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Abstract The three-dimensional time-domain approach is used to investigate the effect of grazing flow on the acoustic

impedance of perforated plate. The CFD (Computational Fluid Dynamics) simulation model for the acoustic impedance

of perforated plate with grazing flow is built and the perforation acoustic impedance is evaluated by the CFD computation

in time domain. The effects of structural parameters and grazing flow on the perforation acoustic impedance are

analyzed. Based on the numerical results, the curve-fitting expressions for perforation acoustic impedance are provided.

In combination with the perforation acoustic impedance with grazing flow, the transmission loss of perforated tube

silencers is predicted and good agreements between the numerical predictions and measurements are observed. The

results demonstrated that the grazing flow influences obviously the perforation acoustic impedance and the acoustic

attenuation characteristics of perforated tube silencers.
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�,�ïÓ-,ïÏ,%,&'.

/
Realizable k − ε
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(�a�X�Y [ V�µ�G�ZRY [V�[�$�\�]�^�_�`�a�] W _�`�bdc�[-^�e�f�g�X 0,h�i�j�k�l�mdn�o�p V�q�r�s�t�u�Y�v�w W�x w6^y�z P
Q�S�^ x�{ H�I Ψ(t)

n�|�}�~���������� ^��

� H�I���������Z-������X��
Ψ(t) = sin(2πf1t + θ1) + sin(2πf2t + θ2)+

· · · + sin(2πfN t + θN ),
(8)

�UT	Z
f1,··· ,N

X������ � H�I�^ ��� Z
θ1,··· ,N

X��
� � H�I � u�^ �����'� Z x'{ H�I�T��'� � H'I^ ������� X

fn = n × 100 (n = 1, 2, · · · , 40)
P
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����`�¥�X
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41.7 m/s, x�¨ ��� X 3000 Hz,
Q�S ��� WU©	ª�«¬�­�®�¯�°�±�²
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Q�S ��³ P ����´�µ Z ��� ¡¢ W�£�¤ ¡�¢�¶�·�¸�¹'º Z-»�¼8½ ±'²�¾'¿ ^ �'�À�Á WÂ©�ª�« ¬�­�®�¯�Ã Z CFD ��� b� �^�Ä�Å�ÆÇ�È�É � º ^�Ê�Ë�Z j�k u�Ì É�Í�Î x�Ï�Ð ^�Ñ�Ò�P
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3 ���������
±������ ½ k�Ã�� ËÂ�������

(1) x�{��� ½���Â��!���^ x�"�# Ê�Ë�½ 120 dB
k�Ã�$

(2) ¦ v�%&�'�( ��)�*�+ 0.2; (3)
Í�Î�,�-�. a�/�P�½�0 + vÃ�Í�Î x�Ï�Ð ^ CFD

Ñ�Ò +�1 T�Z32 "�4 ^ ����56 Q'S8789'Z;:'»82 "84;< Í'Î8=8>8?8@ v'w ^ yz�A ]�B�P
CFD

Q�C�Ñ�ÒÂT�Z;2 "�4�D�E ¬�F "�G��� ZH +�I §�J�K�L�M�N (FFT) O ¬�F �� �P N�X ��F
�� ZRQ�S H + � (6) « � (7) W � (1)

Ñ�Ò Í�Î�T
^ x�Ï�Ð P
3.1 U�V�W�X�Y�Z�[�\�]�

5
X�^�_�Q�S�½ ) ³ 0 + v '�( � MG

Ã ^
Í'Î x'Ï Rp

Ñ'Ò ¡'¢ P-Q'S'^8`'�'� ¯
200 mm,a;bdcd&

40 mm,
Í�Î�Î ¥

dh = 4 mm,
Tde

tw =

1.5 mm,
Í�Îgf bgh -g. ag/�Z Í�Î�� a�i�X

4.51%,

12.08% W 24.93%,
Í�Îgj � agi�X 9

j « 25
j W 25j P � T ´�µ Rp

¡�¢�k�l�m�n ����¨�o Z ¨�o `�pq T	½gr �gsut Z hgvUn	o Q�S n	Í�ÎgT W agbgwgcx ��Zzy x ·�¡g{ ½ � ¦ vg0 + ¬�|g}-}�~ ¨�o Z ¨
o ^ ���ds�t�° Q�S �d� Z j'kd�'É ) ³ ^'Q�S Ã
����¨dod�d�d) ³d$ 3400 Hz

