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Abstract Deeply analyzing the physical mechanisms of active sound insulation of the rib stiffened double-panel struc-

ture can offer helps for optimally designing the system. The theoretical model of such system is established using the

combined modal expansion and vibro-acoustic coupling method. Under the condition of minimizing radiated power of

the radiating ribbed plate, the physical nature of active sound insulation is interpreted in detail from the point of view

of modal couplings. Results obtained demonstrate that the rule of the sound energy transmission and the physical

mechanisms for the ribbed plate system are all changed, and affected by the coupling effects of the rib, when compared

with the analytical results obtained for the unribbed plate system. Taking into account the coupling effects of the

rib, the cavity modal suppression and rearrangement mechanisms obtained in existed investigations are modified and

supplemented for ribbed plate case, which gives a clear interpretation for the physical nature involved in the active rib

stiffened double-panel structure.
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 ����$%

( & ¸('3
 �(�(� ä 1 
() ) �(* �(�($ % ( & ¸' * ����� ���±½±ü±ý ) � � Ð ��+�,�- ' »���
���Éß ��.�/�����0�1 ì�.�2�3É»�4�5�6�	�
 Ú�7�8 	
�- � � [9], � þ�-�9 4 ÓÉÔ å Ù���" ò È�:�;ÉóÉôõ ö(< � 0 »3	3
 �(� ß��(� 8 =?>(/ �3 ¸ À ÌÍA@AB × ¸�À / �? Ì Í?( ì?�?
 Ú �A� �?
?�?�»3536(C(D �( Ð C /3�(� �?
(EAF Ô � » �( HG:�IÉÚ ß ��J�K � / 7�L�M �� Ð +�,É» Ì�N � /��
������O � ��P ×RQ�S ��T $ % Í�@ Þ�U�V�W�X ��YZ�[±ß

\��� ��� ��
 ÌÉÍ »�E�F Ô F Ð =����� �] B^ »A_A`ACADAa �AbAcAd ,AeAf È �?
 Ô � [9−12],g ä 1 
 B ^ »(h � [Ai3�?� ½ ü ýAh ��j ä 1 
B ^ � Í [ki � � ½ B ^ � Í þ ÷ 7klkmkn � �Ö ß�o þ / ê?�? ¸ À Ì Í Ð�p o?
?�?� »A�AqArs Ì(t(u è3�3�3(v ½ � ä 1 » B ^ 234Aw(x Ð Cò(v ½ µ ê À » 234 5?6 Ð .(y » ü ý B ^ � ä 1
 B ^ » 234 Ú3� � »?�3�A�Aq(zA{A| ùA} l ß�~þ �(� �3
 Ô F(�(�(| ù l P Ð��(� f È �A� Ô ���������� ��� � Ã Æ���� »�E�F K�� ß��±ê J Ð K� "(�(� b(c D À 234 C3�303�3(v ½ � ä 1 B ^

» 234 Ú �3�(�(q(z({ »(v(� � Ð / �(� f È Ô ��(D(�(� j(�(� Ð��(� �A�(D?�? ¸ À Ì Í �(� �
±»�E�F K�� ß

1 �������������¡ �¢�£¡¤�¥
1.1 ¦�§�¨�©�ª�«�¬
Ñ� 1(a) ��® m���±¸±À Ì±Í�B±Ë±Ð m�a ��b

c ��
 Ô F Ð O � Æ � 0�f� ÌÉÍ m Î s ÀÉ¸ û » ¹¯É½ Ð 7�°�± Ý�² m�³�� Ý ßµ´ Î�¶�·�¸ '�
 �����
Æ?¹ ä 1(º(�3#(O � » ( ì?�3
?�?� ß�¸ À ½ µ ¹¯(v ½ � Î s ¹?¯ À Í(» Ð À � ½A¼ ¹A½ �(m?BA¾¿ ý » 0AÀAÁ ß�à ¶ ½ �AÂ � " À » 7 `?B � ê ½Ã »(Ä(Å30 »(Æ Ð C "(Ç �(ÈAÉ ó ô »(ÊAË �(�AÌ
� Ä�Å±»�5�6 d B � [13−14], � þ B±Ë / B�Í 4 ���Ä(Å » ¸ À Ì Í(Î ½ �(93� ß ÀAÁ(ÏÐb(Ñ "3�AÒ C�±» 0 * F � 0 *�Ó Mmom, B±Ë ®�Ô Ñ� 1(b)

ß
¸ À ½

a Æ » À(Ä(5 x ê ¹?¯(v ½ » 7(Õ(Ö(× �(Øê
x = xa Ù Ð ¸±À±½ b Æ À�Ä±» Ö�Ú�Û�Ü ��� ��Øê
x = xb Ù ß � ��� 8

��� Ð K � u�Ý � B ^�Þ±¸
� 
±ü 2�4 F�ß /�O � @�B ß

"�à � ��5�á�â�C���0 Ð ¹?¯�v ½ a � b
î±ï

À 234 *3�(*(Ó Ú 1 � 
()$
(ã »(C?� Ð � ÿ ü ý
Ø 3 wa

� wb ä�å Ñ 0 Û Ã [1]:

|

Da∇
4wa + ρaha

∂2wa

∂t2
= fp(r, t) + Faδ(x− xa) +Mmom,aδ

′(x− xa) − p(r, t), (1)

Db∇
4wb + ρbhb

∂2wb

∂t2
= Fbδ(x − xb) +Mmom,bδ

′(x− xb) + p(r, t), (2)

|Ü Æ ∇4
m�æ�ç�æ�è�é�ê Ð Da

� Db

mº¹ë¯�v±½±»
ìîí ³�` Ð Da = Eah

3
a/12(1 − σ2

a), Ea, ha
� σa b,�m�ï#ð�ñ�ò�ó Ã�ô�õ�ö�÷îø�ù

ρa

õ
ρb ú�û�ü�ý�þô�ÿ

ha

õ
hb ú�û�ü�ý Ã�ô�ù fp(r, t) ú�������� ÿ

r = (x, y) ú���������ý���� Ø × ÿ	��
���ô ú (θ, α)���� ú P0 ý à ��
�� áAâ ý������Aú f(r, t) =

P0e
−j(ωt−kx sin θ cos α−ky sin θ sin α)

ù
p(r, t) ú��������

� ã ÿ r = (x, y, z) ú���������������� ù

 
1 !#"#$#% ((a) &#'#(#)#*#+#,#-#.#/#0 (b) 1#2#3#4#5#)#6#7#8#9#: )
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����� ü a
õ

b � ý ������� ����ü�ý� �! ÿ" � �#�#$&% ����ý �'! ù)( � ��� �'!�* ÿ ��+#,- ü�ý#.#/#0 õ 0#1 ���#2# ÿ43 , - ���������#5
ý���� ÿ76 ò � õ .#/�0 ó 0�1�����8 ø�9#:�ÿ �#;<#= ù ñ#> �'�#?#@ ú#A�B�ú#1#C�ý#D�E#F#G�H ÿJI
? ì í?õLKLMLNLO 2LPRQL.R/ ÿ�SLT 0 õLT 0R1 �
��U ìîíëõ�K�M�N�O ��V (U, θ) W�X�Y U�Z�[ [1]:

