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Abstract: The high level of noise in helicopter cabins considerably compromises the comfort and
safety of the pilot and passengers. To verify the feasibility and effectiveness of microperforated panel
composite sound absorption structures for noise suppression in helicopter cabins, simulation and
experimental studies were conducted on a model of a light helicopter cabin. First, three microper-
forated composite sound absorption structures for the helicopter cabin wall panel were designed.
Then, a finite element model of the main gear/body acoustic vibration coupling was established
to obtain the target frequencies of the microperforated composite sound absorption structures; the
acoustic effect was verified via simulation. Finally, a model helicopter cabin equipped with the
three microperforated composite sound absorption structures was built, and a cabin noise test was
performed. The test results showed that the combined microperforated panel acoustic structure
and microperforated panel-porous material composite structure realized an overall cabin sound
pressure level attenuation of 8-10 dB, on average, in a wide frequency range of 500-2000 Hz, with
an amplitude of more than 20 dB. The microperforated panel-acoustic supermaterial composite
structure achieved low-frequency sound absorption in the frequency range of 300-450 Hz. The sound
absorption effect reached 50%, and it also exhibited good noise reduction effects in the middle- and
high-frequency bands.

Keywords: helicopter; cabin noise reduction; microperforated panel; composite acoustic structure;
sound field analysis; acoustic metamaterials

1. Introduction

Helicopter cabin noise is highly complex, comprising noise generated from a variety
of sources, including aerodynamic noise caused by the rotor system, transmission system,
engine, and other components [1]. The main gearbox is a key component of the helicopter
transmission system, and the impact excitation generated by gear meshing causes structural
vibrations and induces cabin noise, whose frequency is usually in the range of 200-2000 Hz.
This noise has a high sound pressure level covering the sensitive range of human ear
hearing, resulting in cabin noise levels exceeding 95 dB and even reaching 110 dB in many
helicopter models [2]. Therefore, the noise generated by the main gear is one of the key
factors limiting the development of new helicopters [3].

Figure 1 depicts the cabin noise spectrum of an S-76 helicopter cabin [4,5]. Clearly,
the helicopter cabin noise is mostly medium-high-frequency line-spectrum noise with
multiharmonic, multifrequency, and high-level characteristics. Currently, helicopter cabin
noise control is mainly based on the addition of porous sound-absorbing materials, hon-
eycomb structures, and damping materials to the cabin wall sandwich to reduce sound
energy propagation through vibration isolation and sound absorption techniques [6,7].
Two helicopter cabin wall panel structures are illustrated in Figure 2. As can be seen, the
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helicopter nacelles typically have a semi-thin-walled structure consisting of an external
skin and longitudinal and transverse skeletons. Some civil helicopter models are equipped
with interior panels, and their air-back cavities are often filled with sound-absorbing cotton
and foam for acoustic treatment. This type of material has limited ability to control low-
and medium-frequency noises and has a large additional mass, which affects the overall
performance of the helicopter to some extent [5].
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Figure 1. Noise spectrum of an S-76 helicopter cabin.
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Figure 2. Helicopter cabin wall panel structure. (a) Model 1. (b) Model 2.

Sound absorption and isolation methods are easy to implement, and the noise reduc-
tion effect is stable; hence, almost all helicopter manufacturers are currently using such
methods. However, these methods have certain limitations, including large additional
weights and poor low-frequency effects. In recent years, a new type of acoustic structure,
called the microperforated panel (MPP) sound absorption structure, has been developed.
It has the advantages of good sound absorption, a simple structure, and low weight com-
pared with traditional acoustic structures or materials [8]. The MPP structure has been
widely used in the fields of building and road construction [9-13]; however, thus far, its
application in helicopters has rarely been studied. To reduce the linear-spectrum noise in
the helicopter cabin caused by the gear meshing of the main gearbox, the original structure
can be modified using the air-back cavity and by converting the interior trim panel into an
MPP [14]. This strategy can not only reduce the noise but also meet the size and weight
requirements of the helicopter. Models without interior panels can be retrofitted with MPPs
to form a microperforated acoustic structure, which can effectively suppress cabin noise
and satisfy the weight requirements.
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According to the Helmholtz resonance principle, the sound absorption characteristics
of a microperforated plate acoustic structure exhibit a single resonance peak. If used for
noise reduction in helicopter cabins, the sound absorption band of the MPP structure
will need to be broadened. The sound absorption band is mostly concentrated in the
zones of middle and high frequency; the low-frequency noise suppression effect of the
structure is not significant and cannot meet the requirement for noise reduction in helicopter
cabins. At present, most of the domestic and international research on sound absorption
and insulation materials still remains in the research stage of a single material, and it is
difficult to achieve a good noise reduction effect in the wide band. Therefore, efficient new
composite materials [15-18] are one of the trends of future development. Hence, this study
proposes three composite MPP acoustic structures for noise reduction in helicopter cabins,
namely, a combined MPP acoustic structure (hereinafter referred to as the Combined MPP),
an MPP-porous material composite structure (hereinafter referred to as MPP+Porous), and
an MPP-acoustic supermaterial composite structure (hereinafter referred to as MPP+PAM),
whose basic configurations are shown in Figure 3. The combined MPP consists of parallel
MPPs with different properties, aiming to absorb multilinear-spectrum, high-level noise
and broaden the absorption band. The MPP+Porous structure modifies the original interior
panel for acoustic treatment through an installed MPP, filling the back cavity with porous
acoustic materials to broaden the absorption band. The MPP+PAM combines an MPP and
acoustic supermaterial of the thin plate type placed in the back cavity to suppress the noise
in the middle- and low-frequency bands.
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Figure 3. Schematic of the three MPP composite sound absorption structures: (a) Combined MPP;
(b) MPP+Porous; (c) MPP+PAM.

