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Abstract In order to overcome the drawback that the sound absorption band of traditional cavity resonance anechoic

coating is narrow,the functionally graded anechoic coating with periodic voids is designed in this paper according to the

characteristics of Functionally Graded Materials (FGMs), and the Graded Finite Element Method (G-FEM) is employed

to establish the underwater acoustic calculation model for functionally graded anechoic coating, and then the underwater

sound performance of functionally graded anechoic coating is investigated.Compared with the traditional method for

establishing the acoustic model of functionally graded structure, the proposed method can be extended to establish the

acoustic model for much more complex functionally graded structures on the basis of ensuring calculation accuracy and

efficiency. Numerical results indicate that, the functionally graded anechoic coating can improve the sound absorption

performance in the middle and high frequency bands and wideband sound absorption can be achieved. In addition,

the absorption frequency band of functionally graded anechoic coating can be effectively broadened by embedding the

conical cavity or the combined cavity compared with the cylindrical cavity.
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| hc e u�w�¥�¦ j�m�§�¨�d���©�ª�«�¬� q «�¬�d®�¯�° e;±�²�f�³5´7«�¬��µ z ¶5·7¸�¹�º�»�e
1.2 ¼�½�¾�¿�À�Á�ÂÃ�Äts «�¬��Å�Æ�Ç�È�xÊÉ�Ë�Ì�Í�Î�Ï�Ð�Ñ�Ò qÓ�Ô «�¬� s f�³�³�Õ�¶�Ö�d�×

1

c2

∂2p

∂t2
−∇2p = 0, (1)

Ø s7q
c d�«�¬ ¯�°5s f�Ù q p d�f�Ì q t d�Ú�Û�eÜ «�¬��Ý�Þ�ß�ª�n�o�à�á q/â�ã�ä�å�æ�ç�è�q/é�êë�ì «�¬��m�ß�ª�o�¶�Ö [19]:

Mf p̈ + Kfp + ρ0Rü = f . (2)Ø svq
Kf | Mf ����í�î�«�¬�m�ï�z�ð�ñ�| °�ò ðñ q R d�«tóvô�õ�ð�ñ q p d�«�¬��m�f�Ìt· ò�q u

d�k�l��m�ö�÷[· ò�q f d�ø�ù�ú�«�¬��m�û�ü q
ρ0 í�î�«�¬�m�ý�z�eþ�ÿ

2 ��î q ú�k�l� svq/u�w�¥�¦ j���� }��� Ç�È ¯�°�q y�z�� { j � ´	��
�y+z���+l�� q
´	����
�y�z�k�l�m��������µ�� z ¶[·	��y�z {��q Ó�Ô ú Ü k�l��Ý�Þ�ß�ª�n�o�à�á�Ú q ��à�á�m�	� n�o�m��������� � µ�� z ¶[·	������y�z {� m�e Ã�Ä[s ����� m���
�y�z��������������

y�z��� q � ´	����É���������+m� �!������"ä�#�$�% õ�� q'&�r �������µ�� z ¶[·	������y
z {���q)(�*�+ õ #�,�q ´ Voigt - ��.�/ �����
0�c�q'1

[20]:

ξf = ξ1V1 + ξ2V2 = (ξ1 − ξ2) V1 + ξ2, (3)Ø s]q
ξ í�î��� 0�c�q'1 ý�z ρ x'- ò E x'2�3

4
ν 5767879 Ó7: η,

r5s ¬7;�� c V1 Ë757<7= þ> �7�7? Ø í�î�d�×
FGMI(a/b/c/P ):

V1 =
[

1 − a
( z

h

)

+ b
( z

h

)c]P

, (4)

FGMII(a/b/c/P ):

V1 =
[

1 − a
(

1 − z

h

)

+ b
(

1 − z

h

)c]P

. (5)

rtsvq
h d���
�y�z����m�~�z q y�z�@ c P |���A0�c

a, b, c B7�7C #7D7E �7�7�m � Û��7A7F , e
ú�G�F�Î 0 ß�ª�o �H� n�o svqJI�K � ä�E�L�#

m7M7N7O c�q	P7Q n�oSR7m�ö�÷7T�Ë757U7� þ > ×
u(x, y, z) =

n
∑

l=1

Nl(x, y, z)Ul, (6)