EI
∂4U

∂y4
+ ρA

∂2U

∂t2
= −F, (3)

EIw
∂4θ

∂y4
−GJ

∂2θ

∂y2
+ ρI0

∂2θ

∂t2
= −Mmom, (4)

� (3) � ÿ E(Ea \ Eb) ú#F�ý ï#ð�ñ�ò ÿ I (Ia \ Ib)

ú�A�B�]�^�1 ÿ ρ (ρa \ ρb)
õ

A (Aa \ Ab) _�` ú
F�ý�þ ô�a A�B�b ÿ EI ú�F�ý ìîí�c�ô�ù � (4) �
Iw (Ia,w \ Ib,w) ú õ�K�M ��d ý�e í ]L^�1 ÿ EIw

ú�e í'c�ô�ù G (Ga \ Gb) ú#f#g ñ�ò ÿ õ ï#ð�ñ�ò
ý dLh ú G = E/2(1 + σ), J (Ja \ Jb) úLiLjLk K
(Saint-Venant)

M�l�m�ÿ
GJ ú K�M�c�ô�ÿ I0 (Ia,0 \

Ib,0) úLnL]L^Lo ù F (Fa \ Fb)
õ

Mmom (Mmom,a

\ Mmom,b) ú�8�p�����0 õ 0�1 ù e í�c(ô ý ò �õLKLMLc(ô 8 øq9L:(ÿ úRrRsLZRt �RuRv <R=RwLx= Z�[�� (4) � ý�y�z�{ m�| ∂4θ/∂y4
ù

GL} � � � � �LU ÿ � � � �L5 p(r, t) WLXL~� ��P�ý�� O Z�[ �
∇2p(r, t) −

1

c20

∂2p(r, t)

∂t2
= −ρ0

∂Qs

∂t
, (5)

� *�� ����� ü a
õ

b ý� �!���%�� ô W�X�������
∂p(r, t)/∂n = ρ0(∂

2wa/∂t
2)
a

−ρ0(∂
2wb/∂t

2),
S

vL� c ^L�LB ∂p(r, t)/∂n = 0
ù YL� �(ú � ý �q�

FLGLH � �L�L$�% � �Aý ���R� ü ��! ÿ�S � õ ü
ýL�L� T � � � ü õ ���L�R�R�L�R� ÿ�� *R�R� �
�R� �R���R� � ù�6 úR� _R� ZRtR�R�Aú � ��� T� ýL�L� �L�L� �L L¡ ÿ�¢ �L£R¤L¥ � � � TR¦L§

� � ÿ©¨�ª�«�: ��; <�= ù � � Qs ú�� � }���¬��
� �� ô�ÿ Qs = Qs,aδ(r − rs)e

jωt,Qs,a ú�� �� ô�� ÿ
rs ú � ����� ù ρ0

õ
c0 _�` ú���®�¯�°�ý

þ ô�õ ��± ù¢ ñL²L³ 
L´ � ÿ �q�L� ü(ýLµ�¶ �LV (wa

õ
wb)
ó 1�C�A�B�F�ý�µ�¶ õ�K�M ��V (U, θ) · �����

����5 p(r, t) D � ��¸�ú ñ�²�¹�º ý�C�� �
w =

M
∑

m

N
∑

n

qmn(t)smn(x, y), (6)

U =
N

∑

n=1

un(t)ϕn(y), (7)

θ =

N
∑

n=1

θn(t)ϕn(y), (8)

p =

L
∑

l=1

Pl(t)ψl(x, y, z), (9)

� (6) � ÿ smn(x, y) =φm(x)ϕn(y) ú ����� ü�ý ñ² N >R» mAÿ
φm(x)

õ
ϕn(y) _R` úR� x

õ
y Z

%�¼�j ��� F�ý N >�» m�ÿ�½�¾ ������¿�À�Á 15
ù

ψl(x, y, z) ú������ ñ�²�» m�ÿ
ψl(x, y, z) = cos(l1πx/lx) cos(l2πy/ly) cos(l3πz/h),

v�� lx
õ

ly _L` ú �q�L� ü(ýLÂ aLÃ(ÿ h ú � �
ý�Ä ô�ÿ l=(l1, l2, l3) ú�� ñ�²�Å m�ù qmn(t), un(t),

θn(t)
õ
Pl(t) ú�Æ�Ç _�h�È ñ�²�É ¤�Ê�ý ñ�² �� ù

¤L� �q� 
L� ü a, Ë ¡ �q�L� ü NLO ZL[ (1)õ F�ý N�O�a�K�M Z�[ (3)
ó

(4), u � (6)
ó � (7)õ � (8) _#`#Ì � ���#Í��#Î#Ï ñ#²#¹#º ùJÐ � �'�� ü ñL²L» m ýLÑLÒR^ ó ���L� ü õ F SLT �L���

� WLX ýL�LÓ � � ( � �LV õLM � �LÓ [14], Ua(y) =

wa(xa, y)
õ

θa(y)=∂wa/∂x(xa, y)), Ô ¼ h#Õ m#Ö#×
{ ��Ø�Ù�Ú � ����� ü a

ñ�² �� W�X ý�Z�[�ú �
|

(ka,mn − ω2µa,mn)qa,mn +

M
∑

p=1

[

φm(xa)(ka,Bn − ω2µa,Bn)φp(xa)−

φ′m(xa)(ka,Tn − ω2µa,Tn)φ′p(xa)
]

qa,pn = Qp,mn −

L
∑

l=1

Pl(ω)La,mnl,

(10)

|

� � ÆÜÛ ò ka,mn, µa,mn, ka,Bn, µa,Bn, ka,Tn

õ
µa,Tn ý ½Ý¾ � � �Ý¿ÝÞÝß ÿ φ′

m (xa) �Ý¸ φm(x) ýÝ¼
zÝ{ mÝS xa � ý � ÿ φ′p(xa) ýÝà#áÝâ § ù Qp,mn úÝã

á���� ñ#² 0 ÿ Qp,mn =
∫

S
fp(r, ω)φm(x)ϕn(y)ds

ù
La,mnl ú �ä�Ý� ü a

õ � � ý ñÝ² .#/ h m ÿ La,mnl =
∫

S
φm(x)ϕn(y)ψl(x, y, 0)ds

ù
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� � ÿ ¤#� �'�#� ü b, Ë ¡ � ü�ý N#O Z#[ (2)

· F(ýLµ�¶ õLKLM �LVLZL[ (3)
ó

(4),
Ð � ñL²L»m ýRÑRÒ�^ ó ���R� ü õ F S �R� T � WRX ý��RV

· M�� ��Ó � � (Ub(y) = wb(xb, y)
õ

θb(y) = ∂wb/

∂x(xb, y)), Ô ¼ h#Õ m#Ö#× { �#Ø#Ù#Ú � �'��� ü b

ý ñ�² �� W�X ý�Z�[ �
|

(kb,mn − ω2µb,mn)qb,mn +
M
∑

p=1

[

φm(xb)(kb,Bn − ω2µb,Bn)φp(xb)−

φ′m(xb)(kb,Tn − ω2µb,Tn)φ′p(xb)
]

qb,pn =

L
∑

l=1

Pl(ω)Lb,mnl,

(11)

|

� � Æ#Û ò kb,mn, µb,mn, kb,Bn, µb,Bn, kb,Tn

õ
µb,Tn

ý ½L¾ � � �L¿LÞLß ù Lb,mnl ú � � � ñL² õ �q�� ü b
N�O ñ�² ý�.�/ h m�ÿ
Lb,mnl =

∫

S

φm(x)ϕn(y)ψl(x, y, h)ds.

