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Abstract: Reducing rotor aerodynamic noise is an important challenge in helicopter design. Active
flap control (AFC) on rotors is an effective noise reduction method. It changes the segment airfoil
shape, aerodynamic load distribution, and the wake path of the rotor flow by adding trailing edge
flaps (TEFs). Although AFC noise reduction control is easily simulated, the relevant experiments
have not been widely conducted due to test technical problems and limited financial support. The
acoustic characteristics of the AFC-equipped rotor, such as the placement of TEFs for noise reduction
and whether multiple winglets can provide a better effect than single winglets, have not been verified
in previous experiments. In this work, an AFC-equipped rotor with two TEFs was designed, and its
acoustic properties were tested in the FL-17 acoustic wind tunnel with microphone arrays in the far
field. The results showed that the noise reduction effect of AFC was closely related to the control
frequency and phase. Increasing the control phase could move the reduction region toward the
azimuth-decreasing region for far-field noise. The noise reduction in a single outboard TEF was better
than that in a single inboard TEF, while the dual-TEF model performed better. In this experiment, the
average noise reduction in the observation point at the lower front of the rotor could be more than
3 dB, and the maximum noise reduction could be 6.2 dB.

Keywords: helicopter rotor; active flap control; trailing edge flap; aerodynamic acoustic control

1. Introduction

With their unique vertical take-off ability, small landing “footprint,” and hovering
ability, helicopters play an essential role in transportation, medical rescue, agricultural
plant protection, tourism, etc. Additionally, with the rapid development of science, tech-
nology, and the economy in China in recent decades, helicopters are more frequently used.
However, the long-standing problem of rotor aerodynamic noise [1] has restricted the ways
in which helicopters are used. Therefore, it is significant to explore effective rotor noise
reduction technology.

Prior noise reduction methods principally explored passive designs, including the
optimization of blade shape [2], torsional distribution [3], vortex generation [4], and some
combined methods [5]. However, these passive methods cannot readily adapt to today’s
increasingly complex work requirements. For this reason, recent research has focused
more on active controls [6,7]. These include active flap control (AFC) technology [8], which
has attracted considerable attention because of its simple drive mechanism, good noise
reduction, vibration suppression [9], and power-saving features [10].

An AFC rotor is a rotor equipped with trailing edge flaps (TEFs) that can be deflected
upward or downward, as shown in Figure 1. Theoretical research has included work by
Sim showing that AFC as a force excitation source can reduce in-plane noise [11], and by
Takashi, who explained the mechanism of controlling the blade vortex interaction (BVI)
noise by controlling the blade interference distance [12]. In addition, many studies [13,14]
observed that the two ends of the winglets would produce a strong vortex, leading to
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changes in the distribution of rotor load and showing the reason for increasing lift and
reducing vibration. Li conducted a study on BVI noise reduction under non-harmonic
control and found that such control can significantly reduce the intensity of the vortex. In
numerical simulations, Friedmann found significant suppression of rotor BVI noise [15].
Noboru from the JAXA (Japan Aerospace Exploration Agency) also carried out rotor BVI
noise closed-loop control based on multiple pressure sensors and achieved 5.7 dB noise
reduction [16]. Lu’s experiment shows that in hovering and forward flight, noise can be
reduced by 4 dB and 3 dB, respectively, while at the same time, the vibration of the rotor
hub is reduced by 42% and 75%, respectively [17]. In terms of aerodynamic performance
improvement, Michael and Edward applied active winglets and used spanwise arrays of
fluidically oscillating jets on the leading edge of the winglets at the same time, making the
maximum increase in airfoil optimization of up to 30% [18]. Zhao also used a similar control
mode, and, by adding a jet to the leading edge of the blade, achieved a significant increase in
the thrust coefficient of the rotor and a delay in the dynamic stall of the rotor [19]. Studying
drive and control through experimental measurements, Dong observed that the control rate
was not sensitive to changes in flight speed and pointed out that the same control transfer
function could be applied in hovering and forward flight [20], which simplified controller
design. At the same time, with the development of new materials and new structures, the
piezoelectric material drives [21] and bionic muscle drive mechanisms [22] have also been
developed, making AFC technology more mature. Based on these technologies, Eurocopter
completed the flight of a BK117 helicopter equipped with TEFs [23]. NASA (National
Aeronautics and Space Administration) and Boeing in the United States were involved
in a SMART project that systematically tested a full-scale AFC rotor modified from an
MD900 helicopter [24]. In addition, AFC can also be innovatively applied to wind turbines,
reducing the equivalent damage load of the fan [25].

(b)

Figure 1. The AFC rotor: (a) NASA-Boeing’s SMART rotor; (b) an AFC rotor in China.

