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Abstract The scattering from the external ring-stiffened finite cylindrical shell has been studied before and the result

shows the secondary scattering has important contribution to the scattering field. The primary Planar Elements Method

(PEM) cannot accurately forecast the echo characteristics. In this paper, based on the primary PEM, a modified PEM

is developed by adding the judgments of occlusion and secondary scattering and combining with the bistatic PEM. The

Target Strength of the dihedral reflector is calculated both by the primary and modified PEM and then the validity of

the modified PEM is shown by comparing with the theoretical solution. Then, the Target Strength of the external ring-

stiffened finite cylindrical shell is also calculated. The result shows that occlusion and secondary scattering respectively

have important contribution to the scattering field at different incident angle. When considering the transmission of the

rings, the secondary scattering is strong in high-frequency but weak in low-frequency. Finally, the good agreement is

shown between the numerical result and the experimental result.
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Ó M � ÷ ø¹ù¹û Ï Æ N Ìß� *�!�" [3],

L:M 	 è ÷ øÔùÔû Ï Æ �:�:�:7:8�#��$�% Ó
.�& � ÷ ø ù û Ï Æ ç�' ë�(�) ��*�+ È É�,þ úÔû
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] ÷ ø Æ >nm�o æ�9� �p W Ç�q “
l * ”

Ó #
1 r ös�@ � =?>Al U ÷ ø Æ�t�u # � =?> ÷ ø 1

æ 5 å 6v æ�9 W E:FÔÆÔ÷ ø � ÷ ø 2
æ =�w ÷ ø � ÷ ø 1

Æ
>xm�o�f M ,

O Ï Q�y ÿ f n̂1, î f � ÉÔÝ y Æ �{zy ÿ � P o�f M o�| � ÉÔÝ y Î z Æ�} Q ñ ÷ ø 2Y ��~ÔþÔÆ í o:� V o�f ÷ ø 2
Æ�� ��� o:� ÷ ø 2O Ï Q�y ÿ f n̂2

Ó
rP , rM , rV ê�7 æ P o > M o >

V o Æ�� = y Ó 	 Â Ä Æ�� ��U ÷ ø�� � % ; ¾�d� Æ 6�7¹¸�
1
� ¸�6�7 ÷ ø 1

æ�9 W � É¹Ç¹Ý
“ ��� ”

Ó�
î · n̂1 6 0, ] ÷ ø���W � É¹Ý “ ��� ”, �¹Ñ �

3�0���
î · n̂1 > 0, ��� � 2

�¹Ó
�

2
� ¸�6�7 ÷ ø 1

æ�9 W ÷ ø
2
E�F Ó����� ����U�� · α, �

rP − rM = αî, (1)

w�è ¸
(rP − rV ) · n̂2 = 0. (2)ü�� (2) � � � (1)

���¹Ò  )¹¸
α =

rV · n̂2 − rM · n̂2

î · n̂2

. (3)
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α 6 0,

 �p Ò�� f � É¹Ý���� * + ÷ ø 1
Y

��~Ôþ ��� ÷ ø 1
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A � �
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(i = 1, 2, 3), �¹¸
βi =[(ri−rP )(ri+1−rP )]·n2, i= 1, 2, 3, r4 =r1 (4)
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ø
2
Æ O Ï Q�y ÿ � r12 f ÷ ø 1 >nm O1 * ÷ ø 2
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Æ y ÿ¹Ó Z�/ � � D � Æ�È�É 6 v ¸�
n̂1 · r12 > 0 Ê � n̂2 · r12 < 0, ��¢�f�8 I ÈÉ: �� 2 � � � %�� 2
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2 n̂1, n̂2 � r12 ����� ®«¯ ¨�

2 � ��� � � � 1
� ! � " # $&%('�) * �

��!���"�#�+����
2 ,�-�.�/ ��0�1�23

3 � ��4 5 0 1 6 7 - � � 2 8(9 2�$ � +:
(4) ;�Ê 2<�0 1 - ��� 2 8=9 '�>�?�@���� 1 A�B ���
C�C� / @C�C� 2;

