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Ø>©6{ZEâ (piezoelectric shunt damp-

ing) ´Cc53�Ä�D(��+��ïÄ9:.

3A^¥, Ø>ì�Ï~Ê(3I�~��Å�(

�þ, ¿�Ú©6>´�ë�. Å��Ä�±ÏL
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EÜá�äkéÐ�R>5, �±CX��­(�

�L¡; Ù({|�$, �±ÚY�� [12]; e± 0-3
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ã 1 0-3.Ø>EÜá��Ônëê�Ø>>bNÈ¹þ�Cz (a) �5~ê; (b) �é0>~ê; (c) Ø>~ê; (d) (�; (e) A5({|

2 0-3.Ø>EÜá�Ônëê�O�

�©æ ^ 
 Furukawa¤ ï á � � . O �


 PZT Ø>>b�âÚ��/¤� 0-3 .Ø>

EÜá���5Xê!0>~êÚØ>~ê. du

Ø>>b��5~êÚ0>~ê��u��, 0-3

.Ø>EÜá���5Xê!0>~êÚØ>~

ê�Cq� [17]

C33 =
2 + 3φ

2(1 − φ)
C1

33, (1)

εr3 =
1 + 2φ

1 − φ
ε1

r3, (2)

h33 =
15φ

2(1 + 2φ)(1 − φ)

C1
33

C2
33

h2
33, (3)
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C33, εr3 Ú h33 ©OL« 0-3 .Ø>EÜá���

5~ê!�é0>~êÚØ>~ê. þI 1 Ú 2 ©

O�L��ÚØ>>b, φ ´Ø>>b�NÈz©

'. 0-3.Ø>EÜá���Ý ρp �´K�CX�

á(5U�­��ëê, �±deªO�:

ρp = ρ1(1 − φ) + ρ2φ, (4)

ρ1, ρ2 ©O���ÚØ>>b��Ý. ��ÚØ>

>b�ëêXL 1 ¤«.

ã 1(a), (b)Ú (c) ©O� 0-3 .Ø>EÜá�

��5~ê!�é0>~êÚØ>~ê�Ø>>

b�NÈ¹þ�Cz. �XØ>>b�NÈ¹þ�

O\, �5~ê�¢ÜÚJÜÑC�. �é0>~

ê�¢ÜC�, JÜC�. du�éu0>~ê�

¢Ü��uÙJÜ, ÏdÙÌ�C�. Ø>~ê�

¢ÜÚJÜÑ�XØ>>bNÈ¹þ�O\
O

�. duØ>CX��Å>=�Xê�L�ª�

n =
εr3ε0h33A

lp
, (5)

ε0 �ý�0>~ê. lp, A ©O�Ø>CX��

þÝÚ¡È. w,, ����é0>~êÚØ>~

ê�±¦Ø>CX�¼����Å>=�Xê,

l
k|u©6>´éØ>CX��á(5U

?1��.

L 1 ��Ú PZT Ø>>b�ëê

��

ρ1/(kg/m3) 941.4

C1
33

/Pa 2.76 × 108 + j5.85 × 107

ε1
r3

2.3 − j0.08

PZTØ>>b

ρ2/(kg/m3) 7550

C2
33

/Pa 1.47 × 1011

ε2
r3

1700

h2
33

/V·m−1 2.15 × 109

0-3 .Ø>EÜá��pÅ(�ÚA5({|

´dÙ�ÝÚ�5~êû½�, �±deªO�;

cp =

√

C33

ρp
, (6)

Zch = ρpcp. (7)

Xã 1(d), (e)¤«, �XØ>>bNÈ¹þ�O\,

Ø>EÜá��(�¬kü$, ,�ÑkO\. ü

$Ø>EÜá��(�, k|uUõÙ$ªá(

5U. �XØ>>bNÈ¹þ�O\, EÜá��

A5({|O\. EÜá��A5({|éá(

5U�K��äN(Ü>.^�?1©Û, 3d

Ø�?Ø.

3 ��>(�.�ïá

�©ïá
��>(�.é 0-3.Ø>EÜá

�CX��á(5U�?1
nØ©Û. Xã 2 ¤

«, b� 0-3 .Ø>á�CX�Åb3��g�þ,

Ø>CX�Úg�©O�YÚ�í�>. YÚ�í

þ��Ã���m. �(ÅdY¥R�\��Ø>

CX�þ, 3��0�¥��)pÅ, (Å3��

.¡þu)��Úß�.

