3D FINITE ELEMENT ANALYSIS OF THE LANGEVIN TRANSDUCER
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Abstract — In this paper, a 3—-D finite element anal-
ysis of the vibrational behaviour of the Langevin
transducer and of the dependence of its perfor-
mances on the length to diameter ratio is presented.
Several transducers with total length greater than,
comparable to, and smaller than the diameter have
been simulated, and the frequency spectrum is
drawn in order to identify the regions where cou-
pling between thickness and radial modes exists,
and to highlight the limit of the classical 1-D the-
ory. Performances of transducers with any length
to diameter ratio, but all working at the same fre-
quency (153 kHz), are evaluated by comparing the
product between the output mean displacement
and the area of the radiating surface. Results have
shown that Langevin transducers with compara-
ble longitudinal and lateral dimensions have per-
formances comparable to or even better than trans-
ducers with total length much greater than diame-
ter.

I. INTRODUCTION

The Langevin transducer is generally designed
to vibrate along its length in pure thickness—
extensional mode. This vibration mode can be
excited by realizing the lateral dimensions less
than a quarter of the longitudinal wavelength and
can be adequately analyzed with the Mason one-
dimensional theory [1]. In order to extend the
analysis to transducers with any length to diam-
eter ratios, analysis tools able to describe also the
radial modes and the coupling between radial and
thickness modes are required [2],[3]. In this work a
3-D finite element analysis of the Langevin trans-
ducer has been carried out in order to evaluate
potential performances and suitability to applica-
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tions of transducers with diameters comparable to
or greater than the total length. A commercial
FE package has been implemented for calculations.
The analyzed structure is composed of two piezo-
ceramic disks sandwiched between two identical ti-
tanium cylinder-shaped masses. Several transduc-
ers with total length greater than, comparable to
and less than the diameter have been modelled
and simulated. The frequency spectrum, i.e., the
map of the resonance frequencies, is computed by
varying the aspect ratio G between mass thickness
and diameter. The analysis of the spectrum per-
mits to identify the regions where coupling between
thickness—extensional and radial modes exists. In
order to investigate the dependence of transducer’s
performances on its aspect ratio, several transduc-
ers all designed to work at the same frequency
(about 153 kHz) are simulated. In order to com-
pare transducers’ performances, the product v be-
tween the mean displacement and the area of the
end surface seems more appropriate that the mean
displacement only. As an example, in several appli-
cations, the Langevin transducer is used as a driver
for a displacement amplifier. In these applications
the end displacement of the amplifier depends not
only on the output displacement but also on the
area of the output surface of the Langevin trans-
ducer.

II. FINITE ELEMENT MODEL

Fig. 1 shows the analyzed Langevin transducer con-
figuration; it is composed of a couple of piezoce-
ramic disks (PZT-4 by Morgan-Matroc [4]) with
radius a and thickness ¢., which are poled along z
direction but with opposite polarity and electroded
on their flat surfaces, and of two identical titanium
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cylinder—shaped masses (mass density p = 4680
kg/m3, Young modulus E = 10.93 - 10!° N/m?,
Poisson ratio o = 0.3), which have radius identical
to that of the disk.

—

—
2a

Figure 1: Schematical view of the Langevin transducer.

A FE model of that structure was constructed
by using the commercial package ANSYS.

As the analyzed transducer configuration was ax-
ially symmetric, a 3-D analysis was performed by
using 2-D quadratic elements. The 2—-D axial sym-
metric model was validated by comparing its re-
sults with those obtained with a 3-D model which
uses hexahedral quadratic elements. Due to the
excellent agreement, the 2-D model was employed
because computations are at least 2.5 times faster.

The structure was modelled by imposing the con-
tinuity of the displacements both in radial and in
axial directions at the interfaces between piezoce-
ramic disks and loading masses, as well as at the
interface between the two piezoceramic disks. In
order to simulate metallizations, two methods were
investigated. The first method consists in creating
two new thin layers of aluminium for each piezoce-
ramic disk and putting them in contact with the
flat surfaces, by imposing the continuity of dis-
placements and voltage. The second method sim-
ply consists in setting to the same electrical po-

tential all nodes belonging to each flat surface of
the piezoceramic. Because the thickness of the alu-
minum layer was negligible with respect to that of
the piezoceramic disks actually used in simulations,
the two methods provided almost identical results
and the second one has been adopted due to its less
complexity and its time saving.

In order to characterize the vibrational be-
haviour of the Langevin transducer for any aspect
ratio, several transducers with total length greater
than, comparable to, and smaller than the diame-
ter have been simulated.