Ø s7q
u(x, y, z) í�î�n�oSRWV7X�m�ö�÷ q Nl d7?7Oc�q

Ul d7Y7Z7X�m�ö�÷7N q n d�n�o�m7Z7X c e[�{ O c ��ö�÷7\�Û�m7] å Ë757U7��×
ε (x, y, z) =

n
∑

l=1

Bl (x, y, z)Ul, (7)

Ø s7q
Bl(x, y, z)

� ?7O c Nl(x, y, z) m � Û è�c eL�^ k+l��������_���!������`�� q ��+m[7a � [�{ \�Û�m7] å Ë75�í�î�d�×
σ(x, y, z) = Cfε(x, y, z), (8)

Cf ð�ñ �7b [ �7 Ã l7] å m7!7��ð�ñ qvÜ �7c7dm�Ç ° �7 q Cf ð�ñ7e7G�d7G c ð�ñ qgf � þ7h �y�z�� { �� qji Cf

s m�o�k ��l�m�n�o ���`��
y�z�m7p Ø O c e Cf ð�ñ�Ë75�í�î�d�×

|

Cf =























λ(z) + 2µ(z) λ(z) λ(z) 0 0 0

λ(z) λ(z) + 2µ(z) λ(z) 0 0 0

λ(z) λ(z) λ(z) + 2µ(z) 0 0 0

0 0 0 µ(z) 0 0

0 0 0 0 µ(z) 0

0 0 0 0 0 µ(z)























, (9)

Ø s7q
λ(z) | µ(z) í�î7�7�m7q7r7G c�q �7sStW- ò E 273 4 ν m7] å d�×

λ(z) =
E(z)ν(z)

(1 + ν(z)) (1 − 2ν(z))
, µ(z) =

E(z)

2 (1 + ν(z))
. (10)

|ú+k+l+n+o s�q n+o+m+ï+z+ð+ñ+Ë�5+í+î+d�Z
X�ö�÷ Ul u » ì n�o�m7Z7X a fI m7_7�7O c ×

fI = Ke
sUl, (11)

e ã�v =�w���x�Ï q Ë ë�y n�o�m�ï�z�ð�ñ�d�×
Ke

s =

∫∫∫

Ve

[Bl]
T

[Cf (z)] [Bl] dVe. (12)
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�
2(a)

��������������� ����¡�¢��������

�
2(b) ��� � ����¡�¢Ü ����
�y�z�m�!����� qÊ°�ò ý�z�e�G � ö��

5�6��� 0�c m�O c e Ó�Ô q ú�m�y�z�� { n�o svq°�ò ý�z���A [ 5����� 0�c ����m�¶ Ø�� º�o�ks7q n�o�m °�ò ð�ñ�Ë75�í�î�d�×
Me

s =

∫∫∫

Ve

[Nl]
T
ρf (z) [Nl] dVe. (13)

Ó�Ô q k�l7��Õ�m�ß�ª�o�¶�Ö�d�×
Msü + Ksu − RTp = Fm, (14)Ø svq

Fm d�ø�ù�ú�k�l�����m�������� q Ks | Ms����í�î�k�l�m�ï�z�ð�ñ�| °�ò ð�ñ q
Ms =

e
∑

1

Me
s =

e
∑

1

∫∫∫

Ve

[Nl]
Tρf (z) [Nl] dVe,

Ks =

e
∑

1

Ke
s =

e
∑

1

∫∫∫

Ve

[Bl]
T

[Cf (z)] [Bl] dVe,

(15)

r5s7q
e í�î�k�l �W� n�o c�q ρf (z) í�î7�7
�y�z

k�l�n�o�m�Î7��ý�z�e� õ Ø (2) | Ø (14),
å d�m�«5ó7ô�õ�¶�Ö�d�×

[

Ks−ω2Ms RT

−ρ0ω
2R Kf−Cφ−ω2Mf

]{

u

p

}

=

{

Fm

f

}

. (16)

rtsvq
Cφ | f d�ø�ù�ú�«�¬�����m�Î�������ð�ñ�e��� ì��	� ����� ú�h�i�j�R	����Ç�È���z��

�7A q'(7* Bloch Ï7� q k�l s Z7X�m�ö�÷ u |�«
¬� s Z7X�f�Ì p Ç�Å�Æ þ > ¶�Ö�×

χ (x + dx, y + dy, z) = χ (x, y, z) , (17)Ø svq
χ í�î�V�Z�X�ö�÷ u ����V�Z�X�f�Ì p, dx |

dy ����í�î7�7�7 7¡�n�o s7��� \�Û�µ x | y ¶5·
m7¢�à�e

k�õ�«5ó7ô�õ�¶�Ö Ø (16) 5767�7z7�7�7��Ñ�ÒØ
(17), Ë�5�£�¤ y «�¬��Z�X�m�f�Ì p |�k�l�

Z�X�m�ö�÷ u e;ú b »�¨ q'.�/ b »�¨�Z�X�¥�¦��b »�f�Ì�] å m�¶�Ö q/þ�h�§ »�¨�d ®�¯�°�q¨.7/�§
»�¨7Z7X7¥7¦7� § »�f�Ì7] å m�¶�Ö�×
pi (xi, yi)=

∑

m

∑

n

Rmne−j(kmxxi+knyyi−kmnz
−

),

pt (xi, yi)=
∑

m

∑

n

Tmne−j(kmxxi+knyyi+kmnz+),
(18)

Ø svq
Rmn | Tmn ����í�î�Y�©�±�²�³�m b » å�c

� § » å�c�q kmx = mπ/dx + kx, kny = nπ/dy + ky,

k2
mn =k2 − k2

mx − k2
ny, j=

√
−1 e

£�¤�ª m ¶�Ö 1 Ë ë�ì Y�©�±�²+³�m b » å�c
� § » å�c e/ú�Y�© b »�³�� § »�³ s7q¨«�¬ b »��
� § » å�c7 ´7Å�Æ k2 >k2

mx + k2
ny (
1

k2
mn >0) Ñ

Ò7Y7©7c7®�³7C #�q'1 [21]:

R =

√

∑

k2
mn>0

|Rmn|2, T =

√

∑

k2
mn>0

|Tmn|2. (19)

´¯� Ã Ä s �°�°� m h i j m°±°² d°� } ±
² q � } ± ê d+�+©+ª ��³+¯+°+q'��� ì ��³+u+w
�7� } ±7² u�w7´�¦�qµ§ » å�c7¶7· d7¸ qµ1 T =0,Ó�Ô Ã�Ä[s ]���h�i�j ~ f å�c m�¹�º�É ��� f�³
m § » q h�i�j�m ~ f å�c d�×

α = 1 − R2. (20)

2 »½¼½¾½¿½ÀÂÁÂÃ
2.1 Ä7Å7Æ7Ç7ÈI�K�q ��� © ��� ��
�y+z+f�g+h�i+j+m ® >
f�g�`�� qÉv =�y�z�ß�ª�o�Ê�¹�º�� . - � m�f�g åc e ÿ 3(a) d�É7} ��� k�l�m7�7
�y�z�f�g�h�i�j
m�- � î p ÿ�q rtsvu�w�¥�¦ j�m�~�z h1 =0.005 m,

y�z�� { j�m�~�z h2 =0.04 m, � } ±�²�m�~�z h3 =

0.005 m e u�w�¥�¦ j � ´W� ®�u�w �7Ë�m7Ì7Í7Î7Ï
� q y�z�� { j � ´HÌ�Í�Î�|�©���Ð��"�Ñ $�% õ��
m�y�z7Ì7Í7Î [22] eÒY7����m7�77�7� þ í 1 ��î�e
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Ó

1
����������Ô�Õ�Ö ����×�Ø�Ù�Ú

×�Ø Û�� (kg/m3) Ü�Ý�Þ�ß (Pa) à�áãâ ä�å�æ�çè�é�ê�ë � ì�í�î
1100 1.4×108 0.49 0.6

����ï�ð � ì�í�î
1100 1.4×108 0.49 0.6ñ�ò�ó Ø 1700 3.4×108 0.49 0.6ô�õ�� ö
7800 2.07×1011 0.30 0

�
3(a)

ñ ����������� ��������� Þ�� ��  � �
3(b) ����ï�ð � � ����  �

> ²�<�=�c�÷�ð�ñ�Ê (TMM) [23] ø�ù Ã�Ä�ú �
y�z�ß�ª�o�Ê�� .�/ f+g�¹�º�- � m�û�ü���eþý�y
z7� { j�µ z ¶5·7Ç�È��7�7ÿ�����j q]þ�ÿ 3(b) �
î q�� �+j+Æ����+Ú q Y+j+m��� 0�	+{���
��+q
Ë7ý7Y���j���d�Ç ° �7�j [24] eãY���j7\�Û�m7�7
������y�z {���q��� -�����
+y�z��� s ����
�7��y�z {7����� e Ã�Ä <�� FGMI(a=1/b=0/c/P )