ã 2 (ÅDÂ�«¿ã

Ø>CX�´÷þÝ��4z�þ!0�, Ù

î��º����uþÝ±9\�(Å�Å�.

�Øå F1 Ú F2 ©O�^uØ>CX��c�à

¡ (.¡ 1 Ú 2) �, 3c�à¡�>4m�)>

Ø V , Å>�§�±�� [18,19]

F1 = Z1U1 +
(

Z2 −
n2

jωC0

)

(−U2 + U1) + nV, (8)

F2 = −Z1U2 +
(

Z2−
n2

jωC0

)

(−U2 +U1)+nV, (9)

U1 Ú U2 ©O�Ø>CX�c�à¡þ��:

��, Z1 = jZchA tan(
1

2
kplp) Ú Z2 =

ZchA

j sin(kplp)

�Å � { |. C0 =
εr3ε0A

lp
�� k > N, n =

εr3ε0h33A

lp
�Å>=�Xê. kp = ω/cp �Åê.
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d (8) Ú (9) ª�±��Ø>CX��Å>��

ã (ã 3).

ã 3 Ø>CX�þÝ���Å>��ã

ã 4 ©6�Ø>CX��Å>��ã

�Ø>CX�Ú��{|� Zs �©6>´�

�, ÙÅ>��ãXã 4 ¤«, Å>�§�±��

F1 =

(

Z1 + Z2 + n2

(

Zs

1 + jωC0Zs
−

1

jωC0

))

U1

−

(

Z2 + n2

(

Zs

1 + jωC0Zs
−

1

jωC0

))

U2, (10)

F2 =

(

Z2 + n2

(

Zs

1 + jωC0Zs
−

1

jωC0

))

U1

−

(

Z1 + Z2 + n2

(

Zs

1 + jωC0Zs
−

1

jωC0

))

U2.

(11)

(10) Ú (11) ª�ü>ÓØ±Ø>CX��¡È A,

�n��Ø>CX�c�à¡�ØåÚ�:��

�D4Ý






P1

U1



 = B1





P2

U2



 =









x1

x2

x2
1 − x2

2

x2

1

x2

x1

x2













P2

U2



 , (12)

x1 = (Z1 + Z2 + Ze)/A, (13)

x2 = (Z2 + Ze)/A, (14)

Ze = n2

(

Zs

1 + jωC0Zs
−

1

jωC0

)

. (15)

- n = 0, (12)ª�±òz�ÊÏ0��D4Ý
.

g��c�à¡�(ØÚ�:���D4Ý


�±�� [20]





P2

U2



 = B2





P3

U3





=







cos(ksls) jρscs sin(ksls)

j sin(ksls)

ρscs
cos(ksls)











P3

U3



 , (16)

ρs, cs Ú ls © O�g � � � Ý ! ( � Ú þ Ý.

ks = ω/cs �Åê. .¡ 1 �.¡ 3 �(ØÚ�

:���'X�




P1

U1



 = B1B2





P3

U3



 . (17)

e B = B1B2 =





b11 b12

b21 b22



, d (17)ª�±��ã 2

¥.¡ 1 ?�L¡({|�

Z1i =
P1

U1
=

b11P3 + b12U3

b21P3 + b22U3
=

P3

U3
b11 + b12

P3

U3
b21 + b22

=
ρacab11 + b12

ρacab21 + b22
, (18)

ρaca ��í�A5({|, .¡ 3 �(ØÚ�:�

�'��u�í�A5({| (
P3

U3
= ρaca). .¡ 1

?���XêÚá(Xê©O�

R =

∣

∣

∣

∣

P1i

P1r

∣

∣

∣

∣

2

=

∣

∣

∣

∣

Z1i − ρwcw

Z1i + ρwcw

∣

∣

∣

∣

2

, (19)

A = 1 − R, (20)

P1i, P1r �.¡ 1 �\�(ØÚ��(Ø. ρwcw �

Y�A5({|, (Å3Y¥��Ñé�, ÙA5

({|Cq�¢ê.