!CDC'E>C0C1CF - �C� 2 8G9 'EH�C�
2
F�6C�C�

1 ACB �C�C
C�C� / 2JICK ,CL “ MN
” OQPR8 �Q�Q�QSQTQUQVQWCX - �C
Q�C�Q�C�C� AY�Z�2
[ \ ] ^ _ ` � 6 '�� �

1 a ! � " # b c W
A�B ����
���� /�d�e 'gf�U “ M N ” hji ��k 9�l
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� /�m������ “ M N ” O�P �

/ m t u � � '�� � - ��� ��� � � e ����� ����C� � 2 AC� kC�C�C�C�C�C��HC�CxC�C��xC��� 1
�

i=  1�¡�b���W���k�� � 2 d�e '�¢�] A ��� 2
�

��k�
���
�����2
£ } d�¤ 4�5���¥�¦�S�'�§�¨�T�U�V�W�X - �
 � � � � � Y Z '�@ � k � � � ��
 ��� "�©«ª��¬�­�2

2.2 ®�¯�°�±�²�³�´�°�±�µ�¶�·�¸�¹�º» � dC¼½i �C4C5C$C�C'¾VCWC¿CX - �C
C�C�C��C�CYCZC2w[CÀ - � �CÁCxC�C�C�C�C��"C© e '�ÂCÃ4CÄ h 6C7CX - �C
C�C�C'J<CFCX - 'JTCÅ MCÆ �C��C~CÇ tCuC� �CÈw!CDC'w>C]CÉ � � hCACB �C��
C��C�C� A �C�C"C©��CÊCË�2Ìn�o 4 ,�p 'ÌÍCÎC�C� 1�����
2 Ï�Ð k�!�� A ' O1, O2 l 5�@ h ����� i

  1C' n̂1, n̂2 l 5C@ hCÑ �C#CÒCÓC' r1

@CÔC�C1
TW����

1 i=  O1

��Ò�Ó
( Õ=� ��� 1

� � � ;�A��" Ö W � � � × Ø � Ù Ú � ' - � � � � 2
��! �

e ' r1

H�Û�@�Ô���"�Ö�W����
1
��×�Ø�È�Ü����

26 ] ^ � � � 9�Ý '�F U Þ d ¤ ß à ), r2

@ Ô � 1
T
W����

2 d�á `�k�1 Q
��Ò�Ó�'

r12

@����
1 i

  W���� 2 d�á `�k�1 Q
��Ò�Ó�2 - � ����
����� e â '�Â Ã Í ã " ä -æåèç é / ê x � � 1 ë ì3�k�
�����S�'�"�#�í�î�ï�ð�!���W����

2,
[ e ��

2
������ñ�ò�Å M�ó ¦�"�ô�$�� t�u�� ��2�ã φi6�õ���ä�ö�÷�ø

( ù�ú�e�û�ü�ý exp(−iωt)):

φi = (A/r′

1) exp(ikr′

1). (5)

þ
3 “ ÿ�� ” ������� þ þ

4 ������	���� þ



380
" ô ô �

2011 �
» � ��� Kirchhoff ß�à 'g����"�ä���ö�÷�ø é��: @��

φs =
−A

4π

∫

s

V (θ)eik(r′

1
+r2)

[
ikr2 − 1

r′

1r
2
2

(n̂2 · r20) +
ikr′

1 − 1

(r′

1)
2r2

(n̂2 · r120)

]
ds,

(6)

