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ÌÄ��(Æ�nü��(>��a'�[>´ãÚ
äN�k��Ý���{. ?1
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1 Ú ó

>^Û�Ì(Vg�JÑ, BÚå
2�Æö
�ßþ,�. ÏLC�1ÆnØÚ<ó>^á��
O, �±�OÑ>^Û�Ì(, l�¢y��Û
�. Pendry �<�OÑ
�±Ûõ?¿ÔN�>^
Û�Ì(, ¿3nØ�¢�þ?1
�y [1−3]. a
'u>^Û�Ì(>^AÉá��#.<ó(�
á�, Ó��±ÏLAÏ(�½á� (�á�) 5¢
yé�5Å�<�N� [4], �OÑ(Û�Ì(. (
Û�Ì(±Ù´L�ÔnSºÚd3�2,A^
cµ, É��I�ïÅ��pÝ'5 [5,6].

�c, Û�Ì(�ïÄ9:� �uÙ°ª�
Û��15ïÄÚE,8I�Û�A^ïÄ [7−14].
Cheng �< [7] Ú Torrent � [8] éõ�þ�á�(
Û�Ì(�k�Û�ª�?1
`zïÄ. ?S�
� [11] Ú�#u� [12] ïÄ
�I��E,/G
Û�Ì(�Ñ�A5, ¿?1
�ý�y. �ÃØ
´°ªÌ(�´E,(Û�Ì(, ÙïÄ��ªá
�:´3¢�þ¢yÛ�Ì(. >^Ì(®¢y

¢�þ��y, �� (Û�Ì(�¢�ïÄ
mk�w. (Û�Ì(�¢�¢y�6u(Æ�

á���O�¢y. (Û�Ì(�¦�á�kX
��É5��Ý9Iþ�NÈ�5�þ, ���»
U�½5ÆCz [14,15], �¦�©��. 8c��,
3g,.¥, ÿ�uyk÷vù«�¦�U,á
�, Ïd, 7LÏL<ó�O(Æ�á�5¢y(
Û�Ì(. �d, 2�Æö���Ñ
Ø��ãå.
Torrent[15] Ú Cheng � [16] <JÑ
õ�EÜá�
(����(Û�Ì(�Og´, Ùg�Ò´òÌ
(lÑz¤éõ�EÜ�á��, z��EÜ�á
��dü«�þÝ�ØÓá����Ó5(Æá
�|¤, ^ü���Ó5EÜá����ëê�%
CU÷vn�(Û�Ì(���É5á�ëê, ¿
�Ñ
ê��ý(J, lnØþy¢
ù��{�
�15, wÍü$
3¢�þý�¢y�� (Æ
Û�Ì(�EâJÝ. ¦+Xd, ÷vù«�¦�
��Ó5(Æá��Ôn¢yJÝ�,'��. A
O´ Torrent[15] 3©¥b�z��EÜá�¥ü«
ØÓ(Æá��(�%´��, ù�3¢�¥¢y
'�(J. Cc5, Ø>á��×�uÐ�(Æ�
á��¢y�5
#�êÅ, ÏL·�����±
¦Ø>�á�¢yk�K�ÝÚk�KN�þ, �
(Û�Ì(��Ôn¢�Jø
�U. Lee[17] ln
ØÚ¢�þy¢
Åb�5�¡���Ó5(Æ
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�n�á�k�K�Ý�Ôn�3. �´ÙK�Ý
Cz����, Øv±÷v(Û�Ì(é�á��
Ý��»���Cz�I¦. Baz[18] ?�ÚïÄ

ÅbÌÄØ>�¡e���Ó5²¡(Æ�n (Ì
Ä(Æ�á�) k�K�Ý�CzA5, �ÑdT
ÌÄ(Æ�á��k��Ý3·��>Ø��e
�±÷v(Û�Ì(é(Æ�á��Ý�I¦.