=d> ^ ����¨do vdno Q�SdT��dh����-^d�d�8� x Q8��½8y �'�8=d> !��^�P
�

5
T

Rp

¡�¢ ´�µd��� ¼ ´ ^dMd�d�d��� Rp��Í�Î��d� ��� Ãd� Z �d'd( � MG

^ � � � ´d�^�� &�$
Rp

½ ��F � ,�n���� ^�M�� ��� Z�½�r �
s�t � ����� ^ � ��� � r'Z-½ &��8s�t � ���'�
� ����� & Z & « r ��s�t ^�� ������� Rp � ° Mv ¬ ^ �d� �d�d$ � �������d'd( � MG

^ � ���
� §�� & Z;� < Í�Î�� ^ y�z � B�P�

Rh = φ × Rp, ��� Í�Î�T�e f W Í�Î a�/�h��Yg0 + v Ã Rh

^ y�z Z ¡�¢g� �
6
� µ Z Q�S ÍÎ�� X

12.08%
P ¡�¢ ´�µ Z Í�ÎgTge fgMg� ¬ Rh ���± :g g�g¡�Z¢��½ ��� [ mgn � ��9�^ ¨�o Z ¨go

�g��� @g£ Z M�  ,gn ¼ ´ ^g�g��Z ³�¬ ¨�og¤ f �Y o
Rh ��� B�Z j�kg>g¥g¦ X Í�ÎgTge f ) Y�0 +vg§�Ì Ã ^

Rh

!�� y�z Z ��� [�^ ¨go ng¨ £g© XB Îd�dªd« ©�ª;¬ ]�^�Ådi W v�w Ñ�Ò�^ )8­ 9d!��^�P ³�i Z ) ³ ^ Í�Î a�/�h�� Ã ^ Rh

¡�¢�® ½
¯d°�[d:d d�d¡�Z ��o��'³ ^8±8² ®8>d¥8¦ Xd0 +v�§�Ì Ã ^

Rh );< Í�Î a�/�h���^ y�z P

Ó
5 ÔÖÕÖ×�³ÖÚ Rp ( (a) φ = 4.51%; (b) φ = 12.08%; (c) φ = 24.93%)
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X ��� · ��� ��� « 0 + v W Í�Î�Î ¥�Y Rh

^
y�z Z	��
���
������ � (Strouhal Number), St =

ωrh/U , � T rh

X Í�Î�� ¥�Z
U
Xg0 + v�§�f�Z � 7� µ Xg^g_�Q�S�^ Rh/MG

��o
St

^gMg� �g� P � 7

´�µ Z ) ³ 0 + v 'g( � Ã ^ Rh/MG

Æ ��±�� ��½
����Z ������Q�S�^

Rh/MG

�
St

^gMg�g�g� ��³ �
Rh/MG

½
St <1

^�� F��
St

� ��� Ãg� Z ½
St >1^	� F��

St

� ����� & Z � T Rh/MG

^ Ã�� W �&g>g¥ X � rgMg��P���� ��� [�^ ¨go S�Z���Q�S�^

Rh/MG

¡-¢�j�k Ì �d�d>d¥ Z �d��k
St = 1

Xd�
� Z

St <1
¬������ r Ã�� Z

St >1
¬������ r��

& Z	� ����Í�Î�� ^�M�����B�P
�

8
� µ X Í'Î'Î ¥'X 3 mm W 4 mm

¬'¡
¢ Z��g_ Î ¥ Ã ^ ¡�¢ ½�����[g:g ��g¡�Z ��½ ���[

3 mm
Î ¥�^ ¡�¢ p�� &-o

4 mm
Î ¥�^ ¡�¢ Z

��³
St

Ã
Rh/MG  

� Å
0.03, ! ½ MG = 0.2

¬ Z
Rh

� Å  0.006, MG

B ¬
Rh

� Å�"�B�Z-� k�>�¥
¦ X ) ³�Í�Î�Î ¥ Ã ^ x�Ï M�������:� ���¡�P

Ó
6 #%$%&%'��%#%$%(%)%*%+%, Rh Ú%-%.