: i � V (θ) éCp ÁCxC�C�C�C!C���CøC'���	 éC/Ce '
V (θ) = 1

2
r′

1 = r1+r12, r20, r120 l 5C@ r2, r12

��

�CÒCÓC' [C\ - r12

$½%
� d ÔC���CU��CWC�C� 1 i
  O1

��×�Ø
r1, � @�����Ô�����U�������� T ′, r′

1� @����CÔC�CÖ T ′
WC�C�

2 dCá `CkC1 Q
�CÒCÓC2

[�À A Á�k�x���� 2 ��Ù�������� @�����"�ä�� T ′¥�Ô���'
T
¥�������k�x���Ô l ����"���� ��� 2

d�¤�� : i���L k� �!�"�Ó�'�]�^�Þ t k ��ß
à S$# U �$� '�� / § ¨$
$% l$& � � 2 d �$� Ô
l � ß ©��C�C�C� mCl���� 2JnCo 5 ,Cp � O

@�' ç
Æ 1C' Q

@C�C�
2 dCá kC1C' r

@
Q
1C���(�CÒC'

r2,

r12

+�o
3
Î�) ; ��È R2, R12 l 5�@�����1 T

�
O1

WC�C�
2 iG  O2

�CÒCÓC'
rO2, rT , rR l 5C@ O21�*

O1

1C�����C1
T
�����CÒCÈ

ξ
@C�C�

2 iG  1
O2

W á k�1 Q
��Ò�Ó�2g[�À�' A�� : (6) i ��+�x!�"CÓCÞCnC� ßCà � ÕG� �C� /CmCÚ �C' ü�, ξ ;CA

þ
5 -/./0/1/2���	���� þ

� � � 2
W Ô � 1 �$�$� 1 � × Ø � �$3 ù F � '

ü�,�-�4�5�6�d '�§�¨�?�@��




r2 ≈ R2 = |rO2 − rR|,

r20 ≈ R20 = (rO2 − rR)/R2,

r12 ≈ R12 = |rO2 − rT |,

r120 ≈ R120 = (rO2 − rT )/R12.

(7)

Ü A���; � 6 F�U�Þ d�¤�ß�à '�>��
{

r2 = R2 + R20 · ξ,

r12 = R12 + R120 · ξ,
(8)

hji �
ξ = r − rO2.v :

(7)
* :

(8) � õ : (6), 7 ¦�S���V��
φs =

−A

4π
eik(r1+R12+R2)

[
ikR2−1

(r1+R12)R2
2

(n̂2 · R20)+

ik(r1 + R12) − 1

(r1 + R12)2R2
(n̂2 · R120)

]
Is.

(9)

hji �
Is =

∫

s

V (θ)eik(R120+R20)ξds. (10)

��8�9�:�6 A�� : (10)
� � ��'�[ -�Æ�L ����C�C�C� i�; £ ��<C'w[C\CFCÉ�= ¤ 2w[CÀ A Á�x�!>�	�
�������Â�Ã�� Æ ��Ô�?���������$�� [5]

� �
h ����ö�÷�ø�'A@�S A X - ��
������������ : (9)� h �C�CöC÷CøC'CBCS�? Ð�7 x åÌç �C�C�Cö�÷CøC2

3 DFEFGFH
3.1 I�J�±�K�L�M
@C¿�N � �C�C�C�Cr�OC' ÂCÃ�P�QCnCo 6 ,Cp �

/�R�S�T ' hji ��x / ¡�@$U�V @ 1 m
����$�W�'

8
X�R @ 90◦,
���CÔC�CÖ - xz .C/½8 '�$�� R�YC�

A�B ��x���� X�R � .�l #�2
Z�[ Kirchhoff ß�à��:�\ ����� /�R ����] /�� : [6]:

σ =
λ2

π
|Sa + Sb + Sab + Sba|

2
, (11)

hji �
|

Sa = −ika(l/λ) sin(β + φ)e−ika cos(β+φ) sin [ka cos(β + φ)]

ka cos(β + φ)
, (12)

Sb = −ikb(l/λ) sin(β − φ)e−ikb cos(β−φ) sin [kb cos(β − φ)]

kb cos(β − φ)
, (13)

