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Abstract This paper presents a new ultrasonic radiator, which consists of a transducer, an ultrasonic horn, and a

metal circular ring. The transducer and horn in longitudinal mode are used to drive a metal circular ring which vibrates

in coupled vibration mode from both the radial and axial. The circular ring can effectively transform the longitudinal

vibration into the radial-axial coupled vibration and generate ultrasound in the radial and axial directions of the circular

ring, meanwhile, the ultrasound can be focused to form focused ultrasound field inside the circular ring. The equivalent

circuit of ultrasonic circular ring radiator is deduced. Then the geometrical dimensions of the radiator are optimized, and

the resonance characteristics and radiated pressure field of an ultrasonic circular ring radiator are investigated by using

the finite element package ANSYS. Finally, an ultrasonic circular ring radiator has been designed and fabricated. The

experimental results are in good agreement with the calculated ones. The new ultrasonic radiator has good potential to

be applied in liquid processing such as sonochemistry.
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Er =
E(1 − νn′)

(1 + νn′)(1 − ν − 2νn′)
, (1)

Ez =
E

1 − ν/n′
, (2)

E » ν �>%34 ÄÅ�¿hji&kl�» :;jm ´ n′ =

Tz/(Tr + Tθ) %9�9!"Y"Z È�É � õ ´�êB5 Tz, Tr »
Tθ �>%34 ÄÅno�¿ Ç Á&p�Æ Á»q Á&<O�Ð
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kraJ0(kra) − (1 − ν − 2νn′)/(1 − νn′)J1(kra)

krbJ0(krb) − (1 − ν − 2νn′)/(1 − νn′)J1(krb)
=

kraY0(kra) − (1 − ν − 2vn′)/(1 − νn′)Y1(kra)

krbY0(krb) − (1 − ν − 2vn′)/(1 − νn′)Y1(krb)

(3)

sin(kzh) = 0, (4)

ê.5 kr » kz �*>*%*�*!�ÆmÁK» Ç Á8w õ ´ a, b » h
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O�»�<�¼�´ )�� H�ê�Æ ÁKÔ Ç Á3=r�s3VÐ QR�´ å
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ê25 �
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Z1m = j
2Zrb

πkrb[J1(kra)Y1(krb) − J1(krb)Y1(kra)]
[

J1(kra)Y0(krb) − J0(krb)Y1(kra) − J1(krb)Y0(krb) + J0(krb)Y1(krb)

J1(krb)Y0(krb) − J0(krb)Y1(krb)

]

−

j
2Zrb(1 − υ)

π(krb)2[J1(krb)Y0(krb) − J0(krb)Y1(krb)],
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Z2m = j
2Zrb

πkrb[J1(kra)Y1(krb) − J1(krb)Y1(kra)]
[

J1(krb)Y0(kra) − J0(kra)Y1(krb) − J1(kra)Y0(kra) + J0(kra)Y1(kra)

J1(kra)Y0(kra) − J0(kra)Y1(kra)

]

+

j
2Zra(1 − υ)

π(kra)2[J1(kra)Y0(kra) − J0(kra)Y1(kra)]
,

Z3m = j
2Zrb

πkrb[J1(kra)Y1(krb) − J1(krb)Y1(kra)]
= j

2Zra

πkra[J1(kra)Y1(krb) − J1(krb)Y1(kra)]
,

�25 �

Zra = ρVrSra, Zrb = ρVrSrb, kr =
ω

Vr

, Vr =

√

Er

ρ
, Sra = 2πah, Srb = 2πbh.

|

(2) V�W�X õ H Ez, y8?�x�Æ*�*>*H b » a ¿�©
ª Ä&«�¿�!2�3"

