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Abstract Aim at the problem that the fuzziness and the randomness may exist in a acoustic field at the same time,

a method for the numerical analysis of the 2D acoustic field with Fuzzy-Random parameters is proposed based on the

equivalent conversion of information entropy. In the proposed method, a fuzzy-random acoustic field is treated as a

pure fuzzy acoustic field or a pure random acoustic field by transforming all the variables into fuzzy variables or random

variables. Perturbation finite element method for calculating the fuzzy two-dimension acoustic field and random two-

dimension acoustic field are deduced. The sound pressure response of a 2D acoustic tube and a 2D car acoustic cavity

with fuzzy-random parameters are analyzed by the proposed method and the Monte Carlo method. The analysis results

of pure fuzzy acoustic field and that of pure random acoustic field are compared in the meantime, which verifies the

validity of the proposed method. Thus, the proposed method can be well applied in analyzing the 2D acoustic field with

fuzzy-random parameters, and has good prospect of engineering application.
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Ô ]�^ Û ,�d�e ×gf é�h þ ¸�i�j!��k�l �!%�d�e Ò
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13 w %�	+��f é �+ �x+� ü�� Ò Ôy���`�y��ÀÒ Ô y��ÀË�z Û Ü ×4{ é�| Û Ü 3�4 �'�Z�}�~ �ÀÙÀÚÀ×4��$ ÂÀÃ '��A� _ ] �A� Ü ���$+'+��	��º× J�� � | Û Ü Ë��+�+��� [�\ 14
���

l X < ü�� Ò Ô '�ZÀË����À¿ úÀû ×	3�4 '�� N��� | Û Ü Ë î�( ��� [�\ 15
� | Û Ü���� úºû��������������� ú û ×Q{�� 6 Ç ¸�� v�� 1 ß × '+� N

� | Û Ü � î��ºë Ë+*+,+- é�� Á Ñ����e�� ü�� Ò Ô ¾�� úÎû ÙÎÚÎ× 6�� SA)��î ü�� �ÀÈÀÒ Ô �À¾�� ¾�����-ÀËÎÆÀÇÎ×4� [ ����� 4x �Ak ×4f é �� AxÎË ÷ ( `A��� üA� Ò Ô ¾��`������ ü�� ¾�� : � Ò Ô ¾�� v�� d�e�� l ���"�� i�j Ü Ë ü�� ¾�� ÈÀÒ Ô ¾�� Ë îÀïÎð ÂÀÃ� M � ���� �¡ . È�¢�£ ¾�¤ ü ý � ¸ ÁºÃ�¥ ×Q?�Gßáà � ü�� ¾	� È�� Ò Ô ¾��¦��$ úÀû '��Î× J����� [ Û Ü Ë������À×4§ � � [ w %ÎË Û ÜAF î�(ÆÎÇ üA� Ò Ô þ ¸ �A  ¾��Î×4� î©¨«ª Ë�*�,�- éæ�¬ºÑ

1 ¯®¯°¯±¯²´³´µ·¶´¸·¹´º´»
1.1 ¼�½�¾�¿�À�Á�Â�Ã�Ä

Kwakermaak
��� Ë ü�� Ò Ô y�� Ë!��Å+� [12] :Æ

(Ω, A, P )
� < = Ç �UÇ 9 × üU� � ÁUÈUÉ

X̃ :Ω→f(R)={Ã|Ã :→ [0, 1]
� ú�Ê�Ë�Ì � ¸ }, Í �

ü�� Ò Ô y��º×4Î Í F
Ò Ô y��ºÑ	�+�

(1) ∀λ ∈ (0, 1], Xλ(w), Xλ(w)
�

(Ω, A, P ) Ï ËÒ Ô y��ºÑ
(2) ∀λ ∈ (0, 1], Xλ(w), Xλ(w) ∈ Xλ(w),

�  ¹
Xλ(w) = inf

{
x ∈ R

∣∣∣X̃ (x, w) > λ
}

,

Xλ(w) = sup
{
x ∈ R

∣∣∣X̃ (x, w) > λ
}

,
(1)

