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Summary

A numerical-experimental study of the displacements distribution and the radiated field of various (directional and
focusing) flexural plate transducers is presented. The numerical method basically consists of calculating the distribution
of displacements of the transducers by the finite element method by using the code ATILA while the corresponding
radiated field is calculated by the boundary element method by means of the code EQIL. In this way the near and far
field of the transducers is calculated as well as their directivity pattern and vibration distribution. The obtained results
are compared with experimental data. The good agreement obtained indicates that the numerical method used in this
paper is a very useful tool for calculating the field of transducers and for the optimisation of their design.

PACS no. 43.35.Yb, 43.35.Zc

1. Introduction

The use of high power ultrasonics in industrial processing
has increased during the last few years. Nevertheless there
are many processes in which the possibilities of using ultra-
sonic energy have not been completely developed. In par-
ticular the application of ultrasonic waves in gases and in
multiphase media (gas-liquid, gas-solid) has been limited by
the lack of sufficiently effective and powerful transducers,
despite industrial potentialities of using high power ultra-
sonics in aerosol particle precipitation, defoaming, drying,
etc... [1]. The main problems for successful application to
industrial processes are related with obtaining an efficient
transmission of energy and improving the design and calcu-
lation methods to scale up the devices. During several years
some of the authors of this paper have been involved in the
development of a new type of transducer for gas-borne ul-
trasound which has demonstrated to be very efficient [2, 3].
The basic structure of the new transducer is shown in Fig-
ure 1. As can be seen, it consists essentially of an extensive
circular plate of stepped shape driven at its centre by a piezo-
electrically activated vibrator. The vibrator itself consists of
a piezoelectric element of transduction in a sandwich config-
uration and a solid horn, which acts as a vibration amplifier.
The longitudinal vibration, generated by the transducer ele-
ment and amplified by the mechanical amplifier, drives the
radiating plate which vibrates flexurally in its axisymmetrical
modes. The elements of the transducer are calculated to be
resonant at the working frequency. The extensive surface of
the plate increases the radiation resistance and offers the vi-
brating system good impedance matching with the medium.
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Figure 1. Scheme of the transducer.

The special profile of the plate permits the control of the
vibration amplitude and the radiation pattern in such a way
that high directional or focused radiation can be obtained
in order to produce high-intensity acoustic levels. In fact, a
flat plate radiator vibrating in its flexural modes presents in
general a poor directivity due to phase cancellation. Nev-
ertheless, if the surface elements, vibrating in counterphase
on the two sides of the nodal circles, are alternately shifted
along the acoustic axis direction by a quantity equal to half
a wavelength, the radiation produced will be in phase across
the whole beam [4] (diagrams Ag, Ay, As, A3 in Figure 2)
and a directivity pattern equivalent to that of the theoretical
piston will be obtained. Following the same procedure it is
possible, with adequate displacements of the different plate
zones, to achieve any acoustic field configuration. In Fig-
ure 3 we can see, for example, the scheme of the procedure
to follow for the design of a focused radiator [5]. With the
same radiating-element it is possible to obtain two different
configurations of the acoustic field, in correspondence with
the different profile of each one of the surfaces of it.
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field. In this paper we present a numerical study of the radi-
wt b &t &% o A ated field of directional and focusing stepped-plate transduc-
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Figure 2. Scheme of the radiation mechanism for the stepped plate.

Figure 3. Scheme for the design of focusing radiators.
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Figure 4. Domain definition.

Stepped-plate directional and focusing transducers were
designed and constructed in the frequency range 1040 kHz.
The general performances obtained can be summarised as
follows:

o Electroacoustic efficiency 75-80%
e Directivity (3dB beamwidth) <2%

e  Maximum radiated levels 165dB
e Maximum power capacity 1 kW

e Bandwidth 3-6Hz
The procedure employed in the design of these transducers
followed an analytical approach based on the Rayleigh-Ritz
method [4, 6]. The radiated acoustic field was experimentally
studied.
Recently, we have applied numerical methods (FEM and
BEM) to simulate the transducers and to study the radiated

ers and its experimental validation. The numerical model is
based on the joined application of finite element and bound-
ary element methods. The procedure essentially consists of
calculating by the finite-element method (FEM) the distri-
bution of displacements of the transducers considering the
fluid load effect obtained by the boundary element method
(BEM). Then the corresponding radiated field is calculated.
In this way the near and far fields of the transducers are com-
puted as well as their directivity patterns. Some numerical
and experimental data are compared in order to validate the
numerical procedure.