This study takes helicopter cabin noise control as its research problem, focusing on
noise in the middle- and high-frequency bands of the multilinear spectrum caused by gear
meshing of the main gear reducer, and investigates the feasibility and effectiveness of using
MPP composite sound absorption structures for noise suppression in helicopter cabins.
The remainder of this paper is organized as follows. Section 2 establishes the mathematical
models of the absorption coefficient equations of the combined microperforated plate
acoustic structures. Section 3 describes the simulation of the sound field in a model of
a helicopter cabin equipped with microperforated plate composite acoustic structures.
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Section 4 presents the experiments on the sound field in the helicopter cabin model with the
application of the microperforated plate composite acoustic structures. Finally, Section 5
concludes the paper.

2. Methodology

Figure 4 displays a schematic of the MPP acoustic structure for noise reduction in
the helicopter cabin. The sound absorption structure mainly consists of a microperforated
plate, an air-back cavity, and the external skin of the nacelle. Because the microperforated
plate acoustic structure is not sensitive to material properties, to reduce the weight, a thin
plate of polymer material with microperforations is used. The air-back cavity and rigid skin
wall plate, with a certain thickness at the rear, constitute the microperforated plate acoustic
structure. The following concepts, based on the transfer matrix method combined with the
series—parallel relationship, establish three MPP composite sound absorption structures for
the sound absorption characteristic model.

MPP

/ - Horizontal
skeleton

— External skin

Longitudinal skeleton

Figure 4. Schematic of the MPP acoustic structure for helicopter cabin wall panels (the perforations
are enlarged for illustration).

2.1. Mathematical Model of the MPP

The transfer matrix of a microperforated plate [19,20] M is:

wlp %
and its acoustic impedance rate can be expressed as:
Zy = ppc(r1 + jomy) @
The transfer matrix of the air back cavity C is given by:
cos(wD1/c)  jpcsin(wD1/c)
- LJC sin(wDy/c)  cos(wD1/c) ®)
where Dj is the depth of the air back chamber.
The transfer matrix of the MPP is as follows:
IT, = MC = [gz giﬂ )

Because the terminal surface of the acoustic structure is a rigid wall plate, the acoustic
impedance of the MPP can be obtained as:

[T
7 = 124 5
[1n ©)
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The reflection coefficient R is as follows:
R— Z — pc
Z + pc

(6)

The absorption coefficient of the MPP under the conditions of positive sound wave
incidence « is:
a=1-|R? )

2.2. Mathematical Model of the MPP+Porous Structure
Based on the sound absorption mechanism of porous sound-absorbing materials, the

Johnson—Champoux—Allard model is chosen to describe the sound absorption coefficient
of the material. The transfer matrix of a porous sound-absorbing material P is:

B l cos(kpDp)  jsin(kpDp)

. 8
J-sin(kyDy)  cos(kyDy) ®

where k, and Z, are the wave number and characteristic impedance of the porous material,
respectively, which are calculated as follows:

kp—w”m )

Zp =/ p(w)K(w) (10)

where p(w) and K(w) are the effective density and bulk modulus of the porous material,
respectively, which are expressed as:

_awpo|, . o9 | 4eZpowr]
plw) = 9 [1 ]tkoopow T+ 22 N2 (11)

7 -1

PO ’)/—1

K(w) = L0y - (12)
¢ . 8y 1+ -prPyA’2
]wPOPrA,Z ] 16y i
Here,

1 1

1,8a07 .2 1 8acy. 2
A=) = 22 (13)

o) b o

where a., is the curvature factor, ¢ is the flow resistance, ¢ is the porosity of the porous
material, 7 is the dynamic viscosity of air, vy is the specific heat capacity ratio of air, Py is
the static pressure of air, P, is the Prandtl number of air, b is the cross-sectional shape factor
of the pores, V' is the scale factor of the pores, and A and A’ are the viscous and thermal
characteristic lengths, respectively.

