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Abstract

Purpose — The purpose of the study is to obtain and analyze vibro-acoustic characteristics.
Design/methodology/approach — A unified analysis model for the rotary composite laminated plate and
conical-cylindrical double cavities coupled system is established. The related parameters of the unified model
are determined by isoparametric transformation. The modified Fourier series are applied to construct
the admissible displacement function and the sound pressure tolerance function of the coupled systems. The
energy functional of the structure domain and acoustic field domain is established, respectively, and the
structure-acoustic coupling potential energy is introduced to obtain the energy functional. Rayleigh—Ritz
method was used to solve the energy functional.

Findings — The displacement and sound pressure response of the coupled systems are acquired by
introducing the internal point sound source excitation, and the influence of relevant parameters of the coupled
systems is researched. Through research, it is found that the impedance wall can reduce the amplitude of the
sound pressure response and suppress the resonance of the coupled systems. Besides, the composite laminated
plate has a good noise reduction effect.

Originality/value — This study can provide the theoretical guidance for vibration and noise reduction.

Keywords Unified analysis model, Composite laminated plate, Rotary acoustic cavity, Plate-cavity coupled
system, Vibro-acoustic characteristics
Paper type Research paper

1. Introduction

Rotary laminated plate structures based on fiber reinforced composite materials have been
widely applied in aerospace, marine and other fields. In engineering practice, it is inevitable to
produce the coupled system between rotary composite laminated plate and acoustic cavities.
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JIMSE Taking the submarine as an instance, the two cabins inside the hull of the submarine can be

31 regarded as a rotary acoustic cavity coupled system, and the two cabins are separated by the

’ cabin door composed of composite laminated plate. Noise in each cabin causes the variation of

sound pressure, which leads to the vibration of the cabin door. Meanwhile, this vibration also

contributes to noise, forming the composite laminated plate and double acoustic cavities

coupled system. To compare the vibro-acoustic characteristics of structure—acoustic coupled

68 system containing rotary composite laminated plate and acoustic cavity coupled system, it is

important to conduct in-depth research on the vibro-acoustic characteristics of the rotary

composite laminated plate and conical-cylindrical double acoustic cavities coupled system

and reveal the vibro-acoustic coupling mechanism, which can provide the theoretical basis for
structural optimization and low noise design.

The acoustic field characteristics of acoustic cavity coupled system under different
conditions have been investigated by many scholars in recent years. Tanaka et al. (2012)
derived the eigenpairs, which verified the validity by an experiment of coupled rectangular
cavity, and investigated the fundamental properties of the eigenpairs derived. Moores et al.
(2018) demonstrated an acoustical analog of a circuit quantum electrodynamics system that
leverages acoustic properties to enable strong multimode coupling in the dispersive regime,
and the operating frequencies where this emission rate is suppressed are identified.
Unnikrishnan Nair ef al (2010) proposed a simplified modeling approach for numerical
simulation of a coupled cavity-resonator system, and the influence of damping and resonator
volume fraction on the coupled system performance is shown. A high-order doubly
asymptotic open boundary for modeling scalar wave propagation in two-dimensional
unbounded media was presented by Birk ef al (2016), which can handle domains with
arbitrary geometry by using a circular boundary to divide these into near field and far field.
Through modal energy analysis (MODENA), Zhang et al. (2016) defined a dimensionless
coupling quotient, which is equal to the ratio of the gyroscopic coupling coefficient and the
critical coefficient at modal frequencies. Chen et al (2017) presented a domain decomposition
method to predict the acoustic characteristics of an arbitrary enclosure made up of any
number of sub-spaces and revealed the effect of coupling parameters between sub-spaces on
the natural frequencies and mode shapes of the overall enclosure. Based on the energy
principle in combination with a 3D modified Fourier cosine series approach, Shi et al. (2018)
studied the modeling and acoustic eigen analysis of coupled spaces with a coupling aperture
of variable size. It can be seen from the existing literature that the current research on acoustic
cavity coupled system is mostly for rectangular cavity. However, the research on the acoustic
characteristic model of the rotary acoustic cavity is rarely involved, let alone the research on
the modeling of rotary acoustic cavity coupled system. At the same time, most of the
investigations are based on the coupling mechanism analysis between acoustic cavities,
while no analysis model has been established specifically.

Unlike the acoustic cavity coupled system, the coupling of rotary composite laminated
plate and conical—cylindrical double acoustic cavities belongs to structure—acoustic coupling.
Many scholars have researched the coupling mechanism of structure—sound coupled system.
On the foundation of these investigations, the models of sectional structure—sound coupled
system are established, and the vibro-acoustic characteristics of the coupled system are
analyzed. Van Genechten ef al (2011) presented a newly developed hybrid simulation
technique for coupled structural-acoustic analysis, which applies a wave-based model for the
acoustic cavity and a direct or modally reduced finite element (FE) model for the structural
part. By invoking the energy distribution approach, De Rosa et al (2012) proposed a
similitude for the analysis of the dynamic response of acoustic—elastic assemblies and
discussed the FE modeling of a flexural plate coupled to an acoustic room and an infinite
cylinder containing a fluid. Wang ef a/. (2015) developed a coupled smoothed finite element
method (S-FEM) to deal with the structural-acoustic problems consisting of a shell
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configuration interacting with the fluid medium; numerical examples of a cylinder cavity ~ Vibration and
attached to a flexible shell and an automobile passenger compartment were conducted to noise reduction
illustrate the effectiveness and accuracy of the coupled S-FEM for structural-acoustic

problems. Shu et al (2014) proposed a level set-based structural topology optimization

method for the optimal design of coupled structural-acoustic system with a focus on interior

noise reduction. Some scholars have also studied the vibro-acoustic coupling characteristics

of the composite laminated plate—double cavity coupled system and obtained some 69
achievements. Larbi ef al (2012) demonstrated the theoretical formulation and the FE
implementation of vibro-acoustic problems with piezoelectric composite structures connected
to electric shunt circuits. Sarigtl and Karagozlii (2014, 2018) presented the results of modal
structure-sound coupling analysis for rectangular plates with different composite
parameters and compared with the performance of isotropic plate systems. Ferreira ef al
(2014), Carrera et al (2018) and Cinefra et al (2021) established a theoretical model of
rectangular composite laminated plate and constructed a rectangular cavity model based on
the FE formula of sound field under standard pressure. In the existing literature, the research
object of the composite laminated plate-cavity coupled system is mostly concentrated on the
rectangular composite laminated plate-cavity coupled system, while the rotary composite
laminated plate-cavity coupled system is rarely studied, much less the rotary composite
laminated plate and conical-cylindrical double acoustic cavities coupled system.

