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In an acoustic array used for sonar, oczanographic, acoustic imaging or geophysical applications, the interaction
between sources affects the radiation loading on eech individual source, the power it radiates and the radiation pattern
of the array, This interaction is characierized by the mutual radiation impedance which is an essentia) parameter
determining array behavior. Low-frequency transducers in a volumetric array with small size requirements are subject
10 much larger mutual interaction and scattering than in conventional arrays. Recent studies have provided new
insights into the acoustic and elasto-acoustic amay interaction behavior. This paper provides an overview of a
parametric study of elliptic cylindrical class TV flexisnsional transducers. An investigation of the modal components
‘of mumal radiation impedance is presented and a simple equivalent circuit model of the in site projectors, including
the interaction effect, is proposed,

1. INTRODUCTION

In an array of acoustic transducers, the interaction berween sources affects the radiation loading on
each individual source, the power it radiates and the beam pattern of the array. A complete review
of the physical behavior, the problems associated with element interaction and a bibliography on the
current state-of-the-art has been published by Richards et al.l

The sound pressure acting at the radiating face of the transducer can be expressed in terms of a
radiation impedance Z,,4. Foldy? presented a definiton of radiation impedance that is based on

radiated power. His effort was limited 10 projectors with a fixed, although nonuniform velocity
distribution, characterized as a single degree-of-freedom mechanical system.

Zhad =Rr+fxr="1,'jpﬁds (L.1)

where the velocity v{r} = VB(r); V is a reference velocity selected such that radiated power is
Jz-R,IVF and f is a function of position, which is independent of how the surface is driven,

The acoustic interaction is characterized by the mutual radiation impedance. Sherman3 presents an
extension of Foldy's definition to include the case of an array of mansducers by expressing the
interaction between every pair of transducers.

2] o

The total radiation impedance on one msducer in an array is the sum of the self impedance and all
the mutual radiation impedances.

Z;"E {VV [ (P‘("J]VJ (’J)]ds}‘ (1.3
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Pritchard?® describes a method of calculating the mutual acoustic impedance berween circular pistons
in an infinite rigid baffle. This quantity is expressed in the form of an infinite series, but may be
approximated, for the case of a transducer that is small with respect to a wavelength, by a
trigonometric equation involving the element spacing and the self radiation resistance. This
trigonometric expression has been used successfully to design arrays of tonpilz transducers in rigid
batfles. However for close-packed arrays of flextensional type transducers, which are muld-
degree-of-freedom systems, without a rigid baffle, the formulation breaks down, particularly in the

extremities of the frequency bands and steering directions of interest for sonar systems.

This paper presents an investigation into the physics of close-packed array interaction. Numerical
methods are applied 1o characterize the acoustic and elasto-acoustic interaction behavior of class IV
flextensional transducers. Comparisons with Pritchard’s analytical expression are presented. The
components of a multi-degree-of-freedom mutual radiation impedance are developed and the results
provide for a simple equivalent circuit model of the in situ projector. Extension of this model 10
include array element interaction is proposed.

2. DISCUSSION

2.1

To characterize the array interaction effects, numerical models of a British Aerospace (BAe) class
IV flextensional were developed. The parameters considered to play a role in the mutual interaction
are ka, where k is the acoustic wavenumber and ¢ is the effective radius of the radiating surface;

kd, where d is the distance between projectors; the shape of the radiating surface; the array
geometry; and the velocity distribution.

Acoustic coupling is defined as the interaction occurring when the acoustic forces are small relative
to the excitation force. Elasto-acoustic coupling occurs when the acoustic forces are not negligible.
A class IV shell is rypically thick-walled and thus acoustic coupling will be assumed. The acoustic
radiation may be addressed in terms of a normal velocity distribution.

Figure 1 depicts the array geometries chosen for
a consideration. A Helmholiz integral equation
-— code, LavieS, was applied 1o compute the

® acoustic radiation impedance for the case of a
j single isolated transducer and the mutual

dy impedance due to the coupling between two

@ @ transducers. Three pairs of elements were
exercised; elements I-IT, I-IT and I-1V. A full

four element model was also executed.

- Pritchard's formulation for the mutual
dx impedance between two pistons was computed
for comparisons.

