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Abstract The analytical formulas of optimal damping ratio and working frequency band of a Helmholtz resonator

for the interior noise control were developed and experimentally validated. Based on the coupled acoustic equations

between the enclosure under control and a Helmholtz resonator, formulas for calculating optimal damping ratio and

working frequency band of the resonator, to minimize the targeted sound pressure level inside the enclosure, were

obtained. Then, detailed steps using the optimally designed acoustic resonators to attenuate noise in an enclosure were

also proposed. Finally, a series of acoustic measurements were conducted in a one-dimensional duct to validate the

developed formulas. The theoretical and experimental results demonstrated that the presented optimal design method

can predict the optimal damping ratio and working frequency band for Helmholtz resonators with high accuracy, and it

has a great potential in the interior noise control from low to middle frequencies.
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1(a) ðpå�æ�ç�èñé (xS , yS , zS) ò�ó�ô�õ�ö�ê÷�ø�ù�ú�û Ú qS(t); HR üþý ÿ ��� (xR, yR, zR)

ï
Ù

1(b) � HR
ì���� Ù ø ù ð LR Ú�ç���	 û�
 SR Ú

ç���üñý��� 
 V R Ú�ç�è���� ì è� 
 ù ç��ñé����� � � ð�� ì ��� Ú xR(t), ����������Ú�� 
 à�á
â�üeý ì ê����� �!�Ú�"�ö�ê ÷ [1],

ú�û Ú qR(t) =

SRẋR(t)
ï å�æ�ç�èñé ì ê�ë p(x, y, z, t) #�$�%�&�'

��(�)�*
∇2p(x, y, z, t) − 1

c2
p̈(x, y, z, t) =

−ρ0

[
q̇R(t)δ

(
x− xR

)
δ
(
y − yR

)
δ
(
z − zR

)
+

q̇S(t)δ
(
x− xS

)
δ
(
y − yS

)
δ
(
z − zS

)]
,

(1)

ù ð ø c Ú�ê�+ ø ρ0 Ú�,�-�. û�ø δ(x− x0) Ú�/�01�2�3�4�ï
Û�5�6�7�8�9 ø ê�ë� �: í Ú�*

p(x, y, z, t) =

∞∑

j=1

ψj(t)ϕj(x, y, z), (2)

ù ð ø ψj(t) Ú�; j <�5�6�=�> ø ϕj (x, y, z) Ú�; j <
á�? ïA@�B�C�D�E�F ì�G�� Ú�H�I ��øAJ  �K ψj(t)=

Pje
iωt, qS(t)=QSeiωt, xR(t)=XReiωt

ï 0�Û�5�6�7�8
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9���(�) (1) ������� ø
	 Û�5�6�����������H� ø����� B 5�6���� E�F ì���ø J (�) (1)
G Ú�*

[
(ωE

j )2 − ω2 + i2ξE
j ω

E
j ω
]
Pj =

−cz0ω
2

V E

ϕj

(
xR, yR, zR

)

Λj

SRXR+

icz0ω

V E

ϕ̃j

(
xS , yS , zS

)

Λj

QS ,

(3)

ù ð ø z0 Ú , -�������� ø z0 =ρ0c, V
E Ú ç è è

 
 ωE
j Ú�ç�è�; j <��pó������ ø ξE

j Ú�ç�è�; j <
��� � ø ϕ̃j(x

S , yS, zS) Ú�á�?�!�ê ÷ üþý#" $�é ì%�& ø
Λj =

∫
V E [ϕj(x, y, z)]

2dV/V E ,Λj Ú�'�ô��5�6
� � ï

HR ç��þé�-�è�(�)�� ����ì ����(�)�Ú�*
ρ0L

R
effS

RẍR(t) + SRRiẋ
R(t)+

ρ0c
2
(
SR
)2

V R
xR(t) = −p(xR, yR, zR, t)SR,

(4)

ù ð ø LR
eff Ú�à�á�â�ç���ó�*�	 û [15], Ri Ú�ç�� ì+�� ���%ñé�� ø p(xR , yR, zR, t) Ú�ç���üñýpò ì %& ê�ë ï,#-
(2)
ì 5�6�7�8�9� �. ø0/�1�2�3�	 Û HR

