons Forum and Aerospace Exposition 4–7 January 2011, Orlando, Florida.
 37. Hassan, A. A. A two-point active flow control strategy for improved airfoil stall/post stall aerodynamics. AIAA 2006–99, (2006).
 38. Monir, H. E., Tadjfar, M. & Bakhtian, A. Tangential synthetic jets for separation control. J. Fluids Struct. 45, 50–65 (2014).
 39. He, Y. Y., Cary, A. W., Peters, D. A. Parametric and dynamic modeling for synthetic jet control of a post-stall airfoil. AIAA Paper, 

2001–733, (2001).
 40. Zhao, G., Zhao, Q., Gu, Y. & Chen, X. Experimental investigations for parametric effects of dual synthetic jets on delaying stall of 

a thick airfoil. Chin. J. Aeronaut. 29(2), 346–357 (2016).
 41. Girfoglio, M., Greco, C. S., Chiatto, M. & Luc, L. Modelling of efficiency of synthetic jet actuators. Sens. Actuators, A 233, 512–521 

(2015).

Acknowledgements
This research has benefited greatly from the support of the National Natural Science Foundation of China under 
grant No. 12072156, and Project Funded by the Priority Academic Program Development of Jiangsu Higher 
Education Institutions (PAPD).

Author contributions
G.Z. and X.C. carried out the experiment, G.Z. wrote the main manuscript text, and Q.Z. guide the writing of 
the paper. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Q.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Wind-tunnel tests of synthetic jet control effects on airfoil flow separation
	Experiment and testing scheme
	Parametric analyses
	The active flow control for airfoil stall. 
	Control effects of synthetic jet on boundary layer. 
	Effects of the jet location. 
	Effects of the jet angle. 
	Effects of jet velocity. 
	Effects of the freestream condition. 

	Conclusion
	References
	Acknowledgements