Ó
7 Rh/MG � St Ú%/%0 ( (a) φ = 4.51%; (b) φ = 12.08%; (c) φ = 24.93%)
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8 ���%#%$%$���³ Rh/MG � St Ú%/%0

3.2 U�V�W�X�Y�Z�[�\��
0 + v Ã�Í�Î x�Ð l a�^gMg�g�g� ?g@ Z `�� ��

Xp ��	 Z O Xp

¡�¢ P N�X Í�ÎgT xg� e f�
 f� � α, � 9��g0 + v�Y α
^ y�z � � X CG = α/α0,

α0

X�M�v �g� Ã ^�
 fg� � [10]
P ��� É Xp

¡�¢ W
Rp 
 ¥g®�� ½g� ����� ���gM����g� ) ³ ^ n�¨ Z³�i ��
���
������ � St, �d� ��Q�S�^d0 + v yz � � CG W St � ^ ��� Z � � 9

� µ P ° Rh

¡
¢���¥ Z

CG

½�r �
(
B

St)
®�m�n ¨�o n�¨ Z h�³idvdn�Í�ÎdT W adbdwdcd{ ��^ ¡d{ ½ � ¦ vd0 +¬���� ^�r � "�G�¨�o !���^�P

�
9
¡�¢ ´�µ Z St O ��Q�S ) ³ 0 + vg§�Ì Ã ^

CG

� � É � À���� P
CG

�
St

^�M������ k
St =1X;� � a�X�� l a��

St <1
¬ Z

CG

�
St

� ���g� & Z
� &�� ����Í�Î�� ) ³ � � Ågi�Z n�o Å�i � B�Z������r )�� Z	��� Í�Î�� ^ y�z $ St >1

¬
CG

- :
 �½

1
=d> P-� k Z �

9
¡�¢�j H + � À [d� ���

W ` � ��� >�¥ Pk�Í�Î�� X
12.08%

^�Q�S�X���Z ��� Í�Î�T�ef « Í�Î ad/dh�� W Í�Î�Î ¥�Y CG

^ y�z Z �
10� µ X��g_�Q�S Ã ^ CG

¡�¢ Z O � � T	^ CG

¡�¢
° �

9
T�^ ¡�¢�� � }�n Z CG

¡�¢ ½�����[ v ��¡
^�Z;����Q�S

CG

½
St <1

s�t ��^dMd� ��� � �
Å8i'Z n8o Å8i � B � �8� @8£ Z	� 	 ° n���� ^Mg�g�g��Z�� k�±g�g>g¥g¦ X Í�ÎgT�e f « Í�Î ag/h�� W Í�Î�Î ¥�s ¡�{ ²�� ) y�z CG

°
St

Q ­ ^
�����
3.3 U�V�W�����X�Y�Z�[�\�]����� 5g6 [�! �g� Z ��� Í�Î�� « Í�ÎgT�e f « Í�Îag/gh���Y

Rh " CG

^ y�z�# H + Ñ�Ò ¡�¢�j�k C·gm
Rh " CG

^ >g¥�$ � #&% � È�É 0 + v�§�Ì ÃÍ�Î x�Ï�Ð ^ >�¥ �������
|

ξp =
R0 + jk0(tw + α0dh)

φ
, MG = 0, (9a)

ξp =
R0 + 0.48 |k0rh − MG| + jk0(tw + CGα0dh)

φ
, MG > 0, (9b)

Ó
9 CG � St Ú%/%0 ( (a) φ = 4.51%; (b) φ = 12.08%; (c) φ = 24.93%)
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Ó
10 	������%, CG Ú%-%.

(a) tw = 1 mm, dh = 4 mm �����%*%(%)�� (b) tw = 2 mm, dh = 4 mm, ���%*%(%)��
(c) tw = 1.5 mm, dh = 4 mm, ����	%*%(%)�� (d) tw = 1.5 mm, dh = 3 mm, ���%*%(%)��
 #

CG =

{

12k0rh/MG−1, k0rh 6 MG,

1, k0rh > MG.