In view of the shortcomings of existing research, the vibro-acoustic characteristics
analysis of the rotary composite laminated plate and conical-cylindrical double acoustic
cavities coupled system are conducted in this paper. First, the expressions of admissible
displacement function and sound pressure function of laminated plate are constructed.
Second, the energy functional of the structure domain and sound field domain is established,
respectively, and the coupling potential energy is added to acquire the energy functional of
the whole coupled system. Then, Rayleigh—Ritz method is applied to gain the equation of the
vibro-acoustic characteristics of the system. Finally, based on the fast convergence and
accuracy of the model, the effect mechanism of relevant parameters on the vibro-acoustic
characteristics is analyzed, and the response of the coupled system is investigated by
introducing internal point force and point source excitation.

2. Unified analysis model of the coupled systems

2.1 Model description

Figure 1 demonstrates the rotating cross-section geometrical parameters and coordinate
system of the conical-cylindrical acoustic cavity coupled system and rotary composite
laminated plate and conical—cylindrical double cavities coupled system. As shown in
Figure 1a, the coordinate of conical—cylindrical acoustic cavity coupled system is composed
of two local coordinate systems (0—s1, 61, 71) and (0—S, 05, 79). B and R separately represent
the short radius and long radius of conical cavity 1, and a and L; are the cone-apex angle and
the length of generatrix of conical cavity 1. R, and R denote the inner radius and outer radius
of cylindrical cavity 2, and the height of cylindrical cavity 2 is marked as L;. Thickness of the
acoustic cavity coupled system is represented as H. Compared with the coupled system in
Figure 1la, the rotary composite laminated plate and conical-cylindrical double acoustic
cavities coupled system add a composite plate between the two acoustic cavities. It can be
found from Figure 1b that the coordinate of rotary composite laminated plate and conical—
cylindrical double cavities coupled system is composed of three local coordinate systems
(0-51,01,71), (0-52, 02, 79) and (0—Ss, 05, 73). L, is the thickness of composite laminated plate, and
other geometric parameters have the same meanings as in Figure 1a. The shapes of rotary
acoustic cavity coupled system at different rotation angles are given in Figure 2. The
parameter 9 is introduced here to express the rotation angles of coupled systems, and
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whether rotation angles are 27 is related to the number of acoustic walls in the coupled
systems. In order to study the vibro-acoustic characteristics of the coupled systems, a
monopole point sound source @ is placed.

In Figure 3, the general boundary conditions on the edge of rotary composite laminated
plate are represented by introducing three groups of linear springs %, k,, k,, along u«, v, w
directions and two groups of torsion springs K, and K, which are continuously distributed
along the boundary. %, v and w denote 7, @ and s directions, respectively. k%, k4, ki, Kj, and
K}, are introduced to represent the five groups of boundary springs at the boundary 6 = 0,
and the boundary springs at & = 9,7 = 0 and » = H can also be expressed in a similar way.
When the rotation angle 8 = 2z, the coupling boundary shown in Figure 3b is generated for
the rotary composite laminated plate. Three groups of linear coupling springs %, %, and &,,,
and two groups of torsion springs K. and Ky, are uniformly set on the coupling boundary
(@ = 0 and 0 = 2x). Therefore, the coupling of the rotating composite laminated plate can be
realized.

2.2 Related parameter of unified model
To ensure that the systems can be coupled during the modeling process, the parallelogram
section in conical acoustic cavity is necessary to be transformed into a square section. It can
be found from Figure 4 that the plane 70s coordinate system is transformed to plane £on
coordinate system by iso-parametric transformation, where each vertex in plane &on
coordinate system has been determined as (0, 0), (1, 0), (1, 1) and (0, 1).

Using the four-node coordinate transformation in the FE method, the coordinate
transformation equations are as follows:

4 e
{}=2men{] 0

Nigm) = (1" (1= &y = &) (1= ne —1) ©
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JIMSE in which (7, ) and (£, 11) separately denote the coordinate of the ith vertex in the plane 7os
31 coordinate system and plane oy coordinate system, and V; (&, 1) is the shape function of the
’ ith vertex of the plane 7os coordinate system.

The specific coordinate system transformation process is expressed in the matrix form:

BRI
= b =] 8
] ¢ ds
79 I _ ar
ar s
- o &
J= dr 0s @
[on an
where
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Figure 3.
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Equation (3) is frequently expressed in the inverse form: Vibration and

o 1" a9 1" noise reduction
2 -rft 4
9 0s
g [ Je]l 1| On 9
/= {]21 ]ZJ U e o @ 73
Cop 0E

where |/| is the determinant of the Jacobian matrix.

Table 1 shows the related parameters between the local coordinate systems of conical and
cylindrical acoustic cavity and the coordinate system of double curvature cavity element
(@, B, 2). In addition, the Lame coefficient of the cavity and the value range of the
corresponding coordinate axis are also given:

2.3 Construction of admissible displacement and sound pressure functions

Based on the first-order shear deformation theory (FSDT) and two-dimensional modified
Fourier series theory, the admissible displacement function of rotary composite laminated
plate is established. The admissible sound pressure functions of conical and cylindrical
cavities are constructed by three-dimensional modified Fourier series. The expression is the
superposition of a cosine function and six sines and cosines functions. The specific
expressions can be written as follows (Zhang et al., 2019, 2020a, b):

2
u(r,0,t) = e7 (tby(r, 0)+ Y @)(r, 9))Amn ®
N,=1
) 2
0(7’, 9, t) = e—]wt (q)yM(77 9) + Z ‘I’SI" (77 6)) an (9)
N,=1
) 2
7/(/’(7’, 9, t) = e—]mt ((D%[ (77 9) + Z q)lqu (7/7 0)) Cmn (10)
N,=1

Related parameter

Cavity type Parameter type Specific parameter
Conical acoustic cavity ~ Coordinate =, P =0iz1 =&
relation

Transformation || = L1H cos a, ]111 =1/H, ]211 = tana/H, ]112 =0,
J=1/Li-cosa
Lame coefficient Hy =1Hy =n=R+ (R —Ry)n+HEH, =1

Value range 0<Ly<1,0<Ly <0<, <1
Cylindrical acoustic Coordinate Ay = S, o = 02,20 =12
cavity relation T
. ) . able 1.
Transformation Vol =LJ4 =74 =v2/2],=J4 =0 Parameters related to
Lame coefficient Hy=1Hp, =1, H,=1 conversion between
Value range 0<Lg <Ly, 0<Lp, <9, 0<L,,<H rotary acoustic cavities
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JIMSE 0,(r,0,t) = e‘f””( (r,0) + ZCDN’I (r 6))D 1

