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Abstract: Langevin bolted transducers (BLT) with two piezoelectric ceramics inserted between the front and rear plates are 

widely used in ultrasonic cleaner transducers and components of underwater acoustic antennas for a fish finder [1, 2]. And it is 

very important to attain a maximum ratio of vibrating velocities of the front and rear plates of transducers in radiating medium 

by choosing the optimal dimension of the front and rear plates of ultrasonic transducers. Prior studies introduced the vibrating 

mode analysis of BLT using FEM analysis and ultrasonic applications [3, 4, 5]. But study about the detailed structural design 

of transducers with the maximum vibrating velocity ratio of the front and back plates in the radiating medium based on the 

electromechanical equivalent circuit analysis is hardly found. In this paper we identified the optimal geometrical dimension of 

the front and rear plates of transducers with maximum vibrating velocity ratio for 20kHz of working frequency and applied 

FEM analysis using the ANSYS software. These are based on the analysis of 1-D longitudinal vibrating equivalent circuit for 

BLT inserted two piezoceramics between the front and rear plates. The front plate is conical shaped and rear plate is cylindrical 

shaped and these are consisted of different materials. 
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1. Equivalent Circuit Analysis of BLT 

The geometrical structure of BLT is shown in the Figure 1. 

 

Figure 1. Geometrical structure of BLT. 

As shown in the Figure 1, the rear plate a is made of steel 

and has a diameter of Φa=50mm and length of La, the front 

plate d is made of aluminum and has a diameter of 

Φd=80mm, Φa=50mm on front and back sides respectively 

and length of Ld disk-type piezoceramic elements b, c are 

made of PZT-M material with outer diameter of Φa=50mm, 

inner diameter of Φp=13mm and thickness of tp=5mm, the 

bolt e is made of stainless steel and has a diameter of 

Φb=10mm. The front radiating medium is water and back 

radiating medium is air. 

First, we conducted a MATLAB simulation to obtain 

geometrical dimensions of the front and rear plates with 

maximum ratio of vibrating velocity of the front and back 

sides based on the equivalent circuit analysis of longitudinal 

and one-dimensional vibration in radiating medium of 

boltless Langevin transducer. Second, we compared it with 

the analysis result of BLT (Langevin bolted ultrasonic 

transducer) using ANSYS software. The Electromechanical 

equivalent circuit [6, 7, 8, 9] of boltless Langevin transducer 

as one dimensional case can be easily analyzed but the 

equivalent circuit of BLT [10, 11, 12] is complicated due to 

the effect of bolt-joint, so we applied the ANSYS software to 

its analysis.  
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An electromechanical equivalent circuit consisted of four 

terminal network corresponding to the geometrical structure 

of boltless Langevin transducer is shown in the Figure 2. 

 

Figure 2. Electromechanical equivalent circuit of Langevin transducer. 

In Figure 2, F��, F��, F��, F��, F��, 	��, 	��, 	��, 	��  and 	��  are the 

active forces and vibrating velocities in the sides 1,2,3,4 and 

5 of BLT in the Figure 1. And I and u are the electric current 

and voltage in the piezoceramics respectively. 

The equivalent circuit parameters z��� , z��� , z���  and z���  for 

the back plate, z��� , z��� , z��� , z��� , z��� , z��� , z���  and z�� � for PZT, z��� , z��� , z���  and z���  for the front plate and  �� , �� for 

characteristic impedance of the front and back radiating sides 

are shown in the equation (1). ���� � j · �� · cot�k� · L��;  ���� � �j · �� · cosec�k� · L��; ���� � ����� ;  ���� � ����� ; 
���" � ���� � j� #$%&' �(·)*� � �+ · tan �(·)*�� , �-���; 

���� � ���� �  �j� #$%&'�(·)*� , �-���; 

 Z��� � ���� � ����� � ����� ;  Z��� � ���� � ����� � ����� ; (1) ���� � j · �/ · 0cot�k/ · L/� � �1 � N3�/�k/ · 5/�6; ���� � �j · �/ · N3 · cosec�k/ · L/�; ���� � �Z��� ; ���� � �7�/N30�N3cot�k/ · L/� , �1 �N3�/�k/ · 5/�6; �� � 8�9�:/;01 � 2=��>�?/�/�>�?/�6 , 72@��>�?/�/�A�� ·?/� �B; �� � 8�9�:�;01 � 2=��>�?��/�>�?��6 , 72@��>�?��/�A�� ·?�� �B; 