However, according to the published research, the existing tests rarely target aero-
dynamic noise suppression, and most of them have been focused on the observation of
in-plane [11] and BVI noise [26]. They have not involved the radiation characteristics of
the sound field around the rotor in detail. At the same time, the active control of dou-
ble/multiple trailing edge winglets is also mainly focused on vibration reduction [27]
and multiobjective optimization [28] but not yet sufficiently on the combined action of
double/multiple winglets to suppress aerodynamic noise.

Therefore, based on previous numerical simulations [29,30], driving mechanism de-
signs [31], and hovering tests of AFC rotors [32], the author and a cooperative team designed
a new AFC rotor with dual TEFs. We tested this AFC rotor in a forward flight condition to
check for noise reduction, in order to study the effect of AFC noise reduction under double
winglets, to observe the propagation characteristics of the sound field in the region around
the rotor under AFC control, and to look for a law governing noise reduction.
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2. Experimental Principle and Scheme
2.1. The Principle of AFC Noise Reduction

According to the FW-H equation [33], the rotor noise perceived at the noise observation
point can be expressed by

2
Ty = Sloonnd ()]~ ()] + 55 T @

where [? is the D’ Alembertian operator, f is the sound source surface, v, is the local
normal velocity of the surface, p is the surface pressure, p’ = c?(p — pp) is the disturbed
sound pressure, and ¢ and p are the sound velocity and the air density without disturbance,
respectively. In Equation (1), the first term is the thickness noise, which corresponds to a
monopole sound source, mainly generated by the displacement of air by the blade and
dominant in the rotor rotation plane. The second term is the load noise, which corresponds
to a dipole sound source and is closely related to the aerodynamic load (more specifically,
related to the aerodynamic load fluctuation) and plays a significant role in the rotor noise
radiation in other directions. The third term is the quadrupole sound source, which
accounts for a relatively small subsonic flow field for a conventional rotor and can usually
be ignored. It should be noted that the thickness noise is independent of the load noise.
Therefore, based on this characteristic, the AFC can directly generate a force with a phase
opposite to that of the thickness noise component and reduce the noise through cancellation.
Its principle is shown in Figure 2. At present, it Is mainly used for noise reduction In the
on-plane region. On the other hand, the AFC can change the rotor’s load distribution
during the blade’s rotation through its own motion, which can reduce the rotor’s load rate
of change and thereby achieve noise reduction. Figure 3 shows the load change in the rotor
caused by the AFC, as found in the numerical simulation case (two rectangular blades,
R =1m, 1200 RPM, advance ratio 0.24, and TEFs from 0.75R to 0.93R); it can be observed
that it causes an obvious decrease in load fluctuation. In addition, corresponding to the
BVI noise caused by load pulsation, the change in the velocity of the blade surface caused
by vorticity can be expressed by [34]

_L( r’
27 2 4 a2

) @
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where I' is the vorticity size, a is the radius of the vortex core, and r is the distance between
the surface and the vortex core center.
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Figure 2. Concept of sound field active cancelation for noise reduction.



Aerospace 2023, 10, 121

4 0f 23

Without AFC control

180° vertical force With AFC control 180° vertical force

0° 0°
azimuth azimuth

(a) (b)

Figure 3. The simulation results of rotor disk loading: (a) without AFC control; (b) with AFC control
(6; = 6.0sin(407tt +40")).

In addition to directly changing the interference distance, the AFC can also change
the blade bending moment by changing the load distribution when considering the elastic
deformation of the actual blades. The bending moment of the blade can also be changed by
changing the load distribution, thus increasing the vertical separation between the vortex
and the blade and reducing the BVI noise. More detailed principles of noise reduction can
also be found in the author’s previous study [30].

2.2. Test Platform and Scheme

Our test was carried out using a model rotor with a radius R = 1.5 m. Its blade airfoil
was OA312, and its chord length was c = 130 mm. Its linear torsion varied along its length.
It had a torsion angle of 10° at 0.25R and —2° at 0.933R, and it had a parabolic blade tip
(taper ratio 1:3), shrinking from 0.941R, as shown in Figure 4a. The three blades were
connected through a hingeless hub, as shown in Figure 4b, and the solidity was 0.1013. At
the trailing edge of each blade, two independently controllable TEFs were installed; they
were driven by a piezoelectric mechanism. Each TEF had a chord length of 0.154c and a
span of 0.1R. The installation positions of the inboard and outboard TEFs were 0.737R and
0.85R (measured from the spanwise centers of the TEFs). The actual AFC blade is shown
in Figure 4c. The skin was made of glass fiber, the actuator support frame was aluminum
alloy, and the winglets were filled with composite materials, which can normally work
under the design speed of 1320 rpm (Table 1).