Sab = −ikb′(l/λ) sin(3β + φ)e−ikb′ cos 2β cos(β+φ) sin [kb′ cos 2β cos(β + φ)]

kb′ cos 2β cos(β + φ)
, (14)

Sba = −ika′(l/λ) sin(3β − φ)e−ika′ cos 2β cos(β−φ) sin [ka′ cos 2β cos(β − φ)]

ka′ cos 2β cos(β − φ)
. (15)
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-����ji a = b = l = 1 m, β = 45◦
@ 8 X�R �k���'

φ
@�õ���"�#�+ R�.�l #�� X�R 2 λ

@�"�ä
ä�V�'�ä�ø

k = 2π/λ
2

a′, b′
��	�
�n����

a′ =





0, φ 6 −α,

a, −α 6 φ 6 γ − α,

b
sin(β − φ)

sin(3β − φ)
, φ > γ − α,

(16)

b′ =





a
sin(β + φ)

sin(3β + φ)
, φ 6 −α,

b, −α 6 φ 6 γ − α,

0, φ > γ − α,

(17)

hji �
α = π − 3β, tan γ =

b sin 2β

a − b cos 2β
� [ å ç���� +�����] / ��9����

TS = 10 lg
σ

4π
. (18)

� [ :
(18)

� �
30 kHz e � /$R � åèç
� � ¦
�
C' + Æ �C�C�C�C�C�C�C�C�C� � ����� tCu A�� '����n�o

7 ,�p 2� o i � �
� � � � � � � � � � +�¦
��
 ;� - 3 dB
� 8 ' Ü Æ �C�C� � �Cf - −45◦

�
45◦ �

þ
6 ��������� þ

þ
7 ��������� �� �!�"�#%$

&�' ? ��( È Ü - −40◦ ∼ 40◦ )�* 8 ' Æ �C�C�����
� ¦���
�� Ú ��' )�*���+�� � × - 0◦

� W�,�
�'
[C6C�C
C�C��- � �Cc�.C2 ü�, 'w���CSC���C���C��
/
0$? � � �
1 � X - � � 	�
�� ��
���� å ç�

TS

�2

3.2 2�3�4�5�6�7�8�9�:�L�M
3.2.1

��	 é�/
[�\�Â�Ã���� S�T @���	 é�/ '�H�"�ä�F�X -; � � �C2w� ANSYS <CÝCA�= N iG,�> �C� ÑC9 �?
@BADC
E
F S$T t u P S �BGDH � l '�n o 8 ,

p ' h½i AIC�E ��JC@ 4.5 cm, ÑC9 � L 11
x Ñ JC@

8 cm
� ?�@ ' ?�@ D ûCû ×C@ 6 cm

2LKC��M /CÑ ' Áx @ d��Cû ×C��N L 6
x���JC@

1.5 cm
��OC2 [Cx S

T�-�����R�� )P* 8 ¡�X - 	�
�Q B ����
�����2
l 5 � Æ � � � � � � � � � ��� � A
R�S$T

- 30 kHz
�

100 kHz
� å ç���� t�u ¿ � ��'I���n�o

9 ,�p 2

þ
8 ANSYS S�T�U�V

(a) 30 kHz � TS "

(b) 100 kHz � TS "þ
9 W�X�Y�Z�[�����\�] �%^`_�a�b�#%$
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Õ o 9

�$" '�� õ � ä$� ���$�$��� ß õ � 'H�õ�� R�- 70◦ ∼ 110◦ )P* 8=e '���+�� � �����¬ � k�� 2�[ 6 Õ(� - �����$��� ß @ ��� A C
EF D û ����	
Q B ��
�����
 � � Ú ������� L 2Ü���õ�
 R�- 40◦ ∼ 70◦
�

110◦ ∼ 140◦
D û�e '�
����
�����^ � ��' ü�,�- 30 kHz e�� t S�� � ��
� � Æ � � � � �
�
� . ¡ ^ � 3 ∼ 5 dB,