¤#��� � ��� ÿ���� ����� O Z#[ ÿ � /�����	
�� � · � ñL²L» m ýLÑLÒR^ �LØ � � � ñL²  �
W�X ý�Z�[ �

Mc,l(ω
2
l − ω2 + 2jξlωlω)Pl(ω) =

jωρ0c
2
0ψl(rs)Qs,a(ω)−

ρ0c
2
0ω

2

M
∑

m=1

N
∑

n=1

qa,mnLa,mnl+

ρ0c
2
0ω

2

M
∑

m=1

N
∑

n=1

qb,mnLb,mnl,

(12)

� � ÿ ωl ú�	 l z�� ñ�² ý � ��Ù� ÿ ξl ú ñ�²��� ù
Mc,l ��ú�ã�á�� ñ�² ° ò ÿ

Mc,l =

∫

V

ψl(x, y, z)
2dV ,

Qs,a(ω) ú�}���¬���� �� ô �� ùI ? S É���� ý�� Ù�� � ÿ �q��� ü a
õ

b
ñ

²�� m ýL����� M×N ,
�q� FL� y � ý ñL²�� m

��� " ú N , � � � ñL²�� m ����� L * ����� r
s�� Ø ý h�È�� Ê «�����ù���� � (10)

ó � (11)
õ

� (12) �#Ø M×N z �'�#� ü a
õ

b ý ñ#² �� Õ

 ò
qa

õ
qb

ó
L z������ ñ�² �� Õ  ò P

É W
X ý�1�!�Z�[ �

(Ka − ω2Ma)qa = Qp − (La)TP , (13)

(Kb − ω2Mb)qb = (Lb)
TP , (14)

HP = Y Qs,a − L′

aqa + L′

bqb, (15)

� (13) — � (15) � Ka

õ
Kb ��ú ����� ü a

õ
b

ý (M×N)×(M×N) z c�ô 1�! ÿ Ma

õ
Mb ��ú

û�ü�ý (M ×N)× (M×N) z#° ò 1�! ÿ v (mn, pq)

H�"�ý������#¿#Þ#ß ù Qp ú����#ã#á ñ#² 0 �� Õ ò ÿ
Qp =(Qp,11, Qp,12, · · ·, Qp,mn, · · ·,Qp,MN )T, Laõ

Lb _#` ú �'� ü � ü a
õ

b
a ����ý L×(M×N)

z ñ#² .#/ h m�ù H
õ

Y ��ú h m 1�! � v �����
¿LÞLß ÿ L′

a

õ
L′

b � �L¸(ú L′

a = ρ0c
2
0ω

2La, L′

b =

ρ0c
2
0ω

2Lb

ù
.#/#Z#[�# (13) — (15) �#� ��$ �#	#
#� ü õ

� �(ýL.L/ NLO � Ê ÿ&%(' �R�RZL[(#�� Ø û ���� ü · � �(ý ñL²  � Õ  ò�) � � Ø�* � hRÈ ýN�O � Ê ù Z�[�� (13)
õ

(14) ��+�u ��$ � .�/��
�(ý�, ò /�- - c(ô 1�! Ka, Kb · ° ò 1�! Ma,

Mb � ÿ�. w %�' � Ø ý�û �'�#� ü�ý N#O � Ê � ú/ à � a � �L.L/ � �(ý * � 
L� ü(ý NLO � Ê ù× {�� Ø ����� ñ�² �� P ú �
P = ZsQs,a − ZpQp, (16)

� � Zp

õ
Zs ú�������� ó }���¬���� � õ �����ñ�² �� 2�P�ý ��0 1�! ÿ�½�¾ � ��¸�ú �

|

Zp =
[

H − L′

a(Ka − ω2Ma)−1(La)T − L′

b(Kb − ω2Mb)
−1(Lb)

T
]−1

L′

a(Ka − ω2Ma)−1, (17)

Zs =
[

H − L′

a(Ka − ω2Ma)−1(La)T − L′

b(Kb − ω2Mb)
−1(Lb)

T
]−1

Y , (18)
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� Ø � � � ñ#² �� P � ÿ u#v#Ì � � (13)
õ � (14)

�L� � Ø �q�L� ü(ý ñR² �� ù � Ø�� � ÿ � (16)

� 3 à � ���(ýL} � � �R ô �� Qs,a, Qs,a ý %'���� � ��� ¬��	��
 » m ý���� ÿ r�s�� Ø� �

 » m��#: ý ��� }���� �# ô Qs,a, �#� � Ø�* �
h�È ý N�O � Ê ù
1.2 �������������������������

;�
�� ü a ú�� ÿ ��! Z�[�� (13) ��� ��" �
ýL � � |(ÿ �L� � Ø �q�L� ü a

õ � .L/ NLO ý
ã�á�#�$�Z�[ �

(Ka − ω2Ma)qa = 0, (19)

#�$LZL[ � c(ô 1�! õ ° ò 1(!LDAú�$�%R1�! ÿ #
$ � õ #($  ò ý %(' ��&�' Arnoldi (RÌ sR� �m#Ö Z#� ù � ý#.#/���� | +�Ô /�- - c�ô 1�! Kaõ ° ò 1�! Ma � ÿ r#s�� Ø #�$#Z#[ (19) ý�	 t z
#�$ � ω2

t · 8#Ê�ý�#�$&% ò Xt, )#
#� ü a 	 t zñ�² ý � ��Ù� ft · ñ�² N > St(x, y) � ��¸�ú [1]:

ft =

√

ω2
t

2π
, (20)

St(x, y) = s(x, y)TXt, (21)

v�� s(x, y) = [φ1ϕ1, φ1ϕ2, · · ·, φmϕn, · · ·, φMϕN ]T, ú
Æ � ü(ý ñL²L» mLS (x, y) �(ý � #   ý Õ  ò ù
� (21) �+* 
�� ü�ý � � ñ�² N > � ¢ � ü�ý ñ�²N > T ^ ³ 
 w    ù
1.3 ,�-�.�/�0�1�2�3�4

��� ¬���ý	��
 » m ��� 
L� ü b ý�5 
 ��6
 ÿ87 ú#��9#��ý ��� ¬#�:�;
 ù)Ð ��<�=#H#Z � ÿ
u �q�L� ü b DLE�> _ ú Ne

� BLH ÿ )L
L� ü b

ý�5 
 ��6  ú [16]:

W = V HRV , (22)

� � ÿ V ú�Æ�B�H N ±�#   ý Ne z Õ  ò ÿ R =

∆S Re(Z)/2, Z ú Ne ×Ne z�?�@ ��0 1�! ù ¢ 1.1A�% Ø ý �q�L� ü b ý ñL²  �  ò qb, Î w � Ø
�LB N ±  ò V - Ì � � (22), �LØ ��6  ý Y U
C�� �

W = (a + bQs,a)HR(a + bQs,a), (23)

v�� 1�! a
õ

b ý�������ú �
a = −jωΦ(Kb − ω2Mb)

−1(Lb)
TZpQp, (24)

b = jωΦ(Kb − ω2Mb)
−1(Lb)

TZs, (25)

� (24) — � (25) � ÿ Φ ú �'�#� ü b ý ñ#²#» m#S
Æ�B�H���ý � #   ý Ne × (M ×N) z�1�! ù � (23)

� ��6  úL} � � �L ô ý 
 } >R» mAÿ�¢�T ^ �� 
 }���9 ��Ø ( Qs,a = −(bHRb)−1bHRa * ÿ 

� ü b ý�5 
 ��6  � - �L:(ÿ hLÈ � Ø ��B ý �
��^�C ù

2 DFEFGFHFIKJ
2.1 L�M�N�O�������P�Q

� ü a
õ

b ý#Â a#Ã ú lx =0.6 m
õ
ly =0.42 m,

Ä ô _L` ú ha = 0.003 m
õ

hb = 0.004 m, 
L� ü aõ
b ��� ý ��R ��� _R` ú xa = 0.15 m

õ
xb =

0.45 m
ù û � ü ·#� D�ú�S�T ÿ S�ý�þ ô óVUXW�ñ�ò

· ö�÷#ø _#` ú ρ=2790 kg/m3, E=7.2×1010 N/m2õ
σ=0.34

ù 
#� ü a
õ

b � 1#C#D#E#F�ý#A#B�Y�Z
D�ú 0.003×0.02 m2

ù)I ? � ü õ � ½ ��[#@ ý �]\^ .�_
η = 0.01,

¢ \ ^ .�_   �`�UaW?ñ�ò E(1+

iη), cbcd���� � � � � wce � ¦cfcgchci [15]
ù

� �(ýLÄ ô h= 0.2 m, �L®L¯L°(ý(þ ô(õ �L± _L`
ú ρ0 =1.21 kg/m3, c0 =344 m/s, ����� ñ�²�� � ø
D�� 0.001

ùkj���
�� B#��ý#��!#B#� T�õ z � ý�l� ú π/4, � T�m�n(õ x � ý�l � ú π/4,
� 
 � � ú 1 Pa

ù }������ � ������� (0.1lx, 0.1ly, 0.1h)� ÿ ; t���o�� Ù�� ��ý B�p#m � ñ�² ù ���#� ü�ýñL²�� m ���(ú M =N = 10, � ý ñ�² m �©���(ú
N = 10, � � � ñL²�� m ����� L= 40, � C ���L_
� ��� Ù� 500 Hz �ëý�r�s ��ô�ù%�' � (19) ý#ã#á�#�$ � · #�$  ò ÿ4¢ � (20)õ � (21) r�s�� Ø�
�� ü a

õ
b q�r z ñ�² ý � �

Ù�#Y � 1
É ¸ ÿ 
#� ü b ý ñ�² N > Y�s 2

É ¸ ù¢ � 
L� ü a
õ

b �q� ý � �L¤�� ÿ&. w 
L� ü a

ý ñL² N > â §(ÿ t�u uL
L� ü b ý N >�v "�w �
��� ù

x
1 (#)#4 a 5 b y{z{|#${}#6#1#*{~{�

�{� ~{� ${}{�{�
(Hz) 1 2 3 4 5 6

(#)#4 a 132.1 245.5 296.1 406.8 407.2 483.4

(#)#4 b 173.7 308.3 395.2 465.1 540.4 624.4

ú�� �L�L	L
L� ü õ � �L.L/L��9 ñR> ý�� �
^ ÿ�S � 
 
L� ü a(0.5,0.32) ý � � ��� 
  � ú
10 N ý�������0 ÿ�����%�' .�/�Z�[�# (13) — (15)

� Ø 5 
 
L� ü b(0.285,0.2625) � � � ý �LV ÿ��
* � (15) � Qs,a = 0

ù � * � � �LH�� � ANSYS

¤ �#	#
#� ü õ ����ý#.#/ h#È � ñ ÿ � ü õ ��� �
shell63 GRH ñ�� ÿk7�� 2RPAú���� T �R�c� w R�
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��H�� >�e � ¦ ��9�� > ÿ ������®�¯�°�� ANSYS

Fluid � ý acoustic30 G�H�� � ùqS ���� ����ý��
�RB � ¡ .R/(-�� 
  ���� (

����
10 N ý����

�L0 ),
��� � � Ê _L� � ØL
L�
	 b

�
� � �
� �
V� ��9 ����� ANSYS ��� ¤�� Y�s 3

É ¸ ÿ ��V
; wb = 1×10−6 m

� , � M
� � _
� (dB)
� ��

ZL��� Ø � �LV�¶ T ���
� /����a*���9
� > « ��  ��9 ����� ANSYS �#� S������#N�� � Ù���S
�Lª ���
 
! ¢ �L��9�� >
"�# 
R��	 �RN Ù�
� ANSYS � "�#�$ � S���ª É�%  S n�� Ù�� �&�' ���#V �#� �#ª#«�B � � C�� ´ .#S ��� ¤#����9
� > �85�(#!�) 	 S W#X �'� �#� � � � U�� S n��
Ù���* � 	 � N ±�*���D�E�+�*�� 0,

. w ��V�, Ù
 ��-�� "#9�. *�� 0  v }�� ¢ � ��� � ´ . �7¤
�
/
( 	
0
1
2
3 �
��@
/ �(0 ����9�� > � $ �
C B � � �RH�� > � . w S 0�1�2�3�4�5 ¼ % � hi UL��9
� > � ��@
/�C
6 ) � ����8RÊL{ % 5
(
!�) 	 ����V "�� ��

 
2 (#)#4 b y{z{|#${}#6 � %

 
3 7989:9;9<9=9>#5 ANSYS >#6@?BA

2.2 ���������������
¢DC

(21) � ��� 
���	 ������z ��N � ² ��!¢ � � �L.L/
E
F SL� Ù � � * 2 o p z � 	 �
�²L³ 
 w    ��G ;L
L�
	 b � �LN � ² � � ½L¾

�X*H ( 0�1�2�3 f = 174 Hz *�� 
#��	 b ��	 1 z
� ²�I�J �#N � v N > Y�s 2 � (1)

É ¸� %�' h#È
� Ê�� Ø ����� 	 b � ��V�� ² 4 $ qb, v�q 14 z
� ² � 4
5
� 8 � Y�s 4

É ¸
 � _L� ZLt � � u� 	 b � q 10 z�� ² ��� ²#Å m Õ�K�Y�L 2
É ¸�¢ � � �R.R/�E�F�� � Ù � � * 2 oR� ���R�

	 b � (1,1) � (2,1) � ² � 7�� � 0 8�8 � + (2,1)