Ð
Xλ(w)

�
X̃
Ë _ ] ���º× X̃ (x, w)

�
X̃
Ë�Ñ 

� ¸ Ñ � Ï�? ��Å�}�-À×4Ò X̃ Ä Ω Ï Ë ü�� Ò Ô y�º× Ð 1
∀λ ∈ (0, 1], Xλ(w) = [Xλ(w), Xλ(w)]

��Ó
Ä 	�
�Ô 8!9 ¸ × ù�Õ Ä 	�
 Ò Ô 8+9 ÑQ��c�?ºÒ Ôy��ÀË ¸�Ö /�0 5�1�-Î× ü�� Ò Ô yA��×A} é � ¸
Ö /�0 �+>+? ×4� ¸�Ö /�0�Ø � îºò Ô ü��º¸ Ñ
1.2 ¼�½�¾�¿�À�Á�Â�Ù�Úþ ¸ Ë��������A} é �� Ax vA� � �ÎÑ	�������Û ÿ ×4x�Û ÿ [13]

Ñ
1�� Ë�Ì Ò Ô y�� X ,

� <+= x+��Å+��! ¹
H = −

∫

x

p(x) ln p(x)dx, (2)

M  p(x)
�

X
Ë <+=������ ¸ Ñ1�� ü�� y�� Y ,

� ü�� x�}+��Å+� ¹
G = −

∫

y

f ′(y) ln f ′(y)dy, (3)

f ′(y) =
f(y)∫

y

f(y)dy

, (4)

M  f(y)
����Ñ  � ¸ Ñx Ä 1���  þ ¸ �������ÎËA	�� � �Î×4ÜAP	�Ý � ��Þ × <!= x È ü�� x ó 6�ß 8�à ÑáD�E ú à

Ä þ ¸ Ë�a+�+�+�+�+� ( ü�� �ºÈºÒ Ô � )
Ë�â B�ã

Â Ë ¸ ¿ >�? ×4a ; )�ä È a����������ÀËAå�æ ÏË�� é Ä 5�SÀËÀ×4{�Õ üA� yA�ÎÈÀÒ Ô yA�A} � ?G�x+5�ç�`��ºÑ
1A�AèA	 üA� Ò Ô þ ¸ ×4} � � | þ ¸ Ë <�=x�� ü�� x�'�&�)�	�é���� | þ ¸�ê Ë��������ÀËÇ � Ñ Æ

E
� ê �+ �xº×4> Í ��ë+&+�+ �xº×C��Å��! ¹

E = H + G. (5)
)Aì � ê �� Ax��AyÎËÎæ w !Î×4} � � | yA�`í� � ÷ ( Ëí� üí� yí� : ; � Ò Ô yí� Ñ4`í�Ë�î Ð Ä `��Aï�y��ÀË ê �� �x ÷ ��î�y��ÀË ê � �xºÑ
���À¾��¦ð�ñ ò �� A ÊAò��Aó �A� �A}ÀÆÎÇ�+�ºË+�+�º× ¾�ô A ��� A B+D+Aöõ�÷ ÷ ¾+�ºþ ¸ }
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3��� !"#��45�-6��7�8�+������"#
/�"�1�9�:�;�<�= ��> �������? %

(2)
7�@�����A� �!�"�#���B�C�D�1 �

Heq = ln
(√

2πeσ
)

. (6)

+��.����"�#���E�F�G�H�D
E = Heq I�J 6%�&�7�8�@�K�2�3����� �!�"�#���L�M�N

σ
1 �

σ =
1√
2π

eE−0.5. (7)