Ü -
100 kHz e 
�����
�� � � / �����Q' . ¡C^ � 10 dB
� & '���5�6 - 45◦

�
135◦

� ß '���+�D ��� W�B
� 
C'w[Ck�������
 /�R�S�T � � ������k���2wÜ��õ�
 R � 40◦ � @ 10◦

�
+$�
140◦ � @ 170◦

[ x
}C~ i '���	�Q B����� �� ' ü�, ���CS�� � �����
��� � ß B�!C� �CÆ � �����C2 � ß M / õ�
 e '��	
Q B � ¿�� ^ � � ' Õ � Æ � ����� ��! v�>��	��C�C��"�KC' ü�,CÆ ��� � �C�������C^ � VC��2o

9(a) i A1

�
A2

�Cx�,��C��#C6 ÕG� "CäCõ
CW�$ � O @ � ëCì ����
C'&%��CS�W Ð � Bragg
�


 '
Bragg

��
 -$� P d ,

$�$��� r Î�' Ý @�(" ~ � � � " ä ä$V�� 7 ø�)�'�* F W �
� � S$T]�^�+�,�� : (
2d cosβ = pλ, (p = 1, 2, 3 · · · ) (19)

h½i d
@ @ � û × 6 cm, β

@Cõ�
 R ' λ
"CäCä�VC2

v :
(19) ����Ð�R�� + ��- ��9���(

cosβ =
pc0

2df
, (p = 1, 2, 3, · · · ) (20)

	�1 i "C� c0 = 1490 m, f = 30 kHz
2.�

p = 1 e '
β≈65.6◦, ACB o 9 i � A2

,CÈ/�
p=2 e ' β≈34.1◦,

ACB o 9 i � A1

,C20�
p>3 e ' cos β >1, ü�,C-��

- @ 30 kHz e ' - 0◦ ∼ 90◦ )�* 8 'Ef L �Cx Bragg��
�1�����,�2���¦�����V�o
9(b) i +�x�,���q�r����2

3.2.2
y���	 é�/
A �&8(932�4 � ADC
E
F ' Õ(� h 8(935�6�78�9 � ��: �C'w�C�Cv AIC�E ÛC@�; A !�
 é�/ 2wÜ

=�<�S�T @�= � 1 mm
�CF�> : @ �C'E��UC¡C@�1�?@C'wv LC; �Ck 9�l UCÓ�A ; @ �C' ü�, [C\Cv @ �?�@

“
� ; �

” ó F 'g4�Ä���	 e f�B�C A C�E�F A@ ������	 2�) * A � @ � d ��Á x�����D - � �
i � õ !�
$� ø 6 ' h&i θ

@ õ�
 " # + @ � d ÁxC�C���C�C#CD û � X�R ' V (θ) ÕI� Ë 7 iFE �C2ø

 � � e Â Ã ] ^ 4�Ä R ��� 6�7�G � @ ��'�n� 6 @ � d � � � > - � � e ] ^�B�C !�
�� ø 6
V (θ);

7�>�H�!�
���ø 6 V (θ) = 1
2

��[���$���É�� � ��¿ ��-�l 5�@ 30 kHz
�

100 kHz e ' S�T � å ç���� @ R�� � � � ' )�+�!

B�C @ � !�
$� ø�� ��� ��� ����� Þ A � ' ���n�o
10 ,�p 2� d � 5 o�� ; � D ¥ - � (������ ß 20◦ )

* 8 'J��'JIG# ' ? ��( 'J[C6 ÕG�C- ����� ß @ �
A ��
C"C©�ÊCËCF � ' @ ���C!�
��Cø A ���Cc�. Ú�Q2 FC�QDQ¥ -Q� 30 kHz e ' KQ����� ß D Ñ 'KB�CQ!
��Cø�� åÌç��C� � ����� �GÆ ���C� 5 ∼ 10 dB