� ² � 4 $ � (1,1) � ² � 1/3 M N��� ² N�O ³ 
O�P�I�J�Q � ��N � ² � ��
L��	 b ��	 1 z ��N
� ² ��¸�R Y�s 5

É ¸� s�� t�S K y = 0.21 *�Æ
� ²
T
U � x VXW �
Y�Z s ���
�
[ 4 $
\ !
]
^_
` � d $
a t
b
c
d�e �f�hg�i�j
��k a�l
m�no 	 �
p
q [
�
r
s
t K
u�v
w�x�y
z�{ n o
|�}~�� p�q [�����s������������f����������������
�
�
� q [
�
� b
c
� �X� g
i
j
�X�h�
� |
q

�
4 �9� b � 14 �9 9¡9¢9£9¤9¥9¦9§9¨9©

�
5 ª9«9� b ¬ 1 �99®9 9¡9¢9¯9°

±
2 ²9³9�9� b ¢9� 10 �9 9¡

´9µ  9¡ ´9µ  9¡
1 (1,1) 6 (4,1)

2 (2,1) 7 (1,3)

3 (1,2) 8 (3,2)

4 (3,1) 9 (2,3)

5 (2,2) 10 (5,1)
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[���s { }�������q [�������� a������ � } ~ q [
������� {�� 3  �! n o�|�" 6

��q [�# m�$ ���
�
� | � q [
�
s
� �
m
n o
| a % b � �'& � l( �*) o � T'+
\,&'�'-'.'/ q ['0 �*1
q [
�
�
� � g % ����\�& {

±
3 ª9«9�9� 6 �9 9¡9¢9²9³9�9�9 9¡9¯9°
ª9«9�9 9¡ ²9³9�9�9 9¡9¯9°

1 [1,1]+(2,1)+(3,1)

2 [2,1]+(3,1)

3 [1,2]+(2,2)

4 [3,1]+(2,1)+(4,1)

5 [2,2]+(1,2)

6 [4,1]+(3,1)+(1,1)

243
“[ ]”
±454647  9¡48:99 9¡9¯9°4;4< 64=4>4?4@

“( )”
±454A4=  9¡4B

2.3 C�D�E�F�G�H�I�J�KL � "�M n o�| b ���N�OQPSR�T�U 6 #�V��L � M n o
| b �'W'X'N'O'�
�'Y'Z
� �'[ #'\']
��Z�^ 0∼500 Hz _�`�a ����Y�b�c�d { ��e [ W�X
N'OfP*R
� "'g � � p'h'i'j
_
`'k 40 dB �'Y'bl { . g � � p�h�m e�n n o�| a % b ��o 1

��q
[�� � p�h � p�p�q�r a�s ) L ��{ [ } ~�n o�| �� p'h'i �'t
� 20 dB �'Y'b l � �'['u �'v'w'x� p ^'y'z
� L � c'd { k a'{,|  L �'},~ m'�� �,	 n o,
 ���,Z,^,�, x j x,���,c�� . % L ��}�~�� ���������� w�������� � i {

�
6 �4�9�4�9ª9«9� b ¢4�4�4�4�4�� � ������� ����� L ��}�~�� � ��	 ���

�� 
 ��� [ g�� L ����� { } � n�� a ����
� [9−12,17], ��� � W�X | � p�� a���� �� l �����
“
q [�� � ” ��w�{ }�� n�� a ��� �� [9−12,17], ��¡¢ W�X | � p���£�}�¤ n�¥���W�X�¦��§��� “

q [� 
� ” ��w�{ m ) ��	 n o�
 ���©¨�ª� j�l ��«�¬�
� z ( � g �X�h�
� | % �'�
� q ['®'¯ a,°'± �

² �*) o ®'¯'³ | �'´,µ
� q [,®'¯ % j,l «'¬,¶· %,¸ n o �,	 
 � �f� � � \��,& � � �,¹,! �
����¶ · � ��$ ���������� w���w�º � \���& �¼»
��½ \�& ^�y °�± m�¾ {

(1)
��¿�À�Á n���� q [�� � p ^�O {ÃÂ ��¿�ÀÁ ^�O f =20 Hz, Ä�Å ��� (0,0,0)  q [�Æ À�Ç�ÈÉ�Ê � p { ��� L � "�M ��� " 14

�  q [�����Ë
�h�
� | b

"
14
�
q [
�
�
� ¤'Ì T'U 7 #'V {

n m'¾'Í'Î'Ï �'� " 6
�  q [
� q ['Ð'w % �h�

^�O  �! T � 4 #�V { L � " � ��) À�Á ^�O�Ñ k �
� (0,0,0)  q [����D��^�O a £�}�É�Ê � p � } ~
 q [�� ¸ Æ À�Ç {

(a) Ò4Ó9� 14 �4�9 9¡9¥9¦

(b) ²9³9�9� b � 14 �9£9¤9 9¡9¥9¦�
7 �4�9�4�9¢9 9¡9¥9¦ (f =20 Hz)

±
4 Ò4Ó9� 6 �4�9 9¡9¢9 9¡ ´4Ô §9²4Õ4Ö4�
´9µ  9¡ ²4Õ4Ö4�
1 (0,0,0) 0

2 (1,0,0) 286.7

3 (0,1,0) 409.5

4 (1,1,0) 499.9

5 (2,0,0) 573.3

6 (2,1,0) 704.6

� n o | b �Ø×ØÙ mØÚ ( �Ø)ØÛ � ¸ t ! ) ÜÝ � Ä�Å o 1
��q [�Æ À�Ç � ��$ �D��� | � (1,1)

% (2,1)
q [�Æ À�Ç { �S���� q [ % 
 � p���q [
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��®�¯ w�� � l � m�$ � q [�Ð�w���� x ��� � q��d�e � [ ®�¯ � � j�l ��«�¬ [18] { k a �D��� | b

� (1,1)
q	� � j�l�
�� % (0,0,0)  q�� ��®�¯ a ½

Ä q���_�` { Z�^� a (2,1)
q�� � j�l���
�� % �

��o 2
�

(1,0,0)  q�� ��®�¯ a «�¬ _�` { ² (1,0,0)

 q	� È ¸ À�Ç � k a �D��� | (2,1)
q�� � j�l z$���� ��� (0,0,0)  q�� { . g�q�� È�\ ®�¯���ka'�'- �
� d
e � j'l «��
��� 	��
v k�� ��� o

��®�¯�³ |�� i {
���D��� | b %�� [�� Ñ�R�� b�c ��×'Ù'Ë�����������

Ub(y)=wb(xb, y) % θb(y)=∂wb/∂x(xb, y),

Ü ` � �'×'Ù % � � q�� �
� % � |
q�� ��� d
eb�c ��i�j �
ub,n =

M
∑

m=1

qb,mnφm(xb),

θb,n =

M
∑

m=1

qb,mnφ
′

m(xb),

(26)

 
(26) �Q� � � ��o n

� ×�Ù � � � q�� ����n��|Q�"!
y # q�� Ð�w�n n ��#�� q�� ������R x�$n �&% � � . ��q�� � j�l ( 
�� % .�/ �H��� |�q� ®�¯�«�¬ a�� { ��) o ��'�®�¯�³ | � � � . ��q� z Ü Ï�j�l � «�¬�(�� | � .�/ q���� { �)��*�®