l
m y�z�� { j s	E ���+¬�;+� 	 m+��A�F ,�q���ê
��� ú ��c�÷�ð�ñ�Ê�x'c�d+ß�ª+o�Ê�5�6�y+z+ß�ª
Ê�����¹�º���
�y�z�f+g�h+i+j�m+f+g å�	 eþ<�=
c7÷�ð�ñ7Ê�Ú q ú�k�l�m�~�z�¶5·���� 1000 � q ¹
º�k h�������q <�=�ß�ª�o7Ê�x y�z�ß�ª�o�Ê�Ú q dD 4 
�� ��m7¹7º� �z q ú�k�l�~�z�¶[·7Ç��+� 14

� q ��! n�o �H� ����"�# “ $�%�n�o�&�z�Ç � ��Y' �7�(�³�³�& 1/4” m7x i [21], )�õ�ß�ª�o7¹7º�m� ��* £+e;ú�¹�º ã Ö s�q;® m+ý+z+|+f+Ù+�+���
1000 kg/m3 | 1500 m/s e

d D�+-,]Ã�Ä�ú ��y�z�ß�ª�o�Ê�� .�/ m���

y�z�f�g�h�i�j ® > f+g�¹�º�- � m�.�/�� q ú�0ù n�o �	��1�2 5�6�n+o 	+ò ���+m+Ñ�Ò > q ���
<7=�y�z�ß�ª�o7Ê ( y�z�n�o �W� ) �7c7d�ß�ª�o7Ê
( Ç ° n�o �	� ) ¹�º���
�y�z�f�g�h�i�j�m�f�g å	 e ÿ 4

Ü 4 D Y�y�z�@ 	 Ñ�Ò > ú ��c�÷�ð�ñ�Ê
��c�d�ß�ª�o�Ê�¹�º�� ë m�f�g å�	�q;ÿ 5

Ü 4 D

Y�y�z�@ 	 Ñ�Ò > ú ��c�÷�ð�ñ�Ê���y�z�ß�ª+o�Ê
¹7º7� ë m�f�g å�	 e'e ã�Ü 4 ÿ 4 | ÿ 5 Ë75�34 q�� y�z�@ 	 P = 0 Ú q f�g�h�i�j s m�y�z��{ j�5 � d�Ç ° k�l q ����ß+ª+o�Ê�¹�º ë+ì m+f
g å�	�� ��c�÷�ð�ñ�Ê�¹�º ë�ì m�f�g å�	�ú+Ã�ä6 e f ��7 ��y�z�@ 	�8�9�q¨ú ��c7d�ß�ª�o�Ê7¹�ºë�ì m�f�g å�	 ��c�÷�ð�ñ�Ê�¹�º ë�ì m�f�g å�	
ú���:�;�m�<�=�/�>�/ 9�q���ú ��y+z�ß+ª+o�Ê�¹
º ë�ì m�f�g å�	 ��c�÷�ð�ñ�Ê�¹�º ë�ì m�f+g å	�ú�Ã�ä�6 e * Ð�0 ù c�d�ß�ª�o�Ê�m�¹�º� �z q T? * 8 ù �	� n�o 	�ò+q'P�Q�@�& ë�A ¬+m�¹�º��B�C�D e Ó�Ô q ú�n�o �H��1�2 5�6�n�o 	�ò �7��m
Ñ�Ò > q ú�¹�º���
�y�z�f�g�h�i�j7��
�¶�² q Ã�Äú ��y�z�ß�ª�o�Ê�� .�/ m ® > f�g�¹�º�- � m� 
ü�z * .7�7c7d�ß�ª�o7Ê�eÿ

5
Ü 4 D Y�y�z�@ 	 Ñ�Ò > ú ��c�÷�ð�ñ�Ê

��y�z�ß�ª�o�Ê�¹�º�� ë m�f�g å�	�qE�ÿts Ë�5�Fy q <�= P ����¶�Ê�¹�º ë�ì m�f�g�h�i�j�m�f�g å	 � ú�Ã�ä�6 m�e Ó�Ô Ë�5 +�, y�z�ß�ª�o�Ê Ü ��Ç° ���������
�y�z��� � ��G =�m qÉP � ø�ù D�ÃÄts y�z�ß�ª�o�Ê�m�ß�����|�Ë�Þ���e Ô�H q ú�I�Ï
}�ß ��� k�l�m���
�y�z�h�i�j�����}�ß�J��B��
n�o�m���
�y�z�h�i�j�Ú q�K � ú�k+l�R � 8 ù D' ´'� � � �
É � �  \
Û
m
ô
õ � � q]Ü f – ó
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(a) P =0 (b) P =5