V&©ª«�¿�ÍH�!2�3"�´�Û� 4 4 Ð 4 5´
Z1n = jρVzSzh tan(kzh/2), Z2n = ρVzSzh/(j sin(kzh)),

kz = ω/Vz, Vz =
√

Ez/ρ, Szh = π(a2 − b2) Ð
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� � �9%BV7<"D d"c�� + ¿�À0Á�w�Ô�Æ0Á�w È�É R� ´ T�R�S I <*&�w*/���Ì�¿*�!V�WX õ ( '*�*!
h i8k�l ) ·�´ a <*&�w�Û*�*>.V8©�ª«�¿�À ÁÂ�Ã
w�Ô"¨ Ä"Å�¿�Æ0Á"Â�Ã"w ç ?�@�´ <@�"b�T9��!"Y
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Æ0Á�<"O
´�Û
�*�*!�Y�Z È�É � õ n′ = Tz/(Tr +Tθ) = Tz/2Tr, óô4

3 Ô 4 4, Û�� × %� �
Fra = vraZ2m + (vra + vrb)Z3m, (5)

Frb = −vrbZ1m + (vra − vrb)Z3m, (6)

Fz = vLiZ1n + (vLi − vL)Z2n, (7)

Fz0 = −vLZ1n + (vLi − vL)Z2n, (8)

Fz = Fra

a2 − b2

ah
n′. (9)

V�� (5) — � (9) Û"�"3"40Ä"Å È�É Â�Ã�¿9�
!.� "�´�� 4 5 Ð 4 5 N = Fz/Fra = [(a2−b2)/ah]n′,é�� H"3"40Ä"Å�Æ0Á"Â�Ã�Ó�À0Á"Â�Ã"�"��¿"O���¸
� õ Ð N ¿6���� é ><����¿ È�É U���Ð � Ë4

5 5¿�!2�3"�¿������î �
(1) 34 ÄÅ�H�!2�3"2V3<D��"� � ´ Í

D��9?"3"4"¨ Ä"Å�¿�Æ0Á"Â�Ã�´ `�Í@D���?"©@ª0Ä
«�¿�À ÁÂ�Ã�´ <�bTO���¸� õ N

dc È�É�
H34 ÄÅ�¿ È�É Â�Ã�Ð

(2) T h/[(a2 − b2)/a] −→ 0 ·�´ N −→ 0,
4

5

Û9'�ú � 4 3 ¿"�"��´Q'"3"4"¨©Ä"Å�Æ0Á"Â�Ã�¿9�
!2�3"�Ð

(3) T h/[(a2 − b2)/a] −→ ∞ ·�´ N −→ ∞,
4

5

Û9'�ú � 4 4 ¿"�"��´Q'"©"ª"3"40Ä�«�¿�Í"H�Â�Ã
¿�!2�3"�Ð

(4) T 0 < h/[(a2 − b2)/a] < ∞ ·�´ N H9/� ö ´�3�4mÄKÅ�¿�Â�Ã*%�ÆmÁKÓ�ÀmÁ <*&�Â�Ã�¿ È�É ´È�É U��2V N ¿6���� é Ð
V 4 3 p 4 4 » 4 5 '�Û� 4 1 n@�Å� È�É

Â�Ã�����º�¿�!2�3" 1 4 6 n@�Ð4
6 H�Å�� È�É Â�Ã���������º�¿*�*!.� "�´ ê

5 ZL » ZrL �9>9H�Å"�"�"��º Ç Á"»�Æ0Á N9O F
G�ÐHå�Ë���Å�����������º�´ µ í�¶�·%�� �A � (C í�¶�´ �"� V�%"� �9A ��¿9��!B�#""�@��ê@�"�
FG?�!��´Q��"�Í� �A ���FG�¿GH��´

þ
5 ��������#�$® ÿ�j�k�l�c�m
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þ
6 ÿ�����������������	�
�j�k�l�c�m

'�Û�����% A ��¿�Î�Ï*-*U�ÐHÌ�·�´HÜ�Ý�Å�� È�É Â
Ã�����º�¿�!2�3" 4 6, T���º% A ��¿�� Ù�Ú�»"!"#"$ õ è�é I�´eó ô�� ��8�F9G������
��´�'�Û�� I ����º����*M*F*G Zm = Rm +jXm, T
Xm = 0 ·�´ Û��Å� È�É Â�Ã�����º�¿��Â�Î
Ï9-9U�Ð 4 7 �"�">�Å"� È�É Â�Ã"�"�"�"��º�¿"�
�MG Xm Ó�ê�Î�Ï���¿ � ��Ð