3,1 |
2
Bo(r,0.1) = 7' | DY (r,6) + Y @} (1,60) |E,, (12)
bo
Ne=1
74 o 5.
pi(r, 01,51, 8) = €7 | Py (n,01,81) + ZP14(7’1,91751) | - 13)
0,=1
172(7’27 927827 t) = e—]wt (P§(727 62732) + Z P24(727 62732)> Gm,n,lt (14)
0=1

in which u (, 9, ), v (r, 0, 1) and w (r, 0, {) separately represent the admissible displacement
function of the surface in the 7, 8 and z directions of the rotary composite laminated plate, and
¢,(r,0,1) and @,(r,0,t) denote the lateral rotation in the » and @ directions, respectively.
Dn (=1, 2) is the expression of the admissible sound pressure function for the zth cavity in
the coupled system. The dlsplacement Supplement polynomials of rotary composite
laminated plate can be expressed as ®* and ®™ (N, = 1, 2), and the sound pressure
supplement polynomlals of the nth cavity are written as P,, o) and P, ©,=12...6).
While A,,, B, Couw D and E,,, represent the unknown two- d1men51onal Four1er
coefficient vectors and unknown three-dimensional Fourier coefficient vectors. These
parameters can be expressed as follows:

cos A7 cos A8, - -+, cos A%y cos 426, - - -
D) = 0} = D) = Of = D} = 0 om (U (15)
’ ‘ €08 Ag7 cos Ay 0, - - -, cos Ay, cos A0

L Bo) ... cin(1® B\ ...
o — oM — oM _@Nl oM sin(A%,7)cos(450), - - - ,sin(A%,r) cos (20), - - -, 16
w — v T Tw T ¢0 . a B . a Vi ( )
sin(A%,r)cos(Ay0), - - -, sin(A%,7) cos (A0)
a : B a 3 s -
o — N — o = q)Nz o cos(4§r)sin(A2,0),cos (A§r)sin(42,0), - - -, 17
w Ty T b a . B a . B ( )
cos(Ag7)sin(42,0), - - - ,cos(Af,7)sin(12,0)
g B,
PQ( 005, COSAY" 1 cos%”en COSAZ Sy, - -+, COS A" 1, cos%"encosﬁi;sn, e 9
7, Sp) =
A CoS A% 7, COS A2 0, Co8 A7 Sy, - - -, COS A% 7, cOS A2 0, cOS A 8
O n M: n L(? ny ) MC n ]\f{ n LL‘ n
PO (1, 0,.5.) sinA%r, cosﬂﬁ"eﬂ COSAZ'Sy, - - +,SIn A%, cos/lg”en COSAY Suy " " 19
7, S,) =
o sinA% 7, cos A% 0, cos 1 s,, - - - ,sinA% 7, cos AP0, cos i s
—o'n N, Yn L.On) —1"n N, Yn L,on
P@"( 6,.5.) COSAg"7y, sinl‘i”zen COSAT'S,, -+ -, COS AL, sinﬁ’f;&n COSAY Sy ", 20)
2(¥,00,8,) = ‘
nmm cos A% 7, Sin A0, co8 22 s, - - -, cOS A% 7, sin A 0, cos A s
0 ’'n —oUn L.On> ) M, n ~1Yn Leon
7 . B .
o, €08 g7, oS /16” 0,,8inA%,s,,,c084"7, COS/I{)” 0,sinA”;s,, -,
Pn (Vmgnasn): (2]-)

a B COY a B 1 9%
C0SAy"7,COSA N 0,Smi%s,, - -,cosi M n cosA N 0,smi”s,
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(639)
where 17 =max/aq, Aﬁ =0/, Ayt =T Oy A =T Oy X =l [0, (0 = 1, 2).

2.4 Stress—strain and displacement relationship
The normal strain and shear strain at any point on the composite laminated plate can be
defined by the changes of strain and curvature in midplane:

0
Yo = Vyo T 32X
87:€2+Z}{7 rH_ (;'6' X}H 32
0 Ve = Vr ( )
89289+Z}{H 0
Yoz = Vo,

where €, €), %, 7%, and y}, are the strain components on the middle surface of the laminated
plate, and y,, , and y,, are the curvature variation components on the middle surface. The
specific expressions are as follows:

o _Ou o dv u

“=a 9 rae
dv du v dw
o v ou v, Oow 0 _ 33
Yre a;, + 7’(99 I yrz 67’ + ¢7‘ y(}z ¢9 ( )
a¢7 a¢9 ¢ _ a¢3 a¢r ¢6

Xr=y o= ag T A= a7,

According to Hooke’s law, the corresponding stress—strain relationship at the &-layer can be
obtained as follows:

[ Qs
A I = A A
Trg ¢ = Q{A sz5 Vro 34)
o) | @ % .
[ Qs % Qs
where the stiffness coefficients of laminated plate can be denoted by Q’Z =1,2,...6),and

they can be acquired from the following equations:
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In Equation (35), T is the transformation matrix, which is defined as follows, where 8 is the

included angle between the main direction and the 7 direction of the layer, namely, the layer
laying direction:

cos? 6 sin” 6 —2sin 6 cos
sin @ cos? 0 2sin 6 cos 6
T= cos sind (36)
—sinf cos@
sinfcos® —sindcosO cos® @ — sin” 6
in which Qk Gj= , 6) denotes the material coefficient of the k-layer of plate, and its
value can be obtamed by the engineering constant:
E ks Ey

:le Q}2€2:

Q=1 = =
T — oy 1 — pyapisy 1 — pyapiny 37)

Qk44 = G Qk55 =G Q]ée =Gy
The forces and torques applied to the laminated plate are obtained by integrating the stresses

in the plane. From one layer of laminated plate to another layer, the thickness is integrated to
obtain the following equation:

- 0 -
€
N, An Awp Aws Bu B B 6
Ny A An Ax B By By 83
Ny _ A Ax Ag Bis By Bes Vro (38)
M, Buw By B Du Do Dg 1
My By By By Dy Dy Dy ¥
M,q Bis Bx B Dis Dws Des o
-)( 76 -
Qo | Au A ng
39
[Q;l s {Azxs Ass] v 49
N, 1
Z (Ze1 —2Z) By = 9 QZ( k1 T Dy = 3 ZQZ h+1 Zd (40)
k=1 k=1

where N,, Ny and N, are the resultant forces in the plane, M,, My and M,, represent bending
and torsional torque and @, @, denote the resultant forces of horizontal shear. Shear
correction factor which can guarantee the strain energy caused by transverse shear stress is
expressed as ;, and IV; represents the number of layers.
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JIMSE 2.5 Energy equation and solution procedure
31 The Lagrange equation of ¢ the conical-cylindrical acoustic cavity coupled system and rotary
’ composite laminated plate and conical—cylindrical double cavities coupled system can be
expressed as follows:

LP = TP - UP - UPfcoupling - USP - WP&C] - WP&CZ + WF (41)

78
Le, = Te, — Ue, — Ug, —coupling — Weyap — Weyae, + We,—wan + Wo 42)
Le, = Tc, — Ug, — Uc,y—coupting — We,ap — Weyae, + Wey—wa + Wa, 43)

where Tpand T¢, (n = 1, 2) are the total kinetic energy of the rotary composite plate and the
nth acoustic cavity in the coupled systems, respectively. Up and U, separately denote the
total potential energy in the plate and the nth acoustic cavity. Up_coupiing and Uc,—coupling
represent the coupling potential energy of the composite laminated plate and acoustic cavities
when rotation angle 8 = 2. The boundary spring potential energy of plate can be expressed
as Usp. Wrgc,, Wrac, We,epand We,gp are the coupling potential energy generated when the
composite plate is coupled with acoustic cavity 1 and acoustic cavity 2, and Wpec, = We, ap,
Weec, = We,apr- We, —wanrepresents the impedance potential energy caused by the impedance
wall of the nth acoustic cavity in the coupled systems. W, &c, and We,«c, denote the coupling
potential energy between acoustic cavity 1 and acoustic cavity 2, in which We,«c, = We,c,-
Wr is the work done by harmonic point force F on the composite laminated plate, and Wy, is
the work done by the monopole point sound source in the nth acoustic cavity of the coupled
systems.

For the two coupled systems, partial energy equations do not exist completely: (1) the
conical-cylindrical acoustic cavity coupled system: Lp =0, Wpgc, = Weap =0,
Wrec, = We,ep = 0; (2) the rotary composite laminated plate and conical-cylindrical
double cavities coupled system: W, &c, = We,ac, = 0.

The total kinetic energy of the rotating composite laminated plate and the »th acoustic
cavity represented by 7p and 7¢, can be written as follows:

2
2
h|A, +B),+C,] <®M +> ‘PN"> +
N=1

2
1 H 9 2
T = é 602/ / 25 [Amann + anEmn} <<DM + Z (DNq> + (7’ + Rg)dﬂ’d@ 44)
0o Jo

N,=1

2 2
L [sznn + Ezrm} (q)M + Z CDNII)

N,=1

N Zhi1 N Zhi1 Ny Zhi1
I = Z/ plaz I = Z/ plzdz I = Z/ ph-Zdz (45)
k=1 7% =1 7% k=1 7%
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47)

in which IV, represents the number of layers of rotary composite laminated plate. Z, is the
coordinate value of bottom surface thickness of k-layer, and Z, , ; is the coordinate value of
upper surface thickness. The material density of k-layer can be expressed as p¥, and pe,
denotes the density of acoustic media in #th acoustic cavity.

Vibration and
noise reduction
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JIMSE The specific expressions of the total potential energy Up and U, are as follows:

31 1 (7 [ N+ N+ Ny’ + My, +
UP = Ustretch + Ubend + Us—b =5 / / T i e 0 " 0 rdrdo (48)
2 0 Mg}((, + Mrg)(,,g + Qr}’rz + Qﬂ}’gz
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1 H 9
Ustretch :E / /
0 0

2
2
(K5A44Enm +2K5A45DmnEmn +K5A53 mn) (q)M + Z <1>N”> +

N=1

2
dDM  Z g
(AllAmn +2A16Amann +A66an +K; A55Cmn> <a+ F)
/s N1 7

CI)M 2 (I)Nq h
(AZzAmn ZAZbAmann +A66Bfmz) (;,+R2) } Z(7+R2)> +
N;=1

AZZB,,W +2A)6Amann +A6{1Amn a(I)M 2 a(I)Na z
: +
+K5A44C (7+R2)60 N=1 (7’+R2)69

mn

ZAIZA,,W 2A16Amann q)M 2 (I)N!/ aq)M 2 a(DNﬂ
: % -
+2A26Amann ZA%BZ (7’+R2) I\IIIZZI(V+R2) ar Z:I ar

N,
'mn a

2A12Amann +2A16Amn +2A26an ( 6(I>M i 6<I>N'? ) <6¢M 2 a(I)Nq)
+2A66Amann +2K_3A45C (7+R2 0 7+R2)ag o

‘mn Ng=1 Ny=1

+

2A2? Amn an + 2A26Amn ( (I)M 2 (I)N‘] 6<I>M 2 6d>N'?
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2A66Antmn 2A26B,2,m 1’+R9 7+R2 7’+R2 69 (7’+R2)l99

oM 2, g
— M Ny
+ <ZFSA44CﬂZnEﬂln +2K5‘A45Cmann> (CI) + Z (o > ( 7’+R2)69 Z 7’+R2)69
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N,=1
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(49)
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3,1 U :—/ / / Po+ S P 2 \L|-Hy Hy He deydpydzy  (52)
G ZpClC% 0 0 0 1 G; 1 ttlt Ull 1t p £z WU ﬂl 1 (

1 (e (bl 0 e 2
Ue=5— / / / PSP | VG2, bl HoHy Hydasdpydzs  (59)
82 C2J0 0 0 0,=1

In the formula, the total potential energy of rotary composite laminated plate includes tensile
potential energy Usyewen, bending potential energy Upeng, tensile and bending coupling
potential energy Us_p,, whose expressions have also been given, and ¢, is the propagation
speed of sound in the acoustic medium of the nth cavity.