2. Numerical evaluation

The numerical method basically consists of calculating the
transducer vibration by FEM and the radiated field by BEM.
The influence of the surrounding fluid is taken into account
by calculating the loading impedance by BEM.

Let us consider a solid vibrating structure piezoelectri-
cally activated ) surrounded by an infinite fluid medium
Qoo (Figure 4). The limiting surface between €, and Q.
is denoted by I and 7 (unit vector normal at each point on
it) points outwards. The problem is formulated by applying
FEM (ATILA code [7]) in 25 and BEM (EQI code [8, 9)) in
Qoo-

2.1. Finite element method (FEM)

For the vibrating structure, the finite element set of equations
is [8]:

K~ o] 107 _1 ),

[Kus]  [Kes] || ® —q

where U, ®, g and F are vectors containing the nodal values
of, respectively, the mechanical displacement, the electrical
potential, the electrical charges and the applied forces. [K 4, ],
[M), [Kug), [K(s¢)] are respectively the structure stiffness,
consistent mass, piezoelectric and dielectric matrices and w
is the angular frequency. F' is related to the nodal pressures
on I by the equation:

F=-[L]P, (2)

(1)

where [L] is a connectivity matrix which represents the cou-
pling between the structure and the fluid on I', and P a vector
containing the nodal values of the total pressure field on I'.

The prescribed potential & connected to one electrode
(Qo charge) can be separated from the other potential (zero
charge) and leads to the following set of equations

[Kuu] = w;[M 1 [Kus]l  [Kuso]
[Kus] - [K¢¢]T [Ks0]
[K uso] [Ks00]  [Ksoso]
U —[L]P
(= 0o |. @3
P, ~Qo
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2.2. Boundary element method (BEM)
The fluid medium is described by using the well-known :&! . E:(Jpr:]eerirr;::Ltal
Helmbholtz integral formulation [10] for radiation problems 1.0 3
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where 7 is the location of the calculation point in 1o, or g ‘ ' ; 9/9 \.
on I', 7’ is the integration point on I', g is the free-space g 0.2 i L "
Green function, ¢ is the solid angle formed by T at v, 8/9n’ b Y
denotes the outgoing normal derivative compared to 7' and 00 | i ® ;
dr’ is the surface integration element. The discretisation of Too 004 008 o042
equation (4) on I' leads to the following matrix equation [9] Radial coordinate (m)

[4]P = [B) 22 = py? [B]U,, 3)
n
where p; denotes the fluid density and U, the nodal values
of the normal displacement on I'. The [B] and [A] matrixes
come from numerical integration of the Green function and
their normal derivative averaged by the interpolation func-
tions.
The problem caused by the irregular frequencies is solved
by an overdetermination technique proposed by D. S. Jones
[8, 10, 11] that uses null-field equations.

2.3. Coupling FEM-BEM

This coupling was developed for the case of quadratic ele-
ments connected by nodes on both finite element and bound-
ary element sides. It was obtained by combining equations
(3) and (5). From equation (5) the variable P is identified

P = pw’[A] ' [B]U.. (6)

To solve the problem of duplicity of normal vectors on
the corners of I" due to the discretization by quadratic ele-
ments, the matrix [B)] is projected along each direction and
assembled in [B,] in the form

[B]U. = [B]Uy, (7)

where U (1) contains the values of the components of the
nodal displacement on I'. After combining the first two equa-
tions in (3) with equations (5), (6) and (7), inserting U(p)
into U, the following set of equations is obtained:

[Kuu] =w?[M] + ppu? L] [4] 7 [By)] [Kug) ]
[Kus] [Ks0]

[o] = [Hmi] o

Figure 5. Distribution of displacement amplitude for a 3-nodal cir-
cle stepped-plate directional transducer. Plate radius, r = 10cm,
frequency, f = 18973 Hz.
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Figure 6. Sound pressure distribution along the acoustic axis for
a 3-nodal circle stepped-plate directional transducer. Plate radius
r = 10 cm, frequency f = 18973 Hz.