�
(9)

�^

R0 ��
 v �d� Ã ^ Rh, CFD ���Ñ�Ò ¡�¢ 
�^
R0

����½
0.004 " 0.007

Q ­ # � Í
Î x�Ï ^��dBdMd����� x��'xd� r�Æ'^ y�z � B #� k

R0

>�¥ 2 � � 0.0055
� ��
�^

α0 ��
 v ���Ã ^ Í�ÎdT xd� e f 
 fd� � # � �'�'� j8586d��
10
^ $ ���;� È�É �

α0 =0.8216(1−1.5443φ1/2+0.3508φ+0.1935φ3/2).

(10)n8±'² Ñ'Ò ¡'¢'j�� # 0 + v Ã'Í'Î x'Ï'Ð ^Mg�g�g� jUn ��
������ � � ����� # j�� # 0 + v� Í�Î x�Ï�Ð ^ y�z ° ¦ v'^�� � r8� � �d� # ¦v�^�� � rd� � j Æ���� ¦ vd0 + Í�Îd} � ^��dB}g~� ^ � � «"!�# " ��$ � � r o § # h�°�k�%g�� 
 x  \�&�^ £�© :� ���¡ [8]
�6n�o ��� b� �
' Ì�^�v o�(�) ^ � Ë # ±d�+* ) Æ�,87 ( C Í�Î=8>�- f �8B'^ }8~� # � k 
   %  ^��/.�0'f1�m x�Ï�Ð M���^�2�\ � Ë £�© �% ��3 .�^�0�f�a ¤ # ��
������ ��� B ¬ ��u

o ¦ v�§�f � � ��4 ^ �g� # � x�¨ ����� � � r #5�¬ x�¨ H + Í�Î�6 � =g> v�w ¬ < y�z�7�8�# x�Ï
" x�Ð g�9 ª 
 v �d� � 4 # ��: � 
�� � � � �� # x�¨ ��� " ¦ v�� � r o §�^�
�; ����<�> # �= Q ­�>�?dmdn�@�· �d� ¡�A ¦ v�^ y�z §�Ì >�?B B # � ��
������ � É 1

¬ # x�¨ " ¦ v�� � ro §�^ @�· §�Ì�A ¦ v�^ y�z ��C %gB # Í�Î ^ x-Ï
" x�Ð ° 
 v �g� Ã � > # ��: ��
������ ��D�E �� # x�¨ ����� � � & # ½ ¦ vF
 ��� ¬ ^�Æ�]�G «ng¨�� Q � � # ��½ �����g+g1 
 ��� < y�z �gB #Í�Î x�Ï � ��� x�Ð�)�H }�� ¼ ´ M�� �

4 IKJ��KLKM
� ��N » ±g��Í�Î x�Ï�Ð�(�) ^�,g7�r # ' Ì ���O   � ��u�Ì�P È ^ Í�Î x�Ï�Ð ������Ñ�Ò � 11� µ ^ Í�Î ��� x�����Q�R�S # � °�T N ¡�¢ [9] �

� # � � 12 " � 13
� µ �½ k�%���� 
 #
Lee " Ih

1�m ^ (�)���� ²��
��U�V [9],

����� � �
Zp = Y0(Rn + jIn)/φ, (11)��
 #

|

Rn =a0(1+a1|f−f0|)(1+a2MG)(1+a3dh)(1+a4tw), a0 = 3.94e− 4, a1 = 7.84e− 3, a2 = 14.9,

a3 = 296, a4 = −127; In =b0(1+b1dh)(1+b2tw)(1+b3MG)(1+b4f), b0 = −6.00e− 3, b1 = 194,

b2 = 432, b3 = −17.2, b4 = −6.62e− 3; f0 =c1(1+c2MG)/(1+c3dh), c1 = 412, c2 = 104, c3 = 274.
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Lee " Ih

u�Ì���_ (�)���� Í�Î ��� x�� ^ ��Q�R
S # ��� }�n u�Ì�� (11)

^ ��� ¡�¢ " T N ¡�¢ %� >
[9]
� � ��N » ±g� (�) ^�,g7�r # � 12 " � 13
 ®�1�m � u�Ì�� (11)