As the boundary conditions of the rotary composite laminated plate model established in
this paper are determined by the boundary springs, the boundary spring potential energy
Usp will be generated, and the expressions are as follows:

Usp = Ugp + Ugp b
oo+ KB K Con ) (g0, 7 o0
hp/ 2 K " D:nn + K E?’m No=1
1 "= dzd0
Usp = / / Iy /2 « A2 * B2 “C : 2
' + krOAmn + k an + 5 Cm” oM + Z P
+K, D;27m + K t Ei’m Np=1 H
(55)
kZOAzmn + kv B;Znn Fey C’Z’m oM + i PN 2
11/1/ 2 K 6 Dim Ke Ezmn qul 6=0
L / / 2 2 - dzdr
Iy /2 kz oA, kB, + kfg“,gc,‘,m oM + ZZ: N
r D2 K‘9 EZ N,=1
o ‘mn a 0=9
(56)

When 0 < 8 < 2r, the impedance wall dissipation energy of the nth sound cavity in the
coupled systems is as follows:

Wey—vwat = //s Z (PQ + Z Peq) g & (57)

r =1 0,-1

WCQ —wall =

Q A
ZJwZ 55 (P M ZP ) G 45, 68)

+ Waan, + Waan, + Waan, + Waan, + Waan, 69)

wallg W

WC,, —wall = we

wally
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where j represents a pure imaginary number. S, denotes the area of the 7th uncoupled Vibration and

acoustic wall, and the corresponding acoustic wall impedance value is expressed by Z,. noise reduction
When 8 = 2r, the coupling potential energy of the middle plate Up_coupling and the nth

acoustic cavity of the coupled systems U, _coupling Can be written as follows:

UP—coupling =
2
2 2 oY + Z o N 83
1 / H /‘hf’/ 2 kucAmn + kamn + kwccmn Ny=1 6=0 dzd (60)
_ z2ar
—hy /2
P/ +KVcDm;z + KQCEﬂm ((DM + Z (DNr1>
No=1 0=360°
) SN, ) ( 0 mpo )
+ Py + P
1 L(Jq LZ] <}]/}1 aﬂl qu:l[{ﬁ] aﬁl P =0 ‘;:1 b =0
UCl—coupling:lW/o /0 o 6 o 6
1 aPl aqu ) ( Q c) >
— —+ * Pl + Pl !
<[{ﬂl aﬂ] 902:11—]% aﬂ] Pr=2n (;:1 pr=2n
mﬁltlt V]‘ Halelda]dzl
(61)
) SR o ) ( o, e )
+ | Py + Py’
1 fle [l <Hﬁzaﬂ2 (;H/’Zaﬁz =0 ‘;:1 $2=0
UCZ—coupling:W /0 /0 o 6 o . 6
2 [0) aP,* ) ( Q )
— + Z * P2 + Zqu
<Hﬂzaﬂ2 525,95 P 0,1 py=21
mmll/ Aol Ho, 1, doydzy
62)

The coupling potential energy between acoustic cavity 1 and acoustic cavity 2 W, gc, can be
expressed as follows:

Weec,=
aPQ 6 apg)ff Q. g )
/Lfﬁ /L/fl 22=Ly 0,=1 z=Ly
Pc,@ 6P®" 6
* PQ P@q Fm n, mn,
< H22629> ( 1 +@; 1 ) ¢ !ZtG el
20=Ly 9= 21=0

V|- Ho Hp,dondp,
63)

Wrec, and Wpgc, are the coupling potential energy when the laminated plate is coupled with
acoustic cavity 1 and 2, respectively, and the expressions are as follows:
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The expressions of the work Wy done by the harmonic point force F* on the composite

laminated plate and the work Wr done by the monopole point sound source ¢ in the nth
acoustic cavity in the coupled systems are as follows:

— qumn +vam71 +wamﬂ M 2 N,
W = //s { (+f¢,Dmn + f9,Emn ) (dD + g::l (0] rdrd@ (66)

ﬁ = F(S(V — 7’0)(5(9 — 90) (67)
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0 0 0
85
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Q;l:’ 567—7’6659_0g5¢‘s_se 70
Ao 00135 s) @

where f; (. = u;, v, wj) is the function of external load distribution, and the action position of
harmonic point force F'is (ry, 0y). @ represents the distribution functlon of the pomt sound
source acting on the #th cavity, the amplitude of the point sound source is A (kg/s?) and the
specific position of the point sound source  is (7, 8,, s,). 6 and . are two-dimensional and
three-dimensional Dirac functions.

Each energy equation is substituted into Equations (41)—(43). According to Rayleigh-Ritz
method, the partial derivatives of the unknown two-dimensional and three-
dimensional Fourier coefficients are obtained in the Lagrange equation, and the results are
equal to zero:

JoLp _ dTp _ aUp _ aUP—coupling . dUsp _ OWP&CI _ GWP&CZ + oW =0 (71)
0P, P,  IP,, P, P, P, 0P, 0P,

dLc, _ 0Tc,  dU;,  0Uc—coping  OWrae,  9Weac, n OWe —war | OWq,
aFmtntl, aF;ntntlt aF"’ltntlf aFm;ntlt amenfl; amefl; amefl; amenfl;

=0

(72)

dLc, _ 0T,  dUg,  0Uc,—cowpling  IWrac,  Weoacy n OWe,—wail . Wy, _0
aGm,n,h aGm,n,l, aGmmll, aGm,n,h aGmmzl, aGmmzl, aGm,n,l, aGm,n,l,

(73)
P, =[Am Bu Cu Du Eul (74)
Transform Equation (71)—(73) into matrix form:
(K, — @°M,) P, + Ce,a0F s, — Co,60Gmpny, = F (75)
(Kq —wZ, — a)ZMcl)mefz[ + CP&Cl o + €60, G, = Q1 (76)
(K¢, — 0Zc, — 0°M,,) Gy, — 0 Crac,Prn+Corac Fonpni, = Q2 (77

in which K, and K,, respectively represent the stiffness matrix of the rotary composite
laminated plate and the nth acoustic cavity in the coupled systems, and M,,, M, are the mass
matrices. The impedance matrix of the #th acoustic cavity in the coupled systems is denoted
by Z.,. Cc,&p s the vibro-acoustic coupling matrix between the nth cavity and the composite
laminated plate in coupled systems, and Cpgc, = Cc,&p-

When F and Q,, are equal to zero, Equations (75)—(77) can be combined to obtain the
natural frequency and mode solving equations of the coupled systems. To facilitate the
solution, the equations need to be converted into linear equations for solving:

(R— wS)G =0 (79)
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(80)

C2
T
G = [Pmn men Fm,n,l; OJFm;mIt Gmmfl; metﬂtlf] (81)

Finally, the eigen solution @ is the natural frequency of the coupled systems, and the
eigenvector G is the corresponding mode. By substituting harmonic point force and
monopole point sound source into Equations (78)—(81), the steady-state response of the
coupled systems can be obtained.