The porous material used in this study was melamine sponge, which is an open-cell
porous foam acoustic material with an excellent sound absorption performance and is
widely used in aircraft adiabatic insulation materials, payload racks, and the mufflers of
the International Space Station. It has a good suppression effect on cabin noise, and its
relevant parameters are listed in Table 1.

Table 1. Parameters of melamine sponge.

Parameters o (N-s-m-4) ¢ Koo A (um) A’ (um)
Numerical value 10,500 0.995 1.0059 240 470
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The transfer matrix of the MPP+Porous structure is:

Iy le]
I, = MP = 14
b {Hzl Iy, 14

The absorption coefficient can be obtained by substituting the values into Equations (5)~(7).

2.3. Mathematical Model of the MPP+PAM

The acoustic absorption mechanism of a thin-plate acoustic metamaterial is primarily
based on the principle of local resonance, serving to achieve the total absorption of a
certain frequency of acoustic waves. In this study, the thin-plate acoustic metamaterial
was composed of a rectangular aluminum thin plate and a small cylindrical iron block,
whose individual metamaterial structure is depicted in Figure 5. The following derivation
of the absorption coefficient of this composite structure is based on the modal superposi-
tion method.

| A

0 X
Figure 5. Schematic of the thin-plate acoustic metamaterial.

The transfer matrix of the PAM is:

1 Z
N—[O P{‘M} (15)

where Zpay, is the impedance rate of the PAM.

A mass block with the dimensional diameter R;;ss is attached to the thin plate. In
the Cartesian coordinate system, the coordinates of the center of the mass block circle are
assumed to be (xg, 1), and the equation of the vibration motion of the thin plate with the
mass block attached is:

2 2
ps% + pmassHaaTzzv + DViw = Zpine]“’t - Zpocoaa—zf (16)
where 55 is the surface density of the mass block, p;, is the amplitude of the incident
acoustic wave, H is the characteristic impedance of air, and pgcy is the combination of four
step functions characterizing the impact of the mass block equation. For the position of the
mass block to take 1, and the other positions of the thin plate to take 0, the expression is:

H = [H(x = x0) = H(x = x0 = R/2)] - [H(y — yo) = H(y —y0 — R/2)] (17)

The vibration displacement of a thin plate can be expressed as:

M
w(x,y,t) = 21 P (%, Y)qm (1) (18)
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where m is the modal number, ¢, (¥, y) is the modal type function of each order for a thin
plate under fixed constraints, and g, () is the generalized coordinate corresponding to the
modal type function of each order. Here,

¢m(x,y) = 2sin(kyx) sin (kyy) (19)

Gm(t) = Zimejwt (20)

Substituting Equation (20) into Equation (18), multiplying by the orthogonal modal
function ¢, (¥, y), and integrating over the surface of the thin plate, we obtain:

N
_szmqm —w? Z Qm,ni]vm + Kmﬁm + Em;]vm =2piyHm — ].CUDm;]vm (21)

n=1

Equation (21) can be expressed as a matrix using the expression:
—w? [Mp]7 — w?[QI7 + [K]7 + [E) + jw[D]q = 2pinL (22)

where [M,] is the sheet mass matrix, [Q] is the additional mass matrix, [E] is the damping
matrix with a damping factor of 0.15, [K] is the sheet stiffness matrix, [D] is the flexural
stiffness matrix, and L is the nodal displacement.

The modal migration matrix [Y] can be expressed as:

jw

Y= [M,] — «2[Q] + [K] + [D] + jw[E]

(23)

The amplitude of the structural vibration velocity of the PAM at the vertical incidence
of the acoustic wave is:
V=Y X (2piLm) (24)

The average structural vibration velocity of the PAM is:

A B

_ 1 1 7

U_E//U(x'y)dydx_ABH 1% (25)
00

The impedance of the PAM is the ratio of the sound pressure difference between the
two sides of the structure to the average vibration velocity of the structure, which can be
expressed as:

Zpam = % (26)
The transfer matrix of MPP+PAM is:
_ _ [IIn IIyp
I1. = MC;NGC, = {Hm Ty (27)

The absorption coefficient can be obtained by substituting the values into Equations (5)~(7).

