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ABSTRACT
Experimental analyses of synthetic jet control (SJC) effects on aerodynamic characteristics
of rotor in steady state and in hover were conducted. To ensure the structural strength of
rotor and enough interior space for holding the synthetic jet actuators (SJAs), a particular
blade with a frame-covering structure was designed and processed, and the experiment was
conducted with low free stream velocities and rotor rotation speeds. There were three test
conditions. In steady state, there were three free stream velocities (10m/s, 15m/s and 20m/s).
In hover state, the rotor was worked with two rotation speeds of 180RPM and 240RPM. In
forward flight, the rotor was worked with a rotation speed of 180RPM and a free stream
velocity of 7.5m/s. To measure the synthetic jet control effect on rotor in stall, the range of
collective pitch was set from 10◦ to 28◦ in steady state. The aerodynamic forces and sectional
velocity field were measured by using the six-component balance and the Particle Image
Velocimetry (PIV) system in the wind tunnel. Flow control effects on the blade based on
the synthetic jets (SJ) were experimentally investigated with different jet parameters, such as
jet locations, jet angles, and jet velocities. In steady state, the jet closer to the leading edge,
and the jet angle of 90◦ had more advantages in improving the aerodynamic characteristics.
Furthermore, the aerodynamic forces and sectional velocity field measurement of rotor in
hover were conducted, it showed that SJAs could increase flow velocity at the upper surface,
which led to lower upper surface pressure. As a result, the normal forces of rotor with two
rotation speeds were increased significantly. These results indicated that the synthetic jet has
a capability of increasing the normal force and delaying or preventing the stall of rotor.
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NOMENCLATURE

c = chord

F = excitation frequency

R = radius of rotor

U jet = excitation voltage

α = angle of pitch

Fy = normal force of rotor

θ jet = synthetic jet angle

1.0 INTRODUCTION
Due to a combination of freestream velocity and rotation velocity of rotor, helicopter rotor
encounters different flow conditions at advancing (transonic) and retreating (low-speed) sides
respectively(1). These phenomena may induce large negative pitching moments which might
bring on excessive vibration load and flutter of rotor, and further limits the operational
envelope of helicopter(2).

In recent years, concepts such as fixed and dynamic slats, variable droop leading-edge
airfoils (VDLEs), synthetic jet control, and trailing-edge flaps (TEFs) have been considered
for promising active flow control strategies of the advanced rotor in the future(3). Of these,
SJC appears attractive since its control system is expected to be a compact, low-actuation-
power, and high-bandwidth device that can be used for multifunctional roles such as vibration
and noise suppression and rotor performance enhancement.

As a novel active flow control method, many investigations about the synthetic jet control
for improving aerodynamic characteristics have been conducted(4–7). Seifert conducted active
control experiments on NACA0015 airfoil(8,9), and the capability of the synthetic jet on delay-
ing the stall of the airfoil was verified. Gilarranz conducted the experimental investigations
about the effects of a synthetic jet actuator (SJA) on the aerodynamic performance of the
wing(10,11), and it indicated that the SJAs extend the stall angle of attack. Lee experimentally
investigated the separation control by jet arrays for an inclined flat plate(12). Amitay experi-
mentally investigated the control effects of SJAs on the flow separation of an unconventional
symmetric airfoil(13). Based on numerical simulation method developed by CLORNS code(14),
Zhao conducted parametric analyses for an OA213 airfoil to investigate the synthetic jet con-
trol effects on the dynamic stall characteristics of the airfoil(15). These works all indicated that
the synthetic jet is an efficient technology to control the flow separation and the stall of the
airfoil(15–18), and it may be a benefit for preventing dynamic stall of rotors(15).