3. Numerical discussion and result analysis

According to the unified analysis model of the conical-cylindrical acoustic cavity coupled
system and rotary composite laminated plate and conical-cylindrical double cavities coupled
system, numerical discussion and result analysis are carried out to further research the vibro-
acoustic characteristics. This section mainly verifies the convergence and accuracy of the
coupled system model, analyzes the influence factors on natural frequency of the coupled
systems under free vibration and studies the steady-state response analysis of the coupled
systems under the action of harmonic point force and point sound source excitation. In this
section, the boundary conditions of the composite laminated plate in the coupled system are
represented by artificial virtual spring boundary technology, which can simulate complex
boundary conditions. The spring stiffness settings of each boundary condition are presented
in Table 2. Table 3 shows the material parameters of the composite laminated plate in the
examples. The acoustic medium of acoustic cavities is air, where the density of air is defined
as paiy = 1.21 kg/m®, and the speed at which sound waves travel through air is defined as
Cair = 340 m/s.

3.1 Unified analysis model validation
The convergence analysis and accuracy verification of the model of the coupled systems
established above will be carried out. Tables 4 and 5 demonstrate the first eight order natural

Boundary springs Coupling springs
Boundary conditions %, ky Fuw K, Ky ke ke e K. Ko,

Table 2.

Boundary spring F}ree (F) 0 0 0 0 0 0 0 0 0 0
stiffness values Simple (S) 5ell  5ell  5ell 0 0 5ell  5ell  5ell 0 0
corresponding to Clamped (C) 5ell  5ell  5ell  5ell  5ell  5ell  5ell  5ell  5ell  5ell
different boundary Elastic 1 (El) 0 0 0 2.5e3 2.5e3 0 0 0 2.5e3 2.5e3
conditions Elastic 2 (E?) 1e6 1e6 1e6 1e6 1e6 1e6 1e6 1e6 1e6 1e6
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frequencies of the coupled systems obtained by the proposed method with different Vibration and
truncation values, and the numerical results are compared with the FE simulation results. M}, 1nise reduction
and N, are the truncation values of the laminated plate, and M,, N, and ). are the truncation
values of acoustic cavities. The acoustic walls of cavities in this example are all rigid walls,
and the boundary conditions of the rotary plate are set as C-C-C-C. The geometric parameters
of the coupled systems in Tables 4 and 5 are as follows: Ry = 0.5 m, R; = 1m, R, = 1.5 m,
H=05m,a=x/6L,=15m,, =0.02m, 9 = z/2. The material used is [Glass/epoxy |
Boron/epoxy], and the layering angle is [0 |#/2]. It can be seen from Tables 4 and 5 that when
M. X N, X Q. =5X5X5and M, X N, =10 X 10, the natural frequencies of each order
basically complete convergence. In contrast to the FE simulation results, the maximum error
of the natural frequency is less than 0.1%, indicating the accuracy of the proposed method.
Therefore, it is reliable to select truncation values M, X N, X @, =5 X 5 X 5 and
M, X N, =10 X 10 in the numerical calculation of present method.

When the rotation angle of the coupled systems 9 = 2x, the rotary composite laminated
plate and acoustic cavities in the systems will generate additional coupling potential energy,
exerting an influence on the vibro-acoustic characteristics of the systems. Therefore, the
accuracy of the proposed method is verified again as shown in Table 6. The acoustic walls of
cavities in this example are all rigid walls, and the boundary conditions of the rotary plate are
set as S-S-S-S. The geometric parameters of the coupled systems in Table 6 are as follows:
Ry=07m,R =14m,R, =21m,H=0.7m,a = 7/6,Ly = 2.5m, I, = 0.03 m. The material
used is [Glass/epoxy | Boron/epoxy | Glass/epoxy], and the layering angle is [n/4 | 0 |z/4]. The
maximum error between the numerical calculation results and the FE simulation results in
Table 6 is less than 1%, which indicates that present method still has well accuracy when the
rotation angle 9 = 2r.

87

3.2 Free vibration analysis

In this section, the free vibration of the conical—cylindrical acoustic cavity coupled system
and rotary composite laminated plate and conical—cylindrical double cavities coupled system
is conducted to investigate the effects of related parameters on the vibro-acoustic
characteristics of the coupled systems. Figure 5 shows the variations of natural
frequencies of the coupled systems with different rotation angles. The acoustic walls of
cavities in this example are all rigid walls, and the boundary conditions of the rotary plate are

Elastic engineering constant
Material ppate kg/m®) By (GPa)  E;(GPa) Gy (GPa)  Gi2(GPa) Gz (GPa) Hi2 Table 3.

Glass/epoxy 1,810 386 83 414 414 414 026 cilparameles

Boron/epoxy 2,000 204.0 183 55 55 55 0.23 the numerical
Source(s): Ramkumar and Ganesan (2009) calculation

Mode number
M. XN, X Q, 1 2 3 4 5 6 7 8

Table 4.
3%x3x%3 73606 91299 127067 136443 172670 176672 205789 205903  Apalvsis of natural

Ax4X4 73572 91207 127058 136410 172626 176668 205790 205892 frequency convergence
5%5X5 73572 91297 127058 136410 172626 176668 205790 205892  of conicalcylindrical
6X6X6 73572 91297 127058 136410 172626 176668 205790 205892 acoustic cavity coupled
FEM 73575 91297 127060 136410 172630 176670 205790  205.890 system
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set as S-S-C-C. The determined geometric parameters are as follows: Ry = 0.6 m, R; = 1.2 m,
Ry =17m,H = 05m,a = /4, Ly, = 2m, h, = 0.024 m. The material used is [Glass/epoxy |
Boron/epoxy], and the layering angle is [—#/4 |z/4]. As shown in Figure 5, the natural
frequency of the same order decrease with the increase of rotation angle 9. However, the
situation changes when the rotation angle 9 = 2z. Taking the rotary composite laminated
plate and conical—cylindrical double cavities coupled system as an instance, Table 7 gives the
first eight natural frequencies of the coupled system with various rotation angles. It can be

Vibration and
noise reduction

found from Table 7 that the natural frequency at 9 = 2z is basically the same as thatat 9 = z. 89
In the case of coupling of the two acoustic walls, a closed loop will be formed, and repeated
modes will be generated, resulting in continuous expansion of the natural frequencies of each
order. These conditions explain why the natural frequency rises again when 8 = 2z in
Figure 5. Table 6.
Accuracy analysis of
the conical-cylindrical
acoustic cavity coupled
Mode number system and rotary
System type Method 1 2 3 4 5 6 7 8 composite laminated
] plate and conical—
Cone—cylinder Present 33182 33182 47200 59918 59918 64.703 64.703 86.115 cylindrical double
FEM 33183 33183 47204 59920 59920 64.701 64.701 86.118 cavities coupled
Cone-plate—cylinder ~Present 31.081 31.311 39.149 39152 62059 66.339 67.719 74.426 system at rotation
FEM 31.074 31100 39.066 39.170 62.034 62.091 67690 73.946 angle of 2z
=@~ 2rd order
-9~ ortr - S
. =@~ 6th order —@~ 6th order
:N = 8th order ’g =~ 8th order
g o
= &
g 5]
43 &=
45 90 135 180 225 270 315 360 y ‘ Figure 5.