¯�³ |�\�+ w�y ���D��� | (2,1)
q�� � j�l $����

) (1,1)
q�� �,% 
���o ��®�¯�³ | � (1,1)

q�� � jl «�¬�( � n = 1 � q�� � � ª M � n = 1 � q�� %
(2,1)

q�� ®�¯ a Ï�j�l «�¬�( Ä q�� {	- � ��. �
(1,1) % (2,1)

q�� � j�l � ��� )���� (0,0,0)  q� � (1,1)
q	� � j�l �S«�¬�/�Ñ _�` � (2,1)

q�� �j'l�
��
o �'®'¯'³ | e Ñ _�` ��k a �
� ��m �
� { . z�0�V !�u n o�| � p�q�� ��r�s ��� �,% �
) o ��®�¯�³ | ���D��� |�! y # q�� Ð�w�n n �q��
d
e'É'Ê ®'¯ � � j'l � � ',«,¬
�	132 .'/q�� » � � �
�
� � g��
s n o
| � q�� { k a �
s n o
| � p�q�� � .'/ � |
q���! y # �'Ð'w n��& ��T � 3 #�V {L � M ���S)���� (0,0,0)  q�� Æ'� � � ��$
�h�
� | � (1,1) % (2,1)

q�� z ` ('� � ( U 7(b)

#'V ),
n o
|

b �'W'X''N�O�4'�
�'Y'Z { .�5 (
�'�''� � q�� � �'�
w � Ä'Å �h��� | � . g'�q�� � j'l � �6�©& � �' q3� ��� �,Ä  q3� %
Ü & Å L � g � 
 � q�� {

(2)
��¿�À�Á n n o�| a � � p ^�O {©Â ��¿�ÀÁ ^'O f = 296 Hz,

n o
|
a �'o 3

�
q���7'Ê �
p { L � "�M �'�' q�� �
�'ËX�h�
� | b � q��

�
�
� ¤'Ì T'U 8 #'V { L � " ���*) n o
| a �
o 3

��q���É�Ê � p ��� � 3 Ü Ý �D��� | a
� �

(1,2)
q�� Æ ��8�À�Ç � & Å (2,2)

q�� z�Æ À�Ç { ./ q�� % �'�' q�� ®,¯
� [ #,\']��'Z,^ _f`,a
(1,2)

q�� � j�l $���8 «�¬�(�����o 3
�

(0,1,0) q�� a � }�q�� ����1�� { ��) ��¿�À�Á ^�O�Ñ k no�|
b o 2 � q�� � � p ^�O�� k a Ä q�� Æ À�Ç ���$ � | b � (2,1) % (3,1)

q�� Æ À�Ç ��T�U 8(b)

#�V {:9 m�¾ Ü Ý � �D��� | b
�

(2,1)
q�� � j�l��8 
�� � % ����o 2

�  q�� (1,0,0) ��®�¯�«�¬a�� � � (3,1)
q�� � j�l ��8 
���o ��®�¯�³ | ½

(2,1)
q�� «�¬ a�� � j�l «�¬���;���z ��� (1,0,0)

 q�� { a q�� ��������������o 3
�  q�� (0,1,0)

� j�l È ¸ «�(��D��� | b � (1,2)
q�� a ( U 8(b)� o�<
� q�� �
�
�'�'Z ),

. z ( o �'®'¯'³ |'�- !�¹ ����=�¶ · {L � M � ����o 2
�

(1,0,0)  q���` (�� � � ka �H��� | b
�

(2,1) % (3,1)
q�� z ` (�� � � ½ a£ n o
|

b �'W'X''N�O'�
��>�? { . z�@')'�'�
 q�� �'� �'�
w � Ä'Å l Ï m j'l «'¬ Ç,��8 ³| �'o 2

�  q�� � � % Ü _
` � � �'�' l { }~ �
�'� � �' q�� m  j,l «,¬���A3B,�'����ka�C � L ��{ L � M .�/  q�� ����� È ¸�D ¤ � ka�L � c�O�� � {

(a) Ò4Ó9� 14 �4�9 9¡9¥9¦

(b) ²9³9�9� b � 14 �9£9¤9 9¡9¥9¦�
8 �4�9�4�9 9¡9¢9¥9¦ (f = 296 Hz)
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� *���� % n o | b
d e � � = j�l «�¬�¶· � Ü 
�� � y � | b � q�� ��� qb

����� { � Í�� 
(14) Ü ` � | b �'×'Ù q�� �
� qb % �'�' q� ��� P ��i�j �

qb = (Kb − ω2Mb)
−1(Lb)

TP , (27)

Â Zcp =(Kb −ω2Mb)
−1(Lb)

T, n����� q�� ��� %
� | b

q�� ��� d�e ��«�¬�����	�
 { � � 2 � q� Ð��
��� | b
�

(2,1)
q�� �'×'Ù
�
� qb,(2,1) =

Zcp(2, :)P ,
}f�

Zcp(2, :) � V�����	�
 Zcp �'o 2±��� { ]
^ _
` Ä ^'y Zcp(2, :) � " 5 � �� �
Ë P � " 5

�  q�� ����w���� � 5 {:9 ]�^ Ü `
|Zcp(2, 2)P (2)|= 1.8e-8, ��U 8(b) Ü Ý � � x���Ñ k
(2,1)

q3� �,×,Ù������ ½ a��  u � | b
�

(2,1)q�� � j�l ��8���� ����o 2
�

(1,0,0)  q�� ��A
B { &�� �h�
� | b

�
(3,1)

q�� �
�
� qb,(3,1) =

Zcp(4, :)P , Zcp(4, :) n�����	�
 Zcp �Øo 4
±�

���
Zcp(4, :) � " 5 � �� ��� � 5 { ]�^ Ü `

|Zcp(4, 2)P (2)| = 0.8e-8, � � x'�'Ñ k � | (3,1)
q

� ��×�Ù���� { . � (3,1)
q�� #�� j�l z ��8����

����o 2
�

(1,0,0)  q�� ��A�B { . g � q���d�e� �'®'¯ �
\�� ��/'Ñ
� j'l «3�
��k a },j,l lj ( ��) o ��®�¯�³ | ½ � | (2,1)
q�� «�¬ a�� �j�l ��;���z ��� ) (1,0,0)  q�� {

(3)
��¿�À�Á n n o�| b � � p ^�O { ��¿�À�Á

^�O f = 174 Hz Å � n o�| b ��o 1
��q���É�Ê �

p � ��$ � | b � (1,1) % (2,1)
q�� Æ À�Ç { L � "M �'�' q�� �
�'Ë
� | b

q�� �
�
� ¤'Ì T'U 9

#�V { L � " �©����o 1 � o 2
�  q�� Æ À�Ç � ka �D��� | b

�
(1,1) % (2,1)

q�� #����� j�l �8���� . g �� q�� ��A�B {L � " � (1,1)
q�� ��×�Ù���� qb,(1,1) =Zcp(1, :)

Pbef , Pbef n L � " ������ q � � � {�Ä ^�y
Zcp(1, :) � " 5 � �� � Ë Pbef � " 5

�  q � � �
w���T � 6 { ����o 1 % o 2

�  q�� m � | b(1,1)q � � j�l A B�Ë . g �� q � ®�¯ � - A B m
e n |Zcp(1, 1)Pbef(1)| = 1.2e-7, |Zcp(1, 2)Pbef(2)| =