Due to the difficulties of the installing of SJAs in the blade and the complexity of rotor
motion, the synthetic jet control effect on the aerodynamics of rotors were mainly conducted
using the numerical simulation methods by now. Hassan simulated the effects of surface
bowing and suction on the aerodynamic characteristics of the MD-900 rotor by solving the
unsteady 3D full-potential equations(19). Dindar numerically investigated the potential merits
of using the flow control on rotor in hovering flight(20). Although some meaningful results are
obtained through these numerical works(19–21), few experimental investigations on the appli-
cation of synthetic jet on rotors are found in the public domain(22), resulting in the lack of
the corresponding validations for numerical investigations of SJC on rotors. As a result, the
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Figure 1. The installation of synthetic jet actuators in the model.

investigations of the synthetic jet on rotor are still theoretic at present. Additionally, there are
still some problems which have not been overcome in the applications of synthetic jets on
airfoil(23), such as the choice of the jet parameters(24,25).

Based above, the purpose of this paper was to conduct a principle experimental investiga-
tion for the synthetic jet control effects on the blade in steady state and rotor in hover. For
the application of SJAs in the blade, a particular blade with a frame-covering structure was
designed and processed. The surface pressures of the section were measured by piezomet-
ric tube. The aerodynamic forces and the sectional velocity field of the blade were measured
by the six-component balance and the Particle Image Velocimetry (PIV) system, respectively.
Through the comparisons of test results with and without the SJC, the synthetic jet had a capa-
bility of improving the blade aerodynamic characteristics when the dynamic stall occurred,
and it may have better control effects on increasing normal forces of rotor in hover, because
the SJAs could increase flow velocity at the upper surface, which led lower upper surface
pressures. The control effects of the synthetic jet were also investigated with different jet
parameters, such as jet locations, jet angles, and jet velocities, and some new control laws
were obtained.

2.0 EXPERIMENTAL PLATFORM AND PROCEDURE

2.1 Blade model and synthetic jet array
Considering the size of the synthetic jet actuators (SJA) and the installation of the actuator
arrays in the blade model, the blade using NACA0021 airfoil was used as test model with
a chord of 0.2m and a span 1m. Based on the previous investigations(25), the one-inch full
range speaker units were used as the jet actuators, and three inclined angles of the synthetic
jet movement were achieved by using different covers with varied outlet angles (30◦, 60◦, and
90◦). The illustration of the SJA and its placement in the model is shown in Fig. 1.

The parameters of experimental blade model and jet actuators are shown in Table 1. It is
suggested that flow separation occurs at 15%c by numerical simulation(15) and test of the
airfoil stall(25). So the SJA were positioned at 15%c and 40%c respectively, and there were
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Table 1
Parameters of blade model and jet actuators

Parameter Value

Airfoil NACA0021
Chord × span (mm) 200 × 1200
Width × length of jet orifice (mm) 1.5 × 20
Jet angle (◦) 30, 60, 90
Chordwise location(c) 15%, 40%
Spanwise location(R) 55% ~ 85%
Spanwise interval(R) 5%
Size of jet actuator (mm) 40 × 33 × 14
Resistance of actuator (�) 8

BladeBlade Hub

Actuators

Cover

Orifice

Internal structural

Slots

Blade structure

A. Skin
B. Main spar
C. Support beams
D. Ribs

Thick rib
Thin rib
C-type rib

E. Cover

A

E

CC

B

Figure 2. The installation of SJAs and the structure of the blade.

9 SJAS at the spanwise direction with the length of the orifice being 20mm and the spacing
40mm.

To ensure the structural strength of the blade and the enough interior room for installing
the actuators, a frame-covering structure was applied in the process of the particular blade,
as shown in Fig. 2. The frame consisted of a main spar, several ribs (the thick rib, the thin
rib and the c-type rib) and two support beams for the covers. All the ribs were hollowed to
decrease the weight and to move the center of gravity forward. Two electronic circuits were
fixed in the range from the blade root to the 0.5R section, and the electrical signals could be
transmitted from the functional signal generator on the ground to the actuators on the covers
through the collective ring. The covers were fixed on the blade by the screws, and they were
removable. On the lower surface of the covers, there are several circular grooves to apply
the cavity for the generation of the synthetic jet. The nine actuators were firmly fixed on the
surface of the cover, and the air-tightness between them was guaranteed by the sealing, and the
nine actuators were connected with each other in a parallel circuit. The connectors between
the circuits on the covers and those on the main spar were pluggable. Thus it was possible to
change conveniently the covers with different jet angles on the blade in the experiment.