The AFC control system in the test was designed by a cooperative team; the principle
is shown in Figure 5. The deflection of the winglets was generated using the control system
after receiving the pulse signal sent by the main engine, and the alternating sinusoidal
voltage was output to the actuator through the power amplifier. The actuator could provide
a maximum driving frequency of 60 Hz and had an independent closed-loop control system
inside, which can make the deflection positively correlated with the input control voltage,
with a linearity deviation of 0.1% [35], so the winglets also underwent sinusoidal deflection.
In this test, the design deflection rule is associated with the rotor speed. The deflection
angle of the TEF under control is expressed by

Gt = At Sil’l(wtf + (Pt) (3)

where ; is positive below the blade and negative above; w; is the TEF’s deflection angular
frequency (usually an integral multiple of rotor angular frequency w, w; = nw); and ¢; is
the initial phase of the control signal.
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Actuator

Inboard TEF Outboard TEF

(c)

Figure 4. The geometry of an AFC rotor and an actual blade: (a) the blade profile; (b) the AFC rotor
profile; (c) the actual blade.

Table 1. Rotor characteristics and operating condition.

Rotor
Hub type hingeless
Rotor radius, R 1.5m
Blade chord length, ¢ 0.13m
Airfoil OA312
Tip Taper 1:3, from 0.941R
Twist 10° at 0.25R, —2° at 0.933R
Solidity 0.1013
Rotation speed 808 rpm
Collective range 0~15°
Lateral cyclic range —10~10°
Long cyclic range —10~10°
TEFs
Chord length 0.154¢
Span length 0.1R
. . Inboard: 0.737R
Mid-span locations Outboard: 0.85R
Frequency 0~4 rev
Amplitude 0~5.5°

In this test, the maximum deflection frequency was 80 Hz, and in the non-rotating
condition, the amplitude was 6°. However, due to structural limitations, the AFC blade was
not equipped with a deflection-angle-measuring device. Even if the driving mechanism
has sufficient rigidity (801 N/m@120 V, which is larger than typical blade stiffness), the
actual deflection amplitude under rotation cannot be accurately measured. Therefore, only
maintaining a max voltage of 150 V in rotation and cases with different amplitudes were
not tested.
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Figure 5. Diagram of the test control system.

The test was carried out in the FL-17 reflux acoustic wind tunnel (5.5 m x 4.0 m) of the
China Aerodynamic Research and Development Center (CARDC). The rotor drive mecha-
nism, aerodynamic measurement device, and noise data acquisition system are provided
by the CARDC. The allowable rotor speed can reach 1400 rpm, the speed control error is
less than 0.1%, the measuring accuracy of the rotor thrust is 0.10%, and the measuring
accuracy of torque is 0.13%, which can ensure that the rotor is always in the same working
state in the test. In this test, the control rotor speed was 808 rpm (the blade tip velocity
was Mach 0.37), and the rotation direction was counterclockwise from above. The winglets
installed on the trailing edge of the blades underwent controlled deflection motion while
the rotor blades were rotating.

The test section of the wind tunnel was 14.0 m long. The background noise of the
test section was 75.6 dB (measured at a wind speed of 80 m/s and a lateral distance of
7.95 m from the outlet center via the A-weighting process [36]). A fully anechoic chamber
surrounded the wind tunnel test section (length 27 m x width 26 m x height 18 m), as
shown in Figure 6a, which met the acoustic test requirements of ISO3745, ISO6798, and
GB6882. The sensitivity of the microphone was 50 mV /Pa, the sampling frequency of the
noise data acquisition system was 204 kHz, the accuracy was 0.1 dB, and the dynamic
measurement range was more than 120 dB, which fully met the needs of noise measurement
in the test. A rotor test bench was installed on the support mechanism of the acoustic wind
tunnel, and the axis shaft angle could be changed using the support mechanism. This
made it possible to achieve the different angles of attack of the incoming flow and to show
the different flight states of the rotor, as shown in Figure 6b. The center of the hub on the
test bench was 580 mm above the wind tunnel centerline and 4 m from the outlet of the
wind tunnel.

Two microphone arrays were used in this test. The first array was arranged on a
V-shaped bracket below the front of the rotor. The arrangement of microphones on the
bracket is shown in Figure 7a. The vertical distance from the horizontal section on this
bracket to the rotor hub center was 4.3 m, and the horizontal distance was 3 m. In total,
8 microphones were arranged on the horizontal section, and 5 microphones were placed
on the left and on the right bevel edge (18 microphones in total in this array). The second
array was performed on the arc brackets around the rotor. There were six arc brackets with
a radius of 6 m (4.0R). The center of the arc brackets coincided with the center of the rotor
hub, and the range of depression angles was 0-70°. The microphones were installed every
10° on the arc brackets, and a total of 8 x 6 = 48 microphones were used in this array. The
arc microphone array was set using six azimuth angles of the rotor: 60°, 90°, 135°, 225°,
270°, and 300°. Figure 7b shows the locations of the arc array’s microphones.
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@ . — Outboard TEF

— Inboard TEF

(b)

Figure 6. The FL-17 wind tunnel: (a) the acoustic wind tunnel and measuring device; (b) the AFC
rotor mounted on the test bench.