4�5 C�6�7 <�5�6�8�9 ì ê�ë�=�>�ã�:�;�ä ø=<�>
pj(x, y, z) = Pjϕj(x, y, z) (5)

ã�:�;�ä ø@? ê�ë p(x, y, z) A�BDCFE�G�:�;�ä ïH
ϕj(x, y, z) 6=0

C ø ,#-
(5) I�*

Pj =
pj(x, y, z)

ϕj(x, y, z)
. (6)

,�-
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ì�Q�R ïUT I�ô�V ì � ø	 Û HR
4 ã�ä�W�<�5�6�8�9 ì ê�ë pj(x, y, z)

4 G
:�;�ä��ê�ë p(x, y, z)

ì (�9 5�X�Y Û ��Z ����[\ 5�6�. û^]^_�ì^`^a�ø@/^1 6cb �c�^[ \ ì^d ó
5�6�8�9 ì ê�ë 5 C�e �8�9 <  ï

K xR
m(t)=XR

meiωt,
-

(5) f�g - (4), h�I�*
XR = − 1

[(ωR)2 − ω2 + i2ξRωRω]

1

ρ0LR
eff

ϕj

(
xR, yR, zR

)
Pj ,

(7)

ù ð (ωR)2 = c2SR/LR
effV

R, ωR Ú HR
ì � ói�=�

� ø ξR =Ri/2ω
Rρ0L

R
eff , ξR Ú HR

ì ��� � ïj�k -
(1) l - (7) h�m�5�6�ê�ë�n�%�*

|

Pj =
γ2
(
α2 − γ2

)
+ i2ξRαγ3

−ε2jα2γ2 +
(
1 − γ2 + i2ξE

j γ
)
(α2 − γ2 + i2ξRαγ)

iz0
kV E

ϕ̃j

(
xS , yS , zS

)

Λj

QS . (8)

|
2�o�`�a % ø ����p�ê ÷�ì�ú�û QS ��q�. ì�øsr�tH

ϕ̃j(x
S , yS, zS)ϕj(x, y, z) 6=0

C ø -
(8) ð ì Pj :

G -  �: í Ú�*
Yj =

γ2
(
α2−γ2

)
+i2ξRαγ3

−ε2jα2γ2+
(
1 − γ2+i2ξE

j γ
)
(α2−γ2+i2ξRαγ)

,

(9)ù ð�*
Yj =

Pj

iz0
kV E

ϕ̃j

(
xS , yS , zS

)

Λj

QS

, (10)

ε2j =
V R

[
ϕj

(
xR, yR, zR

)]2

V EΛj

, (11)

k Ú�' 4 
 α=ωR/ωE
j , α Ú HR

ì � ó���� B ç�è
; j < � ó�����u � 
 γ=ω/ωE

j , γ Ú���� � 
 ε2j Ú
HR
B ç�è ì ; j <�5�6�� � � øwv�x�y 6�z�{�| Ú

5�6�è� � ï�} î�ø !�~�� 13 ð y 6 v õ�� 4�{�|
Ú�à�á�â B ê�ç ì ê�������� 4 * ù T Ú�� C ø
� ê

����� 
�ù T�� _�ø ê������ � ú ï
%���� � Yj

ì :�G -�4 ������� HR
ì �����

l�������� e  Q�R ï
1.1 �������������������������
Hc� 8 K�M ç�è�Ú�ôc��ê�ç C ø@� Ec� ì � ó

�^� D^  t E^¡ ]^_^¢c£�ø@r 7 <�5 6 ì �c�¤�  
Û^¥^¦^�^�^��(�9 4 \^§^¨ I [16];