0.73e-7
�

|Zcp(1, 1)Pbef(1) + Zcp(1, 2)Pbef(2)|=1.5e-

7 { � U 9(b)
�

(1,1)
q3� ������� Ü Ý Ä q3� �

��� m,j,l $3� � �,�,o 1
�

(0,0,0)  q3� �3A
B�� & Å z�������� m � j�l �6� (1,0,0)  q�� �
% 
 ��o � ® ¯ ³ | ½ (2,1)

q � « ¬ a � { &��
(2,1)

q � � × Ù���� n qb,(2,1) = Zcp(2, :)Pbef , Ä
^'y Zcp(2, :) � " 5 � �� w��'T � 6 { ]
^ _
`
|Zcp(2, 1)P (1)| = 0.41e-7, |Zcp(2, 2)P (2)| = 0.24e-7

�
|Zcp(2, 1)P (1) + Zcp(2, 2)P (2)|= 0.50e-7 { . � (2,1)q�� � j�l z ��8���� ����o 1

�
(0,0,0)  q�� �

A�B��)% 
���o ��®�¯�³ | ½ (1,1)
q���e Ñ�«�¬ a� { & Å (2,1)

q�� % �'�'o 2
�

(1,0,0)  q�� ®
¯�� ��� m  j�l z Ü�½�Ä  q�� /�Ñ�«�¬ a�� { 
��j�l ����*�����«���1�2 À�Ç�n o
| b ��o 1

�
p���q�� {

(a) Ò4Ó9� 14 �4�9 9¡9¥9¦

(b) ²9³9�9� b � 14 �9£9¤9 9¡9¥9¦�
9 �4�9�4�9 9¡9¢9¥9¦ (f = 174 Hz)

±
5 Zcp § P ¢��� 9¦

´4Ô
Zcp(2, i) Zcp(4, i) P (i)

i = 1 −2.37e-8+8.81e-10i 1.46e-9+3.58e-10i 0.003+0.013i

i = 2 9.77e-8−6.29e-9i 4.35e-8−2.86e-9i −0.093−0.161i

i = 3 1.15e-10−4.29e-12i −7.12e-12−1.74e-12i 0.421+0.178i

i = 4 −4.76e-10+3.06e-11i −2.12e-10+1.39e-11i −0.119−0.052i

i = 5 5.82e-8−3.52e-9i 2.85e-8−1.66e-9i −0.009+0.008i



594  � � � 2015 �

±
6 Zcp § P ¢��� 9¦

´4Ô
Zcp(1, i) Zcp(2, i) Pbef(i) Paft(i)

i = 1 4.19e-6−2.80e-6i 1.35e-6−9.02e-7i −0.018−0.018i 0.016−0.018i

i = 2 8.61e-7−5.78e-7i 2.91e-7−1.86e-7i −0.046+0.054i −0.128+0.147i

i = 3 −2.04e-8+1.36e-8i −6.57e-9+4.40e-9i −0.001−0.001i −0.038+0.045i

i = 4 −4.20e-9+2.82e-9i −1.42e-9+9.09e-10i 4.798e-4+6.919e-5i −0.043+0.054i

i = 5 −2.18e-6+1.46e-6i −6.97e-7+4.69e-7i −0.002−0.0004i −0.022+0.029i

L � M ���,� " � �  q3� �,Æ ° ��� À,Á��
��������� ²�n o�| b ��o 1

��q�����` (�� � ��'$ � | � (1,1) % (2,1)
q	� Æ'� � ��×'Ù
�
�'�

�'Y'Z { L � M �'�''���' 
� �'- � | b � q��� (�� � � % q�� � “  �� ” % “ � � ” ¹�� È ��� .� ��=�� L � ¶ ·�&�� ( �S) o ��®�¯�³ | # - {L � M ���� q�� ��� Paft � " 5
� �� w��

� � 6 { L � M � | b
�

(1,1)
q�� ������n qb,(1,1) =

Zcp(1, :)Paft, Ä�Å ����o 1 � o 2 � o 5
�  q���1� m

(1,1)
q��  j�l ��A�B�Ë�����®�¯�³ | � - A

B m e�n �
Zcp(1, 1)Paft(1)=1.7e-8 − 1.2e-7i,

Zcp(1, 2)Paft(2) = −2.5e-8 + 2.0e-7i,

Zcp(1, 5)Paft(5)=6.2e-9 − 9.5e-8i,

Zcp(1, 1)Paft(1) + Zcp(1, 2)Paft(2)+

Zcp(1, 5)Paft(5)=−1.4e-9 − 1.4e-8i.

� � 7 ¹ � Zcp(1, 1)Paft(1) % Zcp(1, 5)Paft(5) � ���	 % Zcp(1, 2)Paft(2) �'�� %�
 � ��� � �f� �'�
o 1

�
(0,0,0) % o 5

�
(2,0,0)  q3� m (1,1)

q
� � j�l A�B ��	 % ����o 2

�
(1,0,0)  q�� ��A

B ��� � ½ a���- � | (1,1)
q	� ��� ��{ ��¦ ��¹

n
���'�'o 1
�

(0,0,0) � o 5
�

(2,0,0)  q�� %
�D��� | (1,1)

q�� ®�¯ a�°�± /�Ñ�� j�l «�¬����
) o ��®�¯�³ | ����o 2

�
(1,0,0)  q���
�� �D�

� | (2,1)
q��'Ï'j'l «'¬�( (1,1)

q�� { �*)�/'Ñ
«'¬ % e Ñ'«'¬�� m � j'l ���
a�� '� � �	1�2£

(1,1)
q���` (�� ��{ m�¾ L � M�1 ���� q�� �

×�� ¤,Ì ( �,),Û�� ¸, ,! )
7 ¹ ���,� (0,0,0) %

(1,0,0)  q�� ��� � º�Ü . � ��� m (1,1)
q�� � jl A�B � '� � {L � M (2,1)

q�� ��×�Ù�����n �
qb,(2,1) =Zcp(2, :)Paft,

����o 1
� � o 2

� % o 5
�  q�� m (2,1)

q�� � jl A�B'Ë - A�B'n Zcp(2, 1)Paft(1) = 5.5e-9−3.8e-8i,

Zcp(2, 2)Paft(2) = −9.6e-9+6.7e-8i, Zcp(2, 5)Paft(5) =

1.9e-9−3.0e-8i
�

Zcp(2, 1)Paft(1) +Zcp(2, 2)Paft(2) +

Zcp(2, 5)Paft(5) =−2.3e-9−2.2e-9i { � � 7 ¹ �����
o 1

� % o 5
�  q�� � j�l A�B�z ��	 % o 2

�
 q�� ��A�B� � { %�����o 2

�
(1,0,0)  q	� %

(2,1)
q�� ®�¯�/�Ñ�«�¬�� j�l � % �S) o ��®'¯�³| ����o 1 % o 5

�  q�� 9 � (1,1)
q�� a e Ñ�«

¬�( (2,1)
q�� �� j�l � '� � � ½ a�� ( m (2,1)q	� ��� ��{

- ¦ ��. � L � " �h�
� | b � (1,1) % (2,1)q���j�l � ��8���� )�����o 1
�

(0,0,0)  q�� �
A�B�� ��� m � � o 2

�
(1,0,0)  q�� { L � M �

� | b
� . g�q�� �� j�l ��/'Ñ�«'¬�� m % 
��o ®'¯ É'Ê � e Ñ'«'¬�� m � '� � � ½ a�� ( mq�� ��� ��{