Side view of
Top view e single arc bracket

(b)

Figure 7. The layout of the microphone arrays: (a) the V-shaped bracket microphone array; (b) the
arc microphone array.

2.3. Processing and Verification of the Test Data
2.3.1. Acquisition and Processing of Test Data

In this test, the original 20 s of sound pressure was continuously recorded in each
test state, and the 1 s results at the beginning and end of the recorded data were deleted.
Thus, 18 s of data were retained for the signal data processing to ensure accuracy. Then, the
fast Fourier transform (FFT) was used to transform the retained 18 s sound pressure data
from the time domain to the frequency domain. In addition, considering that the sound
pressure data recorded with a microphone arises from multiple sound sources (including
the movement of the driving mechanism and vibration of the blade), it was necessary to
filter the recorded signal to remove the part that was inconsistent with the aerodynamic
noise characteristics.

In this work, a Chebyshev II filter [37] was used for signal filtering. The cut-off
frequencies of the passband and stopband of the high-pass filtering part were set to 35 Hz
and 30 Hz, respectively, and the cut-off frequencies of the passband and stopband of
the low-pass filtering part were set to 3000 Hz and 8000 Hz, respectively. The passband
ripple was 3 dB, and the stopband attenuation was 51 dB. Figure 8 shows the original
sound pressure signal at Microphone 1 on the V-shaped bracket array and the sound
pressure signal processed using the filter during descending flight. It can be seen from the
comparison that the filter could remove the burr formed by the interference sound source
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Sound pressure(Pa)

Sound pressure(Pa)

y =270

and did significantly change the value and trend of sound pressure, nor did it prevent the
model to meet the subsequent requirements for rotor noise characteristic analysis.
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Figure 8. The time histories of sound pressure: (a) the original sound pressure; (b) the filtered
sound pressure.

For the arc microphone array, the measured noise radiation region of the observation
point in Figure 7b is shown in Figure 9a. In this paper, to display the noise results more
conveniently, it was transformed into the form of Lambert projection, as shown in Figure 9b.

w = 180°

Freestream  =135° 2050 Freestream

l 135°
2705 90°
60°
300° o
-70°

w=0°
(a) (b)

Figure 9. Data mapping scheme: (a) the distribution of microphone positions; (b) the Lambert
projection of microphone positions.
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2.3.2. The Consistency of Repeated Tests

It should be noted that the test involved a large number of measurements over about
two weeks, even though the facilities used in the tests described above had superior
performance. Therefore, to detect whether this was due to fatigue failure or an impact of
environmental changes (e.g., pressure and temperature) of the test rotor, repeated tests
were conducted for a group of states at the control frequency of the TEF, 4w (denoted 4P).
Figure 10 shows a comparison of noise reductions for the two groups. It can be observed
that the trend was consistent, and the difference between the noise reduction values was
within 0.2 dB. Although there was a difference, the test still showed good reproducibility
considering the difference in ratio with the final observed noise reduction value (typically
>2 dB). Therefore, it can be assumed that the experimental device is reliable, and the
test results are sufficiently accurate. In addition, since the rotor blades in the test were
manually customized, there would inevitably be some differences in structural stiffness
during processing. The noise observation results brought by the slight differences in the
blade deformation were amplified in the special state test such as BVI. More detailed results
of the relevant differences will be discussed in Section 3.4.

—=— |nitial Measurement
—e— Repeat Measurement

0 T T T T T T T T T T
30 60 90 120 150 1 0 240 270 300,830

-2 4

SPL Change from Baseline (dBA)

-4

Active Flap Phase (Deg)
Figure 10. The repeatability results of noise reduction for Microphone 6, at a 6° lean-back angle, 4P.

3. Results and Discussion
3.1. The Influence of Flight State
3.1.1. Hover Flight

The results of hovering and non-AFC controlled flight are shown first to demonstrate
the basic noise characteristics of the rotor. Figure 11 shows the noise measured using the
arc bracket microphone array. It can be seen that during hovering, the noise generated
by the rotor was mainly in-plane noise, and its maximum value in the rotor plane with
noise sound pressure levels (SPLs) was almost the same at different azimuths. However,
the noise gradually increased with an increase in the collective angle. It is worth noting
that since the in-plane noise is related to the blade’s air discharge rate [38], the SPL and the
total pitch angle had a linear increase relationship. Figure 12 shows the SPL change at 90°
azimuth for different collective angles.
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Hovering:
collective 4° 135°

225°

-70°

dB: 64 66 68 70 72 74 76 78 80 82

(a)

Hovering:
collective 8°

300°

-70°

dB: 64 66 68 70 72 74 76 78 80 82

(©)

Hovering:
collective 6°

-70°

dB: 64 66 68 70 72 74 76 78 80 82

(b)

Hovering:
collective 10° 135°

300°

-70°

dB: 64 66 68 70 72 74 76 78 80 82

(d)

Figure 11. The changes in noise for different collective angles under non-AFC controlled hovering:
(a) 4°; (b) 6°; (c) 8%; (d) 10°.