Figure 1: Flextensional array peomeiry

The prescribed velocity distribution on the surface results from an in vacuo modal analysis
performed with the ATILA finite element code; Decarpigny$. To look at the effect of the velocity
distribution on impedance, the first three flexural modes of a BAe unit were selected. Figure 2
depicts these modes, superimposed on a quarter model of the projector.
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Several spacings berween elements and a frequency sweep up to one wavelength were exercised.
The acoustic radiation impedance was computed. The mutual radiation impedance due 1o the
coupling between pairs of bodies in the four element model may be compared with the results of the
two element configurations.

Figures 3 and 4 summarize the results of the
analysis in graphic form for coupling between L|
the I-IT elements in the four element array and
the two element array. Figure 3 depicts the
calculated mutual im ce (thin lines) and
that computed by Pritchard's formula (thick
lines) for flexural mode 1. Comparison with
the two element I-liconfiguration, Figure 4,

shows an excellent agreement between models, [ I l

It is noted here that for the closest spacing of Mode 1

the I-IT array,(d = a/2), the radiation resistance
displays a resonance behavior at one
wavelength due to the presence of a standing
wave between the two bodies; a 1/2 “hom”,
which produces an increase in the total radiated I " ! I
POWer near its resonance.

Modc 2

Figures 5 and 6 summarize the results of the
analysis for coupling between the I-III
elements. Agreement is reasonable between the
two element I-III configuration and the four
element case. For the closest spacing, the four

element impedance displays the resonance L l I
influence which occurs in the two clement I-1T Mok 3
configuration. Figure 7 and § summarize the
results for a four element 1-IV configuration and
a two element I-IV array, respectively. These Figure 2: In-air mode shapes

models show excellent agreement. Again, for the closest spacing, the four element impedance is
influenced by the I-II configuration resonance. Similar results were found for mode 2 and 3
velocity distributions.

The above analysis suggests that for class IV flextensional bodies, the mutmal radiation impedance
for a pair of elements is the same as for that pair residing in an array of 4 elements. The total
radiation impedance may be considered to be made up of the surn of the two element pairs, i.e.:
_ V. Va Vv

Z=Z), +zu‘-,f+ Z”'Vl +z,47:~ @.0n
The thick lines in figures 3-8 represent Pritchard's analytical solution, Good agreement is shown
for most configurations, except where the standing wave resonance effect is present. Figures 3 and
4, representing the interacton of elements I-11, show significant scantering effects,
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Figure 5: Z12 Projectors I-11] (4 Elements) Figure 6: Z12 Projectors I-IH (2 Elements)
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Figure 7: 212 Projeciors IV (4 Elements) Figure 8: Z12 Projectors I-IV (2 Elements)

2.2 Modal radiation impedance

2.2.1 Single element multi-mode Consider the modal components of the radiation impedance of a
single class IV flextensional transducer. The modal velocities are defined as the eigenvectors
resulting from an in vacuo normal-mode analysis of the transducer shell. They are

orthonormalized.

The radiadon impedance, as defined by Foldy, may be reformulated in terms of these modal
velocity distributions:
Zraz= R, + F=—A—| pr (yviir)ds 2.2)
Vrvrl,
where the normal surface velocity vy =V, 8,. Vr is the total major axis reference velocity
chosen such that the radiated power is LR, [V and B, is a set of modal eigenfunctions. The in

vacuo modes which contribute to radianion are radial in orientation. Assurning these radial modes
remain uncoupled, i.e. neglecting the axial modes, the modal pressures may be written in terms of
the modal eigenfunctions.

m
p()=2, PnBn(r) @3)
The total radiation impedance may now be expressed in terms of these modal components:
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Zrae s 5 PubntnS vipioras (2.4)

T¥T
where Vr=XV,. For two modes, nm=2. Substitution yields:

Z,¢=—1—-f (PAB1+P2BYV} B +V2 B3 MS
ViVe (2.5)

Trlﬁ{j P\BViBidS + I P2BaVaBrdS +I P\B\V;BrdS+ I PaBy Vi By dS}
Due to the orr.hogo'nality of the modes, the cross-modal terms are zero. The resulting expression
may be written in terms of modal self impedances.