±þ�O��{�±*ÐA^u?¿��ê

�Ø>Ú�Ø>CX�. b��ê� N , �A�D

4Ý
�




P1

U1



 = B1B2 · · ·Bi · · ·BN





PN+1

UN+1





=





b11 b12

b21 b22









PN+1

UN+1



 , (21)
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Ý
 Bi(i = 1, 2, · · · , N) ´�CX��D4Ý
.

éu©6�Ø>�, Bi �L�ª� (12) ª; éu�

Ø>�, Bi �L�ª� (16) ª. CX��L¡({

|�

Z1i =
b11P3 + b12U3

b21P3 + b22U3
=

PN+1

UN+1
b11 + b12

PN+1

UN+1
b21 + b22

, (22)

e 1 N � 0 � � �Ã� � � 0 � � m � ë,

K
PN+1

UN+1
= ρN+1cN+1, ρN+1cN+1 ��Ã��0

��A5({|; e1 N �0���¡´�½�,

K
PN+1

UN+1
= ∞; e1 N �0���¡´gd�,

K
PN+1

UN+1
= 0.

ã 5 0-3.Ø>EÜá�CX�3m´G�e�á(Xê

4 0-3 . Ø > E Ü á � C X � � á

(5U

Äk, æ^¤ïá���>(�.O�
ã 2

¥� 0-3 .Ø>EÜá�CX�3m´G�e�

á(Xê. Ø>CX�¥Ø>>b�NÈ¹þ©O

� 10%, 15%, 20%, 25%, 30%,Ø>CX��¡È

� 30 cm× 30 cm,þÝ� 3 cm. Y!g�Ú�í�

ëêXL 2 ¤«. m´G�e, (ÅÏLØ>�A

=��>UØU��Ñ, Ø>CX�=ÏLÅ�{

Z¼�á(5U. Xã 5 ¤«, Ø>CX��á(

Xê3�$�ªÇÚ�p�ªÇ�k�¸�. �X

Ø>CX�¥Ø>>b�NÈ¹þ�O\, �$ª

Ç�¸�¬£��pªÇ, ­�C�²". �,Ø

>>b�NÈ¹þ�±K�Ùá(5U, �´N�

Ø>>b�NÈ¹þØUwÍJpCX��á(

5U.

�©�O�
ØÓþÝ�Ø>CX��á

(Xê. Ø>CX�¥�Ø>>b�NÈ¹þ

� 20%,E?um´G�. Xã 6 ¤«, �XþÝ

l 1 cmO\� 5 cm,Ø>CX��á(5U¬k

²w�Jp. �´duCX��þÝÚ­þ3¢S

A^¥´k���, Ïd��O\Ø>CX��þ

Ý, Jpá(5U´Øy¢�.

L 2 YÚg��ëê

Y g� �í

�Ý/(kg/m3) 1000 7910 1.4

(�/(m/s) 1480 5775 340

þÝ/cm �Ã�� 1 �Ã��

ã 6 ØÓþÝ�Ø>CX�3m´G�e�á(Xê

�©}ÁÏLØ>©6{ZJpØ>EÜá

�CX��á(5U. òØ>CX�Ú©6>´�

�, (Å=z�>U�±ÏL©6>´�ÑK.�


¼�°�p��á(�J, ¿ü$nØO��E

,5, �©æ^K>NÚ>{Gé�©6>´J,

Ø>CX�á(5U. ©6>´�{|L�ª�

Zs = −C0 + Rs, (23)

−C0 �ÚCX���k>N���Ó�K>N, Rs

�©6>{. ©6�Ø>CX����>´Xã 7

¤«.

K>N�±d$���ì¢y, ã 8 ¤«�$

���ì�Ñ\{|�±L«�

Zin = −C
R1

R2
. (24)
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æ�Ü·�>N C 9>{ R1 Ú R2, �±¼�

Ú Ø > C X � � � k > N � � � Ó � K > N,

= Zin = −C
[9]
0 .

ã 7 K>N>´©6�Ø>CX����>´

ã 8 K>N�>´ã

ã 9 K>N>´©6� 0-3 .Ø>EÜá�CX��á(Xê

�©O�
K>N>´©6� 0-3 .Ø>E

Üá�CX��á(Xê. Ø>CX�¥�Ø>>

b�NÈ¹þ� 20%,þÝ� 3 cm. Xã 9 ¤«,

� Rs = 0,á(Xê­�Úã 5 ¥�A�­��

', vk²wUC. � Rs = 1 Ω,á(Xê3�°

�ªÇ�� (1—7 kHz)���é�Jp. �©6>

{ Rs = 3 Ω,á(Xê?�Ú,p. � Rs l 3 Ω ,

p� 5 Ω, 10Ω Ú 20 Ω,á(Xê�©6>{�,

p�
ü$
. Ïd, æ^Ü·�©6>{, K>N

©6>´�±3�°�ªÇ��wÍJpØ>C

X��á(5U.