H^� 8�ç�è�Ú^©
��ê�ç C ø@� 5�6�. û^_^ª^« � ��5 6 Dc¬ ! ]�úì �^� ø@r ç�è ì 5�6^�c�^ 1 Û^® 6��c¯c°^± 4² � ï v^³ �^� T �^´^µc¶^� � 8�ç�è ìc�c· = >¸ F�¹ 1 ï E�º ø»H ç�èþé ì ê���¼���Ú�,�- C ø Ú
H^ ¨ h 3 ) ø@o^o ! ¨ h HR ; e �^� ì^½^ª^3
)eð¿¾^À � 8�ç�è^�^� ì^Á = [17],

d �^!^Â^~^I^:ì
HR ; e �^�¤�¿l^; e �^�^�^�^Ã^Ä^Å - x O^ÆÇ^� 8�ç�è�5�6^�^� ì^È^É ï K - (9) ð ì ξE

j = 0,J ó�*
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|Yj | =

√√√√
(
α2γ2 − γ4

)2
+
(
2ξRαγ3

)2
[
(1 − γ2) (α2 − γ2) − ε2jα

2γ2
]2

+ [2ξRαγ (1 − γ2)]
2
. (12)

|� - :��	� T |Yj | 

G��

ε2j , γ, α, ξR
ì�G ^º G

 ï Ù 2 Ú γ l |Yj |
F ���� ø ù ð ε2j =0.05, α=1

ï

Y
2 ���NWNX�� Q��������

, Ù
2  �. ø � � HR

ì ������n�� G  ø d ó
�^���	���� 3�� õ¤� { ì ö S l T , ��� v�� ö
ò ì � T�B HR

ì �^�¤� � F�ï H HR
ì �^�¤�WÚ

� C ( ���pö� ), å�æ�ç�èñé ì ê�ë�ó � õ�à�á� ø!  T Ú ��"�_�
 
�# HR
ì ������$�8 ø å�æ�ç�è

é ê�ë ì�� õ�à�á� � T , ��"�G Ú�ó " ( ��%� );

n�& HR
ì �^� G I�$�' _�ø å�æ�ç�èeéWê�ë ì��

õ�à�á� ���Ú�ô�õ�ó "�ì à�á� ( ��ö�(� );
H

HRì ����) � ��*�_ C ø HR ç��ñé�-�è�O�á�� ø å�æ
ç�èeé ì ê�ë ����+ ¾^À�,�ç�è�5�6^�^�^ºc!�à�á
����ò ì  T Ú ��"�_ T ( ��-� ),

t C � T ì :�G- Ú�*
|Yj |ξR

→∞
=

γ2

|1 − γ2| . (13)

. ��+ �^¯� ^. ø !^��ó�ô�õ HR
ì å�æ�ç�è

é�* (1)
H

HR
ì ��� � . ��/�ó " T�0 G : ��"�_C ø 
�u�ç�èñé ì ê�ë�B . ��"�_ /�ó " T ø 0 G :��"�_ ï , t  �. ø HR ô {�¬ !�ô�õ�; e ����� ø	 ê�çñé KNM ê�ë ì T�1 :�;�2 
 (2)

� � HR
ì �

�¤�¿n�� G  ø@d ó��^�3�4��5� 35� õ¤� { ì ö
S l T

ï Ú�, 	 HR ó^; e 8^9^*�& ø76 § � Den

Hartog !^~^� 17
¨ h�8�á�â ì ; e �^�¤� C Û ìe  KFM�ø Â�~ 	 Û “ 9�: S l T

� ö ì ê�ë T�;û�øN	�� ö�� ; ø ��< Ú=�� ��ì ; ; ö ”
4 ��Ú ¨

h HR ; e �^�¤� ì e  KUM�ø � {^| , t ¨ I ì
�����pÚ HR

ì ; e ����� ï?> t�ø HR
ì ; e ���

� ½�ª n�% ï

-
(12)  �@�A�Ú�*

|Yj | =

√√√√C +D
(
ξR
)2

E + F (ξR)
2 , (14)

ù ð�*
C =

(
α2γ2 − γ4

)2
, D =

(
2αγ3

)2
,

E =
[
(1 − γ)

(
α2 − γ2

)
− ε2jα

2γ2
]2
,

F =
[
2αγ

(
1 − γ2

)]2
.

