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Fig. 1. Schematic diagram of longitudinal section of variable thickness annular piezoelectric ultrasonic transducer.
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Fig. 2. Equivalent circuit of metal thin circular annular in

radial vibration.

Kl 2y, Vi, Fy, Vo o il s — > i B
i 55 i 4 i PR AS 1] 52 T3 FAR ) B s R . AR S5
JEL JE 4 J vl 152 B A58 ) 41 3 A ML S5 0 v i T
RS

Fiy = (Z11 + Z13) Vi — Z13V%,
{Fz = —(Zi2a+ Z13) Vo + Z13V1.

Wi A 124 25 PO AR s U Vi B
SN 2230, i 0 o 9 ) % S8 R FAR 1) 3R 21
EVa BB S A0, (4) AT LIS R

(4)

Fy Fy
- Ml ’ (5)
Vi Vo
/\14:‘
A Z117
1+% Zi1+ Zig + 121 12
i 1 + @
Z13 Z13

H T PR RE 4 Je [ B A A2 1] 10 T F RAR 1] 4k 3
L VgL, B LS 2 AN R A S A2 1] 1
AR ) 9% 2l 1P 45 T4 1 A3 8 B o o ) g
SRR RS IE Vo JEHUE 1 /0 B 2
ANFithde £,V Z ISR, B 2 /15 R A g
ZHLE Vo 0] LA i B 0 P Vs 3R

(7)

PETE 1 S5 R A i 64 ) 880 P AR 2l i 2
Vi ] LA SR 2 AR R S B s Vs Rl

DA, 200 28 IR B 4 v B A o0 il VAR
R R AR, TUSE 1 AR A sS4 Fy, Vi)
DL N A4 a8 5 B i 0 ) S8 Fiv o AR SN
HEE V1 2

F1 FN+1
— MyM,---M,--- My . (9)
1% N+1
Hrp
Z; Zinlio T
1+ Z_l Zin + Zia + Zl 2
Mi _ 3 23 7 (10)
L 142
Zi3 Z; i
My M |
MiMs,---M; - My = (1)
Moy Mo |

HT F=F, Vi=V,, Fvy1=F, Vs =W,

) (9) KT LIS Ny
M
My,

F, F,
Va W
AR LB 4 Jm IR IR N AR AR AL T2 S R
RBRGS LN, RIIREE V,, Ve B35S
fiih, (12) AT LS

Mo
Mys

(12)

Fa - anlva + Zn12%a
{ (13
Fy = Zno1Va + Zn22Wo,
M M1 M.
Hr Zy11 = M—; Zn1a = Mo — ]1\142122 s Zno1 =

]-/MQI; Zn22 = _M22/M21 .

AR FEL T 2 L S B DA K AR B B 1 3 A%
P2 IR, H (13) 3R] 75 31 722 J5 B2 <5 i v B 2R A
T 4 Bl 4 S8 L B TR AN 5T 3 7S

—Zn22—Zn21 Znin—Znnt (Zniz+Zna1) W
Vi Va
F"T Zuzn T P
O O

Pl 3 A JE R 4 Jim U IR B A 1) 41 ) 1) S A B 1
Fig. 3. Equivalent circuit diagram of metal thin annular

with variable thickness in radial vibration.

AR R 4w vl B PR e e H e, BRI F, =0
B, AR JEL R 4 T T R A [ 41 sl W) LR AR O R A
Zn112n22 — Zn124n21

Lin =
" Zno2

=0.

(14)

054304-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 ZF 3R Acta Phys. Sin. Vol. 72, No. 5 (2023)

054304

LI, S e R I R A (B AR R OH W R A =|(f — 1)/ 1], Dare =
Aﬁwt. a5 0=,
Mo, ARSI 4 R TR (D4R 48 B 3F @
BRI 4 IR IR . DI RO 4 R B . @B
2.2 TEE£EEBRIZRRINERES T