�©Äuõ���Ó5EÜá�����É
5á���Og�, �O
ÌÄ(Æ�á�e�Ã
���Î(Û�Ì((�. �Ñ
ÌÄ��(Æ�
nü��(>��a'�[>´ã, ¿ÏL�"�
�þªÇ�éÌÄ(Æ�á�?1·���, �
�÷v(Û�Ì(I����á��k��Ý. ,
�, �ï
 15 �EÜÌÄ(Æ�á�Ì(k��
�., |^(ÆO�^� Actran, O�
T�ÎÛ
�Ì(3²¡(Å\�e�(Ø|ã, 3nØþ�
yT�Î(Û�Ì(�Û��J. ��, O�
d
�ÎÌ(�oÑ��¡, ïÄÙÛ��J�ªÇ�
CzA5.

2 ÌÄ(Û�Ì(�O

�â Cummer Ú Schurig[14] �ïÄ, (Û�Ì
(�¦Ù|¤á� (ã 1 ¥ a 5 r 5 b ¤«Ü©) k
X��É5�ÝÚIþNÈ�þ, �ù
ëê7
L��»U�½5ÆCz. Ùá�ëê�Cz5Æ
�^e�ªfL«:

ρr

ρ0
=

r

r − a
,

ρθ

ρ0
=

r − a

r
,

κ

κ0
=

(b − a

b

)2 r

r − a
, (1)

ã 1 Ã���Î(Û�Ì(«¿ã

Ù¥, a Ú b ��ÎÛ�Ì(�S	»; ρr ��» r

?÷�»����Ý, ρθ �Ý θ ?�÷�����
�Ý; κ �Û�Ì(�NÈ�þ; ρ0 Ú κ0 �Ì(±
��N��ÝÚNÈ�þ. �â Schoenberg Ú Sen
�ïÄ [19], V�þ�EÜá����¤äk��
É5�ÝÚIþNÈ�þ�(Æ�á�. b�V
�þ�á�dá� A Ú B |¤, z��þÝ� dA

Ú dB, @o, Ù��ëê�O�ªfXe:

ρr =
ρA + ηρB

1 + η
,

ρθ =
(1 + η)ρAρB

ηρA + ρB
, (2)

κ =
(1 + η)κAκB

ηκA + κB
,

ã 2 õ�ÌÄ(Æ�á��Î(Û�Ì((�«¿ã
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Ù¥, η = dB/dA, κA(B) = ρA(B)c
2
A(B), cA(B) �á

� A(B) �(�. Torrent � [15] Ú Cheng � [16] |^
ù«EÜ�á�A5, òÙA^�(Û�Ì(��
O¥�, �O
õ�EÜ�á��(Û�Ì( (X
ã 2(a), (b) ¤«, Ù�d N �EÜá�|¤, z�
�EÜá�dá� An Ú Bn (1 5 n 5 N ) |¤),
¿3�½ª�þéÌ(�Û��J?1
�ýO
�, lnØþ�y
õ�EÜ�á�(Û�Ì(�

O��15. (Û�Ì(n��á� (äk��É
5�ÝÚIþNÈ�þ�(Æ�á�) 3g,.
¥, 8c��, ÿ�kuyÎÜ�¦�á�. ^õ�
þ�(á��EÜ¤÷v(Û�Ì(I¦�n�
�á�, ù�¢�þXÛý�¢y(ÆÛ�Jø

#�Eâå», 3�½§Ýþü$
EâJÝ. @
o, �e5Ò´XÛ�ïz��EÜá�¥þ�á
� A Ú B �¯K.

ã 3 ÌÄ��(Æ�n>´�¬�[ã

Cc5, ×�uÐ�ÌÄ(Æ�á�äk�k
�K�Ý!k�K¼�þ�á�A5�õ�E
Ü�á�(Û�Ì(ïÄ�5#�êÅ. Lee[17] ®
lnØÚ¢�þ�y
bk�5��(Æ�nk
�K�Ý�k�5. Baz[18] ébkÌÄ�5��(
Æ�n���K�ÝA5?1
ïÄ, ©¥�Ñ,
ÌÄ��(Æ�n�k�K�ÝCz��v±÷
v(Û�Ì(éá��Ý�Cz���I¦. �Ã
u±þïÄ, �©�OÑÄuÌÄ(Æ�á��(
Û�Ì(, Ù(�Xã 2 ¤«, ã 2(a) ��N(�
«¿ã, ã 2(b) ��¡«¿ã, ã 2 (c) �1 n ��
ÌÄ��(Æ�n(�«¿ã, §^u�ï(Æá
� A ½ B. éuã 2 (c) ¥z�ÌÄ��(Æ�n
ü�, ÙÄåÆ�n�±^(>��a'{, ^>
´���[(Æ��, Xã 3 ¤«. Ø>¡�Ø>