(c) P =10 (d) P =20�
4
Õ ���ML�ÚMNMOMPMQMRMSMTMU � QMV�����¢MUMWMX ���MY ÚMZãâ

(a) P =0 (b) P =5

(c) P =10 (d) P =20�
5
Õ ���ML�ÚMNMOMPMQMRMSMTMU � ��������¢MUMWMX ���MY ÚMZãâ
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ô�õ�����5�6�© b »����+É @�[�\�]�^�q Ó+Ô Ã�Äs m�y�z�ß�ª�o�m�_�ü��+É�` ]�^ [25−26] e (�* 5
ª +�,vq � 4 ��c�d�m���j ¯�° c7÷�ð�ñ7Ê q/Ã�Ä �.�/ m���
�y�z�k�l�f�g�¹�º�- � Ë G =��+k�l�?Ø�a d�b�c�m7�7
�y�z�f�g�k�l�m�f�g . - s e
2.2 d�e�f7Æ�g�h�i�j�k�l7Æ�m�n�o�p

��
�y�z�q�r�s�t�u�v�w�R	� �	� ������x �
��5�6���z�����y rc = 0.008 m, hc = 0.03 m, Y�ux ~�z�5�6�Y������������� 2.1 ����� m ä�6�z v
w x �77�7��µ7��~�z�¶5· x y�z��7A þ�ÿ 6(a) |ÿ

6(b) ��î zI7K�{ 5�y�z7@ 	 P =10 | P =20 y�| { ���
<�=�c�d�ß�ª�}�Ê�|�y�z�ß�ª�}�Ê�¹�º�} � � ���� v�w���
�y�z�q�r�s�t�u x q�r å�	�{ ¹�º�Ú���<
= x v�w �	��~ } 1�2 5�6 �	� 	�ò ��� z;ÿ 7(a)

| ÿ 7(b) ��� Ü 4 D P = 10 | P = 20 Ú7<7=7c7d
ß�ª�}�Ê���y�z�ß�ª�}�Ê�¹�º ë�ì x q�r�s�t�u x
q�r å�	�z��ÿ 7 Ë�5�F y { 7 ��y�z�@ 	�8�9�{ ú
��c�d�ß�ª�}�Ê�¹�º ë�ì x q�r å�	 ��y�z+ß�ª�}
Ê�¹�º ë�ì x q�r å�	 ú���:�; x <�= 
�9�{ ú�<
=�����v�w �	��~ } 1�2 5�6 �	� 	�ò�x Ñ+Ò > {

y�z�ß�ª�}�Ê�ú�¹�º���
�y�z�q�r�s�t�u�q�r å�	
Ú x���� Ù�z * .���c�d�ß�ª�}�Ê z P � +�,HD�{ ú
0 ù ¹�º� �z�|�¹�º�� B�x�ú�� ª { Ã�Ä�ú �+y�z
ß�ª�}�Ê�� .�/�x ��
�y�z�q�r�s�t�u ® > q�r�¹
º7- ��x  7ü�z * .7�7c7d�ß�ª�}7Ê zÿ

8
Ü 4 D Y�y�z�@ 	 > } ��� ��© ��� ��


y�z�q�r�s�t�u ~ q���
 { � 4 ��© ��� ��
�y+z
q�r�s�t�u�v�w {�� ú���
�y+z�q�r�s�t�u�v�w R
����º ��� v�w�Ú { ´	����
�y+z�q�r�s�t�u x��
��� [�{ 
��+ß�������q�r�s�t�u D :��-� x ~ q
��
 z ��
���z�q�r�s�t�u�� * x `�X � �+«�¬����x�¯�° í�²���«�¬ x���� � ¥+¦�{'& q+³�
������� Ý�º�s�t�u�v�w�R � { �+Ú+µ���q�³�c�®�¶ ·
v�w x�����8�9�& ë q�³ x 
 ò 
������ ����� 9
á z;ÿ 9

Ü 4 D ú�É�������@ 	 Ñ�Ò >�� ß ����x
��
�����q�r�s�t�u x ~ q���
 z��ÿ 9 Ë�5�F y {
� 4 ��Ç�È������� (P = 0),