MR AT T AR V5 E 4 v [ B4 ] B B P S5 584
FHL I A5 1) PR AR RE RIS TR R Bk
3. N=100, f# FHEUE A 8 MATLAB #

B (14) 2R (15) 2040 5 D8 4 IR T

QT R B 4R R 2R | DF5 57 & & [ A M (D i
LR 4 T (B A3 ) 41 20y 1) PR A 3 RN, RS TSR 2R
B AEAN G R 153 B Y JEE B B~ AR LA R B A AR
b, T oR IR 4 D (B A 1) R E B - A5 D R: PR R
h(r) =m/r" A AL, $5 508 4 T 5] 21 1) JEE i T
AR UREREL A (r) = ae™ PP HLERAE AL, BeiE LAY
4 Jm T A 1) JEE B B oY AR DA B LR R B B () =
hacosh [y( Ry — ) FUERE AL, 42 )@ B 1 RS 24
JE WIREAR Ry = 25 mm, ApIA2f 48 Ry = 50 mm
HPIRPAR A JEETE hy = 10 mm , IR A2 A0 JEEJEE By,
9 BUE IS o 1—10 mm . PR 4 8 8 BR A A1
B, HMEZECh: % p = 2700 kg/m® | 4% [LA
E =70GPa, JAMA L v =0.33. T 5B 8E 45
SEFEATXT E, (R AT BR T34 COMSOL6.0 X I
AR RH 9 48 B A EA T 07 BRI 4 Fp AR JEL B2
A EZN IR SN I PR = o TR VA 9 ONE
o BIS R A EE AR SR 1 AR 2 R, R 1M
2 v fANf* a3 3R AR B B 4 i (B PR AR 1] 4R BN
YR A PR il FNEE S, M, M3 3R
7R JEEJE 4 A IR PN AL THOR ZR 85 ) B fidp AN BB,

G BIER) A2 m—Br . BRI TR £
KBE N SNIRIEE L ha/ By BOE AL R ZR AN 4 FUIET 5
R, Hrb-T HELEZER, -FEM A FRITI A4S

HiTE 4 R, 4 MR JEE 4 J IR EA ) — B 4R
BIERB ha /oo BRI IR/ DN, 25 N PR AR AL 1 JE 1
Fu BB/ NP, 4 B IR PR SRR R, SRR ).
T IR AR ha /o B9IEOR TG R, A2 10 B
SEPRIIN AR 32 4 i B PR AF TR R, 2 R
FRALIELJEE ho DB/ IN, 45 JB IR PR 2 200 B i I, LR
AR ) B AU AL . 53 A1, 4 AR JBE 4 Ja [ R — it
IR B RELIE ) LT 75 BB BE ha /oo B2 AL
2 b, B IR AR A KB B R/ Ty O ZZ fE G B
SR —2, HAXIRZELE 2% LA, X R IIfE
S ek AT DL R ST R B S IR B A A
RSl T AR R A B B, A
PRENRON BN WY, AR 1] B AR A A
RIERTALIA—Fr.

HITEL 5 AT, 4 ol A2 JBERE 5 s 19 2 (D 24
JRIBIER | % pR BTG B 1 1 | O B 42 T 154 5
@R LA SRR ) —Br ik . —Br bR
P THR ZRHBE Do / oy B RTITHE S, IX WA B
FERE IR BE oy /)N, PR SRR ] N SR RE IO RLCR B
U ARG, — W AR A CLRE R R BN KE]/ N
MRUCRHERY | R PR | FE R0 | B, It

® 1 RREERERATEE . R
Table 1.  Radial first and second order resonance frequencies of metal rings with variable thickness.
hp/mm ha/mm fri/Hz 1 /Hz Ag /% fr2/Hz >, /Hz Ay, /%
e 6 10 21894 21892 0.01 112380 110790 1.44
RE PR 5 10 21679 21679 0 113330 111720 1.44
faHoU 4 10 21401 21399 0.01 112770 111480 1.16
ey ol 3 10 20968 20957 0.05 109700 108890 0.74
* 2 RRESBBIEE . RO O R L
Table 2.  Radial first and second order resonance displacement amplification coefficients of metal rings with variable thickness.
ho/mm hg/mm M M Angs /% My My Ay /%
A 6 10 1.1985 1.1987 0.02 1.8304 1.8160 0.79
PR 5 10 1.1997 1.2000 0.02 1.9876 1.9670 1.04
sk yei] 4 10 1.1992 1.1995 0.02 2.2501 2.2135 1.16
pxiiE5t| 3 10 1.1959 1.1956 0.02 2.8118 2.7359 2.77
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Fig. 4. The relationship between the first and second order radial resonance frequencies of four kinds of variable thickness metal

rings and thickness ratio ha/hy: (a) First-order radial resonance; (b) second-order radial resonance.
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Fig. 5. The relationship between the first and second order radial resonance displacement amplification coefficient and thickness ra-

tio ha/hy of four kinds of variable thickness metal rings: (a) First-order radial resonance; (b) second-order radial resonance.
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Fig. 6. The relationship between the first and second order radial resonant frequencies of conical metal rings and N: (a) First-order

radial resonance; (b) second-order radial resonance.
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Fig. 7. Equivalent circuit diagram of piezoelectric ceramic annular in radial vibration.
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Fig. 8. Equivalent circuit diagram of circular piezoelectric ultrasonic transducer in radial vibration.
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Fig. 9. First-order and second-order radial resonance mode shapes of conical variable thickness annular piezoelectric ultrasonic

transducer: (a) First-order radial resonance; (b) second-order radial resonance.

