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Abstract: To study the effects of synthetic jet control on the aerodynamic performance of a rotor in
forward flight, we conducted a series of experiments with varying rotor rotation speeds and free
stream velocities. In the test, we used a six-component balance and a PIV system and designed a
blade with a particular structure that covered the frame. The experimental results revealed that the
synthetic jet could effectively delay flow separation over the blade and enhance the aerodynamic
efficiency of the rotor. Moreover, we investigated how different jet parameters influenced the flow
control effects of synthetic jets on the rotor’s aerodynamic characteristics. We drew some valuable
conclusions from our analysis. In forward flight, the jet located closer to the leading edge of the blade
had a stronger impact on improving the aerodynamic performance of the rotor. The jet with a 90° jet
angle increased the rotor normal force by 225%, which was the maximum possible increase, while
the jet with a 30° inclined angle had the best control effects on preventing flow separation in the
retreating blade. Our study provides valuable insights into the use of synthetic jets for rotor flow
control and suggests possible applications for improving rotorcraft performance and stability.

Keywords: synthetic jet; rotor; forward flight; aerodynamic performance; experiments

1. Introduction

During forward flight, the trailing-side blades of rotors frequently face flow separa-
tion and dynamic stall [1], which can seriously decrease the aerodynamic efficiency of
helicopters [2]. Therefore, the investigation of preventing the dynamic stall of rotors plays
a critical role in the maintenance of helicopter technology.

Active flow control (AFC) is an emerging technique for enhancing the performance
and versatility of rotorcraft. By manipulating the airflow around the rotor blades, AFC can
prevent flow separation and improve aerodynamic characteristics. Previous studies [3-5]
have demonstrated the potential of AFC for advanced rotor design [6] and expanded the
range of rotorcraft applications.

Synthetic jet control (SJC) is a novel active flow control method that has been ex-
tensively studied for its potential to improve aerodynamic characteristics [7-10]. Several
experiments have shown that SJC can delay the stall of different airfoils [11-16]. This paper
is a study of Rotor Synthetic Jets under forward flight conditions, using similar devices as
those that authors have employed in relevant experiments [17] in hovering flow fields. The
experimental devices and facilities used in this study are the same as those used in the pre-
vious work that aimed to investigate the effects of Rotor Synthetic Jets on the aerodynamic
performance of a rotor in hovers. Therefore, some of the experimental schematics presented
in this paper may resemble those in the previous work [17]. However, the experimental
conditions and the results obtained in this study differ significantly from those in the
previous work, as the forward flight introduces new challenges and phenomena for the
Rotor Synthetic Jets control. Zhao [18] conducted numerical simulations of an OA213 airfoil
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using the CLORNS code [16] and discovered that SJC can also alter the airfoil’s behavior
under dynamic stall conditions. These findings suggest that SJC is an effective technology
for controlling flow separation and airfoil stall [18-21] and that it could help prevent rotor
dynamic stall [18].

Most of the current studies on how synthetic jets influence the aerodynamics of rotors
use numerical simulation methods, because it is difficult to install small devices that
produce periodic jets of air in the blade, and the rotor movement is complicated. Hassan
analyzed the influence of surface bending and suction on the aerodynamic performance
of the MD-900 rotor [22]. Based on numerical methods, Dindar investigated the control
effect of the synthetic jet actuators (SJAs) on rotors in hovering flight [23]. However, these
numerical works [22-25] lack the corresponding validations from experimental data about
the application of synthetic jets on the rotor, which are scarce in the public domain by now.
Therefore, the investigations of the synthetic jet for rotors were theoretical at that time.
Additionally, Zhao and Luo [26] proposed a novel method of flight control based on dual
synthetic jets (DS]) and proved that leading-edge DS]J are not only a nice method of lift
enhancement but also an efficient way of flight control.

Moreover, some issues remain unresolved regarding the SJC on airfoils [26-28]. Due
to the combination of free stream velocity and rotation speed of the rotor in forward
flight, the rotor encounters different flow circumstances at advancing and retreating sides,
respectively [29], and this makes the choice of synthetic jet parameters more complicated.