Figure 3 shows that the root mean square (RMS) velocity varies with the excitation
frequency F at the centerline of jet orifice of an isolated actuator according to different
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Table 2
Correspondence between the voltage and velocity

Excitation voltage (V) Jet mean velocity (m/s)

3 9.8
4 12.2
5 14.4
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Figure 3. Velocity of jet actuator with respect to relative excitation frequency and voltage.

excitation voltages. The estimate of measurement uncertainty for the velocity is about 1.5%.
As shown in the figure, the RMS velocity of jet increases with a larger excitation voltage U jet,
and there is a peak RMS velocity when the excitation frequency is about 200Hz. So the exci-
tation voltage of SJA was set up to 5V with a fixed excitation frequency being 200Hz, which
was adopted in the whole test. Since the excitation voltage and jet velocity are almost linear,
so the excitation voltage were used to present the strength of the synthetic jets. Table 2 gives
the correspondence between the voltage and velocity.

2.2 Measuring equipment
The principle experimental tests for synthetic jet control effect were conducted in a low-
speed return flow wind-tunnel (with a rectangle experimental section about 3.2m × 2.4m) of
Nanjing University of Aeronautics and Astronautics. The experiments included the aerody-
namic force measurements and the sectional velocity field measurements. The measurement
system for the aerodynamic force of model rotor under the control of SJAs included the
six-component balance, the functional signal generator, the signal amplifier, the16-bit data
acquisition card, the computers, and the special testing software. The PIV system for the
sectional velocity field measurements contained the double pulse laser source, the optical ele-
ment, the CCD camera, the synchronizing device, the insight 3G processing programs, and
the traditional trace particle generators. Table 3 gives the main parameters of PIV system, and
Fig. 4 shows the PIV measuring scene.

2.3 Experimental content and method
Due to the difficulty of the special rotor model processing, the present blade was much heavier
with a weight of about 4kg. For security considerations, principle experiments for synthetic
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Table 3
Main parameters of PIV system

Parameters Value

Single pulse width (ns) <10
Pulse duration (ms) 0.5
pulse Frequency (Hz) 1.6–3.2
The resolution of CCD camera (Pixel) 1066 × 1208
Time interval of two frames (us) <1
Valid measure-zone(mm) 400 × 400

Figure 4. PIV measuring scene.

jet control effects on rotor in steady state and in hover were conducted with low rotor rotation
speeds (180RPM and 240RPM) and low free stream velocities (10m/s, 15m/s and 20m/s). The
measurements were carried out at Re ≈ 0.7 × 105~3.5 × 105 in a flow having a free-stream
turbulence intensity of about 1.2% by the hot wire anemometer. The blade model was mounted
on a shrouded six-component force and moment balance located in the rotor stand. Fy was
the force perpendicular to the plane of rotation obtained from the balance whose sampling
rate is 50Hz and uncertainty of force is 3%. Also, Fy was unsteady data and an average over
three seconds. The angle of pitch was relative to the plane of rotation and adjustable through
a range of 14◦ < α < 28◦, using a computer-controlled actuator. The excitation voltage of jet
actuator was ranging from 3 to 5V (0V is the baseline case without jet control). In order to
capture the detail information of local flowfield over blade section, the 0.8R sectional velocity
field at 270◦ azimuthal angle was measured by PIV system. There were 200 images used for
averaging and the valid measure-zone was located over the upper surface of r = 0.8R section
of blade. When the rotor is rotating, the flowfield was measured by PIV system with a phase
locking technique. The imported signal was originated from the function signal generator on
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Figure 5. Schematic figure of experiment and PIV measurement zone.

the ground, and it was transmitted to the SJAs by the collective ring during the rotor rotation.
Figure 5 shows the schematics of the measurements of model aerodynamic force and PIV
measurement zone. In the steady state experiment, the synthetic jets are actuated on one blade
and the backwards facing blade is removed. The root of blade is fixed on the hub, but the tip
of blade can flap with the normal force changes. In hover and forward flight, the synthetic jets
are actuated on both blades and they could rotate.