3 HERVEJE PR AR HU AR g — B IR A S R

Table 3.  The first-order resonant frequency and anti-resonant frequency of conical variable thickness annular piezoelectric

transducer.

hp/mm ha/mm fr1/Hz * /Hz Ap /% fa1/Hz > /Hz Ap /% Kefn K
9 10 22002 21989 0.06 22276 22269 0.03 0.156 0.158
6 10 21059 21042 0.08 21355 21348 0.03 0.166 0.169
3 10 19886 19856 0.15 20209 20192 0.08 0.178 0.182
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Table 4.

tric transducer.

The second-order resonant frequency and anti-resonant frequency of conical variable thickness annular piezoelec-

hp/mm ha/mm fro/Hz 1% /Hz Ago /% Jaz/Hz 1 /Hz Ago /% Kefr Kl
9 10 95014 93401 1.73 96069 94814 1.32 0.148 0.172
6 10 98432 96383 2.13 99471 97922 1.58 0.144 0.177
3 10 105005 102020 2.93 106094 103830 2.18 0.143 0.186
2251 115}
22.0
215 11.0r
3 20T S 1051
= 205¢ S
20.0 10.0
195
9.5
19.0 " e f.-FEM
18.5 : 9.0 : : :
0 2 4 6 8 10 0 2 4 6 8 10
ha/h ha/hy,
P10 B0 5 8 A U T A R A A R A% — B L B AR ] SRR A IR IUR S ha /Ry IER (a) — B SRR AN LR () =

W 4 s S

Fig. 10. The relationship between the first and second order radial resonance frequency and the anti-resonance frequency and the

thickness ratio ha/hp of a conical variable thickness annular piezoelectric ultrasonic transducer: (a) The first-order radial resonance

and anti-resonance; (b) the second-order radial resonance and anti-resonance.

AR, xR Z A = |(f — f*)/f*]. 3
FIE 4 AT, A0 — B PR SRR 14 B S fifk A%
(AR AR L, FIXFRZEA I 0.2%, 181 —Fr
PRENILARMR i) BEIS i AR V) 5 00, AR
ZENHRIT 3%. KYGUE 1AL T f R PR A AL B
JREJEE BRI ri P 4G RE AR A 1] 4R s IR AT e
f I E . AR I B R K H— BN,
ARSI I ., — B R | R R
SRR K TR — B

TR S B R BRI s L PR R AR A ) — .
B SEHRA AN S AR BE N SN AR L EE ha /P 1
AT ZanIE 10 Brzs. d B 10 Al g, A — Rt
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4 % b
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Arbitrary variable thickness annular piezoelectric ultrasonic
transducer based on transfer matrix method”

Dong Yi-Lei  Chen Cheng  Lin Shu-Yu'

(Shaanzi Provincial Key Laboratory of Ultrasound, School of Physics and Information Technology,
Shaanzi Normal University, Xi’an 710119, China)

( Received 3 November 2022; revised manuscript received 26 November 2022 )

Abstract

The variable thickness annular radial piezoelectric ultrasonic transducer can realize impedance
transformation and energy concentration, has the advantages of large radiation area and full directivity, and is
widely used in power ultrasound, underwater acoustic and other fields. Because solving complex variable
thickness metal ring radial vibration wave equation is more difficult, in this paper, the radial vibration of metal
rings with variable thickness is transformed into the superposition of the radial vibrations of N metal rings with
equal thickness by using the transfer matrix method. The equivalent circuit diagram, the resonance frequency
equation and the expression of the displacement amplification coefficient of the radial vibration of the metal
thin ring with arbitrary thickness are obtained. The relationship between the displacement amplification
coefficient and the geometric size of the cone, power function, exponential and catenary metal rings is analyzed.
On this basis, the equivalent circuit and resonance frequency equation of radial vibration of piezoelectric
ultrasonic transducer which is composed of a metal ring with variable thickness and a piezoelectric ring with
equal thickness are derived. In order to verify the correctness of the theoretical results, the finite element
software is used in simulation, and the numerical solutions of the first and second order resonance frequency
and displacement amplification coefficients are in good agreement with the theoretical solutions. In this paper,
the universal solution of radial vibration of metal ring with arbitrary variable thickness is given, which provides

theoretical guidance for designing and optimizing the radial piezoelectric ultrasonic transducers.

Keywords: annular piezoelectric ultrasonic transducer, radial vibration, transfer matrix method, equivalent

circuit
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