2.4. Design Parameters

Based on the number of teeth and speed calculation, it was concluded that the internal
gear meshing frequencies of this main reducer were 360 Hz and 900 Hz, and it produces
harmonic frequencies at 720 Hz, 1080 Hz, 1440 Hz, and 1800 Hz. Considering the small
space inside the nacelle and convenience of subsequent processing, the thickness of the
MPP was selected as 1 mm, and the depth of the air-back cavity was set as 20 mm. Therefore,
for the Combined MPP, one only needs to consider the perforation rate and aperture of
the two MPPs. The design resonant frequencies corresponded to 900 Hz and 1440 Hz, and
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the design sound absorption bandwidth was 500-2000 Hz. The design parameters of the
Combined MPP are listed in Table 2.

Table 2. Combined MPP design parameters.

Structure Parameters Numerical Value Parameters Numerical Value
Combined MPP Pore size d; 0.40 mm Perforation rate p; 2.88%
Pore size d; 0.57 mm Perforation rate p, 0.94%
Plate thickness t 1.00 mm Dorsal cavity depth D 20 mm

The porous acoustic material was melamine acoustic sponge, and its basic acoustic
parameters are described in Section 2. Here, we only need the MPP parameters for the
design. The design resonant frequency was 900 Hz, and the design acoustic bandwidth
was 500-2000 Hz. The design parameters of the MPP+Porous structure are listed in Table 3.

Table 3. MPP+Porous structure design parameters.

Structure Parameters Numerical Value Parameters Numerical Value
MPP+Porous Pore size d 0.52 mm Perforation rate p 1.11%
Plate thickness ¢ 1.00 mm Dorsal cavity depth D 20 mm

Note: For the melamine sponge parameters, refer to Table 1.

In the MPP+PAM, the design of a single cell of a thin-plate acoustic metamaterial was
first performed. As the boundary state of the thin-plate acoustic metamaterial affects the
modal characteristics of the resonant system, a clamping device, consisting of two frames
of the same size at the top and bottom, was used to fix it, as depicted in Figure 6.

Fixed clamping

PAM

Figure 6. Schematic of the PAM clamping device.

The main parameters of the MPP+PAM included the microperforated plate parameters,
relevant parameters of the thin plate and mass block, and depth of the air-back cavity
before and after the thin plate. The design resonance frequency was 360 Hz, and the design
absorption bandwidth was 300400 Hz. The design variables and ranges of the values for
the MPP+PAM are listed in Table 4.

Table 4. MPP+PAM design parameters.

Structure Parameters Numerical Value Parameters Numerical Value
MPP+PAM Pore size d 0.53 mm Perforation rate p 0.96%
Depth of cavity in front Depth of cavity behind
of thin plate Dy 10 mm thin plate D, 10 mm
Thin plate thickness tp 0.2 mm Thin plate length B 50 mm

Based on the three composite acoustic structure design parameters, the calculated
absorption coefficient curves of the various composite acoustic structures in the frequency
range of 0-2000 Hz were plotted, as shown in Figure 7.
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Figure 7. Sound absorption coefficient curves.

As can be seen in Figure 7, the optimized structure exhibits good sound absorption at
the designed resonant frequency and in the target frequency band. Under the condition
of the positive incidence of sound waves, the peak absorption is close to 1, which is
equivalent to the performance of “perfect sound absorbers”. The combined MPP and
MPP+Porous have absorption coefficients greater than 0.5 in the 700-1400 Hz range. In
contrast, the MPP+PAM produces three absorption peaks through the mutual coupling
of the microperforated plate and acoustic metamaterial owing to the introduction of new
absorption peaks at low frequencies in the thin plate-mass block system. At the middle and
high frequencies, the fourth-order modal resonance of the thin plate-mass block system
coupled with the MPP forms a double absorption peak, but the absorption bandwidth
becomes narrower. It can be observed that the MPP+PAM achieves acoustic absorption at
specific frequencies in the low-frequency band compared with the conventional resonant
structure, while retaining the broadband absorption performance of the microperforated
plate and thin plate vibration in the middle- and high-frequency bands.

3. Experiment

To further verify the noise reduction effects of the microperforated plate acoustic
structures on the helicopter nacelle, experimental studies were conducted in a model
helicopter with a complete power unit, transmission system, and fuselage structure.