3.0 RESULTS AND DISCUSSIONS OF SYNTHETIC JET
CONTROL EFFECTS OF BLADE IN STEADY STATE

3.1 Control effects of blade over stall
Firstly, the control effects of synthetic jet on preventing flow separation at large AoA were
investigated, and Fig. 6 illustrates the speed contours and streamline diagram over the upper
surface of r = 0.8R section w/o jet control at α = 19◦ with 15m/s inflow and α= 17◦ with
10m/s inflow. In the both inflow conditions, the SJAs at 15%c of the blade were turned on
with a jet angle of 90◦ and an excitation voltage of 5V.

As it can be seen, the stall vortex forms at leading edge and its convection along the upper
surface of r = 0.8R section induces the large flow separation, which leads to the large-scale
recirculation region near the trailing edge. The large flow separation finally causes the loss of
lift of blade, which threatens the performance of rotor. With control of synthetic jet near the
leading edge, the mixing between the internal and external layer of the flow in the boundary
layer is heightened, the energy of the boundary layer is strengthened at the same time. Both the
two effects could lead to the effective inhibition of the leading-edge vortex, and further make
the separation point move downstream along the upper surface, thus it could significantly
reduce the large flow separation region as shown in the figure.

To verify the control effects of synthetic jet on normal force Fy and stall of blade, the jet
control tests were conducted with the Actuators 1 (A1) at 15%c of profile airfoil turned on
under two different free stream velocities (15m/s and 20m/s). Figure 7 shows a comparison of
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Figure 6. Speed contours and streamline diagram under synthetic jet control. (a) α =19◦ with 15m/s inflow
A1 (5V, 90

◦
) was turned on. (b) α =17◦ with 10m/s inflow A1 (5V, 90

◦
) was turned on.

8 10 12 14 16 18 20 22 24 26 28 30
2

3

4

5

6

( 14°,2.7kg )

( 21°,4.8kg )
V∞=15m/s A1 q jet=90° V∞=20m/s A1 θjet=90°

gk/y
F

pitch angle/°

Baseline
U

jet
=3V

U
jet

=4V

U
jet

=5V

8 10 12 14 16 18 20 22 24 26 28 30

4

5

6

7

8

9

(14°,4.7kg )

gk/y
F

pitch angle/°

 Baseline
U

jet
=3V

U
jet

=4V

U
jet

=5V

(19°,8.15kg )

Figure 7. Comparison of the variation of normal forces under different excitation voltages.

the normal forces under different excitation voltages U jet with 90◦ jet angle. As shown in the
figure, there are discontinuities when the stall occurs with maximum normal force. Under the
control of synthetic jet, the normal force and stall angle of blade both increase significantly.
Additionally, as the excitation voltage increases, the control effects on improving the aerody-
namic characteristics of blade become better. Under two different free stream velocities, there
are about 2.1kg and 3.45kg increment of the maximum normal force of blade and about 7
degrees and 5 degrees angle of attack delay of stall respectively at 5V voltage compared to
the baseline case.
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Figure 9. Upper surface pressures of the controlled section with 15m/s inflow. (a) 10
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By measurements of surface pressure distributions of r = 0.8R section of a controlled blade
with 23 piezometric tubes, the control effects of synthetic jet on aerodynamic force of a
controlled blade were investigated. The pressure data were obtained when the motion of the
blade is steady and the uncertainty for pressure is 1.5%. Figures 8 and 9 shows the results of
the surface pressure measurements with different excitation voltages and locations, and the
jet angle is always 90◦. The two different free stream velocities are 10m/s and 15m/s and the
angles of attack is various ranging from 10◦ to 24◦. As it can be seen, when jet control is
turned on, the upper surface pressures of the controlled section are significantly decreased.
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Table 4
Ratios of jet mean velocities to free stream velocities

Free stream velocity (m/s)
Ratios 10 15 20

9.8 0.98 0.65 0.49
Jet mean velocity (m/s) 12.2 1.22 0.81 0.61

14.4 1.44 0.96 0.72

When the angle of attack is small (Figs. 8 (a) and 9(a)), no flow separation occurs on the
surface of the airfoil, so the control effect of the jet is not obvious and the jet with different
velocities has little effect on the upper surface pressure.