Once equations (8) are solved, the electrical impedance Z
can be directly obtained from the third equation in (3),
@0

7= o; 9)

T
w([Kwo]TU + [Kooa] @0 + [K¢0¢0]q>0)

U r) will be known and used together with equations (6)
and (7) will give the surface pressures. The pressure field
in Q, is then obtained from equation (4). This coupling
procedure was implemented in the ATILA and EQI codes
for axisymmetrical and tridimensional analyses.
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Normalized pressure level (dB)

Numerical Experimental

Figure 7. Numerical-experimental comparison of the directivity pat-
tern for a 3-nodal circle stepped-plate directional transducer. Plate
radius, r = 10 cm. Frequency, f = 18973 Hz.
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Figure 9. Comparison between computed directivities of a 5 nodal
circle stepped-plate transducer and a flat-plate transducer. Plate ra-
dius r = 16 cm, frequency f =.19382 Hz.
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Figure 8. Computed acoustic field of a 3-nodal circle stepped-
plate directional transducer Plate radius r = 10cm, frequency
f = 18973 Hz.

3. Validation of the procedure

To validate the numerical procedure, a comparison between
experimental and numerical data was made for a transducer
with a stepped-plate vibrating axisymmetrically with three
nodal circles. Figure 5 shows the comparison for the vibration
amplitude distribution. Figure 6 shows the numerical and ex-
perimental data for the sound pressure distribution along the
acoustic axis. Finally, Figure 7 shows the comparison for the
directivity patterns. From these comparisons it is clear that a
good agreement is obtained and therefore the validity of the
procedure is demonstrated. To be noted the high-directional
piston-like radiation obtained from this kind of transducers.
The non-uniform distribution of displacement amplitude that
we observe in Figure 5 causes some differences between the
lateral lobes of the radiation from a flexural stepped-plate
transducer and that from an ideal piston. Nevertheless, we
can see (Figure 7) that the level of these lateral lobes is of the
order of 20 dB smaller than the level of the main lobe. There-
fore the lateral lobes have a small incidence in the whole
radiation.

Figure 10. Computed acoustic field of a 5-nodal circle stepped-plate
directional transducer. Plate radius r = 16c¢m, frequency f =
19382 Hz.

4. Application of the numerical procedure to the study
of stepped-plate transducers

We applied the numerical procedure to the study of the vi-
brational behaviour and the radiation characteristics of sev-
eral directional and focused transducers. Figure 8 shows the
acoustic field of the previous 3-nodal circle stepped-plate
directional transducer. As it can be seen by using this proce-
dure we have the full map of the acoustic field which is very
difficult to obtain experimentally.

By following the same procedure we compare the direc-
tivity pattern for a 5-nodal circle stepped-plate directional
transducer with a flat-plate transducer of the same plate di-
ameter (Figure 9). The directional effect of the stepped-plate
radiator is very clear. Figure 10 shows the full acoustic field
of the same transducer.

Finally the results obtained for focused transducers are
shown. In Figure 11 the full acoustic field for a 5-nodal
circle stepped-plate is displayed. Figure 12 shows the axial
pressure distribution, and the radial pressure distribution at
the central plane of the focus for a 7-nodal circles stepped-
plate focused transducer. To be noted that the focus obtained
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a full knowledge of their characteristics and to analyse the | ! \‘ Y
influence of the plate profile in the radiated acoustic field. | ' 5,
In addition, this new procedure greatly facilitates to scale oy T T T
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the transducers up to very high power capacities. As an ex- Axial distance from the center of the plate (m)
ample, it is to be mentioned the present development of a

transducer with a plate of one meter in diameter and an esti-
mated power capacity of about 3 kilowatts.
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