�
S l T

� ö�ò ì ê�ë T�B ��� � ξR
� F ø

r ¬ !�%�& F ��*
C

E
=
D

F
.

, t  �I�*
γ4 −

(
1 + α2 +

ε2j
2

)
γ2 + α2 = 0. (15)

@
S
B

T
� ö¤� > ì �¤� ���¤�eÚ γS l γT ,

,
-

(15), B >�C G {�D ø  �I�*
γ2

S + γ2
T = 1 + α2 +

ε2j
2
, (16)

γ2
Sγ

2
T = α2. (17)

H
S
B

T
� ö�ò ì � T�E � C ø ,#- (13) I�*

γ2
S + γ2

T − 2γ2
Sγ

2
T = 0. (18)

-
(16) / - (17) / - (18)

j�k�ø h�I�*
α =

√

1 +
ε2j
2
, (19)

γS =

√√√√
1 +

ε2j
2

−

√
ε4j+2ε2j

2
, (20)

γT =

√√√√
1 +

ε2j
2

+

√
ε4j+2ε2j

2
. (21)

-
(19) Ú S l T

� ö�� ; ì�E�F ï > - (20) G -

(21) f�g - (13), I S
B

T
� ö�ò ì � T Ú�*

|Yj(γ)|
γ=γS G γT

=

√
1 +

2

ε2j
. (22)

B > ��+ HR
ì ; e �^�¤� ì {^| ø Ú�, ¨ It T ø >�� - (14) ����%�&�����*
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∂ |Yj(γ)|
∂γ

|γ=γS orγT
= 0. (23)

I�*
G
(
ξR
)4

+H
(
ξR
)2

+ I = 0, (24)ù ð�*
G = 2γ4 (2α)

4 (
1 − γ2

)
,

H = γ2 (2α)
2
{

4
(
1 − γ2

) (
α2 − γ2

)2 − ε2jα
2γ2

[
2α2

(
1− γ2

)
+ 2

(
α2 − γ2

)
− ε2jα

2γ2
]}
,

I = 2
(
α2 − γ2

) [(
1 − γ2

) (
α2 − γ2

)
− ε2jα

2γ2
] [(

α2 − γ2
)2

+ ε2jα
2γ4
]
.

h�(�) (24), I�*
(
ξR
)2
1,2

=
−H ±

√
H2 − 4GI

2G
, (25)

(1) � γ=γS , ����� � ����������ü ø � À�� � ε6j
; < ì ä ��ø I�*

(
ξR
S

)
2

= ε2

j

(
4
√

2 − 16εj + 25
√

2ε2

j − 54ε3

j

)
+

√(
64 − 384

√
2εj + 1652ε2

j − 1964
√

2ε3

j + 4147ε4

j − 3466
√

2ε5

j + 3504ε6

j

)

2
(
16

√
2 − 48εj + 60

√
2ε2

j − 104ε3

j + 73.5
√

2ε4

j − 84ε5

j

) . (26)

(2)
5 D ø � γ=γT ,

t C ó�*
(
ξR
T

)
2

= ε2

j

(
4
√

2 + 16εj + 25
√

2ε2

j + 54ε3

j

)
+

√(
64 + 384

√
2εj + 1652ε2

j + 1964
√

2ε3

j + 4147ε4

j + 3466
√

2ε5

j + 3504ε6

j

)

2
(
16

√
2 + 48εj + 60

√
2ε2

j + 104ε3

j + 73.5
√

2ε4

j + 84ε5

j

) . (27)

|

; e ��� � ξR
opt

{�| Ú [18]:

ξR
opt =

√(
ξR
S

)2
+
(
ξR
T

)2

2
. (28)