The conical-cylindrical acoustic cavity

Rotation Angle 6 (°)

coupled system

45 90

135 180 225 270 315 360
Rotation Angle 6 (°)

The rotary composite laminated plate and conical-

cylindrical double cavities coupled system

(a) (b)
Mode number

9 1 2 3 4 5 6 7 8

/4 84.953 149.439 169.809 171.897 180.560 193.876 223.370 226.293
/2 74921 84917 94.274 113.247 149.379 169.133 171.665 180.493
3n/4 49971 63.493 84.906 98.525 99.807 124.060 130.987 149.368
b 37.484 47.798 74.907 84.901 92.815 94.270 112.224 113.199
5m/4 29.986 38.305 59.949 75.919 84.897 89.848 90.051 103.915
3n/2 24.995 31.956 49.966 63.492 74.908 84.892 88.509 94.267
/4 21.429 27.402 42.826 54.561 64.223 81.189 84.894 85.581
2 37478 37.626 47.795 47904 74.897 79.243 84.880 92.769

The variation curve of
the natural frequency
of the coupled systems
with different rotation
angles

Table 7.

The first eight natural
frequencies of the
rotary composite
laminated plate and
conical-cylindrical
double cavities coupled
system with various
rotation angles
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JIMSE For the conical-cylindrical acoustic cavity coupled system and rotary composite laminated

31 plate and conical-cylindrical double cavities coupled system, it is necessary to analyze the

’ effects of conical cavity cone-apex angle a and cylindrical cavity height L, on the natural

frequency of the coupled systems. The variations of natural frequencies of the coupled

systems with different cone-apex angle a and height L, are presented in Figure 6.

The acoustic walls of cavities in this example are all rigid walls, and the boundary conditions

90 of the rotary plate are set as S-S-C-C. The determined geometric parameters are as follows:

Ry=056m,R; =1m, Ry = 1.5m, H = 05m, 9 = /2, h, = 0.018 m. The material used is

[Glass/epoxy | Boron/epoxy], and the layering angle is [—#/2 |#/2]. As can be seen from

Figure 6, the natural frequency of the coupled system degrades with the decrease of cone-
apex angle a and the increase of height L.

Compared with the conical-cylindrical acoustic cavity coupled system, the rotary
composite laminated plate and conical-cylindrical double cavities coupled system is also
affected by the relevant parameters of the composite laminated plate. The first eight natural
frequencies of the coupled system under different boundary conditions are shown in Table 8.
The acoustic walls of cavities in this example are all rigid walls. The geometric parameters of
the coupled system in Table 8 are as follows: Ry = 0.5 m, Ry = Im, R, = 1.5m, H = 0.5 m,
a=n/6,Ly =15m,h, = 0.02m,d = /2. The material used is [Glass/epoxy | Boron/epoxy],
and the layering angle is [0 |#/2]. It can be found from Table 8 that the natural frequency of the
coupled system calculated by present method is basically consistent with the FE simulation

The conical-cylindrical acoustic cavity coupled system

Frequency(Hz) Frequency(Hz)
320
276.4
254.1

300 |
280
260 |
240.
220 231.8

240}
20|
200
180}
160 |
140
120
100

321.0
298.7

200[ - 209.5
180 187.2
160l 164.9
142.6
120.3
98.00

—2

a(®) S
15 4 15 4 ’ L, (m
4th order 6th order
(a) (b)
The rotary composite laminated plate and conical-cylindrical double cavities coupled system
Frequency(Hz) Frequency(Hz)
140 -
' 1388 200 209.0
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Figure 6. 88.80 100.% J 100.5
The surface diagram of 3 et
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with different height L, Ath ord ih ord
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results with different boundary conditions, which again proves the accuracy of the proposed  Vibration and
method. Meanwhile, the natural frequency of the coupled system increases with the increase noise reduction
of the stiffness value of boundary springs, and the calculation results of elastic boundary 1
(EY and elastic boundary 2 (E) also verify the reliability of this conclusion.

Besides boundary conditions, the thickness of the plate is also necessary to be studied
parameterized. Figure 7 shows the influence trend of laminated plate thickness 7%, on the
natural frequency of the coupled system with different size conditions. The acoustic walls of 91
cavities in this example are all rigid walls, and the boundary conditions of the rotary
composite laminated plate are set as C-C-C-C. The determined geometric parameters are as
follows: @ = 7/6, L, = 1.5 m, 9 = #/2. The material used is [Glass/epoxy | Boron/epoxy], and
the layering angle is [0 |7/2]. As can be seen from Figure 7, the natural frequency of the
coupled system shows an upward trend with the increase of /.

3.3 Steady state response analysis

In this section, the displacement response and sound pressure response of the conical-
cylindrical acoustic cavity coupled system and rotary composite laminated plate and conical—
cylindrical double cavities coupled system under the excitation of point sound source are
researched. Figures 8 and 9 demonstrate the displacement and sound pressure response
curves of the coupled systems under monopole point sound source excitation at various

Boundary Mode number
conditions Method 1 2 3 4 5 6 7 8
FSFS Present 18331 49650 86875 93362 107675 113762 143158 159.908
FEM 19886 51845 87101 95609 108430 113720 143210 157.040
FCFC Present 55957  83.038 87549 107606 113702 129403 143319 169.696
FEM 55560 83867 88011 107970 113710 131490 143390 169.960 Table 8
SCSF Present 86974 107536 113191 142690 169.688 172991 203.186 206.154 Analysis of the
FEM 87.005 107450 113260 143830 169.340 173060 202680 206.700 . e of different
SCSC Present 86986 107541 113211 142753 169.693 173.034 203211 206.379 boundary conditions
FEM 87.009 107470 113260 143850 169.360 173.070 202730 206.730 op the rotary composite
CcCcC Present 87002 107549 113279 142829 169.704 173.096 203.249 206.822 laminated plate and
FEM 87021 107520 113320 142900 169.610 173.110 203.100 206.870 conicalcylindrical
E'F'E'E' Present 15273  27.781 32861 61821 77.825  87.728 107.738 113.822 double cavities coupled
F°E°F°F* Present 35894 58401 66374 82787 87768 106134 107.745 114.854 system

180

—90—9—9—9—(
200 g ‘:-...-.-.-.-.