As the angle of attack increases (Figs. 8(b)-(d) and 9(b)-(d)), flow separates at the leading
edge, and the upper surface pressures of the controlled section are significantly lower than
the previous ones. Also, the larger jet velocity has a more obvious effect in reducing upper
surface pressures. This is mainly due to the reason that with the RMS velocity increases, the
interaction between synthetic jet and separated flow becomes more intense, and the mixing
influence of the jet is more effective, with which can better increase flow velocity at the upper
surface, and further lead to the increment of the lift. Also, the blue line is always above the
cyan line, which means the lower surface pressure (Figs. 8(b)-(d) and 9(b)-(d)), so the effect
of lift-enhancement via synthetic jet at 15%c is more obvious than at 40%c.

As the angle of attack is further increased (Figs. 8(f) and 9(f)), the upper surface of the
controlled airfoil is also separated. At this time, the differences with and without synthetic
jet control become small. It is necessary to point out that there is a sudden drop of surface
pressure at 40%c when the synthetic jet at 40%c is turned on. Furthermore, as the magnitude
of the inflow increased, the control effects of jet become mitigated.

3.2 Effects of jet velocity
The RMS velocity is an important parameter of synthetic jet, to investigate its influences on
the control effects on blade stall and flow separation, three excitation voltages (3~5V, with
respecting jet velocity about 9~15m/s) were conducted to explore the effects of velocity of
synthetic jet on enhancing the aerodynamic characteristics of a stalled blade. Table 4 gives
the different ratios of jet mean velocities to free stream velocities.

Figure 10 shows the normal force of blade under control of different combinations of actu-
ators with two free stream velocities and different pitch angles. At the inflow condition with
fixed freestream velocity, the increase of jet excitation voltage leads to the increase of jet
momentum coefficient. As a result, the control effects of synthetic jet on the maximum normal
force of blade are enhanced with the jet velocities increases.

It is obvious that a jet with a larger velocity could enhance the interactions between the
periodic synthetic jet and the flow in boundary layer, and it could also enhance the mixing of
the inner and outer layer of the boundary layer resulting in the stability of the shear layer and
the larger stall incidence.

Though the SJ could significantly improve the aerodynamic characteristics of blade at large
pitch angle of blade without stall, the enhancement of the normal force of blade may be
reduced at larger AoA in stall. It is because that the separation point moved toward the leading-
edge as AoA increases, and the jet in the recirculation zone with small velocity has not enough
energy to control the large flow separation.
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Figure 10. Control effect of SJAs with different jet velocities on the normal force of blade. (a) A1(15%c),
15m/s, 90

◦
. (b) A1(15%c), 20m/s, 90

◦
. (c) A2(40%c), 15m/s, 90

◦
. (d) A2(40%c), 20m/s, 90

◦
. (e) A1(15%c)

+A2(40%c), 15m/s, 90
◦
. (f) A1(15%c)+A2(40%c), 20m/s, 90

◦
.

3.3 Effects of synthetic jet location
The investigations of control mechanism according to different locations of SJA were carried
out by comparing the different control effects of two SJAs located at different chordwise
positions. Actuators 1 (A1) were placed at 15%c on the suction upper surface of profile airfoil
while the other ones (A2) were at 40%c on the upper surface.