þ
7 ÿ�����������������	�
�������	�
���������

2 �������������������������� 
!�"

H">�ù�ú�Å"�"�@�"�"��º�¿�Â�Ã�#"W
Ô�ê@��$
���%#�W�´'&%(�Ë*/� %)*�*��÷�ø ANSYS ¿�ù�ú�í
¶�û�¹%*	����>mÄKÅ�¿�ë�ì�Ù�Ú*L	bT�å%+D�Å��Â
Ã"��,�-�."k � �9��»
Ê�/@<9����*Q� I >@�"�
º
¿"k � Â�0 4 »"v�1 – Î�Ï�¼�ú32789LQb9T�å0Ä"Å4�5 5"¿"�"�"�9��¿�¶�ï�*76�8 > È
É Â
Ã0Ä Å�¿
��$ �"��#"W�Ð�¶�ïB5�n ô"I Å"�@�@�"�@��º
¿"%A �!#�Ô$ õ 1 ×�

¼�½�¾"p�Ä"Å�»�¸
¹�º9I9J A �
¿�9�:
¿"!@#
|9H 45# ;�*Q!"#"$ õ H � ρ = 7840 kg/m3, E =

2.16× 1011 N/m2, ν = 0.28 Ð ¸�¹�º�¿�Õ*I*J*K�!�#
|H=<=>=* !#$ õ H � ρ = 2790 kg/m3, E = 7.15×

1011 N/m2, ν = 0.34 Ð7?=@ A �H PZT–4 �2�A?=@
!#=*Q!#$ õ H � ρ = 7600 kg/m3,

|

C =























13.9 7.43 7.78 0 0 0

0 11.5 7.43 0 0 0

0 0 13.9 0 0 0

0 0 0 2.56 0 0

0 0 0 0 2.56 0

0 0 0 0 0 3.06























× 1010 N/m
2
,

ε =







6.46

5.61

6.46






× 10−9 C/m, e =























0 −5.2 0

0 15.1 0

0 −5.2 0

12.7 0 0

0 0 12.7

0 0 0























N/V · m.

|

2.1 *+�=B=C=D=E�./=F=G�=H=I=J=K
H >ML ÄeÅ 4 à�á 5eÆ –

Ç < D - Á |�¹ �
�"�"w�*�Ä"Å�Â�Ã�·"=">
Æ©Á���/"5@6
¿�N��
Â�½

?�* Ç Á�A@<@��/@5@6
¿�N��
Â
½�*Q'
ó ô :@; !
<�L0Ä"Å�¿�Æ –

Ç�È�É Â�Ã�ë�O�P�Ð 
"f�&�(9/� 
)�÷�ø ANSYS ¿�ù�ú�í�¶�û�¹%*	T*`mÄKÅ�¿�?�x�Æ



4 � � �� � k����¸�Å� È�É Â�Ã�����º 413

a = 60 mm � é I=*Q� ÄÅjy&x�Æ b »{ h H�í�¶
¼"l�*�Î�Ï f H�� � ¼"l�*�Ä"Å�Æ0Á N���Ó Ç Á N
��¿§H����� õ *�� ô �
	9-9$=-�.�ù�ú�*�� 21


�! I ù�ú
�
=* ë
��ù�ú�Ù�ÚH � b = 25 mm, h =

50 mm Ð 4 8 %�ù�ú� õ Ó����� õ ¿ � � 238�Ð
4

9 » 4 10 % ô ANSYS ÷�ø�å�Â�Ã�=, 4 Î
Ï9H 15 ∼ 30 kHz -�."k � �9�9I"� I ¿"k � Â�04 ÐPV 4 9