84
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78

SPL (dB)

76
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Figure 12. The change in SPL at 90° azimuth as a function of collective angle.

3.1.2. Forward Flight

Figure 13 shows the noise distribution in forward flight (0° lean-back angle) without
AFC control. Unlike hovering, although the in-plane noise is still very high, the sound
pressure level is higher below the oblique region. On the other hand, since the relative
inflow velocity on the advancing sides of the blades is greater than that on the retreating
sides, the corresponding aerodynamic noise is also significantly greater there than that on
the retreating sides, and the difference Is more pronounced at larger speeds.
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Forward flight:
V=16 m/s

u=0.126
2702
300°

dB: 72 73 74 7576 77 78 79 80 81 82 83 84 85 86

225° 135°

90°
60°
0°

-70°

(a)

Forward flight:
V=20 m/s

225" 1= 0.158

300°

-70°

dB: 72 73 74 7576 77 78 79 80 81 82 83 84 85 86

(c)

Forward flight:
V=18 m/s

u=0.142
270
300°

dB: 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

225°

-70°

(b)

Forward flight:
V=22 m/s

225 =0.174

300°

dB: 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

(d)

Figure 13. The changes in noise for different velocities under non-AFC controlled forward flight:
@V=16m/s;(b) V=18m/s;(c) V=20m/s;(d) V=22 m/s.

Figure 14 shows the noise variation for 3P/240° at different inflow speeds. Although
the distribution of noise change is slightly different, a noise reduction effect is found in most
regions. Moreover, since the aerodynamic force generated by the winglets increased with
the incoming flow velocity (advance ratio, u = 0.095 ~ 0.15), the maximum noise reduction
value increased. In other words, at this kind of medium speed, the noise reduction effect of
AFC control increased with an increase in the rotor advance ratio.

Forward flight:
225° 3P/240° 13850
V=12 m/s

dB:. 2 -16-12-08-04 0 04 08 1.2 1.6 2

Forward flight:
225° 3P/240° 1350
V=15 m/s

dB:. -2 -16-12-08-04 0 04 08 1.2 16 2

Forward flight:
225° 3P/240° 135°
V=19 m/s

dB: -2 1.6-1.2-08604 0 04 08 1.2 16 2

(a)

()

Figure 14. Contours of SPL change from the baseline under forward flight, 3P/240°: (a) V =12 m/s;

b)V=15m/s;(c) V=19 m/s.
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[ [

Lean—back angle 2°
5° 135°

3.1.3. Oblique Descent

Figure 15 shows the noise distribution of the rotor without AFC control when the
lean-back angle changed from 2° to 6° at 19 m/s. This set of tests shows that the rotor
descending rate became larger as the lean-back angle increased until more obvious BVI
noise was generated. It can also be observed that the noise around the rotor increased with
an increase in the lean-back angle. The change was more significant when the lean-back
angle changed from 2° to 5°. However, in the case of extreme lean-back angles (such as
5° to 6°, when the BVI interference was removed from the most intense state), the noise
changed more slowly. In general, as the lean-back angle increased, the in-plane noise
increased. As in forward flight, the noise generated by the advancing side was greater than
that generated by the retreating side.

Lean-back angle 3° Lean—back angle 4°
225° o 225° 135°

e

[T [ [ |

dB: 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 dB: 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 dB: 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

(@)

Lean—back angle 5°
225°

[ [

dB: 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

(b) (©)

- Lean—back angle 6°

135° 135°

[T [ |

dB: 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

(d) (e)

Figure 15. The changes in noise for different lean-back angles under non-AFC controlled descent,
V =19m/s: (a) 2°; (b) 3°; (c) 4°; (d) 5°; (e) 6°.

Figure 16 shows the noise reduction condition under AFC control for oblique descent
with different lean-back angles. The control frequency was 4P, and the vertical force
coefficient of the rotor for 5° and 6° was 0.012, while for 7°, it was 0.015 (the difference
being caused by the lean back of the rotor with the incoming flow velocity fixed). Under the
control phase shown in the figure, the noise reduction effect is achieved over a wide range.
Still, the maximum noise reduction value and regions were quite different for different
control phases. In addition, the noise reduction at 6° was greater than at 5°. In the 7°
state, the noise reduction at 60° was better than that at 6°, but the 90° control phase was
worse. The possible reason is that when BVI occurred, the tip vortex approached the blade
from different sides above and below, which made a difference in the noise reduction
performance for the same control frequency and phase. In conclusion, the noise reduction
condition during oblique descent increased as the lean-back angle (oblique descent) became
larger in a certain range. Yet, at the same time, the noise reduction effect under the same
control phase was also affected by the lean-back angle (oblique descent rate).
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Lean-back angle 5°