È�É ^ ��� ¡�¢���
12

 ����� Í�Î�� � 4.7%

^�� x�� ½ '�(

� � 0.1 " 0.2
¬ ^ T N ¡�¢ " ��_ ��� ¡�¢ # ���

´�µ # �g_ ��� ¡�¢ ½gr �gsut g�Æ °�T N ¡�¢�¶�·� º # ����� *g+ 2000 Hz
S # ¶�· 1 f � � � r #

��� ¡�¢�°�T N ¡�¢ Q ­gmgn �g9�Å�� # u�Ì ±g� (
) � (9)

^ ¡�¢ ¼ ´Â� u�Ì Lee " Ih (�) � (11)
^

Ó
11 #%$�������	�	���
�� ( #%$%&%'�� tw = 2 mm)

Ó
12 ÔÖÕÖ×�³ÖÚ%#%$�������	���
���� (dh = 4 mm, φ = 4.7%)

Ó
13 ÔÖÕÖ×�³ÖÚ%#%$�������	���
���� (dh = 8 mm, φ = 14.7%)
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¡�¢ "���� >�o�T N ¡�¢�� Í�Î�� � 14.7%
^ (�) ½

) ³g'g( � Ã ^ ¡�¢g� � 13
� µ # ��� r o 2500 Hz¬ # ��� " T N ¡�¢�¶�·���º #

2500 Hz
k S�^ ���°�T N ¡�¢�¶-· 1 f � r # mgn ��9�Å�� �z'g( � �

0.1
¬ # (�) � (9)

^ ��� ¡�¢ "���� >�o�T N ¡�¢g$'g( � � 0.2
¬ # �g_ (�) ^ ��� ¡�¢ " T N ¡�¢ ^Å�� ��� # ½ &���s�t (�) � (9)

^ ¡�¢ � º��
Ñ�Ò ¡�¢ " T N ¡�¢ ^ ����N » � ±8��Í'Î x

Ï�Ð ������^ � t�r # �'Ñ'Ò ¡'¢ " T N�� Q ­ ^Å �8`8p���� o
CFD

b'  ( C +81 
8^ &'� �'�Ä�Å " Í�Î x�Ï�Ð �����dC · +d1 
 �d��� y�z ²��^�����!���^�Ä�Å �

5 �	�
±8� A'Ì8^�
 ¬8F

CFD
b' 'Ñ'Ò80 + v8§'ÌÃ�Í�ÎdT ^ x�Ï�Ð �
��� � 0 + v Ã'Í'Î x'Ï'Ð ^

CFD (�) # Ñ�Ò ��) ³ 0 + v '�( � Ã�Í�Î�T ^ x
Ï�Ð # a ¤�� 0 + v�� Í�Î x�Ï�Ð ^ y�z ��� ��d� �d¼ # 0 + vd§�Ì Ã ^ Í�Î x'Ï�� °�� �Í�Î�� ^ � ��� Ãd� # �'½ ) ³��'�ds t � ,8n ^Md�d�d� ) ³ # ½d� �����'k'Ã��'��� ^ � �'� �r # ½g� ������k � �����g� ����� & # ½g� �����
�'° 
 v ¬ ^ �8� �8� # �8� �'�'��n8Í'Î-Î ¥ "0 + v�§�f��d9 � 0 + v�� Í�Î x�Ð ^ y�z ' Ìd0
+ v�� xd� e f 
 fd� � ^ y'z � � ����! # y�z� � �'� 0 + v'§'f � �'� Ã8� ^ � � # � ®'�'��d,dn ) ³ ^dMd�d�d� # ½8� ���'��k'Ã��'�'�d���� � � # � *8+ � ����� S y'z � � �'± ) M #>;¥ � 1

�z5g6 Ñ�Ò ¡�¢ # ��� Ì���
������ � 1gm

� 0 + vg§�Ì Ã�Í�ÎgT ^ x�Ï�Ð >g¥�$ � � � Ì/P È^ Í�Î x�Ï�Ð ����� � ��� � v ¬�Í�Î ��� x�� ^
��Q�R�S # � � ¡�¢ " T N ¡'¢ ^ �8��N » � y'�����^���Ì�r �
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