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Abstract The effects of apertures on the sound field of an enclosure are investigated in this paper. First, the acoustic

model of the enclosure with apertures is developed based on the modal expansion approach by considering the vibrating air

in the aperture as an equivalent point source, and then the proposed model is used to calculate the higher-order resonance

frequencies of the enclosure and the sound pressure distribution at resonance frequencies. The results demonstrate that

having an aperture is equivalent to reduction of the acoustical mass at the location of the aperture and generally makes

the resonance frequencies of the enclosure increase. If the aperture is located at a modal node, the mode is not coupled

with other modes over the aperture, so its resonance frequency remains unchanged. Reduction of sound pressure in

the region near the aperture is also observed, which is due to the opposite phases between the modal sound pressures

corresponding to the resonance frequency and the sum of the other modal sound pressures. In conclusion, the sound

field in an enclosure is affected by the presence of the aperture and the variation degree of the sound field characteristics

depends on the location and the size of the aperture.
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(0.432, 0.6506, 0.0194) m,
�

3
S~T7�7[

(0.432, 0.335,

0.0194) m
� 	�
 & [�c L 200 )7*7+ (

2
200 ) ��)/ *�+�`�a�� 1998 Hz)

����� � `�d 410 ∼ 430 Hz

¡ ¶ . � 0.1 ∼ 500 Hz `�a�egf .�_�`�6�!�"�h�r
s�i�j � 0.2 dB(

� 
 - N = 10000
, Á

)
� j ½�¾k ��l ��� � `�a ��� � `�a�m�n ^ / !�" F/o�p
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� ½�¾ . ����� � `�d /�� 0 ^�� � jQl /���	 fg Z � �� ]�^ ��� ���� . � m/n�`Qa ω = ωn

\ .2
n )�*�+�!�" ����� . ����� ��� !�" p

³��2
n )�*�+�!�" 3�1 . ωn 
 � � � `�a�. � !�M ��[
4�_�`�6 ��[ � � ( *�+�5�6 ��[ ¡ ¶ )

�¯���Y�X
d�e ��� ���� 4 X�dQe �Q� ���Q�Q���Q . � Yd7e7/�� � . 2 n )7*7+7,7-7� �7� - ((0,0,0) )7¡¶

),
Z�7©���3�17� ��� !7" / � X . !7À�!7" ( Ê

*�+�!�" � >���9���v /���������% (13) 4 % (14)

#��7. *+7!7"��7!�M74�_�`�6 ��[ f�g . �7��� �
`7a / Ì - � !�M74�_�`�6 �7[7���7� 	�
 & . ³ @
(0, ly, 0) 67�75 x�� �~�7�����7� � `7a � I /������� �

x
1
& Î�± � 1

� 4�� ����� � `�a ��	 - �,~� �
1
�

(
��	

) r7s &���� B7w A
/��7� �7�7.�

1
�

(
³ b�c

ann) r�s &�³�� ¤ B�w A
&�/ ���

ann(A
& i +�� � 0, Pm = 0, m 6= n)

� <�� T�U^ . �7�� 7� � `7a o 8�97. ³ b7c ann

\7� � `7a� � i�j�� 5%
� �~� #���. ann

3�1�¨7���� �2
n

) � � `�a /�!�4��"!�#�$�%�¨ L�l�& "�% (16)
/

m�n��
2.1 '�(�)�*�+�,�-�.�/�0�1�2�3�

1
� 4�� ���������� �/ ` g5476 ]�8 2

�
|�� 8 & . � 1

��\
(0, 0, 0) ) � � `�a ���g�:9!�4 . !�4�� Á � 7"; � 8 9�| (0, 1, 0) ) � � `

a �7��!�4 . � � ; � ` g 8 � � �79�!�4 . !�47�Á X�� . x 1,
�

1
��\

(0, 0, 0) ) � � `�a�< 0 Hz

8�9�L 11.6 Hz; (0, 1, 0) ) � � `�a�< 255.1 Hz 8
9�L 255.6 Hz

� � ��� . � 1
��)���[ !�P � #�=

� ����� . B�w A
& Ê ����� 0,

� !" � f�g 7�
1
� . � � N�P�!�P � � 138 kg/m4,

B�w
A �

� |anl| 6 1023 m3/s2 6= 0,
� !�" � f�g ������ 1� . p�> Y !�P ��<�X . � K �� �� � `�a�8�9 �

8
3(a) 4 8 3(b) � (0, 1, 0) ) � � ` a@?�/: R ��A /Q� IQ. 8 3(a),

�/:M&OTQ�QY
(0.432,

0.14, 0.14) m,
8

3(b),
��:�&�T���Y

(0.432, 0.0194,

0.0194) m
� < 8 3(a) #�?�±�.B? ��: 8�9 � � `�a

8�97. ��: � 0 m 8�C 0.14 m,
� � `7a�< 255.1 Hz

8�C 262.2 Hz
� 8

3(b)
97| .D? ��A 8�9 � � `7a <X . ��A < 0.01 m 8�C 0.14 m,

� � `7a�< 258.6 Hz

E
1 FHGHIHJHKHLHMHNHOHPHQHRHO (Hz)

SHT UHVHWHX YHZH[ [ 1 Z [ 1 \ [ 2 ] Z [ 3 Z [ 1 Z
nx ny nz MHN QH^ MHN QH^ MHN QH^ MHN _H`Ha ann

1 0 0 0 0 11.6 12.1 16.5 16.1 11.9 12.2

2 0 1 0 255.1 255.8 255.6 256.3 256.2 256.8 255.1 255.7

3 0 0 1 285.7 285.8 286.2 286.3 286.7 287.3 286.2 286.3

4 0 1 1 383.2 382.9 383.9 383.4 384.6 383.9 383.2 383.8

5 1 0 0 395.0 396.9 395.3 396.9 395.5 397.4 395.3 396.0

6 1 1 0 471.1 471.4 471.6 472.4 472.3 472.9 471.1 471.3

7 1 0 1 487.6 486.5 488.2 488.0 488.8 488.0 488.2 488.6

b
2 [ 1 ZHcHYHZH[HdHe FHGHfHKHgHhHi ( jHkHlHhHiHmHnHkHlHhHiHfHoHj b )
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(a) IHJHKHL�� [�� f���� (b) IHJHKHL������Hf����b
3 (0, 1, 0)

S IHJHKHL�� [���� f����
<QX � 255.5 Hz

� � � � `Qa/�/�
	 % (16)
/��

� D�� � ? ��:�<7X 4 ��A 8�97. � �~N�P7!7P � 8
9�. � � `�a����_�� ���� �� � `�a 255.1 Hz

�
D��7É7. �7����� � 0�� Y7�7�7� 07. ��� �7� B �Y���� 1�N�P � 0 <�X . p�> YQ���Q� 1�NQPQ!�P��<�X . ���� ��� �� � `�a�8�9 ���� L�R  �� � `�a ��	 r�s�-�. x 1,

x�& >\ ��± /�G�$ Ì�� t�� G�$ · F�F���������F�� (0,

0, 0) )7*7+ � � 1
�7\ . �7 7/ (0, 0, 0) )7*7+ �7� <���E / 0 Hz
� � 11.6 Hz

� F�� � � . �7X7��b:
a R ; 0 h

������ ��������
lx, ly, lz � λ

\ .X7� 4 �7 � �! D���#�$�%�& � ��" � ��� (0, 0, 0)

)�*�+ /�� � `�a�< 0
� L ¨g� �� !$#&% � � �� !�P �� �!�/ #�$�%�& � ��" /�� � `�a [2]

��
I � �7\ . ��'7/ !7P � � Ê � !�P � A�( Í 4 [20] ,�7�7� < �7� � `7a7� � Â �7� � `7a / √

2 ) � �%
(22) #�K�>�* ����� 	�
 r�s &�� < � � � Â �� � `�a Í , 16.5/11.6 = 1.42 ≈

√
2,
	�
 r�s &7���¨ ��)�*�+ / f�g . % (22)

³ b�c
(0, 0, 0) )�*

+�. ��� <�+�K�L /, -�µ ��Z > ��7Y �7)7*7+7. ] (0, 1, 0) *7+7. � 1
� � � �� , Á . � � `7a�< 255.1 Hz

� � 255.6 Hz
� %

(16)&
D2A22ω

2
H > 0,

�7� � `7a�8�9 � �7� 1 R � 2
�7�

� �
1
����	 - , Á . ] (0, 1, 0) *7+7. � � `7a�<

��E / 255.6 Hz
� � 256.2 Hz

� < � � `7a / ����	%
(16) 4 (22) #��7. � 1 R � 2

�7� � �
1
� B , .