3.1. Test System

The sound field test system in the cabin of the model helicopter is depicted in Figure 8,
and the magnetic powder brake and other measurement and control hardware parameters
are listed in Table 5. The test system scheme mainly consisted of the model helicopter,
simulated cabin, and measurement and control subsystem. The MPP composite sound
absorption structure was installed at the interior trim panel, replacing the original wall
panel, and the vibration and noise levels were measured and analyzed before and after
installation of the composite acoustic structure.

Table 5. Test system equipment models and their parameters.

Equipment Mode
Magnetic powder brake PB-B2-0.6
Acceleration sensor LC0119

Microphone 378B11
Signal conditioner CM3508

Data collector NI USB6343
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Magnetic Powder Brake

'S

imulated fuselage

Computer

Signal
Conditioner

Figure 8. Model helicopter test system.

To facilitate the installation and removal of the MPP composite sound absorption struc-
ture, the simulated cabin was divided into six independent double-layer plate structures
using fasteners to connect the plates. The interior trim plate was removable to facilitate
the installation of the MPP. The back cavity behind the plate was used to fill the porous
material and thin-plate-type acoustic supermaterial. The design diagram and physical

drawing are displayed in Figure 9.

(@ (b)

(0 (d)

Figure 9. Physical diagram of the simulated cabin and sample structure. (a) Design diagram.
(b) Physical diagram (Combined MPP). (¢) Physical diagram (MPP+Porous back cavity). (d) Physical

diagram (MPP+PAM back cavity).
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Based on this test system, the operating speed of the motor was set to 900 rpm, and
the operating torque of the magnetic powder brake was 6 N-m. A single-axis acceleration
sensor was mounted on the main gearbox housing to obtain the main gearbox vibration
load spectrum, and four microphones were placed at typical cabin locations to measure the
cabin noise level. Microphones 1 and 2 corresponded to the front and co-pilot positions,
respectively, whereas microphones 3 and 4 corresponded to the occupant positions. The
actual installation positions of each sensor are depicted in Figure 10. The three microperfo-
rated composite sound absorption structures and original wall panels were installed in the
simulated cabin for testing, and the vibration levels of the main gear housing and sound
field in the simulated cabin were measured.

Acceleration
sensor

(b)

Figure 10. Measuring sensor mounting position. (a) Acceleration sensor. (b) Microphones.

3.2. Vibration Level Test Results

The measured acceleration spectrum in the 0-2000 Hz frequency band of the main
reducer housing is shown in Figure 11. In the target frequency band of 500-2000 Hz, the
gear meshing frequencies and their harmonic frequencies generated by the main reducer
are mainly distributed at 360, 540, 720, 900, 1080, 1350, 1440, and 1800 Hz. In addition to the
harmonic components in the design scheme, other frequency components, such as those at
540 Hz and 1350 Hz, also exist; these are crossover and multiplication components owing
to gear wear, clearance, and other nonlinear factors.

0.7
Lo ]
2 0.6
= 540R; D00z ]
i 1080Hz
= 04f .
5 1350Hz
® 0.3 720Hz -
S0
e 0.2F E
e 5an 1800Hz
<

0 bl !

0 500 1000 1500 2000

Frequency/Hz

Figure 11. Main reducer housing acceleration response spectrum.
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3.3. Cabin Noise Test Results
3.3.1. Time Domain Analysis

The measured sound pressure values of microphones 1-4, situated at their typical
positions in the 0-2000 Hz range in the cabin for 0-15 s, for the three separately installed
microperforated plate composite acoustic structures are displayed in Figures 12-14. As
shown, the sound pressure values at the typical positions in the cabin for all three structures
show significant attenuation, and the attenuation effects of microphones 1 and 2 are
generally better than those of microphones 3 and 4, which may be due to the closer
proximity of microphones 3 and 4 to the noise source.

To reflect the attenuation effect more intuitively, the sound pressure value was con-
verted to SPL using the following equation:

SPL = 2010g(%)dB (28)
0

where P, and Py are the RMS and standard values of the sound pressure, respectively, and
Py =2 x 1072 Pa.

In the range of 0-2000 Hz, the SPL at the typical position in the cabin where the Combined
MPP was installed was attenuated by 2—4 dB. Considering the design frequency range of the
Combined MPP, the SPL at the typical position in the range of 500-2000 Hz was obtained using
band-pass filtering. In this frequency range, the SPL at each microphone position was attenuated
by 9.2 dB on average, which is equivalent to a noise reduction effect of approximately 65%.