(4)
� ¿ À Á n�� = � p ^ y { � ¿ À Á ^ O

f = 245 Hz Å � n o�| a �,o 2
��q3� Æ À,Ç �L � "'M ���
�' q�� �
� % �h�
� | b � q�� �

��� ¤�Ì T�U 10 #�V { Ä ^�y e ) n o�| b o 1 %
o 2

�
q��
d
e ��k a'. g
q�� Æ & Å À'Ç � �'$
� | b � (1,1), (2,1) % (3,1)

q�� Æ À'Ç { L � M
��� " � �  q�� �������������¼������� �� {¼Ä
Å m )�� | b

� � (1,1)
q�� � L � M ����o 1

� %
o 2

�  q�� m }  j'l ��A�B � '� �
a £
}
`
(�� ��{ �S) (2,1)

q�� ������� ��� � ��-�L � Mn o�|
b � p�� ×�Ù������ n �ÃT�U 11

� L � "�Mn o
|
b �'×'Ù m'Ú { ²'L � M Ä ^'y
�'W'X''N

O'�
� � Y
� . � 
�� L � m � | b � q�� °'± u
 
�
� �'-
n o
| b s'n'¥
�'W'X�¦ � .�5 ( #��
� “  
� ” �
w
{�Ä'Å���� (2,1)

q�� �
�
���'�
�² } W�X�c�O % (1,1)
q�� ��� � ��� [19−22] { ¨�ª
 � p�� ����� ² } W�X��� j���� Y�Z�� . ( Ä ^

y�Y�b���;�� {
(5)
��¿�À�Á n�x � p ^�y { 9 m�¾ Ý ��x � p

^'y
� L �'�'� ��8 n'» � g,� �	%f�*�,�',� �
� � �'- �X�h�
� | � q�� � � � � �'�,'� �' 
� �,- �f����� | � q3� � ��{ . g L � �,� �,�
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(a) Ò4Ó9� 14 �4�9 9¡9¥9¦ (b) ²9³9�9� b � 14 �9£9¤9 9¡9¥9¦�
10 �4�9�4�9 9¡9¢9¥9¦ (f = 245 Hz)

(a) �4�9� (b) �4�4��
11 �4�9�4�9ª9«9� b ¢ ±�� £9¤ (f = 245 Hz)

�'� �
u �h�
� | b � q�� �
�
��k a j �'c'� �n o
|
b �'W'X'N'O
� £
` �'� L �'}'~ [ x � p

^�y º j�_�` � 	 ��Y�b�c�d {
�*) n o
| � ��� � � p
q�� �'nX���
� | �

�
� �
q�� � $ n ��T'd��,�'�, {,| W'X |�� n
� ¿ � ��� },~ �	4 � ¿ � ��� & Å � � v � � |
� q����'j
_
` � 	 �'Y,b,c'd [23−24] { a'[
n o| ��x � p ^�y��¼v � n o�| � � p�q�� Æ À�Ç � �$ �H��� |�q�� � p���Ï x��
	
��� Ä�Å �
� n v��
� ¿ � L � [25]

��j�_�` � 	 ��c�d { ���Da� ���
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�������� q�� a�� ( m � | b � q�� ��� ��%  
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d
� .�5 ½ �'�'�'
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y
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u�� B 8
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� �'
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l � � � m j,l «'¬ Ç,�'�
³ | �� q�� % Ü
� (2) ���� q��  ���� ��) o �

®�¯�³ | ��� & �� q�� m � | & ��q�� � j�l A�B� '� � � ½
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��� ½�� Y,Z ¢ �,W
X | �'W'X'c'O � £
},¤ n,¥
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(1) MONOPOQOROSOTOUWV

I1m =

∫ lx

0

[φm(x)]′′′′φm(x)dx, I2n =

∫ ly

0

[ϕn(y)]2dy, I3m =

∫ lx

0

[φm(x)]′′φm(x)dx,

I4n =

∫ ly

0

[ϕn(y)]′′ϕn(y)dy, I5m =

∫ lx

0

[φm(x)]2dx, I6n =

∫ ly

0

[ϕn(y)]′′′′ϕn(y)dy.

(2) XOYOZ (10) [O\O] ka,mn, µa,mn, ka,Bn, µa,Bn, ka,Tn ^ µa,Tn _ V

ka,mn = Da(I1mI2n + 2I3mI4n + I5mI6n), µa,mn = ρahaI5mI2n, ka,Bn = EaIaI6n,

µa,Bn = ρaAaI2n, ka,Tn = EaIa,wI6n −GaJaI4n, µa,Tn = ρaIa,0I2n.

(3) XOYOZ (11) [O\O] kb,mn, µb,mn, kb,Bn, µb,Bn, kb,Tn ^ µb,Tn _ V

kb,mn = Db(I1mI2n + 2I3mI4n + I5mI6n), µb,mn = ρbhbI5mI2n, kb,Bn = EbIbI6n,

µb,Bn = ρbAbI2n, kb,Tn = EbIb,wI6n −GbJbI4n, µb,Tn = ρbIb,0I2n.

(4) XOYOZ (13) [O`OaObOc Ka ^Od ]ObOc Ma eOf (mn, pq) gOh _ V
ka(mn, pq) = ka,mnδ(m− p)δ(n− q) + φm(xa)ka,Bnφp(xa)δ(n− q) − φ

′

m(xa)ka,Tnφ
′

p(xa)δ(n− q),

Ma(mn, pq) = µa,mnδ(m− p)δ(n− q) + φm(xa)µa,Bnφp(xa)δ(n− q) − φ
′

m(xa)µa,Tnφ
′

p(xa)δ(n− q),
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XOYOZ (14) [O`OaObOc Kb ^Od ]ObOc Mb eOf (mn, pq) gOh _ V

kb(mn, pq) = kb,mnδ(m− p)δ(n− q) + φm(xb)kb,Bnφp(xb)δ(n− q) − φ
′

m(xb)kb,Tnφ
′

p(xb)δ(n− q),

Mb(mn, pq) = µb,mnδ(m− p)δ(n− q) + φm(xb)µb,Bnφp(xb)δ(n− q) − φ
′

m(xb)µb,Tnφ
′

p(xb)δ(n− q).

(5) XOYOZ (15) [����ObOc H eOf (i, j) gOh _ V

h(i, j) = Mc,i(ω
2

i − ω
2 + 2jξiωωi)δ(i− j),

L ����	O] Y e�
�� Z _ V
Y = [jωρ0c

2

0ψ1(rs), jωρ0c
2

0ψ2(rs), · · ·, jωρ0c
2

0ψL(rs)]
T
.