5 K>N>´J,Ø>CX�á(5

U�Ån

éuK>N>´J,Ø>ì�á(5U�Å

n Kim �<®kïÄ. @�Ø>ì���k>N c0

éá(k�½�{N�^. ��¡, �Ü©(ÅÏ

LØ>�A=z�>U¬�;�3Ø>ì���

k>N¥
ØU��ÑK; ,��¡�k>N�>

| 1/jωc0 ´�ªÇCz�, ¬K�á(Xê¸��

�°. K>N>´�±-�Ø>ì���k>N,

¦>UU
ÏL©6>{�ÑK, 
©6>{�{

|�ªÇÃ', Ïd�±¼�°��á(�J [9].

ã 10 K>N>´©6� 0-3 .Ø>EÜá�CX��L¡(

{| (a) ¢Ü; (b) JÜ

�©l({|����Ý©Û
K>N>´

J,á(5U�Ån. (17) Ú (18) ªL²: �J
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pØ>CX��á(Xê, 7L¦ÙL¡({|

¦�UÚY�A5({|��� [18]. 
lØ>

CX����>´ã 4 Úã 7 �±wÑ: ©6>

´�±ÏLØ>�AN�Ø>CX��L¡({

|. ã 10(a), (b)©O�Ø>CX�L¡({|�

¢ÜÚJÜ. lã¥�±wÑ, K>N>´�±k

�/3�°�ªÇ�� 1—7 kHzSN�Ø>CX

��L¡({|. �©¥Y�A5({|�¢Ü

� 1.5 × 106 kg · m−2
· s−1, JÜ�". '�ã 10 Ú

ã 9 �±uy,á(Xê´ÚL¡({|�Y�A

5({|����'é�. Ø>CX��L¡({

|�Y�A5({|����Ð,á(XêÒ��.

~X, ÚÙ¦�©6>{�', R = 1 Ω Ú 3 Ω �,

L¡({|ÚY�A5({|���Ð, l
�±

¼��Ð�á(�J. ,	, K>N©6>´3ª

Ç�� 7—10 kHzSéL¡({|�N�¿Øw

Í, Ïdã 9 ¥ØÓ©6>{�á(Xê­�3T

ªÇ��S´­Ü�. o�, K>N©6>´�±

N�Ø>CX��L¡({|, l
J,Ùá(5

U.

6 (Ø

0-3 .Ø>EÜá�CX��±ÏLÅ�{Z

ÚØ>©6{Z¼�·Üá(�J. K>N©6>

´�±N!CX��.¡({|, ¦��Y�A5

({|���. ù�, Ø>CX��á(5UÒ¬

��é��J,. Ïd, æ^ 0-3 .Ø>EÜá�

ÚØ>©6{ZEâuÐ#.�Yeá(CX�

´ékF"�.

a��®�Æ�;_�Ç! ?Á�ÇÚÜ7��Ç

é�©ó��|±Ú��.
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Abstract

Recently piezoelectric shunt damping has attracted a lot ofattention in vibration and noise control. In this article, piezoelectric

shunt damping is used in underwater sound absorption in order to enhance the sound absorption of the coating. A one-dimensional

electro-acoustic model is established for the calculationby combining the equivalent circuit of thickness mode of a piezoelectric

composite coating with the transfer matrix of plane wave propagation. This model can be used to calculate the sound absorption of

multiple layers of piezoelectric and non-piezoelectric mediums. Underwater sound absorption of the 0-3 type piezoelectric composite

coatings is theoretically analyzed. Elastic, piezoelectric and dielectric constants of the 0-3 type piezoelectric composites are calculated

by Furukawa’s model. Results show that the negative capacitance circuit can adjust the surface acoustic impedance of the piezoelectric

composite coating at broadband frequencies. Suitable shunt resistances can make it match the characteristic acousticimpedance of

water better. Therefore, the sound absorption can be greatly promoted.
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