In the range of 0-2000 Hz, the SPL at the cabin location where the MPP+Porous
structure was installed was attenuated by 2-3 dB. Considering the design frequency range
of the MPP+Porous structure, the sound pressure signal in the range of 0-2000 Hz was
band-pass-filtered, and the SPL at the typical location in the range of 500-2000 Hz was
obtained. In this frequency range, the SPL at each microphone position was attenuated by
8.1 dB on average, equivalent to a noise reduction effect of approximately 61%.

Original
Combined MPP

Original
Combined MPP

Sound pressure/Pa
o

-2
-3
-4
5 10 15 0 5 10 15
Time/s Time/s
(@) (b)
. 4 .
o
Original o 3r Original
Combined MPP o 2t Combined MPP
? 1
%)
00
a
o -1
35l
33
4 . .
0 5 10 15
Time/s Time/s
(0) (d)

Figure 12. Sound pressure values at typical locations in the cabin (Combined MPP). (a) Microphone
1. (b) Microphone 2. (c) Microphone 3. (d) Microphone 4.
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Figure 13. Sound pressure values at typical locations in the cabin (MPP+Porous). (a) Microphone 1.
(b) Microphone 2. (c) Microphone 3. (d) Microphone 4.
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Figure 14. Sound pressure values at typical locations in the cabin (MPP+PAM). (a) Microphone 1.
(b) Microphone 2. (c) Microphone 3. (d) Microphone 4.

In the range of 0-2000 Hz, the SPL at the cabin location where the MPP+PAM was installed
was attenuated by 4.7 dB on average (a noise reduction effect of approximately 42%), because
the noise at the engagement frequency of the low-frequency band was effectively controlled.

In summary, all the microperforated plate composite acoustic structures exhibited
satisfactory noise suppression effects in the target frequency range.
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3.3.2. Frequency Domain Analysis

The Fourier transformation of the sound pressure signal in the range of 500-2000 Hz
was performed to obtain the SPL spectra at four typical locations in the cabin. To analyze
the noise reduction effect in the cabin more intuitively, the SPLs measured at the four
typical locations were averaged, and the overall SPL spectrum in the cabin was obtained,
as shown in Figures 15-17.
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Figure 15. Comparison of the overall noise in the cabin before and after the installation of the
Combined MPP. (a) Original. (b) MPP.
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Figure 16. Comparison of the overall noise in the cabin before and after the installation of the
MPP+Porous structure. (a) Original. (b) MPP.
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Figure 17. Comparison of the overall noise in the cabin before and after the installation of the
MPP+PAM. (a) Original. (b) MPP.
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Observing the frequency response curve in each figure, the following can be observed:

1.  Compared with the original wall panel, the three structures evidently attenuate the
cabin SPL in the range of the resonance peak and its nearby frequency band, with a
maximum attenuation greater than 20 dB.

2. Owing to the influence of the diffusion sound field, a new sound absorption band
is formed, and the SPL with the three structures is attenuated by 10 dB, on aver-
age, over a wide frequency range of 1300-2000 Hz. The overall cabin noise level is
effectively controlled.

3. The MPP+PAM attains a significant cabin SPL attenuation in the range of 300-450 Hz,
with an average noise reduction effect of 45%. It also achieves a good low-frequency
sound absorption effect and maintains satisfactory broadband noise reduction effects
in the middle- and high-frequency bands.

4. Compared with the sound absorption performance of the ordinary MPP, those of the
three structures are optimized to a certain extent. The Combined MPP substantially
improves the sound absorption performance in the 600-1100 Hz and 1400-1800 Hz
ranges. The MPP+Porous structure enhances the sound absorption performance in
the range of 600-1200 Hz. The reason for the weak optimization effect of the porous
material here is that this material needs to have a certain thickness to obtain the best
sound absorption performance. After coupling with the MPP, the sound absorption
performance is only significantly optimized near the resonance frequency. The sound
absorption performance of the MPP+PAM is considerably improved in the 300-450,
600-900, and 1600-1800 Hz ranges.

The Combined MPP and MPP+Porous structure target middle- and high-frequency
band noise. The Combined MPP is suitable for multiline spectrum middle- and high-
frequency noise scenarios with restricted use space; however, the processing difficulty of
multiple perforations is high. The MPP+Porous structure is appropriate for single-line-
spectrum noise scenarios with larger use space. It has a simple process and lightweight
material and can also be used with the Combined MPP if the sound absorption band needs
to be broadened. The MPP+PAM is suitable for broadband noise scenarios; however, it
is expensive and difficult to process, considering the additional weight of the fixtures,
preparation of the thin plates and mass blocks, and other constraints.