Here >� � C 9�⁄ , �� � 8�9�:� , :� � π�?�� � ?���/4, 9� �GH� 8�⁄ , >/ � C 9/⁄ ,  �/ � 8/9/:/ , :/ � π�?/� � ?���/4, 9/ �GH/ 8/⁄ , N3 � ?/ ?�⁄ ; 

k � C 9⁄ ,  �+ � ρ c s, c1 � � 9+ J�⁄ , J � KLL · :MN · :LLO , s� π�?�� � ?N� �/4, 
c � 1/G8 · :PP/ , @PP/ � � �QRRS , /RRTUVVW ·QRRS ·QRRS �X�, c+ � s · YPPZ /MN, 

 ε\\%  � εLL] � dLL� /sLL̂, >� � C 9�⁄ , >� � C 9�⁄ , 

(J1: 1-D Bessel function, S1: 1-D Strobe function). 

The equivalent circuit equation corresponding to the 

electromechanical equivalent circuit of Langevin transducer 

shown in the Figure 2 which radiates in the medium is shown 

in the equation (2). 

_F�� � z��� · 	�� , z��� · 	�� � �` · 	��F�� � z��� · 	�� , z��� · 	��  

abc
bdF�� � z��� · 	�� , z��� · 	�� , Nu

F�� � z��� · 	�� , z��� · 	�� , Nu
I � jωc+u � N�	�� � 	���

                      (2) 

abc
bdF�� � �z��� · 	�� � z��� · 	�� , Nu

F�� � �z��� · 	�� � z��� · 	�� , Nu
Ih � jωc+u , N�	�� � 	���

 

i F�� � z��� · 	�� , z��� · 	��F�� � z��� · 	�� , z��� · 	�� � ��� · 	�/ 

The equation (2) leads to the equation (3): if expressed in 

the matrix form considering the vibration rate and the 

continuity of acting forces. 

j
j
jz��� � k� z��� 0 0 0

z��� z��� � z��� �z��� 0 0
0 z��� z��� , z��� z��� 0
0  0 �z��� �z��� � z��� �z���
0 0 0 z��� z��� , k�

j
j
j

 m
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j
j
jϑ��ϑ��
ϑ��ϑ��ϑ��

j
j
j
 = 

j
j
j 0

Nu
0

−Nu
0 j

j
j
                                        (3) 

From the equation (3), the transducer’s frequency equation 

and the vibrating velocity amplitude of the front and back 

radiating sides can be written as the equation (4).  

|o| = 0; p�� = |o�| |o|⁄ ; p�/ = |oq| |o|⁄             (4) 

Here D

=
j
j
j z��� − k� z��� 0 0 0

z��� z��� − z��� −z��� 0 0
0 z��� z��� + z��� z��� 0
0  0 −z��� −z��� − z��� −z���
0 0 0 z��� z��� + k�

j
j
j
 

D� =
j
j
j 0 z��� 0 0 0

N z��� − z��� −z��� 0 0
0 z��� z��� + z��� z��� 0

−N  0 −z��� −z��� − z��� −z���
0 0 0 z��� z��� + k�

j
j
j
                                                    (5) 

o� =  
j
j
jz��� − k� 0 0 0 0

z��� N −z��� 0 0
0 0 z��� + z��� z��� 0
0 −N −z��� −z��� − z��� −z���
0 0 0 z��� z��� + k�

j
j
j
 

⋮ ⋮ 

 oq

=
j
j
jz��� − k� z��� 0 0 0

z��� z��� − z��� −z��� 0 J
0 z��� z��� + z��� z��� 0
0  0 −z��� −z��� − z��� −N
0 0 0 z��� z��� + k�

j
j
j
 

The material parameters of the Langevin transducer used 

in the equivalent circuit and FEM analysis are shown in the 

Table 1. 

Table 1. Material parameters of the Langevin transducer. 