For each transducer a modal analysis has been
first performed in order to find the natural res-
onance frequency and the corresponding modal
shapes of the structure. Successively an harmonic
analysis has been performed by applying to the
piezoceramic disks, electrically connected in paral-
lel, an ideal harmonic current generator with vari-
able frequency. In this way the plot of the electrical
input impedance versus frequency was computed.
The harmonic analysis was also exploited to quanti-
tatively compare displacements of transducers with
different aspect ratios. To this end internal struc-
tural losses of the transducer have been taken into
account by applying to the structure an appropri-
ate damping (1%).

III. THE VIBRATIONAL BEHAVIOUR

Figure 2 shows the frequency spectrum, i.e. the
map of the resonance frequencies of the structure,
computed by FE simulations. It was obtained by
performing harmonic analysis on several transduc-
ers with masses thickness varying from 40 mm
down to 0.5 mm. For each transducer the radius
a and the thickness ¢, of the piezoceramic disks
were set to 10 mm and 1 mm, respectively. In the
plot, on the x axis the ratio G between a single
mass thickness and the diameter is reported, while
on the y axis the parallel resonance frequency f,
is multiplied by the diameter. For each resonance
mode the frequencies of minimum and maximum
electrical impedance were computed. Due to the
low losses these frequencies can be assumed to cor-
respond to fs and f,, respectively. The diameter of
the circles is proportional to the effective electrome-
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Figure 2: The frequency spectrum.

chanical coupling factor (kefs), which is defined as:

fy =12

o (1)

keps =

For comparison, Figure 2 also shows the fre-
quency spectrum of the Langevin transducer com-
puted with the classical 1-D thickness extensional
model[l] (solid curves T7, T»), and a straight line
representing the resonance frequency of the pure
radial modes of the piezoceramic R;, computed un-
der the hypothesis of thin disks [5]. By increasing
G, the resonance frequency of the pure thickness
mode 77 decreases, as well as the harmonic 15,
while the resonance frequency corresponding to R
is constant because it only depend on the diameter
of the structure.

As can be seen from the figure, the one dimen-
sional model is able to predict resonance frequen-
cies of the fundamental thickness mode 77 only
when the length of the transducer is much greater
that its diameter.

As far as FE results are concerned, for G decreas-
ing from 2 down to about 1, the first two resonance
frequencies increase when the mass thickness de-
crease, while the third mode resonance frequencies
are nearly constant. Therefore, the first and sec-
ond modes can be identified with the fundamental

thickness mode and its first harmonic, respectively,
while the third mode can be recognized as a ra-
dial mode. It should be noted that the resonance
frequencies for this last mode are slightly higher
than that of the pure radial mode of the unloaded
piezoceramic disk, represented in the figure by the
straight line R;.

For G decreasing from about 1 down to about
0.9, the resonance frequencies of the second and
third modes become very close and coupling be-
tween these two modes occurs.

For G decreasing from about 0.9 down to about
0.6, the second mode may be recognized as a ra-
dial mode, while the resonance frequencies of the
third mode rapidly increase beyond the range of
the highest computed frequency.

The first mode can be clearly identified with the
fundamental thickness extensional mode whenever
G is greater than 0.1. For further G reductions,
the first mode couples with the second one and
for G less than 0.3, it may be considered a radial
mode; its resonance frequency reaches a maximum
value (at about the resonance frequency of the ra-
dial mode of the transducer) and successively de-
creases and tends to the radial resonance frequency
of the sole piezoceramic.

IV. PERFORMANCE ANALYSIS

In order to investigate the possibility to exploit
Langevin transducers with any aspect ratio in ap-
plications, the performances of several transducers
with G ratios varying from 0.1 to 2, all designed to
work at the same frequency (about 153 kHz), have
been evaluated. Each transducer was assumed to
operate in vacuum and was driven by a harmonic
current generator with magnitude of 1 A. A 1%
damping, defined as the ratio between loss energy
and kinetic energy, was imposed for all transducers.

Figure 3 shows the modal shapes computed for
three transducers with aspect ratios G equal to 0.1
(a=9.625 mm, t=1.925 mm), 0.6 (a=5.575 mm,
1=6.69 mm) and 2 (a=1.745 mm, t=6.981 mm), re-
spectively. As can be seen the displacement of the
external surface is almost flat for the transducer
with G=2, showing that this transducer works in
a almost pure thickness extensional mode. On the
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Figure 3: Modal shapes of Langevin transducers with
G=0.1 (a), G=0.6 (b), G=2 (c).

other end for the transducer with G=0.1, which
works in an almost pure radial mode (see Figure 2),
the axial displacement has a maximum in r=0 and
decreases by increasing r, becoming almost null in
r=a. The transducer with G=0.6 presents a modal
shape that is intermediate among the two others.
As can be seen from Figure 2, for this geometry,
coupling between thickness and radial modes oc-
curs.