In summary, the three proposed MPP composite sound absorption structures meet the
design requirements and can effectively reduce the cabin noise level according to different
target frequency bands, with good broadband noise reduction characteristics.

4. Simulation
4.1. Simulation Object

To conduct a simulation study of the sound field in the cabin of the model helicopter,
the nacelle of the helicopter was selected as the simulation object. Figure 18 illustrates the
nacelle structure of the model helicopter, whose fuselage length, width, and height are 2065,
580, and 564 mm, respectively. The model was designed based on a light helicopter shape
and reducer arrangement. The fuselage structure was supported by the landing gear and
fixed on the table structure. To reduce the processing difficulty, the nacelle was simplified
into a polyhedral configuration, and the MPP was fixed on the helicopter nacelle wall
plate, leaving an air-back cavity of appropriate thickness. Porous materials and acoustic
supermaterials were introduced to form a composite acoustic structure. By designing
reasonable structural parameters, the resonant frequency and sound absorption band of the
composite MPP acoustic structure were adjusted to obtain a better noise-reduction effect.

4.2. Main Reducer Vibration Source Simulation

A dynamic model of the main gearbox was established to simulate the noise in the
helicopter cabin caused by the main gearbox more realistically. Based on the physical
parameters of the main gearbox in the cockpit of the model helicopter, the main gearbox
dynamic model was constructed using finite element software, as shown in Figure 19.
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The length, width, and height of the main gearbox model were 250, 160, and 180 mm,
respectively. The internal gearbox included two pairs of gears, with 60 and 32 teeth for
the main wheel and 80 and 40 teeth for the driven wheel and a transmission ratio of 4/3.
In the simulation process, the acceleration of the hinged joint of the input shaft is set to
simulate the loading of the motor, the process of the hinged joint of the output shaft is set
to simulate the loading of the motor, and the reaction torque of the rotor is set as “fixed
constraints” at the bottom four corners of the shell.

Simplified
cabin

¢

Micro perforated panel
composite sound absorption
structure

Figure 18. Schematic of the model helicopter.
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"

< \\i |
_ Measurement point
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Angular velocity

Figure 19. Main reducer dynamic model.

In the multibody dynamic physical field, the transient response of the main reducer
dynamic model was calculated, and a measurement point on the outer casing of the
primary active wheel was selected to derive the average acceleration response curve in
the frequency range of 0-2000 Hz on the main reducer casing, as displayed in Figure 20.
When the power input shaft speed was 900 rpm, the gear meshing frequencies and their
harmonic frequencies generated by the main reducer in the frequency range of 0-2000 Hz
were mainly distributed at 360, 720, 900, 1080, 1440, and 1800 Hz, which indicates that the
main gear dynamic model can better simulate the vibration excitation environment of the
main gear of the helicopter.

Furthermore, the main gear model was combined with the nacelle model through the
spar. The dynamic response of the model nacelle was then simulated and calculated in
the multibody dynamic physical field under the condition of the main gear’s vibration
excitation, which was used for the subsequent acoustic field simulation calculation of the
pressure acoustic physical field. The grid used in the model was a free tetrahedral grid cell.
Because the maximum frequency of the analysis in this study was 2000 Hz, the grid cell
size could be no larger than one-sixth of the wavelength. Therefore, the size of the grid cell
was set to 28 mm, and fixed constraints were applied to the bottom of the landing gear. The
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main gear input shaft speed was set to 900 rpm, and the main gear output shaft torque was
6 Nm. Figure 21 shows the geometric model and its meshing.
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Figure 20. Average acceleration frequency response curve of the main reducer housing.

Main reducer

Cabin

(a) (b)
Figure 21. Finite element model of the helicopter. (a) Geometric model. (b) Finite element mesh.

4.3. Model Cabin Sound Field Simulation

In this study, three MPP acoustic structures for noise reduction in the cabin of a model
helicopter were developed. For comparison and verification, cabin sound field simulations
were carried out for two cabin wall panels with and without MPP acoustic structures to
obtain the sound pressure level (SPL) distribution in the cabin and analyze the cabin noise
reduction characteristics of the MPP acoustic structures.

Based on the vibration response of the wall plate under real gear meshing conditions
obtained from the vibration source’s simulation, the vibration acceleration responses of the
back and bottom plates of the nacelle were used as the noise radiation source in the acoustic
pressure field, employing a generalized stretching operator that mapped the values from
the source end to the target end. Figure 22 illustrates the nacelle simulation model, where
the helicopter nacelle consists of an external skin, an interior trim panel, and back and
bottom plates as radiation sources. Four spherical domains within the model were used
to simulate the human ear position of the occupants and thus measure the noise signal at
typical locations within the cabin. The noise reduction characteristics of the cabin equipped
with the microperforated composite acoustic structure on the interior panel were analyzed
by comparing the two cases with the original wall panel.