A particular blade has been designed and processed to install SJAs in the blade. A six-
component balance and a Particle Image Velocimetry (PIV) system are used to measure the
aerodynamic forces of the rotor and the 2-D velocity field around the blade section. The test
results indicate that SJC can enhance the aerodynamic performance of the rotor in forward
flight. The paper explores how different jet parameters, such as jet locations, jet angles, and
jet velocity (excitation voltages) affect the control performance. The characterization of the
jet parameters is important for understanding the mechanism of action of synthetic jets.

2. Materials and Methods
2.1. Test Methods and Principles

To accommodate the actuator arrays, the rotor airfoil was chosen as the thick NACA0021
with a chord length of 200 mm. The rotor had a radius of 1200 mm and a root cut of 200 mm.
Based on earlier studies [18,30], the jet/crossflow interaction intensity was determined by
the inclination angle, and a large inclination angle would cause a strong flow interaction
and a significant loss of the jet momentum. Therefore, we chose three different inclination
angles of 30°, 60°, and 90° for the synthetic jet movement to investigate the effects of
the jet angle on the rotor performance and flow characteristics. We hypothesized that a
smaller angle would produce a more efficient and stable flow control than a larger angle.
Additionally, speaker units (1 inch) were chosen as the SJAs. The covers were placed at
15% c and 40% c along the chordwise direction of the blade, respectively, and there were
9 SJAs along the spanwise direction. Table 1 lists the parameters of the blade and the SJAs.

Figure 1 shows the installation of the SJAs and the internal structure of the particular
blade. The structure was composed of the main spar(B), the thick rib, the thin rib, and the
c-type rib. These ribs were hollowed to reduce the weight and to shift the center of gravity
ahead. Two electronic circuits were attached between the blade root and the r = 0.5 R blade
section, and the collective ring allowed electrical signals to travel from the ground-based
functional signal generator to the covers-based actuators. The covers (E) were screwed
onto the blade and could be removed. The covers had several circular grooves on the
lower surface that formed the cavity for the SJA. The cover surface had nine actuators
firmly attached to it, and they were sealed to prevent air leakage. The nine actuators had
a parallel circuit connection, and the circuits could be connected and disconnected easily.
This facilitated the replacement of the different covers on the blade surface.
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Table 1. Blades and SJAs parameters.

Parameters Value
Chords (mm) 200
Radius (mm) 1200
Width of the jet orifice (mm) 1.5
Length of the jet orifice (mm) 20
Jet angle (degree) 30, 60, 90
Chordwise position (chord) 15%, 40%
Spanwise position (radius) 55~85%
Spanwise interval (radius) 5%
Dimensions of SJA (mm) 40 x 33 x 14
Impedance of actuators (Q2) 8
Nominal power of actuators (W) 5

Actuator Internal structural

Weight : 4kg

A. Skin
B. Main spar
C. Support beams
D. Ribs
(@ Thick rib
@ Thin rib
® C-type rib
E. Cover

Figure 1. The installation of the SJAs and the structure of the blade.

Figure 2 shows that the root mean square (RMS) velocity varies with the excitation
frequency at the centerline of the jet orifice of an isolated SJA using a hot wire. As can
be seen, the jet RMS velocity increased with the increase in excitation voltage. When the
frequency of SJAs was 200 Hz, the RMS velocity was the largest. Based on the results, we
used an excitation frequency of 200 Hz throughout the experiment.
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(a) Different excitation frequency (b) Different excitation voltage

Figure 2. RMS velocity of the SJAs at different parameters.

2.2. Testing Equipment and Process

We performed the tests for the SJC effect on the rotor in a low-speed return wind tunnel
at NUAA, and the wind tunnel had an experimental section of 3.2 m x 2.4 m. The tests
measured the aerodynamic force of the rotor and the 2-D velocity field around the blade
section. The measurement system for the rotor’s aerodynamic force under the SJAs” influ-
ence consisted of a six-component balance, a functional signal generator, a signal amplifier,
a 16-bit data acquisition card, computers, and a testing software. Table 2 lists the important
parameters of the PIV system, and Figure 3 depicts the model experimental equipment.
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Table 2. Parameters of PIV system.