In order to investigate the dependence of trans-
ducer’s performances on its aspect ratio, the mean
displacement U 24,4 of the external surface has been
computed and is shown in Figure 4 as a function
of G. As can be seen the mean displacement in-
creases by increasing the G ratio. This results is
in agreement with the classical 1-D theory of the
Langevin transducer that suggests that transducers
with high G have to be used in applications. How-
ever, by observing Figure 3, one should note that a
transducer with low G has a higher radiation sur-
face, and hence an higher power capacity, than a
low G one working at the same frequency. As a con-
sequence, a parameter that seems more adequate to
compare performances of transducer with different
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Figure 4: Mean displacement versus G.

G is the product v between the mean displacement
Uz4vg and the area of the radiating surface.

Figure 5 shows the plot of v as a function of
G. As can be seen, when the transducer vibrates in
pure thickness mode (high G values)  is practically
constant. By decreasing G, « slightly increases and
reaches its maximum value at G 22 0.6. This value
is about 6% greater than that obtained for high
G. For this aspect ratio the transducer presents a
modal shape that is a mixture between a thickness
mode and radial mode (see Figure 3b) and its res-
onance frequency is fairly less than that predicted
by the 1-D thickness mode (see Figure 2). By fur-
ther decreasing G, the influence of the radial mode
is more and more accentuated and a rapid decrease
of v is observed in the plot.

The results shown in Figure 5 highlight that
Langevin transducers with G values very lower
than those suggested by the classical 1-D theory
(but greater than 0.45) can be exploited in appli-
cations, allowing a greater design flexibility. Fur-
thermore, the maximum -~ value is achieved just in
the G region where coupling between thickness and
radial mode occurs.

V. CONCLUSIONS

In this work a 3-D finite element analysis of the
Langevin transducer has been carried out. The
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Figure 5: v versus G.

3-D approach has been able to study the vibra-
tional behaviour and to evaluate the performances
of transducers with total length greater than,

comparable to, and smaller than the diameter,
overcoming the limit of the classical 1-D theory
that is able to accurately describe only transduc-
ers with total length much greater than the diame-
ter. Results have shown that also Langevin trans-
ducers with comparable longitudinal and lateral di-
mensions can be exploited in applications, and, fur-
thermore, transducers with such aspect ratios have
slightly better performances than transducers with
total length much greater than the diameter.

Next steps of the study will be the analysis of
the influence of the static pre—stress on the perfor-
mances of the transducer and the 3—D analysis of
displacement amplifiers that are often joined to the
Langevin transducer in several applications.

VI. REFERENCES

[1 ] W.P. Mason, Electromechanical Transducers
and Wave Filters, 2nd ed. New York: Van
Nostrand (1948), 195, 399.

[ 2 ] A. Iula, R. Carotenuto, N. Lamberti, M. Pap-
palardo, An approximated 3-D model of the
Langevin transducer and its experimental val-
idation, J. Acoust. Soc. Am., vol. 111, n. 6,
pp. 2675-2680, 2002.

[3] A. Tula, F. Vazquez, M. Pappalardo and
J. A. Gallego, Finite element three dimen-
sional analysis of the vibrational behaviour
of the Langevin-type transducer, Ultrasonics,
vol. 40, pp. 513-517, 2002.

[ 4 ] Vernitron Bulletin, Five Modern Piezoelectric
Ceramics, January 1972. n. 66011/E.

[ 5 ] A.H. Meitzler, HM. O’Bryan and H.F. Tier-
sten, Definition and Measurement of Radial
Mode Coupling Factors in Piezoelectric Ce-
ramic Materials with Large Variation in Pois-

son’s Ratio, IEEE Transactions on Sonic and
Ultrasonic, Vol. SU-20, number 3, July 1973.

*e-malil: iula@uniromad.it

2003 IEEE ULTRASONICS SYMPOSIUM-1667



	0-7803-7922-5/03/$17: 
	00 (c) 2003 IEEE: 0-7803-7922-5/03/$17.00 (c) 2003 IEEE

	2003 IEEE ULTRASONICS SYMPOSIUM-1663: 2003 IEEE ULTRASONICS SYMPOSIUM-1663
	2003 IEEE ULTRASONICS SYMPOSIUM-1664: 2003 IEEE ULTRASONICS SYMPOSIUM-1664
	2003 IEEE ULTRASONICS SYMPOSIUM-1665: 2003 IEEE ULTRASONICS SYMPOSIUM-1665
	2003 IEEE ULTRASONICS SYMPOSIUM-1666: 2003 IEEE ULTRASONICS SYMPOSIUM-1666
	2003 IEEE ULTRASONICS SYMPOSIUM-1667: 2003 IEEE ULTRASONICS SYMPOSIUM-1667