225 Cw=0.012, 4P,/55° o050 Lean—back angle 5°

Cw=0. 012, 4P/90°

dB: -2 1.2 0.4 0.4 1.2 2 dB: -2 1.2 0.4 04 1.2 2

(a) (b)

2050 Lean—back angle 6°

oo50 Lean—back angle 6°
Cw=0. 012, 4P/90°

Cw=0. 012, 4P/60° &%

(©) (d)

Lean—back angle 7°

205e Lean—back angle 7°
Cw=0. 015, 4P/90°

Cw=0. 015, 4P/60°

(e) (f)

Figure 16. Contours of SPL change from baseline under oblique descent for different lean-back angles
and phase: (a) 5°, Cy = 0.012, 4P/55°; (b) 5°, Cyy = 0.012,4P/90°; (c) 6°, Cyy = 0.012, 4P/60°; (d) 6°,
Cw = 0.012,4P/90°; (e) 7°, Cy = 0.015,4P/60°; (f) 7°, Cy = 0.015, 4P /90°.

3.2. The Influence of the Control Law
3.2.1. Frequency

When hovering, the noise variations under the 0° phase and different control frequen-
cies were analyzed, which are shown in Figure 17. It can be observed from the figure
that the noise distribution at different frequencies was quite different—that is, the noise
distribution under active control was directly affected by the deflection frequency. In this
case, the noise at 2P was the largest; some regions even had an apparent noise increase.
The noise for the other control frequencies was relatively small, and the noise reduction at
3P was the greatest. This is because the rotor had multiple blades, and when the order of
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the control frequency was a multiple of the number of blades, the aerodynamic change in
the rotor was the same frequency as the controlling force of the winglets, and the effect was
enhanced, although the maximum noise reduction control state needed a proper phase. A
similar phenomenon of load fluctuation was also observed by Zhou [14].

Hovering:
1P/0°

Hovering:

(a) (b)

Hovering:
3P/0°

Hovering:
4P/0°

(© (d)

Figure 17. Contours of SPL change from baseline under hovering, 0° phase with different frequencies:
(a) 1P; (b) 2P; (c) 3P; (d) 4P.

With the above control law maintained, the noise reduction result for the forward flight
was similar to that for hovering, and the effect was stronger for 3P, as shown in Figure 18.
However, unlike the hovering scenario, the noise reduction region was mainly concentrated
in the area close to the incoming flow. When the frequency was 4P, no noticeable noise
reduction region was observed.

The test for descent with a 6° lean-back angle was carried out in a similar way, as
shown in Figure 19. Noise reduction in this case had little relation to the change in deflection
frequency. Among the various frequencies, 3P still had some noise reduction effect, but the
noise reduction under 1P was the best.

3.2.2. Combination of Frequency and Phase

Figures 20 and 21 show the influence of the TEF deflection phase on the change
in the noise distribution when hovering under respective control frequencies of 2P and
3P. By comparing these two figures, it can be further confirmed that there were evident
differences in the noise reduction in the same phase for different frequencies. In addition,
for different frequency—phase combinations, there may be optimal noise reduction control
at one frequency with no noise reduction at another frequency. In fact, it may even be
increased in some regions, which is similar to the phenomenon in the SMART test [11].
However, it is worth noting that, at both 2P and 3P, increasing the phase made the noise
reduction region move gradually towards decreasing azimuth. This is because the control
phase became larger, which decreased the blade azimuth, corresponding to the TEF moving
to the same deflection angle during rotation.



Aerospace 2023, 10, 121

15 of 23

Forward flight:
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, Forward flight:
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Figure 18. Contours of SPL change from baseline under forward flight, V = 19 m/s, 0° phase with
different frequencies: (a) 1P; (b) 2P; (c) 3P; (d) 4P.

Lean-back angle 6°
225° °

135°

70°

dB: -2 -16-12-08-04 0 04 08 12 1.6 2
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Lean—back angle 6°
3P/0°

225° 135°
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dB: -2 -16-12-08-04 0 04 08 12 16 2

(b)

Lean—back angle 6°

225° 135°

dB: -2 -16-12-08-04 0 04 08 12 16 2

(d)

Figure 19. Contours of SPL change from baseline for descent, 6° lean-back angle, 0° phase, with
different frequencies: (a) 1P; (b) 2P; (c) 3P; (d) 4P.
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Hovering:

Hovering:
2P/0°

2P/60°

dB: -2 1.2 -0.4 0.4 1.2 2 dB: -2 1.2 -0.4 0.4 1.2 2
(a) (b) (c)

Hovering:
2P/90°

Hovering:
2P/120°

Hovering:
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dB: -2 1.2 -0.4 0.4 1.2 2 dB: -2 1.2 -0.4 0.4 1.2 2 dB: -2 -1.2 -0.4 0.4 1.2 2

Figure 20. Contours of SPL change from baseline when hovering, 2P with different phases: (a) 0°;
(b) 30°; (c) 60°; (d) 90°; (e) 120°; (f) 150°.