�§Xe [12]:S

D

 =

sE d

d εT

T

E

 , (3)

ª¥, T , S �Ø>¡�Ý���AåÚAC, D, E

�Ø>¡L¡> £Ú>|rÝ; SE ��5RÝ
~ê, d �Ø>AC~ê, εT �gd0>~ê. �
§ (3) �#�¤:∆Vol

q

 =

CD d

d 1/(Zps)

∆pp

Vp

 , (4)

Ù¥, ∆Vol Ø>¡�NÈUCþ, q �>þ; ∆pp �
Ø>¡L¡�Øü, Vp �>Ø, s �.Ê.dCþ;
CD = A/(lkD) �Ø>¡���RÝXê, kD �Ø
>¡���fÝ; Zp �Ø>9	�¿é>a Lp Ú
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Gé>N Cs ���{|, ÙL�ªXe:

Zp = Lps/(1 + LpCpCss
2/(Cp + Cs)), (5)

ª¥, Cp = Aε/t �Ø>¡��k>N, t �Ø>¡
þÝ.

XJØ>¡æ^gaA°Ä, @o, éuã
¥ � á ´ Ø > D a ì, � ± d ª (4) 1 � � �

� q = d∆pp, 2ò¤¼>þ²LõÇ��ì�
"u°ÄØ>¡þ, ��XeL�ª:

Vp = −Gd∆pp, (6)

ª¥, G ��"��þ. �d, �±��Øü ∆P '
u6� u �L�ª [12]

∆P

l
= − ρ0

[
1 +

(CD − Gd2)T + 1
LCs2{CD − Gd2 + CC [(CD − Gd2)T + 1]}

]
su, (6a)

T = MDs2 + ZP φ2, (6b)

dª (6), ·��±��ÌÄ��(ÆnN�Ãþjk��Ý [17,18]:

ρR =
ρeff

ρ0
= 1 +

(CD − Gd2)T + 1
LCs2{CD − Gd2 + CC[(CD − Gd2)T + 1]}

, (7)

N!ª (7) ¥��"��þ G Ò�±��?¿�
�Ãþjk��Ý. ÷vª (1) �(Û�Ì(�
n�(Æ�á�, Ù��É5�Ý (»��Ý!�
����Ý) ÚIþNÈ�þ�Ãþj�Xã 4
�o¢�!o:y�ÚoV:y�¤«, ã¥
� a/b = 1/2. éuõ�EÜ�á�Ì(, e dA

�u dB �, �z��á� A Ú B �(��Ó�¹
e (éuÌÄ(Æ�á�, z���^Ó«á�, �
Ó�(�^�g,÷v), K�dª (1), (2) ¦��
�ï(Û�Ì(�z��EÜá��á� A Ú B
ëê:

ρRAn =ρ0

(
rn

rn − a
−

√
2a

rn − a

)
, (8a)

ρRBn =
ρ0(rn − a)

rn +
√

2a(rn − a)
, (8b)

cn =
1
2

rn

rn − a
c0. (8)

ã 4 ¤«�[¢�![:y�Ú[V:y�
©O� 15 �EÜ(Æ�á��¥á� A Ú B �
�Ý�!(����»Cz��¹. z����
Ý��±N!�"��þ G ��. 'X���ü
�Ãþj�Ý 38.75, 15.73 Ú���ü�Ãþj�
Ý 0.0258, 0.0635, Ù�A��"��þ G ªÇ
��±dã 5 ¤«������. O�¥, �Ì
(S» a = 0.3 m, 	» b = 0.6 m, �
;�3O
�¥ÑyÛÉ�, r ���Cq� 0.31∼ 0.6m. Ì
Ä��>´ëê�Ú©z [18] ����, §�©O
�: φ = 138.3 Pa/V, CD = 1.5243 × 10−13 m4·s2/kg,
dA = −2.018 × 10−11 m3/V, MD = 13456 kg/m4,
Lc = 24069 kg/m3, Cp = 21.155 nF, Cc = 1.8466 ×