Material Density(tu vw)⁄  Young’s modulus(x vy)⁄  Acoustic velocity(v z)⁄  Natural acoustic impedance (Mrayl) Poisson ratio 

Iron  8� = 7800  H� = 2.1 × 10��  9� = 5188  40.47 0.28 

Aluminum 8/ = 2700  H/ = 7.7 × 10�+  9/ = 5340  14.42 0.32 

Water 8� = 1000   9� = 1500  1.5  

Air 8� = 1.29   9� = 340  4×10X�  

Piezoelectric 

ceramic  

(PZT-M) 
ρ = 7746  

Flexibility (m� J)⁄   Piezoelectric modulus (c J)⁄   s��̂  10.97×10X�� dL�  -74.02×10X�� s��̂  -3.3×10X�� dLL  181.11×10X�� s�L̂  -5.37×10X�� d�q  505.16×10X�� sLL̂  15.44×10X�� Relative permittivity  s��̂  39.59×10X�� ε��] ε+⁄   1385 s��̂  28.53×10X�� εLL] ε+⁄   713 

 
In order to obtain the optimal dimension of front and rear 

plates for the maximum ratio ϑ��/ϑ�� of vibrating velocity in 

the front and back radiating sides from the equation (3) of 

Mason equivalent circuit we considered the change of 

vibrating velocity ratio according to the change of length in 

the front and rear plates under the condition that satisfies the 

frequency equation |D| = 0  in operating frequency 20kHz. 

And the result is shown in the Figure 3. 

Also we showed the change of the vibrating velocity ratio 

according to length change of the front and rear plates under 

the condition that satisfies the resonance frequency 20kHz 

using ANSYS. The transverse axis in Figure 3 is the length-

axis of the transducer’s rear plate, the left side of longitudinal 

axis is the vibrating velocity ratio-axis and the right side is 

the length-axis of the front plate. Curve � in Figure 3 
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obtained from the equivalent circuit analysis is the change 

curve of the vibrating velocity ratio according to the length 

variation of the front and rear plates and curve � obtained 

from the FEM analysis is the change curve of the vibrating 

velocity ratio in the transducer’s front and back radiating 

sides. 

Curve � in Figure 3 shows the relation between the 

dimensions of the front and rear plates when the above 

condition is satisfied. 

As shown in Figure 3, vibrating velocity ratio of the 

Langevin transducer (boltless) radiating in the medium 

obtained from the Mason equivalent circuit analysis has a 

maximum value of about 1.94 when the lengths of the front 

and rear plates are Ld=30mm and La=72mm respectively. 

And, for the front and rear plate’s lengths of BLT satisfied 

the resonance frequency 20kHz, the length of the rear plate is 

decreased from 100 to 0mm when the length of the front 

plate is increased from 0 to 100mm.  

 

Figure 3. The ratio of vibrating velocities according to the change in the 

length of front and rear plates of the transducer and a relation. 

2. ANSYS Analysis and Experimental 

Verification 

We carried out ANSYS analysis on the vibrating velocity 

ratio according to the change in the length of front and back 

plates of BLT in radiating medium and compared it with the 

above theoretical results. Then proceeded the analysis of 

acoustic field of the transducers with the geometrical 

structure for the maximum vibrating velocity ratio. 

Material characteristics of BLT and radiating medium 

utilized in ANSYS analysis are shown in the Table 1.  

The front and back radiating mediums are water and air 

respectively. In the ANSYS analysis, we considered the BLT 

to is one-sided vibrating system because the characteristic 

impedance of water awfully lager than one of air. 

The axisymmetric 2-D element types Plane226 and 

Plane82 are used for element types of piezoceramics and the 

front and rear plates. And Plane29 and Plane129 are used for 

element types of radiating medium and boundary lines of the 

infinite medium. Total number of elements of the transducer 

and medium is about 30 000 and the driving voltage of 1V 

was applied to the piezoceramics as boundary condition. 

Here the radius of the farthest medium boundary satisfies the 

condition of infinite medium acoustic field (R � 2?���3/9�). 

(R=0.3m) 

We regarded the coefficient of loss of transducer as 0.6%, 

the symmetric axis of 2-D axisymmetric model of transducer 

as Z-axis and the vibrating direction as Y-axis and carried out 

the harmonic analysis. And we made an analysis of the 

material parameters of the piezoceramics changing the 

direction of polarization from Z-axis to Y-axis. 