~ ~ 160
z =
§‘ 180 =
g 33333333 E 140
o o
E 160 =@~ 5th order E‘ =@~ 5th order L. Figure 7.
=@ 6th order @~ 6th order The variation curve of
=@~ 7th order 12 =@~ 7th order the natural frequency
=~ 8th order =@~ 8th order of the rotary composite
140 L L L L L L L L L L 7
0012 0016 0020 0024  0.028 0012 0016 0020 0024  0.028 laminated plate and
. . . . conical-cylindrical
Thickness of laminate /1, (m) Thickness of laminate /1, (m) double cavities coupled
Ro=0.5m, Ry =1m, Ry =1.5m, H=0.5m Ro=0.6m, Ry =1.2m, Ry =1.8m, H=0.6m system with different
thickness 7,
(@) (b)
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Figure 8.

The sound pressure
response curves of the
conical-cylindrical
acoustic cavity coupled
system with the
excitation of a point
source

Figure 9.

The displacement and
sound pressure
response curves of the
rotary composite
laminated plate and
conical-cylindrical
double cavities coupled
system with the
excitation of a point
source

observation points. The acoustic walls, boundary condition, geometric parameters, materials
used and layering angle of the coupled systems are consistent with those in Tables 4 and 5.
The action position of point sound source is at (0.77 , 0.69, 0.29 m) in cavity 1, observation
point 1is located at (0.91, 0.35,0.38 m) in cavity 1, observation point 2 is located at (1.35, 0.38,
048 m) in cavity 2, observation point 3 is located at (1.13 m, 0.65 m) on the surface of
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composite laminated plate, observation point 4 is located at (0.16 , 0.85, 0.56 m) in cavity 1,
observation point 5 is located at (1.00 , 0.91, 0.64 m) in cavity 2 and observation point 6 is
located at (1.23, 0.41, 0.86 m) in cavity 2. It can be seen from Figures 8 and 9 that the response
curve obtained by the proposed method is consistent with the results of FE simulation, which
proves the accuracy of the displacement and sound pressure response analysis model of the
coupled systems under the excitation of point sound source.

The sound pressure response of the coupled systems under the excitation of a point sound
source with different impedance value of the acoustic walls is presented in Figure 10. All the
six acoustic walls in the coupled systems are impedance walls, and the impedance values of
the acoustic walls are rigid, Z; = p.co (100 —7) and Z» = p.co (30 — 7). The boundary condition,
geometric parameters, materials used and layering angle of the coupled systems are
consistent with those in Tables 4 and 5. The action position of point sound source is at (0.80,
0.71, 0.25 m) in cavity 1, observation point 1 is located at (0.85, 0.42, 0.33 m) in cavity 1 and
observation point 2 is located at (1.15, 0.45, 0.52 m) in cavity 2.

As shown in Figure 10, the amplitude of the sound pressure response is reduced, and the
effect of resonance suppression is achieved when the acoustic wall is changed to the
impedance wall, whose influence increases with the increase of the impedance value.
However, the variation of acoustic walls in the coupled systems does not affect the waveform
of the response.

The conical-cylindrical acoustic cavity coupled system
200
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Figure 10.

Sound pressure
response curves of the
coupled systems under
the excitation of a point
source with different
impedance value of the
acoustic walls
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JIMSE In the rotary composite laminated plate and conical—cylindrical double cavities coupled
31 system, if the point source excitation and the observation point are not in the same cavity, the
’ sound pressure response of the coupled system will be affected by the laminated plate
between the two cavities. To investigate the influence mechanism on the thickness of plate,
Figure 11 gives the sound pressure response curves of the observation points in the upper
conical cavity under the excitation of the point sound source in the lower cylindrical cavity
94 with different thicknesses of the laminated plate, where 7, = 0 m denotes that there is no plate
between the two acoustic cavities, and the system is cylindrical-conical acoustic cavity
coupled system. The acoustic walls, boundary condition, geometric parameters, materials
used and layering angle of the coupled systems are consistent with those in Tables 4 and 5.
The action position of point sound source is at (1.23 , 0.41, 0.86 m) in cavity 2, observation
point 1 is located at (0.77, 0.69, 0.29 m) in cavity 1 and observation point 2 is located at (0.91 ,
0.35,0.38 m) in cavity 1. It is not difficult to know from Figure 11 that the amplitude of sound
pressure response curves at the same observation point decreases with the increase of the
plate thickness, especially the difference between the sound pressure response and the sound
pressure response of the composite laminated plate is apparent. The results show that the
composite laminated plate in the coupled system has an impact on the noise reduction, and
the effect increases with the increase of the thickness of composite laminated plate.

4. Conclusion

A unified analysis model of the rotary composite laminated plate and conical-cylindrical
double cavities coupled system is constructed in this investigation. First, the admissible
displacement and sound pressure functions of the rotary laminated plate and acoustic cavity
are presented. Second, the energy functional of the laminated plate structure domain and
cavity sound field domain is proposed. Then, the coupling potential energy between the
cavities and the plate-double cavities is introduced to obtain the total energy functional of the
coupled systems. Finally, the energy functional is solved by the Rayleigh-Ritz method.
The free vibration and steady-state response of the coupled systems are studied by the
numerical results of examples, and the following significant conclusions are obtained:

(1) The unified analysis model established in this paper has good convergence and
accuracy when the truncation values M, X N, X Q. = 5 X 5 X 5 and
M, X N, =10 X 10.

(2) Under the condition of free vibration, the natural frequency of the rotary composite
laminated plate and conical-cylindrical double cavities coupled system increases
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with the increase of the rotation angle, the spring stiffness, thickness of the plateand ~ Vibration and
cone-apex angle of the conical acoustic cavity. It decreases with the height of the noise reduction
cylindrical acoustic cavity increasing.

(3) In the conical-cylindrical acoustic cavity coupled system and rotary composite
laminated plate and conical-cylindrical double cavities coupled system, the
impedance wall can reduce the amplitude of the sound pressure response and
suppress the resonance of the coupled systems. The effect of the impedance wall 95
increases with the increase of the impedance value but has no effect on the waveform
of the response. In the rotary composite laminated plate and conical-cylindrical
double cavities coupled system, the composite laminated plate has a good noise
reduction effect and increases with the increase of the plate thickness.
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