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1 INTRODUCTION

The use of software tools in the design of SONAR transducers is becomin widespread.
In particular, numerical techni ues, such as the finite-element method (F M) and the
boundary-element method (BE ) are bein increasingly employed. The FE method is
generally applied to the internal analysis 0 an object whilst the BE method is used to
study theradiated field. A SONAR transducer can be modelled by the application of a
coupled FE-BE method, so that its behaviour, when it is fluid loaded, can be obtained
quantitatively.

The main aim of this paper is to demonstrate how optimization can be em loyed within
the coupled FE-BE method. To illustrate this process the production of a emisphericai

- directiv1ty attern from an acoustic structure involving a flooded piezoelectric cylinder
and a stee backing plate is discussed. '

2 METHOD

The standard coupled FE-BE matrix equations for the dynamic flooded structural system
are given by ‘

[F1] + [FA] = [Kuu][a] + [KMJMJ ' WZIMHG] + I'UUIRH‘I] (1a)

'[Q] = [KouHa] * [Ko.][¢] (1b)
where [F ,] represents the interaction forces generated by the acoustic fluid acting on
fluid-solid boundaries, [F ,1 represents externally driven force‘s, [Q] represents externally

driven charges, and [a] and [it] represents nodal displacements and nodal electric
potentials. The element matrices of[Kuu].[K.,.].[K..,],[Koo].[M].[R] are defined to
be elastic stiffness matrix, piezoelectric stiffness matrix, transpose piezoelectric stiffness
matrix, dielectric stiffness matrix, mass matrix and dissipation matrix respective] . Details
of isoparametric derivation of element matrices are presented by H.Allik et. a]. 1,2]. The
interaction force vector can be defined through a coupling matrix [L ]and fluid impedance
matrices [A]" [B'] that is,_ _ v .

[Fl] = WZP,[L][/1]"[B'][a] (2)
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where [p , ] is fluid density. Details of acoustic radiation formulation for the coupled finite
element-boundary inte a1 may be found in references [3,4]. The system matrix equations
for a three dimensiona structure can be formulated into a two dimensional expression if
the structure is axis-symmetric.

The above equations are applied to a SONAR transducer which is shown diagrammatically
by Fig. 1. It com rises a coded radial] -plolarized_Fiezoelectric cylinder mounted above
a circular steel p ate of diameter D an t ickness . The separation between them is S.
The purpose of the optimization is to produce a hemispherical radiation attern as would
be required for a transponder. The parameters to be optimized are D, and S, and the
method employed is summarized in Appendix A. ' -

3 EXPERIMENTAL MODEL - ‘ '- ‘
An experimental model based on a PZT4 piezoelectric linder with a nominal radial
resonance of 12 KHz, was built so as to test predictions. e cylinder was waterproofed

- by coating it with a thin la er of varnish. The cylinder and the steel plate Were suSpended
' in a large tank (see Fig. 23'. The mounting allowed the steel plate to be rem0ved so that
the cylinder could be testedxalone. The admittance/he uency characteristics and the
vertical directivi pattern were measured. Table 1 shows t e dimensions of the SONAR
transducer mode
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4 RESULTS AND COMPARISONS

Fig. 3 shows the admittance locus for the cylinder in water calculated using the coupled
F -BE method (left line), and the measured graph (right line). Table 2 provides a
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quantitative comparison of the fretguencies at the points 1, 2. 3 and 4. Point 2 is the
maximum conductance whilst I & are the half conductance frequencies of the main
radial mode. The resonance at point 4 15 thought to be the lowest cavity mode.

I-
.

13mg; Frequencies corresponding to the numbers denoted in Fig. 3.

    

  
    

     

The nominal directivi patterns are compared in Fig. 4 for the isolated cylinder, where
the thin line is the t eory and the thic line is the experiment. There is reasonable
a eement between the two curves, the slight differences are probably attributable to the
e ect of the mount. There are considerab e variations in the directiv1ty attems over the
hemisphere. The maidma in the horizontal direction is in the re ion 0 20—25 dB above
the minima in the vertical direction. Table 3 gives more detai ed comparisons of this
variation between the horizontal and vertical directions.

   

 

     
Frequency [Hz]

13189
Theoretical 25.8 dB 24.0 dB 21.7 dB
results

Experimental 19.8 dB 20.9 dB 17.3 dB
results

Table} Variations between maxima and minima in directivity patterns.