First we carried out an analysis of acoustic field in 

radiating medium when the lengths (Ld, La) of the front and 

rear plates of BLT are changed according to the curve � in 

Figure 3. And the changes of vibrating velocity ratio in the 

front and back sides of transducers was investigated.( curve 

� in the Figure 3) 

As shown in the curve � in the Figure 3, the change of 

vibrating velocity ratio of the front and back sides of BLT 

which radiates one-sidedly showed a similar behavior to the 

equivalent circuit theory (curve�), but had a maximum value 

of 1.54 when the front and back lengths are 5/ � 64mm and 5� � 34mm respectively. 

The curve � is obtained from the equivalent circuit of 1-D 

piston vibration of boltless Langevin transducer and the 

curve � is obtained from 2-D finite element analysis of the 

BLT with both longitudinal and bending vibration. This 

results in the difference of curves � and �. 

Next, we showed the result of acoustic field analysis of the 

BLT with a structure for the maximum vibrating velocity 

ratio (L� � 64mm, L� � 34mm� and an operating frequency 

of 20kHz when one-sidedly radiating in the medium.  

Figure 4 shows the model of axisymmetric 2-D acoustic 

field analysis of the BLT in radiating medium.  

 

Figure 4. Axisymmetric 2-D model of acoustic-field analysis of the BLT (Y-

axisymmetric). 

As shown in Figure 4, we used the fluid elements involved 

structural elements for the boundary between BLT and 
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medium of fluid (fluid-structure coupling boundary), 

between medium of fluid and free space. And we used the 

fluid elements excluded from structural elements for the 

other medium of fluid. 

And the number of partitions in the zone of transducer’s 

front radiating medium was chosen much more than side face 

and back radiating medium of transducer in order to attain 

accurate distribution of acoustic pressure on the central axis 

of transducer’s radiating side. 

We obtained the electric charge on the upper and lower 

electrode of transducer using harmonic analysis and 

calculated the conductivity following the frequencies. And 

we calculated distribution of acoustic pressure and directivity 

obtaining the values of acoustic pressure according to polar 

coordinates from the acoustic axis of transducer (central axis 

of transducer’s radiating side) to the angles of 180 degrees on 

infinite medium boundary. 

Figure 5 shows the conductivity curve of BLT with the 

lengths of head and tail section Ld=34mm, La=64mm 

respectively when it radiates one-sidedly in the water.  

 

Figure 5. Conductivity curve of transducer radiating one-sidedly in water. 

The conductivity curve of Figure 5 was obtained from 

harmonic analysis of one-sidedly radiating BLT in water with 

100Hz interval in 0~30kHz range using the ANSYS and 

MATLAB software. 

As shown in Figure 5, resonance and antiresonance frequencies 

of the transducer in underwater are fr=20kHz and fa=22.4kHz, 

effective electrical electromechanical coefficient of association 

keff is keff=0.45 from k���� � 1 � ��T��T, -3dB frequency band-pass 

is f2-f1=5.98kHz and its quality-factor is Qw=fr/(f2-f1)=3.17. 

Maximum conductivity in resonance is Gw=0.65mS, equivalent 

effective impedance, capacitance and inductance are 

Rw=1/Gw=1.54 ㏀, Cw=1/(2π×fr×Qw×Rw)=1.63nF and 

Lw=Qw×Rw/(2π×fr)=38.9mH respectively. 

Figure 6 shows the distribution of acoustic field and 

directivity for one-sidedly radiating BLT obtained from 

acoustic field analysis. And the assembled BLT is shown in 

Figure 7. 

The conversion efficiency of the BLT is above 90% and 

the radiating power is high as 130W. The ultrasonic 

processor made using the BLTs is also shown in Figure 8. 

Total 12 transducers were used for the device and the power 

consumption is 1500W. 

 

 

Figure 6. Distribution of acoustic field and directivity for one-sidedly 

radiating BLT in the medium. 

 

Figure 7. Assembled BLT. 
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Figure 8. Ultrasonic processor made using the BLTs. 

3. Conclusion 

In this paper, we studied the geometrical structure of the 

front and rear plates of BLT for the maximum vibrating 

velocity ratio to obtain the maximum radiating power in 

operating frequency 20kHz using the Mason equivalent 

circuit analysis and finite element analysis.  

We also established a theory for the design of the 

geometrical structure for the maximum carrier-power which 

is applicable to not only the half wavelength resonance 

system but also the further ones. 

And we produced the BLT with the front and rear plates 

size of 34mm and 64mm respectively, operating frequency of 

20 kHz and radiating power of 130W. 
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