Hovering:
3P/0°

Hovering:
3P/30°

Hovering:
3P/60°

2 -70° =

dB: -2 -1.2 04 0.4 13 2 dB: -2 -12 04 0.4 13 2 dB: -2 -1.2 -04 04 12 2

(b) ()
Hovering: Hovering:
3P/120° 3P/150°

-70°

dB: -2 -1.2 0.4 04 15 2 dB: -2 -1.2 -0.4 0.4 1.2 2
(d) (e) ()

Figure 21. Contours of SPL change from baseline when hovering, 3P with different phases: (a) 0°;
(b) 30°; (c) 60°; (d) 90°; (e) 120°; (f) 150°.

Figures 22 and 23 show, respectively, the noise distribution of measurement points
under the control of 3P/forward flight and 4P/7° descending flight (V = 19 m/s). The
fundamental rule of variation with phase is still that the noise reduction region moves in
the direction of decreasing azimuth angle, which is similar to the behavior when hovering.
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Forward flight: Forward flight: Forward flight:
225° 3P/240° 135°

225° 3P/210° 135

3P/180°

90°
60°
o

-70°

dB: 2 16-12-08-04 0 04 08 12 16 2

dB: 2 16-12-08-04 0 04 08 12 16 2 dB: 2 16-12-08-04 0 04 0.8 1.2 16 2

(@) (b) ()
Forward flight: Forward flight: Forward flight:
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Figure 22. Contours of SPL change from baseline under forward flight, 3P with different phases:
(a) 180°; (b) 210°; (c) 240°; (d) 270°; (e) 300°; (f) 330°.

Lean-back angle 7° Lean-back angle 7° Lean-back angle 7°
4P/50° 135° 3 4P/60° 3 225° 4P/70°

dB: -2 -16-1.2-08-04 0 04 08 1.2 16 2 dB: -2 -16-12-08-04 0 04 08 12 16 2 dB: -2 -16-1.2-08-04 0 04 08 1.2 16 2
(a) (b) (0)
Lean-back angle 7° Lean-back angle 7° Lean-back angle 7°

4pP/80° 135° 225° 4P/100°

[ 1 ] [ 1 ]

dB: -2 16-1.2-0.8-04 0 04 08 12 16 2 dB: 2 -16-12-08-04 0 04 08 1.2 16 2 dB: -2 16-1.2-0.8-04 0 04 08 12 16 2

(d) (e) ()

Figure 23. Contours of SPL change from baseline for descent, 7° lean-back angle, V = 19 m/s, 4P with
different phases: (a) 50°; (b) 60°; (c) 70°; (d) 80°; (e) 90°; (f) 100°.

Since oblique descent was in a BVI state, further analysis of the observation points on
the V-shaped bracket was needed. Figure 24 shows how the noise changed as the phase
of the TEF changed when the control frequency ranged from 1P to 4P measured at Mic
6 of the V-shaped bracket for a 7° lean-back angle. The maximum noise reduction at the
observation points of the arc bracket was mostly 1-2 dB, the observed noise reduction
degree of the V-shaped bracket was greater than that shown in the foregoing figures, and
the maximum noise reduction was 2 dB or more except for 2P. Though noise reduction was
achieved in all phases under 3P control, the overall noise reduction effect was the best. An
even better maximum noise reduction of 3.2 dB was obtained for 4P /120° phase control.
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Figure 24. SPL (dBA) change from baseline case at Mic 6 of the V-shaped bracket with active flap
control at 0-330° phase and lean-back angle of 7°: (a) 1P; (b) 2P; (c) 3P; (d) 4P.

3.3. The Influence of Single/Dual-TEF Control

We explored the influence of TEF installation position and the effect of single and
dual-TEF control. Figure 25 shows the change in noise resulting from single and dual
TEFs when the incoming flow velocity was 18 m/s, at a 5° lean-back angle and 4P control
frequency. The outboard and dual-TEF control achieved better noise reduction than an
inboard TEF deflector alone. This has to do with the fact that the winglets were mounted
outwards in a position that made the relative incoming flow larger and the winglets caused
greater load changes. Using dual winglets also provided better noise reduction than using
a single winglet. Although the simultaneous deflection of dual TEFs could not further

improve the maximum noise reduction, it increased the noise reduction region.