Parameters Value
Single pulse duration (ns) <10
Pulse length (m) 0.5
Pulse frequency (Hz) 1.6-3.2
Pixel density of CCD camera 1066 x 1208
Time interval of two frames (us) <1
Measurement region of CCD camera (mm?) 400 x 400

‘unctional signal generator

PIV measure scene

/ . -
/ . = 4 lade model

4
3 Y !
i 1 A
Six-component ﬂ
balance
f / IF

/ 3
' = A - Vo
- L
) A
| ¥ / tunnel Wind tunnel P
/ (inflow) /) (outflow)

Rotor experimental bench

Figure 3. Experimental equipment in the wind tunnel.

Because of the challenge of processing the rotor model, the current blades were quite
heavy with a weight of about 3.9 kg. To ensure safety, we conducted an experimental test
for SJC effects on the rotor with a low rotor rotation speed (120 RPM and 180 RPM) and a
low free stream velocity (5m/s, 7.5 m/s, and 10 m/s). Table 3 gives the main experimental
parameters. The excitation voltages of SJAs ranged from 3 V to 5 V. The excitation voltage
of the baseline case was 0 V. In forward flight, the collective pitch (6) of the blade varied
from 15° to 28°, and a large cyclic pitch (615) was selected to induce the flow separation in
the side moving away from the wind.

Table 3. Main experimental parameters for SJC effects on the rotor.

. The Input of Rotor Platform et Parameters
Tests Wind Tunnel R;)tatlgn Ld L - J Anel Vol
Inflow (m/s) pee o o o ocation ngle oltage
(RPM) 60 ( ) elc ( ) els ( ) (C) (o) (V)
1 5,7.5,10 120 15~28 0 -5 15% 30, 60, 90 0,3,4,5
2 5,7.5,10 120 15~28 0 -5 40% 30, 60, 90 0,3,4,5
3 7.5,10 180 15~28 0 -9 15% 30, 60, 90 0,3,4,5
4 7.5,10 180 15~28 0 -9 40% 30, 60, 90 0,3,4,5

Figure 4 shows the schematic for measuring the aerodynamic performance of the rotor
and the 2-D velocity field around the blade section in forward flight. Through the PIV
system, we used a phase locking technique to measure the 2-D velocity field around the
r = 0.75 R blade section at 270° azimuthal position at 0.75 R. The function signal generator
on the ground provided the imported signal and the collective ring transferred it to the
SJAs while the rotor was rotating.
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Figure 4. The experimental measurements in forward flight.

3. Results and Discussion
3.1. SJA Control Effects on the Rotor

Measurements of the aerodynamic force of the rotor and the 2-D velocity field around
blade section were taken to examine the effects of SJC on the rotor in forward flight. In
the test, the SJAs were at 15% c of the blade, and the jet angle was 90°. Additionally, the
excitation voltage of the SJAs was 5V, and the free stream velocity of the wind tunnel
was 7.5 m/s.

Figure 5 shows the normal force (Fy) and the rotating torque (My) of the rotor with and
without SJC. Fy and My were averaged over 3 s obtained from the six-component balance.
The rotor rotation period was 0.5 (0.33) seconds at a rotation speed of 120 RPM (180 RPM),
and there were 6 (9) cycles in 3 s. As can be observed, Fy increased dramatically, indicating
that the SJC has the capacity to enhance the rotor’s aerodynamic properties when it is
moving forward. Additionally, My changed a little with and without the SJC.

Figure 6 shows the 2-D horizontal velocity (U) around the blade section at a 270°
azimuthal angle. The streamline was decided by the relative velocity (Uref) to the blade
and the vertical velocity (V). Given the large local angle of attack, a large flow separation
(from 0.2 ¢ to 0.8 c) occurs at the upper surface of the blade section. Figure 7 shows the
relative velocity (Uref) of the measured data under SJC. The flow still separated on the
upper surface, but it reattached further downstream. The area of the flow separation region
around the blade section (from 0.2 ¢ to 0.5 ¢) decreased significantly. As seen, SJA could
reduce the influence of the flow separation on the retreating blade, and it can enhance the
rotor aerodynamics in forward flight.
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Figure 5. Control effects of the SJAs on the aerodynamic characteristics of the rotor.
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Figure 6. Horizontal velocity contours and streamline diagram of the 0.75 R blade section at the 270°
azimuthal angle without SJC (8 = 15°).
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Figure 7. Relative velocity contours and streamline diagram of the 0.75 R blade section at the 270°
azimuthal angle with SJC (6y = 15°).