U V�W�Ì � D2ω
2
H(A22 1 + A22 2) > D2A22 1ω

2
H > 0,� � `�a p D�,�8�9 �� ,~x

1
&~�

1
� R � 3

�7� � �7��� � T�U ^�7 7� � `7a7. #�?7±�. ���7Y�Z > �7[ . � � `7a!�47�7Z > � � � �7[ 1,
�7�� 7� � `7a o 8�9 � �

� �7[ 3, (0, 1, 0) R (0, 1, 1) R (1, 1, 0) ) � � `7a Z

� . i + ) � � `7a�8�9 � �~� � `7a�����	 % (16)

#�?7±7. � � Z > �7[7\ Ann

Z >7. � � `7a !�47�Z > � � 3
��[ . � (0, 0, 1) *�+�. A22 = 0.99 > 0,� � `�a�8�9 7�� (0, 1, 0) *�+�.�1 Y 5�6 ��[ . i

*�+�U V�W�Ì A11 = 0,
� � `�a Z����

2.2 '�(�)�*�+�,�-�-�.�/�0�.�/�0�1�2�3�4�1
2�3�

1
S~T7�7[���	 r7s7!7"�h�. x 2

� #�?7±7.
� ) � ��� � � ! " X Y � �¿� \¿/ !¿" . ] (0,

1, 0) ) � ��� .� ��� !�"�h 130.6 dB,
��� !�"

h 129.5 dB
� ^ � @ ¼ ) * + �65 F6� � � � @

x = 0.432 m 7 � / !Q" F/o �
5Q.ÎQ± (0, 1, 0)

) � � `�a (
�

1
S�T 1 ) m�n ^ .� ���������� 

4 � 1
�������� �/ !�" F�o�� . 8 4

�
8

4(a) � �7�7 ��7 � / !7" F�o . ��� (0, 1,

0) )�*�+ C�8 � Ì F�o�� � � ��� (0, 1, 0) ) � �
`�a�m�n ^ . (0, 1, 0) )�*�+�,�-$9 � Y i + )�*
+�,�-�. ��� i !�" F�o�k � � (0, 1, 0) )�*�+ C8 � Ì Φ2(r)

3�1�� 8
4(b) � ���������� ��!�"F�o�� !�" � y :�<$; ��&  $� <�X .�< z :�8� . X���= ��!�" X�Y 1 Y >�D y -�>�9�? X�� 1

E
2 [ 1 k�@�A�BHMHN c QHR�C�D�E (dB)

SHT UHVHWHX MHN QH^
nx ny nz YHZH[ [ 1 Z YHZH[ [ 1 Z

1 0 0 0 79.2

2 0 1 0 130.6 129.5 135.1 134.5

3 0 0 1 130.0 129.4 134.2 133.8

4 0 1 1 132.9 132.2 131.9 131.2

5 1 0 0 128.1 127.1 128.4 127.7

6 1 1 0 131.4 129.9 129.5 129.0

7 1 0 1 131.2 130.6 129.8 129.5
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/ !�"�. ] (lx, a, a)(
��S�T

) !�"�h�� 129.5 dB, 9
? � 1 (lx, a, lz) !�"�h�� 130.7 dB

�
8

5 ��6 (lx, a, a) 1 Ê )7*7+7!7" PnΦn(r1)
�

#�� Ê )7*7+7!7" /�� · 9 X7Y (0, 1, 0) ) (
2

2 ) )

*�+�!�" /�G · 94.7 Pa,
Ê )�*�+�!�" /�� · ��'

!7" /���� 9 X7Y�G · . #7´7µ � � i +��7[�=�� *
� /����7� �7� �7*7+7!7" /�� · � 0,

� ,
(lx, a, a)

4 (lx, a, lz) 6�*�+�!�" / ,�0 |PnΦn(r1)| 4 B ���. 8 6 4 8 7
�

8
6 � (lx, a, a) 6 Ê *7+ / !7" � B �7� 8 6(a)

��*�+�,�- Pn

/ ,�0�. (0, 1, 0) )�*�+�,�- / ,�0
9 � Y i + ) � 8 6(b) ��*�+�,�- / B � .k� 0◦ �
180◦, 0◦

x7| i -7�7_7. 180◦
x7| i -7��� � 8 6(c)

� (lx, a, a) 67*7+ C�8 � Ì -7. � _ � � � 8 6(d) �Ê *7+�� (lx, a, a) 6 / *7+7!7" PnΦn(r1)
/ ,707.

(0, 1, 0) )7*7+7!7" / ,70�9 � Y i + ) � 8 6(e) �Ê )7*7+�� (lx, a, a) 6 / *7+7!7" / B � . L 2 ) B� � 0◦,
2

2 ) @ � B � � 180◦,
�7� L 2 )7*7+7!