B > - (28), � ε2j = 0.05,  LIL; e �L� �
ξR
opt =0.14, ��m�O 5 ����� ξR

C ì ������ ø n Ù 3d�í ï

Y
3 ���NWNX�� Q��������

, Ù
3  �. ø ��; e ��� � ξR

opt

C
( ��-� ), S

l T
� ö ì � T Ú����=�  ��� õ E � ì ; _ T ø� � D � ½�ª�ì�� @�ï

1.2 ����������������	�
��������
Fahy ¿!^~^� 11 ð¿V�� 3�ø HR ç�è�è� �_�ø 8�9�*�& ��� ø������ D ���=� ï %�~ >�� m��� D � ½�ª ���=� ï
�^�^�^��>^Æ�����à�á^�^��� � õ������ ì à

á���� ï B > - (20) l - (21), ��5�6�è� � ε2j ��� M�ø � õ { ö���������!  M�ø d I F ��� �nÙ
4
d�í ï

Y
4 "$#N^$%��'&$(NP$)$*NQ��$+��',$-����

, Ù
4  �. ø � { ö���� �/. T 
 ε2j $

_ º G_�ø�<�� { ö���� � _ ï � - (20) l - (21) �����
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������ü ø � ¾�À _ � ©�" ��ì ä ��ø I�*
γS ≈ 1 −

√
2

4
εj +

3

16
ε2j −

√
2

64
ε3j , (29)

γT ≈ 1 +

√
2

4
εj +

3

16
ε2j +

√
2

64
ε3j . (30)

��� 6 ��� - ì . {^| Ú�à�á�â ì �c�^�c� ø< *
∆γ = γT − γS =

√
2

2
εj +

√
2

32
ε3j ≈

√
2

2
εj . (31)

,#-
(31)  �. ø à�á�â ì ������� B 5�6�è�

� ( G�5�6�� � � )ε2j
ì�_ ä��������$�8 F � ø ε2jT�� _�ø

∆γ
� � ï ,#- (22)  �. ø¿t C S l T

�

ö�� T�1 2 ø 8�9�*�&���� ï
Ú^��ô���� í HR ç�è�è� B �^�^�^� F � ø

! HR ��� �#; e E�F % ø�< ξR =ξR
opt, O

5 5�6�è
 � ε2j

ì ���=� �n Ù 5
d�í ï

Y
5 ���$"$#N^$%�� Q��������

, Ù
5  �� ø 
�# ε2j

T $ _�ø ���=� ���� �_�ø ���ñé�; _ � T�� ä ø 8�9�*�& � � ï ! ε2j =0.2C ø �������
	�� \ %��ï�� ������� ø 
 ε2j $
_�ø

Yj �
T :�è�% 1 � û � 4 � ä ï  1 } î�ì ��* .�-

(19—21) / - (26—28) l - (29—31)  . ø HR
ì ; e

� ��� l ; e � � ��� ��� � 5�6�è �� ε2j
ï . 5 6

è��� ì h�¯ - (11)  �. ø 5�6�è��������� � HR��� ��� ò ì á�? T ϕj(x
R, yR, zR),

<^H
HR
ì ü

ý ��� P�8�5�6�á�? ì�� ö C ø � ϕj(x
R, yR, zR)=0ª�«

ε2j = 0,
b 8�9 � * ï HR > ��� !�á�?�; _�ì��� ï

� � ; < ì ç�è 5 6�á ? ø ù ; _ T ô { ¬ !

��� õ���� ��� ò ï H O 5 ��� ì 5�6�á�?�; _ T�¹
7 � ��� ��� ��ì ô�ö C ø .�� D � 4�� ø b ��� /����� ô�õ HR, � � 8�9�ô�<�5�6 ï n�& 1 5 C 8
9 v�³ ó�; _ T ��� ¹ 7 ì 5�6 ø > H 6�e  ì HR

�^� ��� !� ³ 5�6�á�?^; _ T�! ó ¹ 7 ì �5� �� ò ø ��� 2.3
��ì

“
e  D ��! � 5�6�8�9þð ì >

Û ” ��"�& ï
1.3 ��������������������#�$�%�&
� � HR ; e �^�¤�¿l^; e �^�^�^� ì D � ø

%�� ? "�, e  @ Ã HR
ì ��'�*

(1) µ { ç�è KNM à�á� �[ \  1 ã�ä ì ê�ë��T ø ��º�µ { ������� 

(2)
,#-

(31)
¨ I�5�6�è� � ε2j ;