3.2. Parameter Analyses of the SJC on the Rotor

The different SJC effects on the rotor due to the jet control parameters, such as the jet
locations, the jet angles, and the excitation voltages of SJAs were investigated, respectively.

3.2.1. Effects of Synthetic Jet Location

To investigate the SJC effects with different locations of SJAs, the control effects of two
SJA arrays were compared. Actuator 1 (A1) was located at 15% c and Actuator 2 (A2) was
at 40% c, as shown in Figure 1. Figures 8 and 9 present the comparisons of the two SJA
arrays on Fy and Fx (drag) in forward flight, respectively.

As shown in the figure, the performance of A1 on enhancing F, was more effective
than A2. An unstable shear layer was near the leading edge of the blade, given the flow
separation around the blade surface. The location of Al was closer to the shear layer,
and it injected the low momentum energy into the shear layer to increase its stability.
Additionally, the blowing/suction motions of the SJA could mix the outer flow and the
near-wall boundary layer. Thus, the formation of the shear layer was prevented, and the
area of the flow separation on the blade surface decreased, resulting in improvements of
the normal force. However, when the collective pitch or the forward speed was larger,
Fy decreased under the control of the Al (60°). This indicated that the jet angle plays
an important role in the control effect on the aerodynamic characteristics of the rotor.
Additionally, as can be seen in Figure 9, the variation amplitude of Fx was lower than
0.15 kg with or without the SJC. To a certain extent, the SJAs had little effect on the drag of
the rotor.

Figure 10 shows the increment of Fy of the rotor with different jet angles of SJAs. As
seen, Al (90° or 30°) had a better control effect on the aerodynamic force as the relative
speed between the blade and the airflow increased. A2 with a jet angle of 30° had a positive
effect on the aerodynamic force at a low rational speed and a low flight speed. However,
A2 with different jet angles failed to enhance the normal force at a high collective pitch and
relative speed between the blade and the airflow. Therefore, the synthetic jet induced by
Al is generally more effective on the normal force of the rotor than A2.
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Figure 10. The increment of the normal force with SJC at different rational speeds and flight speeds.

3.2.2. Effects of Synthetic Jet Angle

As seen in Figures 8 and 10, the jet angle plays an important role in the SJC effect
on normal force. Figure 11 shows the sectional velocity field of the 0.75 R blade section
at the 270° azimuthal angle under the control of Al at a 8y of 20°, a rotation speed of
120 RPM, and an inflow of 7.5 m/s. Compared with the baseline, the area of the flow
separation region with a jet angle of 90° was smaller, and the airflow reattachment occurred
on the upper surface of the blade. When the jet angle was 30°, the flow separation nearly
disappeared. When the jet angle was 60°, there was still a large area of flow separation
region. It indicated that a jet angle of 30° had the best control effect on preventing the flow
separation of the retreating blade in a limited jet velocity, followed by a jet angle of 90°.

In the Figure 12, the SJAs with an angle of 60° might not control the flow separation
on the blade surface, thus the increment of the normal force was negative, as shown in
Figure 10. Additionally, Figure 11 shows the sectional velocity field and the streamline
diagram under the control of Al at a 6y of 15°, a rotation speed of 180 RPM, and an inflow
of 7.5 m/s. The SJA with a jet angle of 30° maintained a control effect on preventing flow
separation as the rotation speed increased.
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120 RPM, 7.5m/s, 20° collective pitch

U, m/s

O=NWRAERGOH~ID®CW

— Jet direction =—— Streamline

Figure 11. A 2-D velocity field around r = 0.75 R blade section with different jet angles at the 270°
azimuthal angle (120 RPM, 7.5 m/s, 6y = 20°).

180 RPM, 7.5m/s, 15° collective pitch —p Jet direction —p— Streamline

U, mis

Figure 12. A 2-D velocity field around r = 0.75 R blade section at the 270° azimuthal angle with
different jet angles. (180 RPM, 7.5 m/s, 6y = 15°).