2�3����� �!�"�#���O � 2�P�Q�R�S�T � 1
1U�V�W "�#�� � �

X 5Y&Z+Y�Y�Y�Y"Y#Y/Y0Y1Y2Y3Y� VYW "Y# U &[Y\ +Y]Y�Y�Y�Y�Y/Y^Y_Y�Y�Y�Y�Y&a`YbYcYdYDY�Y"
�ef/^_ghA VW�ij ]ghA V�W� �
)k*k,k-k+k�l�k�k"k#k/k^k_kmknkA VkWk�

Ĩ =

(m, α, β)LR, o�p�q�r M�T � 1 �

L (x) =






x − m

α
+ 1, m − α < x 6 m,

0, x 6 m − α,

R (x) =






m − x

β
+ 1, m 6 x < m + β,

0, x > m + β,

(8)

r M�T � L s R
��t�1

Ĩ
� p�q ��u�& m

�
Ĩ
�

v � &
α s β

��t�h�1
Ĩ
� p�q�w $��+Y%

(8) IYJ % (3)
7Y@YmYnYA VYW "Y#Y� VYW

D�1 �
Geq = 0.5 − ln

2

α + β
. (9)+��.����"�#���E�F�G�H�D

E = Geq I�J 6%Y&a7Y8Y@YKY2Y3YmYnYA VYW "Y#Y� pYqYw $Yx s &
o v � 1� �!�"�#���O � �

2 y{z{|{}{~��������
����� 5� ��k�� ������ ����

�������������
Helmholtz

� ��� � �
∇2p + k2p = 0, (10)%��

p
1 �Y� &

k=ω/c
1 � � &

ω
1����YCY&

c
1 �� &

∇=(∂/∂x)i + (∂/∂y)j + (∂/∂z)k
1���� 
�  �

����¡ ��� ��� � ����� S�¢�£�1 �
∂p

∂n
+ jρωvn = 0, (11)

%��
j =

√
−1
1Y¤ � &

vn

1 �Y¥ �Y�Y� SY&
ρ
1 �Y��Y¦YSY&

p
1 �Y� &

n §Y¨ �Y©YªY« §Y¬YY® ��¯ �

°�±�²�³ ��© � ª�«�´�µ�¶�·
Dirichlet

ª�«�´
µ��

Neumann
ª�«�´�µ s Robin

ª�«�´�µ &¹¸�º §»�$�%�¼�½�¾
Dirichlet

ª�«�´�µ &�¿ ����ª�«�´�µ ¾
p = pD, (12)%À�Á&

pD §�¨ ª�«�Â���� �
Neumann

ª�«�´�µ &�¿ � S ª�«�´�µ ¾
∇p·n = −jρωvn. (13)

Robin
ª�«�´�µ &�¿ ��Ã�Ä�ª�«�´�µ ¾

∇p·n = −jρωAnp, (14)%À�Á&
An §�¨ ��Å�Æ £�Ç��ÈÉÊËÌe5& ��kÍ�Î �Ï�$%�7�8Ð�_

¼�½�$�%�¾
−

∫

Ω

∇w ·∇pdΩ + k2

∫

Ω

w ·pdΩ−

jρω

∫

Γn

w ·vndΓ
n
− jρωAn

∫

Γx

w ·pdΓx = 0,

(15)

%À�Á&
w
1�Ñ�T�Ç��

g�P�Ò�Ó�Ô V A�Õ�Ö�&�× ¥���� ��Ø�Ù Ð�_�¾
p =

NP∑

I=1

NIpI = Np, (16)

%��
NI

1YÒYÓYÔY2YÚYÛYÔY$YTYÇY& o � I
1Y× ¥YÜ

Ý
I = 1, 2, 3, · · · , NP , N

1�Û�Ô�Þ�× ¥ $�T�Ç���ßF�à�á�â
pI

1�× ¥
I
� ��� � &

p
1�Û�Ô���× ¥��

� ¯ #â
NP

1ÛÔ× ¥ã Ç��gPä ª $ÛÔ78�Ð�_�¾
N = [N1 N2 N3 N4], (17)

o �Á¾
N1 =

1

4
(1 − ε)(1 − η), · · · , N2 =

1

4
(1 + ε)(1 − η),

N3 =
1

4
(1 + ε)(1 + η), · · · , N4 =

1

4
(1 − ε)(1 + η).