 *�¸
¹�º�Ô�¼�½�¾�¿�À�Â�Ã"7"9��0Ä
Å�¿�Æ –

Ç�È�É Â�Ã (20.69 kHz), Ä"Å"=">�Æ0Á��
/�5�6%N%��Â�½%*WVKË :�; !�<%* Ç Á8A/�Í é ¿%N
��Â�½=* a
� %
�
�n��
��¿�Ð 4 10 %�¸�¹�º�»�¼
½�¾�¿�À0Á"Â�Ã�»0Ä"Å"G��"k"��Â�Ã�¿�Í"D È�É k�

(22.80 kHz) ÐPV 4 10 Û���*�Ä"Å�¿"G���Â�Ã"k� A"�9/"5"6�¿�N���Â
½�* n"� a Í
Â
Ã"k@�@A�Û
�9H"��,�¿"`�Í"D"�"�@k"�
ÐPV Ë a <@D�Â
Ã@k �
|BV"¸
¹�º�¿�À0Á"Â�Ã"k@�"7@��*Qn"�
Û"� ô ( D
�@�"w"�"C�º���Ã [ Â�Ã"��,"'
Û
ü�ý���Î@k@�"�
�%* a 4 ����à�á�Þ�ß.5 %���X*/�ó�¿%*�L���> ( Î
�� 4 à�á25&BC
�w=$�¿
�M�Ð

þ
8 ��������	 �"!�#���j���

(20.69 kHz)þ
9 ��	�
®¯ – $���������%�&�j�'�(���) þ

(22.80 kHz)þ
10 ��	�
�*�+�����'�,�%�&�j�'�(���) þ

2.2 ./=F=G�
-
.
/=J=K
0
1
2
3
4
5
6
4

11 % ô ANSYS ÷�ø 4 Î�Ï87 �PH 19 ∼

24 kHz ·=*QbT�Ê=/<�¶�ïn��¿�Å��"��º�¿2�
v%1 – Î�Ï�Ô c � – Î�Ï�¼�ú 2 8 [13] Ð 4 11 5 **ü
89?9@"�"��º�¿B��v�1 – Î�Ï�¼�ú3278�* 6989?9@c � – Î�Ï�¼�ú 238�ÐPV�&v=1 – Î�Ï�¼�ú 238�Û *H¸�¹�º 4 a Í�Î�Ï:9<;�y /*<�D�Ê�Â
=%*Hê�å�<
¿�Î�Ï ö '*H�¸�¹�º�¿�Ê�Â�Î�Ï ö * �*>*H 20.6 kHz

» 22.8 kHz, V&k � ��
�
  * a <D�Î�Ï�å<�¿
Â
Ã@k ����> % 4 9 » 4 10 n�@@�@�
º
¿
Â
Ã@k� Ð VKÊ%/�<*� �:?�� Ò ü%* a <�D�Â�Ã�k � |�Û��
H���º�¿��k � Ð

H">�6�8©Ä"Å 4 Æ –
Ç�È�É Â�Ã�·�ê"��$@�"�

#�W%* ¶�ï�>mÄKÅ 4%5 5¿����%$ [14] Ð VKËmÄKÅ
�*/ Ç å�[:�:@%* Ì�·�R�S I ¶�ï�Y�¿:A�ï�¹�O�»�¶
ï�·��%*H¶�ï�·:� ô ��H Ç å�[�k%0�ÐH¶�ï�·�n ô ¿( ):B%0�»�!�#�4�W�$ õ 1 ×�� ÄKÅ � Plane42

Ç å�[( )%* !�#%;*L ?<;DC�á (
5

); ÓmÄKÅ:E:F:C�á:� ô:G
�:@ fluid29

Ç å�[ ( )%*që�?:H:C�á*H fluid29
Ç å

þ
11 ÿ���������	�
�j�I�J�f�K�+�L�
���j�g������
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(a) ��� (b) ���þ
12  ÿ®¯ – $�����������	���b������

[ ( )%*Hí��*H�	� �
��*=�r%*Hê�� A �*H� G �:@
floud29

Ç å�[ ( )%* C�á*H 5 *���� 1000 kg/m3,

��� 1500 m/s Ð4
12 H 4 Î�Ï*H 20.6 kHz �%* �*>����:�: õ

Ý  ü A�� 6 A *��9@����ts7V �"L (Pressure), �
� ������ –  �!�"�#�$�� 4�%�& 5 (

5
) ���=$

w�$*!: 4 *('.5 4 12(a) �*@  %������*��ü A�)
< �* 4 * 4 12(b) +@�@�@����6 A,) < �* 4�-.�/ s10 �"L �2�3 ��4 365�7�8�9�: . $ �; $
#�<�* 4�= $ 7�>�?���@�A�B :DC ?�E�F �G N�HI -KJ�L 2�3 ��4 3�M�N .�/�O�P�Q�R�S�T�U 7�8�V
� .�/XW 01Y�Z�[�\�] U�^ M�N /�_ ;�` Y�H I�ab Udc�e�f ;�g�h - h

13 ��i�j ����� –  �!�"�#
$�k�l %�&�m ( n )

e�f ;�g�h U 0 h 13
7�o U ���

l � –  �!�"�#�$�k U �pmrq [ .�/ ]�s�t U�c l �m1q�u�v�w�x .�O
( y�z : i ), {1|�l�} – ~������� k�'�}��1��~��1��?���t�[ e�f�.�/�U�� = O.�/ t U���O�.�/�� -

�
13 ����� – ����������������� �

3 �������
+pjp�p�p�p p�p¡p]p¢p£p[p¤p¥p< U�¦p§ jh

14 ¨�i�[�| u ��� ����©�.�e�f�ª�U l ��«�¬�L
HP4294A ®�¯�°�±�H�²�³�´�µ�j�¶ ����·�¸ [�°

±�� G�¹�º�»�¼ [�½�¾�¿�<pÀrÁ U l�t «�¬��U L�Â»�Ã ©�. ;�Ä�Å ª�Æ�Ç ¶�| u ©�.�e�f�ª�U l »�¼È
20.18 kHz � 21.80 kHz k U1É�Ê�Ë j e�f�ª [�}

– ~���� ��� \�Ì���Í ¹ ��� \�Ì - È j�Îr���� �¢
£�Ï(¡�]�Ð�Ñ�� 2 ��´�µ�Ò�Ó U(Ô Í�Õ�¨�Ö�Ò�Ó�×�Ø:

1
-�Ù m U

ftt, fht, fct � frt H�Ú È 0�Û�Ü�Ý�Þß ¢�£�[�à�á ª Ïâ½ `�ã Ïâä�åp{r|�æ�ç�è�| u e�fª [�é � »�¼ ]�ê ftA, fhA � fcA H�Ú È 0 ANSYS

?�ë�ì�í�î�Ð�Ñ�¢�£�¨�Ö�[�à�á ª Ïâ½ `�ã Ïâä�åp{
|�[�é � »�¼ ]�ê frA1 � frA2

È
ANSYS ?�ë�ì�í

î�Ð�Ñ�¢�£�¨�Ö�ç�è�| u e�f�ª } – ~���� ��� \
Ì���Í ¹ ��� \�Ì�ï�ð�[ »�¼ ]�ê frm1 � frm2 ñl ��«�¬� 0 HP4294A ®�¯�°�±�H�²�³�´�µ�[�| ue�f�ª } – ~���� ��� \�Ì���Í ¹ ��� \�Ì�ï�ð�[