 

    

The optimum size of disc and its optimum separation were deduced using the methods
outlined in section 2. These defaults are summarized in Table 1. The vertlcal directivity
patterns obtained are compared in Fig. 5; the thin line is theory and the thick line is the
experiment. The directivity patterns are very nearly hemispherical. Detailed com arisons
of the variations over the full hemisphere at different frequencies are shown in able 4.

- Frequency [Hz] 1 .

10964.5 11521 12410.5 11608 12249 13189

Theoretical
results

0.81 dB 0.73 dB 0.81 dB

Experimental 1.07 dB 092 dB 1.08 dB
results
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Inna Variations in directivity patterns over the hemisphere for the optimized structure.

In general, the main effects of fluid loading on the SONAR transducer are to introduce

fluid dampin and toincrease the inertia of the transducer, therefore, lowerin its resonant

frequency [5 . When the steel mounting disc is placed near the cylinder, the inertia of the

transducer is increased, thereby, lowering the resonant frequency still further. Fi . 6 shows

the admittance locus calculated from the in-water cylinder mounted on the disc left line),

and the measured graph (right line). Table'S provides a quantitative comparison of the

frequencies at the points 1 and 2 which correspond to the radial and the cavity modes

respectively.

30.0%
Iabjgj Frequencies corresponding to the numbers denoted in Fig. 6.

Fig. 7 shows the theoretical pressure res onse of the cylinder mounted with the disc for

a constant driving voltage plotted against requengy. The numbers beside each line indicate

different angular positions in the far teld. 1,2,3 and 4 correspond to

0°. 30°. 60° and 90° relative to the vertical axis respectively. These graphs show

that the vertical directivity patterns are consistently hemispherical at frequencies between

6.25 KHz and 17.5 KHz. ,

For the present paper, the optimization of the hemispherical beam pattern has been

carried out for a particular frequency. Only three optimizing variables are considered; D,

T and S. Further oEtimization can be developed to maintain the pressure response more

nearly constant wit frequency

Amndiu

The basis of the structural optimization is a minimizing technique for multiple variables,

in this case S (spacing between cylinder and disc), D (diameter of disc) and T (thickness

of disc). The aim of the minimization is to produce as near as possible a hemispherical

directivity pattern for a particular frequency. The method involves fitting a polynomial to

function values at equi-spaced points for each of the variables. For example, whilst D and

T are constant, five values of S are considered; 31 = S, - 2:13, 32 '= So "- d5. 53 = 3a,

$4= 30+ ds and $5 = S,+ 2:18 where S, is an initial choice of spacing between the
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cylinder and the disc. For each 8* , the sound pressure amplitudes P, are calculated at

a set of 11 field points distributed around an are starting on the axis of the transducer and
finishing at 90° to the axis. The following function is evaluated:

F($k.D.T)= Z (ZOXIOQIOPM-ZOXIOQIOP‘)
i-l

where P," is the maximum of the [’35. From the values of St and their corresponding

values of F, a polynomial function of Sis derived:

f(3) = a,xs" + azxs" + QSXSZ + a4XS' + a5

where

a1 F(SI.D.T)4 F(SI,D,T)° F(s,.D.T)2 F(S,.D.T) 1.0 " 31

a2 F(SZ,D,T)° F(32.D,T)3 F(Sz.D,T)2 F(SZ.D.T) 1.0 32

a3 = F(83.D.T)‘ F(S:,.D.T)3 F(Sa.D,T)2 F(S;,,D.T) 1.0 33

a4 F(S4.D,T)‘ F(S.,.D.T)3 F(S4.D,T)2 F(S4.D.T) 1.0 34

as F(Ss.D,T)‘ F(85,D.T)3 F(85.D.T)2 F(35.D.T) 1.0 35

The value Smwhich minimizes the polynomial function provides an approximation to the

value of Swithin the range 8, to 35 which minimizes the function F. A similar process

leads to optimized values for D and T.

[1]

[2]

[3]

[4]

[5]
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Fig. 1 The finite element model of a} PZT4

ceramic cylinder and a steel dlSC (see

text)
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Figz Schematic diagram of apparatus
used in experimcnl
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Fig. 3
The conductance response of the
cylinder plotted against the suscep-
tance
left line: Theory
right line: Experiment
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Fig. 4
0.!

The directivity pattern of the cyl-
inder
thin line: Theory ‘
thick line: Experiment
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Fig. 5

The directivity pattern of the cylin-

der with the disc
o.z thin line: Theory v

thick line: Experiment
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Fig. 6

The conductance response of the
cylinder with the disc plotted
against the susceptance
left line: Theory
right line: Experiment
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Fig. 7 The theoretical pressure response of the cylinder mounted axially near to the steel
disc of optimum dimensions
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