(18)+Y%
(16) s % (17) IYJ % (15)

��&å@YKYæYç �è ��£�é � ��¾
(K − k2M + jkC)P = F , (19)%À�

K
1�ê�S�à�á�¾

K =

∫

Ω

(∇N)T(∇N)dΩ, (20)

M
1 ��ë�� #�à�á�¾

M =

∫

Ω

NTNdΩ, (21)
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C
1 ��ë�Ã�� à�á�¾

C = ρcAn

∫

Γx

NTNdΩ, (22)

F
1 ������� ¯ #�¾

F = −jρω

∫

Γn

NTvndΩ. (23)

3 ������	{y�z�|�}�~�����
�
3.1 �������������������������
��� °Y± �Y� V A���� � � � ¦YS � �Y����� 21�- è

U
6�� V�W Ç

ãi

a ∈ ã = a0 + β̃= (ãi),

ai ∈ ãi = a0
i + β̃i, i = 1, 2, · · · , n

(24)

%À�Á&
a0
� V�W Ç

ã
��v � &

β̃
� V�W Ç

ã
��� �

#�&
a0

i

� V�W Ç
ãi

��v � &
β̃i

� V�W Ç
ãi

��� �
#�&

n
� V�W Ú�Ç�� ã Ç��1 � � ^l� ! VlW ÚlÇl�À� � � � �l� ! "

��&�+ ��ë
FEM

� �
(19)

Ð�_�¾
Z(a)p(a) = F (a), (25)%À�Á&

Z(a) s F (a)
��t�1 V�W�� ê�S�à�á s V�W��� ¯ #��

Z(a)
7�8 §�¨ 1�¾

Z(a) = K(a) − k(a)2M(a) + jk(a)C(a), (26)%À�Á&
K(a), M(a) s C(a)

��t�1 V�W ê�S�à�á �V�W � #�à�á s V�W Ã�� à�á��VW Ç
ã
78$#_ ?&% Ç ã

α '$( �$)$* ãαß�_
[16], α ∈ [0, 1]

��'�(�& � Þ ã Q�R�S
α
½�+�"

,�-�� �
(25)

7�@�K�Þ�Q�R�S�� ��� ¯ #�.�/�)�*
p̃α, p̃α

7�8�Ð�_�¾
p̃α =

[
p, p

]
, (27)

o �Á¾
p = min

a∈ãα

{
Z(a)−1F (a)

}
,

p = max
a∈ãα

{
Z(a)−1F (a)

}
,

(28)

X UY� ÞYQYRYS
α
½Y& Þ VYW "�#Y� '�( )�* ãαi

7
8�Ð�_�¾

ãαi = [ aαi, aαi] = am
αi + ∆aI

αi, (29)

am
αi =

aαi + aαi

2
,

∆aI
αi = [−∆aαi, ∆aαi] ,

∆aαi =
aαi − aαi

2
,

(30)

o � aαi, aαi s am
αi

�Yt §Y¨�'�( )�* ãαi

�Y6Y½ «
s O � �g � ê�S�à�á

Z(ãα) s ��� à�á F (ãα) 0�1�23�4�5 w�6 Ò�¾
Z(ãα)=Z(am

αi)+

n∑

i=1

∆aαi

∂Z(am
αi)

∂ai

=Zm+∆ZI ,

F (ãα)=F (am
αi)+

n∑

i=1

∆aαi

∂F (am
αi)

∂ai

= F m+∆F I ,

(31)%À�
Zm s F m

��t�1 ��ë � ê�S�à�á
Z(ãα) s �� à�á

F (ãα)
��O � &

∆ZI s ∆F I
��t�1 ��ë �

ê�S�à�á
Z(ãα) s ��� à�á F (ãα)