Figure 11 shows the comparisons for the control effects of the synthetic jet under dif-
ferent inflow conditions with varied momentum coefficients and locations. Obviously, the

https://doi.org/10.1017/aer.2019.163 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2019.163


608 THE AERONAUTICAL JOURNAL APRIL 2020

8 10 12 14 16 18 20 22 24 26 28 30
2.0

2.5

3.0

3.5

4.0
Fy

/k
g

Fy
/k

g

Fy
/k

g
Fy

/k
g

Fy
/k

g

Fy
/k

g

Baseline
A1
A2
A1+A2

8 10 12 14 16 18 20 22 24 26 28 30
3.5

4.0

4.5

5.0

5.5

6.0

Baseline
A1
A2
A1+A2

(a)

8 10 12 14 16 18 20 22 24 26 28 30
2.0

2.5

3.0

3.5

4.0
 Baseline
 A1
 A2
 A1+A2

8 10 12 14 16 18 20 22 24 26 28 30
3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0
 Baseline
 A1
 A2
 A1+A2

8 10 12 14 16 18 20 22 24 26 28 30
2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

pitch angle/° pitch angle/°

pitch angle/°pitch angle/°

pitch angle/° pitch angle/°

 Baseline
 A1
 A2
 A1+A2

8 10 12 14 16 18 20 22 24 26 28 30

4

5

6

7

8

9

10
 Baseline
 A1
 A2
 A1+A2

(b) 

(d) (c) 

(e) (f) 

Figure 11. Control effect of SJAs with different jet locations on the normal force of blade.
(a) 3V, 15m/s, 90

◦
. (b) 3V, 20m/s, 90

◦
. (c) 4V, 15m/s, 90

◦
. (d) 4V, 20m/s, 90

◦
. (e) 5V, 15m/s, 90

◦
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5V, 20m/s, 90
◦
.

performance of A1 on delaying stall of airfoil is more outstanding than A2. It is because that
the loss of lift in stall was induced by the large flow separation at the leading-edge, and A1
is nearby the separation point and the starting position of the shear layer, so the periodic jet
formed at the orifice of A1 could directly energize the boundary layer and enhance the mixing
of the shear layer. The intensive interactions induced by the SJA help to further delay the stall
of airfoil. Moreover, the A2 with a 90◦ jet angle may antedate the stall of blade.
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Compared with unique jet actuator, the dual-jet could lead to a more significant increment
of normal force of blade, when the magnitude of jet velocity is relatively small. With the
increase of the jet velocity, the gaps among the control effects due to A1 and the dual-jet
become narrow. When U jet is 5V, the control effects of A1 on stall of blade are better than
those of dual-jet.

3.4 Effects of jet array at different jet angles
The jet angle is an important parameter of synthetic jet, it is necessary to find out the reasons
for further investigations of the mechanism of jet control on delaying stall of blade. In this
paper, two inflow conditions (15 and 20m/s) were conducted to carry out the experimental-
parametric analyses. Figure 12 shows the increasing rates of max normal force increments of
airfoil stall angles under control of A1, A2 and both with different jet angles at two inflow
conditions.

As shown in the figure, when the inflow velocity is 15m/s, the max normal force before
stall may be reduced under the control of A1 with small jet angle, but the stall angle is still
improved due to the energy injection of the jet. It indicates that if the jet velocity is too
small to control the flow separation, the control effect of SJAs will be a negative for the
aerodynamic characteristics of the rotor. The control effects of the A1 become obvious as
jet angle increasing. When the angle becomes larger, the synthetic jet will actually act more
like a vortex generator which is effective in delaying the separation and the normal jet could
energize the main flow more intensively and directly, and then it could enhance the stability
of the boundary layer more efficiently.

The difference between the control effects of the A2 with different jet angles is not sig-
nificant, the control effect is slightly better when jet angle is 60◦. Compared with unique jet
actuator, the influence of the dual-jet is not much affected by the jet angle, since the energy
supplied by two SJAs is sufficient. As the magnitude of the inflow increases (20m/s for exam-
ple), the control effects become more significant and the naps among them due to jet angle
on increasing the normal force of blade and stall angles are narrowed. These phenomena are
similar to the numerical results of He(24).

Overall, the control mechanisms of SJA on improving aerodynamic characteristics of blade
affected by the jet angle are a little different at different free stream velocities. The interactions
induced by synthetic jet to the flowfield over airfoil are mainly attributed to the mixing effects,
and a jet with a larger inclined angle could enhance the mixing effects between the inner and
outer layer of boundary layer.