� q�r�s�t�u x ��
����µ�� z ¶[·	������� � Ú { ß������ D q�r�s
t�u��7��:�; x ~ q7�7
 { ��! 7 �����7@ 	 P

8
9�{ ~ q��t·v��:���÷ { q�r�s�t�u��v��:�; x ~ qå�	 / 9�z ´ ��v�w x B�� ~ q���� * � C���s�t

(a) �M��Þ�ß Ef �M� ��ðM M¡M¢ (b) �M��Û�� ρf �M� ��ðM M¡M¢�
6
��� ��×�ØM£M¤M¥M¦ � �M§M¨������M©Mª

(a) P =10 (b) P =20«
7 P =10 ¬ P =20 MQMVM®��M¯MU �M°M± ®��M¯MUMWMXM²M³ Y ÚMZãâ
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�����q�r�s�t�u ® >7~ q7`7� 401

u�v�w x�� �7`7� { ��! �ÿ 6(a) Î7�7sStW- ò µ
��¶���¶[· x ����·�A�Ë�5�F y { 7 ������@ 	 Px�8�9�{ v�w�ú�¸�¹�V�º�¶�� x�» ��s t	-�¼�½ 89�{¿¾�À s�t�u�v�w x���Á : B�8�9�{¿Â�Ã�¾�À v�wx�Ä�Á�Å q��-ÆÈÇ�:�É�Ê z�Ë �ÌÇ�Í�Î x�Ï�Ä�Á�Å
q���Ð { v�w x�Å q�Ñ�Ò���Ó�Ô�Õ�Ö�×�Ø�Ù�Ú�Û�Ü
Ò�¼�Ý�Þ�ß�à�á�â�ã�ä�å P Ü�æ�ç�á�è�é Ë ¸�¹�ê
º�¶�ã�Ü�ë�Ñ�ì�í�î�ï�ð�ã�ñòÆÈæ�ç�á�æ�ó�ô�Ú�Û
Ò�¼�Ü�õ�ö�á ¾�À Ú�÷�ø�ù�ú-ûÌÇ�Í�Î�Ü Å Ú�ü�å
æ�ç�ý Â�Ã á�þ�ï�â�ã�ä�å P Ü�æ�ç�á�ÿ�ß�����ô
Ú�÷�ø�ù�ú�û�Ç�Í�Î�Ü Å Ú�Ñ�Ò�ý�

10 ����ô���â�ã�ä�å���	�
������Ø�Ü���¼
Ù�� Ò â ã Ú ÷ ø ù ú Å Ú Ñ�Ò�Ü�������� ý�� � 10����� ��á Ë���� Ü�â�ã�ä�å���	�
�á¿þ�ï������Ø
Ü���� ��¼�Ü�æ�ç�á Å Ú�!òÆÌÇ�Í�"�É�á�Ú�÷�ø�ù
ú�û�Ç�Í�Î�Ü Å Ú�ü�å�æ�ç�ý Ã�# á¿þ�ï�â�ã�ä�å�Ü
æ�ç�á$�%�%�Ø�Ü%��¼�Ù���Ò�â�ã�Ú�÷�ø�ù�úòûÈÇ
Í�Î Å Ú�Ñ�Ò�Ü%�%��ß�&%'�(�'%)�*�ý Ë º�+�Ü�â
ã�ä�å���	�
�á¿þ�ï������Ø��,�-��¼�Ü�æ�ç�á¿è�éË%. ¹�ê�º�ð�ã�Ü » ß��/� ��¼�½�æ�ç�ý10ÌÖ�è�é
Ü Ä�Á�Å Ú%!%2�Ó�Ô�Õ�Ö�ø�ù�ú�è�é�Ü%3 Á ë�Ñ�á