��7�N�)�*��
+�6�% I�J � � (25),

7�8�@�K�¾
p̃α = p̃m +∆p̃I = (Zm +∆ZI)−1(F m +∆F I ), (32)

o � p̃m s ∆p̃I
��t�1�Q�R�S

α
½ '�( )�* p̃α

�
O � s 7�N�)�*��g

(Zm+∆ZI)−1 8 Neumann 9 Ç 0�1Yw�6 [2],Ò�¾
(Zm + ∆ZI)−1 =

(Zm)−1 +

∞∑

r=1

(Zm)−1(−∆ZI(Zm)−1)r,
(33)

+ o I�J % (32)
7�8�@�K�¾

p̃α = p̃m + ∆p̃I =(Zm)−1F m+(Zm)−1∆F I+

(Zm)−1(−∆ZI(Zm)−1)F m+
∞∑

r=2

(Zm)−1(−∆ZI(Zm)−1)rF m+

∞∑

r=1

(Zm)−1(−∆ZI(Zm)−1)r∆F I ,

(34)

��:�;�< 3�= &�6�%�7�8�Ð�_�¾
p̃α = p̃m + ∆p̃I , (35)%À�Á¾

p̃m = (Zm)−1F m,

∆p̃I = (Zm)−1∆F I − (Zm)−1∆ZI p̃m =

(Zm)−1

n∑

i=1

∆aI
i

∂F (am)

∂ai

−

(Zm)−1

n∑

i=1

∆aI
i

∂Z(am)

∂ai

p̃m,

(36)

>�? & V�W�@ � - ( 7�8�Ð�_�¾
p̃ = ∪

α∈[0,1]
(α ∩ p̃α). (37)

A F 6CB �C! & V W Ú Ç ° ± @ � �C!CDCE¼�½�¾
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(1)
g VYW Ç

ãi � α '�( (i = 1, 2, · · · , n),
@YK

α '�( 6 ãi

��)�* §�¨ [aαi, aαi];

(2)
�

α ' ( 6�� d � � Ò Ó Ô  , - &��%
(32)

@�K
α '�( 6�� @ � .�/�)�*�â

(3)
g�P o	� α '�( &�
	��D�E (2);

(4)
gÞ

α '$( 6� @ � .$/$)$* 8 % (37) 0
1 ß	��& >�? @�K V�W Ú�Ç @ � � @ � - ( �
3.2 	�����������������������:�; @ �  �!�Ú�Ç�1 ¯ #

bR (r = 1, 2 · · · , m),

bR
��O � s � N §�¨ 1�¾

E(bR) = E(bR
1 , bR

2 , · · · , bR
m),

Var(bR) = Var(bR
1 , bR

2 , · · · , bR
m).

(38)

g @ � � � êSàá s �$� àá �  !ÚÇO� Â 0�1�2 3�4�5 w�6 Ò�¾

Z(bR) = Z(E(bR
r ))+

m∑

r=1

∂Z(E(bR
r ))

∂bR
r

(bR
r − E(bR

r )) = Z0 + ∆ZR,

F (bR) = F (E(bR
r ))+

m∑

r=1

∂F (E(bR
r ))

∂bR
r

(bR
r − E(bR

r )) = F0 + ∆F R.

(39)

� : ; < 3 = & ? � �  7�8�@�K� �!�Ú�Ç @� @ � .�/
p(bR)

¼�½�¾
p(bR)=(Z0)

−1F0+(Z0)
−1(∆F R−∆ZR(Z0)

−1F0).