The experimental results indicate that the influences of jet angle to the stall control of airfoil
using synthetic jet are very complicated, and a jet with a specific jet angle could not obtain
the best control effects in all the inflow conditions, and the jet angle’s effects may be also
depended on the jet momentum coefficient. Better control effects could be obtained by the
control of a jet with a larger jet angle when the jet momentum coefficient is small to a certain
extent.

4.0 RESULTS AND DISCUSSIONS OF SYNTHETIC JET
CONTROL EFFECTS OF ROTOR IN HOVER

4.1 Control effects of rotor in hover
To investigate the synthetic jet control effects on rotor in hover, the aerodynamic force mea-
sures for rotor and the sectional velocity field measure were conducted. In this test, the SJAs
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Figure 12. Control effect of SJAs with different parameters on the normal force and stall angle of blade.
(a) 5V, 15m/s. (b) 5V, 20m/s.

at 15%c of the blade were turned on with a jet angle of 90◦ and an excitation voltage of 5V,
and the rotor was worked with two rotation speeds of 180RPM and 240RPM. Table 5 gives
the different ratios of jet mean velocities to tip speeds and Table 6 gives the ratios of jet
frequencies to the angular velocities of rotor.

Figure 13 shows Fy of the rotor with and without SJC. As seen, Fy increase significantly
with two rotation speeds, which are similar to that in the steady state, and it indicates that the
SJC has a capability of improving the aerodynamic characteristic of rotor in hover.
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Table 5
Ratios of jet mean velocities to tip speeds

Tip speeds (m/s)
Ratios 22.62 (180RPM) 30.16 (240RPM)

9.8 0.43 0.32
Jet mean velocity (m/s) 12.2 0.54 0.40

14.4 0.64 0.48

Table 6
Ratios of jet frequencies to angular velocities of rotor

Angular velocity of rotor (Hz)
Ratios 3 (180RPM) 4 (240RPM)

jet frequency (Hz) 200 66.7 50
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Figure 13. Control effect of SJAs on the normal force of rotor in hover with two rotation speeds.

Through the PIV technology and the phase lock technique, Figure 14 shows the sectional
speed at 90◦ azimuthal angle with and without SJC at a pitch angle of 20◦, a rotation speed of
180RPM. The streamlines and contours of speed are decided by the relative velocity (Uref) to
the blade. As seen, there is a larger high-speed region at the upper surface due to the control of
SJAs, which keeps consistent with section 3.1. It means the SJAs could increase flow velocity
at the upper surface. Therefore, the lift of rotor has been improved in hover.

4.2 Effects of jet velocity and jet angle
The influences of jet velocity and jet angle on aerodynamic characteristics of the rotor in hover
were conducted. Firstly, the SJAs at 15%c of the blade were turned on with a jet angle of 90◦
and three different excitation voltages (3~5V, with respecting jet velocity about 9~15m/s).
Figure 15 shows the Fy of the rotor with the rotation speed of 180RPM. As a result, synthetic
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Figure 14. Comparisons of sectional speed contour and streamline diagram of the 0.8R blade section with
and without the control of A1 (180RPM, 5V, 20m/s, 90◦).
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Fig. 15. Control effect of SJA with three different excitation voltages on the normal force of rotor in hover
with the rotation speed of 180RPM.

jet with larger velocity has better control effects on the normal force of rotor, which re similar
to them of blade in steady state.

Then, the SJAs at 15%c of the blade were turned on with excitation voltage of 5V and three
different jet angles (30◦, 60◦, and 90◦). Figure 16 shows the Fy of the rotor with the rotation
speed of 180RPM. As it can be seen, A1 (90◦ and 30◦) had a better control effect on the
normal force.