(3) � KFM ç�è���� D ��®�6���¯ ø µ { HR
ì

; e ��� ��� Ú�(�? ì ; _ T ò 

(4)
,¿-

(11) µ { HR
ì ç�è�è� ø ,¿- (19)4 µ { HR

ì �^�^�^� ø E�) @ Ã HR
ì ���*���+�, 


(5)
,#-

(26)—(28)
4 µ { HR

ì ; e ��� � ï

2 ÕÌÖÌ×ÌØ.-0/2143656748694:6;
;.<
��ô^��=�>�ç�è�Ú^��? ø �^� HR

e ^Å - l
8�9�*�& ì %�@�@�� ø n Ù 6

d�í ï b ç�è ì $�A�"B ,
10 mm C ì ; . û�D 9�E ø Lx / Ly l Lz ���Ú�å�æ�ç�è ì ��/ ; / 	 ø Ú (Lx, Ly, Lz)=(100, 100,

2000) mm
ïGF ê�â ��� !�=�>�ç�è�ô�ÿ ø ! b å�æ

ÿ��ñð�� ��� (50, 50, 0) mm ü 50 mm
�H ì�I�ø êJ 2^3 b I�K�L ç�è ïGM ê�â 1

��� ! F ê�â�)�N
ç�O�� ì ð���ò øQP�� F ê�â�R�è�)�N�ç ì ê�ë ø �
Ú�� � È�S�
 M ê�â 2

� � !�=�>�ç�è � ��ô�ÿ (50,

50, 2000) mm ò øGP I�=�>�ç�èeéWÿ�� ì ê�ë ø �
Ú�T�m È�S ï

ç�è�5�6�à�á���� ì D � T [19] /�%�@ P�� T ø
����ç�è�5�6 ì�U � ��V n�: 1

d�í ï � � 7 <��� 5�6 ì�U � ��V�ø  � { ù B ; 7 <�5�6 U � �V E � [1]
ï Ã�Äþð d Û�,�-������ 4 &�!�: 2 ð ï

Y
6 [ HR \N]NOXWNUN^XYNTXZX[X\ Y
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�
1 �����$+����������

	�
 "$#
��� ��� [����� [�
�$+ (Hz) �$+ (Hz) �������

1 (0,0,1) 87.3 104.1 3

2 (0,0,2) 174.5 175.6 15

3 (0,0,3) 261.8 259.1 29

4 (0,0,4) 349.0 342.8 47

5 (0,0,5) 436.3 425.6 58

6 (0,0,6) 523.5 509.1 73

7 (0,0,7) 610.8 590.3 77

�
2 �����������

��� ���
���

T (℃) 26

T�� c (m/s) 347

� �
ρ (kg/m3) 1.20

, : 1 . ø % P (0,0,1) 5�6�à�á���� (105.9 Hz)

� D ��Ã�Ä ì � ó���� (86.8 Hz) � _�ø ù�� ��< ì� õ^�^� T � o � \ ï ;�ô <¤� ó^�c� ì D �c¶^�T�B % P T�E . ]^_�ø  � � F ê�â 2c3 =*>�ç�è
ÿ�� ì ü I B ô^��ê�ç ì ;�ô�<�5�6�����, ]�ú�ì
ê – �#��� d�« ï
2.1 �����������������
2�3 8�9�ç�è (0,0,2) 5�6 4 @�� D ����� ½�ª

ì ; e ������Å - ï n�: 3
d�í�ø @ Ã�9���, 3 õ�O5 ��� � ì à�á�â 4 ����� � %�@ ø! �S Ú HR1 /