10−15 m4s2/kg, Lp = 30 H, Cs = 2.1 pf. b �
ÌÄ(Æ�á�Ì(��uÃ�Y�¥, Y¥
(�� 1500 m/s, �Ý� 1000 kg/m3, z��(
�÷vª (8c), Äuþãëê, 3k���ý^
� MSC.patran ¥é�©¤�O�ÌÄ(Æ�á�
Ì(?1k��ï�, 2|^(ÆO�^� Actran
O�d�Î(Û�Ì(3²¡Å\�e�(Ø©
Ùã, Xã 6 ¤«. é'ã¥�ÎÑ�NÚÌÄ(
Æ�á�Ì(3²¡Å\�e�(Ø©Ùã, �±
�*²w/wÑ, ²¡\�Å���ÎÑ�Nþ,
(Ø|²w/É�Ñ�NK�, ¦²¡\�(ÅØ
2´²¡Å. éuÌÄ(Æ�á�Ì(, ²¡Å
3�½ªÇ��S�±ÎÃ{N/ßL�ÎÌ(,
q�Ø�3ù«æNÔ, ��Û��J. ��ý
O�¥=¦^ 15 �ÌÄ(ÆEÜ�á�Ò�±¢
yÛ��J, ùq3�½§Ýþü$
¢�¢yÛ
�Ì(�EâJÝ.

ã 4 Û�Ì(n�á��ëê�k�EÜ�á�ëê
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ã 5 ���ü�Ãþj�Ý 38.75, 15.73 Ú���ü�Ãþj�Ý 0.0258, 0.0635 ��"��þ G ªÇ� (a) �ã:
�é�Ý� 38.75, mã: �A��"��þ G ªÇ���; (b) �ã: �é�Ý� 15.73, mã: �A��"��þ G ª
Ç���; (c) �ã: �é�Ý� 0.0258, mã: �A��"��þ G ªÇ���; (d) �ã: �é�Ý� 0.0635, mã:
�A��"��þ G ªÇ���
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ã 6 ÌÄ(Æ�á�e�Ã��Î(Û�Ì(��ÎÑ�N3²¡Å\�e�(Ø©Ùã (a) �ã: \�²¡Å
ªÇ� 3200 Hz e�ÎÑ�N�¹, ¥ã: ÓªÇeÛ�Ì(�¹, mã: ÌÄ(Æ�á��Î(Û�Ì(k���
.; (b) �ã: \�²¡ÅªÇ� 3200 Hz e�ÎÑ�N�¹, mã: ÓªÇeÛ�Ì(�¹; (c) �ã: \�²¡ÅªÇ
� 3200 Hz e�ÎÑ�N�¹, mã: ÓªÇeÛ�Ì(�¹

ã 7 ÌÄ(Æ��Î(Û�Ì(�oÑ��¡

ã 8 ÌÄ(Æ��Î(Û�Ì(3ªÇ 1670 Hz (Ãþjª
Ç 2.111) ?�(|©Ù (a) éA Actran �ýO�, (b) éAÑ
��{§SO�

?�Ú, ïÄdÌÄ(Æ�á��Î(Û�Ì

(�Û��J�ªÇCz�¹, O�ÙoÑ��
¡ (TSCS) �, Xã 7 ¤«. ã¥¢�ÚJ�©O
éAk�CÌ(á�ÚÃ�CÌ(á�e�ÎN
�oÑ��¡�. é'ã¥¢�ÚJ�, ·��
±�Ù/wÑ, d�Î(Û�Ì(3��°�ªã
Säk���Ñ�Xê, =Ù3��°�ªÇ��
SÑkûÐÛ��J. Ó�, *	ã¥¢�, �±u
y, Û�Ì(�Û�5U�XªÇ�,pÅì~
f. Ó��(Ø�±dé'ã 8 �(|©Ù�ã 6
�(|©ÙN´/�Ñ. ã 8 ¤«�(|A�ØÉ
�ÎÌ(�K�, ²¡ÅBLÌ(Ò�ÙØ�3�
�, ã 6 �²¡Å(|©ÙÒÉ�Ñ�N��

K�. ã 8(b) ¥��Ñ
ÄuÑ��{O��ÌÄ
�Î(Û�Ì(±�(|©Ù, �±wÑ, ã 8 (a)
�ã 8(b) �(|©ÙA��Ó, ùkå/y²
�
©ÌÄ�Î(Û�Ì(ï���(5.

3 ( Ø

� © | ^ Ì Ä Ø > � ¡ e ( Æ � n k �
K�Ý�±?¿��ù�A5, Äu Torrent[15]

Ú Cheng[16] �<JÑ
õ�EÜá�(��(
Û�Ì(�Og�, �O
ÌÄ(Æ�á�e�Ã
���Î(Û�Ì((�, �Ñ
ÌÄ��(Æ�
nü��(>��a'�[>´ãÚäN�k�
�Ý���{.

ïÄuy, ²L·��K�"��þ, �±�
��«ØÓ�k��Ý, ò����Ý�, ^uÌ
Ä(Æ�á�(Û�Ì(�(�ï�, ¿?1²¡
\�Å\�ed�ÎÛ�Ì(±�(Ø©Ù|�
k���ýO�, (JL²²¡Å3�½ªÇ��
S�±ÎÃ{N/ßL�ÎÌ(, q�Ø�3ù«
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æNÔ, ��Û��J. ��ýO�¥=¦^ 15
�ÌÄ(ÆEÜ�á�Ò�±¢yÛ��J, ùq
3�½§Ýþü$
¢�¢yÛ�Ì(�EâJ
Ý. ©¥�O�
�ÎÌ(�oÑ��¡�, u
yÙÛ�5U�ªÇ,pÅì~f, �3��°
�ªÇ��SÑkûÐÛ��J.

�©�ïÄó���?�ÚÿÐ�E,/G
Ì(�OÚ°ªÛ�Ì(ïÄ±9�A�¢�ï
Ä�O, ù�´e�ÚI�ãå�ó�. �,�©
¥ïÄó�ÿkÃõØv, ��Ú��<, �"�
 Ó;<�.
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Research on a cylindrical cloak with active acoustic
metamaterial layers∗

Shen Hui-Jie† Wen Ji-Hong Yu Dian-Long Cai Li Wen Xi-Sen

( Key Laboratory of Science and Technology on Integrated Logistics Support, National University of Defense Technology, Changsha 410073, China )
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Abstract
Enlightened by the tunable properties of effective density of the active acoustic metamaterial, we design an active infinite cylinder

acoustic cloak according to the idea of the multilayer structured acoustic cloak with homogeneous isotropic materials. Utilizing the
electrical analog, the dynamical equation of the acoustic cavity with Piezo-Diaphragm is presented. By analyzing the circuit diagram,
the control strategy of achieving various effective densities which are used for constructing the acoustic cloak is given. Based on the
necessary parameters such as the wide range values of the relative densities gained by active control, and the acoustic speed of each
composite layer, the acoustic pressure field of the plane wave incident on the cloak is calculated, via the FEM model. Also the pressure
map of a rigid cylinder scatterer with surrounded fluid is performed for comparison. Results show that outside the cloaking shell, the
plane wave field is almost undisturbed. However inside the shell, the plane wavefronts are gradually deflected, and guided around
the cloaked domain, returning to the original plane shape with small perturbation. This phenomenon making the cloak acoustically
invisible in some frequency ranges has useful values in engineering applications. Finally, the total scattering cross section of the
cloak is calculated to investigate the invisible effect according to the frequency domain. The total number of the composite active
metamaterial layers is 15, which is much easier to realize in experiment.

Keywords: cylindrical cloak, acoustic metamaterial, active control, acoustic invisible
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