Z,le:;'—;g + Z;]l:—i% (2.6)

The significance of equation (2.6) is the total modal radiation impedance for a single element may
be considered uncoupled. This makes the modal impedance matrix diagonal, and suitable for
inclusion into existing mult-degree-of-freedom transducer equivalent circuits to completely model
the transducer with fluid loading.

2.2.2 Array multi-mode Using (2.4) and following the concept of mutual impedance outlined by
Sherman, the modal components to the radiation impedance for a pair of projectors may be

developed. The total radiation, equation (1.3) may be written for the jtk transducer:
N
. V;
Zmy, |1 f O s @
=1 |7VirV; Js; TY§

Where, again, ;=X Y mﬂj' however it must be noted that ,Bi(r) # B,(r;) due toa coordinate
ransformation.

Substituting n=2 elements into equation {2.7), the total impedance may be expressed in the form of

(2.6):
hViP | Vil
Z; + 92— 2.8)
ViR P
1ZT=12)+ 1212]!;"' 21«7-'122ZZ

2] =27y + 22122—1 + 122121—z

which is a sum of the modal self, modal mutual and cross-modal mutua.l impedances modified by
the ratio of their corresponding modal reference velocities.

Z1=1

where

(2.9)

2.3 Equivalent circujl representation

A simple equivalent circuit of a flextensional can be obtained by assembling an equivalent circuit of
the driver, described by one motiona! branch which takes into account its first longitudinal :
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resonance and an equivalent circuit of the shell, which incorporates two motional branches

corresponding to the first flexural mode and
either the second flexural or the membrane
mode, Debus er al.? (Figure 9). The radiation
effects may be incorporated into the equivalent
circuit by inserting in each motional branch of
the shell the corresponding modal radiation
impedance. It may be shown that this approach
is consistent with the modal impedance
definiton developed in secton 2.2.1.

1

i

¢1 'I'Ch

N. ID cn

Figure 9 :Global equivalent circuit

To verify the accuracy of the equivalent circuit model, The following procedure has been

implemented for a BAe 3kHz flextensional.

1) Construct, using finite element modeling, the equivalent circuit for the driver and the shell
separately, using the first ewo modes for the shell and only the first longitudinal mode for the

driver. ‘ ‘

2) Compute the radiation effects using a
Helmholtz integral equation method for
each of the shell modes.

3) Construct the global equivalent circuit in
water and compute its electrical impedance,
4) Compuite the electrical impedance for the
whole projector using a full finite element
method and compare 1o (3) above.

The electrical impedance results presented in
Figure 10 are provided for the finite element
model (dotted line) and the equivalent circuit
(solid line),

The radiation effects for a transducer in an array
configuration may also be modeled in the same
fashion as the single element. The total radiation
for each mode as well as the cross-modal
impedances are included in the motional
branches of the shell model. It must be noted
here that this approach does not provide for
modeling acoustically excited mechanical modes,

such as the well known “banzana™ mode, which !

is not electrically coupled.

108

3. CONCLUSION

Figure 10; Electrical impedance

Current array design methodology typically implements Pritchard mutual radiation impedance for
pistons in a rigid baffle 10 model array interaction effects. The parametric study presented here
suggest limits to the validity of this approach for the case of class IV flextensional transducers.
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The concept of a multi-degree-of-freedom radiation impedance has been developed. The results
suggests that the modal contribution to the 1otal radiation impedance is uncoupled due to the nature
of the normal-mode basis used to define the modal contributions, This provides an efficient
method of constructing an equivalent circuit description of a class IV flextensional in an array
configuration. The modal contribution may be computed with an eigenvalue solution for the in-air
normal modes, followed by an acoustic Helmholtz integral solution for the modal radiation
impedance. The results of these analyses provide the lumped parameter inputs for the equivalent
circuit.

Further study is necessary to validate the array element equivalent circuit model with experimental
data. Extension of the model to include the banana mode effects into the model must be
considered. This mode is not electrically coupled, and thus must be applied solely as an acoustic
effect. Expansion of this study to include additional jow frequency transducers, such as a class V
flextensional is being considered.
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