(40)g�6�%�� ª�X U � O � s � N�&�7�8�@�K� �!Ú�Ç @ � @ � . /
p(bR)

��O �
E(p(bR)) s � N

Var(p(bR))
1�¾

E(p(bR)) = (Z0)
−1F0, (41)

|

Var(p(bR)) =

m∑

r=1

(
(Z0)

−1 ∂F (E(bR
r ))

∂bR
r

)2

Var(bR
r ) +

m∑

r=1

(
(Z0)

−1 ∂Z(E(bR
r ))

∂bR
r

(Z0)
−1F0

)2

Var(bR
r )+

m∑

r=1

m∑

ξ=1
ξ 6=r

(
(Z0)

−1 ∂F (E(bR
r ))

∂bR
r

(Z0)
−2 ∂Z(E(bR

r ))

∂bR
r

F0

)
cov(bR

r , bR
ξ ),

(42)

|
cov(bR

r , bR
ξ )
�Y Y!YÚYÇY��� � NY&��Y Y!YÚYÇYx�*��

�	�	� U o � 1	� [17]
�

3.3 ���		������������������������ °± @ � V A����ÚÇ1 VW  !"# U &[\ cdGHD�23/0�+ VW  !"#/^1V�W "Y# iYj  Y!Y"Y#Y& + VYW  Y! @ � /Y^Y1�� VW$@ � ij �k ! @ � &�`bcd�����×�=�� Å� VW$@ � ÒÓ�Ô ij  ! @ � ÒÓÔ 0$1 �$!��/^1�� VW$@ � U &�= , @� VW$- ( ������$#� � � X QRS½ @ � .$/� '$( )$*"^�!" â#�Y/Y^Y1��� Y! @ � U & = , @�� ��$ � @ � .
/�O � s O � N&�ÈÉ�%�G$) *5�-�&��' 	$@� .�/���"�^	! " �
4 (*)*+*,
4.1 -	.��������/�0�@ � V AY¼�1

1
= ¨ � /�2 1 m

�43
0.1 m,576 ?78�9�: º�;�<Y� :�;YK�=�>�?YSY�Y�Y�Y��@Y&

� �A=A>A? S O � 1
15℃,

�
0℃ B 30℃

x * " ^ �
? P 8�9 ¦S8�C @� O �=�>�?�S�"^�&�'�( �
��8�9 ¦S�C @� 1m�nA V�W ÇÀ&�� /� 8�9 ¦

S
ρ
1

ρ̃ = (1.225, 0.068, 0.061)LR (kg/m3),
: º �

� @��
c
1

c̃ = (340.5, 8.7, 9)LR (m/s)
� :�;	D	6 �

� g ª«´µ�E _������F .& � ��/�0 p�G�HI �  ¯Á� S ª�«�´�µ vn

1 V�W  �!�"�#�&KJ	��"
L £�Ç�1

0.01
����������& o O � 1�m�n�A V�W Ç

ṽn = (5, 0.2, 0.2)LR (m/s);
/�0 o�� ª« 1ê�@�M�

A s B
� ¥ 1 /	0�@ � �ON ® 6��	� ¥ &�P�L���t1

(0.275,0) s (0.775,0)
� /	0	Q ��1

160
ã Û�Ô�&

205
ã × ¥ �

R
1 SUTUVUWUXUYc�d�G�H�D���2�3�/�0.+ V�W  �!."�#

vn

/
0�1�� VW "#

ṽn = (5, 0.0413, 0.0413)LR (m/s)
��

λ ∈ [0, 1]
6	Z	[

0.1 � 2�'�( 	�
 @�K o Q�R�S½Y� @ � .�/�)�*Y& >�? @YK VYW�@ � - ( &]\	^�_F�������Ú�Ç @ � �	`	a��
+$"GHD+ VW  ! @ � 23/^1�� VWÚ�Ç @ � b�& ? @ � V�W Ò�Ó�Ô  (Fuzzy Finite El-

ement Method, FFEM)
, @�

A s B
� ¥ � �C

300 Hz
Â � @ � ¤�6 - ( ¼�1 2

�
(a) s (b)

= ¨ &
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R
2 f = 300 Hz ���UX��UVUW A � B ���UV�����	�
�����

1C����� �C! � $ � � � @ &�8�������� �� I
10000 � @�K�� - 1�Ú : - ��1 2

� X U��  �d��
����� �� I 10000 � @K�Ú$: - ����1���78#	 �&

FFEM
, @�� @ � .�/ - ( ¡ Ú�: - r ) 2� &�����Q�R�S

λ ∈ [0.5, 1]
U & V�W - ¡ Ú : - ]

����F��
1

3 s 1 4
��t �  ��

f = 300 Hz
U & /	0 N

® 6�Þ�× ¥ +�" FFEM
, @�� @ � ¤	6���� s ��d������� � �� I 10000 � @K� @ � ¤�6����g�� ��178$#� & VW - ( ¡ �������  , @�Ú�: - r ) 2 � & 0�2 D � ���Y��! ��$ ���Y��@��

R
3 f = 300 Hz ��!�" FFEM #�$����UX��
VUWUSUT�%�&��UV���
���'�( R

R
4 f = 300 Hz ��!�"�)�*�+�,�-�.�#�$��
�UX��UVUWUSUT�%�&��UV���
���'�( R

/ 10�21�&�3�c�d�G�H�D���2�3�/�0�+ V�W  
!Y"Y#

vn

8�C VYW "Y#
ρ, c 4 /Y0Y1 5Y�Y�Y�Y�Y�

 Y!Y"Y#Y& ¼ § 1
= ¨ � `Yb��YdY)Y*�� Å � @ 6 ��  !ÒÓÔg o$0$1 ,$- &�@�K @�6 . /��O �

E(p) s O � N σ
�

7
1 SUTUVUW�8�9�:�;�<���=�>UVUW�?�@�A�B�C
A�B ρ (kg/m3) c (m/s) vn (m/s)

D C 1.225 340.5 5.0

E�F�G B 0.0210 0.0104 0.0033

�
f = 300 Hz

Â 	�
 � /	0 N ® 6�Þ�× ¥ � @� ¤�6�.�/Y� r P�%YG�)�*Y5Y-Y& gY/Y^Y1�� Y! @6 bY� /�0 N ® 6YÞY× ¥ cYd E(p)±3σ
' 	�@ � ¤

6 .$/�"^�! " & ��$ ¼�1
5
= ¨ � ? P λ = 0U � '$( )$*� VW Ç�� >�H � s > � ��� _� )*&�1$���I1��. ! @�6 ¡ � VW$@�6 = , @$.$/"^�! " � 2 � @&�1 5

� X U��  $�/^1�� VW$@�6 b /�0 N ® 6Þ× ¥ @ � ¤�6 .$/ � Q�RS
λ = 0

U � '�( )�*�� �	1À�Á7�8�#	 �& �� �! @J6¡ � VW$@�6 = , @� @ � ¤�6 .$/"^�! " �I1
KØ &����$�$� �  !ÒÓÔ �	
 �k ! @�6kU
�Ò3�@& X U�L�M � VW  ! @�6 � / /^�1��VW$@�6�N ���k ! @�6 =�`�a� @ � .$/"�^�!
" � 2 � �&�O�&����$��)*�=�P� ��$+ "�GH�D2�3�/�0 ,�- _�F������ @J6��  �����	@��

R
5 f = 300 Hz ����=�>UVUW�Q��UX��UVUW
SUT�%�&UV���
���'�( E�R�S�T�UWV
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4.2 �������������������@ © 5 @�� �	
���� ������@�	�
 � @ ëÇ � � !���1�`�a s�� ^ ��� NVH
@���P��
��

�É��1
6
= ¨ 1���� �$@ © °± V A&���� � ^1 5 6k� 2 ã 8 © � ª«´µ 1 �$@ ©�� Ø��� !ª�« 6�Ò  ¯������ S vn,

� �
vn

�����������
 k!k"k#k& o O � 1 0.01 m/s,

" L £kÇk1
0.01;? P�� E�� N2 o�� ��7�`�a�'��& � ��� @����� @ ÃÄ 1 VW  !"�#& o O��1�m�nA V�W Ç

Ãn =(0.00144, 0.00003, 0.00003)LR (m/s),
J��Y" L £Ç�1

0.01
������������Ò�Ó�Ô V A ?