Â�Ã �%�%�Ø%�/�4��¼�Ü�æ�ç�á ¾�À ø�ù�ú�è�é�Ü
3 Á Í�5�æ�ç�á Â�Ã�¾�À 3 Á�Å Ú�!�Æ�Ç�Í�É�Ê�ý76# á Ë û�Ç�Í Ï�Ä�Á�Å Ú�!�Í�5�Ð�á è�é�Ü Å Ú�ë�Ñ
2�Ó�Ô�Õ�Ö�×�Ø�Ù�Ú�Û�Ü�Ò�¼�Ý�Þ�ß�à�á Â�Ã á æ�ç
�%�%�Ø%�/�4��¼ ¾�À ø�ù�ú�è�é » ß%�/�4��¼�æ
ç�á ¾�À ø�ù�ú�è�é�Ü » ß�ì�í�æ�ç�á¿æ�ó�ô�Ú�Û Ë
è�é/849�Ü�Ý�Þ�á Â�Ã�¾�À Ú�÷�ø�ù�ú-ûÌÇ�Í�Î�ÜÅ Ú�ü�å�æ�:�ý Ã�# á�þ�ï�â�ã�ä�å�Ü�æ�ç�á Ú�÷�ø
ù�ú�è�é�Ü%��¼�î�ï�ð�ã�ñòÆÈæ�ç�Ü%;�5�:%<�á$=¾�À �%�%�Ø�Ü%��¼�Ù%��Ò�â�ã�Ú�÷�ø�ù�ú Å Ú�Ñ
Ò�Ü�����ß�&�'�(�'?>-)�ý�

11 ����ô���â�ã�ä�å���	�
������Ø�Ü�@�ã
Ù�� Ò â ã Ú ÷ ø ù ú Å Ú Ñ�Ò Ü�������� ýA� � 11����� ��á Ë���� Ü�â�ã�ä�å���	�
�á7�����Ø�Ü�@
ã�Ü%B%C�Ù�ø�ù�ú�è�é%D�Í�Î�Ü Å Ú�Ñ�Ò �%E Å Ú
!�Í%5%F%G%H�ÿ%�%��á$I�J�þ�ï��%���Ø�@�ã�Ü�æ
ç�á ¾�À ø�ù�ú�è�é�û�Ç�Í�Î Å Ú�ü�å�æ�ç�ý Ã�# á
þ�ï�â�ã�ä�å�Ü�æ�ç�á$���%�Ø�@�ã�Ù%��Ò�â�ã�Ú
÷�ø�ù�ú Å Ú�Ñ�Ò�Ü%����ß�&%'�(�'/> )�ý$=%2�Ó
J/0ÈÖ Ë º%+�Ü�â�ã�ä�å%��	%
�á�þ�ï%�����Ø�@
ã�Ü�æ�ç�áMè�é Ë�. ¹�ê�º�ð�ã�Ð�Ü » ß1@�ã�½�æ

K
8 LNMNONPNQNRNSNTNUNVNWNTNUNXNY
MNONZN[N\N]N^N_NZN`NQNacb

K
9 LNMNONPNQNRNdNeNTNUNfNXNYNMNO
ZN[N\N]N^N_NZN`NQNacb

(a) P =1.0 (b) P =5.0

K
10 LNMNONPNQNRNWNgNhNiNfNjNkNaNXNYNMNONZN[N\N]N^N_NZN`NQNfNlNm



402 Ú ÷ ÷ n 2021 o

ç�á Â�Ã á¿æ�ç������Ø�Ü�@�ã ¾�À ø�ù�ú�è�é » ß
@�ã�æ�ç�á ¾�À ø�ù�ú�è�é�Ü » ß�ì�í�æ�ç�á¿æ�ó�ô
Ú�Û Ë è�é/849�Ü�Ý�Þ�á Â�Ã�¾�À Ú�÷�ø�ù�úòûÈÇ
Í�Î�Ü Å Ú�ü�å�æ�:�ý Ã�# á¿þ�ï�â�ã�ä�å�Ü�æ�ç�á
×�Ø�Ü%@�ã�î�ï�ð�ã�ñòÆÈæ�ç�Ü%;�5�:%<�á Â�Ã�¾À �%�%�Ø�Ü%@�ã�Ù%��Ò�â�ã�Ú�÷�ø�ù�ú Å Ú�Ñ�Ò
Ü�����ß�&�'�(�'?>-)�ý
2.3 p�q�r�s�t�u�v�w�x�y�z�{�|�}�~� ô%�%���%��è�é%�%��Ù%��Ò�â�ã�Ú�÷�ø�ù�úÅ Ú�Ñ�Ò�Ü%�%�%�%��á$�����%����Ô�ô��%� ��E%�
������������è�é�á�è�é������ � 12 ����ý Ë����������� 5���	�
�á�������������
�����������+ �
rc1 =0.003 m, rc2 =0.0121 m, ����Ü�Ç�ã hc =0.03 m,��  �,� � ������Ç�ã ��¡�¢ B�£¤���������������
� � rc1 = 0.006 m, rc2 =0.0114 m, ����Ç�ã���� �
hc1 =0.01 m, hc2 =0.02 m, ¥�Ç�ã ��¡�¢ B�ý�

13 ����Ù,¦�ô�§�ÿ,����������¨����������
Ü���Ò�â�ã�Ú�÷�ø�ù�ú�Ü Å Ú�Ñ�Ò�ýc� � 13

�����

��á¿þ�ï�â�ã�ä�å�Ü�æ�ç�á7��Ò�â�ã�Ú�÷�ø�ù�ú�Ü Å
Ú�Ñ�Ò�Ü%B%C%�%� �%  � � 9 �%©%ª�Ü%�%�%«%¬�á
þ�ï�×�Ø�â�ã�ä�å�Ü�æ�ç �%� ÿ�ß%�%��ø�ù�úòûÈÇ
Í�Î�Ü Å Ú�Ñ�Ò�ý$=�2�Ó?0�Ö�â�ã�ä�å P Ü�æ�ç�á
×�Ø�Ü%@�ã%¨%�Ñ%�%®�î�ï�ð�ã�ñ-ÆÈæ�ç�Ü%;�5%'
ç�á ¾�À è�é�Ü�ì�í�æ�ç�á¿æ�ó�ô�Ú�Û Ë è�é?8�9�Ü
Ò�®�õ�ö�ý Ã�# á�×�Ø�â�ã�ä�å P Ü�æ�ç�á ¾�À è
é�Ü%¯�ß%�Ñ%�%®�æ�ç�á$�%°�ø�ù�ú�è�é�Ü�3 Á Í
5�æ�ç�á ¾�À�Å Ú�!�Æ�Ç�Í�É�Ê�ý

�
14 Ù,¦�ô 3 ± ¢�� Ü���������Ù���Ò�â�ã�Ú

÷�ø�ù�ú Å Ú�Ñ�Ò�Ü�����ý�� � 14
����� ��á Ë D

Í�Î 3 ± ¢%� Ü%�%�%�%��Ù%��Ò�â�ã�Ú�÷�ø�ù�ú Å
Ú�Ñ�Ò%F%G%H�ÿ%�%��á$²�³�Ù�����Ü�3 Á Í�5%´�F
G�H�ÿ�����ýµI�J�á Ë û�Ç�Í�Î�á¶����Ü�è�é�����Ù
��Ò�â�ã�Ú�÷�ø�ù�ú Å Ú�Ñ�Ò�Ü����%· � >4)�á$�
�%�%� �%E �%�%�%�%��½%¸�Ö/� � �%����è�é�ý ÂÃ á Ë è�é ��� 5 ��� Ü���	�
�á � ¦�Ö�¹�«,� � �
����è�é�áNº�»���������è�é�¼�½��1���1����è�é

(a) P =1.0 (b) P =5.0

K
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(a) ¿NÀNÁNTNU (b) ÂNÃNÁNTNU
K

12 SNeN¿NÀNÁNTNUNÄNÂNÃNTNUNfNXNYNMNONZN[N\N]N^NÅNÆNÇNÈ K



3 É Ê�Ë�Ë�¯�Ì$Í�����Ü���Ò�â�ã�Ú�÷�ø�ù�ú�Î�
 Å Ú�ë�Ñ 403

(a) ¿NÀNÁNTNU (b) ÂNÃNÁNTNU
K

13 LNMNONPNQNRNÏNÐNdNeN¿NÀNÁNÄNÂNÃNÁNTNUNfNXNYNMNONZN[N\N]N^N_NZN`NQNacb

(a) P =0.5 (b) P =2.0

K
14 LNMNONPNQNR 3 ÑNTNUNÅNÆNXNYNMNONZN[N\N]N^N_NZN`NQNacb

¢�Ò Ò%Ó �%�%Ô ÿ�Ü%3 Á�Å Ú%!%Õ%Ö�Í%5%×/Ø%8ÈÜ
Ç�ß Å Ú�á7Ù ��� ÿ�ß�����û�Ç�Í�Î�Ü Å Ú�Ñ�Ò�á ÂÃ º%»%�%�%�%��è�é%¼%½%�%�%�%�%��è�é ��� ÿ�ßÚ�Û�Ü ��Ò�â�ã�Ú�÷�ø�ù�ú�Ü Å Ú�Í�§�ý
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