HR2 l HR3 �#"�ó^�^�¤� 0.09, 0.15 l 0.30,
ù ð

ξR = 0.15 Ú D �^Ã^Ä ì ; e �^�¤� ï!$ @eð ø 0�Û
¥�¦������ ì (�9 [16] I�: HR ����� ø ����� ì�_
ä�� 2�3�G  2 Û&%&' ì&( 4 4 9�: ì ï
} î�ø ! @
Ã�à�á�â C ø@1#) �#*#+ 3 õ�à�á�â ì �^�^�^� E5 ï E�º ø 
�#�à�á�â���� ì $ _�ø à�á�â ì à�á��
�^B�ã�ä ï Â^~eðWÚ *#+ 3 õ�à�á�â ì à�á^�^� E
� ø 9�:�,�à�á�â�ç�è ì è� ø ����: 3 ð ì ; 5 &
l�; 6 & d�í�ø@v X E < , z � W C ì �^�^�^�^O5

( ����, 7
d�í

)
ï

: 3 ð rN - ç���¥ H ø lN - ç���%&.&/&0&1 rB

-&2&3&4 H 1 lB -&2&3 /&0&5 HR 6&7&8 2&3 (0,0,2)9#:#;#<#=#>#?#@#A 1!B (50,0,1000) mm
A 5!C#DE�F�G�H�I�J�K�L�M�N�O

7 P�Q�5RSO
7(a) T�U�1!V HR

=�W�XZYS[ C�D >�\�@

0.15 ]�1 J�^�_ 10.5 dB
=�`�@�a�b 1dc�e�f�g�h ;i&j&k&l&[&m&n 5oV W&XpY (0.30)

?&q&>&\&@ ]&1ors&t&H&a&b 1vu&w&x ;&i&`&@&a&b 7.6 dB 5vV W&XpY

(0.09) y q&>&\&@ ]&1zw&x&{&h ;&i&| e&f�g&h ;&i}&~ 1 `&@&>&?&a&b 9.0 dB 5 R�O 7(b) T&U&1v�&�&�
C#D#�#�����#�#�#� W#X�Y�= HR

=#J#K���� �#C
D E�FZ�S����� 1�B�����C�D >�\�W�XZYS= HR2 rs#t#H#\#q

HR1
I

HR3,
R��#�����#�#�#�#=

HR>�\�W�XZYSE�F C�D�����T���5
�

3 HR �������� �¡�¢�£
¤�¥

rN (mm) lN (mm) rB (mm) lB (mm) f (Hz) ¦�§ ξR ¨�© ξR

HR1 10.75 35 35.0 158 178.1 0.09 0.09

HR2 10.75 36 35.0 151 179.5 0.15 0.15

HR3 10.75 35 35.0 137 174.7 0.30 0.30

(a) ª�« ¨�©�¬� (b) ¦�§�£�®
¯

7 °�±�² 1 ³�´�°�±�² 2 µ�¶���·�µ�¸�£�¹�º�»�¼�½�¾ ¯
(— ¿�À�Á�ÂvÃ�ÄÆÅ 0.09 ( Ç�È�ª�«�É�Ê�Ë ); —— Ã�ÄÆÅ 0.15 (ª�«�É�Ê�Ë ); · · · Ã�ÄÆÅ 0.30 ( ¾�È�ª�«�É�Ê�Ë )
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2.2 �������������������
[�_���� C�D���� (29)  �! = h ;���"�#�j�k=%$%&%' 1�(%) � E _ N%* J%� 5�+%, e f%- � =

h ;���.ZR (0,0,2) 2�3 9�:�/ w =�0�1�2�3 r s 5
e#f#h ;4�#= 2#3#345%6 �%7 �#1�8%9 "4# j k47
� 1 N%: 3 ; 2

3 I ; 3
3 P%< HR1

I
HR2 5

� � 1 HR = 6 7 8 2 3 (0, 0, 2)
9 : ; < = >

?#@ 1!B (50, 0, 1000) mm
A 5 J#K#L#M#N#O 7(b)

� =4>4? �#I4@#� 5�A#e4B �4C%> A#=4D%E4F%G#[
(191.3-160.6=)30.7 Hz, B [#�#�4H4I#= h ;4� =4"#�j�k 5

R � (9) T E FKJ e f h ;K� = 9 : 3L5 YNM [
0.058, O M � (29)  �! = h ;���=�"�#�j�k�[ 29.8