806
ã × ¥ &

710
ã Û�Ô�ß�_�&�Û�Ô 2 S

h = 0.05 m
�

R
6 � �UV ! " #UXUY:C; K D 6 = > '$� 8 C$� E$% N '$�$& F

.�& � ��8�9 ¦�S s @�� 1�m�n�A V�W Ç�' 8�9 ¦S
ρ
1

ρ̃ = (1.225, 0.025, 0.025)LR (kg/m3);
@ � ��:

ºÀ� @��
c
1

c̃ = (340.5, 6.8, 6.8)LR (m/s)
'

+ X U�( Ò VW @ s  !�@�� �$@ © °± V A/^1�� VW$@�6 xb&�� �$@ ©�) 6 ª« � �C1
200 Hz

Â d
FFEM

, @�& @ � \�6 ¡ ¤�6�*�

¼�1
7
= ¨ '��d�������� � �� I 10000 � @K&+� ��@ ©+) 6 ªY« � ��CY1

200 Hz
Â & @ � \�6

¡ ¤�6�*�¼�1
8
= ¨ '�8�������� �  @K�& �$�/ 1Ú$:&�g�� 1

7 s 1 8
78 � ^&���, � , @�& - (�r ) 2 � &��J����=�@ �	$ &�-�.	@�'/ 10�21�&�c�d�G�H�D�&�2�3�/�0�+ X U�( ÒVW ÚÇ s  !ÚÇ�&�� �$@ © °± V A/^�1�� �! @J6 & ¿�+ V�W  �!�"�#
An

8	C V�W "�#
ρ, c

4 /0�1�5�-�/�*��& !"#&�¼ § 2
= ¨ '�`b��d)*�� Å & @�6 � �  !ÒÓÔg o$0$1 ,- &�@�K @J6 .�/�&�O��

E(p) s O � N σ
'

7
2 � �UV ! " #UXUY�8�9�:�;�<���=�>UVUW�?�@�A�B�C
A�B ρ (kg/m3) c (m/s) An (m/s)

D C 1.225 340.5 0.00144

E�F�G B 0.0082 0.0080 0.0000005

�
f = 200 Hz

Â�0�1 ��� ��@ ©�) 6 ª�« Þ�×
¥ & @ � \�6 s ¤�6�.�/+' r P�%YG�)�*Y5Y-�& gY/^1��. ! @�6 b�&�� �$@ ©�) 6 ª« Þ× ¥ cd
E(p) ± 3σ

' 0 @ � \	6 s ¤	6�.�/�&�"�^	! " & �$ ¼�1
9
= ¨ ' / 1g���&�1 9

� X U��  $�/^
1�� VW$@�6 b�� �$@ ©�) 6 ª« Þ× ¥ & @ � \
6 s ¤�6 .$/ � QRS λ = 0

U & '$( )$*�'���1��78$#� &��. ! @�6 ¡ � VW$@�6 = , @�& @
� \�6 s ¤�6 .$/�*�O��I1 KØ & 0$2 D����$�)*=�P� �&$+$"GHD23/0 ,$- _F�2�.�3
@J6��  &�-�.	@�'

(a) V�� 4���'�( R (b) V���
���'�( RR
7 f = 200 Hz ��" FFEM 5�#����UX��UVUW � �UV ! 6�� 7 8UV�� 4�����
���'�( R

(a) V�� 4���'�( R (b) V���
���'�( RR
8 f = 200 Hz ��!�"�)�*�+�,�-�.�#�$����UX��UVUW � �UV ! 6�� 7 8UV�� 4�����
���'�( R
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