For the observation point on the V-shaped bracket, the control test under a 6° lean-back
angle was also carried out. The results are shown in Figure 26. When a single inboard
TEF was deflected, the maximum noise reduction of 2.61 dB was achieved at phase 120°.
However, the maximum noise reduction effect of 3.29 dB was achieved when the phase
was 90°, with a single outboard TEF control. This also confirmed that the noise reduction
effect was better using an outboard TEF with single TEF control.

However, at a larger lean-back angle of 7°, the noise at Mic 6 of the V-shape bracket
was effectively reduced at each initial phase with dual-TEF control, and the maximum
reduction was more prominent when compared with the 6° lean-back angle, which reached
3.82 dB at the 90° phase, as shown in Figure 27.
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Figure 25. Contours of SPL change from baseline with different TEF configurations, at 5° lean-back
angle, V = 18 m/s: (a) inboard TEF only, 4P/60°; (b) inboard TEF only, 4P/120°; (c) outboard TEF
only, 4P/60°; (d) outboard TEF only, 4P/120°; (e) dual TEFs, 4P/60°; (f) dual TEFs, 4P/ 120°.

3.4. The Influence of Noise Statistical Period

In the data analysis of the AFC noise reduction effect in the hovering, forward
flight, and descent scenarios described above, the overall average processing method
was considered—a noise-processing program with a microphone acquisition of 18 s of
complete sound pressure signal as the object of analysis for a total of about 242 cycles.
Each cycle included the noise generated by three blades. Figure 28a shows the time history
of sound pressure for 2 s captured from the complete signal duration of 18 s. The sound
pressure pattern for other periods was similar. Through this method, the noise amplitude
generated over 18 s was processed by A-weighting, leading to a credible result. However,
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SPL Change from Baseline (dBA)

because of the differences in manufacturing procedures, the material distribution was not
guaranteed to be entirely consistent. Additionally, the actual blade and TEF quality, length,
installation position, and drive control deflection would be slightly different, which caused
a certain amount of uncertainty. Therefore, at some point, the noise produced by the three
blades would have specific differences, such as in the descent stage of a cycle, when two
blades generated relatively intense BVI noise. Still, the BVI noise of the third blade was
somewhat less obvious, as shown in Figure 28b.
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Figure 26. SPL (dBA) changes from baseline with different TEF configurations: (a) inboard TEF only;
(b) outboard TEF only.
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Figure 27. SPL (dBA) change from baseline case at Mic 6 and active flap control at 4P with lean-back
angle 7°, V=18 m/s.

To better understand this phenomenon, we screened and processed the complete noise
period again, to seek a state closer to that giving the ideal expected optimal control effect.
Continuous periods with small differences in the time history of noise pressure among
the three blades were given priority in data processing, and only the sound pressure data
collected during these short periods (about 0.074 s) were processed. Through screening,
the rotor noise reduction amplitude measured at each microphone on the V-shaped bracket
was found to be 3.6-6.2 dB under a 7° lean-back angle and 4P/dual-TEF control, as shown
in Figure 29. This confirmed that AFC control could effectively reduce the BVI noise and
that it provided a close-to-ideal noise reduction effect in specific positions.
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Figure 28. Time histories of sound pressure at Mic 6: (a) sound pressure in the 6-8 s time period;
(b) sound pressure generated by three blades during a period of oblique descent.
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Figure 29. Measured SPL (dBA) from the V-shaped bracket for the baseline case and with active flap
control at 4P, lean-back angle 7°, V=18 m/s.

4. Conclusions

In this study, an active control rotor with a dual-trailing edge flap was designed, and
aeroacoustic tests were carried out in the FL-17 acoustic wind tunnel. The tests measured
the rotor sound field for different flight states, deflection control laws, deflection mechanism
configurations, and other variables. The levels of rotor aerodynamic noise for different
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states and details of noise reduction behavior were obtained by filtering and analyzing the
data gathered in the tests. The conclusions can be summarized as follows:

(1) These tests successfully measured the active flap control (AFC) rotor noise and
verified the validity of the data. The corresponding original sound-pressure-filtering
algorithm could filter out the interference without destroying the noise characteristics of
the rotor;

(2) The collective and flow speed caused noticeable noise differences but had little
influence on whether noise reduction could be achieved under AFC control and had only a
small influence on noise reduction amplitude. However, decreasing flight velocity would
cause a change in the noise reduction region;

(3) Frequency and phase combinations directly affected the control effect, and the
third- and fourth-order control effects were relatively strong. At the same time, the region
where the noise was damped would move in the direction of decreasing azimuth with an
increase in the initial excitation phase;

(4) For the same control law, the noise reduction effect was greater for the outboard
trailing edge flap (TEF) control. The noise reduction controlled by dual TEFs was better
than that under the control of a single TEF;

(5) The test data showed that the use of AFC could effectively reduce BVI noise by
using the continuous periodic processing method, with the results showing little difference
between the blades, and a maximum noise reduction of 6.2 dB could be achieved.
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