3.2.3. Effects of Synthetic Jet Velocity

At last, since the jet velocity was a crucial parameter of the synthetic jet, three excitation
voltages (3~5 V, with respect to jet velocity of 10~15 m/s, as shown in Figure 2) were
conducted to investigate the SJC on improving the rotor aerodynamic forces. Table 4 shows
the ratio of jet velocity to the relative velocity between the blade tip and airflow at different
excitation voltages. The relative velocity between the blade tip and airflow varied due to
the rotor rotation, and the ratio was also changing with different azimuthal angles.

Table 4. Ratios of jet velocities to the relative velocity between the blade tip and airflow at different
excitation voltages in forward flight.

Relative Velocity between the Blade Tip and Airflow
(120 RPM)

Ratio
10.08~20.08 m/s 7.58~22.58 m/s 5.08~25.08 m/s
(Inflow 5 m/s) (Inflow 7.5 m/s) (Inflow 10 m/s)
Jet velocity 9.8m/s(3V) 0.972~0.488 1.292~0.434 1.929~0.390
(excitation 122m/s (4 V) 1.21~0.607 1.609~0.540 2.401~0.486

voltage) 146 m/s (5V) 1.448~0.727 1.926~0.646 2.874~0.582
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Figure 13 shows the control effect of Al (6jer = 90°) under different excitation voltages
on Fy at a 0y of 20° and different forward flight speeds. As seen, the normal force was
enhanced significantly under the control of SJAs with an excitation voltage of 5 V, while
it decreased a little under the control of SJAs with an excitation voltage below 5 V. If
the energy injected by SJAs was insufficient, it could increase the turbulence intensity
of the boundary layer and promote the flow separation on the blade surface, leading
to a reduction in the normal force. The results were in reasonable agreement with the
experimental investigations on the airfoil of reference [30].

Baseline

F /kg

15 20

collective pitch/°

(a) 5m/s

25 28 20 25 28

Baseline Baseline

F /kg

y

20 25
collective pitch/° collective pitch/°

(b) 7.5 m/s (c) 10 m/s
Figure 13. The S]C effect on the normal force with different excitation voltages at 120 RPM.

Additionally, Figure 14 shows the control effect of A1 (6jer = 90°) at various excitation
voltages on Fy during the steady state test. The blade was set in a specific azimuth like a
fixed-wing, and the relative velocity between the blade and airflow in the steady state test
was constant. As can be seen, the SJC effects on the normal force were enhanced as the
jet velocity increased. It is evident that a jet flowing at a higher velocity might add more
energy to the boundary flow and also improve mixing by bringing the high-momentum
outer flow into the near-wall boundary layer, which would stabilize the shear layer.
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Figure 14. The SJC effect on the normal force of the rotor with different voltages and inflow in the

steady state test.

4. Conclusions

The principal experiment for the SJC effects on the aerodynamic characteristics of the
rotor in forward flight were conducted. In the test, the six-component balance and the PIV
system measured the aerodynamic forces of the rotor and the 2-D velocity field around the
blade section. Some conclusions are as follows:

(1) The SJC effects on the aerodynamic characteristics of the rotor in forward flight can
be studied using the aerodynamic force measurements and the flow velocity measurements.

(2) In forward flight, The SJAs near the leading edge of the blade might have better
control, effective in enhancing the rotor’s aerodynamic performance.
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(3) A jet angle of 90° might have a better SJC effect on the aerodynamic force, while a
jet angle of 30° might have a better SJC effect on the flow separation of the blade surface on
the retreating side. By contrast, the latter might be more appropriate for preventing the
dynamic stall in the future.

(4) A larger excitation voltage (jet velocity) had a better SJC effect on improving the
rotor’s aerodynamic characteristics. If the voltage was not large enough to prevent the flow
separation, the aerodynamic characteristics might get worse in forward flight.

Future works will focus on improving the synthetic jet method. We aim to develop
synthetic jet mechanisms that are smaller and more efficient, minimizing their interference
with the flow field during testing. We also intend to conduct further experiments under
conditions that resemble the actual rotor environment more closely.
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