�
14 ��ò���������ó�ô�����õ�ö�÷�ø�ù

ú
1 ��ò���������ó�ô�����õ�û�ü���ý�þ�ÿ

ý�þ ftt ftA fht fhA fct fcA frt frA1 frA2 frm1 frm2 f ′

rm1
f ′

rm2

kHz 20.93 20.58 20.96 20.66 20.60 20.64 20.58 20.6 22.8 20.21 22.06 20.18 21.80
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»�¼ ]�ê f ′

rm1 � f ′

rm2 ñ l�t «�¬�Æ�Ç� ´�µ�[�|u e�f�ª } – ~���� ��� \�Ì���Í ¹ ��� \�Ì�ï�ð
[ »�¼ ] -

0 : 1
7�o U 0��
	�Û�ÜpÝrÞ ( � h 2 ¨�i ) ¢�£

[�à�á ª ��½ `�ã [�é � »�¼ (ftt � fht) ���Ø L?�ë�ì ß ¢�£�[ G ð »�¼ (ftA � fhA),
Ù���� l�ØL ��	��� �¢�£ Ù é � »�¼ k U�� ��j���� ��� ï� �ré � »�¼ [
�
�
� ��� ��� �� �Ö
��[p{r|�Û�Ü

ÝrÞ ( � h 5 ¨�i ) ¢�£�[ Ù Û�Ü�}p�ré � »�¼ (fct)� ?�ë�ì ß ¢�£�[ »�¼ ] (fcA) ��H
� = ���r| u �
� ����©���e�f�ª [�Û�Ü�Ý�Þ ( � h 6 ¨�i ) ¢�£�[Ù } – ~���� ��� ï�ð�[ »�¼ (frt)

� ?�ë�ì ß ¢�£
[�ï�ð »�¼ (frA1) �� ���´�µ »�¼ (frm1 � f ′

rm1)!�"�# ��[���$�ê !�" U | u ��� ����©���e�f�ª%�& ��è�Í ¹ ��� \�Ì�ï�ð�[�?�ë�ì ß ¢�£�[ »�¼
(frA2) �� ���´�µ »�¼ (frm2 � f ′

rm2) '���� = �h
15 ñ � HP4294A ®�¯�°�±�H�²�³�´�µ�[�¶

| u �,� ©(�,e,f,ª ° ±,æ G ¹,º » ¼ [ ½ ¾ À
Á�� Ù m*) T ��+�À1Á : i�°�± –

»�¼ ½�¾�, · À
Á U��T [pÀrÁ : i G�¹ –

»�¼ ½�¾
, · ÀrÁ
�-�r°
± –

»�¼ ½�¾�, · À1Á 7�o U l�´�µ�[ »�¼�.0/�1
(19 ∼ 24 kHz),

e�f�ª [�°�±pÀrÁ�?
2�è�� C�3 [
4
]���5�] U Ù m 2�è�5�]�ï�ð�[ »�¼ ] c È e�f�ª
[
2�è�é � »�¼ ]�ê 20.21 kHz � 22.06 kHz, 6 � L
?�ë�ì�í�î ANSYS ¢�£�[�é � »�¼ ] 20.6 kHz �
22.8 kHz(

h
11 ¨�i ) Î���7����

�
15 ö989:9;���ò�ó�ô�����õ�û9<9=9>9?9@A ý�þ�û9B9C9D9E

4 FHG
I�J j�| u ��� ����©���e�f�ª [�Û�Ü�Ý Þ UK ��j�Û�Ü�Ý1Þ ß ��?�ë�ì ß�L ¾�M�¢�| u ©���ef�ª [�N�O�P�Q���R�S j�¶ e�f�ª [ ��� ¿�<�æ Ù

e�f���O ¿�< U�T�U �� �¢�£�Ò�Ó ¦�§ j G ð�[�|u ©���e�f�ª�U  ���´�µ�Ò�Ó � �� �¢�£�Ò�Ó # �
[��
$
�â¶�| u ��� ����©
��e�f�ª Ò
V�W
X UZY
[\�] U L ��è ����·�¸�c 7�^ Ö�{1|�[�} – ~������� ��Í ¹ ��� [�_ » ��� \�� U 7�` l ©���a nb Z�c���Ï m*d�e�V�f � Å�g�h�i�j�k Û�l�> ^ Ö
ð L �
mHn
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