Through a pressure acoustic frequency domain simulation analysis, the SPL data of
four typical measurement points in the cabin were acquired, and a weighted average was
calculated to obtain the average SPL frequency response curve, as displayed in Figure 23.

As shown in Figure 23, the average SPLs of the four measurement points in the cabin,
after installing the composite microperforated plate acoustic structures, are attenuated to
different degrees in the target frequency band range. Among them, the average SPL in
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SPL/dB

SPL/dB

the cabin with the Combined MPP (Figure 23a) is significantly attenuated in the frequency
ranges of 500-1000 Hz and 2300-2000 Hz. The attenuation values are 10.9, 24.9, 7.2, and
10.4 dB at the four engagement frequencies of 720, 900, 1080, and 1440 Hz, respectively.
The average SPL in the cabin with the MPP+Porous structure (Figure 23b) is substantially
attenuated in the 500-1000 Hz and 2300-2000 Hz bands, with 15.3, 24.1, 6.4, and 11.9 dB
attenuation at the four engagement frequencies of 720, 900, 1080, and 1440 Hz, respectively.
The average SPL in the cabin with the MPP+PAM (Figure 23c) is considerably attenuated in
the frequency ranges of 350-500, 2300-1500, and 1700-2000 Hz, with 4.3, 23.4, and 11.3 dB
attenuation at the three engagement frequencies of 360, 900, and 1440 Hz, respectively. The
three MPP composite sound absorption structures controlled the cabin noise in the target
frequency range to a satisfactory degree.
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-
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Figure 22. Cabin geometry model. (a) Noise measurement points. (b) Interior trim panels.
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Figure 23. Average SPL frequency response curve in the cabin equipped with different MPP com-
posite sound absorption structures (compared with the original wall plate). (a) Combined MPP.
(b) MPP+Porous. (¢) MPP+PAM.

Comparing the experimental and simulation prediction results, it is not difficult to
find that there are certain differences. The main reason for the error is that the simulation
only considers the structural sound transmission and ignores the air sound transmission,
while both exist simultaneously in the test. However, the trend of the overall SPL frequency
response curves in the simulation and test results are basically the same, and the peaks and
valleys of the engagement fundamental frequency and its harmonic frequency are obvious,
mostly distributed around 40-60 dB. There is only an error in the SPL amplitude, which
has less influence on the prediction of the structure noise reduction performance during
simulation. Therefore, the simulation results can verify the effectiveness and practicality
of the microperforated panel composite sound absorption structure for noise control in
helicopter cabins.

5. Conclusions

In this paper, according to the real helicopter cabin noise, based on the sound absorp-
tion structure of microperforated panels, porous materials and acoustic metamaterials are
introduced. Simulation and experimental studies of noise suppression in helicopter cabins
based on the composite acoustic structures of the microperforated panels were conducted
to verify their feasibility and effectiveness. The main conclusions are as follows:

1.  The proposed MPP composite sound absorption structures can suppress the noise
from the main gearbox in the target frequency band to a satisfactory degree.

2. Based on the constructed finite element model of the helicopter main gear/body
acoustic vibration coupling, the in-cabin noise reduction characteristics of the compos-
ite microperforated plate acoustic structures were obtained via simulation analysis.
The simulation results show that the Combined MPP and MPP+Porous structure
significantly improve the acoustic bandwidth and acoustic performance and can effec-
tively reduce the cabin noise level in the range of 500-2000 Hz, with an attenuation
amplitude of up to 35 dB. The MPP+PAM achieves low-frequency noise control in
the range of 350—450 Hz and has a certain noise control effect in the middle- and
high-frequency ranges.

3. Based on the constructed model helicopter test platform, the cabin sound field condi-
tions of composite acoustic structures equipped with microperforated panels were
tested under real main gear vibration excitation. The cabin sound fields were com-
pared with that of the original wall panel to verify the cabin noise reduction char-
acteristics of the composite MPP acoustic structures. The test results show that the
Combined MPP and MPP+Porous structure realize an overall cabin SPL attenuation
of 8-10 dB, on average, in a wide frequency range of 500-2000 Hz, with an amplitude
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of more than 20 dB. The MPP+PAM achieves low-frequency sound absorption in the
frequency range of 300450 Hz; the sound absorption effect reaches 45%, and it also
has good noise reduction effects in the middle- and high-frequency bands.
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