" o �7_7-7. 2 2 ) @ �7*7+7!7" o ����- � ¼ 67!
" k � � (0, 1, 0) )�*+�!�" 94.7 Pa

3�1 . i + )

*7+7!7"�9 X7Y7¼ -7. > �~Y (0, 1, 0) ) @ �7*7+7!
" o ���7-7. ¯ (0, 1, 0) ) @ ^ *7+7!7"��7�7_- .
> ³�� D � . � ¡ (0, 1, 0) ) Í�¶ . Ê )�*�+�!�"Í 4�����- −10.3 Pa,

�
94.7 Pa

B ,�Z #�´�µ �O�� Ê *�+�!�" Í 4�� 84.4 Pa,
X�Y

(0, 1, 0) )�*�+
!" 94.7 Pa

�
8

7 � (lx, a, lz) 6 Ê *7+ / !7" � B �7� 8 7(a)

4 8 7(b) > 8 6(a) 4 8 6(b)
� 8

7(c) � (lx, a, lz)6�*�+ C�8 � Ì -�. � _ � � � 8 7(d) � (lx, a, lz)67*7+7!7" / ,707. (0, 1, 0) )7*7+7!7"7,70�9 � Yi + ) � 8 7(e) � (lx, a, lz) 6*�+�!�" / B � .�
0◦ � 180◦,

�7� Ê *7+7!7" � _ � � � ¼ 67!7" k ��
(0, 1, 0) )�*�+�!�" 94.7 Pa

3�1 . i + Ê )�*�+
!7"�9 X7Y7¼ -7. �7_7R	� B�N�
�� . i 4�� 1.8 Pa,

9 X�Y 94.7 Pa
�O��� Ê )�*�+�!�" Í 4�� 96.5 Pa,

��� p Y (0, 1, 0) )�*�+�!�" �
�Q�/�Q< �Q[ 1Q.*Q+Q,Q- / ,Q0QR B �Qo B

>7. �~Y *7+ C�8 � Ì - /7Z >7. � K7<�6�*7+�!7"/ B ��Z > ����Y�� 1
��\ . % (8)

& B�w
A
/�2

2 �7�7� � (0, 1, 0) ) � ��� !7" /���� � � ��� .

(a) YHZH[He FHG�C�D�E	�		���	�HKHL 255.0 Hz (b) [ 1 ZHe FHG�C�D�E	�		���	�HKHL 255.6 Hzb
4 x = 0.432 m ��C�D�E	�	

(a) (lx, a, a) � UHV C�DHf	�	� (b) (lx, a, a) � UHV C�DHfHQ	�b
5 (lx, a, a) � UHV C�D
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(a) UHV�� OHf ��� (a) UHV�� OHf ���

(b) UHV�� OHf���A (b) UHV�� OHf���A

(c) (lx, a, a) � UHV������HX O (c) (lx, a, lz) � UHV������HX O

(d) (lx, a, a) � UHV C�DHf ��� (d) (lx, a, lz) � UHV C�DHf ���

(e) (lx, a, a) � UHV C�DHf���A (e) (lx, a, Lz) � UHV C�DHf���Ab
6 (lx, a, a) ��C�D�����A b

7 (lx, a, lz) ��C�D�����A
] � ��� 1 r1(lx, a, a) 6�. b�c A

/������ 4 ³ bc
A
/�2

2 � ( � ³ c (B −A)−1
2

2 � ) <�� T�U^ . � ��� !�" ��	 - F�� � 84.4 Pa 4 83.9 Pa
�

��J Â � .�. ³�� ¤ B�w A
&�2

2 ��. � i�� ���
� 0, A ³ c (B −A)−1

2
2 ������. � L�� F�� ´

µ � · . ��% (13) I�J�. r 6 � ��� !�"�#���� x| � �
pp(r, ωr2) ≈ Pp2(ωr2)Φ2(r)+

∑

n6=2

Pp2(ωr2)
an2

bnnb∗nn

(ωp2 − ωn)Φn(r),
(23)

%'&
Pp2(ωp2) = ρ0c

2
0Q0Φ2(r0)/(2ζ2ω2Λ2) � � 1

�
���� 

(0, 1, 0) )�*�+�,�- ��
1
S T���[ . an2Φn(r) = annΦ2(r1), �

¼ 6
(0, 1, 0) )7*7+7!7"7�7_7- � i + )7*7+7!7"7. �7� 1�7Y i *7+�5�6 �7[7\ . ann = 0,