�
�

10 dB
� d '/
�����
�� � ����L�M�NCÈ¾Ü 100 kHz

e 'OB�CC!�
��Cø�� åÌç��C� � ����� �GÆ ����MC�P
5 dB

� 8 '�
�����
�� � ��ñ�ò � �Q��2o
11
@�1 i = � @ 1 mm

� . � - 30 kHz
�

100 kHz
�C!�
��Cø�@Cõ�
 R � � IG#�2 �Co i ��"

30 kHz e '�!�
��CøC¡ - 0.2
�C�C'�HCf LCÚ�RC9�l

(a) 30 kHz � TS "

(b) 100 kHz � TS "þ
10 SUTUVUWUSUTUX�	 �UY��UZU[ ������\�] ^`_�a�b�#%$

þ
11 W�X�Y�ZU\UX�	 �UY�#%$
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��U�Ó�!�
�ÈGÜ
100 kHz e !�
���ø � 30 kHz e��

3
)C� d 2 ü�, !�
��Cø����Cõ	��� -	
��Ce 
����
�� � � F � � '�Ü - �$��e 
�����
 A�� ����
"�©�ñ L�
 ^�Ê�Ë�2

3.2.3
1�� = N�N �
= N�� =���?�� 8 � Ë 3, S T���� @QF�> : ' V

� 60 cm,
AIC�E	� J

9 cm,
?�@ xCø�*��	��� û ×�+

d���; ��'�= � ¡�@ 1 mm;
@�¿�M�N�M / Q B '��M���V � @ 30 cm PVC ��� ������' ��U��������O	�	�	� = N	 	! �C�#" äCF	$	��%�*&��'C��+�1	(

" ä��Cc�.	�wr � ¿Cø�[�� L Q�O��CqCr�OC2wv = N
i � �(� ��) V�� 125 kHz

� åèç
� ��* B�C ; 
��������� Æ ����� � ����� AP� �gn�o 12 +�p�,��o
12
��8�� B�C ; 
�S������������ � ���

�	- � �Cø RC� )�* 8.*�= )���� ' ? ��(	, -�M	(� ß½ÕG� )CÓ e	/�5 � ü�, � L !�-Co i Þ �=�	, Ü
Æ ����� ~ Ç�-
K������ ß0*�= N ' ? ��( Ñ �1-
�C9�l�RC� ¡ �I= )�
C�CVC� , ��� é �2- 125 kHz

þ
12  �!434546 U�V #%$

7�õ�
 e ��
�����
 A�8 �Q��
�9�© L�
 ^�Ê�Ë ,
4 :<;

=0>0?0@0A0B0�0�0�0�0�0C0D0E0F0B0G0H0�1I
J�K�L�M�N�O�-�P�Q�R�S�T�L�U�V�W�X�Y�B�Z0[]\
^#_.`	a&b	c	d	e	f	X	Y	g	h	B	M	N�i	j	kml	n�o	p
q�r�N�j�s�t�d�G�H�B0u�v0w�M0N0i�j0a1x0y�M0N
z0{ B0V0h0|0}0Y0~0� { k1�1�0d0G0H0u0v0w0N0j
B	A	T	�	a&�	�	d	�	�	�	A	�	�#�.���	�	� { kmx	yM	N	k��	�	�	�	�	�	�	�	�	Y	|	��k�V1W	X�Y	U�R	S
T	L	B	�	�	�	�	a&�	?	���	u	B	�	 	k&¡	G�H	B�u	v
w�N�j£¢¤?���u�¥�B�u0v��0��}0Y0¦�§0¨0k1?�©ª\
^0«0¬0C1D0M0N0k1l0­0®°¯²±0³0´0V0W0X0Y0B0�0�
�#¯.�	k&µ	¡	¶	³	´	·	¸	�	¹	a&º	��G	H	u�v	w�i	j
B�M�N�l�­�»�¼�½2� {�¾�¿ §�À�Á�n1P�Â�a
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