5.0 RESULTS AND DISCUSSIONS OF SYNTHETIC JET
CONTROL EFFECTS OF ROTOR IN FORWARD
FLIGHT

To investigate the synthetic jet control effects on the rotor in forward flight, the aerodynamic
force measures for the rotor and the sectional velocity field measure were conducted. In this
test, the SJAs at 15%c of the blade were turned on with a jet angle of 90◦ and an excitation
voltage of 5V, and the rotor was worked with a free stream velocity of 7.5m/s. So the advance
ratio is 0.33.
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Figure 16. Control effect of SJA with three different jet angles on the normal force of rotor in hover with the
rotation speed of 180RPM.
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Figure 17. Control effects of SJAs on the normal force of the rotor in forward flight.

Figure 17 shows the Fy of the rotor in forward flight at different collective pitches with and
without SJC. As it can be seen, Fy increased significantly similar to that in the steady state,
and it indicated that the SJC has a capability of improving the aerodynamic characteristics of
the rotor in forward flight.

Through the PIV technology and the phase lock technique, Figure 18 shows the sectional
horizontal velocity (U) at 270◦ azimuthal angle with and without SJC at a θ jet of 15◦, a rota-
tion speed of 180RPM and a free stream velocity of 7.5m/s. The stream line was decided by
the relative velocity (U ref) to the blade and the vertical velocity (V). As it can be seen, there
was a large flow separation at the upper surface due to the large local angle of attack. Figure
19 shows the relative velocity (U ref) under the control of SJAs. There was still a flow separa-
tion on the upper surface, but the area of the flow separation region decreased significantly.
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Figure 18. Horizontal velocity contours and streamline diagram of the 0.8R blade section at the 270◦
azimuthal angle without SJC (θ jet =15◦).
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Figure 19. Relative velocity contours and streamline diagram of the 0.8R blade section at the 270◦
azimuthal angle with SJC (θ jet = 15◦).

It means the SJAs could ease the flow separation phenomenon in the retreating blade and
improve the aerodynamic characteristics of the rotor in forward flight.

6.0 CONCLUSIONS
In this paper, the principle experimental investigations for the synthetic jet control effects
on the aerodynamic characteristics of the blade in steady state and rotor in hover were con-
ducted. In the tests, the aerodynamic forces and the sectional velocity field of the blade were
measured by the six-component balance embedded in the rotor platform and the PIV system
respectively. The specific conclusions are shown as follows:

(1) The control effects of the synthetic jet on the aerodynamic characteristic of rotor in steady
state and in hover could be effectively investigated by the combination of the aerodynamic
force measurements, the flow velocity measurements, and the surface pressure measure-
ments. The SJAs applied on the blade have the capability in improving aerodynamic
characteristics of rotor, especially in increasing the lift of rotor.

(2) A synthetic jet with larger excitation voltages has better control effects on improving the
aerodynamic characteristic of rotor. Additionally, if the excitation voltage of SJA near
the middle along the chordwise direction is large, the aerodynamic characteristic of blade
may get worse.
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(3) For the rotor in steady state, the SJAs near the leading edge (A1, 15%c) could enhance
the aerodynamic characteristics more effectively compared with SJAs near the middle
along the chordwise direction (A2, 40%c). Additionally, the dual-jet could lead to more
significant increment of normal force of blade, compared to unique jet actuator

(4) The SJAs near the leading edge with a jet angle of 90◦ might have a better control effect
on the normal force and stall angle, while the SJAs with a jet angle of 30◦ might reduce
the normal force of blade. And it is not obvious for the difference between the control
effects of the SJAs near the middle along the chordwise direction with different jet angles.

(5) For the rotor in hover, the SJAs could increase flow velocity at the upper surface, which
leads lower upper surface pressures. Therefore, the lift of rotor is increased. For the rotor
in forward flight, the flow separation region could be decreased significantly. If imple-
mented in higher forward flight or higher rotation speed, the synthetic jet will need a
larger excitation voltage to achieve the similar control effects.

In the next research work, high-efficiency synthetic jet actuators (a higher jet RMS velocity,
a controllable jet angle and a smaller size) and a new special blade with a less weight will be
developed and processed, and a systematic experimental investigation for synthetic jet control
effect on rotor will be conducted.
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