¼ *7+7!7"7� 0
�

�7�
1
�7Y�� *+�5�6 \ . ann > 0, (0, 1, 0) ) @ �

*�+�. � � `�a ωn �
Y m�n�`�a ωp2,

i *�+�!�"
����- 7 (0, 1, 0) ) @ ^ *�+�. � � `�a ωn

�Y m
n�`�a ωp2,

i *�+�!�"���_�- ����� #�.�.*�+�,
- � *�+ C$8 � Ì - B ? Í  . K�L ¨ D/� � � �
ann,

� K ��Y (0, 1, 0) ) @ ��*�+�!�" � (0, 1, 0)

)�*�+�!�" B � B
	 . (0, 1, 0) ) @ ^ *�+�!�" �
(0, 1, 0) )7*7+7!7" B � B > � � � 8 6

F�� #"�¿.¼ 6�!�" X�Y (0, 1, 0) )�*�+�!�" ���Y�� 1
= �/ 6�. Φn(r) ≈ Φn(r1),

��� i !�"���� p Y r1 6
!�"�. =�X�Y����������� (0, 1, 0) )�*�+�!�" �
��9�? r1

/���[ . an2Φn(r) = Φn(r1)Φn(r)Φ2(r1),

Φn(r1)Φn(r) � _ � ��. � i *�+�!�" � _ � ��. ]8
7
�7| . Ê � B�N�
�� . i 4�9 X�Y (0, 1, 0) )7*

+�!"�. ��� � ¼���[ !�"��/� p YQ���Q�Q���Q 
(0, 1, 0) )�*�+�!�" �
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3 ���
G�$ v����Q{ D . 8 8, � A 0.135 m, ��� A

0.07 m,
i + Ë�Ì > 	�
 r�s �
	�� v��! " ` g e

f ( 90 ∼ 4000 Hz,
��Y

90 Hz
i�¸�º !�" Á X .

>�m�n�`�a�_�� �� �� � `Qa \ .{ D��O��� m �� Á � / !�"�h�. ��� 90 Hz
@ ^ � � `�a 	�� -� Á���� ��

1
= ��{ D�� R ¶ !�" � 	 6 / [�\��� .j G�$'& { D��
	 6$� � 1 : 6 ��R���{ D� � 0.05 m, { D ¶ 	 6�� � 1 : 6 �7R��7{ D ¶ �

0.05 m
�

b
8 ZH[HcHdHe FHGHKHgHR��HQH^���B8

9
9�| . � 1

��\ . � 1 1�{ D�� R ¶ !�"
h�j$� 30 dB :�; � { D�� !�"�����{ D ¶ !�" /
32 )�. ��� ¶�·�¸�º !�"�9 X�Y { D�� · !�"�� �x

2 #���.� 1 ! � ��!� , Á .� 1 " [ ��) ����
(
� � `�a Z > ) !�" <�X 0.3 ∼ 0.7 dB �8
10 (  1 ! G�$ 4 ��	 ` g 4�6 . 2 2 ∼ 7 �

� -$# V K Á$% � (0, 0, 0) ) � ��� !7"7. ��	 r7s
� Y�G�$ � � � ( . 	�
 & r7s7`7a�e f � 67!�M�MQ ��D � Ì . Ê � � `7a o7��) Á � / � - 7 G�$}&
��& Ê `�a ^ �! "�' O�(O" o B >�.�>�Q! " `
a g ) � 	$� `7a�e f � A Z 77Ã�. � � `7. i�)$*
0 ��� � . ��G�$}& (0, 0, 0) ) � ��� !7"�h Á � �

 1 ! \7� � `7a ��	 -74 G$	 -�. x 1 � #�?
±7. G�$ -74 ��	 -7µ �7Z >7. >�<��$!$ �L$!� 7.Ê ) � � `7a � I$+$,�D��7. ��) *�+ ^ . � � `7a
-�8�9$� (1, 0, 0) *7+$ 1 ! � �$!$ 7¡ ¶ . i � �
#  ( G�$'& `�a�8�- X�Y�. `
,�/�� G�$ -�4 �	 -7µ �7Z >7#  � <78$0 � � ��� . *�+ d7e R BC { D7/$1 z7970$� ��	 r7s & . Ê *7+ d�e ��D �Ì . G�H�2 *�+ d�e ?�`�a ����� I [22] � G�$�	��
v�{ D��Y � ��i�j�. ��3���1 z B�C { D �8

11 � ��4 R5 1 !�R � ! (  1 4� 2
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