( P���;�Q�R�S 6 � 1!C�D E�F�@�[ 29.7) Hz 5 RS�

T4T#1!C#D4 4!#� J#K#= h ;4�%"4# j k4U%.%V4G
P [ 1 Hz,

7�.�V�G�M�[
3% 5

2.3 ��W�X�Y�Z�[�\�]�^�_�`�a�b�c
[4d Q �#�#�#�#=#\4�4�#E C#D#8 2 3 � b4D
�� r s � =�1 ��1e(�)�+�, _ (0,0,2) f (0, 0, 3) f

(0, 0, 4)
I

(0, 0, 5) g�h 9�: S 2�3 ��] J�i 5 8 23 2&3L
L� r s&JL� ��1 HR j&6&7&8 .L1 r s&9&:;�<�=�>�?�@�A 5 2�3 (0, 0, 2) f (0, 0, 3) f (0, 0, 4)I
(0, 0, 5)

9#:#=#>#?#@4k4l �4m [ (50, 0, 1000),

(50, 0, 650), (50, 0, 1500), (50, 0, 800) mm 5 �����E�s�#�_
4 f�-�� D�E�= h ;�� 1on�p���m [ HR2,

HR3, HR4, HR5,
N�:

4 P�Q�5 J�� �q�r &�s r WX4t4u4v4w 1!�4x HR
=#J#K#W#X�Y �#C#D >#\#@y � V4G 5!h ;4� 8 J4� � = 6#74z4T O 6 P#Q#1

C�D� �! I�J�K�G�H�{ Q�8 O 8 �S5R�O
8(a) T&U&1 1 � 4 f&�&�&C&D >&\&W&X&= h;L�

HR2 f HR3 f HR4
I

HR5 | .L1&=~} � DLE&A= �L�L� �LmL�&y 9.5 dB, 11.7 dB, 14.2 dB, 13.8 dB,� c#r s4�4� h#h ;4� 64�4� = e#f#g#h ;#i i#@� q�7 ��5 RSO 8(b) T�U�1 J���K���L�M ��C�D� 
! G#H#�#� 5!r s4�4� h%�#r } � D%E#A = �4�%�
��m *�a 10.4 dB, 13.2 dB, 12.5 dB, 12.7 dB 5�� 3�L� 1zC&DL L!&� J&K&= r s&t&HLt�uL7 6 1 :Z����#�#�#=

HR
>#\#W#X�Y C#D#T484�4�4� J#^4�#9:�>�\ r s 5

3 ���
�#q �4�4�4�#h ;4� � | r 2#3 = �%�4�%� �� 1��#C#D I#J4� e �4�4�4� �%�4  _ �%�4�%�#h;4� 8 2¢¡£
4� r s � =#\%�4� E%¤4¥ 5�¦ w J _

�4�4�4�#h ;4�#>#\#W#X�Y�I#>#\4"4##j#k#= C#DE#F �#�#1�§ J#_ �4�4�%�#h ;%�#\%�4� E%�4� 8
2¢¡£
4� r s � =41 �%¨4© 1 �%ª4« J4�%. P4¬%= C&D&�&� 2L3&_L®L�L�&� 5 G&HL:Z� 1 ���&= �L�
�4�#h ;4�#=#\4�4�#E%�4� f > \#W X�Y I >#\%"##j#k#E#F �#�4¯ 
4� r s#J4i ¨4©#T48 t4u%{4°
� J�^ 2±¡ � b�D 
�� r s 5

�
4 HR �������� �¡�¢�£

¤�¥
rN (mm) lN (mm) rB (mm) lB (mm) f (Hz) ¦�§ ξR ¨�© ξR

HR2 10.75 36 35.0 151 179.5 0.15 0.15

HR3 11.0 31.5 35.0 67 251.3 0.12 0.10

HR4 10.75 26 22.6 107 351.6 0.10 0.09

HR5 10.75 24 22.6 77 423.4 0.07 0.07

(a) ¨�©�¬� (b) ¦�§�£�®
¯

8 °�±�² 1 ³�´�°�±�² 2 µ�¶���·�µ�¸�£�¹�º
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